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a b s t r a c t

Formation of the primitive streak (PS) marks one of the most important developmental milestones in
embryonic development. However, our understanding of cellular mechanism(s) underlying cell fate
diversification along the anterior-posterior axis of the PS remains incomplete. Furthermore, differences
in biophysical phenotypes between anterior and posterior PS cells, which could affect their functions
and regulate their fate decisions, remain uncharacterized. Herein, anterior and posterior PS cells were
derived using human pluripotent stem cell (hPSC)-based in vitro culture systems. We observed that ante-
rior and posterior PS cells displayed significantly different biophysical phenotypes, including cell mor-
phology, migration, and traction force generation, which was further regulated by different levels of
Activin A- and BMP4-mediated developmental signaling. Our data further suggested that intracellular
cytoskeletal contraction could mediate anterior and posterior PS differentiation and phenotypic bifurca-
tion through its effect on Activin A- and BMP4-mediated intracellular signaling events. Together, our data
provide new information about biophysical phenotypes of anterior and posterior PS cells and reveal an
important role of intracellular cytoskeletal contractility in regulating anterior and posterior PS differen-
tiation of hPSCs.

Statement of Significance

Formation of the primitive streak (PS) marks one of the most important developmental milestones in
embryonic development. However, molecular and cellular mechanism(s) underlying functional diversifi-
cation of embryonic cells along the anterior-posterior axis of the PS remains incompletely understood.
This work describes the first study to characterize the biophysical properties of anterior and posterior
PS cells derived from human pluripotent stem cells (hPSCs). Importantly, our data showing the important
role of cytoskeleton contraction in controlling anterior vs. posterior PS cell phenotypic switch (through its
effect on intracellular Smad signaling activities downstream of Activin A and BMP4) should shed new
light on biomechanical regulations of the development and anterior-posterior patterning of the PS. Our
work will contribute significantly to uncovering new biophysical principles and cellular mechanisms
driving cell lineage diversification and patterning during the PS formation.

� 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

One of the most important challenges in studying embryonic
development is to understand cellular behaviors and molecular
mechanisms underlying the large-scale tissue morphogenesis and
patterning that arise during gastrulation [1]. Gastrulation is a crit-
ical developmental stage of the early embryonic development,
involving patterning of mesodermal and endodermal precursors
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and their migration into the embryo through a structure known as
the primitive streak (PS) [2,3]. The PS serves as a conduit of cell
migration for the formation and organization of the three germ lay-
ers during gastrulation [4]. Although migration patterns of meso-
dermal and endodermal precursors through the PS have been
studied in great details [4], molecular mechanism(s) underlying
the development of the PS and functional diversification of embry-
onic cells along the anterior-posterior axis of the PS remain incom-
pletely understood. Human pluripotent stem cells (hPSCs), which
reside in a developmental state similar to the pluripotent epiblast,
offer unprecedented opportunities to study human development
in vitro and to develop new sources of human cells, including ante-
rior and posterior PS cells [5,6]. In this work, we sought to examine
specifically biophysical phenotypes of anterior and posterior PS
cells derived from hPSCs and how cellular biophysical properties
could in turn regulate anterior and posterior PS differentiation of
hPSCs.

The PS structure is composed mainly of mesoderm precursors
that are en route of the epithelial-to-mesenchymal transition
(EMT) process to become cells with mesenchymal phenotypes
[7]. Development of the PS structure and its patterning along the
anterior-posterior axis are regulated by graded developmental sig-
naling mediated by soluble factors such as fibroblast growth fac-
tors (FGFs), NODAL/Activin A, bone morphogenetic proteins
(BMPs), and WNT-related molecules [6,8]. These well-described
anterior-posterior morphogen gradients are thought to pattern
mesoderm subtypes [9–11], such as specifying anterior mesoder-
mal fates like cardiomyocytes versus posterior mesodermal fates
like blood. Mechanistically, the transforming growth factor beta
(TGF-b) signaling family members such as Activin A and BMP4
work synergistically to activate downstream signaling pathways
to drive PS formation and patterning.

