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Abstract
Background: Mammalian early development comprises the proliferation, differentiation, and selfassembly of the embryonic cells. The classic experiment undertaken by Townes and Holtfreter
demonstrated the ability of dissociated embryonic cells to sort and self-organize spontaneously into the
original tissue patterns. Here, we further explored the principles and mechanisms underlying the
phenomenon of spontaneous tissue organization by studying aggregation and sorting of mouse
embryonic stem (ES) cells with differential adhesive affinity in culture.
Results: As observed previously, in aggregates of wild-type and E-cadherin-deficient ES cells, the cell
assemblies exhibited an initial sorting pattern showing wild-type cells engulfed by less adhesive Ecadherin-deficient ES cells, which fits the pattern predicted by the differential adhesive hypothesis
proposed by Malcom Steinberg. However, in further study of more mature cell aggregates, the initial
sorting pattern reversed, with the highly adhesive wild-type ES cells forming an outer shell enveloping the
less adhesive E-cadherin-deficient cells, contradicting Steinberg’s sorting principle. The outer wild-type
cells of the more mature aggregates did not differentiate into endoderm, which is known to be able to sort
to the exterior from previous studies.
In contrast to the naive aggregates, the mature aggregates presented polarized, highly adhesive cells at
the outer layer. The surface polarity was observed as an actin cap contiguously spanning across the
apical surface of multiple adjacent cells, though independent of the formation of tight junctions.
Conclusions: Our experimental findings suggest that the force of differential adhesive affinity can be
overcome by even subtle polarity generated from strong bilateral ligation of highly adhesive cells in
determining cell sorting patterns.

Background
The understanding of the basic principles in embryonic structure formation holds profound implications
and potential to provide insights into the mechanisms of organogenesis and for application in tissue
engineering and regenerative medicine (Krens and Heisenberg, 2011; Amack and Manning, 2012). As
such, biological axioms driving cell sorting and patterning during early embryogenesis represent a
recurring focus of research in developmental biology. Knowledge on cell assembly in vitro is also being
actively pursued with intention for potential technical development in medical applications.
The growth and development of murine blastocysts provides a relatively simple model for understanding
embryonic cell proliferation, differentiation, and morphogenesis (Gardner, 1982, 1983, 1989; Bedzhov and
Zernicka-Goetz, 2014; Chazaud and Yamanaka, 2016). Blastocysts are formed upon the divergence of the
equipotent morula cells into the first two cell lineages, toward either the trophectoderm or inner cell mass
(Larue et al., 1994; Chazaud and Yamanaka, 2016). The ensuing cell fate commitment occurs within the
inner cell mass and specifies the primitive endoderm that forms an epithelial layer covering the epiblast
lineages (Enders et al., 1978; Gardner, 1982, 1983, 1989; Morris et al., 2010; Hermitte and Chazaud, 2014).
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Primitive endoderm precursors arising randomly from within the inner cell mass must sort to the surface
and establish a simple, polarized epithelium covering the epiblast cells (Chazaud et al., 2006; Rula et al.,
2007; Meilhac et al., 2009; Moore et al., 2013). The endocytic protein Dab2 is essential for the
organization of primitive endoderm epithelium, by establishing apical polarity of the surface-positioned
cells (Yang et al., 2002; 2007; Moore et al., 2013).
Some aspects of the developmental processes in the early mouse embryos can be replicated in culture by
the embryoid body model, in which the aggregation of embryonic stem cells leads to proliferation,
differentiation, and spontaneous morphogenesis (Coucouvanis and Martin, 1995; Capo-chichi et al., 2005;
Rula et al., 2007). The primitive endoderm morphogenesis can be recapitulated in vitro through the
embryoid body model --- the cell aggregate serves as an analog to the developing embryo and can
simulate the early steps of autonomous cell differentiation, sorting to the surface, and formation of an
epithelium (Chazaud et al., 2006; Moore et al., 2009, 2014a,b; Rula et al., 2007). The embryoid body
models are able to accurately replicate the impacts of genes involved in early embryonic differentiation
and morphogenesis. Dab2 deletion results in the mixing of endoderm cells with epiblast cells in both
embryos and embryoid bodies (Yang et al., 2002; 2007; Moore et al., 2013). The beta1 integrin-deficient
primitive endoderm cells segregate from, rather than form, a layer covering the epiblast in both embryos
and embryoid bodies (Moore et al., 2014b). Deficiency in endoderm differentiation was found in both
embryos and embryoid bodies of GATA6 (Cai et al., 2008; Bessonnard et al., 2014; Schrode et al., 2014;
Meng et al., 2018) or Grb2 (Cheng et al., 1998; Chazaud et al., 2006; Wang et al., 2011) null genotypes.
Pten is required for cavitation in both embryos and embryoid bodies (Meng et al., 2017).
Apparently, the ability of the early embryonic cells to spontaneously associate, differentiate, and sort to
assemble tissue structures is programmed in the genome without environmental instruction. Townes and
Holtfreter first pioneered insights into the ability for spontaneous assembly of early embryonic cells by
demonstrating that dissociated embryonic amphibian cells can re-aggregate, self-assemble, and selforganize into configurations that resemble the original, discrete tissue anatomy (Townes and Holtfreter,
1955; Steinberg and Gilbert, 2004). The chemistry term affinity was applied to their observations in order
to encompass the combined attractive and repulsive forces occurring between cells as well as the
segregation and patterning of cell types during development (Townes and Holtfreter, 1955). Alternatively,
Malcolm Steinberg postulated the differential adhesion affinity hypothesis, now a well-known paradigm
that asserts cells assemble according to adhesive strength to achieve the lowest entropy (Steinberg,
1962, 1963, 2007). In such a pattern, the less adhesive cells migrate to the periphery of a heterotypic cell
aggregate to consequently surround cells of higher adhesive affinity, thereby achieving the most
thermodynamically stable configuration of the theorized closed cell system. While Steinberg’s differential
adhesion hypothesis does offer a well-accepted, physics-modeled principle influencing cell sorting, the
concept does not entirely clarify the underlying biological mechanisms of morphogenesis and
embryogenesis. In fact, compelling evidence indicates other cellular properties such as such as metabolic
energy, ability to form polarity, etc. may supersede adhesive affinity in dictating a heterotypic aggregate
pattern (Harris, 1976; Moore et al., 2009; 2014a; Amack and Manning, 2012). Since then, considerable
interest and effort have been devoted to study the simple sorting of two cell types, and though
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substantial understanding has been achieved (Harris, 1976; Brodland and Chen, 2000; Green, 2008;
Amack and Manning, 2012), though the answers have not been conclusively settled.
The primary molecule mediating intercellular adhesion in early embryo morphogenesis is E-cadherin
(Larue et al., 1994; Riethmacher et al., 1995; McNeill, 2000; Stephenson et al., 2010). When E-cadherin null
ES cells were mixed and allowed to sort with wild-type ES cells, the sorted pattern conformed to the
differential adhesion hypothesis --- the less adhesive E-cadherin null cells initially sorted to envelop the
more adhesive wild-type cells (Moore et al., 2009). However, upon retinoic acid-induced differentiation of
only the more adhesive wild-type half, the subsequent intermixing with undifferentiated E-cadherin null ES
cells yielded the opposite sorting pattern, where the differentiated, E-cadherin-expressing wild-type cells
established the outer layer over the less adhesive, undifferentiated inner component (Moore et al., 2009).
The study indicates that cell polarity overcomes differential adhesive affinity for surface positioning.
Furthermore, when ES cells deficient in either E-cadherin or N-cadherin aggregate to form chimeric
assemblies and then allowed to sort out spontaneously, the two weakly interacting cell types segregate
but fail to envelop the other cell type concentrically (Moore et al., 2014a). Moreover, heterotypic cell
aggregates comprising of wild-type and slightly less adhesive N-cadherin null ES cells did not
demonstrate the segregated sorting pattern predicted by the differential adhesion hypothesis but rather
resulted in a stochastic, intermixed cell distribution. The result indicates that there is a threshold in
adhesive difference of two cell populations to trigger cell sorting (Moore et al., 2014a). Thus, the
association and sorting of cells may include additional factors and more complex mechanisms that
exceed the simple rule suggested by the differential adhesion hypothesis.
Previously we have studied and reported the sorting patterns of undifferentiated and differentiated, high
adhesive and low adhesive (E-cadherin deletion) ES cells (Moore et al., 2009, 2014). Since then, we
observed experimental results that differed from our previously documented cell sorting patterns, and we
found a cell sorting pattern contradictory to that predicted by the differential adhesion affinity hypothesis
(Steinberg, 1962, 1963, 2007). This prompted us to further experiment and analyze the mechanisms of
cell sorting and spontaneous pattern formation to resolve the unexpected findings.

