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Abstract

This study characterizes dynamic and apoptotic blebbing in human embryonic stem cells (hESC), 

identifies dynamic blebbing as a bottleneck to successful cell attachment during passaging, and 

demonstrates that dynamic blebbing can be rapidly stopped by plating cells on recombinant 

human laminin. In freshly plated hESC, dynamic and apoptotic blebbing differed in time of 

occurrence, bleb retraction rate, mitochondrial membrane potential, and caspase 3&7 activation. 

While dynamic blebbing can be controlled with drugs that inhibit myosin II, these methods have 

off-target effects and are not suitable for clinical applications. Recombinant human laminin-521 

or addition of laminin-111 to Matrigel provided a safe method to drastically decrease dynamic 

blebbing and improve cell attachment with proteins normally found in the inner cell mass. 

Inhibition of focal adhesion kinase, which is activated by binding of integrins to laminin, 

prolonged dynamic blebbing and inhibited attachment. These data show that hESC bind rapidly 

to laminins through an integrin, which activates focal adhesion kinase that in turn downregulates 

dynamic blebbing. Laminins enabled hESC to rapidly attach during passaging, improved plating 

efficiency, enabled passaging of single pluripotent stem cells, and avoided use of inhibitors that 

have non-specific off-target effects. These data provide a strategy for improving hESC culture 

using biologically safe recombinant human proteins.
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1. Introduction

Human embryonic stem cells (hESC) were derived in 1998 (Thomson et al., 1998), 16 years 

after their first mouse counterparts were reported (Martin, 1981; Evans and Kaufman, 1981). 

hESC are generally derived from spare blastocysts offered for research purposes by patients 

undergoing in vitro fertilization (Thomson et al., 1998). Originally, hESC were cultured 

on mouse embryonic fibroblasts. However, many groups have worked on developing new 

protocols that do not need non-human components for hESC culture (Xu et al., 2001; 

Ludwig et al., 2006a). Two major improvements in hESC culture were the replacement of 

feeder layers with Matrigel, a hESC-qualified matrix, and the introduction of better defined, 

feeder-free maintenance culture media, such as mTeSR (Ludwig et al., 2006a; Ludwig et al., 

2006b; McElroy and Reijo Pera, 2008; Hughes et al., 2010). In spite of these improvements, 

hESC do not readily attach to substrates and cannot easily be plated as single cells.

Blebbing, which occurs during passaging, is the major bottleneck to attachment of hESC to 

substrates. Cell blebs can be either dynamic (non-apoptotic) or apoptotic. Apoptotic blebs 

occur on the surfaces of cells during death and have been reported in numerous studies 

(Coleman et al., 2011; Cocca et al., 2002; Barros et al., 2003). Dynamic blebs are membrane 

protrusions that appear and disappear from the surface of healthy cells (Charras and Paluch, 

2008). Dynamic blebbing occurs in three phases referred to as nucleation, expansion, and 

retraction (Charras, 2008). During nucleation, blebs begin to form when small areas of 

the plasma membrane detach from the cortical actin or when a local rupture occurs in 

the cortical actin. Once a bleb is nucleated, hydrostatic pressure in the cytoplasm drives 

bleb expansion causing cytosol to flow into the developing bleb (Charras, 2008). During 

expansion, the plasma membrane detaches further from the cortex, increasing bleb size. As 

bleb expansion slows, a new actin cortex reforms under the bleb membrane, and myosin II 

is recruited to the bleb to power retraction. Dynamic blebbing is a normal process during 

cytokinesis, when blebs appear at the poles of dividing cells (Boss, 1955; Porter et al., 

1973; Fishkind et al., 1991; Boucrot and Kirchhausen, 2007; Hickson et al., 2006; Charras 

et al., 2006), and in some cells, dynamic blebbing is the driving force that enables cell 

migration (Tokumitsu and Maramorosch, 1967). Therefore, dynamic blebbing appears to be 

an important physiological process in certain circumstances. Dynamic blebbing also plays a 

role in some diseases. For example, blebbing provides the motive force for invasion of tissue 

by Entamoeba histyltica and migration of breast cancer cells during metastasis (Khajah and 

Luqmani, 2015).

Like many other cell types, dissociated single hESC form a number of blebs on their 

surfaces during passaging (Ohgushi et al., 2010; Weng et al., 2015; Guan et al., 2013; Guan 

et al., 2015a; Guan et al., 2015b). Blebbing of hESC begins during passaging when colonies 

are dissociated into single cells or small colonies. hESC that are undergoing vigorous 

dynamic blebbing do not attach well to Matrigel-coated dishes. Because hESC that fail 

to attach eventually undergo apoptosis, blebbing of hESC is sometimes considered to be 

apoptotic (Ohgushi and Sasai, 2011). Understanding and controlling blebbing in hESC is 

important as it decreases plating efficiency and hinders bulk production of hESC that would 

be needed in stem cell clinics for therapeutic applications. It also precludes plating of single 
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cells for applications that require cell quantification, such as toxicological studies or drug 

testing.

To circumvent the bottleneck created by blebbing, Rho-associated protein kinase (ROCK) 

inhibitor (Y27632) is often used in hESC culture medium to facilitate attachment (Ohgushi 

et al., 2010; Watanabe et al., 2007; Harb et al., 2008; Krawetz et al., 2009). ROCK 

inhibitor suppresses blebbing by inhibiting ROCK which in turn inhibits non-muscle myosin 

II. However, ROCK inhibitors may not be optimal for several reasons. hESC appear 

morphologically abnormal and stressed during ROCK inhibitor treatment (Weng et al., 

2015). Inhibition of the ROCK pathway can affect numerous cell processes (Amin et al., 

2013), not just blebbing, and off-target effects may occur when Y27632 is used in hESC 

culture. Inclusion of ROCK inhibitor in hESC culture medium also alters IC50 values in 

toxicological studies (Fujimura et al., 2011) and may encourage unwanted differentiation of 

pluripotent cells (Kim et al., 2015). These factors may not be acceptable for culturing hESC 

that are eventually used for therapeutic purposes or in quantitative applications, such as drug 

testing.

The goals of this study were to characterize and compare dynamic and apoptotic blebbing 

in freshly plated hESC and to identify a safe method to reduce dynamic blebbing during 

passaging, thereby leading to improved culture protocols that will be suitable for all hESC 

applications.

2. Materials and methods

2.1. Inhibitors and depolymerizers

Nocodazole and cytochalasin D were purchased from Sigma Aldrich (St Louis, MO), and 

latrunculin A and swinholide A were gifts from Dr. Leah Haimo. Blebbistatin and ROCK 

inhibitors (Y27632 and H1152) were from Tocris Bioscience (Minnesota, USA). FAK 

inhibitor 14 was purchased from Sigma Aldrich (St Louis, MO) and Integrin α6/CD49f 

antibody was purchased from R&D systems (Minneapolis, MN).

2.2. Cell culture

Experiments were done using H9 hESC purchased from WiCell (Madison, WI). Before 

setting up experiments, hESC were expanded by plating on Matrigel-coated 6-well plates. 