Tissue morphogenesis and patterning, including the develop-
ment and anterior-posterior patterning of the PS, are controlled
Fig. 1. Derivation of anterior primitive streak (AntPS) cells and posterior primitive streak
differentiating hPSCs into AntPS and PostPS cells, respectively. (B) Representative immu
PostPS cells. Square inserts highlight nuclear staining of respective lineage markers as ind
nuclear staining for FoxA2, Eomes, and CDX2 under indicated conditions. Data represent
representative of three independent experiments. P values were calculated using one-w
expression levels of Eomes and CDX2 in AntPS and PostPS cells derived from hPSCs.
not only by biochemical cues from the local cell microenvironment
but also by co-existing biophysical cues that together drive and
shape tissue development and formation [12–14]. During embry-
onic development, embryonic cells undergo dynamic changes in
cell shape and cytoskeletal organization, which in turn affect
mechanical inputs of tissue morphogenesis via changes in cell
mechanical properties such as cell migratory behaviors and trac-
tion force generation [12,15,16]. As an example, during Drosophila
axis elongation, cell intercalation is driven by polarized actomyosin
contractility, which promotes disassembly of cell-cell interfaces
separating anterior and posterior cell neighbors [17], supporting
that biophysical properties of anterior and posterior PS cells play
prominent roles in subsequent patterning into specific tissue sub-
types. In this work, we thus sought to examine specifically bio-
physical properties of anterior and posterior PS cells and further
determine how cellular biophysical properties could in turn regu-
late anterior and posterior PS differentiation of hPSCs (H9 hESC
line). Our study provides new understanding of biomechanical reg-
ulation of the development and anterior-posterior patterning of
the PS, contributing to uncovering biophysical principles and cellu-
lar mechanisms driving cell lineage diversification and patterning
during the PS formation.
2. Results

2.1. Differentiation of anterior and posterior primitive streak cells

Anterior PS (AntPS)-like cells were derived from hPSCs (H9
hESC line) by treating hPSCs with fibroblast growth factor 2
(FGF2), LY294002 (phosphatidylinositol 3-kinase inhibitor), bone
morphology protein 4 (BMP4), and Activin A (Fig. 1A; see Materials
and Methods) [6,18]. To derive posterior PS (PostPS) cells from
hPSCs (H9 hESC line), Activin A was removed from differentiation
(PostPS) cells from hPSCs. (A) Schematic diagram showing experimental design for
nofluorescence images showing staining for FoxA2, Eomes, and CDX2 in AntPS and
icated. Scale bar, 200 lm. (C) Bar plots showing percentages of cells with dominant
the mean ± SD calculated from at least 10 random fields in one experiment that is
ay ANOVA followed by t-test analysis. ***, P < 0.001. (D) Western blotting showing
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medium. After 48 h of differentiation, cells were stained for AntPS
cell markers FoxA2 and Eomes and PostPS cell marker CDX2
(Fig. 1B). With Activin A supplemented in differentiation medium,
96 ± 3.6% and 98 ± 1.3% of cells were FoxA2+ and Eomes+, respec-
tively, whereas only 2.5 ± 1.7% of cells were CDX2+ (Fig. 1B&C),
supporting efficient AntPS cell differentiation from hPSCs and a
pure AntPS cell population. In distinct contrast, without Activin A
supplemented in differentiation medium, 98 ± 1% of cells were
CDX2+, whereas only 7 ± 3.8% and 2 ± 0.8% of cells were FoxA2+

and Eomes+, respectively (Fig. 1B&C), suggesting a pure PostPS cell
population. Western blotting further confirmed upregulated pro-
tein expression levels of Eomes and CDX2 in AntPS and PostPS cell
populations, respectively (Fig. 1D). Together, our data support that
pure populations of AntPS and PostPS cells can be efficiently
derived using hPSC-based in vitro culture systems.
Fig. 2. Anterior and posterior PS cells show different biophysical phenotypes. (A) Repre
(AntPS) and posterior PS (PostPS) cells. Square inserts show magnified views of cell morp
area (left) and cell shape index (right) of AntPS and PostPS cells. Data represent the mea
three independent experiments. (C) Migration trajectories of ten representative AntPS (t
mean square displacement or MSD (E), and migration persistence or b index (F) of AntPS a
experiment that is representative of three independent experiments. (G) Representative
strain energy of individual AntPS and PostPS cells. Data represent the mean ± SD cal
independent experiments. P values were calculated using one-way ANOVA followed by
2.2. Biophysical phenotypes of anterior and posterior primitive streak
cells