Results
Differential adhesive affinity and aggregation of wild-type and E-cadherin null embryonic stem cells
Following up our previous studies (Moore et al., 2009, 2014a), we used mouse embryonic stem (ES) to
study cell sorting patterns in aggregates/embryoid bodies. Three ES cell lines, RW4 wild-type (WT),
CFG37 GFP-labeled wild-type, and 9j E-cadherin null (E-cadherin (-/-)) cells were used in cell aggregation
and sorting experiments. CFG37 ES cells were isolated from blastocysts from transgenic mice expressing
GFP-histone H2B driven by the beta-actin promoter (Okabe et al., 1997; Moore et al., 2009, 2014a), and
99% of the cell population was GFP-positive with largely uniform signals in individual cells. Western blot
analyses of the cells in standard adherent culture indicated that the 9j ES cells lacked E-cadherin protein,
and had slightly elevated N-cadherin, possibly as a result of compensatory expression for the loss of EPage 4/30

cadherin, though N-Cadherin levels were increased in both WT and E-cadherin null cells following
differentiation induced by retinoic acid (Fig. 1A). The cultured ES cells remained undifferentiated as
indicated by the expression of Oct3/4 and were differentiated following treatment with retinoic acid as
indicated by Dab2 induction and Oct3/4 reduction. In comparison, the E-cadherin (-/-) cells aggregated at
a lower rate than those of wild-type, as observed under a microscope to observe the clustering of the cells
(Fig. 1B). The lower adhesive affinity of the E-cadherin-deficient cells was also demonstrated by using a
Coulter counter to measure the progressively declining numbers of particles as the cells clustered (Fig.
1C).
In suspension cultures, the cells formed aggregates but they still showed similar characteristics of
cadherin and marker expression as determined by Western blot (Fig. 1D). The aggregates consisting
entirely of CFG37 cells showed a uniform GFP signal throughout the whole spheres, while we were able to
distinguish GFP-positive and negative cells in spheroids mixed with GFP-labeled or unlabeled cells (Fig.
1E).
Interaction and assembling of embryonic stem cells to form aggregates in suspension culture
In cell sorting experiments, two or more different cell types were first dispersed into single cells,
intermixed at a 1:1 ratio, and then placed on non-adhesive plastic dishes to allow cell aggregation. We
mixed the CFG37 GFP-labeled WT with unlabeled ES cells, either RW4 WT or the E-cadherin deficient 9j
lines, and observed their association and cell sorting within the spheroids formed.
By time-lapse video microscopy, WT-GFP + WT and WT-GFP + E-cad (-/-) cells exhibited rather different
characteristics in clustering, sorting, and assembling into spheroids. For the WT-GFP + WT unlabeled cell
intermix, suspended individual cells rapidly clustered and associated into spheres by 8 to 12 hours, with
GFP-positive cells intermixed. The majority (> 95%) of aggregates contained both GFP-positive and
negative cells, though the ratio appeared somewhat variable. Initially, the spheroids formed by collecting
single cells around, and subsequently enlarged presumably by cell doubling. Collisions and fusion of
neighboring spheroids to form larger aggregates also frequently occurred (Supplemental movie 1).
The heterotypic, WT-GFP + E-cadherin (-/-) aggregates developed in a distinctive manner as observed in
all cases. Typically, following initial cell congregation, a small cluster of GFP-positive cells formed,
surrounded by a cloud of unlabeled, E-cadherin (-/-) cells. The loosely gathered E-cadherin (-/-) cells
appeared to follow the movement of the GFP-positive core. Cohesive aggregates of GFP-positive and negative spheroids developed slightly slower than the mixture of all wild-type cells, by an approximate 12hour lag time. In the heterotypic (E-cadherin positive and negative) aggregates that formed, the cells
moved dynamically against each other in the spheroids, though GFP-positive cells appeared segregated
from the start (Supplemental movie 2). When two spheroids collided and combined, the GFP-positive
central cores appeared to fuse, segregated from the GFP-negative, presumably E-cadherin-deficient cells
in the periphery (Supplemental movie 3).
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Two main diverse sorting patterns in aggregates of undifferentiated embryonic stem cells with high and
low adhesive affinity
As we have previously reported (Moore et al., 2009, 2014a), when pluripotent ES cells of wild-type and
less adhesive E-cadherin knockout were mixed to form aggregates, the less adhesive E-cadherin (-/-) cells
sorted to the outer layer, enveloping the highly adhesive wild-type ES cells. We attributed the cell sorting
pattern to the differential adhesive affinity hypothesis proposed by Steinberg (Steinberg, 1962; 1963;
Steinberg and Gilbert, 2004). However in the previous studies, we also found that differentiated ES cells
sorted to the outer layer to form a polarized endoderm epithelial layer, and concluded that the ability of
the differentiated cells to establish apical polarity overcomes differential adhesive affinity to ultimately be
positioned peripherally (Moore et al., 2009, 2014a).
In further reiterating the cell mixing and sorting experiments, however, we now found unexpected cell
sorting patterns that diverged from the previously established conclusion (Moore et al., 2009; 2014a). In
some cases, the wild-type ES cells were found at the outer layer with the less adhesive E-cadherin null ES
cells positioned in the interior (Fig. 2A, lower panel), in addition to the typical patterns (Fig. 2A, upper
panel) reported previously. Here, immunostaining of E-cadherin was used to identify E-cadherin-positive
and negative cells. For the mixture of wild-type and E-cadherin null cells (WT(GFP) + E-cad (-/-)), two
representative contradictory examples are present: one showed that a shell of E-cadherin-positive cells
enveloped E-cadherin negative cells (presumably 9j); the other showed a pattern in which E-cadherinpositive cells were centrally located surrounded by E-cadherin negative cells (Fig. 2A). The aggregates
were produced by mixing undifferentiated wild-type and E-cadherin null ES cells and cultured for 2-4 days.
In such a time frame, a negligible number of the ES cells underwent differentiation, which commonly
initiates after day 4-5 of aggregation, as we have previously documented (Capo-chichi et al., 2005; Rula et
al., 2007).
To clarify the surprising observations, we further investigated the cell sorting patterns by mixing GFPlabeled cells with unlabeled cells to form aggregates and by performing live cell imaging and histology
analyses. We compared immunostaining with the endogenous GFP signal of the labeled cells, and found
that both E-cadherin immunostaining and GFP signal were equivalent and could distinguish E-cadherin
wild-type and null cells (Fig. 2B). In these aggregates that were thought to be generated with a similar
procedure, several sorting patterns were observed and documented (Fig. 2B). The mixing of WT and WTGFP cells produced a largely random intercalated pattern, but mixing of WT-GFP and E-cadherin deficient
ES cells generally resulted in a segregated configuration (Fig. 2B). As shown in 3 representative examples,
the E-cadherin and GFP-positive cells sorted either to the center or periphery in individual aggregates.
Moreover, in the third example, both surface and internally localized E-cadherin and GFP-positive cells
were also present simultaneously in the same spheroids (Fig. 2B, right panel). From observations in 8
independent experiments, each of the three sorting patterns shown (Fig. 2B) could be found in the range
from 10% to 70% among all the aggregates, indicating high inter-experiment variation in the resulted
sorting patterns. We now realized that the variability of the sorting patterns was caused by the dynamic
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transition of the cell aggregates at the moment when the experiments were conducted and completed,
and a slight difference in cell aggregation time can produce a large variation in cell sorting result.
Initial sorting and subsequent maturation of aggregates of embryonic stem cells with differential
adhesive affinity
Following multiple repetitions of cell sorting experiments with intermixing of WT and E-cadherin null ES
cells, we concluded that the highly adhesive WT ES cells unequivocally sorted initially to the interior of the
cell aggregates as reported previously (Moore et al., 2009; 2014a); however, upon subsequent maturation
of the aggregates the E-cadherin-positive cells then localized to the surface. In a standardized protocol
followed in the lab with precise cell density and mixing speed, we consistently observed that at an earlier
time course (12 hours) when cell aggregates were relatively small, the highly adhesive GFP-positive WT
cells clustered in the center and were surrounded by unlabeled E-cadherin-deficient ES cells (Fig. 3A). By
24 hours, both central and peripheral sorting patterns for GFP-positive cells were present (Fig. 3A). Finally,
after 48 hours in culture, the majority of GFP-positive cells localized as a shell enveloping the GFPnegative, presumably the E-cadherin-deficient, ES cells (Fig. 3A). Representative examples of optically
sectioned 24-hour (Fig. 3B) and 48-hour (Fig. 3C) individual spheroids were analyzed, comparing
heterotypic intermixing of WT-GFP plus WT controls with WT-GFP plus E-cadherin-deficient ES cells
(Supplemental movie 4-7). The confocal sectioning of the aggregates provided visualization of the 3dimensional distribution of GFP-positive cells within the spheroids (Supplemental movie 4-7). The cell
aggregates at 12 and 24-hour time points appeared to harbor a rough surface, and the spheroid became
progressively larger and rounder, with a smoother edge by 48 hours (Fig. 3).
