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ABSTRACT Clonality is, at present, the only means by which the self-renewal potential of a given stem cell can be determined.
To assess the clonality of human embryonic stem cells (hESC), a protocol involving seeding wells at low cell densities is
commonly used to surmount poor cloning efficiencies. However, factors influencing the accuracy of such an assay have not
been fully elucidated. Using clonogenic assays together with time-lapse microscopy, numerical analyses, and regulated gene
expression strategies, we found that individual and collective cell movements are inherent properties of hESCs and that they
markedly impact the accuracy of clonogenic assays. Analyses of cell motility using mean-square displacement and paired
migration correlation indicated that cell movements become more straight-line or ballistic and less random-walk as separation
distance decreases. Such motility-induced reaggregation (rather than a true clone) occurs ~70% of the time if the distance
between two hESCs is<6.4 mm, and is not observed if the distance is>150 mm. Furthermore, newly formed small hESC colonies
have a predisposition toward the formation of larger colonies through asymmetric colony expansion and movement, which would
not accurately reflect self-renewal and proliferative activity of a true hESC clone. Notably, inhibition of Rho-associated kinase
markedly upregulated hESC migration and reaggregation, producing considerable numbers of false-positive colonies.
Conversely, E-cadherin upregulation significantly augmented hESC clonogenicity via improved survival of single hESCs without
influencing cell motility. This work reveals that individual cell movement, asymmetric colony expansion, Rho-associated kinase,
and E-cadherin all work together to influence hESC clonogenicity, and provides additional guidance for improvement of
clonogenic assays in the analysis of hESC self-renewal.
INTRODUCTION
Clonality is an essential parameter in stem cell research

because it is the measure of the self-renewal potential of

a given stem cell (1–3). In the study of self-renewal of human

embryonic stem cells (hESC), several protocols for clono-

genic assays have been developed. Some examples include

physical isolation of single cells under the microscope (1),

serial dilution (4), fluorescence-activated cell sorting of

single cells (5,6), and low density plating (3,7–10). How-

ever, unknown mechanisms typically lead to massive cell

death upon hESC dissociation and extremely low cloning

efficiencies (<0.5% ~ 0.83%) (8,9). Thus, the first three

protocols, although likely yielding results that are more accu-

rate, are less practical when used as routine assays. The last

protocol, involving the culturing of dissociated single hESCs

at a low cell-seeding density in the same well (3,7–10), has

often been employed. In this procedure, newly formed clones

are observed from day 3 to day 7, and clonogenicity can be

further determined by serial plating of resultant clones

(3,7,10). Additional means have been developed to improve
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cloning efficiency, such as inhibition of Rho-associated

kinase (ROCK) (8).

Given that cell movements are a major driving force

during embryonic development (11–13), it is possible that

hESCs may also exhibit considerable motility. It is less clear

to what extent cell motility impacts hESC clonogenic assays.

The conditions under which the resultant colony size can

accurately reflect the proliferative activity of a single found-

ing cell and hESC clone also need to be defined more rigor-

ously. Furthermore, it is less clear whether Rho-associated

kinases, which are known to regulate cytoskeleton function,

influence hESC motility and readout from such clonogenic

assays.

In this report, we provide the first demonstration that

individual cell movement, asymmetric colony expansion,

and Rho-associated kinase all have an effect on the outcome

of clonogenicity. From this work, a number of parameters

emerged that should be considered and controlled to interpret

autonomous growth and clonogenicity of hESC.

First, to assure the emergence of a clonal structure from

a single founding hESC, the plating density should be such

that a minimum cell separation of 150 mm can be maintained.

Second, to exclude small colonies coalescing through asym-

metric expansion or movement, and to assure that the colony

size truly reflects the proliferative activity of a hESC clone,
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regular monitoring is required. Finally, inhibition of Rho-as-

sociated kinase markedly increases hESC motility, generating

considerable numbers of false-positive colonies via cell reag-

gregation. As such, small molecules capable of augmenting

hESC motility may confound interpretation of clonogenic

assays. Conversely, upregulation of E-cadherin expression

improves clonogenicity without modifying motility.

Altogether, these findings provide additional guidance for

the quality assurance of the clonogenic assay, which remains

an essential tool in the study of hESC self-renewal.
MATERIALS AND METHODS

Culture of hESCs and assessment
of undifferentiated markers

H1 and H9 hESC lines were obtained from WiCell Research Institute (Mad-

ison, WI) and the CA1 cell line from Mount Sinai Hospital in Toronto (a gift

from Dr. Nagy, Samuel Lunenfeld Research Institute, Toronto, Ontario,

Canada). All cell lines were approved for use by the local ethics board and

the Stem Cell Oversight Committee of the Canadian Institutes of Health

Research. Undifferentiated hESC were maintained under feeder-free condi-

tions as previously described (14–17) (see the Supporting Material).

Derivation of E-cadherin Tet-ON expression
subclones

See the Supporting Material.

