
Article Discovery Medicine 2024; 36(189): 2013–2025
https://doi.org/10.24976/Discov.Med.202436189.185

Copyright: © 2024 The Author(s). Published by Discovery Medicine. This is an open access article under the CC BY 4.0 license.
Note: Discovery Medicine stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Establishment of a Disease Model Using Patient-Specific
Induced Pluripotent Stem Cells-Derived Trabecular
Meshwork Cells in a Chinese Primary Open-Angle
Glaucoma Mega-Pedigree
Huifeng Rong1, Ziming Luo1, Mingjun Tang1, Jiaqi Tang1, Kaijing Li1, Runcai Yang1,
Zhigang Fan1, Nannan Sun1, Jian Ge1,*
1State Key Laboratory of Ophthalmology, Zhongshan Ophthalmic Center, Sun Yat-sen University, Guangdong Provincial Key Laboratory of
Ophthalmology and Visual Science, Guangdong Provincial Clinical Research Center for Ocular Diseases, 510060 Guangzhou, Guangdong, China
*Correspondence: gejian@mail.sysu.edu.cn (Jian Ge)
Published: 20 October 2024

Background: Primary open-angle glaucoma (POAG) is one of the most common insidious blinding eye diseases. Understanding
the pathogenicmechanisms of it is extremely important. It is accepted that POAGattacks specific ocular tissue, such as trabecular
meshwork and optic nerve damage, which causes elevated intraocular pressure and optic nerve damage. This study aimed
to develop a preliminary prediction model for this disease by establishing the patient-specific induced pluripotent stem cells
(iPSCs)-derived trabecular meshwork cells (TMCs) (p-iPSCs-TMCs) in the largest POAG family named “GZ.1” in China and
preliminarily analyze the pathogenic mechanisms.
Methods: Peripheral blood of patients in GZ.1 and healthy individuals not belonging to the family were collected and repro-
grammed into iPSCs. Then, the iPSCs were differentiated into iPSCs-TMCs. Next, their morphology and function were com-
pared. Finally, their pathogenic mechanisms were analyzed.
Results: The patient-specific iPSCs (p-iPSCs) and healthy individual-specific iPSCs (n-iPSCs) were all successfully generated.
Theirmorphology was quite similar to each other. However, p-iPSCs-TMCs exhibited compromisedmorphology and function. p-
iPSCs-TMCs displayed themorphology of heterogeneous distribution and accumulation in clusters, while n-iPSCs-derived TMCs
(n-iPSCs-TMCs) showed a uniformly distributed and homogenous appearance. Moreover, p-iPSCs-TMCs showed greater cell
apoptosis (p < 0.01), impaired proliferating ability (24-h and 48-h time points: p < 0.05, 72-h and 96-h time points: p < 0.001),
production of reactive oxygen species (p < 0.05), and impaired phagocytosis ability than n-iPSCs-TMCs (24-h, 48-h, and 72-h
time points: p < 0.0001, 96-h time point: p < 0.001).
Conclusion: The p-iPSCs-TMCs can be successfully differentiated from peripheral blood, while the cells show impaired mor-
phology and function compared with n-iPSCs-TMCs. Given this, p-iPSCs-TMCs can serve as an ideal disease model for POAG
in GZ.1. Our study on the morphology and function of iPSCs-TMCs in GZ.1 may provide a valuable tool for elucidating the
pathogenesis of POAG.
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Introduction

According to the report [1], there will be 1.1 billion
glaucoma patients by 2040. Primary open-angle glaucoma
(POAG), known as the thief of sight, accounts for most
cases of glaucoma, which is the second leading cause of
irreversible blindness worldwide. Many studies have re-
ported that inheritance plays a very important role in the
pathogenesis of POAG [2,3]. Thus, intensive research on
the POAG family is critical to our understanding of the
pathogenesis of this disease [4]. Induced pluripotent stem
cells (iPSCs) are considered a promising research vehi-
cle for diseases due to their ability to differentiate into

organoids that effectively mimic the disease process in
vivo [5,6]. So far, several disease models have been suc-
cessfully built [7–10]. However, few cases of patient-
specific iPSCs-derived trabecular meshwork cells (TMCs)
(p-iPSCs-TMCs) in POAG families have been reported.