Cultures were maintained in mTeSR medium (Stem Cell Technologies, Inc. Vancouver, 

Canada) in 5% CO2 at 37 °C and 95% relative humidity as described in detail previously 

(Lin and Talbot, 2011; Behar et al., 2012a; Behar et al., 2012b). When colonies reached 

70%–80% confluency (about 1 to 1.5 million cells), hESC were used in experiments. For 

single cell experiments, cells were detached with Accutase (eBioscience, San Diego, CA) 

for 3 min. A 1 ml pipette was used to rinse cells off the plate by pipetting the Accutase 

repeatedly. Once the cells detached from the plate, Accutase was neutralized using mTeSR 

medium. To separate colonies into single cells, they were passed through an 18-gauge 

syringe needle and 150,000 cells were plated in 35 mm high culture dishes for live cell 

imaging (Ibidi, Wisconsin, USA). Dynamically blebbing cells were studied immediately 

after plating on Matrigel (Corning, NY) or laminin-521 (Biolamina, Sweden) coated-dishes, 
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while apoptotically blebbing cells were studied after 1.5 h of incubation on non-coated 

dishes, which prevent attachment.

Mouse embryonic fibroblasts (mEF) were derived from 12.5-day to 13.5-day pregnant 

mouse using the ATCC protocol and then frozen in liquid nitrogen (Lin and Talbot, 2011; 

Behar et al., 2012a; Behar et al., 2012b). mEF were expanded by plating on 0.1% gelatin 

(Sigma 128-K-0066, St Louis MO.) in T-25 flasks. Cultures were maintained in MEF 

Medium (450 ml DMEM, 50 ml FCS, 5 ml 1 × L-glutamine, 5 ml 1 × non-essential amino 

acids, and 5 ml 1 × sodium pyruvate) in 5% CO2 at 37 °C. When MEFs were 90% confluent, 

they were used in experiments. MEFs were detached from flasks with 0.25% trypsin for 

1.5 min. MEF medium was used to inactivate the trypsin. Cells were centrifuged at 1,200 

rpm for 3 min, resuspended in MEF medium, and cells were plated in Ibidi culture dish for 

live-cell imaging.

D3 mouse embryonic stem cells (mESC) were purchased from ATCC (#CRL-11632, 

Manassas, VA) and used as described previously (Lin et al., 2009). All experiments were 

done with passages 9–24. D3 mESC were plated on mitotically inactivated mEFs in stem 

cell medium containing 81.5% DMEM, 15% FBS, 0.98% L-glutamine, 0.98% sodium 

pyruvate, 0.98% non-essential amino acids, 0.5% penicillin/streptomycin, 0.00065% beta

mercaptoethanol and 0.00025% leukemia Inhibitory factor (LIF). The medium was changed 

daily. Cells were used for experiments at 70–75% confluency.

The prostate cancer cells were a gift from Dr. Manuela Martins-Green (UCR) and were 

provided for a one-time use in their standard culture medium (Wang et al., 2011).

2.3. Use of live cell-imaging to compare dynamic blebbing in four cell types

A Nikon BioStation IM, which combines an incubator, microscope, and cooled CCD 

camera, was used to collect time-lapse video data (Weng et al., 2015; Talbot et al., 2014; 

Lin et al., 2015). To create time-lapse videos, human prostate cancer cells, mEF, mESC, and 

hESC were plated on 35 mm culture dishes and incubated in a BioStation IM. Frames were 

captured every 3 min for 6 h from 10 to 12 different fields. To quantify blebbing and cell 

attachment during the first 100 min of incubation, cells in videos were classified as blebbing 

or attached based on their morphology. The percentage of blebbing and attached cells were 

counted every 20 min for 100 min. To determine the number of blebs/cell, cells were 

randomly picked from five videos in three different experiments. > 50 cells were analyzed 

in each group. The number of blebs produced by the cells was counted manually. In some 

experiments, the intensity of dynamic and apoptotic blebs was analyzed using Image J.

2.4. Verification that live cells were healthy and dying cells were undergoing apoptosis

MitoTracker Red CMXRos (ThermoFisher Scientific, Waltham, MA) and the Magic Red 

Caspase 3&7 Assay Kit (ImmunoChemistry, Bloomington, MN) were used to evaluate cell 

health and apoptosis. Mitotracker is a red-fluorescent dye that enters the mitochondria in live 

cells; its accumulation is dependent on the mitochondrial membrane potential. The Magic 

Red kit measures apoptosis by detecting active forms of caspase 3 and 7 in living cells. 

H9 hESC were loaded with 250 nM of Mitotracker or Magic Red during plating on a 35 

mm dish in a BioStation IM. Phase contrast and fluorescent images were captured at 40× 
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magnification every 10 min for 12 h from 10 different fields in each experiment. A total of 3 

experiments was performed.

2.5. Comparison of the rate of bleb formation and retraction in dynamic and apoptotic 
cells

Single hESC were incubated on non-coated 35 mm dishes in a BioStation IM. Real time 

videos (30 fps) were collected from the BioStation monitor using a Canon 1080p HD 

Video Camcorder (Melville, NY). The rates of bleb formation and retraction were analyzed 

between 0 and 1 h and between 1.5 and 2.5 h for dynamic and apoptotic blebbing, 

respectively. Videos were analyzed manually to determine the time required for bleb 

formation and retraction for both dynamic and apoptotic blebs. Bleb size was followed from 

the time a bleb was produced until it fully retracted. Formation time was then calculated 

from the beginning frame to the frame when bleb size was the largest. The retraction time 

was calculated from the frame of the largest bleb size to the frame when the bleb was fully 

retracted back to the cell body.

2.6. Cytoskeleton distribution during dynamic and apoptotic blebbing

Dynamically blebbing cells were studied immediately after plating on Matrigel coated 

dishes, while apoptotically blebbing cells were studied after 1.5 h of incubation on non

coated dishes, which do not enable attachment. After incubation, dynamic and apoptotic 

blebbing cells were collected and centrifuged at 1100 rpm for 3 min. Both types of cells 

were resuspended and fixed in 4% paraformaldehyde/PBS for 15 min. After washing the 

pellet with PBS, cells were incubated with blocking solution containing 10% normal serum 

(from the same species as secondary antibody) in PBS and 0.1% Triton X-100 for 30 

min at room temperature. Cells were washed with PBS and incubated with 1% BSA/PBS 

for 20 min at room temperature. Cells were incubated with phalloidin-Alexa 488 (Life 

Technologies, Grand Island, NY) or anti-tubulin-Alexa 555 (Cell Signaling Technology, 

Danvers, MA) for 20 min at room temperature. After washing all groups with PBS, nuclei 

were stained with 4′ 6-diamidino-2-phenylindole (DAPI), and cells were imaged with a 

Nikon Eclipse T1 microscope equipped with Elements software. For unconjugated primary 

antibodies, cells were incubated with rabbit anti-ezrin antibody (Epitomics, Burlingame, 

CA) or rabbit anti-non-muscle myosin antibody (Sigma-Aldrich, St Louis, MO) at 4 °C 

overnight, then washed two times the next day, and incubated with secondary antibodies 

conjugated with Alexa Fluorophore (goat anti-rabbit IgG secondary antibody, Alexa Fluor 

594 conjugate, Sigma-Aldrich, St Louis, MO) at room temperature for 1 h. After washing 

with PBS, nuclei were stained with DAPI, and cells were imaged with a Nikon Eclipse T1 

with Elements deconvolution software.