We next sought to examine biophysical properties of AntPS and
PostPS cells derived from hPSCs, including cell morphology, migra-
tion behavior, and traction force generation. From phase contrast
images recorded at 48 h after differentiation, it was evident that
AntPS cells displayed a smaller and spindle cell shape, suggesting
a mesenchymal like morphology, whereas PostPS cells had a larger
and rounded cell shape, showing an epithelial like morphology
(Fig. 2A). Indeed, quantitative data showed that the spread area
of AntPS cells was significantly smaller than that of PostPS cells,
and the cell shape index of AntPS cells was also significantly less
than that of PostPS cells, suggesting a more elongated shape of
AntPS cells and a more rounded shape of PostPS cells (Fig. 2B;
sentative phase contrast images showing different morphologies between anterior
hologies. Scale bar, 200 lm. (B) Bar graphs showing quantitative data of cell spread
n ± SD calculated from at least 150 cells in one experiment that is representative of
op) and PostPS (bottom) cells. (D-F) Quantitative data showing migration speed (D),
nd PostPS cells. Data represent the mean ± SD calculated from at least 50 cells in one
traction force maps of individual AntPS and PostPS cells. (H) Bar plot showing total
culated from at least 30 cells in one experiment that is representative of three
t-test analysis. ***, P < 0.001.
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See Materials and Methods for definition of the cell shape index).
Through analyzing migration trajectories of single AntPS and
PostPS cells (Fig. 2C), cell migratory behaviors of AntPS and PostPS
cells were determined. Migration speed (Fig. 2D), mean square dis-
placement (MSD; Fig. 2E), and migration persistence (b index;
Fig. 2F) between AntPS and PostPS cells were distinctly different.
AntPS cells displayed faster and more persistent migration than
PostPS cells. Measurements of traction force using traction force
microscopy (TFM) further revealed that the total strain energy of
traction force exerted by single AntPS cell was 2.7-fold higher than
that of single PostPS cell. Together, our results demonstrate that
AntPS and PostPS cells display significantly different biophysical
properties.
2.3. Anterior PS cells have greater migration potential than posterior
PS cells in a 3D-like structure

The drastic difference of AntPS and PostPS cells in their biophys-
ical properties further prompted us to examine their migratory
behaviors in a more in vivo-like 3D environment. To this end, we
generated 3D cell spheres containing a mixture of Hoechst-
labeled AntPS cells and unlabeled PostPS cells using the hanging-
drop method (see Materials and Methods) [19,20]. Migration of
AntPS and PostPS cells away from 3D cell spheres was monitored
after re-plating cell spheres onto tissue culture dishes (Fig. 3A).
Our data revealed that among all cells migrating out of 3D cell
spheres, 70 ± 11% were Hoechst-labeled AntPS cells, significantly
greater than the percentage of non-labeled PostPS cells
(30 ± 11%) (Fig. 3B and Fig. S1). Hoechst labelling has been com-
monly used in other studies to monitor cell migration [21,22].
Nonetheless, to ensure that Hoechst labelling has a negligible effect
on migration of AntPS cells, we also pre-labeled breast cancer cells
(MCF7) with Hoechst 33258 before their migratory behaviors were
measured in both single cell and 3D sphere assays (the same assays
Fig. 3. Anterior PS (AntPS) cells show greater migratory behavior than posterior PS (Post
before re-plated onto glass coverslips. AntPS cells were pre-labeled with Hoechst 33258
merged images (bottom) showing dissemination of single cells from cell clusters after re-
cluster. White arrowheads mark disseminated individual cells. Scale bar, 200 lm. (B) Bar
5 h after re-plating. Data represent the mean ± SD calculated from 23 spheres in one ex
conducted with single AntPS and PostPS cells and 3D cell spheres).
There was no significant difference between Hoechst-labeledMCF7
and unlabeled controls as single cells, and the migratory behaviors
of labeled and non-labeled MCF7 cells away from 3D cell spheres
on 2D surface are not distinguishable (data not shown). Together,
our data support that both 2D and 3D cultured AntPS cells have
greater migration potential than corresponding PostPS cells on
2D surfaces.
2.4. Anteriorizing and posteriorizing signals regulate biophysical
properties of anterior and posterior PS cells

It has been reported that opposite gradients of Activin A and
BMP4 along the anterior-posterior axis of the PS, with a greater Acti-
vinAactivity at the anterior endandahigherBMPactivity at thepos-
terior end, play an important role in the formation and pattering of
the PS (Fig. 4A) [6,11]. We thus sought to examine whether Activin
A and BMP4 signaling could regulate biophysical phenotypes of
AntPS and PostPS cells derived from hPSCs. To this end, Activin A
and BMP4 concentrations in hPSC differentiation medium were
either up- or down-regulated to modulate Activin and BMP
activities, respectively (Activin A down: Activin A = 25 ng mL�1

and BMP4 = 25 ng mL�1; Activin A up: Activin A = 75 ng mL�1 and
BMP4 = 25 ng mL�1; BMP4 down: Activin A = 0 ng mL�1