Our team has followed the largest pedigree of POAG
named “GZ.1” for many years in China [11]. We have ob-
served that as the number of family members gradually in-
creases (from 51 to 91), many different and peculiar pheno-
types appear. The details are described in our forthcoming
paper. Therefore, a patient-specific disease model in GZ.1
is desperately needed to study the underlying mechanisms.
This study successfully established p-iPSCs-TMCs. Then,
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their morphology and function were observed and com-
pared with the healthy individual-specific iPSCs-derived
TMCs (n-iPSCs-TMCs). Studies hold that TMCs of POAG
patients show abnormalities in the structure and function,
with their cytoskeletal alterations and excessive accumula-
tion of extracellular matrix (ECM), resulting in increased
trabecular meshwork stiffness, decreased compliance, and
increased resistance to aqueous humor outflow, leading to
pathologically high intraocular pressure (IOP) [12]. Mean-
while, it has been found that the TMCs of POAG patients
have increased oxidative stress accompanied by acceler-
ated apoptosis and cellular aging, leading to their dysfunc-
tion [13]. To find out whether the p-iPSCs-TMCs have the
same characteristics as those of TMCs of POAG patients,
representative genes in the trabecular meshwork cytoskele-
ton proteins [14], ECM [15], and inflammatory and apop-
totic pathway were chosen for study. In addition, functional
changes in p-iPSCs-TMCs were explored through apopto-
sis and proliferation assays, intracellular reactive oxygen
species (ROS) assays, and phagocytosis assays. Our study
successfully established a disease model of POAG in GZ.1,
which may set the stage for future studies of pathogenesis
and the treatment of POAG in this family.

Materials and Methods

Reprogramming and Induced Pluripotent Stem Cells
(iPSCs) Culture

The reprogramming was performed according to the
classic protocol of StemCell [16–18]. Inclusion criteria
for subjects: patients in GZ.1 and healthy individuals not
from GZ.1. There were five patients and two healthy
individuals not from GZ.1. Erythroid Progenitor Repro-
gramming Kit (StemCell Technologies, #05924, Vancou-
ver, B.C., Canada) was used to perform the reprogram-
ming. In brief, 4 mL of peripheral blood was collected from
the subjects. Then, red blood cells, platelets, and lineage-
directed cells were removed from the peripheral blood using
RosetteSep Human Progenitor Cell Basic Pre-Enrichment
Kit (StemCell Technologies, #15216) and SepMate Den-
sity Gradient Centrifuge Tubes (StemCell Technologies,
#15410). The enriched cells were cultured in StemSpan
SFEM II medium (StemCell Technologies, # 09605) mixed
with StemSpan Erythroid Expansion Supplement (100×)
(StemCell Technologies, # 02692) for erythroid progeni-
tor cell expansion to generate sufficient cells. Then, the
cells were reprogrammed into iPSCs by transduction of the
plasmids expressing four reprogramming factors (Octamer-
Binding Transcription Factor 4 (OCT4), SRY-Box Tran-
scription Factor 2 (SOX2), KLF Transcription Factor 4
(KLF4), andMYCL Proto-Oncogene, BHLH Transcription
Factor (MYCL/L-MYC)) (#27077, #27078, #27080, AD-
DGene, Watertown, MA, USA). Neon Transfection Sys-
tem (Invitrogen, #MPK5000, Carlsbad, CA, USA) was
used to introduce the vectors into the cells. On the third

and fifth days, the StemSpan Erythroid Expansion Supple-
ment (StemCell Technologies, #02692) was added to the
ReproTeSR medium (StemCell Technologies, #05926) to
promote the adherence of transfected cells. The culture
medium was changed daily until iPSC colonies were ob-
served (21–28 days). iPSC clones were mechanically se-
lected and expanded. Identification was carried out using
the previous method [19]. iPSCs were adherent cultured in
media consisting of mTeSR1 Basal Medium and mTeSR1
5× Supplement (StemCell Technologies, #85850) and pas-
saged every 4 to 5 days onMatrigel-coated (BDBioscience,
#356234, Hackensack, NJ, USA) plates. The iPSC line
from the healthy individual not belonging to the family was
previously cultured in our laboratory.

Differentiation of iPSCs into Trabecular Meshwork
Cells (TMCs) (iPSCs-TMCs)

Some changes to the differentiation method were
made based on previous experiments [14]. Human tra-
becular meshwork cells (HTMCs) were purchased from
ScienCell (#6590, San Diego, CA, USA). After receiv-
ing the cells, they were identified by Immunofluorescence
(IF) staining for specific markers (Supplementary Fig.
1). The third passage to eighth passage cells were used
in the experiment. No mycoplasma contamination was de-
tected in the cells, and they were monitored by the EZ-PCR
Mycoplasma Test Kit (BI, #20-700-20, Beit Haemek, Is-
rael) (Supplementary Fig. 2). The culture protocol fol-
lowed the instructions on the official website of Scien-
Cell (https://sciencellonline.com/human-trabecular-meshw
ork-cells/). HTMCs were cultured in the six-well plate
(Corning, #3335, New York, NY, USA) and passed on ev-
ery one to three days. Differentiation was initiated when
the culture of HTMCs was approximately 80% confluent.
Before induction, the suspension of HTMCs was collected
in 50 mL centrifuge tubes (Corning, #430829, New York,
NY, USA) and filtered with a membrane filter (pore size
0.2 µm) (Millipore, #ISEQ00010 and SLGP033RB, Darm-
stadt, Germany). Then, the filtered suspension was mixed
with fresh Trabecular Meshwork Cell Medium (TMCM)
(1:1) (ScienCell, #6591, San Diego, CA, USA). iPSCs were
adherent cultured following the above method. When the
iPSC colonies were observed, the iPSC medium was re-
moved, and the mixed medium was added to induce differ-
entiation. The medium was changed daily until >90% of
the iPSCs were differentiated into iPSCs-TMCs (4 weeks).
IF staining was performed to identify the expression of
TMC markers and confirm successful induction.

