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SUMMARY
Human pluripotent stem cells (hPSCs) grow as colonies with epithelial-like features including cell polarity and position-dependent fea-

tures that contribute to symmetry breaking during development. Our study provides evidence that hPSC colonies exhibit position-

dependent differences in apical structures and functions. With this apical difference, edge cells were preferentially labeled with amphi-

pathic dyes, which enabled separation of edge and center cells by fluorescence-activated cell sorting. Transcriptome comparison between

center and edge cells showed differential expression of genes related to apicobasal polarization, cell migration, and endocytosis. Accord-

ingly, different kinematics andmechanical dynamics were found between center and edge cells, and perturbed actin dynamics disrupted

the position-dependent apical polarity. In addition, our dye-labeling approach could be utilized to sort out a certain cell population in

differentiated micropatterned colonies. In summary, hPSC colonies have position-dependent differences in apical structures and prop-

erties, and actin dynamics appear to play an important role in the establishment of this position-dependent cell polarity.
INTRODUCTION

Human pluripotent stem cells (hPSCs) are unique cells that

are capable of infinitely proliferating into the same type of

cells in defined in vitro culture conditions (self-renewal) and

can form three germ layers and further differentiate into

virtually all types of somatic cells in humans (Romito and

Cobellis, 2016; Thomson et al., 1998). Initially homoge-

neous hPSCs are spatiotemporally controlled during

development and produce organized tissue architectures

(self-organization). In patterning and morphogenesis via

self-organization of stem cells, symmetry breaking is an

essential step and is closely associated with cell polarity (Si-

munovic and Brivanlou, 2017). The polarized structure of

hPSCs originates from their epithelial cell-like properties.

They tightly adhere to each other while establishing

polarity (Krtolica et al., 2007). This polarity is generally

characterized by apical, lateral, and basal plasma mem-

brane domains, which are composed of differential

distributions of phospholipids, protein complexes, and

cytoskeletal components (Florian and Geiger, 2010). As

cells grow in vitro in tightly packed colonies, hPSCs exhibit

different features of polarity depending on their location in

the colony (position dependency). For instance, cells at the

edge of the colony have a different relationshipwith neigh-

boring cells, and these edge cells often exhibit different

aspects of cell polarity, such as enhanced basal attachments

and the formation of ventral stress fibers with focal adhe-

sion (FA) representing basolateral specialization (Närvä

et al., 2017; Stubb et al., 2019).
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These topological differences in cell polarization in colo-

nized cells appear to influence cellular physiology and fate

specification (Etoc et al., 2016; Heemskerk andWarmflash,

2016; Ma et al., 2015), and by strengthening this feature

with geometric confinement of the cells in an arena coated

with defined extracellularmatrixmolecules, hPSC differen-

tiation can be patterned into three germ layer-like align-

ments (Warmflash et al., 2014), depending on cell location.

There are several models explaining how these differences

emerge from topological differences of the cells (Deglin-

certi et al., 2016a), which include the differential expres-

sion of morphogens or their receptors (Etoc et al., 2016),

different cell shape, and cytoskeletal contractile force

(Xue et al., 2018). However, despite the biological impor-

tance of cell position and polarity for fate determination,

the precise mechanisms of how, and how much cell posi-

tion within colony affects cellular determination remain

elusive. At least one factor impeding the understanding

of these and related issues is the absence of suitable tools

to isolate center and edge cells for unbiased biochemical

or -omics study.

In this study, we discovered that edge cells failed to estab-

lish structural apicalization of protein distribution, villi-

like protrusions, and glycocalyx formation, all of which

are well displayed in center cells. Furthermore, several vital

dyes widely used for the labeling of subcellular organelles

such as nuclei, mitochondria, and cell membranes, stained

hPSC colonies in a position-dependent manner. By use of

these dyes, hPSCs can be separated into two populations

depending on their original position in a colony, and we
or(s).
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Figure 1. Apical characteristics of edge
and center cells in a micropatterned hPSC
colony
(A) A procedure for micro-contact printing. A
polydimethylsiloxane stamp with micro-
patterns was covered with Matrigel and
coated overnight at 4�C. Then, the stamp was
placed on the coverslip for 10 min. Immedi-
ately thereafter, stamps were removed and
cells were seeded on coverslips. Scale bar,
2,000 mm.
(B) Localization of apical specialization pro-
teins in hPSC colony. Confocal images were
taken in 1-mm steps along the z axis. ‘‘Apical’’
images were generated by stacking images
from the top of the edge of the cell nucleus to
the top of apical proteins of center cells
(approximately 13 mm) and ‘‘Basal’’ images
from the very bottom to the end of the apical
(approximately 16 mm) using z stack
maximum projection. Depth coding indicates

the apical side in red and the bottom side in blue. Images of side view (XZ) are displayed. Scale bar, 20 mm.
(C) Ultrastructure of the surface of micropatterned H9 cell colony was examined by SEM. Scale bars, 100, 50, and 5 mm (from left). The
protrusions on the surface of center cells are highlighted with arrows.
were able to explore position-dependent gene expression