2.7. Experimental evaluation of the cytoskeleton in dynamic and apoptotic blebbing

To examine the role of the cytoskeleton in blebbing cells, single hESC, prepared as 

described above, were replated on Matrigel-coated 35 mm dishes containing complete 

mTeSR medium or drug treatments. Dishes containing dynamically blebbing single 

cells were immediately placed in the BioStation IM and cells were treated with either 

cytochalasin D (0.5 and 2 μg/ml), latrunculin A (6.25 μM), swinholide A (100 nM), 
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nocodazole (1 μg/ml), or blebbistatin (10 μM), then incubated for live cell imaging where 

blebbing and attachment were followed for 4 h at 1.5 min intervals.

For experiments with dynamic and apoptotic cells, five fields were picked for each control 

and treatment group, and each experiment was repeated three times. To quantify the 

blebbing and attached cells during first 100 min of incubation in control and treated 

groups, cells were classified as blebbing or attached based on their morphology and dynamic 

behavior. The percentage of blebbing and attached cells was counted every 20 min for 100 

min. 3 or 4 videos were analyzed for each treatment and control group.

2.8. Experimental evaluation of different matrices in hESC culture

To examine how different matrices affect dynamic blebbing and cell attachment in hESC 

culture, single hESC, prepared as described above with 5000 cell/35 mm dish, were 

replated on Matrigel, laminin-521 (BioLamina, Sweden, NR.) or Matrigel with laminin-111 

(Sigma-Aldrich, St Louis, MO) coated 35 mm dishes containing complete mTeSR medium. 

Dishes containing suspended dynamically blebbing single cells were immediately placed 

in a BioStation IM for 4 h and images were collected at 3 min intervals. To quantify the 

blebbing and attached cells during first 60 min of incubation on different matrixes, cells 

were classified as blebbing or attached based on their morphology and dynamic behavior. 

The percentage of blebbing and attached cells was counted every 12 min for 60 min. 3 or 4 

videos were analyzed for each group.

To determine if integrin and focal adhesion kinase (FAK) play roles in dynamic blebbing 

and attachment, hESC were treated with an α6 integrin function blocking antibody or FAK 

inhibitor 14. Cells were pre-incubated with the antibody or FAK inhibitor 14 for 1 h, 

taken off their plate with Accutase, then incubated in mTeSR medium with the α6-integrin 

function blocking antibody or FAK inhibitor 14 in the BioStation IM where blebbing and 

attachment to Matrigel were imaged for 6 h. The percentages of blebbing and attached cells 

were counted every 3 min for 60 min. 3 videos were analyzed in each of three independent 

experiments.

3. Statistical analysis

GraphPad Prism (GraphPad, San Diego, CA, USA) was used for all statistical analyses. 

Frequency distributions were compared by Chi X2 (Fig 2U, V, and X). One-way analysis 

of variance (ANOVA) was used to find significant differences in Fig. 1E insert. Statistical 

significance was evaluated using a two-way ANOVA in Figs. 1F, G, 5A–F, 6A–B, 6F–I 

and Supplemental Figs. 4 and 7. Unpaired t-tests were used in Figs. 1J, 2W, 6E, and 

Supplemental Figs. 1 and 6.

4. Results

4.1. hESC produced more dynamic blebs and blebbed longer than other cell types

Human prostate cancer cells, mEF, mESC, and hESC were dissociated from their culture 

dishes, transferred to new dishes, and followed for 100 min in a BioStation IM. In time-lapse 

videos, all four types of cells underwent blebbing before attachment to their substrates (Fig. 
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1A–D, Supplemental Movies 1–4). This was interpreted to be dynamic blebbing since cells 

blebbed, attached, and survived. In two-dimensional images, hESC produced 4–11 large 

blebs/cell at all times before attachment, while only 1–5 large blebs/cell were observed in 

the other three cell types (Fig. 1E). When the average number of blebs/cell was compared 

over all frames in each group, hESC had significantly more blebs/cell (6/cell) than the other 

three cell types (1–2/cell) (p < .001) (Fig. 1E insert).

The percentage of blebbing and attached cells was counted every 20 min for 100 min after 

plating cells on their substrates. Initially, 70% of the hESC underwent dynamic blebbing 

before attachment, which was significantly more than the 10–30% observed for the other 

cell types (p < .001) (Fig. 1F). Not only did a higher percentage of hESC bleb initially, 

but hESC continued to bleb longer than the other cells. When cells stopped blebbing, they 

attached and spread on their substrates (Fig. 1G). hESC were slower to attach than the other 

cell types, and by 100 min significantly fewer hESC had attached (p < .001). Similar results 

were seen with Riv9 iPSC (Supplemental Fig. 1 and Supplemental Movie 5).

4.2. Dynamic blebbing and apoptotic blebbing were morphologically and temporally 
distinct

Time-lapse videos of hESC were collected during the first 240 min after plating on Matrigel 

(Fig. 1H, I). Single hESC exhibited four different patterns of behavior following plating. 

Most hESC (70%) underwent dynamic blebbing (Fig. 1H, I DB-A 0–40), then attached (Fig. 

1H, I DB-A 60-140), and remained attached for the duration of the 240-minute incubation. 

Some hESC (12%) underwent dynamic blebbing (Fig. 1H, I DB-A-AB 0–40), attached 

(Fig. 1H, I DB-A-AB 60-80), then detached from the substrate, and underwent apoptotic 

blebbing (Fig. 1H, I DB-A-AB 100-140). In the third category, cells (12%) underwent 

dynamic blebbing (Fig. 1H, I DB-AB 0-60) followed directly by apoptotic blebbing without 

attaching (Fig. 1H, I DB-AB 80-140). In the final group, cells (5%) underwent a brief period 

of dynamic blebbing (Fig. 1H, I DB-R-AB 0) followed by rounding (DB-R-AB 20-60), 

and then underwent apoptotic blebbing (DB-R-AB 80-140). In all cases, dynamic and 

apoptotic blebbing were well separated in time and could be distinguished morphologically. 

Dynamic blebbing was observed during the first hour after plating, while apoptotic blebbing, 

if it occurred, was observed at least 90 min after plating (Fig. 1I). When viewed with 

phase contrast microscopy, dynamic blebs were generally dark, while apoptotic blebs were 

bright. Bleb brightness was quantified using Image J, and dynamic blebs were quantitatively 

significantly darker than apoptotic blebs (Fig. 1J).

To confirm the above interpretations, hESC labeled with either Mitotracker Red, which 

fluoresces in healthy mitochondria (Fig. 2A–H), or with Magic Red, which fluoresces 

when caspases 3&7 are activated (Fig. 2I–T). During the dynamic blebbing interval (0–150 

min in Fig. 1A–C), Mitotracker Red was highly fluorescent and localized in cell bodies, 

not in blebs, indicating cells were healthy and that mitochondria had an intact membrane 

potential (Fig. 2A–C and E–G). However, by 2.5 h, the same cells showed diminished 

fluorescence, indicating damage to the mitochondria and probable loss of mitochondrial 

membrane potential (Fig. 2D, H), which is characteristic of apoptotic cells (Gottlieb et al., 

2003). Dynamically blebbing cells did not fluoresce when incubated with Magic Red (Fig 
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2I–K and O–Q); however, after these cells had incubated 288 min in dishes that did not 

permit attachment, activated caspases 3&7 were detected, and subsequently apoptotic blebs 

appeared (Fig. 2L-N and R-T). The data with Mitotracker Red and Magic Red confirmed 

that dynamically blebbing cells were not undergoing apoptosis and that cells blebbing late in 

the incubation interval were indeed apoptotic.

