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Mechanical methods for inducing differentiation and directing lineage specification will be instrumental in the
application of pluripotent stem cells. Here, we demonstrate that minimization of cell-substrate adhesion can
initiate and direct the differentiation of human pluripotent stem cells (hiPSCs) into cyst-forming trophoblast
lineage cells (TLCs) without stimulation with cytokines or small molecules. To precisely control cell-substrate
adhesion area, we developed a novel culture method where cells are cultured on microstructured mesh sheets
suspended in a culture medium such that cells on mesh are completely out of contact with the culture dish. We
used microfabricated mesh sheets that consisted of open meshes (100 ~200 um in pitch) with narrow mesh
strands (3-5pum in width) to provide support for initial cell attachment and growth. We demonstrate that
minimization of cell adhesion area achieved by this culture method can trigger a sequence of morphogenetic
transformations that begin with individual hiPSCs attached on the mesh strands proliferating to form cell sheets
by self-assembly organization and ultimately differentiating after 10-15 days of mesh culture to generate
spherical cysts that secreted human chorionic gonadotropin (hCG) hormone and expressed caudal-related
homeobox 2 factor (CDX2), a specific marker of trophoblast lineage. Thus, this study demonstrates a simple
and direct mechanical approach to induce trophoblast differentiation and generate cysts for application in the

study of early human embryogenesis and drug development and screening.

Introduction

PLURIPOTENT STEM CELLS, including human pluripotent
stem cells (hiPSCs) and human embryonic stem cells
(hESCs) can proliferate rapidly and indefinitely and they can
differentiate to form virtually any cell type of the adult or-
ganism, making them increasingly attractive for use in re-
generative medicine and drug discovery."? In the field of
reproductive biology and medicine, a major interest is in
developing alternative models for the study of early tro-
phoblast differentiation that would replace the traditional
mouse models whose embryogenesis is known to be phe-
nomenologically different from the human case. Indeed,
over reliance on animal models due to existing ethical issues
associated with the use of human embryos and practical
limitations arising from the use of placentas that are less
than 6 weeks old have impeded the study of the molecular

mechanisms underlying proliferation and differentiation of
human trophoblast lineage cells (TLCs).® Thus, focus is
increasingly shifting toward the use of trophoblasts derived
from pluripotent cells as models to study early embryo-
genesis in humans.

A popular model for establishing trophoblast cell lineage
in vitro involves treating pluripotent stem cells, mainly
hESCs, with bone morphogenetic protein 4 (BMP4).*™®
BMP4 is a member of the transforming growth factor beta
superfamily, which controls numerous events of embryonic,
fetal, and even adult development in all vertebrates.’
However, although widely used to derive TLCs from
hESCs, this model has not been successful with hiPSCs, as
illustrated by the fact that only very few studies have suc-
ceeded in converting hiPSCs into TLCs by BMP4 treat-
ment.'® It is not clear whether this is a result of underlying
differences in genomic and epigenetic signatures between
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the two,l L12 put considering the ethical concerns associated
with embryo-derived hESCs, it would be more desirable to
derive TLCs from hiPSCs rather than from hESCs. Thus,
there is need to develop methods for generating TLCs from
hiPSs more efficiently and reproducibly. Such methods will
enable us to establish patient specific in vitro models of
the placenta for drug testing and also for studying the me-
chanisms of placenta-associated diseases. '’

It is increasingly becoming clear that cell-substrate in-
teractions and the mechanical cues emanating from them
play fundamental roles in the regulation of the signaling
pathways that determine cell differentiation and lineage
commitment.'? In fact, mounting evidences suggest that the
interaction between a stem cell and its extracellular cell
matrix via integrin and cadherin-mediated cell—cell inter-
actions determine the pattern of gene expression and the
resultant differentiated phenotype despite the blueprint of
the genome being the same.'* For instance, physical char-
acteristics of a substrate such as elasticity, topology, and
geometry have been implicated in the determination of cell
fate and lineage specification,'>™'® and it has been demon-
strated that stem cells can be tuned to differentiate into a
desired cell type by modulating cell adhesion alone.'” An
exemplary example of this mechanical approach of differ-
entiation specification has been demonstrated in mesen-
chymal stem cells (MSCs) where patterns embodied on a
substrate could be used to control osteogenesis of MSCs
with efficiency similar to chemical stimulation.'>*

This study highlights the possibility to mechanically
stimulate hiPSCs to differentiate directly to TLCs by mod-
ulating the microscale physical environment of the cells. We
demonstrate that minimization of cell-substrate adhesion
area achieved by a novel culture method whereby hiPSCs
are cultured on microstructured mesh sheets consisting of
large-aperture meshes (~200pum in pitch) and fine mesh
stands (3—5 um in width) that are suspended in a culture
medium can trigger morphogenesis of cell sheets and me-
chanically induce hiPSCs to differentiate into cyst-forming
TLCs without chemical induction.