profiles. This study provides unbiased identification of po-

sition-dependent gene expression patterns, which improve

understanding of the cell specification and patterning of

stem cells.
RESULTS

Position-dependent apical specialization in hPSC

colonies

Because the size, shape, and density of colonies are difficult

to control in normal and conventional cell culture, the me-

chanical forces and topological relationship of the cells in

the colony are inhomogeneous (Orozco-Fuentes et al.,

2019). To reduce the heterogeneity of the hPSC colony

and for ease of analyses, we employed a micropattern-based

cell culture (Figure 1A), which allowed the precise control of

the size and shape of the cell colony (Théry, 2010). hPSCs

grown on micropatterns maintained expression of pluripo-

tency marks, including OCT4, SOX2, and NANOG, and

these markers were uniformly expressed in all the positions

within the colony (Figure S1A). InmicropatternedhPSC col-

onies, highly polarized tight junction protein ZO1 was

found at the apical-lateral domain of the cells in the center

of the colony, but not at the outer face of the edge cells (Fig-

ure 1B) due to the absence of neighbors (Etoc et al., 2016).

Also, the apicalmarker protein EZRINwas exclusively found

at the apical domain of the center cells, but not at the edge

cells. Lectins recognizing the glycans at the cell surfaces also
exhibited differential distribution depending on position

within the colony; wheat germ agglutinin (WGA), a lectin

that binds to N-acetyl-D-glucosamine and sialic acid (Mon-

signy et al., 1980; Reily et al., 2019), localized at the apical

domain of the center cells, as demonstrated previously

(Etoc et al., 2016). With more detailed analysis, we also

observed that WGA was preferentially located at the basal

region of the edge cells. Similarly, Wisteria floribunda agglu-

tinin (WFA) lectin, which binds to N-acetyl galactosamine

beta1 of glycoproteins (Hilbig et al., 2001), also exhibited

apical localization in the center cells, but basolateral distri-

bution in the edge cells (Figure 1B). In addition to themem-

brane-associated lectin signals, many punctiform signals

were especially enriched in the cytosol, suggesting that

they are a fraction of themembrane internalized by endocy-

tosis. Double labeling with early endosome marker EEA1

confirmed that at least a sub-fraction of these were included

in the early endosome via endocytosis (Figure S1B).

The ultrastructural differences in the apical domain de-

pending on cell positionwithin colonywere also addressed

with scanning electron microscopy (SEM). While cells at

the center exhibited villi-like protrusions at the apical sur-

face, edge cells exhibited lamellipodia-like ruffles at their

surface, providing evidence that specialization of apical

structures is influenced by cell position (Figure 1C).
Permeable dye diffusion patterning in hPSC colonies

In addition to the structural differences in apical specializa-

tion depending on cell position, live cell labeling of the
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Figure 2. Live labeling of hPSCs cultured on micropattern with fluorescence dyes
(A) hPSCs were seeded onto the micropattern and live cells were labeled with Hoechst 33342. After bright-field and fluorescent images
were taken in live cells, cells were fixed and labeled with Syto16. Hoechst 33342 images from live cells and Syto16 images from fixed cells
were merged. Arrowheads indicate mitotic cells. Scale bar, 200 mm.
(B) Dye-labeling intensity at each region in the colony was divided by the highest intensity in the same colony for normalization, and the
value was converted to the percent peak. Data represent the mean ± SEM (n = 10 colonies, three independent experiments).
(C) Fluorescence live imaging of PSCs expressing EGFP-ZO1 upon Hoechst labeling. Edge area varies depending on the region. Triangles
indicate edge area is within one cell layer (white) or two cell layers (red) of micropattern boundary. Scale bars, 200 mm (white) and 50 mm
(yellow).

(legend continued on next page)
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hPSCs with Hoechst 33342 showed that, one to two cell

layers from the edge, ‘‘edge cells’’ hereafter, were more

strongly labeled than the center cells (Figure 2A). This dif-

ference appeared to be strongly associated with cell loca-

tion, but not with cell cycle, since mitotic cells exhibiting

chromosome condensation at the edge or center faithfully

exhibited dye-labeling intensity similar to their neighbor

cells (Figure 2A, arrowheads). Labeling of nuclei with

Syto16 after fixation demonstrated that the labeling inten-

sity was even regardless of cell position, indicating that the

center-edge difference is not dependent on cell density

(Figures 2B and S3A) or DNA content in each cell, but on

the biological activity of the cells at their position. To

examine whether higher dye labeling at the edge was due

to non-homogenous substrate printing within the micro-

pattern, we immunostained the Matrigel substrate with

anti-laminin and anti-collagen type IV antibodies after mi-

cro-contact printing. Extracellular matrix (ECM)molecules

were not adsorbed, especially highly at the edge of the

pattern although stronger adsorption spots were randomly

observed; and these spots did not seem to be related with

high dye labeling. As more uniform adsorption of ECM

was obtained using a stencil micropatterning system, a

dye-labeling experiment was repeated in a stencil system,

and differential dye labeling at edge and center cells was

consistently observed (Figure S2). Therefore, we were able

to exclude the possibility that stronger dye labeling in

edge cells of embryonic stem cell colonies is due to the

greater ECM deposits during the micropatterning proced-

ure. Next, we explored whether apical-basal polarity was

associated with the live dye-labeling profile in micropat-

terned colonies. We used the hPSCs stably expressing

EGFP-ZO1 and performed live imaging after dye labeling.