4.3. Rate of retraction and size differ in dynamic and apoptotic blebs

The rates of formation and retraction of dynamic and apoptotic blebs were analyzed using 

real time videos of cells that were freshly plated on Matrigel (dynamic blebbing) and 

cells that had incubated on uncoated dishes for 1.5 h (apoptotic blebbing) (Fig. 2U–W 

and Supplemental Movies 6 and 7). The average time for dynamic (8 s for 80 cells) and 

apoptotic (7 s for 69 cells) bleb formation was not statistically different by Chi2 analysis 

(Fig. 2U). However, apoptotic blebs took significantly longer (p < .001) to retract (average = 

64 s for 69 cells) than dynamic blebs (average = 22 s for 80 cells) (Fig. 2V), and therefore 

the overall duration of dynamic and apoptotic blebbing was significantly different (p < 

.0001) (Fig. 2W). In some apoptotic cells, retraction had not occurred by 6 min (not shown). 

>100 randomly chosen blebs were analyzed for area (microns) using ImageJ. Dynamic and 

apoptotic bleb size differed significantly (p < .001) with dynamic blebs being generally 

larger than apoptotic blebs (Fig. 2X).

4.4. Distribution of the cytoskeleton during dynamic and apoptotic blebbing

During formation of dynamic blebs, microtubules formed a continuous thick uninterrupted 

band around the cell periphery and did not extend into the blebs (Fig. 3A, B). In contrast, 

apoptotically blebbing cells with fragmented nuclei contained depolymerized tubulin (Fig. 

3C, D). In dynamically blebbing cells, a cortical actin ring was present but interrupted 

by ruptures (arrowheads) beneath the blebs (Fig. 3E, F). In contrast, most actin in the 

apoptotically blebbing cells was concentrated in several hot spots (arrowheads), and a 

cortical band of actin was not present (Fig. 3G, H).

The relationship between actin and ezrin, an integral membrane protein that attaches 

actin filaments to the plasma membrane (Solinet et al., 2013), was evaluated during bleb 

formation (Fig. 3I and M, K and O). Ezrin was associated with the plasma membrane in 

non-blebbing cells (data not shown) and was localized in the plasma membrane of both 

dynamic and apoptotic blebs (Fig. 3M, O). Expanding dynamic bleb membranes either 

lacked associated actin (Fig. 3N arrowhead 1) or had a continuous band of actin subjacent 

to the bleb membrane (Fig. 3N arrowhead 2). A similar distribution of actin was seen in 

apoptotic blebs. Some apoptotic cells lacked actin beneath the bleb membranes (Fig. 3P 

arrowhead 1), while others had actin associated with blebs (Fig. 3 P arrowhead 2). These 

data suggest that actin moves into the blebs and reassembles into filaments after expansion.

During retraction, actin and myosin localization differed in dynamic and apoptotically 

blebbing cells (Fig. 4A–L). In dynamically blebbing cells, small retracting blebs had intense 

actin labeling adjacent to the bleb membrane (Fig. 4A, B). In apoptotically blebbing cells, 

actin was sometimes observed adjacent to bleb membranes, but was often fragmented and 

formed hot spots (Fig. 4C, D). In dynamic blebs, myosin was diffuse in forming blebs (Fig. 
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4E, F, I, J), but was reassembled with actin under membranes in small retracting blebs (Fig. 

4B, I, J). In late stages of apoptosis when nuclei were highly fragmented, cells had little 

myosin staining (Fig. 4 G, H, K, L).

The preceding data demonstrate that dynamic and apoptotic blebbing are two distinct 

processes that occur during plating of hESC. These types of blebbing were further 

investigated using drugs that affect the cytoskeleton.

4.5. Nocodazole prolonged dynamic blebbing and inhibited attachment

To determine if microtubules played a role in dynamic blebbing and attachment, cells were 

treated with 1 μg/ml of nocodazole, which depolymerized microtubules (Supplemental Fig. 

2A–D). BioStation time-lapse video data showed that blebbing control cells began attaching 

by 20 min of incubation, while nocodazole treated cells were still dynamically blebbing 

by 60 min (Fig. 5A, B). In quantified video data, there were significantly more (p < .001) 

dynamically blebbing cells in the nocodazole treated group than in the control at 20 min of 

incubation (Fig. 5A). In addition, blebbing was prolonged by nocodazole, and by 180 min 

most treated cells were still dynamically blebbing (p < .001 for control vs. treated at 180 

min) (Fig. 5A). Dynamically blebbing cells failed to attach to the Matrigel substrate (Fig. 5 

B).

4.6. Cytochalasin D and blebbistatin inhibited dynamic blebbing in hESC

To determine if fragmentation of actin filaments affected dynamic blebbing, cells were 

treated with cytochalasin D (2 μg/ml) (Fig. 5C), latrunculin A (6.25 μM) or swinholide 

A (100 nM) (Supplemental Fig. 2E-L), then incubated in a BioStation IM where blebbing 

and attachment to Matrigel were imaged for 6h. Cytochalasin D (2 μg/ml), latrunculin 

A, and swinholide A depolymerized actin filament, resulting in numerous actin hot spots 

(Supplemental Fig. 2EμL). Dynamic blebbing was completely inhibited by cytochalasin D; 

cells remained round with few or no blebs and did not attach (Fig. 5D). Quantification of 

the video data showed that cytochalasin D inhibited both dynamic bleb formation and cell 

attachment (Fig. 5C-D). Inhibition of bleb formation by cytochalasin D was dose dependent 

(Supplemental Fig. 3 A-G). 0.5 μg/ml of cytochalasin D enabled some cells to form blebs, 

which did not retract, while 2 μg/ml completely inhibited bleb formation (Supplemental Fig. 

3 G). Attachment was also completely inhibited by the higher dose, and partially inhibited 

by 0.5 μg/ml of cytochalasin D.

To determine if myosin was likewise involved in dynamic blebbing, cells were treated 

with blebbistatin, a myosin II inhibitor (Fig. 5E, F). None of the cells underwent dynamic 

blebbing after treatment with blebbistatin, and cells attached to the substrate soon after 

plating (Fig. 5E, F).

4.7. Laminin-521 inhibited dynamic blebbing, accelerated cell attachment, and reduced 
apoptosis

To improve plating efficiency and hESC survival, we sought a safe non-invasive method 

that did not rely on xenobiotics or inhibitors to diminish or reverse dynamic blebbing 

and promote cell attachment. To do this, we evaluated dynamic blebbing and attachment 
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on different matrices that are used for hESC culture. Dynamic blebbing was significantly 

inhibited and cell attachment was accelerated when cells were plated on recombinant 

laminin-521 (Fig. 6A, B). Similar results were obtained when RIV9 iPSC were incubated 

on laminin-521 (Supplemental Fig. 4; Supplemental Movie 8). Because Matrigel contains 

laminin-111 (Gottlieb et al., 2003), we also tested cells plated on Matrigel over-coated with 

additional laminin-111. The combination of laminin-111 and Matrigel also significantly 

reduced dynamic blebbing and accelerated attachment, although this combination was not 

as efficient as laminin-521 alone (Fig. 6A, B). Individual cells were monitored in the 

videos, and apoptotic cells were identified and counted based on their morphology (Fig. 