Materials and Methods
Fabrication of microstructured thin mesh sheets

Microstructured mesh sheets used in this study were
fabricated by standard photolithography using epoxy-based
negative photo resist (SU-8-2; Microchem). The processes
of fabrication are shown schematically in Figure 1A (i-v).
Briefly, SU-8-2 was spin-coated directly on a silicon wafer
precoated with a thin sacrificial layer of gelatin (2% w/v).
The thicknesses of spin-coated SU-8 and gelatin were
~?2um each. After UV exposure for 5s at 22 mW power,
SU-8 was developed according to the manufacturer’s in-
structions. The developed features were then laminated with
Kapton tapes having a hole measuring 4-8 mm at the center
to act as a frame reinforcing the ultrathin sheets (2 pm-thick)
upon detachment by immersion in a hot water bath (80°C) to
dissolve the sacrificial gelatin. Mesh sheets obtained were
then sterilized by immersion in 70% ethanol and thereafter
kept in an oven at 80°C until used. The resulting mesh sheet
is shown schematically in Figure 1A (vi). We fabricated and
tested different kinds of mesh shapes, but we focused more
on meshes with triangular and rhombus meshes because
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they gave better performance in terms of ease of cell at-
tachment and proliferation compared with square meshes.
The dimension of the meshes were such that the length of
the short axis of a rhombus mesh or the base of a triangular
mesh was 100~ 200 pm [Fig. 1A (vi)]. Regardless of mesh
type, the width of the mesh strand was between 3 and 5 pm
and the thickness of the sheet was about 2-3 um. Figure 1B
shows an image of a fabricated SU-8 mesh sheet with tri-
angular mesh obtained by a desk-top type scanning electron
microscope (Hitachi Tabletop Microscope TM-1000; Hi-
tachi, Inc.).

Cell seeding and culture on mesh sheets

Before cell seeding, mesh sheets were incubated over-
night at 4°C with Matrigel (Matrigel Basement Membrane
Matrix; Corning, Inc.) diluted at a ratio of 1:20 in DMEM/
F12 medium or laminin (iMatrix-511; Wako, Inc.) at a con-
centration of 10-20 ug/mL in 1x phosphate buffered saline
(PBS). For cell seeding, the reinforced mesh sheets were
suspended in a culture medium using silicon rubber spacers
of thickness, H=0.5-1 mm (Fig. 1C) such that cells seeded
on the meshes were completely out of contact with the mesh
bottom. In each case, the coating material was briefly rinsed
off with 1x PBS buffer just before cell seeding.

Human iPS cells (clone TIG1-4F hiPS cells #1 at ~40
passages) from lung fibroblasts used in this study were a
kind gift from Dr. Takashi Tada of Kyoto University, Japan.
Before seeding on a mesh sheet, hiPSCs were cultured on
typical culture dishes coated with either Matrigel or laminin
to 85% confluence in a humidified incubator at 37°C and 5%
CO, using essential 8 medium (E8 medium)?' (Life Tech-
nologies). These cells were then dissociated with 2mL of a
modified trypsin solution (TrypLE; Life Technologies) and
transferred to a fresh E8 medium and centrifuged at 100 g
for 5min followed by resuspension in a fresh 2mL of E8
medium supplemented with a ROCK inhibitor (Y-27632;
Wako) at a concentration of 10 pg/mL to prevent apoptosis
immediately after seeding. After pipetting briefly to disperse
cell aggregates, cells were directly seeded on the suspended
mesh sheets at a cell density of ~ 10° cells/mL. Since most
cells would fall off during seeding, the number of cells that
remained attached on the mesh sheet was much less (about
10%) but this depended on mesh size and shape. After
seeding, the mesh sheets were incubated in E§ medium for
another 12 h in a humidified incubator at 37°C and 5% CO,.
Microscopic imaging was periodically performed to monitor
cell growth on the mesh sheets. Mesh sheets loaded with
cells were transferred to new dishes occasionally to prevent
dead or fallen cells that would accumulate at the dish bottom
from interfering with microscopic imaging.