Clonogenic and self-renewal assays of hESCs
and ROCK inhibitor treatment

Single hESCs were prepared as previously described (15,18). Briefly, hESC

colonies were isolated under a dissecting microscope and dissociated by treat-

ment with collagenase IV for 5 ~ 10 min, followed by 4-mM EDTA-PBS or

PBS-based cell dissociation buffer (Invitrogen, Carlsbad, CA) and passed

through a 40-mm cell strainer (BD, Franklin Lakes, NJ). SSEA-3 positive cells

were obtained by fluorescence-activated cell sorting as previously described

(7), and single cells seeded on Matrigel (BD Biosciences, San Jose, CA) and

cultured in mouse embryonic fibroblast-conditioned medium supplemented

with 12 ng/mL bFGF. Clonogenic capacity assay was performed as described

previously (3,17) but with a plating density of 1000 or 1500 live cells/cm2 for

both first and secondary plating (from dissociated first colonies at day 7).

Colony number was assessed every day after reseeding. For ROCK inhibitor

treatment, Y-27632 (Calbiochem, San Diego, CA) was added to culture

medium at a concentration of 10 mM upon seeding cells (8).

Time-lapse microscopy, quantitative cell tracking,
and motility analysis

Cells were housed in a LiveCellþ system (Pathology Devices, Westminster,

MD) at 37�C, 5% CO2, and 75% humidity. Time-lapse images were acquired

every 2 or 5 min up to 72 h using a fully automated model No. DMI6000B

microscope (Leica Microsystems, Wetzlar, Germany) equipped with a motor-

ized X-Y-Z stage and a model No. DFC 350 FX digital camera (Leica

Microsystems). Four-to-five areas per well were monitored and quantified

with AF6000 (Leica Microsystems) or Volocity 4.1 (Improvision, Perkin-

Elmer, Waltham, MA) software. Velocity and migratory directionality (D/T)

were determined by tracking the centroid position of cells on unprocessed

movies using a Track-Objects function (see the Supporting Material). Cell

separation was measured from the cell membrane of one cell to the membrane

of its nearest-neighbor cells.
Quantitative analysis of individual cell movement

Groups of cells with an initial separation distance of ~30 mm, 70 mm,

and >150 mm were analyzed using the procedure outlined below. The

mean-square displacement (MSD), hp2(t)i, was calculated as a function of

time interval Dt as described previously (19,20),

�
r2ðDtÞ

�
¼
�
ðxiðt0 þ DtÞ � xiðt0ÞÞ2þðyiðt0 þ DtÞ
� yiðt0ÞÞ2

�
;

where

~ri ¼ ðxi; yiÞ
denotes the Cartesian coordinates of the cell i, t0 denotes the start of

time-lapse recording, and

ðxiðt0Þ; yiðt0ÞÞ
corresponds to the initial position of cell i. The MSD is averaged over all

cells at time t ¼ t0 þ Dt, and hp2(Dt)i denotes the arithmetic mean. The

time-lapse was carried out either until cells merged or a time period of

10 h elapsed, whichever occurred first. Time intervals of 5, 10, or 20 min

were used depending on the aforementioned events.

In general, the MSD behaves according to the asymptotic power-law

function of the form �
r2ðDtÞ

�
aðDtÞa:

Due to the time-varying behavior of the MSD plot, curve-fitting was carried

out in a piecewise fashion, under approximately equal time intervals.

Nonlinear curve fitting was performed using the Trust-Region algorithm

in MATLAB (The MathWorks, Natick, MA) with 95% confidence intervals.

The spatial correlation of velocity was modified for paired analysis of cells.

Most time-lapse videos captured a single pair of cells at any given time, with

the endpoint occurring when cellular adhesion occurred. We have termed

this the paired migration correlation or Cm:

CmðtÞ ¼ 1

2

�
~va$~uab

j~vaj
�~vb$~uab

j~vbj

�

The terms ~va and ~vb represent the velocity vectors of cells a and b,

respectively, at time t where

~vi ¼ ð~riðt þ DtÞ �~riðtÞÞ=Dt:

The value~uab is the unit vector that originates from cell a, pointing toward

cell b at any time t. The maximum value Cm ¼ 1 represents highly efficient

movement by which the cells move toward each other linearly along a line

that joins cells a and b. The minimum value Cm ¼ �1 represents cells

moving away from each other along the unit vector, while Cm¼ 0 represents

movement orthogonal (i.e., perpendicular) to the unit vector.
Immunocytochemical and alkaline phosphatase
staining

Immunofluorescence staining was conducted as described previously

(14,15,17). In brief, hESCs were fixed, permeabilized, and incubated with the

primary antibodies (goat anti-Oct4, 3 mg/mL, cat. No. sc-8628; Santa Cruz

Biotechnology (Santa Cruz, CA) or mouse anti-E-cadherin, 5 mg/mL, clone

No. 67A4; Chemicon, Millipore, Billerica, MA), and visualized by incubation

with Alexa Fluor 488- or 555-conjugated donkey anti-goat IgG or anti-mouse

IgG (1:400 dilution; Molecular Probes, Eugene, OR). Normal goat IgG isotype

and normal mouse IgG isotype (Sigma, St. Louis, MO) and antibody diluent

alone served as controls. TUNEL staining was carried out using the ApopTag

Plus FITC in situ kit (Chemicon) according to the manufacturer’s instructions.
Biophysical Journal 98(11) 2442–2451



