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Abstract. Induced pluripotent stem (iPS) cells are widely used 
as a research tool in regenerative medicine and embryology. 
In studies related to lens regeneration in the eye, iPS cells 
have been reported to differentiate into lens epithelial cells 
(LECs); however, to the best of our knowledge, no study to 
date has described their formation of three‑dimensional cell 
aggregates. Notably, in vivo studies in newts have revealed that 
iris cells in the eye can dedifferentiate into LECs and regen‑
erate a new lens. Thus, as basic research on lens regeneration, 
the present study investigated the differentiation of human 
iris tissue‑derived cells and human iris tissue‑derived iPS 
cells into LECs and their formation of three‑dimensional cell 
aggregates using a combination of two‑dimensional culture, 

static suspension culture and rotational suspension culture. 
The results revealed that three‑dimensional cell aggregates 
were formed and differentiated into LECs expressing 
αA‑crystallin, a specific marker protein for LECs, suggesting 
that the cell‑cell interaction facilitated by cell aggregation may 
have a critical role in enabling highly efficient differentiation 
of LECs. However, the present study was unable to achieve 
transparency in the cell aggregates; therefore, we aim to 
continue to investigate the degradation of organelles and other 
materials necessary to make the interior of the formed cell 
aggregates transparent. Furthermore, we aim to expand on our 
current work to study the regeneration of the lens and ciliary 
body as a whole in vitro, with the aim of being able to restore 
focusing function after cataract surgery.

Introduction

The development of the lens in the eye begins with the 
PAX6‑expressing epidermal ectoderm making contact with 
the optic vesicle. Subsequently, SOX2 is expressed in the 
ectoderm region in contact with the optic vesicle, and the coor‑
dinated action of PAX6 as a partner factor for SOX2 causes 
cells in contact with the optic vesicle to thicken and form lens 
placodes, which are depressed inward by the formation of the 
optic cup (1). The lens placode is eventually separates from the 
epidermal ectoderm to form a spherical lens vesicle with an 
array of surrounding cells. Moreover, the cells that are posi‑
tioned on the side of the lens follicle extend toward the interior 
of the lens placode and fill the interior (2,3).

The human lens is 9‑10 mm in diameter and is surrounded 
by a lens capsule, which is rich in type IV collagen. On the 
corneal side, the lens epithelium is composed of a single layer 
of lens epithelial cells (LECs). Around the equatorial region of 
the lens, LECs separate from the capsule and begin to elongate 
toward the anterior and posterior poles of the lens, where the 
LECs differentiate into lens fiber cells (LFCs). Eventually, the 
organelles inside the LFCs disappear (4) and are replaced by 
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lens fibers filled with crystallin proteins. At the center of the 
lens lies the lens nucleus (fetal nucleus), which is formed during 
development and is surrounded by lens fibers (5). After birth, 
LECs continue to proliferate slowly, and the few remaining 
lens‑tissue stem cells expressing p75NTR are suspected to 
be involved in proliferation (6). However, the proliferation of 
these cells slows with age (7).

The lens is composed of approximately 90% crystallin, a 
water‑soluble protein. Crystallin in vertebrates is mainly clas‑
sified into α‑, β‑, and γ‑crystallin. α‑crystallin has 2 subunits 
of αA‑ and αB‑, β‑crystallin has 7 subunits of βA1‑βA4 and 
βB1‑βB3, and γ‑crystallin has 5 subunits of γA‑γD and γS (8). 
In the lens, α‑crystallin is a 40‑mer, β‑crystallin is a 2‑6‑mer, 
and γ‑crystallin is a monomer, which play an important role 
in interacting with each other to maintain the transparency 
of the lens (9). α‑crystallin is a major component of the 
lens, accounts for approximately 30% of the water‑soluble 
protein in the lens, and functions as a molecular chaperone 
that suppresses aggregation of other crystallin species (10). In 
humans, αB‑crystallin is expressed in tissues other than the 
eye, whereas αA‑crystallin is expressed only in the lens (11). 
βB2‑crystallin is the main component of β‑crystallin. It has 
been reported that in βB2‑crystallin obtained from the lens of 
senile cataract, the Asp residue at the C‑terminal site under‑
goes significant site‑specific isomerization, which occurs 
at the site of interaction with βB2‑crystallin itself and other 
βB‑crystallins, and it may contribute to the formation of senile 
cataract by affecting the crystallin subunit‑subunit interaction 
and inducing abnormal crystallin aggregation (12).

After the lens of a newt is removed, the pigmented epithe‑
lial cells (PECs) located on the dorsal side of the iris first start 
to dedifferentiate, a process during which their pigment is 
degranulated, and then differentiate into LECs to regenerate 
a new lens (13,14). By contrast, regeneration of the lens in 
mammals does not occur once the lens capsule is removed (15). 
Intriguingly, if only the contents of the lens are removed and 
the lens capsule and LECs are preserved, the lens reproduces 
the same process as that occurring during embryonic devel‑
opment and forms a regenerated lens (16‑18). However, the 
regenerated LECs exhibit aberrant, morphological changes, 
including irregular cell arrangement, mitochondrial degenera‑
tion, and vacuoles in the cytoplasm (19).