and BMP4 = 25 ng mL�1; BMP4 up: Activin A = 0 ng mL�1 and
BMP4 = 75 ng mL�1; Fig. 4A). hPSCs were treated with these modi-
fieddifferentiationmedium for 48 hbefore being assayed to confirm
their AntPS and PostPS cell identifies and determine their biophysi-
cal phenotypes. qRT-PCR analyses were conducted to examine
expression of AntPS and PostPS cell markers, confirming that hPSCs
had indeed undergone anterior and posterior PS differentiationwith
and without Activin A supplementation in differentiation medium,
respectively (Fig. S2). Specifically, mRNA expression levels of AntPS
cell markers from both Activin A down and Activin up treatment
PS) cells in 3D cell clusters. AntPS and PostPS cells were pre-mixed into cell clusters
. (A) Representative phase contrast images (top), fluorescence images (middle), and
plating for 0, 0.5, 1, 2 and 5 h. White solid lines mark the initial boundary of the cell
plot showing the number of AntPS and PostPS cells disseminated from cell clusters
periment that is representative of three independent experiments.



Fig. 4. Effects of anteriorizing vs. posteriorizing signaling on biophysical phenotypes of anterior (AntPS) and posterior PS (PostPS) cells. (A) Schematic diagram showing the
experimental design of adjusting concentrations of Activin A and BMP4 when deriving anterior (AntPS) and posterior PS (PostPS) cells from hPSCs. (B&C) Biophysical
phenotypes of AntPS (B) and PostPS (C) cells as a function of Activin A and BMP4 concentrations, respectively. Data of cell morphology (cell spread area and cell shape index),
migration speed, mean square displacement (MSD), migration persistence (b index), and total strain energy are plotted. Data represent the mean ± SD calculated from 150
cells for cell morphology, 50 cells for cell migration, and 30 cells for traction force in one experiment that is representative of three independent experiments. P values were
calculated using one-way ANOVA followed by t-test analysis. **, P � 0.01; ***, P � 0.001.
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groupswere significantly higher than hPSC control group. Similarly,
mRNA expression levels of PostPS cell markers from both BMP4
down and BMP4up treatment groupswere significantly higher than
hPSC control group.

Our assays to examine the effects of Activin A and BMP4 signal-
ing on biophysical phenotypes of AntPS and PostPS cells revealed
that increasing Activin A concentrations from 25 ng mL�1 to
75 ng mL�1 led to a decrease of both cell spread area (from
471 lm2 to 439 lm2) and cell shape index (from 0.47 to 0.38), sug-
gesting a more elongated mesenchymal like morphology (Fig. 4B).
Increasing Activin A concentration also resulted in heightened
migratory behaviors of AntPS cells, including faster migration
speed and greater migration persistence (b index), as well as
greater traction force (Fig. 4B). Together, these results suggested
that heightened Activin A activity led to a biophysical phenotype
more like AntPS cells. In distinct contrast, increasing BMP4 concen-
trations from 25 ng mL�1 to 75 ng mL�1 led to a larger and more
rounded cell shape, slower migratory speed and less migration per-
sistence, and lower traction force, suggesting a biophysical pheno-
type more like PostPS cells under heightened BMP signaling
(Fig. 4C). Altogether, these data support that Activin A and BMP4
signaling can mediate biophysical phenotypes of AntPS and PostPS
cells. Our data are consistent with the notion that Activin A and
BMP4 activities serve as anteriorizing and posteriorizing signaling
for PS cells, respectively.
2.5. Cytoskeleton contraction mediates anterior and posterior PS cell
differentiation

The distinct difference in biophysical phenotypes between
AntPS and PostPS cells derived from hPSCs prompted us to exam-
ine possible mechanoresponsive molecular mechanism(s) respon-
sible for regulating their differentiation. We thus sought to
investigate the role of intracellular cytoskeleton contraction in reg-
ulating AntPS and PostPS cell differentiation from hPSCs, as numer-
ous studies have demonstrated the essential role of intracellular
cytoskeleton contraction in mediating mechanosensitive stem cell
differentiation [13,23]. To this end, we used Y27632 (referred as
Y27), a specific inhibitor of ROCK [23], and Blebbistatin (referred
as Bleb), a specific inhibitor of the ATPase activity of myosin IIA
[24], to inhibit cytoskeleton contraction during AntPS and PostPS
cell differentiation of hPSCs. Both Y27 and Bleb have been used
in our previous studies as effective inhibitors to block cytoskeleton
contractility of hPSCs [23,25].