As shown in Figure 2C, the edge region with higher dye la-

beling was completely the same as the region without

polarized ZO1. The dye-labeled edge area exhibited varia-

tions (within one or two cell layers of micropattern bound-

ary) depending on the region which was marked with
(D) Various dye labeling in an hPSC colony. Live cells were simultaneo
Live cells were labeled with Syto16, Mitotracker, or TMRM. Scale bar,
(E) Quantification of center and edge cell dye intensity in (D). Dye i
intensity was calculated. The length of the edge was defined as 12.3 ±
of an individual colony randomly collected in three independent exp
(F) The effect of colony size on dye labeling in an hPSC colony. The siz
bar, 50 mm.
(G) Quantification of dye-labeling intensity in (F) (n = 9 colonies, thr
arbitrary units.
(H) Dye diffusion kinetics at the edge and center of the colony. Fluore
10, 15, 30, and 60 min after dye addition. Temporal order of images
(I) Quantification of dye intensity and ratio of edge to center in (H)
units). Each dot represents average intensity of edge or center cells. R
center (n = 10 colonies, three independent experiments). Data repre
white (one cell layer) and red (two cell layer) triangles,

while clear correlation between apical-basal polarity and

spatial profile of dye labeling was maintained (Figure 2C).

Other dyes, including 1,10-dioctadecyl-3,3,30,30-tetrame-

thylindocarbocyanine (DiI), Syto16, MitoTracker (M22426),

and tetramethylrhodamine methyl ester (TMRM), which

have different chemical characteristics, also showed similar

features, i.e., strong edge labeling, when they were added to

the live cell colony (Figures 2D and 2E). In particular, DiI is

a lipophilic dye that forms fine aggregates in media, and is

widely used for membrane labeling of cells, because it ad-

heres to the cell membrane and freely diffuses along the

attached cell membrane but not to other cells. Accordingly,

5minafterDiI incubation,DiI crystalswere randomlyprecip-

itated, with weak diffusion of fluorescence only at the edge.

By 15 min after incubation, DiI diffusion was prominent

only at the edge, while dye diffusion was only marginal at

the center, suggesting that the diffusion of this dye to the

cell membrane is position dependent (Figure S3B).

To further characterize position-dependent dye labeling,

we examinedwhether different colony size as controlled by

micropattern diameter affected dye-labeling features. In all

the different sizes of micropatterns (from 100 to 350 mm

with 50-mm increments), edges with uniform length from

the boundary were distinguishable by strong dye labeling

(Figures 2F and 2G). Time course analysis with Hoechst

further revealed that differential dye labeling was evident

immediately after incubation and maintained at least up

to an hour (Figure 2H). Linear regression analysis demon-

strated that the kinetics of dye labeling at the center and

edge were similar (Figure 2I). Furthermore, colonies of

different hPSC lines in normal ormicropattern culture con-

ditions exhibited noticeable distinctions between center

and edge by differential dye-labeling and apical marker

staining, suggesting that this phenomenon is a universal

and fundamental feature of hPSC colonies (Figure S3C).

Taken together, these data suggest that the differences be-

tween the two areas may be associated with simple
usly stained with Hoechst 33342 and DiI, and images were merged.
200 mm.
ntensity of edge and center cells were measured and percent peak
0.73 mm (mean ± SEM). Each dot represents percent peak intensity
eriments (n = 26–30). ****p < 0.0001 from t test.
e of the hPSC colony was regulated by micropattern diameter. Scale

ee independent experiments). Data represent the mean ± SEM. AU,

scent images of the Hoechst 33342-labeled colony were taken at 5,
is presented in a clockwise direction. Scale bar, 200 mm.
. Left: y axis with line graphs indicates the intensity (AU, arbitrary
ight: y axis with the bar graphs indicates intensity ratio of edge to
sent mean ± SEM.
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Figure 3. Separation of edge and center cells by FACS and RNA-seq analysis
(A) To isolate edge and center cells for mRNA sequencing, micropatterned hPSC colonies were labeled with TMRM for 15 min at 37�C and
dissociated as single cells. Low- and high-intensity populations were separated by FACS analysis (①). To clarify the high-intensity peak,
dissociated single cells were also labeled with TMRM for 15 min at 37�C and analyzed (②). The high-intensity populations from micro-
patterned colonies (marked with red arrowhead) was overlapped with the single-cell TMRM-labeled population (marked with the black
arrowhead). The quantification graph shows each cell population as a percentage (n = 5). Data represent the mean ± SEM.
(B) Volcano plot shows fold change versus p value. Significant DEGs were selected when the fold change (FC) value gap was higher than 1.2
and p < 0.01. Genes higher expressed in the edge are colored red, whereas lower expressed genes are colored green.