The relative location and distribution in the aggregates of GFP-labeled cells was quantitated by an image
analytical approached we designed (Fig. 3D). GFP signals within individual aggregates were determined
in equal areas of outer ring or inner circle, defined as the region of interest (ROI) (Fig. 3D). The results
indicate that the GFP-positive cells relocated to the outer layer by 48 hours in the aggregates composed
of WT-GFP and E-cadherin-deficient ES cells (Fig. 3E), though about equal DAPI signals, indication of cell
number, were assessed (Fig. 3F). However, this analytical method did not show a distinct, central
distribution of the WT-GFP in the 24-hour aggregates mixing with the E-cadherin-deficient ES cells, as the
percentage of the GFP signals measured was not significantly lower in the outer ring (Fig. 3E). Although
we did observe that the WT-GFP cells were more self-aggregated/associated in the mixtures with the Ecadherin (-/-) cells than with the unlabeled WT cells (Fig. 3B, C), indicating segregation of the two cell
types with differential adhesive affinity. We reasoned that this was due to the fact that the E-cadherin and
GFP-positive cells located both peripherally and interiorly, but superficially, however the cells were not
necessarily at the central area of the spheres. Additionally, the internal to peripheral transition of the GFPpositive high adhesive wildtype ES cells likely initiated in some of the aggregates. We were unable to use
this quantitative approach to satisfactorily analyze cell sorting pattern at 12-hour time point because the
aggregates were not spherical.
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Nevertheless, these observations indicate that the maturation of cell aggregates correlated with the
reversion of the initial cell sorting pattern of the mixtures of cells with differential adhesive affinity, the
WT-GFP and E-cadherin (-/-) ES cells.
Rapid transition of the sorting patterns
To investigate the transition of cell positioning patterns, we used time-lapse imaging to visualize the
reversion of the cell sorting (Fig. 4A). GFP-labeled WT and unlabeled E-cadherin knockout ES cells were
intermixed and allowed to coalesce in suspension to form aggregates for 24 hours. The aggregates were
analyzed for progressive changes using an enclosed, temperature-regulated epifluorescence microscope
system with imaging at 20-minute intervals for additional 24 to 48 hours.
During the early time course, the predicted differential adhesive affinity pattern of heterotypic aggregates
was observed with the GFP-expressing, highly adhesive WT cells in the core of the aggregate surrounded
by the unlabeled, less adhesive, and peripheral E-cadherin knockout cells (Fig. 4A). Initially, both Ecadherin-positive and -negative cells actively moved against each other, though the segregation of GFPpositive and -negative cells was preserved. At around the 40-hour time point, the GFP-positive cell cluster
extended to the outer layer. Subsequently, a layer of the GFP-positive cells formed a partial surface on the
spheroid, and the superficially positioned GFP-positive cells appeared to contact and bring additional
associated GFP-positive cells to extend the surface shell (Supplemental Movie 8). After reaching the
surface, the GFP-positive cells appeared to slow their motion, and the layer of GFP-positive cells was
maintained and persisted for at least 8 hours in the recording (Fig. 4A).
As a control, no sorting patterns or bleaching of GFP signals were observed in cell aggregates from
mixing of the WT-GFP with WT ES cells (Figure 4B) (Supplemental Movie 9). Thus, the observations using
time-lapse imaging indicate that the transition of sorting patterns occurs rapidly, and the surface
positioning of the highly adhesive cells is stable.
Formation of polarized apical actin caps on the surface of mature aggregates
The formation of polarity is a possible mechanism for the surface positioning of the cells, as in the case
of primitive endoderm positioning on the surface. We first examined the mature (48 hours) aggregates
from the mixture of WT-GFP and E-cadherin (-/-) cells for the distribution of the classical polarity markers,
ZO-1, aPKC, and Ezrin (Fig. 5A). In these aggregates, the wildtype cells located to the surface, as indicated
by immunostaining of E-cadherin. However, no obvious diverged distribution of the classical tight
junction associated polarity markers, ZO-1, aPKC, and Ezrin, was observed (Fig. 5A). As positive controls
similar to that we reported previously, the polarized distribution of ZO-1 and aPKC was observed in the ES
cell aggregates at a later time course, when surface extraembryonic endoderm developed or cavitation to
form ectoderm initiated (Meng et al., 2017). Thus, the re-distribution of E-cadherin expressing cells to the
outer layer is not associated with formation of the classical tight junction dependent apical polarity of the
surface cells.
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Initially we observed that cell aggregates of the two contradictory cell sorting configurations exhibited
very different F-actin staining patterns (Fig. 2A), and we suspected that the highly adhesive ES cells
formed a polarized epithelium to be able to position on the surface. Thus, we further examined the
distribution of F-actin in cell aggregates (Fig. 5B, C, D). In mature (48 hours) spheroids derived from
wildtype ES cells, the surface was covered with a layer of strong actin staining that consisted of multiple
contiguous surface cells, suggesting the formation of a surface epithelium and consolidated apical actin
organization (Fig. 5B, arrow). In contrast, cellular actin staining was uniformly distributed around surface
cells of E-cadherin (-/-) ES cell aggregates that had not yet had sufficient time to fully develop and
compact in the 48-hour incubation time (Fig. 5C, arrowhead). In spheroids composed of mixed WT and Ecadherin deficient cells, an F-actin cap was observed on the surface that was composed of E-cadherinpositive cells (Fig. 5D, arrow), but not on the surface where E-cadherin-deficient cells localized (Fig. 5D,
arrowhead), as shown in two examples. Thus, we conclude that the highly adhesive E-cadherin wildtype
cells on the surface formed a polarized epithelium (as indicated by the distribution of beta-actin), which
may account for the ability of the WT cells to sort to the surface and to envelop the less adhesive Ecadherin null cells.
Polarization of a surface epithelium prior to differentiation in mature ES cell aggregates
Previously, we determined that differentiated ES cells in the aggregations containing undifferentiated
cells were able to overcome the force of differential adhesive affinity to position on the surface (Moore et
al., 2009). The ability for the differentiated endoderm cells to position on surface was attributed to their
propensity to establish an apical polarity facilitated by the Dab2-dependent endocytic trafficking (Moore
et al., 2009; 2013).
However, we reasoned that the presently observed cell sorting property of the highly adhesive ES cells to
the surface was independent of endoderm differentiation, because extensive differentiation occurs only
after 4 or more days of ES cell aggregation (Capo-chichi et al., 2005; Rula et al., 2007). To verify, we
designed experiments to determine the relationship between the formation of a spheroid surface actin
cap and endoderm differentiation.
In the aggregation of wildtype ES cells, similar to that reported previously, no endoderm differentiation
occurred within 24 hours, as indicated by staining for the endoderm marker Dab2 (Yang et al., 2002;
2007) (Fig. 6A). The cells located on the surface exhibited nearly uniform and diffused actin staining
around the cell boundary (Fig. 6A, arrowhead). Few Dab2-positive cells were visible even within 48-hour
aggregates. In nearly all these 48-hour, mature spheroids, an actin cap had formed on the surface (Fig.
6A, arrow). In rare spheroids in which a surface endoderm epithelium had formed, no actin cap was
observed (Fig. 6A, arrowhead). The actin showed a dispersed staining pattern in the differentiated, Dab2positive endoderm cells on the surface. Thus, the nature of apical polarity of the endoderm cells is
distinctive from that of the undifferentiated surface cells signified with of an actin cap.
For aggregates composed of intermixing of wild-type and E-cadherin-deficient ES cells, the actin of the
surface cells was also not polarized in 24 hours (Fig. 6B, arrowhead). Most of the 48-hour aggregates
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showed a partial actin cap though they contained no differentiated cells (Fig. 6B, arrowhead). Based on
previous results (Fig. 5D), these cells possessing an actin cap are likely E-cadherin-positive rather than deficient. In rare spheroids containing Dab2-positive cells either in the interior or on the surface, a partial
actin cap and polarized cells were visible on the surface where Dab2 staining was absent (Fig. 6B, arrow).
Consistently, the Dab2-positive endoderm epithelial cells positioned on the surface showed a diffuse
beta-actin staining pattern (Fig. 6B, arrowhead).
Based on these observations, we conclude that a polarized epithelium forms on the surface of a mature
spheroid without undergoing endoderm differentiation. We speculate that this polarity, signified by an
actin cap on the apical surface of the adhesive E-cadherin-positive cells, accounts for the ability of the
wild-type ES cells to sort to the surface, and to envelop the less adhesive E-cadherin-deficient cells. Thus,
a subtle polarity formed by strong adhesion of ES cells assembling an epithelial layer may be able to
override differential adhesive affinity for the cells to position to the surface rather than to be engulfed in
the interior.