Under the AntPS cell differentiation condition, inhibition of
cytoskeleton contraction through Y27 or Bleb treatments led to
an increase of CDX2+ cells from 2.5 ± 1.7% (control) to 21 ± 5.7%
or 14 ± 4.2%, respectively, and a decrease of Eomes+ cells from
97.8 ± 1.9% (control) to 79.5 ± 5.3% or 87.5 ± 3.7%, respectively
(Fig. 5A). In distinct contrast, under the PostPS cell differentiation
condition, abrogation of cytoskeleton contraction through Y27 or
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Bleb treatments led to an increase of Eomes+ cells from 2 ± 0.8%
(control) to 10 ± 4.1% or 9 ± 3.7%, respectively, and a decrease of
CDX2+ cells from 97.8 ± 1% (control) to 91.1 ± 3.5% or 90.8 ± 3.5%,
respectively (Fig. 5A). We further examined mRNA expression
levels of AntPS and PostPS cell markers in cells treated with Y27
or Bleb. Under AntPS cell differentiation condition, mRNA expres-
sion level of AntPS cell markers Mesp1 and Eomes were decreased
with Y27 or Bleb treatments, while mRNA expression level of
PostPS cell marker Cdx2 increased with Y27 or Bleb treatments
(Fig. S3). Similarly, under PostPS cell differentiation condition,
mRNA expression levels of AntPS cell markers Mesp1, FoxA2, and
Eomes were upregulated with Y27 or Bleb treatments (Fig. S3).

We further investigated activities of intracellular effectors
downstream of Activin A and BMP4 signaling in response to Y27
or Bleb treatments. Activin A and BMP4 are known to activate
Smad 2/3 and Smad 1/5 activities through phosphorylation,
respectively. Immunostaining assays revealed that almost all
AntPS cells showed nuclear staining of p-Smad 2/3, and few cells
showed nuclear staining of p-Smad 1/5, whereas almost all PostPS
cells had nuclear staining of p-Smad 1/5 but not p-Smad 2/3
(Fig. 5B). Importantly, in AntPS cells, nuclear intensities of p-
Smad 2/3 and p-Smad 1/5 as well as percentages of cells with
nuclear p-Smad 2/3 and p-Smad 1/5 decreased and increased,
respectively, when treated with Y27 or Bleb (Fig. 5B and Fig. S4).
In distinct contrast, in PostPS cells, nuclear intensities of p-Smad
2/3 and p-Smad 1/5 as well as percentages of cells with nuclear
p-Smad 2/3 and p-Smad 1/5 increased and decreased, respectively,
when treated with Y27 or Bleb (Fig. 5B and Fig. S4). Together, these
data support that cytoskeleton contraction could regulate intracel-
lular signaling activities downstream of Activin A and BMP4 to
mediate PS differentiation and anterior and posterior patterning.
3. Discussion

In this work, AntPS and PostPS cells were successfully derived
from in vitro hPSC-based culture systems by modulating Activin
A and BMP4 supplemented in differentiation medium of hPSCs.
Interestingly, AntPS and PostPS cells displayed drastically different
biophysical phenotypes, including cell morphology, migration
behavior, and traction force generation. Our data support the roles
of Activin A and BMP4 in mediating biophysical properties of AntPS
and PostPS cells: high Activin A activity leads to more AntPS-like
cells, whereas high BMP4 activity results in more PostPS-like cells.
This observation is consistent with the common notion that Activin
A and BMP4 signaling are essential for mediating AntPS and PostPS
cell differentiation from hPSCs, respectively. It has also been well
established that in vivo there are opposite gradients of Activin A
and BMP4 along the anterior-posterior axis of the PS, with a greater
Activin A activity at the anterior end and a higher BMP activity at
the posterior end. In vivo, the PS forms along the caudal midline on
the bilaminar embryonic disc [26]. In the early PS stage, embryonic
cells in the midline ridge of the epiblast undergo epithelial-to-
mesenchymal transition (EMT) and ingress through the PS to first
form the definitive endoderm at the anterior end and then the
mesoderm at the posterior end [2,4]. AntPS cells are thus precur-
ig. 5. Intracellular cytoskeleon contraction regulates lineage bifurcation of hPSCs towards anterior (AntPS) and posterior PS (PostPS) cells. (A) Representative
munofluorescence images (up panel) showing Eomes+ AntPS cells and CDX2+ PostPS cells derived from hPSCs under different treatment conditions as indicated. Bar plots
own panel) showing percentages of cells with dominant nuclear staining for Eomes and CDX2 under indicated conditions. Data represent the mean ± SD calculated from at
ast 10 random fields in one experiment that is representative of three independent experiments. P values were calculated using one-way ANOVA followed by t-test analysis.
*, P < 0.001. Scale bar, 200 lm. (B) Representative immunofluorescence images (up panel) show immunostainning of phosphorylated Smad 2/3 (p-Smad 2/3) and
hosphorylated Smad 1/5 (p-Smad 1/5) in AntPS and PostPS cells derived from hPSCs under different treatment conditions as indicated. DAPI counterstains nuclei. White
uares show areas where magnified views are included. Red and purple rectangles (down panel) highlight the selected cells, where fluorescence intensities of DAPI, p-Smad
/3, and p-Smad 1/5 were measured along the white lines drawn across these selected cells. Scale bar, 200 lm. (For interpretation of the references to colour in this figure
gend, the reader is referred to the web version of this article.)
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sors of mesoendoderm cells with mesenchymal-like properties,
with a smaller cell shape and greater migration properties and
traction force generation ability, whereas PostPS cells should have
epithelial-like morphology and less prominent migration proper-
ties and traction force generation ability. These observations are
consistent with our experiment findings.