Immunofluorescence (IF) Staining
IF staining was performed as previously described

[20]. The adherent-cultured cells were fixed in 4%
paraformaldehyde (PFA) (Leagene Biotechnology, #
DF0135, Beijing, China) for 15 minutes and rinsed with
phosphate-buffered saline (PBS) three times. Then, the

https://www.discovmed.com/
https://sciencellonline.com/human-trabecular-meshwork-cells/
https://sciencellonline.com/human-trabecular-meshwork-cells/


2015

Fig. 1. Morphology and IF staining results of iPSCs’ markers in n-iPSCs and p-iPSCs. (A) The typical clonal morphology of
the n-iPSCs under the light microscope. (B–E) The IF staining results of the positive expression of pluripotent markers TRA1-81 and
NANOG in n-iPSCs. (F) The typical clonal morphology of the p-iPSCs under the light microscope. (G–J) The IF staining results of the
positive expression of pluripotent markers TRA1-81 and NANOG in p-iPSCs. A and F, scale bars, 200 µm; B–E and G–J, scale bars,
100 µm. IF, immunofluorescence; n-iPSCs, healthy individual-specific induced pluripotent stem cells; p-iPSCs, patient-specific induced
pluripotent stem cells; TRA-1-81, T Cell Receptor Alpha Locus-1-81; NANOG, Nanog homeobox.

cells were permeabilized for 20 minutes with 0.25% Triton
X-100 (MP Biomedicals, #0219485480, Santa Ana, CA,
USA) at room temperature. PBS and permeabilizing
agent (0.25% Triton X-100: donkey serum = 9:1) were
prepared at 8:2 as the dilution, and the primary antibody
was diluted according to the manufacturer’s instructions.
After blocking with donkey serum (Solarbio, #SL050,
Bejing, China), cells were stained with primary antibodies
against T Cell Receptor Alpha Locus-1-81 (TRA-1-81)
(Abcam, #ab16289, Mouse monoclonal, Cambridge,
UK), Nanog homeobox (NANOG) (Abcam, #ab21624,
Rabbit polyclonal, Cambridge, UK), SOX2 (Abcam,
#ab92494, Rabbit monoclonal, Cambridge, UK), Myocilin
(MYOC) (Santa Cruz, #sc-20976, Mouse monoclonal,
Dallas, TX, USA), Octamer-Binding Transcription Factor
4 (OCT4) (Abclonal, #A7920, Rabbit polyclonal, Wuhan,
China), Vascular Cell Adhesion Molecule 1 (VCAM1)
(BOSTER, #BM4289, Rabbit monoclonal, Wuhan, China),
Interleukin 1 Beta (IL-1β) (Cell Signaling Technology,
#CST12703, Rabbit monoclonal, Danvers, CO, USA),
Tumor Necrosis Factor-alpha (TNF-α) (Cell Signaling
Technology, #CST8184, Rabbit monoclonal, Danvers, CO,
USA), Nuclear Factor Kappa B (NF-κB) (Cell Signaling
Technology, #CST8242T, Rabbit monoclonal, Danvers,
CO, USA), Caspase 3 (CASP3) (Abcam, #ab13847, Rabbit
polyclonal, Cambridge, UK), TIMP metallopeptidase
inhibitor 3 (TIMP3) (Abcam, #39184, Rabbit polyclonal,
Cambridge, UK), Laminin Subunit Alpha 4 (LAMA4)
(BOSTER, #BM1225, Mouse monoclonal, Wuhan, China),
and Actin Alpha 2, Smooth Muscle (ACTA2) (Abcam,

#ab119952, Mouse monoclonal, Cambridge, UK) at 4
°C overnight. The cells were incubated with a specific
secondary antibody (Alexa Fluor 488 or 555 conjugated,
1:500, Thermo Fisher Scientific, #A21206, #A31572,
#A21202, #A31570, Waltham, MA, USA) (diluted with
the above dilution ratio according to the manufacturer’s
instructions) for 45 minutes at room temperature. 4′,6-
Diamidino-2-phenylindole (DAPI) was used for nuclear
counterstaining (Molecular Probes, #D1306, Waltham,
MA, USA). Fluorescence images were acquired with a
fluorescence microscope (Carl Zeiss, Axio Imager. Z2,
Oberkochen, Germany). 353 nm (Excitation wavelength)
and 465 nm (Emission wavelength) were used for the
DAPI channel, 488 nm (Excitation wavelength) and
509 nm (Emission wavelength) were used for the green
channel, and 553 nm (Excitation wavelength) and 568 nm
(Emission wavelength) were used for the AF555 channel.