Discussion
In this study, our initial effort to clarify the observed diverse cell sorting patterns led to the discovery of a
transitional state of cell polarization on the surface of aggregates of undifferentiated ES cells. The
formation of such a subtle polarity is suggested to be the force responsible in reversing the cell sorting
distribution predicted by Steinberg’s differential adhesion hypothesis (Steinberg, 1962, 1963; Steinberg
and Gilbert, 2004). Strategies will need to be developed to test the potential causative of the subtle apical
actin cap polarity in positioning the highly adhesive cells on the surface. Remarkably, the current results
indicate that a seemingly simple cell aggregation between two differentially adhesive cell types involves
diverse and interesting cell sorting behaviors and complex underlying mechanisms.
Our observations revealed that the aggregates of embryonic stem cells undergo maturation in culture
prior to primitive endoderm differentiation, leading to the formation of a polarized surface composed of a
contiguous layer of cells (Fig. 7A). This seems to be the result of consolidation and strengthening of Ecadherin-mediated adhesion of the surface cells. The E-cadherin-mediated strong adhesion then impacts
cytoskeleton organization and leads to the formation of an observable actin cap on the apical surface. A
role for cytoskeleton in breaking cellular symmetry and creating polarity is recognized (Mullins, 2010). For
heterotypic aggregates with low and high adhesive cells, the initial configuration is that predicted by
Steinberg’s differential adhesion hypothesis, according to which highly adhesive cells sort to the center
and are surrounded by less adhesive cells (Fig. 7B). However, based on our current observation, we
postulate that formation of an adhesive epithelium on the surface retains some of the highly adhesive
cells to the outer layer. Eventually most of the highly adhesive cells migrate to the periphery by virtue of
high cell-cell binding affinity, enveloping the less adhesive cells in the interior. This phenomenon
represents another mechanism of cell sorting pattern that contradicts Steinberg’s differential adhesive
hypothesis. The finding also emphasizes that subtle cell polarity may be able to overcome the
configuration with the highest free energy (lowest entropy) provided by differential binding affinity
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(Steinberg, 1962; 1963; Steinberg and Gilbert, 2004), to dictate arrangement of cells with differential
adhesive strength.
Previously, the dominance of cell polarity over differential adhesion in determining cell positioning was
already noted in the organization of endoderm in murine embryoid bodies (Moore et al., 2009). Upon
lineage commitment of ES cells to primitive endoderm, the differentiated cells are able to establish
epithelial polarity and position on the surface, through a Dab2-dependent process (Yang et al., 2002;
2007; Moore et al., 2013). Dab2, an endocytic adaptor, is thought to generate apical polarity by enabling
directional endocytosis and cargo transport (Mishra et al., 2002; Tao et al., 2016). In either embryos or
embryoid bodies derived from mice or ES cells of homozygous Dab2 gene deletion, the endoderm cells
are not able to organize and position on the surface; rather, the cells intermix and distribute throughout
without an organized pattern (Yang et al., 2002; 2007; Moore et al., 2013). Previously, the formation of
tight junctions and the polarized distribution of these markers were observed to closely associate with the
sorting and development of primitive endoderm maturation cell surface (Saiz et al., 2013; Meng et al.,
2017). In embryoid bodies, distinctive distribution of aPKC and ZO-1 was observed at the apical surface
when the polarized extraembryonic endoderm or the ectoderm layers were formed (Meng et al., 2017),
indicating the formation of tight junctions is associated with the polarization of these epithelia.
In the current observation, the polarity and surface distribution of the highly adhesive cells appear to use
a mechanism different from that employed by primitive endoderm, in which Dab2-mediated endocytic
trafficking is required for apical cell polarity and surface positioning (Yang et al., 2002; 2007; Moore et al.,
2013). Also, the observed polarity of the surface cells here is independent of the formation of tight
junction that can be observed by the polarized distribution of the classical markers such as ZO-1, aPKC,
and Ezrin (Meng et al., 2017). Particularly, the polarized actin cap forms prior to cell differentiation and
Dab2 expression. The formation of an apical actin cap appears to require the adhesion of multiple
neighboring cells to establish a contiguous epithelium, and the polarized actin cap spans multiple cells
along their apical domains. In contrast, the Dab2-mediated endoderm polarization and surface
positioning appear to be cell autonomous (Rula et al., 2008; Moore et al., 2009). This may indicate that
modulating intercellular adhesiveness by way of E-cadherin expression facilitates both the polarization
and movement of the cells being sorted to the surface. Not only do E-cadherins serve as cell adhesion
molecules but they also possess the capacity to initiate local reorganization of the actomyosin and actin
network, thereby entailing an induction of cell polarization (Takeichi, 1991; Gumbiner, 1996, 2005; McNeill,
2000; Maître and Heisenberg, 2013).
Additionally, the cells harboring the apical actin cap are undifferentiated, and we did not observe
expression and deposition of laminin or collagen IV to form a basement membrane. This polarized
surface layer presumably can be punctured and displaced by primitive endoderm cells moving to the
surface following their differentiation afterward. In contrast, endoderm cells express laminin and collagen
IV, and assemble a basement membrane layer underneath as they position on the surface to form an
epithelial layer (Moore et al., 2014b).
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The cell sorting models used here of ES cell aggregation is simplified for not considering change in cell
number due to cell growth and death over the 2- to 3-day period of the cell sorting assay. Cell proliferation
(as seen by the presence of mitotic spindles) and death (apoptosis, as seen by condensed chromatins)
occurred, in addition to active cell movement and sorting, which appear to be dominant over cell
proliferation and death. Thus, the description of the cell sorting here is an approximation, since we have
not yet developed the ability to account for the progressive increase in cell number in the current analysis.

Conclusions
Since the experiments of Townes and Holtfreter that have now became content documented in textbooks
(Townes and Holtfreter, 1955; Steinberg and Gilbert, 2004), the phenomenon and mechanisms of cell
sorting and spontaneous assembly continue to gather interests. Numerous studies have addressed the
topic by experimentation (Nose, et al.,1988; Kostetskii et al., 2001; Tepass et al., 2002; Rula et al., 2007;
Ninomiya, et al., 2012; Moore et al., 2009, 2013, 2014a,b) and conceptual consideration (Harris, 1976;
Gumbiner, 1996, 2005; Peifer, 1998; Brodland and Chen, 2000; Tepass et al., 2002; McNeill, 2000; Green,
2008; Krens and Heisenberg, 2011; Amack and Manning, 2012; Batlle and Wilkinson, 2012; Fagotto,
2015). Here, we further examined embryonic stem cell organization by analyzing aggregation and
subsequent configurations of mouse ES cells with differential adhesive affinities with respect to the
intercellular adhesion molecule E-cadherin. In nascent aggregates, an initial segregated patterning was
attained with less adhesive E-cadherin-deficient ES cells enveloping wild-type cells. However, upon further
aggregate maturation, the pattern transformed, with the adhesive wild-type element establishing an
undifferentiated outer shell that enveloped a cluster of the less adhesive cells. In contrast to the initial cell
assemblies, the more advanced aggregates exhibited polarization independently of differentiation at the
peripheral regions, suggesting that subtle cell polarity is capable of superseding differential adhesion in
determining the relative distribution of embryonic stem cells. These findings lead to the discovery of a
transient state in which a polarized surface layer forms as ES cell aggregates mature but prior to
endoderm differentiation (Fig. 7A). Distinctively, the polarization of the surface layer, shown by the
presence of an apical actin cap, is independent of tight junctions. This mechanism also explains the
observed reversion of the sorting patterns in the maturation of aggregations composed of a highly
adhesive and a less adhesive cell types (Fig. 7B).
Studies of embryonic structure formation present profound implications and potential in providing
insights into organogenesis, tissue engineering, and regenerative medicine. The ability of cells to sort
spontaneously and form structures still presents a complex process driven by multiple principles (Harris,
1976; Tepass et al., 2002; McNeill, 2000; Amack and Manning, 2012; Batlle and Wilkinson, 2012).
Understanding of these basic principles will enable us to willingly engineer and manufacture tissue
structures from stem cells for potential medical application.
The current finding of the ability of highly adhesive cells to form subtle actin cap and achieve surface
positioning, which contradicts to the prediction by Steinberg’s differential adhesion hypothesis (Fig. 7),
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represents a new understanding into the basic principles of spontaneous cell sorting and selfassembling.