Induced pluripotent stem (iPS) cells, first described by 
Takahashi et al (20), are pluripotent cells that can differen‑
tiate into diverse cell types. Notably, iPS cells have also been 
reported to differentiate into LECs (21‑24), but no study 
thus far has reported their formation of three‑dimensional 
cell aggregates. Here, we investigated the formation of 
three‑dimensional cellular aggregates expressing lens‑specific 
proteins using human iris‑derived tissue cells and iPS cells.

Materials and methods

Preparation of human iris tissue specimens. The tissues 
examined in the study were collected from patients with glau‑
coma during treatment with partial iris resection, and pieces 
of the collected human iris tissue were fixed in SUPER FIX™ 
rapid fixative solution (cat. no. KY‑500; Kurabo Industries 
Ltd.) (6). Subsequently, paraffin sections were prepared from 
the fixed tissues by following standard procedures, and the 

sections were stained with hematoxylin and eosin (H&E). Iris 
samples were collected from patients who underwent partial 
iris resection as a treatment for glaucoma at the Department 
of Ophthalmology, Fujita Health University Hospital, between 
April 2015 and March 2017, and who consented to the study. 
The mean age of the patients was 58.9±5.4 years, 4 males and 
7 females. Patients with ocular diseases other than glaucoma 
were excluded from the study. This study was performed 
with the approval (approval no. 05‑065) of the Ethics Review 
Committee of Fujita Health University. The experiment was 
carried out with the approval (approval no. DP16055) of the 
Recombinant DNA Experiment Committee of Fujita Health 
University. All study participants provided written informed 
consent for their tissue to be used, and the study complied with 
the tenets of the Declaration of Helsinki for research involving 
human tissues.

Isolation and culture of cells from human iris tissue. Human 
iris tissue was processed as described (25,26). Briefly, iris tissue 
was treated with 0.2% collagenase (cat. no. C9722‑50MG; 
Merck KGaA) and washed twice with phosphate‑buffered 
saline (PBS; cat. no. D8662‑500ML; Merck KGaA), and the 
isolated human iris tissue‑derived cells (H‑iris cells) were 
cultured in iris culture medium (iris medium): Advanced 
Dulbecco's modified Eagle's medium/Ham's F12 (Advanced 
DMEM/F12; cat. no. 12634010; Thermo Fisher Scientific 
Inc.) supplemented with 5% (w/v) mixed serum [heat‑inac‑
tivated human serum (cat. no. H3667‑20ML; Merck KGaA), 
KnockOut™ Serum Replacement (KSR; cat. no. 10828010; 
Thermo Fisher Scientific), and Artificial Serum, Xeno‑free 
(cat. no. A2G10P2CC; Cell Science & Technology Institute, 
Inc.) in a 5:3:2 ratio], 10 ng/ml basic fibroblastic growth factor 
(b‑FGF; cat. no. F0291; Merck KGaA), 10 ng/ml epidermal 
growth factor (cat. no. E9644; Merck KGaA), 1% (w/v) 
GlutaMAX™ (cat. no. 35050061; Thermo Fisher Scientific), 
0.1% (w/v) CultureSure® Y‑27632 solution (used only when 
starting the culture; cat. no. 039‑24591; FUJIFILM Wako 
Pure Chemical Corporation), and 1% (w/v) penicillin/strep‑
tomycin (cat. no. P4458‑100ML; Merck KGaA). The cells 
were plated in culture dishes coated with type I collagen (cat. 
no. TMTCC‑050; Toyobo Co., Ltd.) and incubated at 37˚C 
in a 5% CO2 humidified incubator, and the cultured cells 
were examined using an inverted fluorescence microscope 
equipped with a digital camera system (Power IX‑71 and 
DP‑71; Olympus Corporation).

Preparation of human iris‑derived iPS cells. Human 
iris‑derived iPS (H‑iris iPS) cells were prepared through 
cell reprogramming using H‑iris cells, as described previ‑
ously (26). Briefly, H‑iris cells were reprogrammed by 
employing a micro‑electroporation method performed 
using an Epi5™ Episomal iPSC Reprogramming Kit (cat. 
no. A15960; Thermo Fisher Scientific) (27). After cloning, 
StemFit® (cat. no. RCAK02N; ReproCELL Inc.) mixed with 
0.1% (w/v) CultureSure® Y‑27632 solution (only at the begin‑
ning of culture) was used as the iPS cell‑culture medium, and 
iMatrix‑511 (Laminin‑5; cat. no. 892011; Takara Bio Inc.) 
was used as the coating agent (STEP‑0 culture condition; 
Fig. 1). During passaging, the H‑iris iPS cells were detached 
using a mixture of Accutase (cat. no. AT104‑100ML; M&S 
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TechnoSystems, Inc.) and TrypLE Select Enzyme (cat. 
no. 12563011; Thermo Fisher Scientific). The H‑iris cells and 
H‑iris iPS cells were confirmed to be negative for mycoplasma 
infection using a mycoplasma detection kit (EZ‑PCR™ 
Mycoplasma Test Kit, cat. no. 20‑700‑20; Biological Industries 
USA Inc.) according to the manufacturer's instructions. The 
experiment was conducted with the approval (no. DP16055) 
of the Recombinant DNA Experiment Committee of Fujita 
Medical University.