Quantitative Real-Time Polymerase Chain Reaction
(qRT-PCR)

Total RNA isolation was performed with an RNA
Quick Purification kit (Esscience, #RN001, Shanghai,
China), and RNA concentration was measured by a Nan-
oDrop 1000 spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA). First-strand complementary DNA
(cDNA) was synthesized with a PrimeScript RT Master
Kit (Takara Bio, #RR036A, Kusatsu, Japan) on a PTC-
200 Thermal Cycler (Bio-Rad, Hercules, CA, USA) ac-
cording to the manufacturer’s instructions. Quantitative
Real-Time Polymerase Chain Reaction (qRT-PCR) was
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Table 1. The sequences of qRT-PCR primers.
Gene Forward (5′-3′) Reverse (5′-3′)

MYOC ATTCTTGGGGTGGCTACACG TGATGAAGGCATTGGCGACT
TGF-β2 CCATCCCGCCCACTTTCTAC AGCTCAATCCGTTGTTCAGGC
FN1 AGGAAGCCGAGGTTTTAACTG AGGACGCTCATAAGTGTCACC
VTN AGTCCACTGAGTACCGGAGAC CATTTCACGCATCTGGCGTTC
TIMP3 CAGGTCGCGTCTATGATGGC AGGTGATACCGATAGTTCAGCC
ACTA2 TCAATGTCCCAGCCATGTAT CAGCACGATGCCAGTTGT
VCAM1 AAAACAATGAGCTGAGAGGCA TCAAGGAACTCCTCCAGTTCTC
LAMA1 GTCAGCGACTCAGAGTGTTTG CTTGGGTGAAAGATCGTCAGC
COL4A5 CAAAAGGTGATCGTGGTTTCCC GTCCAGGTTGTCCATTTGGTC
MMP2 GATACCCCTTTGACGGTAAGGA CCTTCTCCCAAGGTCCATAGC
BMP4 TAGCAAGAGTGCCGTCATTCC GCGCTCAGGATACTCAAGACC
TNC AGGGCAAGTGCGTAAATGGAG TGGGCAGATTTCACGGCTG
PALLD TGAGGGAATGCCAGTAACTTTC CTGTGGTATGGAGGGAGCA
MFAP1 AACCGCCCATTCAGTCTACG CGGACACATAACGCTTTACCTTC
MGP CGTTCGCAAAGTCTGTAGTCATC CCTTCATATCCCCTCAGCAGA
CASP3 AGAACTGGACTGTGGCATTGAG GCTTGTCGGCATACTGTTTCAG
TNF-α GAGGCCAAGCCCTGGTATG CGGGCCGATTGATCTCAGC
NF-κB GGTGCGGCTCATGTTTACAG GATGGCGTCTGATACCACGG
IL-1β ATGATGGCTTATTACAGTGGCAA GTCGGAGATTCGTAGCTGGA
IL-6 AATAACCACCCCTGACCCAAC AATCTGAGGTGCCCATGCTAC
IL-8 ACTGAGAGTGATTGAGAGTGGAC AACCCTCTGCACCCAGTTTTC
ACTB CACCATTGGCAATGAGCGGTTC AGGTCTTTGCGGATGTCCACGT
qRT-PCR, Quantitative Real-Time Polymerase Chain Reaction; MYOC, Myocilin; TGF-β2,
Transforming Growth Factor Beta 2; FN1, Fibronectin 1; VTN, Vitronectin; TIMP3, TIMP
metallopeptidase inhibitor 3; ACTA2, Actin Alpha 2, Smooth Muscle; VCAM1, Vascular Cell
Adhesion Molecule 1; LAMA1, Laminin Subunit Alpha 1; COL4A5, Collagen Type IV Alpha
5 Chain; MMP2, Matrix Metallopeptidase 2; BMP4, Bone Morphogenetic Protein 4; TNC,
Tenascin C; PALLD, Palladin; MFAP1, Microfibril Associated Protein 1; MGP, Matrix Gla
Protein; CASP3, Caspase 3; TNF-α, Tumor Necrosis Factor-alpha; NF-κB, Nuclear Factor
Kappa B; IL-1β, Interleukin 1 Beta; IL-6, Interleukin 6; IL-8, Interleukin 8; ACTB, actin beta.

performed using the LightCycler 480 SYBRGreen IMaster
(Roche, #4887352001-1, Basel, Switzerland) on a Light-
Cycler 480II system (Roche, Basel, Switzerland). Exper-
iments were performed in triplicate independently. Target
gene expression relative to an internal reference gene (β-
actin (ACTB)) was calculated using 2−∆∆Ct. Primer se-
quences are listed in Table 1 (Qingke, Beijing, China).