Methods
Embryonic stem cells: mutant and wildtype
The murine embryonic stem (ES) cell lines used in this study include: RW4 (wild-type), CFG37 (wild-type
that expresses the bACT-GFP transgene) (Okabe et al., 1997; Moore et al., 2014a), and 9J (E-cadherin
homozygous null) (Larue et al., 1994, 1996; Moore et al., 2009). All these cells were generated from
blastocysts of mutant mice from our lab, and were reported previously (Moore et al., 2009; Rula et al.,
2007). Cells were normally maintained on feeder layers of irradiated murine embryonic fibroblasts in ES
cell medium (Dulbecco’s Modified Eagle Medium with 15% (v/v) fetal bovine serum, 2 mM L-glutamine, 1x
mixture of nonessential amino acids, 50 IU/ml penicillin, 50 mg/ml streptomycin, and 0.1 mM betamercaptoethanol) supplemented with 1,000 units/ml of recombinant LIF (ESGRO, Chemicon
International) at 37°C and 5% CO2. For experiments, the cells were plated on gelatin coated tissue culture
plastic plates without feeder cells. Addition of retinoic acid (1 µM) was used to differentiate the ES cells,
following culturing for 4 days. Typically, 90% of the cells are differentiated as indicated by strong GATA4
or Dab2 expression detected by immunofluorescence microscopy.
Cell aggregation assay
The basic procedures for ES cell aggregation and embryoid bodies formation were similar to those
described previously (Rula et al., 2008; Moore et al., 2009, 2014). The rate of cell aggregation as an
indication of adhesive affinity was inferred based on the successive reduction in particle counts of serial
Coulter Counter measurements. Wild-type and E-cadherin homozygous null ES cells were dissociated
using 0.25% Trypsin:EDTA and placed in a 50 mL Falcon tube at a density of 2x106 cells/mL in 10 mL ES
cell medium buffered with 10 mM HEPES, pH 7.4. During the assay, the cells were incubated at 37°C in a
gyratory incubation shaker set at 150 rpm. Triplicate particle count readings were measured every hour
for 5 hours using a Z2 Coulter Particle Count and Size Analyzer (Beckman Coulter). The nominal lower
particle size threshold was set to 2.0 μm, and the upper size threshold was set at 60 μm.
Formation and culture of homotypic and heterotypic cell aggregates
The protocols have been previously reported (Moore et al., 2009, 2014). ). In the current report, a
standardized procedure was used to minimize variations in timing, sphere size, and sorting patterns
among individual researchers in the lab. Briefly, cell aggregates were formed from 5x106 total monodispersed, mixed pluripotent ES cells in a bacterial petri dish with 10 ml of ES medium and allowed to
coalesce in suspension. The cell aggregate culture parameters had been previously established to ensure
that the resulting aggregates yielded relatively standardized sizes, similar in dimensions to an actual E5.5
embryo (approximately 100 to 200 μm in diameter). Heterotypic aggregates were constructed by
inoculating equal numbers, determined by hemocytometer, Z2 Coulter Counter (Beckman Coulter), and
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Moxi Z Mini Automated Cell Counter (ORFLO), of two different ES cell types - one population
endogenously fluorescently-labeled while the other was unlabeled. For the cell sorting experiments, cell
aggregate culture medium contained LIF (1,000 units/mL) to reduce undesired, spontaneous
differentiation.
Antibodies, immunofluorescence microscopy, and Western blot
Primary antibodies used include: anti-E-cadherin (BD Biosciences, 610181), anti-N-cadherin (BD
Transduction Labs no. 610920), anti-Dab2 monoclonal (BD Biosciences, 610465) and polyclonal (Cai et
al., 2008), anti-beta-actin (BD Biosciences, 612656), anti-Oct3/4 (Santa Cruz Biotechnology, sc-5279),
anti-ZO1 (Invitrogen, Inc., #61-7300), anti-Ezrin (Abcam, [3C12] ab4069), anti-aPKC (Santa Cruz
Biotechnology, In., sc-216), and anti-E-cadherin (BD Transduction Labs no. 610181).
For analyses with immunofluorescence microscopy, cell aggregates were fixed with neutral buffered
formalin, embedded in paraffin, and sectioned and placed on positively charged glass slides. Slide
specimens were deparaffinized in xylene, hydrated through a graded ethanol series, washed in water, and
boiled in antigen retrieval solution (10 mM sodium citrate, pH 6.0). After blocking in 2.5% normal horse
serum (Vector Laboratories), specimens were incubated in primary antibody solutions overnight at 4°C,
washed with PBS, then incubated with the corresponding species-specific secondary antibodies. Multiple
secondary antibodies conjugated with the respective Alexa fluorochrome were applied for simultaneous
imaging of multiple antigens. DAPI (4’-6-diamidino-2-phenylindole) solution was applied as a nuclear
counterstain prior to ProLong Gold Antifade reagent and coverslip mounting.
Conventional wide-field microscopy was performed with an inverted Zeiss AxioObserver Z1 operated by
Axio Vision 4.8 software and a Plan-Apochromat 63X (oil immersion, N/A 1.4) or A-Plan 10X (N/A 0.25)
objective. Images were acquired digitally with a monochrome Zeiss AxioCam MRm CCD camera.
Confocal imaging was performed with a Zeiss LSM510/uv Axiovert 200M inverted, laser scanning
confocal microscope operated by Zeiss LSM software. For live imaging, embryoid bodies were resuspended in medium buffered with 10 mM HEPES, pH 7.4, and imaged in a glass bottom micro-well dish
(MatTek Corporation, MA, USA) with the Plan-Neofluar 25X lens (water immersion, N/A 0.8).
For Western blot, the horseradish peroxidase conjugated secondary antibodies were of goat or mouse
origins (BioRad; Jackson Immunolab; Zymed) against corresponding primary antibodies used.
Amersham ECL Western Blotting Detection Reagent (GE Healthcare Life Sciences) was used for
chemoluminescence detection of proteins on the blots.
Time lapse imaging of heterotypic sorting of cell aggregates
One-day-old aggregates formed from the intermixing of GFP-labeled WT and unlabeled E-cadherin
knockout or unlabeled wild-type ES cells were transferred to CO2-independent ES cell media in 100 mm
diameter polystyrene culture petri dishes. A CO2-independent buffered ES cell media was used in imaging
experiments. A thin layer of sterile mineral oil was applied to the top of the media to mitigate evaporation
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of the culture media. Aggregates were observed under an inverted fluorescence microscope. Automated xy position tracking was used to record multiple fields of view across the culture dish. A custom
temperature-regulated incubation chamber enclosed the entire microscope system. Aggregates from the
mixing of GFP-labeled wild-type cells were suspended in gelling medium containing 0.7% (w/v) lowviscosity sodium alginate, 10% heat-inactivated FBS, 6 g/L HEPES, supplemental glutamine and
nonessential amino acids in phenol red-free DMEM at 37°C. A layer (~1/8 inch) of mineral oil was placed
on top of the media to prevent evaporation. The spheroids were observed under an inverted fluorescence
microscope (Nikon TE2000) equipped with a 40X Plan Fluor (NA 0.75, WD 0.72) objective, Prior x-y stage
control, z-axis motor, and a temperature-regulated incubation chamber. GFP fluorescence was visualized
using a FITC filter (Ex: 450–490 nm). Time-lapse images of consecutive DIC and GFP fluorescence were
acquired with a Cascade 650 (Photometrics) monochrome camera (16-bit images) controlled by the
MetaVue (Universal Imaging/ MolecularDevices) software every 15 min for 24 to 72 hours. Exposure
times never exceeded 500 ms per 15 min interval during time-lapse recording. Bright-field images were
overlayed on the fluorescence images.
Quantitation of cell sorting patterns
To quantify the relative positional sorting tendencies of the WT (GFP) cells with respect to the unlabeled
co-cultured counterpart—either WT (unlabeled) or E-cad-/- null (unlabeled) cells—two concentric regions of
interest (ROI) of equal surface area and together comprising the entire aggregate cross section were
analyzed in CorelDRAW X3 (Corel) and ImageJ (NIH) to yield relative, quantitative immunofluorescence
intensities. Outer circular ROIs were cast to circumscribe the perimeter of the aggregate cross section; the
inner circular ROIs were determined by calculating the dimensions of a circle with an area equal to half of
the area of the outer circle. Multiple aggregates were analyzed for the outer and inner distribution of GFP
and DAPI signals.