Differentiation of H‑iris cells and H‑iris iPS cells into LECs. 
The composition of the used LEC medium (with the STEP‑4 
culture condition being the same; Fig. 1), which induces H‑iris 
cells to differentiate into LECs, was as follows (28): 10% (w/v) 
fetal bovine serum (cat. no. 04‑111‑1A; Biological Industries 
Israel Beit‑Haemek), 10 ng/ml b‑FGF, 1% (w/v) minimum 
essential medium non‑essential amino acids (cat. no. 11140050; 
Thermo Fisher Scientific), 0.5% (w/v) GlutaMAX™, DMEM 
high‑glucose medium (cat. no. 11965092; Thermo Fisher 
Scientific), and 1% (w/v) penicillin/streptomycin solution.

The common differentiation culture conditions were based 
on reports describing the differentiation of human embry‑
onic stem (ES) cells into lens progenitor cells and lentoid 
bodies (29); H‑iris iPS cells were cultured in Lens differen‑
tiation base medium: Advanced DMEM/F12 supplemented 
with 0.05% (w/v) bovine serum albumin (cat. no. 012‑23881; 
FUJIFILM Wako), 1% (w/v) non‑essential amino acids 
(Thermo Fisher Scientific), 0.5% (w/v) GlutaMAX™, 0.5% 
(w/v) N‑2 MAX Media Supplement (cat. no. 17502048; 
Thermo Fisher Scientific), 1% (w/v) B‑27 supplement (cat. 
no. 17504044; Thermo Fisher Scientific), 100 ng/ml b‑FGF, 
and 0.1% (w/v) CultureSure® Y‑27632 solution, with 100 ng/ml 
Noggin (cat. no. 6057‑NG; R&D Systems, Inc.) added for 6 
days (STEP‑1). On the 6th day, the medium was replaced with 
lens differentiation base medium containing 20 ng/ml bone 
morphogenetic protein‑4/7 (cat. no. 3727‑BP; R&D Systems) 
and 100 ng/ml b‑FGF (STEP‑2), and on the 18th day, this 
medium was replaced with lens differentiation base medium 
containing 20 ng/ml Wnt‑3a (cat. no. 5036‑WN; R&D Systems) 
and 100 ng/ml b‑FGF (STEP‑3).

Distinct culture environments were used in our experi‑
ments, Experiments 1‑5 (Ex.1‑Ex.5), as described below 
(summarized in Fig. 1): Ex.1: 1x105 H‑iris iPS cells were 
seeded into 3.5 cm adhesive cell‑culture dishes coated with 
iMatrix‑511 and cultured in iPS culture medium at 37˚C in a 
5% CO2 humidified incubator, and starting from the next day, 
the cells were maintained as adherent cultures sequentially 
under STEP‑1, STEP‑2, and STEP‑3 culture conditions. 
Ex.2: 1x105 H‑iris iPS cells were seeded into 3.5 cm adhe‑
sive cell‑culture dishes coated with iMatrix‑511 and cultured 
in iPS culture medium at 37˚C in a 5% CO2 humidified 
incubator, and from the next day, the cells were maintained 
as adherent cultures sequentially under STEP‑1, STEP‑2, 
and STEP‑3 culture conditions. Under STEP‑3 conditions 
applied for the last 10 days, the cells were detached using 
a mixture of Accutase and TrypLE Select Enzyme and 
cultured using the inclined rotational‑suspension method in 
a centrifuge tube. Ex.3: 1x106 H‑iris iPS cells were cultured 
sequentially under the culture conditions of STEP‑1 using 
the static‑suspension method, STEP‑2 using the inclined 

rotational‑suspension method, and STEP‑3 using the hori‑
zontal rotational‑suspension method in a centrifuge tube. 
Ex.4: 1x106 H‑iris iPS cells were cultured in a centrifuge 
tube under STEP‑1, STEP‑2, and STEP‑3 culture condi‑
tions sequentially using the static‑suspension method and 
then using the inclined rotational‑suspension method under 
STEP‑4 conditions for 2 weeks. Ex.5 is described in the 
next subsection. The medium was changed every 2 days 
in Ex.1‑Ex.5. For inclined rotation in the experiments, an 
NRC20D rotary mixer (Nissinrika Co., Ltd., Tokyo, Japan) 
was used at 3 rpm and a tilt angle of 45 ,̊ and for horizontal 
rotation, an RT‑50 rotator (TAITEC Corporation) was used 
at 35 rpm.

Differentiation of multiple ocular cells. As reported by 
Hayashi et al (30), H‑iris iPS cells were cultured using the 
self‑formed ectodermal autonomous multi‑zone (SEAM) 
method for ocular cells (Ex.5). Briefly, H‑iris iPS cells 
were seeded into iMatrix‑511‑coated cell‑culture dishes at 
350 cells/cm2 using the StemFit® medium, and at 4 weeks 
after seeding, the culture medium (SEAM medium) was 
changed to the following differentiation medium: DMEM 
(cat. no. D5796‑500ML; Merck KGaA) supplemented with 
10% (w/v) KSR, 1% (w/v) sodium pyruvate (cat. no. 11360070; 
Thermo Fisher Scientific), 1% (w/v) non‑essential amino 
acids, 1% (w/v) GlutaMAX™, 1% (w/v) monothioglycerol 
(cat. no. 195‑15791; FUJIFILM Wako), and 1% (w/v) peni‑
cillin/streptomycin; the cells were cultured at 37˚C in a 5% 
CO2 humidified incubator. The cells present in the area where 
LECs were observed using the SEAM method were harvested 
and cultured using the rotational‑suspension method. After 
4 weeks, the cell aggregates that formed between the 2nd and 
3rd zones of the SEAM were picked using a pipette, cloned, 
and cultured in LEC medium, and then 1x106 proliferated 
cells were cultured under the same conditions as in Ex.3 and 
differentiated into LECs.