(legend continued on next page)
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differences of dye permeability/diffusion. One alternative

possibility is that the center cells display higher dye efflux

mediated by multiple drug-resistant (MDR) ATPase trans-

porters (Lahmy et al., 1995; Zhou et al., 2001). However,

treatmentwith inhibitors againstmajorMDRATPase trans-

porters did not interfere with the center-edge difference,

and it is unlikely that differences in efflux capacity between

edge and center cells mediates the differential dye labeling

in hPSC colonies (Figures S3D and S3E).

Unbiased comparison of differential gene expression

dependent on cell position

Position-dependent dye labeling within micropatterned

colonies allowed the separation of cells depending on their

cell position by fluorescence-activated cell sorting (FACS),

which enabled further biochemical analysis with purified

cell populations. Thus, cells were grown on arrays of

350 mmdiametermicropatterns, labeledwith TMRM, disso-

ciated, and subjected to FACS. Low and high peaks were ob-

tained with FACS analysis of dissociated micropatterned

cells. To define high-intensity peak consistently in every

experiment, PSC colonies were dissociated into single cells

without any cellular contact and then labeled with TMRM.

Fluorescence peaks from labeled single cells were always

overlapped with the high fluorescence peaks of micropat-

terned cells. This procedure successfully separated center

cells with low TMRM intensity and edge cells with high

TMRM intensity (Figure 3A). We compared the percentage

of edge cells at the micropatterned colony with that of

higher labeling cells from FACS analysis to assure they

were the same population. Edge cells were located within

approximately 20 mm of the micropattern boundary, and

therefore the surface area occupied by edge cells is

75,438.5 mm2, which means that the percentage of edge

cells is calculated as 21.55%. Our FACS analysis data

showed that the percentage of cells with higher intensity

peak is 20.68% ± 0.99%. Accordingly, the edge proportion

calculated from the micropattern colony is approximately

the same as that from FACS analysis. However, to clearly
(C) Heatmap of 48 genes that are differentially expressed between the
5). Six genes were highly expressed in the center (green annotation
annotation bar represents statistical significance between edge and
(D) KEGG enrichment analyses are depicted as a dot plot. DEGs were
(E) Verification of RNA-seq data. Edge and center cells cultured on m
laser under LCM. The white line indicates a cutting margin (top). Scal
experiment, and four independent experiments were performed. qPCR d
of indicated genes was calculated, and the DCT values of center an
represent mean ± SEM. Each dot represents fold change of an individ
(F) Validation of RNA-seq data by immunostaining of ANNEXIN A1 an
polarized in distribution. Data represent mean ± SEM (right side). E
randomly collected in three independent experiments (n = 26–30).
(magenta).
separate edge cells from center cells, only the brightest

10% of cells with high intensity (edge cells) were used in

the analysis.

From each population, RNA was purified and RNA-seq

analyses were executed to compare the differential gene

expression. Volcano plots showed that the expression level

of 48 genes significantly differed between the two groups

(42 genes were high in the edge, and 6 genes were low in

the edge cells, as compared with the center; Figure 3B,

and the full list of genes is shown in Table S1). Genes higher

expressed in the edge are colored as red in the volcano plot,

and they included actin-related genes. The heatmap of 48

differentially expressed genes (DEGs) was generated across

center (5 samples) and edge (4 samples) cells. Nine samples

were clearly divided into the two groups by hierarchical

clustering analysis (Figure 3C), suggesting that the cell sep-

aration was successful and that the transcriptome profiles

in each group share similarities in their gene expression

patterns.

Then, gene-enrichment and functional annotation anal-

ysis was performed using KEGG and gene ontology (GO).

KEGG analyses demonstrated that DEGs in this compari-

son were associated with biological pathways, including

endocytosis and FA. Lists of the top 30 KEGG categories

by DEGs are depicted as dot plots in Figure 3D. GO enrich-

ment analysis also revealed that the enriched DEGs were

associated with migration-related processes under biolog-

ical process GO terms, and associated with FA, filopodium,

and actin-related components under cellular component

GO terms (Figure S4). To confirm DEG profile from RNA-

seq data using FACS-sorted edge and center cells in micro-

patterned colonies, we isolated edge and center cells using

a laser-capture microdissection technique (Podgorny,

2013), and quantified the expression levels of NPTX1,

TAGLN, andNANOGwith qPCR. TheNPTX1 gene was cho-

sen as a representative gene of center-enriched genes, and

TAGLN was chosen among edge-enriched genes. NANOG

was used as a uniformly expressing gene at the center and

edge cells. In consistence with RNA-seq data, qPCR data
edge and center cell groups (edge sample, n = 4; center sample, n =
bar) and 42 genes at the edge (red annotation bar). The grayscale
center.
annotated and the top 30 pathways were selected.
icropatterned polyethylenenaphthalate membrane were cut using a
e bar, 150 mm. Ten to 15 colonies were cut and collected from each
ata from collected edge and center cells (bottom). FC (center/edge)
d edge cells for each gene were used for statistical analysis. Data
ual batch of experiment (n = 3 or 4). *p < 0.05 from t test.
d SERPIN E1. Both proteins were highly expressed in edge cells and
ach dot represents percent peak intensity of an individual colony
****p < 0.0001 from t test. Scale bars, 20 mm (yellow) and 5 mm
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showed that the TAGLN level in edge cells is two times

higher than those in center cells, and the NPTX1 level in

edge cells is five times lower than in center cells, while

the NANOG level remained similar in both positions (Fig-

ure 3E). The fluorescence in situ hybridization technique

also showed thatNPTX1was expressedmore in center cells

and TAGLN more in edge cells, while POLR2A was uni-

formly expressed at both cells similar toNANOG (Figure S5).