Generation of embryonic bodies by suspension culture

To generate embryonic bodies (EBs), we harvested
hiPSCs (same clone as above) cultured on laminin-coated
dishes to 85% confluence as described above and seeded
them as aggregates (without dispersion) on uncoated culture
dishes filled with E8 medium. Extended culture was per-
formed in an incubator under the same conditions as de-
scribed above. Cell aggregation and size growth was
monitored and EBs that had grown to over 400 pm in size
were harvested for enzyme-linked immunosorbent assay
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Fabrication of mesh sheet and cell culture. (A) Processes of mesh sheet fabrication by photolithography (i-iii),

mesh sheet reinforcement and harvesting (iv—v), and a schematic of prepared mesh sheet showing the dimensions of cell
culture area (vi, leff) and mesh shapes and dimensions (vi, right). Mesh sheets with rhombus (short axis length,
[=100~200 pm) and triangular shapes (side length, /=100~200 um) were used. The width of mesh strand was w=3-5 um.
(B) Scanning electron microscope image of a fabricated triangular mesh. (C) A schematic showing how cell seeding and
culture was performed on a mesh sheet suspended in a culture medium. (Leff) Orthographic representation of mesh sheet setup
during cell seeding, (right) a cross-sectional view of setup during cell culture. Spacers of height H=0.5-1 mm were used to
suspend mesh sheets in the medium so as to prevent cells attached on mesh from interacting with the dish bottom.

(ELISA) and real-time polymerase chain reaction (RT-PCR)
analyses at day 15 and 21.

Live cell staining and immunofluorescence microscopy

For live cell imaging, cells were labeled with 5 uM Cal-
cein AM (Invitrogen) in 1x PBS for 20 min, followed by
nucleic staining with 1 pM Hochest33342 (Sigma) for
10 min. Time lapse imaging of unstained live cells was
performed using a fluorescence microscope (BZ 9000;
Keyence) fitted with a culture chamber. Phase contrast im-
ages were acquired using Olympus IX71 fitted with a WAT-
221s camera (Watec). Images were slightly processed using
Image J (NIH) to improve contrast.

For immunofluorescence microscopy, cells were fixed in
4% formaldehyde (Wako) for 10 min, permeabilized with
0.3% triton X-100 in PBS for 15 min, and blocked with a
buffer containing 3% bovine serum albumin (BSA) and
0.3% triton X-100 in 1x PBS for 60 min. The samples were
then separately incubated overnight at 4°C with primary
antibodies against OCT4, Nanog, CDX2, human chorionic
gonadotropin (hCG)-B,E-cadherin, and vinculin, followed
by incubation for 60 min with the corresponding secondary
antibodies tagged with Alexa Flour dyes (Invitrogen) at
1:500 dilution. Primary antibodies used in this study were
mouse anti human OCT4 (Santa Cruz) at 1:50 dilution, goat
anti human CDX2 (R&D Systems) at 1:200 dilution, rabbit

anti human NANOG (Cell Signaling Technology) at 1:100
dilution, polyclonal rabbit anti human CG (Abcam) at
1:200 dilution, monoclonal Anti-vinculin antibody pro-
duced in mouse (clone hVIN-1; Sigma Aldrich), and mouse
monoclonal anti-human E-cadherin (Takara Bio) at a di-
Iution of 1:200 dilution. All antibodies were diluted in a
buffer containing 1% BSA and 0.3% triton X-100. Im-
munofluorescence microscopy for CDX2 and hCG-f§ was
performed using confocal microscopes (LSM 700 and LSM
510 microscopes; Zeiss) with a 10x and a 25X objective
lenses, while that for E-cadherin and vinculin was per-
formed using Olympus Microscope IX83 fitted with a
confocal scanning unit (CSU-W1; Yokogawa Electronics)
and Orca flash 4.0 camera (Hamamatsu Photonics). 3D
rendering of confocal images of cysts was performed using
the maximum intensity projection modethe ZEN Module
3D VisArt software (Zeiss).

Analysis of RNA expression by quantitative
RT-PCR analysis

Total RNA was isolated using TRIZOL LS solution (In-
vitrogen) and reverse-transcribed by the ThermoScript RT-
PCR system (Invitrogen) with an oligo-dT primer. Real-time
quantitative PCR was performed with an ABI Prism 7300
Thermal Cycler (Applied Biosystems) using FastStart Uni-
versal Probe Master (Roche Applied Science) and the
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TABLE 1. A LiST OF MARKERS AND PRIMER SEQUENCES USED FOR REAL-TIME POLYMERASE
CHAIN REACTION ANALYSIS

Marker Left (forward) primer Right (reverse) primer
GAPDH AGCCACATCGCTCAGACAC GCCCAATACGACCAAATCC
OCT4 GTTGGAGAAGGTGGAACCAA CCAAGGTGATCCTCTTCTGC
TERT (transcript variant 2) GCCTTCAAGAGCCACGTC CCACGAACTGTCGCATGT
MET AAATGTGCATGAAGCAGGAA CCACGAACTGTCGCATGT
CDX2 ATCACCATCCGGAGGAAAG TGCGGTTCTGAAACCAGATT

indicated combinations of Universal Probe Library (Roche
Applied Science). The combination of primer sequences
used are shown in Table 1.