Reverse transcription and quantitative PCR (qPCR). 
Total cellular RNA was extracted using a TaqMan® Gene 
Expression Cells‑to‑CT™ Kit (cat. no. A25603; Thermo 
Fisher Scientific), and RNA concentrations were measured 
using a spectrophotometer (NanoVue™; GE Healthcare) (31). 
Total RNA was reverse‑transcribed using a GeneAmp® PCR 
System 9700 Thermal Cycler (Thermo Fisher Scientific) to 
synthesize cDNA, and, subsequently, qPCR was performed 
using an ABI PRISM® 7900 HT Sequence Detection System 
(Thermo Fisher Scientific) and the following primers and 
probes (TaqMan® Gene Expression assays; cat. no. 4331182; 
Thermo Fisher Scientific): p75NTR (assay ID. Hs00609976_
m1), SOX2 (assay ID. Hs00415716_m1), PAX6 (assay ID. 
Hs01088114_m1), type IV collagen (assay ID. Hs00266237_
m1), and the crystalline lens‑marker gene αA‑crystallin (assay 
ID. Hs00166138_m1); glyceraldehyde‑3‑phosphate dehydro‑
genase (GAPDH; assay ID. Hs99999905_m1) was used as an 
internal positive control. The thermocycling conditions were 
as follows: reverse transcription: 60 min at 37˚C and 5 min at 
95˚C. qPCR: 2 min at 50˚C, 10 min at 95˚C, 15 sec at 95˚C and 
1 min at 60˚C, for 50 cycles. Relative expression was analyzed 
by the delta‑delta Ct method using Ct values obtained from 
qPCR amplification.
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Sectioned specimens of cell aggregates. Cell aggregates were 
collected from suspension cultures and treated using the 
cell‑block method (32) to prepare paraffin‑section specimens 
using a fixative solution as described previously.

Immunofluorescence staining. Immunofluorescence staining 
was performed as previously described (26,33). Briefly, 
fixed cells were permeabilized with 0.5% Triton X‑100 (cat. 
no. 04605‑250; FUJIFILM Wako), blocked with a serum‑free 
ready‑to‑use blocking reagent (cat. no. X090930‑2; Agilent 
Technologies, Inc.) for 5 min at room temperature, and stained 
with one of the following primary antibodies (incubated for 
1 h at 37˚C): anti‑human αA‑crystallin rabbit polyclonal 
antibody (1:100; cat. no. ab5595; Abcam plc.), anti‑human 
PAX6 mouse monoclonal antibody (1:100; cat. no. 14‑9914‑80; 
Thermo Fisher Scientific), anti‑human SOX2 rat mono‑
clonal antibody (1:100; cat. no. 14‑9811‑82; Thermo Fisher 
Scientific), anti‑human type IV collagen rabbit polyclonal 
antibody (1:200; cat. no. LB‑0445; Life Science Laboratories, 
Inc.), anti‑p75NTR rabbit polyclonal antibody (1:200; cat. 
no. ANT‑007; Alomone Labs), and anti‑human βB2‑crystallin 
rabbit polyclonal antibody (1:100; cat. no. ab252971; Abcam). 
Next, the cells were incubated with an appropriate secondary 
antibody, Alexa Fluor 594‑labeled anti‑mouse IgG donkey 
antibody (1:500; cat. no. A‑21203; Thermo Fisher Scientific), 
Alexa Fluor 594‑labeled anti‑rabbit IgG goat antibody 
(1:500; cat. no. A‑11037; Thermo Fisher Scientific), or Alexa 
Fluor 594‑labeled anti‑rat IgG goat antibody (1:500; cat. 
no. A‑11007; Thermo Fisher Scientific), for 1 h at 37˚C. 
DAPI (VECTASHIELD Mounting Medium with DAPI; 
cat. no. H‑1200; Vector Laboratories) was used for nuclear 
staining. The immunostaining was evaluated using a fluores‑
cence microscope (Power BX‑51; Olympus).

Statistical analysis. Each experiment was performed in 
triplicate and repeated at least thrice. Data are presented as 
means ± standard deviation (SD) and were analyzed using 
repeated measures analysis of variance with Tukey's post hoc 
test. Statistical Package for Social Science (SPSS) Statistics 24 
(IBM Corporation) was used for statistical analyses.

Results

Primary culture and differentiation of H‑iris cells. Human iris 
tissue was enzymatically treated and decomposed into small 
pieces (Fig. 2A). Cells proliferated from the tissue pieces 
that adhered to dishes (Fig. 2B), and while some of these 
cells contained a pigment in the cytoplasm, the pigment was 
degranulated in several cells (Fig. 2C). On Day 7 of culture, 
the cells became confluent and the cultures included very few 
pigmented cells (Fig. 2D). After culturing in STEP‑4 medium 
for 3 weeks, the cultures contained small cell masses (lentoid 
body‑like masses) in which the cells were partially aggregated 
(Fig. 2E). When the small cell aggregates were collected using 
a pipette and immunostained with an αA‑crystallin antibody, 
numerous brightly stained cells were observed (Fig. 2F‑H).