2444 Li et al.
Alkaline phosphatase staining was performed using Vector Red substrate

(Vector Laboratories, Burlingame, CA) (14,21) (see the Supporting Material).
Fluorescence microscopy and image analysis

Immunofluorescence images were obtained by using a FluoView FV1000

confocal microscope (Olympus, Melville, NY) or a model No. DMI6000B

microscope (Leica Microsystems). Olympus FluoView or Leica AF6000

software was used for image processing and quantitative analysis. The inten-

sity of E-cadherin fluorescence at cell-cell contacts was measured using line

scan function. A total of 40 lines per experiment, 200 pixels in length, were

drawn through each junction, and the average pixel intensity for each posi-

tion along the line was determined. To determine apoptosis, the total number

of TUNEL-positive cells and nuclei were counted using Leica software. The

percentage of apoptotic cells was calculated as

ðnumber of cells positive for TUNEL=number

of nuclei stained with DAPIÞ � 100%:

Data were expressed as fold increase over the control value.
Quantitative PCR and inhibition of stromal-derived
factor 1

See the Supporting Material.
Statistical analysis

Statistical significance was determined using a Student’s t-test, ANOVA, or

c-square wherever appropriate. Results were considered significant when

P < 0.05.
Biophysical Journal 98(11) 2442–2451
RESULTS

Individual and collective cell movements
are intrinsic properties of hESCs

Because individual and collective cell movements represent

a major driving force underlying embryonic development

(11,12), we reasoned that hESCs, derivatives of the inner

cell mass of the early embryo, might also possess these

biological behaviors. We therefore examined the motility

of adherent individual hESCs in the absence (0.5–1 cell

per well) and presence of neighboring cells (Fig. 1).

Undifferentiated hESCs were prepared from SSEA-3

positive cells by a flow cytometer sorting or by dissociating

undifferentiated colonies selected under a dissecting micro-

scope. SSEA3 has been taken as a marker for undifferenti-

ated hESCs and used in hESC clonogenic assays (3,7,10).

The distance between attached cells was measured at the

beginning of time-lapse microscopy, and verified by quanti-

tative analyses of time-lapse movies. We found that the

travel radius of single hESCs was ~51.6 5 18.6 mm

(maximum of 88 mm) at an average speed of 9.1 mm/h

for a single hESC in the absence of neighboring cells

(Fig. 1 A). Similar results were obtained from groups of cells

with minimum separation distance >150 mm. The pattern of

movement of these cells was akin to that of a particle under-

going random-walk when separation was>150 mm (Fig. 1 B,

Movie S1 in the Supporting Material). However, when

the separation distance was <70 mm, the movement of
FIGURE 1 Individual and collective movements are

intrinsic properties of hESCs. (A) Quantification of

individual hESC movement in the absence of neighboring

cells. Motility was calculated as velocity (mm/h) and travel

radius (maximum linear distance from the starting point to

the point farthest away from the starting point within 41 h).

Cell movements were recorded by time-lapse microscopy

and quantified by Volocity 4.1 software (Improvision, Per-

kin-Elmer). Data were pooled from four independent

experiments, n ¼ 87 cells. (B) Typical random movement

of one hESC in the absence of neighboring cells (one cell

per well). In the rightmost panel, lines represent cell local-

ization at each time point and the arrow indicates the direc-

tion of cell movement. Bars, 20 mm. See Movie S1.

(C) Typical directional movement of individual hESCs

with <70 mm of separation distance. Bars, 50 mm. See

Movie S2. (D) Quantification of the persistence of migra-

tory directionality of individual hESCs with a separation

distance >150 or <70 mm. D/T represents the ratio of the

direct distance [D] from the start point to the end point

divided by the total length of cell trajectory [T] (22).

Data were pooled from four independent experiments; error

bars indicate standard deviation (SD) based on n > 150

cells per group. *p < 0.05. (E) Asymmetric collective

movement/colony expansion of hESCs. Colonies were

recorded by time-lapse microscopy 24 h postpassage of

hESC clusters. Bars, 100 mm. See Movie S3.
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individual cells became more organized and directional

(Fig. 1 C, Movie S2). This increase in directional migration

was initially confirmed and quantified by determining the

ratio of the shortest linear distance (D) to the total distance

traversed (T) (22). Cells with <70 mm of separation distance

had a twofold greater D/T directionality ratio than those

with >150 mm of separation (Fig. 1 D, p < 0.05). These

results suggest that reduced separation distance between

individual hESCs predisposes hESCs to migration toward

one another.