These data confirmed that edge cells in the micropatterned

colonies were the same cells displaying high peak at FACS

analysis. To validate the result obtained from the RNA-seq

data at a protein level, we chose two genes, Annexin A1

(ANXA1) and Serpin E1 (SERPINE1), and found that they

were enriched in the edge cells, which is consistent with

the RNA-seq data (Figure 3F). Interestingly, ANNEXIN A1

was enriched at the apical side of the center cells, and SER-

PIN E1 at the apicolateral side in the center cells. On the

contrary, both proteins were preferentially distributed at

the basolateral side in the edge cells. These results indicated

that not only the amount but also the distribution of these

proteins, are controlled by cell position within colony.

Location dependence of the movement and physical

force of cells within the hPSC colony

Our DEG analysis revealed that several classes of genes

related to cell migration and cellular movement were

significantly increased in the edge cells. Supporting our

data, the previous study also showed that edge cells in

hPSC colonies exhibit distinct actin organization and

stronger traction force (Rosowski et al., 2015). Therefore,

we examined kinematics and mechanical dynamics in

hPSC colonies. Cell trajectories, which were quantified by

cell images obtained over 24 h, created a swirl pattern,

and, notably, cells located at the edge showed the longest

mobility (Figure 4A). In addition to the moving distance,

cells located within 20 mm of the edge showed twice the

speed as those located in the center of the colony (Fig-

ure 4B). Analysis of cellular physical forces during cell

migration can elucidate the mechanical interactions of

cells that cannot be defined by conventional biological

analysis. The traction force exerted by the cells on the sub-

strate showed an isotropic distribution balance within the

colony (Figure 4C). In particular, through the traction force

with a central direction appearing in cells at the edge, the

cells migrated in a circumferential direction along the

trapped area instead of moving outward. At the edge of

the colony, where the traction force in a central direction

was relatively weak, the tension, indicating the physical

stress with a normal direction between cells, was also

shown to be weak: below 150 Pa (Figure 4D). This implies

that the cells located in the center showing low motility

are connected through strong tension, while the cells

located at the edge showing active individual motility
74 Stem Cell Reports j Vol. 17 j 68–81 j January 11, 2022
have a weak connection with their neighbor cells. Taken

together, our results revealed that the hPSC colony

showed differential kinematics and mechanical dynamics

depending on location within a confined area on the

micropattern.

Actin dynamics are critical for apical specialization

and position-dependent dye diffusion

The above RNA-seq analyses suggested that the actin dy-

namics-related apicobasal axis formation is responsible

for the establishment of center-edge formation. Thus, the

effect of perturbation of actin dynamics using ROCK inhib-

itor Y27632 on differential apical features between the cen-

ter and edge was assessed. Treatment of hPSC colonies with

Y27632 for 24 h prior to dye incubation substantially

increased Hoechst 33342 and DiI labeling intensities in

center cells (Figure 5A). While there were significant varia-

tions among the cell colonies, it appeared that there was a

tendency for Y27632 treatment to expand the strong dye-

labeling area toward the center from the colony edge.

Y27632 treatments also disrupted polarized distribution

of apicolateral indicator ZO1 and apical specialization

markers such as WFA, WGA, and EZRIN in the center cells

(Figure 5A). Similar to ROCKi, specific actin assembly in-

hibitors, cytochalasin D and latrunculin B, changed dye-la-

beling profile in micropatterned cells and simultaneously

disrupted tight junction (Figure S6). Thus, it appears that

proper actin polymerization is required for the establish-

ment/maintenance of core-edge segregation.

The effect of Y27632 treatment on distribution of AN-

NEXIN A1 and SERPIN E1 was examined (Figure 5B). AN-

NEXIN A1, which was located preferentially at the apical

side in the center cells, redistributed toward the lateral

side with Y27632 treatment while actin disruption showed

no significant differences in the edge cells. SERPIN E1 also

showed a similar pattern of changes as actin disruption,

although the change was not as evident as in ANNEXIN

A1. Interestingly, the redistribution to the lateral side

among center cells as shown in Figure 5B was observed in

apical markers, WGA and EZRIN, after Y27632 treatment

(Figure S7), indicating that center cells might gain edge-

like properties including absence of apical polarization.

These results supported the notion that positional differ-

ences in apical specialization and dye penetration pattern

in hPSC colonies are regulated by actin cytoskeletal

dynamics.

Finally, we testedwhether core-edge relationship ismain-

tained in micropatterned colonies upon differentiation.