6C, D). Apoptotically dying cells have bright blebs with slow retraction times. Cells plated 

on laminin-521 had significantly fewer apoptotic cells than the group plated on Matrigel 

(Fig. 6E). In addition, cells plated on Matrigel had activated caspase 3&7, while those on 

laminin-521 did not (Supplemental Fig. 5).

We next investigated the hypothesis that binding of hESC to laminin activates signaling 

through an integrin and FAK, which shuts down dynamic blebbing. Cells were pre-incubated 

with an α6-integrin function blocking antibody for 1 h, taken off the plate with Accutase, 

then incubated in medium containing the α6 integrin-function blocking antibody and imaged 

in a BioStation IM where blebbing and attachment to Matrigel were followed for 6 h. 

Dynamic blebbing was not significantly affected by the integrin α6-function blocking 

antibody (Fig. 6F). However, cell attachment was significantly inhibited (Fig. 6G) and 56% 

of cells were rounded after 1 h in the α6-integrin-function blocking antibody (Supplemental 

Fig. 6).

To determine if integrin signaled through a FAK, cells were pre-incubated with a FAK 

inhibitor for 1 h, taken off the plate with Accutase, then incubated with the inhibitor and 

imaged in the BioStation IM, where blebbing and attachment to Matrigel or laminin-521, 

were imaged for 6 h. Quantification of the video data showed that FAK inhibitor prolonged 

dynamic blebbing and slowed cell attachment on Matrigel and laminin-521 (Fig. 6H, I and 

Supplemental Fig 7 A, B).

5. Discussion

A distinction between dynamic and apoptotic blebbing has not been made previously 

for freshly plated hESC. Dynamic and apoptotic blebbing were well separated in time, 

and also differed in their rates of retraction, bleb intensity, assembly of cytoskeletal 

proteins, distribution of organelles during blebbing, mitochondrial membrane potential 

(MitoTracker), activation of caspases 3&7, and their response to chemicals that affect 

the cytoskeleton. During passaging onto Matrigel, hESC underwent prolonged dynamic 

blebbing that inhibited attachment and spreading and stressed the cells. Typically, dynamic 

blebbing subsided within an hour of plating allowing cell attachment and spreading to occur. 

hESC that failed to attach, eventually underwent apoptotic blebbing and died. These data 

demonstrate that dynamic blebbing is a critical bottleneck that decreases efficient passaging 

of hESC and precludes passaging of single cells. Gaining control of dynamic blebbing is 

necessary in hESC research and in the application of hESC therapies to patients.
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Fig. 7 summarizes our data comparing dynamic and apoptotic blebbing in freshly plated 

hESC. When bundles of cortical actin ruptured, the plasma membrane detached from the 

actin and blebs formed. During bleb expansion, ezrin remained associated with the bleb 

membrane, and actin was not attached to ezrin at this time. As the blebs expanded, actin 

moved into the blebs, attached to ezrin, and re-assembled under the bleb membrane. In 

dynamic blebbing, myosin reassembled with actin in the bleb, and their contraction causes 

bleb retraction. In apoptotic blebs, actin and myosin were fragmented, less abundant, 

or absent, which may account for their slower retraction. Depolymerizing microtubules 

prolonged dynamic blebbing and inhibited attachment. Use of blebbistatin or plating on 

laminin-521 or 111 decreased dynamic blebbing and facilitated cell attachment.

The preceding observations raise two questions about dynamic blebbing. What is the 

significance of dynamic blebbing and why does it occur so vigorously in hESC? Cells 

dissociated from amphibian embryos can migrate using bleb-like protrusions (Holtfreter, 

1943; Kubota, 1981; Satoh et al., 1976), and live zebrafish have primordial germ cells 

that use blebs to migrate (Blaser et al., 2006; Trinkaus, 1972; Wourms, 1972; Trinkaus, 

1996). Similar observations have been made in primordial germ cells from Drosophila 
melanogaster embryos (Jaglarz and Howard, 1995). These findings suggest that dynamic 

blebbing is widely used for cell migration and further suggest that dynamic blebbing may be 

a common mechanism for generating motility in embryonic cells.

Many cells undergo dynamic blebbing during plating, but hESC are unusual in producing 

more blebs for a longer time than the other cell types we tested. hESC therefore appear 

programmed to undergo hyperdynamic blebbing. When cultured in vitro, hESC behave 

like epiblast cells, a highly motile epithelialized type of embryonic cell (Ohgushi and 

Sasai, 2011; Nichols and Smith, 2012). During weeks 2 and 3 of human development, 

sheets of epiblast cells undergo extensive migration, and during gastrulation, they enter 

the primitive streak, pinch off of the groove, and migrate as single cells to form both the 

endoderm and mesoderm (Moore, 2016). It has been suggested that hESC blebbing is driven 

by hyperactivity of the ROCK/myosin system (Ohgushi et al., 2010; Ohgushi and Sasai, 

2011). It is possible that in embryos dynamic blebbing provides motility to epiblast cells 

during gastrulation. In contrast, mESC, which resemble the inner cell mass, did not undergo 

extensive blebbing (Fig. 1A), indicating that earlier stages in development have a less active 

cytoskeleton.

Dynamic blebbing has important consequences for cultured hESC. First, cells that are 

dynamically blebbing cannot attach to their matrix until blebbing stops. Secondly, cells that 

are dynamically blebbing appear severely stressed and often shed part of their cytoplasm in 

the form of blebs that pinch off rather than retract. Therefore, factors that reduce dynamic 

blebbing and accelerate attachment would benefit hESC culture. ROCKi (Y27632) is often 

used to help hESC attach and spread rapidly; however, ROCKi treated cells often appear 

stringy and stressed (Weng et al., 2015). Furthermore, 20 μM ROCKi can promote the 

differentiation of mESC into motor and sensory neurons (Kamishibahara et al., 2014). 

ROCKi may produce other unwanted off-target effects that are not desirable when cells 

are being prepared for research, translational, or clinical use. Blebbistatin is also used to 

accelerate attachment by inhibiting myosin II, but again it is not a normal additive to culture 
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media, and it may affect processes in addition to blebbing, such as cytokinesis (Guha et al., 

2005).

For hESC culture, plating on laminin-521 or Matrigel over- coated with laminin-111 

improves cell attachment and survival by reducing dynamic blebbing and enables efficient 

plating of single cells, while concurrently incubating in conditions that resemble the cells’ 

natural in vivo environment without inhibitors that may have unwanted off-target effects. 