We next examined whether hESC colonies exhibited

collective movement and directionality, a phenomenon

observed in animal tissue and organ development wherein

the movement of interconnected cells is highly orchestrated

(11). Indeed, dependent on the separation from neighboring

colonies, hESC colonies showed directional movement and

colony expansion, exhibiting an inclination to merge and

form a larger colony (Fig. 1 E and Movie S3). These obser-

vations suggest that hESCs are capable of collectively

sensing neighboring colonies and responding via concerted

migration.
Cell motility and asymmetric colony expansion
facilitate hESC reaggregation and impact the
accuracy of clonogenic assays

As the transition from random-walk to directional movement

depends on the distance between cells (Fig. 1), we attempted

to determine which cell-separation distance would assure

a true clonogenic assay. We examined the correlation

between cell-separation distances and cell-reaggregation

frequency (false-positive colonies) (Fig. 2) and found that

when the distance between two cells was <6.4 mm (at

a plating density of 37,500/cm2), cell reaggregation

frequency was ~77% within 2 h and collective movement

occurred shortly after reseeding (Fig. 2 A, Movie S4).

Conversely, negligible reaggregation was observed over 20 h

if the separation distance between two adjacent cells was

>150 mm (>5 cell diameters, at a plating density of ~1500

cells/cm2) (Fig. 2 C). Short cell-separation distances and

occasional reaggregation were exceedingly rare (<0.6%,

Fig. 2 C) at such a low plating density, owning primarily

to minor inhomogeneities in initial cell distribution.

Although 150 mm of separation corresponds to a theoretical
FIGURE 2 Cell-separation distance and cell motility

impact clonogenic assays. Cell-separation distances (asso-

ciated with plating density) inversely correlate with

cell-reaggregation frequency (false-positive colonies).

With <6.4 mm of cell-separation distance (at a plating

density of 37,500/cm2), cell reaggregation occurs

immediately after replating and the reaggregation

frequency is ~77% within 2 h (t2) (A and B, and see Movie

S4). Conversely, with >150 mm of separation distance (>5

cell diameters), reaggregation does not generally occur;

short separation distance and reaggregation are observed

only occasionally at a plating density of 1500 cells/cm2

within 20 h (t20) (C). The average cell diameter 2 h post-

plating is 30.1 5 2.4 mm (D, n ¼ 196 cells). Theoretically,

the plating density based on the most efficient packing

factor (two-dimensional hexagonal close-packed) is 3564

cells/cm2 at 150 mm of separation distance (E). For all

panels, data are mean 5 SD based on n > 150 cells pooled

from three independent experiments. Bars, 10 mm.

Biophysical Journal 98(11) 2442–2451



FIGURE 3 Quantitative analysis of cell movement (A) The mean-square

displacement (MSD) values increase with decreasing cell separation

distances. Toward the end of cell migration when merging was about to occur

(30-mm and 70-mm groups), MSD trends upwards, indicating increased cell

velocity. (B) Fitted values of the power-law function exponent a. To provide

a better fit, each MSD data set was divided into intervals as shown in the table.

The a values increase with decreasing cell separation (one-factor ANOVA,

p ¼ 0.004). (C) Paired migration correlation coefficient Cm values increase

with decreasing cell separation distance. Two cells undergoing random-

walk would have an expected Cm value of 0. This was indeed the case

for >150-mm group, for which mean Cm ¼ �0.005 5 0.088. Mean Cm

values for 70-mm and 30-mm groups were 0.273 5 0.065 and 0.341 5

0.104, respectively (p < 0.05 compared to >150-mm group individually),

indicative of increasing migration toward each other. For all panels, n ¼ 3

independent experiments (50 cells per group).
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plating density of 3564 cells/cm2 (assuming the most

efficient packing factor with two-dimensional hexagonal

close-packed arrangement; see Fig. 2, D and E), a plating

density of %1000 cells/cm2 should be considered instead

of 1500 cells/cm2 to further minimize this small risk

(<0.6%) of uneven cell distribution and subsequent reaggre-

gation of closely appositioned cells.

When reaggregation occurred, cells with an initial separa-

tion distance of 30 mm had merged after 100 min and the

70-mm group had merged after 340 min, while the

>150-mm group had not merged at up to 4320 min. To

more quantitatively examine the relationship between cell

separation and movement, we calculated the MSD, the expo-

nent fitting parameter a, and the paired migration correlation

(Cm) coefficient (19,20,23) for cells with an initial separation

distance of 30, 70, and >150 mm based on our experimental

observations (Fig. 1). The MSD plot trend gives an

indication as to the predominant type of motion the cells

display, with a linear trend corresponding to random-walk

and a parabolic trend corresponding to straight line or

ballistic motion. When plotted against time, MSD values

increased with respect to both time and decreasing cell-sepa-

ration distances (Fig. 3 A), indicating increased cell direc-

tionality and, possibly, velocity. For the 30- and 70-mm

groups, the MSD values increased more dramatically toward

the end, when cell contact was eminent; the curvature of the

MSD plot at later time points appeared more parabolic while

that of earlier time points appeared more linear. This

contrasts with the >150-mm group, for which cell contact

did not occur and the MSD plot remained essentially linear

throughout. These findings suggest that some form of cellul-

ar communication takes place below a certain threshold sepa-

ration distance.