Data were obtained in triplicates and statistical signifi-
cance was determined by the Student’s t-test (unpaired),
assuming a normal distribution since the number of the re-
spective features (TLC cysts or EBs) per analyzed sample
was sufficiently large (>10 features per analysis).

Analysis of hCG hormone secretion by ELISA

Media samples were collected for analysis from both mesh
culture with hiPSC-derived cysts and suspension culture with
EBs. Medium was left unchanged the day before to allow for
hormone accumulation. ELISA analysis was performed using
hCG ELISA kit (BQ Kits) according to the manufacturer’s
instructions. The results were quantified using an EnSight™
multimode plate reader (PerkinElmer) running a Wallac 1420
software. Data are acquired in quadruplicates and was fitted
to the standard curve using a free online software available at
< http://elisaanalysis.com/>. The results were imported to a
Microsoft excel for further analysis and graph representation.
Statistical comparison between TLCs and EBs was done us-
ing unpaired Student’s r-test.

Results

Adhesion area minimization by mesh culture
and induction of hiPSCs differentiation

To achieve precise control of cell adhesion area, we
developed a novel culture method that involves culturing
cells on microstructured thin mesh sheets (Fig. 1A, B)
suspended in a culture medium such that cells on mesh are
completely out of contact with the culture dish. This
method ensures that all cellular activities including at-
tachment, elongation, and proliferation are confined to the
narrow mesh strands. To investigate the influence of min-
imizing cell-substrate adhesion on stem cell differentiation,
we monitored the behavior of hiPSCs seeded on the sus-
pended mesh sheets. Before seeding on mesh, we deter-
mined by immunofluorescence microscopy that the cells
expressed OCT 4 and NANOG and were therefore plu-
ripotent (Fig. 2A).

Although most cells would fall off to the dish bottom
during seeding, ~10% of cells adhered successfully on the
mesh strands, mainly at the intersection points. These cells
could spread along the narrow mesh strands and proliferate
normally such that by day 4, cells had begun to form web-
like incursions toward the interior of the open meshes,
starting from the strand intersections points (Fig. 2B, day 4).
By day 8, cells had proliferated, spread, and occupied al-

most all the initially open meshes, resulting in the formation
of a monolayer cell sheet (Fig. 2B, day 8). However, be-
tween day 10 and 15, we noticed the appearance of uniquely
transparent, bubble-like cysts primarily on the regions of the
mesh where cells had formed a uniform cell sheet (Fig. 2B,
day 15). Indeed, the features were so transparent that the
cells beneath them could be seen clearly under a micro-
scope, hence we could determine that their formation did not
result in the disruption of the cell sheet beneath (Fig. 2B,
day 15, also Supplementary Fig. S1; Supplementary Data
are available online at www.liebertpub.com/tec). Initially, a
few cysts would appear but they grew in number and size
with time. They had common characteristics of a round
shape, a clear interior cavity, and a thin enclosing wall (Fig.
2C). Remarkably, cysts could form on the upper surface
(Fig. 2C, red arrow head) and on the lower surface (Fig. 2C,
yellow arrow head) of the mesh sheet, with those on the
lower surface hanging downward to a height of ~400 pm.
With continuous culture, cysts on the upper surface could
grow to a height of more than 800 um [Fig. 3C (i)].

Since cyst formation occurred mostly after more than 10
days of mesh culture, we sought to examine the pluripotency
status of the cells just before this time point. Remarkably,
quantitative analysis of RNA expression by RT-PCR re-
vealed that day 8 old hiPSCs on mesh expressed OCT4 at a
level comparable with dish cultured cells, regardless of the
mesh coating matrix used (Fig. 2D). Notably, we did not
observe cyst formation in a separate control experiment in
which we cultured the same clone of hiPSCs on a thin
nonmesh membrane of SU-8 that was similarly suspended in
E8 medium (Supplementary Fig. S2). This suggests that the
differentiation pattern shown by hiPSCs on mesh was due to
adhesion area minimization rather than physical and che-
mical factors inherent in the mesh material.