Cell biophysical phenotypes have been implicated in mediating
behaviors and functions of adherent mammalian cells, including
both adult and pluripotent stem cells [13,23]. In this work, we
demonstrate that cytoskeleton contraction played an important
role in mediating AntPS vs. PostPS phenotypic switch. Cytoskeleton
contraction is known to be mediated by ROCK signaling and the
actomyosin cytoskeleton network [27], and our data further sup-
ported the roles of ROCK andmyosin IIA activities in regulating phe-
notypic switches between AntPS and PostPS cells derived from
hPSCs through their effects on intracellular Smad signaling activi-
ties downstream of Activin A and BMP4. Our data are consistent
with recent findings of the innate mechanosensitive properties of
hPSCs [23,25,28]. Cell contractility has been suggested to play a
key role in regulating intracellular signaling events, including Smad
signaling, to control gene expression and thus stem cell differenti-
ation [29]. In our previous studies, we have reported that cytoskele-
tal contractilitymediates Hippo/YAP signaling and phosphorylation
and nucleocytoplasmic shutting of Smad 2/3 and Smad 1/5 in
hPSCs, which act synergistically to control mechanosensitive
neuronal differentiation of hPSCs [23]. Our recent work also
demonstrates the requirement for BMP-Smad signaling in
mechanosensitive amniogenesis of hPSCs [28]. Others have also
reported mechanoregulation of BMP signaling through integrins
[30] and that integrin-mediated cell contraction regulates TGF
b1-Smad signaling [31]. Altogether, these studies strongly suggest
an intricate signaling network involving cell adhesion, cytoskeletal
contractility and classical developmental signaling (such as TGF-b,
BMP and Hippo) to mediate mechanosensitive properties of hPSCs,
including AntPS vs. PostPS phenotypic switch observed in this work.

Together, we report herein that hPSCs could be used as an
in vitro model to generate AntPS and PostPS cells that display sig-
nificantly different biophysical phenotypes. The phenotypic switch
of AntPS vs. PostPS cells is regulated by Activin A and BMP4 signal-
ing. Importantly, our data further support that cytoskeleton con-
traction plays an important role in controlling AntPS vs. PostPS
phenotypic switch through its effect on intracellular Smad signal-
ing activities downstream of Activin A and BMP4.
4. Conclusion

In summary, this study demonstrates that AntPS and PostPS
cells display significantly different biophysical phenotypes and
reveals an important role of intracellular cytoskeletal contractility
in regulating PS differentiation of hPSCs. A detailed role of
cytoskeleton contractility in regulating stem cell fate decisions
and the molecular mechanism(s) underlying interactions between
cytoskeletal contractility and intracellular Smad signaling activi-
ties downstream of Activin A and BMP4 remain to be elucidated
in the future.
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5. Materials and methods

5.1. Cell culture

Human pluripotent stem cell (hPSC) line H9 (human embry-
onic stem cell (hESC), WA09, P50, WiCell; NIH registration num-
ber: 0062) was used in the present study. All protocols used for
hPSC culture and assays were pre-approved by the Human
Pluripotent Stem Cell Research Oversight Committee at the
University of Michigan. The H9 hESC line was authenticated as
karyotypically normal by Cell Line Genetics (Madison, USA) and
was tested negative for mycoplasma contamination (LookOut
Mycoplasma PCR Detection Kit, Sigma-Aldrich). The H9 hESC line
was cultured on lactate dehydrogenase-elevating virus (LDEV)-
free hESC-qualified reduced growth factor basement membrane
matrix GeltrexTM (Thermo Fisher Scientific) using a standard
feeder-free culture system with mTeSR1 medium (STEMCELL
Technologies) per the manufacturer’s instruction. The H9 hESC
line was used before P70.
5.2. Derivation of primitive streak cells