Calculation of the exponent fitting parameter a from the

MSD data provides a more rigorous description of cellular

motion. It is well known that a ¼ 1 represents random-

walk with the MSD governed by Einstein’s equation

�
r2ðtÞ

�
¼ 2dDt;

and a¼ 2 represents pure ballistic motion. The exponent a can

also be 1 < a < 2, corresponding to the anomalous diffusion

induced by temporal and/or spatial correlations (19,23). Due

to the temporally varying type of cell motion with transition

from random-walk to ballistic as cell separation decreases,

a piecewise fitting procedure was carried out to capture these

subtleties. A table of the exponent fitting parameter a showed

that mean a value increased with decreasing initial cell

separation (Fig. 3 B). Moreover, for the 30-mm group, the

a values also increased with time, congruent with continually

decreasing cell separation due to mutual movement toward

each other. The a values demonstrate that cell separation

distance directly influences cellular motion and reaggregation,

further emphasizing the notion that adequate separation

distance is crucial in designing clonogenic assays.
Biophysical Journal 98(11) 2442–2451
The paired migration correlation Cm is an adaptation of

the spatial correlation suited for analyzing pairs of cells.

The dot product of individual cell velocity with the unit

vector that joins the two cells gives an indication of the

efficiency with which the cells move toward each other.



FIGURE 4 Rock Inhibitor Y-27632 augments cell motility and facilitates

reaggregation of hESCs. (A) Representative still images and cell-tracking

analyses of individual hESCs in the presence or absence (Control) of

ROCK inhibitor Y-27632 (10 mM). The circle defines the cell position and

the arrow indicates the cell migration from each successive time point. The

few small particles in the images are cell debris, which has been confirmed

by time-lapse analyses (see Movie S5 and Movie S6). (B) Y-27632 treatment

increases the travel radius (maximum linear distance from the starting point to

the point farthest away from the starting point) of dissociated hESCs. (C)

Representative plots of centroid positions of cell migration tracks analyzed

in panel B. (D) Y-27632 treatment markedly increases cell reaggregation of

dissociated hESCs. Cell movements in Fig. 4 were tracked at 5-min intervals

over a span of 20 h. Single hESCs at a plating density of 1500 cell/cm2 were

seeded onto Matrigel-coated plates (BD Biosciences) and cultured in mouse

embryonic fibroblast-conditioned medium in the absence or presence of

Y-27632 (10 mM). Data were pooled from three independent experiments;

error bars indicate SD based on n > 120 cells in each group. * p < 0.05,

** p < 0.01. Bars, 100 mm (A and C).
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A Cm of 1 or �1 indicates movement either directly toward

or away from each other, respectively. Cm of 0 indicates

movement orthogonal to the unit vector. The Cm values

for both 30-mm and 70-mm groups mostly ranged from

0 to 1 while that of >150-mm group was evenly distributed

from �1 to 1 (Fig. 3 C). The mean Cm value for the 30-mm

group (Cm¼ 0.341 5 0.104) was greater than that of

the 70-mm group (Cm¼ 0.273 5 0.065). Both were

significantly greater than that of the >150-mm group

(Cm¼ �0.005 5 0.088, single-factored ANOVA, p ¼
0.011). The Cm results suggest that cells moved more effi-

ciently toward each other as separation distances decreased,

likely representing improved signaling and/or sensing of

each other’s presence.

Soluble cytokines and/or chemokines provide one possible

means for cells to sense each other (24–27), of which stromal-

cell derived factor 1 (SDF-1 or CXCL12) may be a candidate

factor. This factor has been found to play crucial roles in

a wide range of developmental processes during embryogen-

esis and in the mediation of cell movements (24). Our initial

DNA array results showed that both SDF-1 and its receptor

CXCR4 were significantly expressed in undifferentiated

hESCs. The next step involved determining whether inhibi-

tion of SDF-1 by using a neutralizing antibody would influ-

ence the frequency of hESC reaggregation. In comparison

to isotype control, addition of SDF-1 antibody to the culture

medium resulted in a twofold decrease in cell reaggregation

(for cell-separation distances 30–70 mm) (Fig. S1). These

results suggest that the SDF-1/CXCR4 axis is a possible

contributor to the migration and reaggregation of single

hESCs.

Collectively, the above data suggest that appropriate

separation distance and its impact on cell motility is an essen-

tial criterion for quality assurance of the hESC clonogenic

assay. At >150 mm of separation distance between two

attached cells (or>5 hESC diameters, beyond the travel radius

of 51.6 5 18.6 mm), regardless of the plating density, single

hESCs are devoid of directional movement, therefore yielding

more-accurate results from the clonogenic assay. Because

uneven cell distribution might still occur even at low seeding

densities, the separation distance should be verified 4–6 h

postplating to assure sparseness of these attached cells.

Rho-associated kinase activity influences hESC
motility and clonogenicity

Because hESC motility markedly impacts the accuracy of the

hESC clonogenic assay, and Rho-family GTPases and their

effector ROCK are pivotal regulators of cell motility

(13,28), we sought to determine to what extent ROCK influ-

enced hESC movement. It has been shown that either inhibi-

tion or enhancement of cell movements via ROCK activity is

highly dependent on both the cell type and culture conditions

(28). For instance, excessive ROCK activity inhibits cell

migration, possibly as a result of the formation of strong focal

adhesions. Conversely, inhibition of ROCK activity can
suppress the invasion of rat hepatoma cells and the migration

of metastatic breast cancer cells (28). The role of ROCK in

hESC motility has not been fully addressed, although the

ROCK inhibitor Y-27632 has been recently reported to

augment hESC survival and to enhance clonogenicity (8).