Morphological characterization reveal vascularization
of cysts after prolonged culture

Next, we examined the morphology of mesh generated
cysts using confocal microscopy as shown schematically in
Figure 3A. We could determine that the cysts were indeed
spherical and completely enveloped by an epithelial-like
cell wall, as shown in the reconstructed 3D images in Figure
3B (i) and (ii). Importantly, reconstructed 3D images of a 40
day-old cyst in Figure 3C (i) revealed the existence of
vascular-like cellular network traversing the interior cavity
that also stained positive for Calcein AM, suggesting that
the network comprised of living cells [Fig. 3C (ii) and
Fig. 3C (iii), yellow arrows; Supplementary Movie S1].
Although the exact identity of the interior cellular network
remains to be elucidated, we postulate that they may be
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conduits for nutrient transport that support cell survival in a
region where necrosis or apoptosis may not permit cell
survival.?? Coincidentally, this observation concurs with
other reports suggesting the presence of blood islands in an
embryo-like structure formed by in vivo reprogrammed
mouse stem cells.>**

Characterization of trophoblast markers
by immunofluorescence microscopy and ELISA

Suspecting that the observed cyst formation could be an
indication of trophoblast differentiation, we performed im-
munofluorescence microscopy to examine the presence of
hCG hormone, a key pregnancy hormone secreted by pla-
cental trophoblasts and CDX2, a transcription factor
strongly associated with trophoblast. Despite the rigors of
fixation and permeabilization, cysts still retained their
spherical morphology (Fig. 4A, B, bright field), demon-
strating that these were stable cellular structures. Im-
portantly, immunofluorescence results revealed the presence
of hCG-fB (a subunit of hCG hormone) in the cytoplasm
(Fig. 4A) and CDX2 in the nuclei (Fig. 4B) of cyst-forming

Day3
Dish
LAM

1109
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ipotency of dish cultured
hiPSCs before seeding on
mesh. Merged image also
shows blue pigment from
Hoechst staining of cell
nuclei. (B) Phase contrast
images showing growth and
proliferation of hiPSCs on
mesh. Last image of the col-
umn (Day 15) shows a bub-
ble-like cyst formed as a
result of cell differentiation.
(C) Phase contrast image
showing numerous cysts on a
mesh sheet at day 21 of cul-
ture. Yellow and red arrow-
heads indicate cysts formed
on the upper and lower sur-
faces of a mesh sheet, re-
spectively. (D) Result of
RT-PCR analysis performed
to compare pluripotency in
hiPSCs cultured on mesh and
on typical culture dishes for
8 days. Results were nor-
malized by OCT4 expression
in hiPSCs cultured on lami-
nin-coated culture dish for 3
days. MAT, Matrigel; LAM,
laminin. Scale bar represent
50 um in (A) 100 pm in (B),
and 200 um in (C). hiPSCs,
human pluripotent stem cells;
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cells, providing evidence for the presence of TLCs as sug-
gested by previous studies.*>?>?® A comparative im-
munostaining of EB for CDX2 turned out negative for the
trophoblast marker (Fig. 4C), suggesting that the cysts were
distinctively dissimilar to EBs in both structure and ex-
pression (compare Fig. 4B, C).

Prompted by the above results, we next sought to deter-
mine hCG hormone secretion quantitatively by ELISA
analysis. We found significantly high levels of the hormone
in the spent culture media from cyst-containing mesh sam-
ples at day 15 and 21 (Fig. 5). In contrast, the hormone was
undetectably low (Fig. 5, day 15) in the culture medium
containing 15 day-old EBs (Supplementary Fig. S3), and
extremely low (Fig. 5, day 21) in the culture medium con-
taining 21 day-old EBs. In fact, the level of hCG hormone in
the media from mesh samples with cysts was sufficiently
high that the hormone could be detected even by an over-
the-counter pregnancy testers (Supplementary Fig. S4), and
as early as 2 days after spotting the first cysts. Overall, the
secretion of hCG hormone by mesh generated cysts, as
opposed to EBs, supports the argument for mesh culture-
triggered differentiation of hiPSCs to TLCs.
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FIG. 3. Morphological characterization by confocal microscopy of cysts formed by differentiated hiPSCs on a suspended
mesh sheet. (A) A schematic of setup during confocal microscopy. Focus was shifted up and down to capture images of the
cysts for 3D rendering. (B) A 3D reconstruction showing both the apical (i) and the basal (ii) surfaces of two different
spherical cysts hanging downward from a mesh sheet. Both images illustrate that the cysts were closed spheres. To obtain
the images, mesh sheet was turned upside down and imaged as shown in (A). (C) High resolution imaging of a repre-
sentative cyst cultured continuously on mesh and showing vascularization. (i) A phase contrast image of a mesh generated
cyst at day 40. (ii) A 3D reconstruction of a cyst stained with Calcein AM with a view window showing vascular-like
cellular networks in the interior. “INT”” denotes interior, ““EXT’’ denotes exterior of a cyst. (iii) A 3D reconstruction based
on maximum intensity projection showing vascularization (yellow arrows) in the same cyst as in the left image. Pseudo
coloring was applied for easy visualization. Scale bar represent 200 pum in (i) and 100 um in (ii) and (iii).
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FIG. 4. Results of immunofluorescence microscopy performed to characterize cysts formed as a result of hiPSC differentiation
on mesh. (A) Bright field (first image of row) and immunofluorescence images of a cyst stained for hCG-f3 subunit of hCG
hormone (third image). Hoechst-labeled nuclei is shown in the second image, and merged image in the last image of the row. (B)
Immunofluorescence images of a cyst showing the expression of CDX2 (third image). (C) Comparative immunofluorescence
images of an EB stained for CDX2. Scale bar represent 100 um. EB, embryonic body; hCG, human chorionic gonadotropin.
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FIG. 5. Results of quantitative analysis of hCG hormone
secretion by ELISA. Assayed culture media were collected
from EB culture samples (marked as “EBs’’) and mesh
culture samples with cysts (marked as “TLCs’’) at day 15
and 21. Culture medium was not changed the day before
media collection to allow for adequate accumulation of the
hormone. Data are presented as mean £ SD of four replicates
(n=4) and double asterisks (**) denote statistical signifi-
cance, p <0.05. hCG hormone was undetectably low for day
15 EBs and therefore is marked as ‘‘undetected.” ELISA,
enzyme-linked immunosorbent assay; TLCs, trophoblast
lineage cells.