Declarations
Ethics approval and consent to participate
All animal usage was approved by the University of Miami Institutional Animal Care and Use Committee
and complies with federal and state guidelines for the ethical and humane use of laboratory animals.
Consent for publication
Not applicable.
Availability of data and material
All data generated or analyzed during this study are included in this article.
Competing interests

Page 15/30

The authors declare that they have no competing interests.
Funding
The study was partially supported by internal funding from University of Miami/Sylvester Comprehensive
Cancer Center, and the University Scientific Award Committee (SAC) pilot fund. Prior grants R01
CA230916; R01 CA095071, R01 CA099471, and R01 CA79716 to X.X. Xu from NCI, NIH also contributed
to the work. The funders had no input on the design, analysis, interpretation, and preparation of the
manuscript.
Authors' contributions
JDT, YM, and XXX developed concepts and planned the experiments. RM produced mutant mice and
derived ES cells. JDT performed the majority of experiments, with additional contribution from YM, RM,
WT, and ERS. JDT analyzed the data and prepared the first draft of the manuscript, which was further
edited by XXX. All authors, especially JDT and ERS, contributed to further editing and completion of the
manuscript.
Acknowledgements
We are grateful to the doctoral dissertation committee members for Jeffrey Tse and additional
colleagues, including Drs. Pedro Salas, Valery Shestopalov, Daniel Pelaez, and Sophia George, for their
suggestions and ideas during the course of the study. We acknowledge the excellent technical assistance
from the Transgenic Facility, Animal Facility, and Imaging Core at the University of Miami Miller School of
Medicine and Sylvester Comprehensive Cancer Center.
Authors’ information

Jeffrey D. Tse: j.tse@med.miami.edu
Robert Moore: robert.moore2015@yahoo.com
Yue Meng: ymeng2@law.gwu.edu
Wensi Tao: WTao@med.miami.edu
Elizabeth R. Smith: esmith@med.miami.edu
Xiang-Xi (Mike) Xu: xxu2@med.miami.edu; 305-243-1750 (Contact and corresponding)

Abbreviations
bACT-GFP: GFP transgene with beta-actin promoter; DAPI: 4′,6-Diamidino-2-Phenylindole, dihydrochloride;
E-Cad: E-cadherin; ES: Embryonic stem; GFP: green fluorescence protein; kD: kilo Dalton; RA: retinoic acid;
ROI: region of interest; WT: wild-type.
Page 16/30

References
1. Amack JD, Manning ML. Knowing the boundaries: extending the differential adhesion hypothesis in
embryonic cell sorting. Science 2012; 338:212-215.
2. Batlle E, Wilkinson DG. Molecular mechanisms of cell segregation and boundary formation in
development and tumorigenesis. Cold Spring Harb Perspect Biol. 2012; 4(1):a008227.
3. Bedzhov I, Zernicka-Goetz M. Self-organizing properties of mouse pluripotent cells initiate
morphogenesis upon implantation. Cell 2014; 156:1032-1044.
4. Bessonnard S, De Mot L, Gonze D, Barriol M, Dennis C, Goldbeter A, Dupont G, Chazaud C. Gata6,
Nanog and Erk signaling control cell fate in the inner cell mass through a tristable regulatory
network. Development 2014; 141:3637-3648.
5. Brodland GW, Chen HH. The mechanics of heterotypic cell aggregates: insights from computer
simulations. J Biomech Eng. 2000; 122:402-407.
6. Cai KQ, Capo-Chichi CD, Rula ME, Yang DH, Xu XX. Dynamic GATA6 expression in primitive endoderm
formation and maturation in early mouse embryogenesis. Dev Dyn. 2008; 237:2820-2829.
7. Capo-Chichi CD, Rula ME, Smedberg JL, Vanderveer L, Parmacek MS, Morrisey EE, Godwin, AK, Xu
XX. Perception of differentiation cues by GATA factors in primitive endoderm lineage determination
of mouse embryonic stem cells. Dev Biol. 2005; 286:574-586.
8. Chazaud C, Yamanaka Y, Pawson T, Rossant J. Early lineage segregation between epiblast and
primitive endoderm in mouse blastocysts through the Grb2-MAPK pathway. Dev Cell 2006; 10:615624.
9. Chazaud C, Yamanaka Y. Lineage specification in the mouse preimplantation embryo. Development
2016; 143:1063-1074.
10. Cheng AM, Saxton TM, Sakai R, Kulkarni S, Mbamalu G, Vogel W, Tortorice CG, Cardiff RD, Cross JC,
Muller WJ, Pawson T. Mammalian Grb2 regulates multiple steps in embryonic development and
malignant transformation. Cell 1998; 95:793–803.
11. Coucouvanis E, Martin GR. Signals for death and survival: a two-step mechanism for cavitation in
the vertebrate embryo. Cell 1995; 83:279-287.
12. Enders AC, Given RL, Schlafke S. Differentiation and migration of endoderm in the rat and mouse at
implantation. The Anatomical Record. 1978; 190:65-77.
13. Fagotto F. Regulation of cell adhesion and cell sorting at embryonic boundaries. Curr Top Dev Biol.
2015; 112:19-64.
14. Gardner RL. Investigation of cell lineage and differentiation in the extraembryonic endoderm of the
mouse embryo. J Embryol Exp Morphol. 1982; 68:175-198.
15. Gardner RL. Origin and differentiation of extraembryonic tissues in the mouse. Int Rev Exp Pathol.
1983; 24:63-133.
16. Gardner RL. Cell allocation and lineage in the early mouse embryo. Ciba Found Symp. 1989; 144:172181; discussion 181-186, 208-211.
Page 17/30

17. Green JB. Sophistications of cell sorting. Nat Cell Biol. 2008; 10:375-377.
18. Gumbiner BM. Cell adhesion: the molecular basis of tissue architecture and morphogenesis. Cell
1996; 84:345-357.
19. Gumbiner BM. Regulation of cadherin-mediated adhesion in morphogenesis. Nat Rev Mol Cell Biol.
2005; 6:622-634.
20. Harris AK. Is cell sorting caused by differences in the work of intercellular adhesion? A critique of the
Steinberg hypothesis. J Theor Biol. 1976; 61:267-285.
21. Hermitte S, Chazaud C. Primitive endoderm differentiation: from specification to epithelium
formation. Phil Tran Royal Soc of London Series B. 2014; 369:1657.
22. Kostetskii I, Moore R, Kemler R, Radice GL. Differential adhesion leads to segregation and exclusion
of N-cadherin-deficient cells in chimeric embryos. Dev Biol. 2001; 234:72-79.
23. Krens SF, Heisenberg CP. Cell sorting in development. Curr Top Dev Biol. 2011; 95:189-213.
24. Larue L, Ohsugi M, Hirchenhain J, Kemler R. E-cadherin null mutant embryos fail to form a
trophectoderm epithelium. Proc Natl Acad Sci USA. 1994; 91:8263-8267.
25. Larue L, Antos C, Butz S, Huber O, Delmas V, Dominis M, Kemler R. A role for cadherins in tissue
formation. Development 1996; 122:3185-3194.
26. Maître JL, Heisenberg CP. Three functions of cadherins in cell adhesion. Curr Biol. 2013; 23:R626633.
27. McNeill H. Sticking together and sorting things out: adhesion as a force in development. Nat Rev
Genet. 2000; 1:100-108.
28. Meilhac SM, Adams RJ, Morris SA, Danckaert A, Le Garrec JF, Zernicka-Goetz M. Active cell
movements coupled to positional induction are involved in lineage segregation in the mouse
blastocyst. Dev Biol. 2009; 331:210-221.
29. Meng Y, Cai KQ, Moore R, Tao W, Tse JD, Smith ER, Xu XX. Pten facilitates epiblast epithelial
polarization and proamniotic lumen formation in early mouse embryos. Dev Dyn. 2017; 246:517-530.
30. Meng Y, Moore R, Tao W, Smith ER, Tse JD, Caslini C, Xu XX. GATA6 phosphorylation by Erk1/2
propels exit from pluripotency and commitment to primitive endoderm. Dev Biol. 2018; 436:55-65.
31. Mishra SK, Keyel PA, Hawryluk MJ, Agostinelli NR, Watkins SC, Traub LM. Disabled-2 exhibits the
properties of a cargo-selective endocytic clathrin adaptor. EMBO J. 2002; 21:4915-4926.
32. Moore R, Cai KQ, Escudero DO, Xu XX. Cell Adhesive Affinity Does Not Dictate Primitive Endoderm
Segregation and Positioning During Murine Embryoid Body Formation. Genesis 2009; 47:579-589.
33. Moore R, Cai KQ, Tao W, Smith ER, Xu XX. Differential requirement for Dab2 in the development of
embryonic and extra-embryonic tissues. BMC Dev Biol. 2013; 13:39.
34. Moore R, Tao W, Meng Y, Smith ER, Xu XX. Cell adhesion and sorting in embryoid bodies derived from
N- or E-cadherin deficient murine embryonic stem cells. Biol Open 2014a; 3:121-128.
35. Moore R, Tao W, Smith ER, Xu XX. The primitive endoderm segregates from the epiblast in beta1
integrin-deficient early mouse embryos. Mol Cell Biol. 2014b; 34:560-572.
Page 18/30