Using the same concentration as previously utilized (8), we

found that the ROCK inhibitor Y-27632 dramatically

augmented the motility of dissociated hESCs, with subse-

quent enhancement of cellular reaggregation (Fig. 4 A, Movie

S5 and Movie S6). At a plating density of 1500 cells/cm2,

exposure of hESCs to Y-27632 resulted in eightfold increase

in cell motility. This was reflected in the cell travel radius

(i.e., the maximum linear distance from the starting point to

the point farthest away from the starting point, Fig. 4 B) and
Biophysical Journal 98(11) 2442–2451
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the trajectory of cell migration (Fig. 4 C). As a result, a 30-fold

increase in the frequency of cell reaggregation was observed

when cells were treated with ROCK inhibitor Y-27632 (Fig. 4D).

These results indicate that suppression of ROCK activity

markedly augments hESC motility, such that ~60% of the

resultant colonies in this assay were, in fact, derived from

reaggregated cells rather than from a single founding hESC

(Fig. 4 D). As such, molecules and growth factors involved

in ROCK and Rho-family signaling pathways need to be

carefully evaluated to preclude the generation of such false-

positive clones when a low cell-density protocol is used to

assess the clonogenic capacity of hESCs.

A new approach to increase hESC clonogenicity
via modulation of E-cadherin without modifying
cell motility
Very low cloning efficiency is one of the major hurdles in hESC

clonogenic assays in part because dissociated hESCs are highly

susceptible to cell death through undetermined mechanisms

(8,9). Although ROCK inhibitors show great potency in
Biophysical Journal 98(11) 2442–2451
increasing the number of colonies when seeding wells at low

cell-densities (8), an appreciable number of such colonies

may be generated from cell reaggregation via increased cell

motility. Therefore, development of new approaches capable

of increasing clonogenicity without significantly interfering

with cell movement is required. In this regard, we have found

that inhibition of E-cadherin expression results in the upregula-

tion of the pro-apoptotic gene Caspase-3 and concomitant

downregulation of the apoptotic inhibitory gene Bcl-XL

(L. Li, L. Moalim-Nour, and S. Wang, unpublished observa-

tions). We therefore reasoned that E-cadherin might facilitate

the survival of single hESCs and thus improve cloning effi-

ciency. To test this possibility, we utilized a doxycycline-

inducible system to conditionally upregulate E-cadherin

expression (Fig. 5, A–E) rather than a constitutive E-cadherin

overexpression, as the latter tends to cause the formation of

embryoid bodies and initiate hESC differentiation (L. Li,

L. Moalim-Nour, and S. Wang, unpublished observations).

As anticipated, E-cadherin upregulation augmented the

expression of apoptotic inhibitory gene Bcl-XL, inhibited the
FIGURE 5 Augmenting hESC clonogenic capacity

without modifying cell motility via upregulating E-cad-

herin. (A) Schematic representation of the Tet-ON E-cad-

herin system. (B–E) Tet-ON E-cadherin hESCs (clones

1–8 from H9 line) exhibit E-cadherin upregulation 24 h

postexposure to 1 mg/mL doxycycline (þDOX) (B, quanti-

tative PCR). Forty-eight to 72 h later, these doxycycline-

induced hESCs form thick and compact colonies (C), and

exhibit more intense membrane E-cadherin staining

(D, line-scan analysis, >100 cells per group, average pixel

intensity assessed with Leica AF6000 software). These

hESCs also express undifferentiated marker Oct4 in the

nuclear regions (E). (F) Doxycycline-induced upregulation

of E-cadherin markedly enhances the expression of the

apoptotic inhibitory gene Bcl-XL and suppresses the

pro-apoptotic gene Caspase-3 (quantitative PCR, 24 h after

exposure to doxycycline). (G) TUNEL assay. Tet-On

E-cadherin hESCs were cultured in the presence and

absence of doxycycline (1 mg/mL) for 48–72 h and

dissociated into single hESCs. Fourteen hours post-reseed-

ing, apoptosis of hESCs was detected using TUNEL assay.

The percentage of apoptotic cells was calculated as

described in Materials and Methods. Data were expressed

as fold increase over the control value (þDOX). (H) Upre-

gulation of E-cadherin markedly increases clonogenicity in

primary and secondary clonogenic assays. Tet-ON E-cad-

herin hESCs were cultured in the absence or presence of

doxycycline (1 mg/mL) for 48–72 h before primary plating.

Plating density: 1000 live cells/cm2. (I) Doxycycline-

induced E-cadherin upregulation does not augment

individual hESC movement. Plots of centroid positions

of the representative tracks and the travel radius were quan-

tified from >130 cells in each group and tracked for 20 h.