Characterization by RT-PCR analysis confirmed
the presence of trophoblast lineage markers

To conclusively determine that hiPSCs on mesh differ-
entiated to cyst-forming TLCs, we performed RT-PCR to
examine the expression of OCT4, telomere reverse tran-
scriptase marker (TERT), mesenchymal-epithelial transition
marker (MET), and CDX2. These were analyzed in 21 day-
old, cyst-containing mesh samples, and the results were
compared with those obtained with EBs cultured in a sus-
pension for the same duration. We found considerably low
level expression of OCT4 in both TLCs and EBs (Fig. 6, top
left), suggesting that both had nearly lost pluripotency over
the 21 day period. Conversely, TERT expression was sig-
nificantly higher (*p <0.1) in EBs than in TLCs (Fig. 6, top
right). Since TERT is a marker of cell proliferation,27 this
result indicates that EBs maintained proliferation potential
relatively much longer than TLCs, although the exact reason
for this was not clear to us. Additionally, we examined the
expression MET; a transcription marker expressed by cells
of epithelial origin and mediates epithelial-mesenchymal
transition. The expression of this marker was found to be
much higher in TLCs than in EBs (Fig. 6, bottom left),
suggesting that cyst-forming cells had to some extent un-
dergone epithelialization, a process known to occur during
trophoblast differentiation in vivo.* Importantly, we found
that CDX2 expression was nearly 20-fold higher in TLCs
than in EBs (Fig. 6, bottom right). Since CDX2 is the
standard marker of trophoblast differentiation, the high level
expression provides a compelling evidence for iPSCs dif-
ferentiation to cyst-forming TLCs under the mesh culture
method. Furthermore, these results suggest that the differ-
entiation was not driven by factors inherent in the culture
medium, otherwise EBs would have also shown the same
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FIG. 6. Analysis of RNA expression of selected tran-
scription markers by RT-PCR in differentiated mesh cul-
tured hiPSCs and also in EBs generated by suspension
culture at day 21. Top left: OCT4 expression, top right:
TERT expression (*p <0.05), bottom left: MET expression
(*p<0.1), bottom right: CDX2 expression (**p<0.05).
Expression values were obtained relative to GAPDH and
normalized by those of control hiPSCs grown on laminin-
coated dishes for 3 days. Data are presented as mean = SD of
triplicates (n=3). Statistical significance (p-values) was
determined by unpaired Student’s z-test. TERT, telomere
reverse transcriptase marker.

expression of markers as TLCs. Further results comparing
expression in TLCs and hiPSCs are shown in Supplementary
Figure S5.