Terminal Deoxynucleotidyl Transferase-Mediated
dUTP Nick-End Labeling (TUNEL) Assay

Cell apoptosis was detected using an in situ cell death
detection kit (Roche, #12156792910, Switzerland). Ini-
tially, fixed cells were permeabilized with a solution con-
taining 0.1% Triton X-100 in 0.1% sodium citrate at a tem-
perature of 4 °C for two minutes. Subsequently, the cells
were washed with PBS and then incubated with the Termi-
nal Deoxynucleotidyl Transferase-Mediated dUTP Nick-
End Labeling (TUNEL) reaction mixture, which had been
prepared in advance following the provided instructions, at
a temperature of 37 °C in a dark environment. Follow-
ing this incubation, the cells were washed with PBS three

times and stained with DAPI. Images were acquired using
a fluorescence microscope (Carl Zeiss, Axio Imager. Z2,
Oberkochen, Germany). 353 nm (Excitation wavelength)
and 465 nm (Emission wavelength) were used for the DAPI
channel, and 558 nm (Excitation wavelength) and 575 nm
(Emission wavelength) were used for the Rhodamine chan-
nel. The final results were determined by calculating the
average number of cells in four randomly selected fields
from different fluorescence channels under the microscope
in each experiment. The assay was conducted indepen-
dently in triplicate.

Cell Counting Kit-8 (CCK-8)

Cell viability was assessed using a Cell Counting
Kit-8 (CCK-8) assay following the guidelines provided by
the manufacturer (Dojindo, #CK04, Kumamoto, Japan).
Briefly, cells were seeded into a 96-well plate at a density
of 5000 cells per well. At 24, 48, 72, and 96 hours, 10 mi-
croliters of CCK-8 solution were added to each well. The
plates were then incubated at 37 °C for one hour. Subse-
quently, the measurement of absorbance at a wavelength of
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Fig. 2. The morphology and marker expression comparison of n-iPSCs-TMCs and p-iPSCs-TMCs. (A) During the differentiation,
a dynamic change in morphologies of n-iPSCs-TMCs and p-iPSCs-TMCs was observed under the light microscope. Cells of the two
groups gradually transitioned from their original clonemorphology to a hexagonal shape. (a–d)Morphological changes of n-iPSCs-TMCs
at different time points. (e–h) Morphological changes of p-iPSCs-TMCs at different time points. (h) Arrows indicate the aggregated
cells, and circles indicate the abnormal cell morphology. Scale bars, 100 µm. (B,C) IF staining results show the dynamic changes
in iPSCs’ markers and TMCs’ markers of n-iPSCs-TMCs and p-iPSCs-TMCs. The expression of iPSC markers (OCT4 and SOX2)
gradually disappeared. Scale bars, 100 µm. n-iPSCs-TMCs, healthy individual-specific induced pluripotent stem cells-derived trabecular
meshwork cells; p-iPSCs-TMCs, patient-specific induced pluripotent stem cells-derived trabecular meshwork cells; MYOC, Myocilin;
VCAM1, Vascular Cell Adhesion Molecule 1; OCT4, Octamer-Binding Transcription Factor 4; SOX2, SRY-Box Transcription Factor 2.
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Fig. 3. The qRT-PCR results of two groups. The mRNA expression of TIMP3 (A), ACTA2 (B), LAMA1 (C), MGP (D), and VTN (E)
was downregulated in p-iPSCs-TMCs, while the mRNA expression of VCAM1 (F), FN1 (J), COL4A5 (K), BMP4 (L), TNC (M), IL-1β
(N), Interleukin 6 (IL-6) (O), Interleukin 8 (IL-8) (P), NF-κB (R), TNF-α (S), and CASP3 (T) were upregulated in them. The mRNA
expression of MMP2 (G), PALLD (H),MFAP1 (I), and TGF-β2 (Q) in the two groups was not significantly different. The error bars are
mean plus standard deviation, n = 3, ****p < 0.0001; ***p < 0.001; **p < 0.01; *p < 0.05. “ns” represents the difference that is not
statistically significant (p > 0.05).

450 nm was conducted utilizing a microplate reader (Bio-
Tek, Burlington, VT, USA). The wells containing CCK-8
solution devoid of cells were used as a control to account for
any background effects. Each experiment was conducted in
triplicate, with triplicate wells included in each iteration.

Detection of Reactive Oxygen Species (ROS)

ROS in cells was detected using a ROS as-
say kit (Beyotime Biotechnology, #S0033S, Shanghai,
China). Cells (104 per well) were seeded in a 96-well
plate. 2′,7′-Dichlorodihydrofluorescein diacetate (DCFH-
DA) and Dulbecco’s Modified Eagle Medium (DMEM)
media (Thermo Fisher Scientific, #11965092, Waltham,
MA, USA) were mixed in a 1:1000 ratio and 100 mi-
croliters of the mixture was added to each well and in-