For all panels, data are mean 5 SD from three (A–H)

or four (I) independent experiments. ** p < 0.01. Bars,

100 mm (C), 20 mm (D and E), and 10 mm (I).



Cell Motility Impacts hESC Clonogenicity 2449
expression of pro-apoptotic gene Caspase-3 (Fig. 5 F), and

resulted in a decrease in the number of apoptotic cells after

reseeding dissociated hESCs in the clonogenic assay

(Fig. 5 G). Furthermore, hESC clonogenicity was increased

up to 20-fold, based on both primary and secondary plating

assays (Fig. 5 H) (3,7,10). These findings suggest an associa-

tion between increase in clonogenicity and reduction in cell

death, as anticipated. Notably, increased E-cadherin levels

had no impact on the motility of individual hESCs in compar-

ison to controls (Fig. 5 I). Together, these results suggest that

poor hESC clonogenicity is partially due to the low level

expression of E-cadherin, and that upregulation of E-cadherin

enhances clonogenic capacity without influencing hESC

motility, thus providing an alternate means to improve cloning

efficiency.

E-cadherin has been found to demarcate differentiated and

undifferentiated hESCs as it is expressed on undifferentiated

hESCs and is extinguished after differentiation (29–31). We

found that the 98–99% of dissociated hESCs that failed to

maintain E-cadherin expression underwent either cell death

or differentiation 72 h postseeding (Fig. S2). In contrast,

hESCs in multicellular clusters that preserved E-cadherin

expression survived and formed typical undifferentiated

polyclonal colonies (Fig. S2). This suggests that the indi-

vidual and collective cell movements seen in dissociated

hESCs increases their survival by facilitating the timely rees-

tablishment of E-cadherin mediated cell-cell interactions

(Fig. S3). In addition, motility-induced cell reaggregation

also improved the recovery of dissociated hESCs after

freeze-thawing (Fig. S4). Such improvements could be

further enhanced when the ROCK inhibitor Y-27632, previ-

ously shown to be capable of reducing apoptosis (8) and

augmenting cell motility and reaggregation (Fig. 4), was

used on dissociated hESCs post-freeze-thawing (Fig. S4).

DISCUSSION

This work reveals that cell motility is an intrinsic property of

hESCs and influences both hESC clonogenic assay and main-

tenance. For years, clonogenic assay utilizing low-density

seeding of dispersed hESCs has been commonly used in

self-renewal assays (3,7–10,32). The factors affecting the

accuracy of this assay, however, have not been fully eluci-

dated. This study provides that first demonstration that the

negative impact of cell movements on the clonogenic assay

in the analysis of hESC self-renewal is notable. To ensure

that colonies derived from such assays are indeed clonal,

several essential parameters need to be considered:

Parameter 1. The hESCs should be evenly distributed

during plating.

Parameter 2. Plating density must ensure adequate separa-

tion of attached single hESCs (>150 mm of separation

distance, %1000 cells/cm2).

Parameter 3. Augmentation of hESC motility (which may

result from the use of growth factors or small mole-
cules known to influence Rho-associated kinases and

Rho family members, and could result in false-positive

colonies via enhanced cell reaggregation) must be

avoided.

Parameter 4. Frequent monitoring must be performed to

exclude colonies formed by asymmetric colony expan-

sion/movement and to ensure that colony size accu-

rately reflects the proliferative activity of a true clone.

Sparseness is crucial for ensuring the validity of the clono-

genic assay by way of low-density seeding in the same well

regardless of plating density. Cells with large separation

distances take longer to merge as a result of a greater degree

of random-walk (Figs. 1 and 3). Indeed, beyond a certain

separation distance (>150 mm), in the absence of inhibitors

of Rho-associated kinases, cells rarely merged. The MSD

plot echoes this trend. As cells become closer, there appears

to be an accelerated end-phase whereby the MSD increases

more rapidly. This terminal ballistic phenomenon is opposite

to the molecular movements in natural diffusion whereby the

particles behave ballistically for a finite period before

colliding into another particle and transitioning to random-

walk (20,33).

In the case of hESC, it appears that after the separation

distance decreases below a certain range, some form of cellular

communication takes place that is either new or is an amplifi-

cation of a preexisting signal, which results in altered cell

movement. The exponent fitting parameter a also shows that

as separation distance decreases, cellular movement became

more ballistic and less random-walk (Fig. 3), again consistent

with a nonrandom process driving cell merging. The observed

trend in a values suggest that cells are in fact modifying their

movement in response to external cues, and decrease in sepa-

ration distance appears to increase the efficiency of this move-

ment. Mathematical modeling of chemical gradients from

cellular sources also seems to support this notion (34). The

calculation of paired migration correlation Cm further corrob-

orates the observation that cells are more efficient at sensing

each other’s presence as separation distances decreases

(Fig. 3). Conversely, if cells do not communicate with each

other, then one would expect the average migration correlation

(Cm) value to be zero irrespective of separation distance, and

cellular contact would be dominated by probabilistic encoun-

ters and random chance. While the Cm plot (Fig. 3) shows this

to be the case when cell separation distance are>150 mm, the

Cm values for 70-mm and 30-mm separations range from 0 to

1—again demonstrating that decreased separation distances

increases the efficiency by which cells initiate movements

toward one another.