Cells maintain pluripotency and do not express differentiation markers during repeated 

plating on laminin-521 (Supplemental Fig. 8 A-J). We showed that plating hESC on 

recombinant human laminin-521, a biological molecule present in the inner cell mass 

(Schilperoort-Haun and Menino Jr., 2002), signals through an integrin-FAK pathway to 

stop dynamic blebbing and accelerate attachment, thereby enabling cell survival. Without 

attachment, hESC undergo apoptotic blebbing and survive a relatively short time and in 

culture.

The integrin-FAK pathway plays a number of important roles in hESC where its activation 

functions in apparently non-canonical ways to affect cell survival, self-renewal, and the 

maintenance of pluripotency (Vitillo and Kimber, 2017). Our data are in agreement with 

another study showing that FAK signaling promotes stem cell survival by inhibiting hyper

contractility (dynamic blebbing) (Vitillo et al., 2016). Following successful attachment, 

FAK activation further promotes survival though a pathway leading to degradation of P53 

(Vitillo and Kimber, 2017). Inhibition of dynamic blebbing by FAK activation is crucial to 

successful plating and passaging of hESC and can be used to advantage to improve hESC 

culture protocols important for both basic and translational research.

6. Conclusion

Dynamic blebbing interferes with attachment and survival of hESC during passaging. Cells 

that fail to attach eventually undergo apoptotic blebbing and die. Plating efficiently can be 

improved by passaging onto laminin which activates a FAK that in turn stops blebbing, 

facilitates attachment and spreading, and allows repeated passaging of single cells. This 

strategy provides a safe means for passaging human pluripotent stem cells that does not 

require drugs with off target effects. The role of FAK in human pluripotent stem cells 

deserves further work and may lead to major improvements in optimization of pluripotent 

stem cell culture.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgements

We thank the UCR Stem Cell Core which provided instrumentation used on this project. We also thank Rattapol 
Phandthong and Henry Yip for their help in analyzing some of the data and Drs. Leah Haimo and Manuela 
Martins-Green for providing some of the inhibitors and the prostate cancer cells, respectively.

Grant support

Weng et al. Page 12

Stem Cell Res. Author manuscript; available in PMC 2019 March 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



NW acknowledges support of a Fellowship from NSF IGERT Program on Video Bioinformatics (DGE 093667) 
awarded to Dr. Bir Bhanu. Research reported in this publication was partially supported in part by grants R01 
DA03649 and R21DA037365 to PT from the National Institute of Drug Addiction and FDA Center for Tobacco 
Products (CTP). Videos were collected in a Stem Cell Core Facility supported by a grant to PT from the California 
Institute for Regenerative Medicine (#NE-A0005A-1E). The funders had no role in study design, data collection 
and analysis, decision to publish, or preparation of the manuscript.

References

Amin E, Dubey BN, Zhang SC, et al. , 2013. Rho-kinase: regulation, (dys)funtion, and inhibition. Biol. 
Chem 394 (11), 1399–1410. [PubMed: 23950574] 

Barros LF, Kanaseki T, Sabirov R, et al. , 2003. Apoptotic and necrotic blebs in epithelial cells 
display similar neck diameters but different kinase dependency. Cell Death Differ. 10 (6), 687–697. 
[PubMed: 12761577] 

Behar RZ, Bahl V, Wang Y, et al. , 2012a. A method for rapid dose-response screening of 
environmental chemicals using human embryonic stem cells. J. Pharmacol. Toxicol. Meth 66 (3), 
238–245.

Behar RZ, Bahl V, Wang Y, et al. , 2012b. Adaptation of stem cells to 96-well plate assays: use of 
human embryonic and mouse neural Stem cells in the MTT assay. Curr. Protocols Stem Cell Biol 1, 
1C.13.

Blaser H, Reichman-Fried M, Castanon I, et al. , 2006. Migration of zebrafish primordial germ cells: a 
role for myosin contraction and cytoplasmic flow. Dev. Cell 11, 613–627. [PubMed: 17084355] 

Boss J, 1955. Mitosis in cultures of newt tissues. IV. The cell surface in late anaphase and the 
movements of ribonucleoprotein. Exp. Cell Res 8, 181–187. [PubMed: 14353116] 

Boucrot E, Kirchhausen T, 2007. Endosomal recycling controls plasma membrane area during mitosis. 
Proc. Natl. Acad. Sci. U. S. A 104, 7939–7944. [PubMed: 17483462] 

Charras GT, 2008. A short history of blebbing. J. Microsc 231, 466–478. [PubMed: 18755002] 

Charras GT, Paluch E, 2008. Blebs lead the way: how to migrate without lamellipodia Nat. Rev. Mol. 
Cell Biol 9, 730–736.

Charras GT, Hu CK, Coughlin M, et al. , 2006. Reassembly of contractile actin cortex in cell blebs. J. 
Cell Biol 175, 477–490. [PubMed: 17088428] 

Cocca BA, Cline AM, Radic MZ, 2002. Blebs and apoptotic bodies are B cell auto-antigens. J. 
Immunol 169, 159–166. [PubMed: 12077241] 

Coleman ML, Sahai EA, Yeo M, et al. , 2011. Membrane blebbing during apoptosis results from 
caspase-mediated activation of ROCK i. Nat. Cell Biol 3 (4), 339–345.

Evans MJ, Kaufman MH, 1981. Establishment in culture of pluripotent cells from mouse embryos. 
Nature 292, 154–156. [PubMed: 7242681] 

Fishkind DJ, Cao LG, Wang YL, 1991. Microinjection of the catalytic fragment of myosin light chain 
kinase into dividing cells: effects on mitosis and cytokinesis. J. Cell Biol 114, 967–975. [PubMed: 
1874791] 

Fujimura M, Usuki F, Kawamura M, et al. , 2011. Inhibition of the RHO/ROCK pathway prevents 
neuronal degeneration in vitro and in vivo following methylmercury exposure. Toxicol. Appl. 
Phamacol 250 (1), 1–9.

Gottlieb E, Armour SM, Harris MH, et al. , 2003. Mitochondrial membrane potential regulates 
matrix configuration and cytochrome c release during apoptosis. Cell Death Differ. 10, 709–717. 
[PubMed: 12761579] 

Guan BX, Bhanu B, Thakoor NS, et al., 2013. Automatic cell region detection by k-means with 
weighted entropy. In: 10th International Symposium Biomedical Imaging (ISBI), pp. 418–421.

Guan BX, Bhanu B, Talbot P, et al. , 2015a. Extraction of blebs in human embryonic stem cell videos. 
IEEE Trans. Comput. Biol. Bioinforma 99.

Guan B, Bhanu B, Talbot P, et al., 2015b. In: Bhanu B, Talbot P (Eds.), Bio-inspired segmentation and 
detection methods for human embryonic stem cells. In: Video Bioinformatics: from live imaging 
to knowledge. 7. Springer International Publishing, Switzerland, pp. 135–150.

Weng et al. Page 13

Stem Cell Res. Author manuscript; available in PMC 2019 March 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Guha M, Zhou M, Wang Y-L, 2005. Cortical actin turnover during cytokinesis requires myosin II. 
Curr. Biol 15 (8), 732–736. [PubMed: 15854905] 

Harb N, Archer TL, Sato N, 2008. The Rho-Rock-Myosin signaling axis determines cell-cell integrity 
of self-renewing pluripotent stem cells. PLoS One 3, e3001. [PubMed: 18714354] 

Hickson GRX, Echard A, O’Farrell PH, 2006. RHO kinase controls cell shape changes during 
cytokinesis. Curr. Biol 16 (4), 359–370. [PubMed: 16488869] 

Holtfreter J, 1943. Properties and functions of the surface coat in amphibian embryos. J. Exp. Zool 93, 
251–323.