cubated at 37 °C for 30 minutes. Then, the cells were
washed with DMEM media three times gently. Fluo-
rescence images were obtained. The fluorescence inten-
sity of 2′,7′-dichlorofluorescein (DCF), denoting intracel-
lular ROS generation, was evaluated using a multimode
microplate reader (Bio-Tek, Burlington, VT, USA). 353
nm (Excitation wavelength) and 465 nm (Emission wave-
length) were used for the DAPI channel, 493 nm (Excita-
tion wavelength) and 517 nm (Emission wavelength) were
used for the green channel. The assay was repeated in trip-
licate independently. According to the kit’s instructions,
DCFH-DA itself is non-fluorescent. When it enters the
cell, it will be hydrolyzed by intracellular esterase to pro-
duce dichlorodihydrofluorescein (DCFH), and intracellular
ROS can oxidize the non-fluorescent DCFH to produce flu-
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Fig. 4. The IF staining results of apoptosis and inflammatorymarkers in n-iPSCs-TMCs and p-iPSCs-TMCs. (A,B) TNF-α, IL-1β
are positively expressed in two groups of cells. (C,D) NF-κB, and CASP3 are positively expressed in two groups of cells. MYOC and
TIMP3 are used as the cell markers of n-iPSCs-TMCs and p-iPSCs-TMCs. Scale bars, 100 µm. TNF-α, Tumor Necrosis Factor-alpha;
IL-1β, Interleukin 1 Beta; NF-κB, Nuclear Factor Kappa B; CASP3, Caspase 3; MYOC, Myocilin; TIMP3, TIMP metallopeptidase
inhibitor 3; DAPI, 4′,6-Diamidino-2-phenylindole.

orescent DCF. By detecting the fluorescence intensity of
DCF, we can know the level of intracellular ROS. There-
fore, reagents that are not well mixed will not fluoresce.
When a large amount of ROS is produced in the cell, it may
lead to apoptosis, leaving dead cells suspended in the cul-
ture medium. In this experiment, we observed a few dotted
or bright green highly fluorescent clusters under the fluores-
cence microscope, which we believe to be cellular debris or
aggregates of dead cells suspended in the culture medium
rather than impurities. This is an important component of
ROS produced intracellular, so we retained them when ob-
taining images and detecting the fluorescence intensity.

Phagocytosis Assay

Cell phagocytosis was analyzed using a phagocytosis
assay kit (Invitrogen, #P35366, Carlsbad, CA, USA) ac-
cording to the manufacturer’s instructions. pHrodo Green
E. coli BioParticles were resuspended in Live Cell Imaging
Solution (Thermo Fisher Scientific, #A59688DJ, Waltham,
MA, USA) at 1 mg/mL. The cell medium was replaced
with fresh Live Cell Imaging Solution (100 µL per well),
and 10 µL of mixed bioparticles was added to each well.
Then, the plate was incubated at 37 °C for three hours.
After washed three times and stained with Hoechst 33342
Staining Solution for Live Cells (100×, Beyotime Biotech-
nology, #C1025, Shanghai, China) for ten minutes, the
cells were bathed in the Live Imaging Solution. The re-

sults were evaluated using a multimode microplate reader
(Bio-Tek, Burlington, VT, USA). 353 nm (Excitation wave-
length) and 465 nm (Emission wavelength) were used for
the Hoechst 33342 channel, 493 nm (Excitation wave-
length), and 517 nm (Emission wavelength) were used for
the green channel. The assaywas repeated in triplicate inde-
pendently. Fluorescence images were obtained. According
to the kit instructions, E. coli particles are non-fluorescent
and only fluoresce after being phagocytosed into the cell. In
this experiment, we observed some dotted or green highly
fluorescent clusters outside the cell under the microscope.
We believe this is the fluorescence produced by the massive
overflow of particles caused by apoptosis and cell mem-
brane rupture of some dying cells after phagocytosis of E.
coli particles. This is a real manifestation and direct evi-
dence of the phagocytic state of the cells, so we retained
them in the image acquisition and detection of the fluores-
cence intensity.

Statistical Analysis
A comparison between the two groups was performed

using two-tailed Student’s t-tests. A p-value < 0.05 was
considered statistically significant. SPSS 17.0 (IBM Corp.,
Chicago, IL, USA) and GraphPad Prism 7 (GraphPad Soft-
ware, Inc., San Diego, CA, USA) were used to perform the
statistical analysis.
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Fig. 5. TUNEL and CCK-8 results. (A,B) TUNEL results. (A) The result of TUNEL positive staining of cells in two groups. (B)
Quantitative comparison of TUNEL-positive cells’ number in two groups shows p-iPSCs-TMCs exhibit greater cell apoptosis (p< 0.01).
(C) CCK-8 result. p-iPSCs-TMCs show impaired proliferating ability at all time points, compared with n-iPSCs-TMCs (24-h and 48-h
time points: p < 0.05, 72-h and 96-h time points: p < 0.001). Scale bars, 100 µm. The error bars are mean plus standard deviation, n =
3, *p< 0.05, **p< 0.01, ***p< 0.001. TUNEL, Terminal Deoxynucleotidyl Transferase-Mediated dUTP Nick-End Labeling; CCK-8,
Cell Counting Kit-8. “+” represents the positive of TUNEL cells.