Anterior and posterior primitive streak (PS) cells were differen-
tiated from hPSCs using protocols previously reported [6,18].
Briefly, hPSCs were digested as single cells using accutase before
being seeded onto tissue culture plates or glass coverslips pre-
coated with 1% Geltrex solution at 25,000 cells cm�2 in mTeSR1
medium containing 10 mM Y27632. On day 1, culture medium
was replaced with fresh mTeSR1 medium. On day 2 and 3, cells
were treated with anterior and posterior PS differentiation medi-
ums, respectively, with the following compositions: (1) anterior
PS differentiation medium: Essential 6TM medium (E6; Thermo
Fisher Scientific) supplemented with 20 ng mL�1 fibroblast growth
factor 2 (FGF2, Peprotech), 10 mM phosphatidylinositol 3-kinase
inhibitor (LY294002; Tocris), 25 ng mL�1 bone morphogenetic pro-
tein 4 (BMP4, R&D Systems), and 50 ng mL�1 Activin A (R&D Sys-
tems); (2) posterior PS differentiation medium: E6 supplemented
with 20 ng mL�1 FGF2, 10 mM LY294002, and 50 ng mL�1 BMP4.
Downstream analyses were performed after cells had been treated
with differentiation medium for 48 h. To study effects of different
concentrations of Activin A and BMP4 on biophysical phenotypes
of anterior and posterior PS cells, we used E6 medium supple-
mented with 20 ng mL�1 FGF2, 10 mM LY294002, and 25 ng mL�1

BMP4 as basal medium, together with adding 25 ng mL�1 Activin
A (referred as Activin A down), 75 ng mL�1 Activin A (referred as
Activin A up), 0 ng mL�1 BMP4 (referred as BMP down), or
25 ng mL�1 BMP4 (referred as BMP up).
5.3. Immunostaining

Cells were fixed with 4% paraformaldehyde (Electron Micro-
scopy Sciences) for 30 min at room temperature before being per-
meabilized with 0.1% SDS for another 30 min at room temperature.
Cells were blocked with 2% donkey serum for another 1 h before
incubation with primary antibodies (the sources and dilutions
were listed in Supplementary Table 1) overnight at 4 �C. Cells were
then incubated with Alexa Fluor 488, Alexa Fluor 546, and/or Alexa
Fluor 647-labeled donkey-raised secondary antibodies (Invitrogen,
1:400 dilution) for 2 h at room temperature. In addition
4,6-diamidino-2-phenylindole (DAPI, Invitrogen) was used for
visualizing cell nuclei. Cells were imaged using an inverted
epi-fluorescence microscope (Zeiss Axio Observer Z1, Carl Zeiss
Microimaging).
5.4. Analysis of cell morphology and focal adhesion structures

Cell morphology was analyzed by manually tracing cell cyto-
plasmic borders using the NIH ImageJ software. Shape index (SI)

was then calculated as SI ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p� cellarea

p
=cellperimeter.

5.5. Migration assay

To examine migratory behaviors of anterior and posterior PS
cells, cell migration speed, mean square displacement (MSD), and
migration persistence were determined using time-lapse recording
of cell positions. In brief, anterior and posterior PS cells were re-
plated onto 35-mm glass bottom-tissue culture plates that were
pre-coated with 1% Geltrex at a density of 2 � 104 cells per well.
After seeding for 6 h, cells were examined under an inverted
microscope (Zeiss Axio Observer Z1, Carl Zeiss microImaging)
enclosed in an environmental incubator (XL S1 incubator, Carl
Zeiss microImaging) maintaining cell culture at 37 �C and 5% CO2.
Cell positions were recorded every 10 min for a total duration of
6 h. Center positions (X/Y coordinates) of each cell was extracted
using NIH ImageJ software. Cell migration speed V was calculated
as the ratio between cell displacement (D) and time (T) using the
following formula [24]:

V ¼ D
T
¼

P ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðXi � Xi�1Þ2 þ ðYi � Yi�1Þ2

q

T
ð1Þ

where Xi and Yi were the cell center coordinates at the i-th time
point, and T was the total time of cell migration duration. The mean

square displacement (MSD) d2 tð Þ
D E

was defined as [24]

d2 tð Þ
D E

¼ MSD nDtð Þ ¼ 1
N � n

XN - n

i¼1

Xi þ n � Xið Þ2 þ Yi þ n � Yið Þ2
h i

ð2Þ
where Dt was the time interval between two consecutive images, n
and N donated the number of time steps and images, respectively.
The MSD increases with time as a power-law function [24] as
MSD = D(T/Dt)b, and the exponent b is a measure of the migration
persistence.