36. Morris SA, Teo RT, Li H, Robson P, Glover DM, Zernicka-Goetz M. Origin and formation of the first two
distinct cell types of the inner cell mass in the mouse embryo. Proc Natl Acad Sci USA. 2010;
107:6364-6369.
37. Mullins RD. Cytoskeletal mechanisms for breaking cellular symmetry. Cold Spring Harb Perspect Biol.
2010; 2(1):a003392.
38. Murray P, Edgar D. Regulation of the differentiation and behaviour of extra-embryonic endodermal
cells by basement membrane. J Cell Sci. 2001; 114:931-939.
39. Ninomiya H, David R, Damm EW, Fagotto F, Niessen CM, Winklbauer R. Cadherin-dependent
differential cell adhesion in Xenopus causes cell sorting in vitro but not in the embryo. J Cell Sci.
2012; 125:1877-1883.
40. Nose A, Nagafuchi A, Takeichi M. Expressed recombinant cadherins mediate cell sorting in model
systems. Cell 1988; 54:993-1001.
41. Okabe M, Ikawa M, Kominami K, Nakanishi T, Nishimune Y. Green mice' as a source of ubiquitous
green cells. FEBS Lett. 1997; 407:313-319.
42. Peifer M. Developmental biology. Birds of a feather flock together. Nature 1998; 395:324-325.
43. Plusa B, Piliszek A, Frankenberg S, Artus J, Hadjantonakis AK. Distinct sequential cell behaviours
direct PrE formation in the mouse blastocyst. Development 2008; 135:3081-3091.
44. Riethmacher D, Brinkmann V, Birchmeier C. A targeted mutation in the mouse E-cadherin gene results
in defective preimplantation development. Proc Natl Acad Sci USA. 1995; 92:855-859.
45. Rossant J, Chazaud C, Yamanaka Y. Lineage allocation and asymmetries in the early mouse embryo.
Phil. Tran. Royal Soc. of London Series B Biological Sciences 2003; 358:1341-1348.
46. Rula ME, Cai KQ, Moore R, Yang DH, Staub CM, Capo-Chichi CD, Howe PH, Smith ER, Xu XX. Cell
autonomous sorting and surface positioning in the formation of primitive endoderm in embryoid
bodies. Genesis 2007; 45:327-338.
47. Saiz N, Grabarek JB, Sabherwal N, Papalopulu N, Plusa B. Atypical protein kinase C couples cell
sorting with primitive endoderm maturation in the mouse blastocyst. Development 2013; 140:43114322.
48. Schrode N, Saiz N, Di Talia S, Hadjantonakis AK. GATA6 levels modulate primitive endoderm cell fate
choice and timing in the mouse blastocyst. Dev Cell 2014; 29:454-467.
49. Smith ER, Zhang XY, Capo-Chichi CD, Chen X, Xu XX. Increased expression of Syne1/nesprin-1
facilitates nuclear envelope structure changes in embryonic stem cell differentiation. Dev Dyn. 2011;
240:2245-2255.
50. Smith ER, Meng Y, Moore R, Tse JD, Xu AG, Xu XX. Nuclear envelope structural proteins facilitate
nuclear shape changes accompanying embryonic differentiation and fidelity of gene expression.
BMC Cell Biol. 2017; 18:8.
51. Steinberg MS. On the mechanism of tissue reconstruction by dissociated cells. I. Population kinetics,
differential adhesiveness, and the absence of directed migration. Proc Natl Acad Sci USA. 1962;
Page 19/30

48:1577-1582.
52. Steinberg MS. Reconstruction of tissues by dissociated cells. Some morphogenetic tissue
movements and the sorting out of embryonic cells may have a common explanation. Science 1963;
141:401-408.
53. Steinberg MS. Differential adhesion in morphogenesis: a modern view. Cur Opin Gene Deve. 2007;
17:281-286.
54. Steinberg MS, Gilbert SF. Townes, and Holtfreter (1955): directed movements and selective adhesion
of embryonic amphibian cells. J Exp Zool A. 2004; 301:701-706.
55. Takeichi M. Cadherin cell adhesion receptors as a morphogenetic regulator. Science 1991; 251:14511455.
56. Tao W, Moore R, Smith ER, Xu XX. Endocytosis and Physiology: Insights from Disabled-2 Deficient
Mice. Front Cell Dev Biol. 2016; 4:129.
57. Tepass U, Godt D, Winklbauer R. Cell sorting in animal development: signalling and adhesive
mechanisms in the formation of tissue boundaries. Curr Opin Genet Dev. 2002; 12:572-582.
58. Townes PL, Holtfreter J. Directed movements and selective adhesion of embryonic amphibian cells.
J Exp Zool. 1955; 128:53-120.
59. Wang Y, Smedberg JL, Cai KQ, Capo-Chichi DC, Xu XX. Ectopic expression of GATA6 bypasses
requirement for Grb2 in primitive endoderm formation. Dev Dyn. 2011; 240:566-576.
60. Yang DH, Smith ER, Roland IH, Sheng Z, He J, Martin WD, Hamilton TC, Lambeth JD, Xu XX. Disabled2 is essential for endodermal cell positioning and structure formation during mouse embryogenesis.
Dev Biol. 2002; 251:27-44.
61. Yang DH., Cai KQ, Roland IH, Smith ER, Xu XX. Disabled-2 is an epithelial surface positioning gene. J
Biol Chem. 2007; 282:13114-13122.
62. Zernicka-Goetz M. Active cell movements coupled to positional induction are involved in lineage
segregation in the mouse blastocyst. Dev Biol. 2009; 331:210-221.

Supplementary Information
Supplemental information includes 9 movies.
Movie 1: Time-lapse video microscopy of the formation of WT plus WT-GFP ES cell aggregates from 0 to
48 hours, with intervals of 20 min.
Movie 2: Time-lapse video microscopy of the formation of E-cadherin null 9j plus WT-GFP ES cell
aggregates from 0 to 48 hours, with intervals of 20 min.
Movie 3: Time-lapse video microscopy of the formation of E-cadherin null 9j plus WT-GFP ES cell
aggregates from 0 to 48 hours, with intervals of 20 min. The video shows fusion of two spheroids.
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Movie 4: Z-stack confocal sectioning of a representative cell aggregate from E-cadherin (-/-) plus WT-GFP
ES, 24-hour earlier time course.
Movie 5: Z-stack confocal sectioning of a WT plus WT-GFP ES cell aggregate, 24-hour time point.
Movie 6: Z-stack confocal sectioning of an E-cadherin (-/-) plus WT-GFP ES cell aggregate, 48-hour time
point.
Movie 7: Z-stack confocal sectioning of a WT plus WT-GFP ES cell aggregate, 48-hour time point.
Movie 8: Development of E-cadherin (-/-) plus WT-GFP ES cell aggregates, later time course for transition
between the two patterns. Imaging started using 24-hour pre-formed aggregates, and recording continued
for another 24 hours.
Movie 9: Development of WT plus WT-GFP ES cell aggregates as a control.