Differentiation using the Ex.1 method. When iPS cells 
cultured in iPS medium (Fig. 3A) were cultured in STEP‑1 
medium for 6 days, cells featuring short protrusions were 

observed (Fig. 3B). After 12 days in STEP‑2 medium, the 
cells were fully confluent and partially multilayered (Fig. 3C), 
and after 17 days in STEP‑3 medium, the cells were further 
multilayered (Fig. 3D). On the last day of culture of each step 
from STEP‑0 to STEP‑3, the cells were collected and total 
RNA was extracted and reverse‑transcribed to produce cDNA 
for PCR analyses; our results showed that p75NTR mRNA 
expression levels were significantly higher at STEP‑1, ‑2, and 
‑3 than at STEP‑0 (Fig. 3E). Moreover, at STEP‑3, the cultures 
included a few αA‑crystallin‑positive cell populations, and 
the αA‑crystallin‑positive cells were negative for SOX2 
(Fig. 3F‑I).

The expression of PAX6, SOX2, and αA‑crystallin 
proteins at each step was confirmed through immunostaining 
performed under identical conditions. The expression of 
αA‑crystallin was strongest at STEP‑3, but the expression was 
not uniform, with certain cells expressing the protein more 
strongly than others, and the expression tended to be stronger 
in aggregated cells than in non‑aggregated cells (Fig. 4). 
Fig. 4 examines the changes in protein expression of PAX6, 
SOX2, and αA‑crystallin during lens development in vivo at 
different culture steps. Since iPS cells were used in this study, 
SOX2, one of the markers of iPS cells, is strongly expressed in 
STEP‑0. However, by starting the induction of differentiation 
to lens, the expression of SOX2 decreased once in STEP‑1, 
but as the differentiation STEP to lens progressed, the expres‑
sion of SOX2 became strong again. On the other hand, PAX6 
was slightly expressed in STEP‑1. In addition, αA‑crystallin, 
a marker of lens protein, was hardly detected until STEP‑2, 
but was strongly detected in STEP‑3, indicating that the cells 
differentiated into lens epithelial cells.

Differentiation using the Ex.2 method. The Ex.2 method was 
the same as the Ex.1 method until the end of STEP‑2, but in 
STEP‑3, starting from 7 days after initiation of the culture, 
the cells were cultured on a rotary culture device (Fig. 5A). 
After 10 days of this rotational suspension culture, opaque 
cell aggregates were formed (Fig. 5B). Sections of the cell 
aggregates were prepared using the cell‑block method, and 

Figure 1. Schematic of cell‑culture conditions in Ex. 1‑5. iPS, induced 
pluripotent stem; LECs, lens epithelial cells; Rot·Sus, rotational suspension; 
Ex, experiment; 2D, 2‑dimensions; 3D, 3‑dimensions; SEAM, self‑formed 
ectodermal autonomous multi‑zone.
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H&E staining revealed that the aggregates were surrounded 
by one or two layers of cells, with the aggregate interior being 
filled with cells distinct from the cells around the aggregates 
(Fig. 5C). Moreover, the cells forming the aggregates showed 
cytoplasmic staining for αA‑crystallin (Fig. 5D and E). 
An illustration of the developmental process of the lens is 
presented in Fig. 5F. Initially, a lens follicle featuring a hollow 

center is formed, and then the interior of the follicle is filled 
with cells extending from one direction on the optic cup side.

Differentiation by the Ex.3 method. In the Ex.3 method, 
cell aggregates were formed starting from the STEP‑1 stage, 
with differentiation occurring in the cell aggregates, and 
several days after the start of culture in STEP‑3, numerous 

Figure 2. Formation of lentoid body‑like cell aggregates from human iris tissue‑derived cells. (A) H&E‑stained specimen of human iris tissue. The pigment 
epithelial cell layer on the lens side is thick, and a thin pigment epithelial cell layer is also present on the corneal side. The iris parenchyma is composed of blood 
vessels, smooth muscle, and fibroblasts. (B) Fibroblasts and pigment epithelial cells have extended out from the enzyme‑treated tissue. (C) Pigment epithelial 
cells proliferate while degranulating. (D) When only degranulated epithelial cells were passaged, the cells eventually became confluent with a cobblestone‑like 
appearance. (E) Cells aggregated to form a lentoid body‑like cell mass. (F) Morphology of the picked‑up cell mass by micropipette. (G) DAPI staining of the 
cell mass in (F). (H) αA‑crystallin staining of the cell mass in (G); the cytoplasm is stained here. Scale bar, 100 µm. H&E, hematoxylin and eosin.

Figure 3. Induction of differentiation using the Ex.1 method. (A) Colony of human iris‑derived iPS cells. (B‑D) Cell colony in differentiation culture: (B) 6th day 
in STEP‑1 medium, (C) 18th day in STEP‑2 medium, and (D) 25th day in STEP‑3 medium. Scale bar in (A‑D), 100 µm. (E) Fold‑increase in p75NTR mRNA 
expression level at different steps relative to STEP‑0: *P<0.05. (F) Cell morphology on 35th day of differentiation in STEP‑3 medium. (G) Immunostaining 
for αA‑crystallin in the same area as indicated in (F). (H) Immunostaining for SOX2 in the same area as in (G). (I) Merged image of αA‑crystallin and SOX2 
immunostaining. Scale bar in (F‑I), 100 µm. Ex, experiment; iPS cells, induced pluripotent stem cells.
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sac‑like structures were observed around the cell aggregates 
(Fig. 6A and B). The sac‑like structures were translucent 
(Fig. 6C), and H&E staining of cell‑block sections revealed 
that these structures were formed by two layers of cell 
membranes, with the inner layer being hollow (Fig. 6D). The 
two cell layers showed identical staining for αA‑crystallin 
(Fig. 6E), although the outer cells showed stronger type IV 
collagen staining than did the inner cells (Fig. 6F). Conversely, 
in H&E staining of the cell aggregates, we observed that these 
structures were formed by two layers of cells, and cells whose 
nuclei were larger and cytoplasm was darkly stained with eosin 
were observed compared to the sac‑like structures (Fig. 6G). 
The cells whose cytoplasm was darkly stained with eosin were 
also strongly positive for αA‑crystallin (Fig. 6H) and type IV 
collagen (Fig. 6I) in both the inner and outer layers of the 
two‑layer structure.