Micropatterned PSC colonies were treated with Wnt3a

and Activin A to differentiate them into regionally defined

ectoderm-endoderm lineages (Martyn et al., 2018), and

labeled with Hoechst 33342 dye after 24 h. Cells close to

the periphery (three to five cells in length) were labeled



Figure 4. Differential kinematics and me-
chanical dynamics in an hPSC colony
(A) Cell trajectory with a path length indi-
cated by a purple gradient (left) and the
mean path lengths (black circles) and mid-
quartile (gray) obtained along the radial lines
from the center to the edge of the cell colony
for 24 h (right).
(B) A color-coded map of cell speed with
migration direction (black arrows) (left) and
the mean speed (black circles) and mid-
quartile (green) obtained along the radial
lines from the center to the edge of the cell
colony (right) at 60 min.
(C) A color-coded map of radial coordinated
cellular traction force with traction direction
(white arrows) (left) and the mean traction
(black circles) and mid-quartile (blue) ob-
tained along the radial lines from the center
to the edge of the cell colony (right) at
60 min.
(D) A color-coded map of tension (left) and
the mean tension (black circles) and mid-
quartile (red) obtained along the radial lines
from the center to the edge of the cell colony
(right) at 60 min. All the data for the analysis
of distribution of cellular migration was ob-
tained from the number of data points with a
size of 643 64 points (n = 732) acquired from
center to edge.
significantly higher than cells inside in differentiated mi-

cropatterned colonies. When fixed cells were immuno-

stained with various early differentiation markers, those

cells with higher dye labeling were SOX17-positive endo-

dermal cells (Figure 5C). Next, we examined whether these

different cell types after differentiation could be sorted by

FACS based on dye labeling. Differentiated cells were sorted

into two populations as shown in Figure 5D. qPCR using

sorted cells revealed that, consistent with immunofluores-

cence data, mRNA levels of the definitive endoderm

markers, SOX17 and MIXL1 (Green et al., 2011), were

higher in the higher labeling population than the lower la-

beling population.

On this differentiation condition, tight junctions were

globally disrupted, and with no clear edge-core differences
in the colony, suggesting that these differences in dye label-

ing are more likely associated with cell-type-dependent

features of dye permeability. Regardless of the precise

mechanism, this result also suggested that our dye-labeling

method can be used to isolate a certain cell population

from other cell types in micropatterned PSCs during

differentiation.
DISCUSSION

We and others have shown that hPSC colonies have posi-

tion-dependent differences in structures and functions of

cells. It has been reported that differential presentation of

receptor proteins and gradients of humoral factors, in
Stem Cell Reports j Vol. 17 j 68–81 j January 11, 2022 75



Figure 5. Effect of actin disruption on dye diffusion and apical polarization and characterization of differentiated micropatterned
colonies
(A) Micropatterned hPSC colonies were treated with ROCK inhibitor Y-27362 for 24 h. Dye diffusion and apical specialization markers were
examined. The top row indicates control groups and the bottom row indicates the ROCK inhibitor treatment group. Y-27632 treatment
perturbed polarized distribution of apical markers in the center cells. Scale bar, 50 mm.

(legend continued on next page)
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addition to differential mechanical properties that depend

on the position within the colony, influence the fate of

cells in hPSC colonies (Etoc et al., 2016; Tewary et al.,

2017; Warmflash et al., 2014). FA and distinct actin struc-

tures have been believed to be fundamental characteristics

of hPSCs with pluripotency (Närvä et al., 2017; Stubb et al.,

2019). Cells at the border of the colony have different cell-

cell adhesion relationships than cells in the center, since

one side of the cells at the edge cannot be in contact with

other cells,making apico-lateral specialization significantly

different at the edge (Théry et al., 2006). These differential

cell-ECM or cell-cell adhesions organize the colony edge as

a physically distinct region. This positional difference of

the colony edge from the center has been proposed as a

fundamental mechanism in early embryos executing sym-

metry breaking and unique differentiation patterning. This

feature appears to be recapitulated or strengthened by the

geometric confinement of hPSCs on a micropatterned sur-

face in vitro (Blin et al., 2018; Deglincerti et al., 2016b). On

the other hand, apical specialization in this context has

been less addressed so far, and our current study provides

new insights that apical specialization, which is dependent

on position, causes the differential accessibility of biolog-

ical and chemical materials.

In our study, we found that different hPSCs exhibited po-

sition-dependent differences within colonies in apical

specialization in a normal culture, indicating that geomet-

ric confinement plays no (or only a marginal) role in the

emergence of position-dependent apical specialization.

With apicobasal polarization, hPSCs are reported to exhibit

microvilli-like structures and glycosylated surface proteins,

which are critical factors in apical specialization (Krtolica

et al., 2007; Taniguchi et al., 2017). We found that these

apical features are virtually absent at the apical domain of

the edge cells. In particular, the absence of glycocalyx in

the edge cells appears to be important, because glycocalyx

is a highly hydrophilic substrate that serves as a physical

and chemical barrier for epithelial cells (Möckl, 2020).