Results

The Morphology of p-iPSCs was the Same as that of
n-iPSCs

Twenty-one to twenty-eight days after the reprogram-
ming and induction, the iPSC clones were observed. Under
the light microscope, the morphology of p-iPSCs appeared
similar to that of the n-iPSCs. The results of IF staining

of the pluripotent markers TRA1-81 and NANOG showed
positive expression in both types of cells, confirming the
successful generation of iPSCs (Fig. 1).

p-iPSCs-TMCs Exhibited Morphology and Function
Defects

The results showed that p-iPSCs-TMCs exhibited
compromised morphology and function compared to n-

https://www.discovmed.com/


2021

Fig. 6. ROS results. (A) The results of staining. ROS production is present in both groups of cells. (B) Quantitative comparisons of
ROS show a higher total ROS production in p-iPSCs-TMCs than n-iPSCs-TMCs at any time point (24-h, 48-h, and 72-h time points: p
< 0.0001, 96-h time point: p < 0.001). Scale bars, 100 µm. The error bars are mean plus standard deviation, n = 3, ****p < 0.0001;
***p < 0.001. ROS, reactive oxygen species. “+” represents the positive of ROS.
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Fig. 7. The phagocytic capacity results. (A) The results of staining. (B) Quantitative comparison of ROS shows reduced phagocytosis
in p-iPSCs-TMCs (p < 0.0001). Scale bars, 100 µm. The error bars are mean plus standard deviation, n = 3, ****p < 0.0001. “+”
represents the positive of phagocytosis.

iPSCs-TMCs. Differentiation of iPSCs into iPSCs-TMCs
began within the first week, typically within one to two
days of induction. Over time, some iPSCs gradually tran-
sitioned from their original clone morphology to a hexag-
onal shape. In the following weeks, the number of circu-
lar iPSC-like cells gradually decreased, while the number
of spindle-shaped cells gradually increased. The cells be-
came dispersed. By the fourth week, more than 90% of
TMC-like cells were observed (Fig. 2A). However, after
four weeks of induction, p-iPSCs-TMCs had localized ag-
gregates (shown by arrows) and unequal cell morphology
in size (indicated by circles) (Fig. 2A,h), while n-iPSCs-
TMCs showed a uniformly distributed and homogenous
appearance (Fig. 2A,d). The IF staining results showed
positive expression of the pluripotency markers OCT4 and
SOX2 as well as the TMC markers MYOC and VCAM1
in the first week. As differentiation progressed, the expres-
sion of iPSC markers gradually disappeared. By the end
of the fourth week, the majority of the iPSCs (>90%) had
fully differentiated into iPSCs-TMCs, which no longer ex-
pressed OCT4 and SOX2 (Fig. 2B,C).

To identify the genes involved in cytoskeletal proteins,
basal membrane components, inflammation, cell apoptosis,
and ECM in the two groups, qRT-PCR was performed. The
mRNA expression of TIMP3 (Fig. 3A, p< 0.0001) , ACTA2
(Fig. 3B, p < 0.01), Laminin Subunit Alpha 1 (LAMA1)
(Fig. 3C, p < 0.01), Matrix Gla Protein (MGP) (Fig. 3D,
p < 0.001), and Vitronectin (VTN) (Fig. 3E, p < 0.01) was
downregulated in p-iPSCs-TMCs, while themRNA expres-
sion of VCAM1 (Fig. 3F, p < 0.001), Fibronectin 1 (FN1)
(Fig. 3J, p < 0.05), Collagen Type IV Alpha 5 (COL4A5)
(Fig. 3K, p< 0.01), BoneMorphogenetic Protein 4 (BMP4)

(Fig. 3L, p< 0.05), Tenascin C (TNC) (Fig. 3M, p< 0.001),
IL-1β (Fig. 3N, p < 0.05), IL-6 (Fig. 3O, p < 0.01), IL-
8 (Fig. 3P, p < 0.0001), NF-κB (Fig. 3R, p < 0.0001),
TNF-α (Fig. 3S, p < 0.05), and CASP3 (Fig. 3T, p < 0.01)
were upregulated in them. The mRNA expression of Ma-
trix Metallopeptidase 2 (MMP2) (Fig. 3G, p > 0.05), Pal-
ladin (PALLD) (Fig. 3H, p > 0.05), Microfibril Associated
Protein 1 (MFAP1) (Fig. 3I, p > 0.05), and Transforming
Growth Factor Beta 2 (TGF-β2) (Fig. 3Q, p > 0.05) in the
two groups was not significantly different. The IF result
showed positive expression of inflammation and cell apop-
tosis markers, such as TNF-α, IL-1β, NF-κB, and CASP3
in two groups of cells (Fig. 4). In addition, the results
of TUNEL and CCK-8 suggested that compared with n-
iPSCs-TMCs, p-iPSCs-TMCs showed increased cell apop-
tosis (Fig. 5A,B) (p < 0.01) and decreased proliferation
ability (Fig. 5C) (24-h and 48-h time points: p< 0.05, 72-h
and 96-h time points: p < 0.001). The ROS assay showed
a higher level of oxidative stress in p-iPSCs-TMCs at dif-
ferent time points (24-h, 48-h, and 72-h time points: p <

0.0001, 96-h time point: p < 0.001) (Fig. 6). Furthermore,
the phagocytosis ability of p-iPSCs-TMCs was impaired
compared to that of n-iPSCs-TMCs (p < 0.0001) (Fig. 7).