Differentiation using the Ex.4 method. In the Ex.4 method, 
cells were cultured using the static‑suspension method to 
allow the formation of cell‑cell junctions for differentiation. 
Subsequently, a step involving rotational suspension culture, 
STEP‑4, was included for an additional 2 weeks. Expression 
analysis of five genes revealed that the expression levels in 
STEP‑3 and STEP‑4 were significantly higher than the changes 
between STEP‑0 and STEP‑1 and STEP‑2 (Fig. 7A‑E). The 
expression levels of p75NTR and type IV collagen were signifi‑
cantly higher in STEP‑3 than in STEP‑0, with the expression 
levels of the two genes decreasing in STEP‑1 as compared to 
the level in STEP‑0 but increasing thereafter. The expression 
levels of SOX2 and PAX6 increased during ocular differen‑
tiation, and in the Ex.4 method, the expression levels of these 
genes were significantly increased in STEP‑3 and STEP‑4.

Visual examination of cell aggregates obtained at the 
end of culture (Fig. 8A) revealed that the aggregates were 
milky‑white and opaque, although the opacity was lighter in 
certain areas than in others. The results of H&E staining of 
sectioned specimens further showed that vacuoles formed 
inside the cell aggregates (Fig. 8B). Moreover, the surface 
of the cell aggregates was stratified, as illustrated in Fig. 8C 
showing an enlarged view of Area 1 from Fig. 8B, and these 
cells were positive for SOX2 (Fig. 8D), p75NTR (Fig. 8E), 
αA‑crystallin (Fig. 8F), and type IV collagen (Fig. 8G). 
Conversely, in the region that is marked as Area 2 in Fig. 8B 
and enlarged in Fig. 8H, the cells on the surface of the aggre‑
gates transitioned from multilayers to monolayers, and the 
monolayers were negative for SOX2 (Fig. 8I); furthermore, in 
this region, p75NTR expression was decreased (Fig. 8J), and 
αA‑crystallin staining was not detected (Fig. 8F), but positive 
staining for type IV collagen was observed (Fig. 8G).

Differentiation using the Ex.5 (SEAM) method. H‑iris iPS 
cells (Fig. 9A) were cultured continuously for 4 weeks in a 
differentiation medium of the same composition. At the end of 
culture, small cell aggregates were observed at the boundary 
between the 2nd and 3rd zones (Fig. 9B), and these aggregates 
were positive for αA‑crystallin (Fig. 9C). The cell aggregates 
were carefully harvested using a pipette and cultured using 
the static‑ and rotational‑suspension methods. H&E staining 
of sections of the cell aggregates revealed that the cells were 
arranged in concentric circles, and in the cells in the interior 

of the aggregates, the cytoplasm was uniformly stained with 
eosin (Fig. 9D). αA‑crystallin staining was detected in the 
cells surrounding the aggregates and in the inner cells whose 
cytoplasm was stained with eosin (Fig. 9E), and βB2‑crystallin 
staining was slightly stronger in the inner cells than in the cells 
around the aggregates (Fig. 9F). Moreover, the cells around and 
inside the cell aggregates were positive for type IV collagen, 
and the inner cells whose cytoplasm was uniformly stained 
with eosin also particularly stained strongly for type IV 
collagen (Fig. 9G).

Discussion

In this study, we cultured human iris‑derived tissue cells 
and iPS cells using various culture methods and generated 
three‑dimensional cell aggregates expressing αA‑crystallin, a 
lens‑specific protein.

The history of research on lens regeneration began with 
lens regeneration in newts, which was discovered in the 
1890s (34,35). In newts, when the lens is removed, the pigment 
in the iris degranulates and then the iris tissue regenerates the 
lens. Lens regeneration in newts is unique, with the lens being 
unfailingly regenerated from the dorsal iris. Studies conducted 
using transgenic newts have shown that b‑FGF and Wnt play a 
major role in the regeneration of the lens, refuting the notion that 
tissue stem cells exist only in the dorsal iris (36), and lens regen‑
eration has also been shown to occur several times during the 
lifetime of a newt (13,37). However, no study to date has reported 
lens regeneration from the iris in mammals. We have been 
conducting research in the field of regenerative medicine with a 
focus on iris tissue (38‑41). Here, we found that lentoid body‑like 
cell aggregates expressing a very small but lens‑specific protein 

Figure 4. Immunostained specimens from each of the four steps in the Ex.1 
method. The images show DAPI staining in the same area as that stained for 
PAX6, SOX2, and αA‑crystallin in STEP‑0, ‑1, ‑2, and ‑3. Scale bar, 100 µm. 
Ex, experiment.
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were formed in cultures of cells derived from human iris tissue. 
We previously reported that cultured H‑iris cells included cells 
positive for tissue stem cell markers (CD271 and p75NTR) (26), 
and p75NTR is also a tissue stem cell marker in the lens (42). 
Our method of culturing iris tissue can also be used to culture 
certain cells that are positive for tissue stem cell markers, and 
this is the first report of PECs in human iris tissue degranulating 
and differentiating into small cell aggregates (lentoid body‑like 
cell masses) expressing αA‑crystallin, a marker for LECs.