Expression of E-cadherin and vinculin by hiPS cells
under mesh culture condition

Under mesh culture, cells in close proximity with mesh
strands are able to adhere both to the substrate and onto one
another, while those in the mesh interior rely solely on cell-
cell adhesion. We hypothesized that this differential adhesion
may induce the observed cyst formation. To elucidate this, we
performed additional immunostaining experiments for E-
cadherin and vinculin and examined the expression of these
adhesion proteins in hiPSC cultured for 5 days on mesh, just
before the onset of differentiation. As expected, markedly
stronger expression of E-cadherin was observed at the
boundary of cells in the mesh interior compared with cells in
close proximity to or in direct contact with the mesh strands
(white arrow heads, Fig. 7A). Staining of cytosolic E-cad-
herin was weak in most cells, suggesting that the adhesion
protein was primarily localized at the cell periphery where it
functions to maintain cell-cell contact that keep the cells
intact in a suspended culture condition. In contrast, vinculin
staining was weak particularly in cells in the mesh interior,
and appeared to be uniformly distributed in the cytoplasm of
these cells. However, we did observe slightly stronger ex-
pression of vinculin in cells in direct contact with or close to
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FIG. 7. Results of immunostaining for E-cadherin and vinculin in hiPSC cultured for 5 days on mesh. Immuno-
fluorescence images showing E-cadherin and Nanog expression (A), and vinculin and Nanog expression (B) by hiPSC on a
partially filled mesh. Merged images comprised Hoechst staining of cell nuclei. Comparatively, cells in the mesh interior
showed visibly higher expression of E-cadherin stain (white arrow heads in A) compared with cells in contact with or in
close proximity to the mesh strands. Contrastingly, the expression of vinculin stain was relatively higher in cells in contact
with mesh strands (white arrow heads in B) compared with cells in the mesh interior. Scale bars represent 10 pm in (A),
50 um in the far left image, and 20 pm in the second to last image of (B). Second to last images are close-up views of the
boxed region in the far left image of (B). Blue dotted lines in the far left image of (B) indicate the positions of mesh strands.

the mesh strands (white arrow heads, Fig. 7B). As a sign of
pluripotency, Nanog was visibly well expressed in all cells,
consistent with the results of Figure 1D, which shows that
differentiation does not occur until past 8 days of culture on
mesh. Although qualitative, the pattern of staining of E-
cadherin versus vinculin suggests that the former plays a
more pronounced role in cell adhesion under mesh culture. In
a nutshell, these results suggest the existence of spatial dif-
ferences in E-cadherin expression, which may act as a trigger
of trophoblast differentiation, as earlier suggested that Ca”™* -
dependent membrane proteins involved in cell adhesion are
required for normal trophoblast differentiation to occur.”®

Discussion

We have shown that minimization of cell-substrate ad-
hesion using suspended mesh sheets can uniquely initiate
the differentiation of hiPSCs to TLCs through a sequence of
morphogenetic transformations that begin with individual
hiPSCs attached on the strands self-assembling into mono-
layer cell sheets and ultimately differentiating to form 3D
cysts. This demonstrates that the cell-culture milieu pre-
sented in this study influences the differentiation, lineage
specification, and developmental potential of pluripotent
stem cells, in accordance with earlier reports.

One may wonder as to whether the meshwork imposes
some sort of cell selection that may influence the ultimately

observed differentiation pattern. At the initial stage of
seeding, the adhesion of cells to the meshwork is solely
determined by the meshwork architecture, which can be
tuned by designing, for instance, meshwork shape and size.
We believe that at this stage, given that cells are in a sus-
pension, their interaction with the meshwork is a stochastic
process that depend on cell density and the geometry of the
interaction surface (in this case, the width of mesh frame
and mesh shape). However, although the full mechanism is
unclear at this stage, the ability of cells to rapidly mobilize
attachment machinery and adhere to the narrow mesh
strands can also to some extent determine whether they
survive on the mesh or fall off to the dish bottom. In this
sense, the meshwork can be regarded as imposing a selec-
tion process that may have downstream consequences on
differentiation. Remarkably, the process of differentiation
observed here is distinctively different from the usual che-
mical-based derivation model where 3D stem cell aggre-
gates are treated with stimulants such as BMP4 to initiate
differentiation to TLCs.*!

As evidence for trophoblast differentiation, we have ex-
amined and found the expression of CDX2, which was
significantly highly expressed in mesh generated TLCs
compared with EBs generated by suspension culture. We
have also determined the secretion of hCG hormone in
samples containing cysts formed by differentiated hiPSCs
on mesh, which, in combination with CDX2 expression,
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provides strong evidence for differentiation to TLCs. Al-
though different other factors have been associated with
trophoblasts, for simplicity we settled on CDX2, which is
the key transcription factor crucial to differentiation and cell
fate specification to trophoblast lineage in vivo.*"*3* In-
deed, CDX2 is known to drive trophoblast differentiation by
downregulating OCT4 and other pluripotency maintaining
factors, 436 and knock out of CDX2 has been shown to
interfere with the formation of trophectoderm and even
implantation of blastocyst.*>*” Downregulation of OCT4 by
CDX2 is consistent with our results that show low level
expression of OCT4 versus high level expression of CDX2
(Fig. 6). It should be noted that some studies have associated
CDX2 with mesodermal cells in an early stage embryo, but
evidences including hCG hormone secretion, high MET
expression, and low TERT expression collectively point to a
higher likelihood of extraembryonic differentiation in our
system as opposed to mesodermal differentiation, otherwise,
we would expect a higher expression of pluripotency
markers such as OCT4 and TERT instead. Thus, we suggest
that the suspended mesh culture method outlined in this
study drives the differentiation hiPSCs to TLCs.