Discussion

During the years of follow-up, we have observed sig-
nificant differences in phenotypes among the patients, such
as severe optic nerve damage and sagging thin-wall filtering
blebs. With the increase in family members and patients,
some members show discordance between genotype and
phenotype. To explore the underlyingmechanisms for these
phenomena, we preliminarily constructed a POAG model
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based on the iPSC technology. Since trabecular meshwork
is a crucial target tissue for POAG attacks, iPSCs-TMCs
were generated. iPSCs can be induced to differentiate into
many needed cell types because of their pluripotency. Reti-
nal ganglion cells and trabecular meshwork cells derived
from iPSCs have been generated to date [14,20–22]. In
addition, three-dimensional (3D) culture human trabecular
meshwork cells (HTMCs) or retinal organoids have been
constructed [7,8,10,23,24]. However, there are few reports
about iPSCs-derived disease models for familial POAG. In
the experiment, we successfully reprogrammed the PBCs of
patients in GZ.1 into iPSCs and differentiated the cells into
iPSCs-TMCs, establishing the solid groundwork for future
research on pathogenesis and gene therapy.

In this research, we demonstrated that the cell marker
expression of p-iPSCs-TMCs and n-iPSCs-TMCs closely
resembled that of HTMCs. However, p-iPSCs-TMCs ex-
hibited a more significantly heterogeneous appearance with
varying sizes and clumped aggregation. At the same
time, the n-iPSCs-TMCs displayed a uniform and homo-
geneous appearance similar to that of HTMCs. The de-
creased mRNA expression of cytoskeletal proteins, basal
membrane components, and proteins secreted by p-iPSCs-
TMCs, such as VTN1, TIMP3, ACTA2, and LAMA1, indi-
cates a compromised capacity to maintain morphology and
function.

In addition, elevated IOP is the main factor contribut-
ing to POAG. A shred of compelling evidence [25,26] has
shown that excessive ECM deposition and calcification in
the trabecular meshwork (TM) play an important role in
fibrosis and distortion of the TM framework, leading to
increased resistance to aqueous humor outflow and eleva-
tion of IOP. Upregulation of ECM components in p-iPSCs-
TMCs, such as FN1 [27], COL4A5 [27], VCAM1 [28], and
TNC [15], was observed in our study, which may enhance
cellular stiffness and lead to increased fibrosis and resis-
tance compared to n-iPSCs-TMCs. Moreover, the results
showed the downregulation of MGP in p-iPSCs-TMCs. It
is known that MGP encodes the protein of the osteocal-
cin/matrix Gla family, which functions as a physiological
inhibitor of tissue calcification [29–32]. Therefore, we hy-
pothesize that the downregulated expression ofMGPmight
contribute to p-iPSCs-TMCs abnormalities. Additionally,
the current view holds that apoptosis, oxidative stress, and
inflammation are associated with POAG [33,34]. The in-
creased mRNA expression of IL-1β, IL-6, TNF-α, NF-κB,
and CASP3 in p-iPSCs-TMCs indicated the activation of
apoptosis and inflammatory signaling pathways. This find-
ing was also validated by the IF staining, CCK-8, TUNEL,
and ROS assays. Notably, the generation of ROS in the p-
iPSCs-TMCs group decreased 96 hours later, while that in
the n-iPSCs-TMCs group didn’t. We believe that the higher
level of ROS in the two p-iPSCs-TMCs group compared to
the n-iPSCs-TMCs group resulted in more severe intracel-
lular oxidative stress. The intracellular ROS content peaked

after 72 hours, leading to increased apoptosis and ultimately
decreased number of cells and the fluorescence intensi-
ties in the p-iPSCs-TMCs group after 96 hours. Although
the fluorescence measured was lower, the overall level of
ROS content was significantly higher in the p-iPSCs-TMCs
group than in the n-iPSCs-TMCs group, with a statistically
significant difference. Furthermore, the phagocytosis ex-
periment demonstrated that p-iPSCs-TMCs displayed a di-
minished capacity to effectively eliminate metabolites, po-
tentially obstructing the trabecular meshwork and resulting
in an elevation in IOP. In summary, p-iPSCs-TMCs exhibit
a strong tendency to excessive ECM deposition, calcifica-
tion, and fibrosis, in addition to heightened levels of cell
apoptosis and ROS production and impaired phagocytic ca-
pabilities compared to n-iPSCs-TMCs.

Conclusion

This study successfully induced p-iPSCs and n-
iPSCs into iPSCs-TMCs, which preliminarily constructed
a POAG model in GZ.1. In addition, the research on the
morphology and function of iPSCs-TMCs may be valuable
for our understanding of pathogenesis and phenotypic dif-
ferences in this family. This experiment is an initial explo-
ration of p-iPSCs-TMCs. Flow cytometry is a more accu-
rate method for detecting apoptosis. In the following study,
we will perform this experiment to determine the survival
status of cells and establish 3D cultures of the human trabec-
ular meshwork in GZ.1 to perform more functional study.
Gene sequencing and clustered regularly interspaced short
palindromic repeats (CRISPR‒Cas9) technologywill be ap-
plied to pathogenicmechanism studies and alternative treat-
ments.
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