First, we cultured H‑iris iPS cells to induce their differen‑
tiation into lens epithelial progenitor cells based on a report 
that ES cells can differentiate into these progenitor cells (29). 
As compared to the iPS cells at STEP‑0, the progressively 
differentiating cells showed increasing mRNA expression 
of p75NTR, a marker of lens epithelial stem cells. Moreover, 
PAX6 protein expression increased during STEP‑1, the stage 
at which p75NTR mRNA expression started to increase, 
whereas SOX2 protein expression decreased once during 

Figure 5. Induction of differentiation using the Ex.2 method. (A) System used for rotational suspension culture. (B) Opaque cell aggregates formed during 
culture. Scale bar, 2 mm. (C) H&E‑stained specimen of cell aggregate, showing inward extension of pericytes (arrowhead). (D) Cell aggregate immunostained 
for αA‑crystallin; the cytoplasm is stained. (E) DAPI staining of specimen shown in (D). Scale bar in (C‑E), 100 µm. (F) Illustration of the lens during develop‑
ment. Ex, experiment; H&E, hematoxylin and eosin.

Figure 6. Induction of differentiation using the Ex.3 method. (A) Cell aggregates formed by using rotational suspension culture. (B) A sac‑like structure (†) is 
observed here around the cell aggregate. Scale bar, 2 mm. (C) The sac‑like structure (†) is translucent, and thus the black crosshairs are visible through it (arrow‑
head). (D) H&E‑stained specimen of the sac‑like structure. (E) Immunostaining for αA‑crystallin in the sac‑like structure. (F) Immunostaining for type IV 
collagen in the sac‑like structure. (G) H&E‑stained specimen of cell aggregate. (H) Immunostaining for αA‑crystallin in cell aggregate. (I) Immunostaining 
for type IV collagen in cell aggregate. (D‑I) inset: magnified view of area indicated by the arrowhead. Scale bar in (D‑I), 100 µm. Ex, experiment; H&E, 
hematoxylin and eosin.
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STEP‑1 and increased again during STEP‑3. The association 
between PAX6 and SOX2 is critical because the two have been 
reported to act in conjunction to activate the expression of 
δ‑crystallin and induce the development of lens placodes (1). 
Cells expressing αA‑crystallin protein were observed during 
STEP‑3, where crystallin‑positive cells were aggregated and 
not all cells expressed αA‑crystallin. Cell‑cell interactions 
could play a crucial role in lens differentiation by inducing the 
formation of cell aggregates.

The maturation of cartilage cells has been reported to be 
promoted by the application of a mechanical stimulation or 
load to cells, and cellular aggregates generated using rota‑
tional culture have been proposed to represent an essential 
component for creating artificial cartilage through tissue 
engineering (43‑47). Here, from the middle of STEP‑3, when 
rotational suspension culture was performed as a mechanical 
stimulus (Ex.2), the cell aggregates formed were surrounded 
by one or two layers of cells, and cells elongating inward from 

Figure 7. Changes in gene expression levels at each step of differentiation induction using Ex.4 the method. (A) SOX2, (B) PAX6, (C) p75NTR, (D) αA‑crystallin, 
(E) type‑IV collagen; fold‑changes are relative to gene expression level in STEP‑0: *P<0.05, **P<0.01, ***P<0.005. Ex, experiment.

Figure 8. Induction of differentiation using the Ex.4 method. (A) Gross observation of cell aggregate. Reduced opacity is observed in certain areas. Scale bar, 
2 mm. (B) H&E‑stained specimen of cell aggregate. Scale bar, 200 µm. (C) Enlarged view of H&E staining in Area 1 of the specimen in (B). Cells displaying 
epithelial‑like morphology have infiltrated inside the cell aggregate (yellow arrowhead). (D‑G and I‑L) Immunostaining of cell aggregates for (D and I) SOX2, 
(E and J) p75NTR, (F and K) αA‑crystallin, and (G and L) type IV collagen. Blue in immunostaining images: DAPI staining of nuclei. (H) Enlarged view 
of H&E staining of Area 2 in the specimen in (B), where the cells on the surface of the aggregate have transitioned from a multilayer to a monolayer (white 
arrowhead). Scale bar in (C‑L), 50 µm. Ex, experiment; H&E, hematoxylin and eosin.
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certain directions were observed to fill the interior of the 
aggregates. Our finding is similar to the observed proliferation 
and migration of cells during lens formation during develop‑
ment, and these cells expressed αA‑crystallin. However, the 
cell aggregates grew to <1 mm as the largest size.

Considering the aforementioned results, we next cultured 
cells by employing the cell aggregates from STEP‑1 and 
subjecting them to tilt rotation and horizontal rotation (Ex.3). 
Translucent sac‑like structures formed by two layers of cell 
membranes were observed. In the sac‑like structures, type IV 
collagen was strongly expressed outside the bilayer, mimicking 
the type IV collagen‑rich lens capsule present on the outer 
surface of the lens (48‑50). However, because the process of 
development and growth of the lens capsule remains unclear, 
embryological and cell‑based studies on the lens capsule are 
required.