Considering that the thickness of the glycocalyx affects

the permeability of amphiphilic small molecules into the

cells (Gao and Lipowsky, 2010; Pikoula et al., 2018), it is
(B) The polarized distribution of ANNEXIN A1 and SERPIN E1 in the ce
fluorescence intensity along the z axis (height) in the center and ed
randomly collected and quantified. Fluorescence intensity at each po
mean ± SEM. Scale bars, 50 mm (yellow) and 5 mm (magenta).
(C) hPSCs grown on a 500-mm micropattern were treated with Wnt 3A
differentiated colonies were labeled with Hoechst and fixed colonies w
magnification images of boxed areas are shown in the right column.
(D) Two cell populations upon differentiation were isolated by FACS ba
population, dissociated single cells were labeled and analyzed (②).
qPCR analysis using sorted cells. Fold changes (high/low) of indicat
dependent experiments. Each dot represents fold change obtained fr
tempting to speculate that these differences in apical

specialization are involved in position-dependent dye la-

beling. Several different lines of evidence support this

notion. First, not only amphiphilic small compounds,

but also hydrophobic DiI labeling, exhibit a position-

dependent labeling pattern, suggesting that this differen-

tial dye labeling is dependent on the initial contacts of

dyes with cell membranes. Second, inhibition of dye-

export pumps using specific MDR inhibitors did not affect

the position-dependent dye-labeling pattern. Finally, a

time course of Hoechst 33342 labeling in the center and

edge exhibited similar simple diffusion kinetics exhibiting

a gradual increase in intensity. Taken together, it is possible

that apical specialization is related to the position-depen-

dent dye labeling.

By taking advantage of differential dye labeling depend-

ing on cell position, center and edge cells were separated

and for the first time DEG profiles were explored in an

unbiased manner. Several classes of genes related to cell

migration and cell adhesion or cellular movement were

significantly increased in the edge cells (Figures 3 and S4).

This finding is consistent with the common view that dif-

ferences in cell adhesion cause positional differences in

the cells. With our own traction force imaging and cell

movement analysis, we obtained consistent results

showing that the edge of the colony had stronger traction

force and higher mobility, which has been shown in early

differentiated hESC colonies (Rosowski et al., 2015). This

feature reveals the possibility that edge cells stably remain

at the edge, even in growing conditions, allowing them to

maintain stable topological positions sufficient for the

establishment of differential gene expression, and poten-

tial symmetry breaking for differentiation with suitable

trigger signals. In this context, it is worthy to note that

edge and center cells indeed expressed the same level of

major pluripotency markers in our condition, suggesting

that stemness in both populations is essentially similar.

On the contrary, there are reports showing the stem cells

with high surface epiblast marker, CD9 (Lau et al., 2020;

Nakanishi et al., 2019), or N-cadherin (NCAD) (Nakanishi

et al., 2019) preferentially localized at the edge of the cell
nter cells was disrupted with Y-27632 treatment. Quantification of
ge cells. In three independent experiments, 26–30 colonies were
int was converted into percent total intensity and data represent

(100 ng/mL) and Activin A (100 ng/mL) for 24 h. Live control and
ere immunostained with anit-SOX17 and anti-ZO1 antibodies. High-
Scale bars, 200 mm (white) and 50 mm (yellow).
sed on Hoechst labeling intensity (①). To clarify the high-intensity
Definitive endoderm marker SOX17 and MIXL1 were examined with
ed genes were calculated. Data represent mean ± SEM in three in-
om an individual batch of experiment (n = 3).
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Figure 6. Diagram of position-dependent differences in hPSC
colonies and relevant contribution to biological functions
Differential mechanical force and actin dynamics in edge and
center cells induce differential gene expression profiles in hPSC
colonies, leading to position-dependent differences in biological
functions including endocytosis, dye diffusion, migration, and
actin fence formation.
colony. Although we failed to identify the differential gene

expression of CD9 or NCAD, we also found that CAV1 and

EGR1 expression was high in edge cells as NCAD-rich cells

in Nakanishi et al.’s study expressed higher levels of CAV1

and EGR1 genes (Nakanishi et al., 2019). We currently do

not know the exact cause(s) of this discrepancy with other

studies regarding pluripotency markers, but it is of impor-

tance to note the previous study by Warmflash et al.

(2014), which showed that higher expression of pluripo-

tencymarkers at the colony edge was seen in a 1-mmdiam-

eter micropattern, but not in 250-mm or smaller patterns.

Considering that we used a 350-mmdiametermicropattern,

our culture condition appeared to lean to the condition

with smaller patterns as in the previous report.