Cells interact with the substrate by forming focal adhesions
(FAs), which is mediated by the binding of integrin receptors
to the substrate (reviewed by Refs.*®*?%). In the case of mesh
culture method described in this study, cell-substrate inter-
action via FA formation is confined to the narrow mesh
strands (<5 pum in width), and considering that the average
lateral spacing between adjacent mature FAs is ~2pum,*°
only a few FA spots (<3 spots) can be accommodated per unit
length of the mesh strands. Consequently, cells are stimulated
to increase cell—cell adhesion as a compensation for the in-
adequate cell-substrate adhesion, as supported by relatively
high expression of E-cadherin staining along the periphery
of cells in the mesh interior. Increased cell-cell inter-
connectivity results in the formation of a cell sheet by self-
assembly organization. The process begins with cells attached
on the mesh strands providing support to newly formed cells
to spread toward the center of the meshes and continues as
more cells divide until the initially open meshes become fully
occupied, ultimately resulting in the formation of a cell sheet
coverage over the mesh sheet. Thus, E-cadherin-mediated,
self-assembly driven cell sheet formation can be regarded as a
vital step in the process leading to hiPSC differentiation on
mesh, as supported by our observation that cysts could only
form on cell sheet covered regions of the mesh sheet.

Based on the results of E-cadherin and vinculin im-
munostaining, we can suggest that the mesh culture system
induces a spatial variation in the expression of E-cadherin, a
vital cell—cell adhesion protein with numerous roles ranging
from the maintenance of stem cell pluripotency state to in-
duction of trophectoderm formation in early embryos.?5#!42
We postulate that this differential adhesion may play a
fundamental role in the differentiation specification to tro-
phoblast. One possible mechanism through which this can
occur is via E-cadherin-mediated cell differentiation, sort-
ing, and aggregation in response to differential adhesion, as
suggested by the differential adhesive affinity hypothesis
proposed by Malcolm Steinberg.**** In fact, the essential
role of E-cadherin in early embryogenesis has been known
for a long time because E-cadherin knockout embryos fail to
undergo compaction and do not form the trophectoderm
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epithelium.***° In accordance with this hypothesis, we
postulate that cadherin-rich cells may undergo E-cadherin
induced mesenchymal-epithelial transition (MET)* to form
an enclosing epithelial envelope around the yet to be dif-
ferentiated cells. Slowly, differentiation proceeds toward the
inside, followed by growth by cell division and swelling due
to secretion and inward liquid pumping. In this respect,
trophoblast formation in our system may recapitulate the
events occurring in early blastocysts, which may not be
readily captured by existing embryoid body models. How-
ever, elucidating the exact mechanism by which E-cadherin-
dependent differential adhesion influences the genetic and
epigenetic transformations that lead to differentiation and
trophoblast lineage specification in this culture system re-
mains the subject of our future study.

In a nut shell, we show for the first time that adhesion area
minimization can trigger direct differentiation of hiPSCs to
trophoblast-like cell lineage, providing a novel approach
toward the establishment of in vitro human embryo-like
models.

Conclusion

This study has investigated the influence of adhesion area
minimization on pluripotent stem cell differentiation. We
examined the differentiation of hiPSCs cultured on mesh
sheets consisting of large size meshes (~200um in pitch)
and narrow strands (35 pm in width) that are suspended in a
culture medium such that cells have to rely on the narrow
strands for attachment and growth. Results show that mini-
mization of adhesion area achieved by this novel culture
method can initiate the differentiation of hiPSCs to tropho-
blast-like lineage, resulting in the formation of large spherical
cysts that secrete hCG hormone and express trophoblast
specific marker such as CDX2. Thus, this study provides a
simple mechanical approach to directly induce differentiation
of hiPSCs to trophoblasts without necessarily forming EBs
and without chemical stimulation. In addition, the cysts can
be harvested and utilized as embryo models in in vitro studies
of early embryogenesis in humans and also in the develop-
ment and screening of drugs targeting infertility and placental
diseases. Future studies will examine the molecular mecha-
nisms underlying the described differentiation and lineage
specification, including detailed analysis of genetic and epi-
genetic changes in stem cells during culture on mesh.
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