Hughes CS, Postovit LM, Lajoie GA, 2010. Matrigel: a complex protein mixture required for optimal 
growth of cell culture. Proteomics 10 (9), 1886–1890. [PubMed: 20162561] 

Jaglarz MK, Howard KR, 1995. The active migration of Drosophila primordial germ cells. 
Development 121, 3495–3503. [PubMed: 8582264] 

Kamishibahara Y, Kawaguchi H, Shimizu N, 2014. Promotion of mouse embryonic stem cell 
differentiation by Rho kinase inhibitor Y-27632. Neurosci. Lett 579, 58–63. [PubMed: 25038419] 

Khajah MA, Luqmani YA, 2015. Involvement of membrane blebbing in immunological disorders and 
cancer. Med. Principles Pract 25 (Supplement 2), 1–10.

Kim K, Ossipova O, Solol SY, 2015. Neural crest specification by inhibition of the ROCK/Myosin II 
pathway. Stem Cells 33 (3), 674–685. [PubMed: 25346532] 

Krawetz RJ, Li X, Rancourt DE, 2009. Human embryonic stem cell: caught between a ROCK inhibitor 
and a hard place. BioEssays 31, 336–343. [PubMed: 19260014] 

Kubota KY, 1981. Creeping locomotion of the endodermal cells dissociated from gastrulae of the 
Japanese newt, Cynops pyrrhogaster. Exp. Cell Res 133, 137–148. [PubMed: 7238592] 

Lin S, Talbot P, 2011. Methods for culturing mouse and human embryonic stem cells. Methods Mol. 
Biol 690, 31–56. [PubMed: 21042983] 

Lin S, Tran V, Talbot P, 2009. Comparison of toxicity of smoke from traditional and harm reduction 
cigarettes using mouse embryonic stem cells as a novel model for preimplantation development. 
Hu Rep. 24 (2), 386–397.

Lin S, Yip H, Phandthong R, et al., 2015. Evaluation of cell behavior and health using video 
bioinformatics tools. In: Bhanu B, Talbot P (Eds.), Video Bioinformatics: From Live Imaging 
to Knowledge. 9. Springer International Publishing, Switzerland, pp. 167–186.

Ludwig TE, Levenstein ME, Jones JM, et al. , 2006a. Derivation of human embryonic stem cells in 
defined conditions. Nat. Biotechnol 24 (2), 185–187. [PubMed: 16388305] 

Ludwig TE, Bergendahl V, Levenstein ME, et al. , 2006b. Feeder-independent culture of human 
embryonic stem cells. Nat. Methods 3 (8), 627–646.

Martin GR, 1981. Isolation of a pluripotent cell line from early mouse embryos cultured in medium 
conditioned by teratocarcinoma stem cells. Proc. Natl. Acad. Sci. U. S. A 78, 7634–7638. 
[PubMed: 6950406] 

McElroy SL, Reijo Pera RA, 2008. Culturing Human Embryonic Stem Cells in Feeder-free 
Conditions. Cold Spring Harbor Protocols.

Moore KL, 2016. The Developing Human, 10th Edition Clinically Oriented Embryology Elsevier.

Nichols J, Smith A, 2012. Pluripotency in the embryo and in culture. Cold Spring Harb. Perspect. Biol 
4, a008128. [PubMed: 22855723] 

Ohgushi M, Sasai Y, 2011. Lonely death dance of human pluripotent stem cells: ROCKing between 
metastable cell states. Trends Cell Bio. 21 (5), 274–282. [PubMed: 21444207] 

Ohgushi M, Matsumura M, Eiraku M, et al. , 2010. Molecular pathway and Cell state responsible for 
dissociation-induced apoptosis in human pluripotent stem cells. Cell Stem Cell 6 (7(2)), 225–239.

Porter K, Prescott D, Frye J, 1973. Changes in surface morphology of Chinese hamster ovary cells 
during the cell cycle. J. Cell Biol 57, 815–836. [PubMed: 4735453] 

Satoh N, Kageyama T, Sirakami KT, 1976. Motility of siddociated embryonic cells in Xenopus laevis: 
its significance to morphogenetic movements. Dev. Growth Diff 18, 55–67.

Schilperoort-Haun KR, Menino AR Jr., 2002. Evaluation of extracellular matrix proteins and tissue 
inhibitor of matrix metalloproteinase’s-2 on bovine inner cell mass outgrowth in vitro. In Vitro 
Cell Dev. Biol. Anim 28 (1), 41–47.

Weng et al. Page 14

Stem Cell Res. Author manuscript; available in PMC 2019 March 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Solinet S, Mahmud K, Stewman SF, et al. , 2013. The actin-binding ERM protein moesin binds to and 
stabilizes microtubules at the cell cortex. J. Cell Biol 22 (202(2)), 251–260.

Talbot P, Zur Nieden N, Lin S, et al., 2014. Use of video bioinformatics tools in stem cell biology. In: 
Sahu S, Casciano D (Eds.), Handbook of Nanotoxicology, Nanomedicine and Stem Cell Use in 
Toxicology. John Wiley, West Sussex, United Kingdom, pp. 379–402.

Thomson JA, Itskovitz-Eldor J, Shapiro SS, et al. , 1998. Embryonic stem cell lines derived from 
human blastocysts. Science 282, 1145–1147. [PubMed: 9804556] 

Tokumitsu T, Maramorosch K, 1967. Cytoplasmic protrusions in insect cells during mitosis in vitro. J. 
Cell Biol 34 (2), 677–683. [PubMed: 5340760] 

Trinkaus JP, 1972. Surface activity and locomotion of Fundulus deep cells during blastula and gastrula 
stages. Dev. Biol 30, 69–103.

Trinkaus JP, 1996. Ingression during early gastrulation of Fundulus. Dev. Biol 177, 356–370. 
[PubMed: 8660901] 

Vitillo L, Kimber SJ, 2017. Integrin and FAK regulation of human pluripotent stem cells. Curr. Stem 
Cell Rep 3, 358–365. [PubMed: 29177133] 

Vitillo L, Baxter M, Iskender B, Whiting P, Kimber SJ, 2016. Integrin-associated focal adhesion kinase 
protects human embryonic stem cells from apoptosis, detachment and differentiation. Stem Cell 
Rep 7, 167–176.

Wang Lei, Alcon A, Yuan H, et al. , 2011. Cellular and Molecular Mechanisms of Pomegranate 
Juice-Induced Anti-Metastatic effect on Prostate Cancer Cells. Integr. Biol 3, 742–754.

Watanabe K, Ueno M, Kamiya D, et al. , 2007. A ROCK inhibitor permits survival of dissociated 
human embryonic stem cells. Nat. Biotechnol 25 (6), 681–686. [PubMed: 17529971] 

Weng NJ-H, Phandthong R, Talbot P, 2015. A video bioinformatics method to quantify cell spreading 
and its application to cells treated with Rho-associated protein kinase and blebbistatin. In: Bhanu 
B, Talbot P (Eds.), Video Bioinformatics. Springer.