Genes that are highly expressed in edge cells in hPSC col-

onies appear to be mostly regulated by actin dynamics. In

fact, cytoskeleton and polarity proteins have been known

to interact reciprocally to establish andmaintain cell polar-

ity (Li and Gundersen, 2008; Raman et al., 2018). Accord-

ingly, disruption of actin dynamics with a ROCK inhibitor

or actin assembly inhibitors perturbed polarization of api-

cal specialization markers in this study. Interestingly, two

DEG genes enriched in the edge cells, ANNEXIN A1 and

SERPIN E1, that are not reported to be polarity-dependent

molecules in epithelial cells, to our knowledge, were en-

riched in edge cells at both the mRNA and protein levels,

and their distribution was differentially polarized. As cell

polarity genes can execute their effects at various levels,

ranging from intracellular transport, to cytoskeleton, to

cell junctions, tomembrane polarity, many unknownmol-

ecules could be polarized in hPSCs. ANNEXIN A1, which is

known to be involved in EGFR endocytosis, and other

endocytosis-related genes, were significantly different be-

tween edge and center cells (Grewal et al., 2007; Poeter

et al., 2013). Because the localization of endocytosis ma-

chinery itself is dependent on cell polarity, it appears that

the apical difference between the two cell populations is

associated with differential gene expression of related

genes and polarity-dependent protein delivery. The change

in dye-labeling pattern with actin inhibitors in center cells

was strongly correlated with the loss of characteristics of

apical domains. These results imply that center cells might

acquire edge-like properties upon loss of cell polarity, sug-

gesting the possibility that gene expression profiles could

be changed. We believe that it is fair to add cautionary

comment that actin polymerization and tight junction as-

sembly are closely related and cannot be functionally segre-

gated, and that actin polymerization inhibitors affected

both processes. By using actin inhibitors, therefore, we

could not dissect the molecular mechanism, and it is

possible that dye uptake and differential gene expression

at center cells is more associated with sealed epithelium,

as shown in previous studies (Etoc et al., 2016).
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In conclusion, position-dependent features, such as me-

chanical force and actin dynamics, might induce differen-

tial gene expression profiles in hPSC colonies depending

on position. These differences lead to establishment of dif-

ferential cellular polarity in center and edge cells, which

creates position-dependent differences in biological func-

tions including endocytosis, dye diffusion, migration,

and actin fence formation (Figure 6). Finally, these posi-

tion-dependent properties might affect responses of hPSCs

to morphogens or other stimuli, resulting in symmetry

breaking to fate determination.
EXPERIMENTAL PROCEDURES

For further details, see supplemental experimental procedures.
Master fabrication and micro-contact printing
Polydimethylsiloxane stamp production and micro-contact

printing was executed as reported previously (Ryu et al., 2016),

and a summary diagram for the procedure is presented in

Figure 1A.
Cell culture
The hPSC study was approved by the Korea University institu-

tional review board. hPSCs (H9, H1, hiPSC no. 5-1, ZO1_EGFP

hiPSC lines) were grown on a tissue culture dish coated with

dilutedMatrigel (Corning, 354277; 1:25 inDMEM/F12), andmain-

tained with mTesR1 (STEMCELL Technologies) medium.
Live cell fluorescence dye staining
Cells grown on micropatterned substrates were briefly washed

with HBSS and incubated with dyes for 15 min.



Drug treatments
Drugs were treated for 20 min before dye staining. ROCK inhibitor

Y27362 (Tocris no. 1254, 10 mM) was treated for 24 h before dye

staining or fixation. Latrunculin B (2 mM, Sigma) and cytochalasin

D (50 nM, Sigma) were treated for 1 h before dye staining or

fixation.

Image analysis and statistical analysis
Every experiment was repeated three to five times. In each batch of

experiment, eight to ten colonies were used for quantification. Sta-

tistical analysis was performed using GraphPad Prism 7.0 software.

Quantitative analysis of kinematics and mechanical

dynamics of hPSC colonies
Tomeasure themovement and physical force of the cell colony, we

used the same method as in our previous works (Jang et al., 2017).

Immunocytochemistry and lectin labeling
For immunocytochemistry, cells were fixedwith 4% paraformalde-

hyde for 15 min at 25�C and submersed in the blocking solution

(3% BSA and 0.2% Triton X-100 in 13 PBS) for 30 min. Then, cells

were treated with blocking solution and primary antibodies at 4�C
overnight. The next day, the cells were incubated in an appropriate

secondary antibody.

SEM
The hPSCs were seeded on amicropatterned 12-mmØ coverslip in

a 12-well plate for SEM imaging.

FACS analysis
After dye staining, edge (high) and center (low) cells were purified

using a flow cytometer sorter (FACSAriaIII, PE-A laser).

RNA-seq and data analysis
Total RNA was extracted from nine samples using TRIzol reagent.

First-strand cDNAwas synthesized from the fragmentedmRNA us-

ing SuperScript II reverse transcriptase (Invitrogen, no. 18064014)

and random primers. DNA polymerase I, RNase H, and dUTP were

used for second-strand cDNA synthesis. Indexed libraries were

sequenced using an Illumina NovaSeq (Illumina, San Diego, CA,

USA) and the paired-end (23 100 bp) sequencing was done by

Macrogen. Nine samples were used for transcriptome analysis

with edgeR.

Laser microdissection microscopy
Cells were cultured on micropatterned polyethylenenaphthalate

membrane (Leica, no. 11600289). Edge and center cells were cut

with a laser under laser microdissection microscopy (LMD6, Leica)

in live state (Podgorny, 2013) and collected in a PCR tube (PCR-02-

C, Axygen). Then, each sample was used for qPCR analysis.

qPCR
All the cDNA samples were generated using a SuperScript IV Cell-

Direct cDNA synthesis Kit (11750150, Invitrogen). qPCR was per-

formed using a QuantStudio 3 Real-Time PCR system.
Fluorescence in situ hybridization
The probes used in this study were purchased from Advanced Cell

Diagnostics (Hayward, CA).
Data and code availability
The accession code of the sequencing data used in this study is SRA

database: PRJNA757524.
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Supplemental information can be found online at https://doi.org/
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