5.6. Traction force assay

To determine traction force generated by PS cells, an improved
traction force microscopy (TFM) method was used by anchoring
fluorescent beads on surfaces of polyacrylamide (PA) gels [32]. In
brief, 35-mm glass bottom dishes were pretreated with bind-
silane. PA gels with an acrylamide/Bis- acrylamide ratio of
3%:0.1% (stiffness of 1 kPa) were then prepared and coated onto
glass bottom dishes. After polymerization for 30 min at room tem-
perature, PA gel surfaces were coated with 0.5 lm diameter fluo-
rescent beads (rhodamine carboxylate-modified, diluted at 1:50
in water) for 25 min. The beads were covalently linked to gel sur-
faces by using 1-ethyl-3-[3-dimethylaminopropyl] carbodiimide,
hydrochloride (EDC, Invitrogen, 3.8 mg mL�1 in 2-(N-Morpholino)
ethanesulfonic acid (MES, Sigma), and pH 5.5) and hydroxy-2,5-
dioxopyrrolidine -3-sulfonicacid (Sulfo-NHS, Sigma, 7.6 mg mL�1

in MES pH 5.5) solution for 2 h and then PBS (pH 7.4) for another
2 h at room temperature [32,33]. The gel substrates were activated
by sulfo-SANPAH (Pierce) before functionalized with vitronectin
overnight at 4 �C.

Anterior and posterior PS cells were seeded on gel substrates at
a density of 2 � 104 cells per well. 6 h after seeding, single anterior
and posterior PS cells were imaged in phase contrast. Fluorescence
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images of fluorescent beads before and after cell digestion were
also imaged. Displacement fields of gel substrates generated by
contracting PS cells were calculated using position information of
fluorescent beads before and after cell detachment using digital
image correlation (DIC) [34]. Cell traction stress fields were then
reconstructed by an optimal filtering approach based on the Four-
ier Transform Traction Cytometry (FTTC) method implemented in
MATLAB [35]. To inhibit cytoskeletal contraction, 10 mM Y27632
(referred as Y27) or 10 mM blebbistatin (referred as Bleb) was sup-
plemented into differentiation medium for 48 h during anterior
and posterior PS differentiation of hPSCs.
5.7. 3D cell sphere generation

To examine migratory behaviors of anterior and posterior PS
cells in a more in-vivo-like 3D condition, we generated 3D cell
spheres containing a mixture of anterior and posterior PS cells
using the hanging-drop method [19,20]. Briefly, per the manufac-
turer’s instruction, anterior PS cells were first pre-labeled with
0.1 mg mL�1 Hoechst 33258 for 30 min at 37 �C and 5% CO2 before
being mixed with posterior PS cells at a 1:1 ratio (same cell num-
ber) in mTeSR1 medium to achieve a cell density of 1 � 106 cells
mL�1. 10 mL cell solution was then placed onto the petri dish cover
to generate 3D cell spheres overnight using the hanging drop assay.
3D cell spheres were then re-plated onto 35-mm petri dishes, and
cell movements were recorded at 0, 0.5, 1, 2, and 5 h after
re-plating to determine the number of migratory cells out of cell
spheres.
5.8. Western blotting

Total cell proteins were extracted from cells and separated on
SDS-PAGE gels before being transferred to polyvinylidene fluoride
(PVDF) membranes. PVDF membranes were incubated with a
blocking buffer (Li-Cor) for 1 h at room temperature and then with
primary antibodies (the sources and dilutions were listed in Sup-
plementary Table 1) overnight at 4 �C followed by incubation with
IRDye secondary antibodies (Li-Cor) for 1 h before protein expres-
sion was detected with a Li-Cor Odyssey Sa Infrared Imaging
System (Li-Cor).
5.9. RNA isolation and quantitative reverse-transcription PCR
(qRT-PCR) analysis

Total RNA was isolated from cells using RNeasy kit (Qiagen)
according to the manufacturer’s instruction. Reverse transcription
of RNA was performed using iScriptTM cDNA kit (Bio-Rad). Quan-
titative reverse-transcription PCR (qRT-PCR) was performed and
monitored using Quantitect SYBR Green MasterMix (Qiagen) and
primers (listed in Supplementary Table 2) on a CFX ConnectTM
Real-Time system (Bio-Rad) for 40 cycles. Human GAPDH was used
as an endogenous control for relative quantifications of gene
expression by using the 2�DD Ct method [36]. All analyses were
performed with 2–3 biological replicates and 2–3 technical
replicates.
5.10. Statistical analysis

For all assays, data were presented as the mean ± standard devi-
ation (SD), unless otherwise noted. Statistical analyses were per-
formed with one-way analysis of variance (ANOVA) followed by
t-test using GraphPad Prism. A P value less than 0.05 was consid-
ered as statistically significant.
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