Notwithstanding these new observations, a comprehensive

understanding of the molecules that directly affect hESCs

migration is lacking at present. One possible mode of

intercellular communication between hESCs might be via

soluble cytokines and/or chemokines in a manner similar

to adult cells (24–27). This mode of communication is
Biophysical Journal 98(11) 2442–2451
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governed both by physicochemical transport processes and

cellular secretion rates, which in turn are determined by

genetic and biochemical processes of a given cell type

(34). For instance, analysis of the motility of bovine pulmo-

nary artery endothelial cells reveals that the cells appear to

sense the presence of one another at distances of ~40 mm

by communication via soluble cytokines or chemokines

(35); hematopoietic progenitor cells are aware of each other

at a distance of ~100 mm (34); and our present observations

suggest that hESCs sense each other at a distance of ~50–

75 mm. Furthermore, it appears that SDF-1 contributes to

the communication of dissociated single hESCs because

the addition of a neutralizing antibody against SDF-1

reduces hESC reaggregation (Fig. S1). This observation

suggests that a SDF-1 gradient may be present to instruct

single hESCs to migrate toward each other. However, addi-

tional chemokines as well as the intracellular signaling path-

ways responsible for directional movement of hESCs toward

domains of higher chemokine concentrations remain poorly

understood and require further investigation.

In terms of the asymmetric expansion/movement of hESC

colonies, many factors could influence this complex process.

Potential mechanisms include pathfinder cells, gradients of

oxygen or secreted cues (e.g., chemoattractants and repel-

lents), the extracellular matrix (e.g., haptotaxis, contact

guidance), and interactions with other cells (e.g., cell reag-

gregation or contact guidance).

Our current observations also provide the first evidence

that inhibition of Rho-associated kinase likely reduces the

clonogenic accuracy, when using a low cell-density protocol

(Fig. 4). The role of ROCK inhibitor in hESC survival has

been further probed via a clonal density culture (one cell/

well), although detailed methodology was not provided

(8). By excluding doublets and triplets and depositing one

cell/well using a flow cytometer, we found that the addition

of ROCK inhibitor indeed increased the cloning efficiency in

a clonal density culture. However, this was still much lower

than the cloning efficiency achieved in a low cell-density

culture (1500 cells/cm2). It appears that both antiapoptosis

and reaggregation contribute to colony formation during

clonogenic assays using a low cell-density protocol with the

inhibition of ROCK activity, with reaggregation predomi-

nantly responsible for the increase in cloning efficiency.

Conversely, upregulation of E-cadherin appears to increase

cloning efficiency primarily through the inhibition of

apoptosis (Fig. 5), resulting in a higher number of true

colonies. Collectively, our study suggests that cell movement

needs to be taken into account in clonogenic assays when

using a protocol involving seeding wells at low cell densities.

Despite the negative impact on hESC clonogenic assay,

individual and collective cell movements are actually

beneficial with regard to other aspects of hESCs. Namely,

they facilitate colony formation, reduce cell death, and enable

better maintenance and cryopreservation of hESCs (Fig. S2,

Fig. S3, and Fig. S4). The experimental results using
Biophysical Journal 98(11) 2442–2451
ROCK inhibitors published elsewhere (8,36) and our current

findings (Fig. S2, Fig. S3, and Fig. S4) support this notion.

Such density-dependent survival of dissociated hESCs can

be partially attributed to the timely reestablishment of cell-

cell adhesions. Inhibition of ROCK facilitates the migration

and reaggregation of dissociated single hESCs (Fig. 4), while

E-cadherin mediated cell-cell adhesions prevent the reaggre-

gated cells from moving away from its colony. In addition,

inhibition of Rho-associated kinase also reduces E-cadherin

diminution after hESC dissociation (L. Li, L. Moalim-Nour,

and S. Wang, unpublished observations), which may in turn

assist in the E-cadherin mediated cell-cell adhesions. Most

recently, Rho GTPase-dependent E-cadherin-mediated trac-

tion has been found to play an important role in cell migration

during Zebrafish embryogenesis (13). Further studies in the

coregulation of Rho GTPases and E-cadherin in cell motility

will lead to a better understanding of a wide range of cellular

processes during both normal development and disease

states (13).

In summary, this work reveals that individual cell move-

ment and asymmetric colony expansion/movement negatively

impact the accuracy of the hESC clonogenic assays when

using a low-seeding-density approach. Adequate sparseness

is essential for the quality assurance of this assay, to reduce

cell-cell communication leading to directional motility and

subsequent aggregation. Inhibition of Rho-associated kinases

markedly augments hESC motility and cell reaggregation,

thereby undermining the sparseness criterion and producing

false-positive colonies. Conversely, upregulation of E-cad-

herin provides a new approach for improving hESC clonoge-

nicity without modifying cell motility. These findings provide

important additional guidance for the quality control of the

clonogenic assay in the studies of hESC self-renewal.
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