As the next method, STEP‑4 using LEC medium was 
performed (Ex.4). All measured gene expression increased 
during STEP‑3 and further increased in STEP‑4. The cell 
aggregates grew to ~2 mm in size, with the surrounding cells, 
including LECs, arranged in the same manner as in the lens in 
certain areas, and a few vacuolated areas were present in the 
interior.

Lastly, in Ex.5, the areas where LECs formed in differ‑
entiated SEAM were collected and cultured. The SEAM 
method is a two‑dimensional adhesion‑culture method, and 
the concentric SEAMs formed by cells differentiating on 
their own through cell‑cell interaction without changing the 
medium conditions mimic the development of the whole eye: 
the location of cells in different zones shows lineages span‑
ning the superficial ectoderm, lens, neural retina, and retinal 
pigment epithelium of the eye. When cells in the areas where 
superficial ectoderm differentiate under the SEAM method are 
collected and further differentiated using the air‑lift method, a 
three‑dimensional cell sheet expressing proteins characteristic 
of the corneal and conjunctival epithelium is formed (23,30,51). 

Therefore, in the case of cells differentiated according to the 
SEAM regions, differentiation is induced in a manner that is 
highly distinct from the differentiation triggered previously in 
iPS cells using other methods. A relatively uniform interior 
was detected in the cell aggregates generated by collecting 
αA‑crystallin‑positive cells formed using the SEAM method 
and then culturing them using static‑ and rotational‑suspension 
methods, and βB2‑crystallin and type IV collagen positivity 
was also detected. However, no lens capsule was observed in 
these cell aggregates. It could be challenging to completely 
control the directionality of cell arrangement in cell aggregates 
without a lens capsule being present as a basement membrane.

The lens nucleus is located at the center of the lens, where 
organelles are lost during development. A recent study on 
organelle degradation inside the lens reported that organelle 
degradation by phospholipases of the PLAAT family leads 
to the achievement of optimal transparency and refractive 
function of the lens (4). Organelles affect light scattering, and 
in a flow cytometer, a widely used research instrument, the 
measurement is based on the principle that laterally scattered 
light is affected by the size of the cell nucleus and the pres‑
ence of cell membranes and organelles (52,53). We speculate 
that one of the reasons why the cell aggregates produced in 
this study were not transparent is that intracellular organelles 
remained and affected light scattering.

In the case of cataracts, a disease that causes opacity of 
the lens, several artificial lenses (intraocular lenses; IOLs) 
have been developed through micro‑incisions and are being 
used for clinical treatment. Regeneration of the lens in vitro 
is highly intriguing as a basic research subject, but for clinical 
application, the regeneration achieved must offer advantages 
over current IOL‑based treatments. Multifocal IOLs that can 
focus at distinct distances are also being developed for clinical 
use. In cataract surgery, the lens capsule is preserved and 
only the opaque lens is emulsified using ultrasound and then 
suctioned out. However, the IOLs currently used in clinical 

Figure 9. Induction of differentiation using the Ex.5 method. (A) iPS cell colony immediately before medium replacement with SEAM medium. (B) Colony 
after culture for 4 weeks in SEAM medium. Cell morphology can be distinguished into four layers from the center. At the boundary between the 2nd and 
3rd zones, small cell aggregates were observed (arrowhead). (C) αA‑crystallin immunostaining of a small cell mass indicated by arrowhead in (B). (D) H&E 
staining of cell aggregate after static and rotational suspension culture. (E‑G) Immunostaining of cell aggregate for (E) αA‑crystallin, (F) βB2‑crystallin, 
and (G) type IV collagen. Blue: DAPI staining of nuclei. Scale bar, 100 µm. Ex, experiment; iPS cells, induced pluripotent stem cells; SEAM, self‑formed 
ectodermal autonomous multi‑zone; H&E, hematoxylin and eosin.
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practice are not perfect, and cataract surgery cannot enhance 
the patient's ability to adjust the lens focus, particularly after 
surgery. This is because the ciliary muscle connected to the 
lens capsule is responsible for the focusing, and considering 
that the ciliary body is also connected to the lens capsule (54), 
the in vitro regeneration of the ciliary body is also related to 
the lens capsule and lens. We aim to continue investigating 
the collective regeneration of the lens, lens capsule, and ciliary 
body in vitro. We believe that this can contribute to a finer 
focus adjustment after IOL implantation if iPS cells can be 
used to regenerate weakened ciliary bodies.

In conclusion, we have reported that H‑iris cells and iris 
tissue‑derived iPS cells can be used to generate a variety of 
three‑dimensional cell aggregates expressing αA‑crystallin, 
a protein specific to the lens. However, all the cell aggregates 
formed in this study were opaque, and we were thus unable to 
regenerate a transparent lens. In the future, we will investigate 
the degradation of organelles necessary to achieve transpar‑
ency of the interior of the generated cell aggregates expressing 
lens‑specific proteins by creating transgenic cells that induce 
the disappearance of organelles, and we will conduct research 
on the regeneration of transparent lenses. In addition, we aim 
to utilize this cell aggregate model for various applications, 
such as studying ciliary body regeneration by co‑culture and 
creating an in vitro cataract model that can evaluate the effects 
of drugs and the effects of radiation exposure.
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