Wourms JP, 1972. The developmental biology of annual fishes. II. Naturally occurring dispersion and 
reaggregation of blastomers during the development of annual fish eggs. J. Exp 182, 169–200.

Xu C, Inokuma MS, Denham J, et al. , 2001. Feeder-free growth of undifferentiated human embryonic 
stem cells. Nat. Biotechnol 19, 971. [PubMed: 11581665] 

Weng et al. Page 15

Stem Cell Res. Author manuscript; available in PMC 2019 March 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1. 
Comparison of dynamic blebbing in four cell types. All cell types produced dynamic blebs: 

(A) human prostate cancer cell (HU145), (B) mouse embryonic fibroblast (mEF), (C) mouse 

embryonic stem cell (mESC), and (D) human embryonic stem cell (hESC). (E) Number of 

blebs/cell in different cell types in each frame before attachment. One of three independent 

experiments is shown. The insert shows the number of blebs/cell averaged over all frames 

in all three experiments. The number of blebs/cell was significantly higher in hESC than 

in the other cell types by one-way ANOVA. (F, G) The percentage of blebbing cells (F) 
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and attached cells (G) for the four cell types over 100 min. Videos were collected using 

a BioStation IM with 62 s intervals for hESC, 60 s intervals for prostate cancer cells and 

mEF, and 120 s intervals for mESC. The percentage of blebbing cells was significantly 

higher at the initial time point for hESC than for the other cell types (F). The percentage 

of attached ESC was significantly lower than the other cells at the final time point (G). 

F and G were analyzed by two-way ANOVA. *** = p < .001. (H, I) Morphological and 

temporal comparisons of four patterns of blebbing behavior in hESC. (H) Phase contrast 

images of hESC at various times in culture showing the four patterns of behavior (DB = 

dynamic blebbing; A = attached; AB = apoptotic blebbing; R = rounding). Dynamic blebs 

appear dense, while apoptotic blebs are bright. (I) Percentage of cells in each of the behavior 

groups shown in H over 225 min of incubation. Each group is based on a count of 25 cells. 

The average time to attachment, rounding, or apoptotic blebbing ± the standard deviation 

is shown. The percentage of cells in each group is given on the Y axis. (J) Gray means of 

dynamic blebs and apoptotic blebs were analyzed using ImageJ followed by a t-test. *** p < 

.001.
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Fig. 2. 
Verification of cell death and comparison of expansion and retraction times. (A-H) Phase 

contrast (A-D) and fluorescence images (E-H) at various times in culture showing that 

dynamically blebbing cells (E-G) have a strong fluorescence which is lost in apoptotic 

cells (H). (I-T) Phase contrast (I–N) and fluorescence images (O-T) at various times in 

culture showing cells preloaded with Magic Red. Dynamically blebbing and attached cells 

(I-J and O–P) do not show fluorescence. Cells undergoing apoptosis (L-N and R-T) have 

red fluorescence indicative of activation of caspase 3 & 7. (U) The frequency of dynamic 
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and apoptotic blebs in various time intervals of bleb formation. (V) The frequency of 

dynamic and apoptotic blebs in various time intervals of retraction. Both frequency graphs 

are based on 80 dynamic and 69 apoptotic cells from three experiments. (W) Comparison 

of the time for formation, retraction and formation plus retraction (duration) for dynamic 

and apoptotic blebs. Each bar is the mean ± the standard deviation of three experiments. 

Groups were compared using a t-test. *** = p < .001. (X) Size comparison of dynamic and 

apoptotic blebs. Graph is based on 100 apoptotic and 100 dynamic cells from three different 

experiments. Frequency distributions in U, V and X were compared using Chi-square and 

were significantly different in V and X. *** = p < .001. (For interpretation of the references 

to colour in this figure legend, the reader is referred to the web version of this article.)

Weng et al. Page 19

Stem Cell Res. Author manuscript; available in PMC 2019 March 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. 
Distribution of the tubulin, actin and ezrin during bleb formation in dynamic and 

apoptotically blebbing cells. (A-D) Phase and fluorescent micrographs showing the 

distribution of microtubules in dynamic (A, B) and apoptotic blebs (C, D). (E-H) Phase 

and fluorescence micrographs showing the distribution of actin filaments in dynamic (E, 

F) or apoptotic blebs (G, H) during bleb formation. Arrows indicate breaks in the cortical 

actin ring of dynamically blebbing cells (F) or hot spots of depolymerized actin filaments 

in apoptotically blebbing cells (H). (I–P) Phase and fluorescent micrographs showing the 
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localization of ezrin and actin in expanding dynamic blebs (I, J, M, N) and apoptotic blebs 

(K, L, O, P).
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Fig. 4. 
Distribution of the actin and non-muscle myosin in dynamic and apoptotically blebbing 

cells. (A, B) Phase and fluorescent micrographs showing the distribution of actin in 

retracting dynamic blebs. (C, D) Phase and fluorescent micrographs showing the distribution 

of actin in late apoptotic blebs. (E, F, I, J) Phase and fluorescent micrographs showing the 

distribution of non-muscle myosin II in non-retracting dynamic blebs (E, F) or retracting 

blebs (I, J). (G, H, K, L) Phase and fluorescent micrographs showing the distribution of 

non-muscle myosin II in early (G, H) and late apoptotic blebs (K, L).
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Fig. 5. 
The effect of cytoskeletal drugs on dynamically blebbing cells: (A, B) 1 μg/ml nocodazole 

prolonged dynamic blebbing (A) and inhibited attachment (B) in hESC. (C, D) 2 μg/ml 

Cytochalasin D inhibited both dynamic blebbing (C) and attachment (D) in hESC. (E, F) 

10 μM blebbistatin inhibited dynamic blebbing (E) and slightly accelerated attachment (F) 

in hESC. Each point is the mean of three experiments ± the standard deviation of three 

experiments. In each experiment, three videos were analyzed. All data were analyzed by a 

2-way ANOVA. ** p < .01; *** p < .001.
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Fig. 6. 
Laminin, integrin, and FAK signaling reduces dynamic blebbing and increases cell 

attachment/survival. (A, B) Laminin-521 and Matrigel with laminin-111 inhibited dynamic 

blebbing (A) and accelerated attachment (B) in hESC. (C, D) Phase images of hESC on 

Matrigel (C) and laminin-521 (D). White “D”s show apoptotic blebbing/dead cells; white 

“A”s show attached cells. (E) Quantitative data from the videos showed the percentage of 

apoptotic cells on Matrigel and laminin-521. Each bar is the mean of three experiments ± 

the standard deviation. (F, G) α6-Integrin antibody did not affect dynamic blebbing (F) but 
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inhibited attachment (G) in hESC. (H, I) FAK inhibitor prolonged dynamic blebbing (H) 

and inhibited attachment (I) in hESC. Graphical data were analyzed by 2-way ANOVA. 

Each point is the mean ± standard deviation of three experiments. In each experiment, three 

videos were analyzed. * p < .05; ** p < .01; *** p < .001.
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Fig. 7. 
Diagram comparing dynamic and apoptotic blebbing in hESC and summarizing the main 

findings of the study.
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