Figures
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Figure 1
Characterization of wild-type and E-cadherin null ES cells. (A) Wild-type (WT) and E-cadherin null (E-cad
(-/-)) ES cells in monolayer cultures with and without retinoic acid exposure were analyzed by Western
blot for relative protein expression levels of the cell-cell adhesion molecules, E-cadherin and N-cadherin,
as well as the pluripotency and endodermal differentiation markers, Oct3/4 and Dab2, respectively. Cell
differentiation was achieved by treatment of the respective monolayer cultures with1 µM retinoic acid
(RA) for 5 days. (B) Bright field images of homotypic aggregation of wild-type or E-cadherin (-/-) cells over
a two-hour time course. (C) Cell adhesive affinity measured by aggregation rates of single cell
suspensions of wild-type and E-cadherin (-/-) cells. The aggregation of the homotypic cell suspension
yielded a serial reduction of particle count, measured using a Coulter Counter, over the time course. (D)
Wild-type and E-cadherin null ES cell aggregates, cultured in suspension, without and with retinoic acid
exposure were analyzed by Western blot for relative protein expression levels of E-cadherin, N-cadherin,
Oct3/4, and Dab2, respectively. (E) Epifluorescence images depicting the control, 2-day cultured
homotypic wild-type cell aggregates. The top row of images demonstrates the absence of non-GFPPage 22/30

labeled cells within the aggregates of WT-GFP cell culture. The bottom images establish intermixing of
both WT-GFP and WT cells within the heterotypic cell aggregates.

Figure 2
Sorting patterns in aggregates of wild-type and E-cadherin deficient ES cells. (A) Two representative cell
sorting patterns: dispersed single cells from RW4 wild-type and E-cadherin-deficient 9j ES cells were
mixed and allowed to aggregate for 2 days in suspension culture. The resulting cell aggregates were
analyzed by histology, and 5 µm sections on glass slides were stained with E-cadherin and actin,
countered stained with DAPI. Representative confocal images are shown for two main cell sorting
patterns: either the wildtype (E-cadherin positive) cells were clustered in the center, surrounded by Ecadherin negative cells (upper panel); or the wildtype cells formed a shell on the surface, enveloping Ecadherin negative cells (lower panel). (B) Intermixed ES cells, either RW4 wildtype plus CFG37 (GFPlabeled WT), or the E-cadherin deficient 9j plus GFP-labeled WT, were allowed to aggregate in suspension
culture for 2 days. Cryo-sections of the spheroids were analyzed by GFP epifluorescence, immunostaining
of E-cadherin, and countered staining with DAPI. Representative examples are shown: one image from
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WT + WT-GFP, and three images from E-cadherin (-/-) + WT-GFP spheroids. Each sorting patterns ranked
from 10% to 70% of the aggregates, variable in each independent experiment performed.

Figure 3
Time course for aggregation and maturation of spheroids. (A) Mono-dispersed WT-GFP plus unlabeled Ecadherin deficient ES cells were allowed to intermix and aggregate in suspension culture. Representative
images of GFP signals and overlayed on bright field were shown for 0, 12, 24, and 48-hours time points.
(B) Images of 24-hour spheroids from WT-GFP plus unlabeled wild-type or E-cadherin-deficient ES cells
are shown. Optical sectioning by confocal microscopy of representative individual spheroid was also
shown. (C) Images from 48-hour spheroids are shown. Scale bar denotes 100 μm. The Z-stack confocal
sectionings of the aggregates are included as supplementary results (Supplemental movie 3-6). (D) An
example shows the approach to quantitate the distribution of cell types in an aggregate from WT-GFP
plus E-cadherin (-/-) ES cells. The image of the aggregate was divided into equal areas of outer ring or
inner circle, defined as the region of interest (ROI). The intensities of GFP or DAPI in the ROI were
quantitated by Image J program. (E) The distribution of GFP signal in the outer ROI (region of interest)
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was calculated and averaged from multiple aggregates, with standard errors indicated. The numbers of
aggregates analyzed were 59 and 228 (wildtype), and 39 and 121 (wildtype plus E-cadherin null), for 24and 48-hour timepoint respectively. The differences are statistically significant by Student’s t-test,
indicated by “*” and “**” for a p value < 0.005 in both cases. (F) The distribution of DAPI signal was
shown as controls and for comparison.

Figure 4
Transition of sorting patterns. Mixtures of GFP-labeled wild-type and unlabeled wild-type or E-cadherin
deficient ES cells were cultured in suspension for 24-hour to produce aggregates. Individual spheroids
were then imaged by time-lapse video microscopy for another 24 to 48 hours. (A) Serial images at about
3-hour intervals were captured from a time-lapse movie of a representative heterotypic aggregate (starting
at 24 hour), composed of GFP-labeled wild-type and unlabeled E-cadherin (-/-) cells. Images of both GFP
alone and overlaid on bright field are shown. (B) Serial images of an aggregate (starting at 24 hour)
composed of GFP-labeled and unlabeled wild-type ES cells are shown as a control. The time-lapse
movies are included as supplementary data (Supplemental movie 7, 8).
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Figure 5
Polarity markers and differential distribution of cellular F-actin in ES cell aggregates. (A) Representative
confocal immunofluorescence images of 2-day cultured aggregates from mixture of WT and E-cadherin
null ES cells analyzed for E-cadherin and tight junction dependent classical apical polarity markers
including ZO-1, aPKC, and Ezrin, and countered stained with DAPI. (B) Representative confocal
immunofluorescence images of mature, 2-day cultured wild-type cell aggregates analyzed for E-cadherin,
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beta-Actin, and countered stained with DAPI. An arrow indicates the presence of apical actin staining on
the surface of the spheroid. (C) Representative confocal immunofluorescence images of 2-day cultured Ecadherin null ES cell aggregates analyzed for E-cadherin, beta-Actin, and countered stained with DAPI. An
arrowhead indicates that the actin staining of surface cells distributes rather uniformly around cell border,
lacking polarity. (D) Two examples of spheroids derived from heterotypic mixing of wild-type and Ecadherin (-/-) ES cells were analyzed for confocal immunofluorescence staining of E-cadherin and actin,
counter stained with DAPI. An arrow indicates the surface area that is E-cadherin-positive and shows a
polarized actin cap. An arrowhead indicates surface region that is composed of E-cadherin null cells and
contains uniformly distributed actin.
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Figure 6
Formation of polarized surface is independent of endoderm differentiation in ES cell aggregation. (A)
Spheroids from the 24- and 48-hour aggregation of wild-type ES cells were analyzed for confocal
immunostaining of Actin and Dab2 (a marker for endoderm differentiation). Individual spheroids are also
shown at higher magnification. An arrowhead indicates surface cells with uniformly distributed actin at
24-hour time course. An arrow indicates polarized actin cap on the apical domain of surface cells that are
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undifferentiated (Dab2-negative). In a rare spheroid containing differentiated cells, the differentiated cells
positioned on the surface lack actin cap, as indicated by an arrowhead. (B) Confocal images of spheroids
from aggregation of wild-type intermixed with E-cadherin deficient ES cells are shown for Actin and Dab2
immunostaining. Individual spheroids presented at a higher magnification show uniform Actin staining at
24 hours (arrowhead), and polarized and undifferentiated superficial cells harboring actin cap at 48 hours
(arrow). Rare spheroids containing differentiated cells also show an actin cap on the apical surface of
undifferentiated surface cells (arrow).

Figure 7
Proposed Models and Illustrations. (A) Maturation of ES cell aggregates coincides with the formation of a
surface actin cap prior to differentiation. We discovered that ES cell aggregates mature with further
culture and form a polarized surface that can be observed with a polarized actin cap, prior to the initiation
of endoderm differentiation. (B) Mechanism for the reversion of cell positioning with adhesive affinity.
When a highly adhesive cell type (such as wild-type ES cells) is intermixed with a less adhesive cell type
(such as the E-cadherin deficient ES cells), the highly adhesive cells are sorted to the interior, enveloped by
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the less adhesive cells. The pattern is predicted by Steinberg’s differential adhesive affinity hypothesis.
However, we observed that upon maturation, the highly adhesive cells subsequently form an outer shell,
surrounding the less adhesive cells, a pattern contradictory to the differential adhesive affinity
hypothesis. The ability for highly adhesive cells to form a polarized surface layer is a likely explanation
for the observed cell sorting behavior that contradicts the differential adhesive affinity hypothesis. The
process of cell sorting and positioning is illustrated, and 3D depictions of the different sorting patterns
are generated based on optical sectioning of the representative spheroids.
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