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Abstract
The cell cycle progression in mouse embryonic stem cells (mESCs) is controlled by ion fluxes that alter cell volume
[1]. This suggests that ion fluxes might control dynamic changes in morphology over the cell cycle, such as rounding
up of the cell at mitosis. However, specific channels regulating such dynamic changes and the possible interactions
with actomyosin complex have not been clearly identified. Following RNAseq transcriptome analysis of cell cycle
sorted mESCs, we found that expression of the K+ ion channel Erg1 peaked in G1 cell cycle phase, which was
confirmed by immunostaining. Inhibition of Erg channel activity caused loss of G1 phase cells via non-apoptotic cell
death. Cells first lost the ability of membrane blebbing, a typical feature of cultured embryonic stem cells. Continued
Erg inhibition further increased cell volume and the cell eventually ruptured. In addition, atomic force measurements
on live cells revealed a decreased cortical stiffness after treatment, suggesting alterations in actomyosin
organization. When the intracellular osmotic pressure was experimentally decreased by hypertonic solution or block
of K+ ion import via the Na, K-ATPase, cell viability was restored and cells acquired normal volume and blebbing
activity. Our results suggest that Erg channels have a critical function in K+ ion homeostasis of mESCs over the cell
cycle, and that cell death following Erg inhibition is a consequence of the inability to regulate cell volume.
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Introduction

pumps that may generate and regulate osmotic pressure
during cell growth and division.
In osmotically challenged cells such as kidney cells, osmotic
sensors act via volume regulatory ion transporters to reestablish osmotic homeostasis and maintain constant volume.
During the tightly controlled processes of regulatory volume
increase (RVI) and regulatory volume decrease (RVD) several
classes of ion channels and transporters are coordinated to
restore optimal cell volume. Na+/H+ exchangers, anion
exchangers and Na+/K+/Cl- co-transporters become active
during RVI, while K+ channels, volume regulated anion
channels and K+/Cl- co-transporters are activated during RVD
[4].
Activities of many transporters vary over the cell cycle. In
particular, K+ channel activity controls progression from G1 to S

Ion channel activity has been shown to simultaneously affect
cell cycle and cell volume in the S phase of the cell cycle in
embryonic stem cells (ESCs) [1] potentially linking proliferation
to physical behavior. ESCs have a characteristic round
morphology throughout the cell cycle and they further round up
at the onset of mitosis (Figure S1A,B). In contrast to ESCs,
cells with a more flattened morphology, for example fibroblasts,
round up exclusively at mitosis [2]. These morphology changes
result from a balance between outward osmotic pressure
versus an inward pressure generated by actomyosin
contraction. Although regulation of actomyosin contractility
during cell shape changes is relatively well understood [3], less
is known about the repertoire of ion channels, transporters and
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Erg inhibition causes cell death in G1 cell cycle phase
independent of apoptosis

phase [5] and is up regulated in rapidly proliferating cancer
cells [6]. However, how exactly K+ flux regulates cell cycle
progression is still not resolved. One potential downstream
mechanism is the DNA damage response (DDR) pathway that
can reversibly arrest ESCs in S-phase [1]. Similar to cancer
cells, K+ channels control cell proliferation in mouse and human
ESCs [7]. Here, we investigated K+ channel expression and
activity in mouse ESCs (mESCs) during the cell cycle. We
identified switches in K+ channel expression and a critical
function for Erg K+ channel activity in maintaining volume
homeostasis. Atomic force measurements revealed decreased
cortical stiffness during small molecule inhibition of Erg
channels, indicating an altered actomyosin organization in
addition to an osmotic pressure increase. Decreasing
intracellular osmotic pressure or blocking influx of K+ ions
rescued cell viability and restored normal cell volume and
blebbing [8] activity.

K+ channels control critical changes in membrane potential
during the cell cycle [5]. As Erg1 was expressed on the cell
surface in the G1 cell cycle phase, we next analyzed cell cycle
profiles of cells exposed to Erg inhibitor clofilium (10 µM for 6
hours) using flow cytometry. We found a relative reduction in
cell numbers in G1 and early S phase compared to late S or
G2/M (Figure 2A). These results suggested that cells were
indeed preferentially undergoing cell death in early cell cycle
stage i.e. G1.
It has been shown that Erg channels play a role in apoptosis
induced pathways via interaction with integrin and FAK
signaling [9]. To investigate whether Erg inhibition resulted in
cell death through apoptosis, we measured levels of cleaved
caspase-3 by flow cytometry in mESCs exposed to clofilium
(10 µM for 6 hours). We found that a subpopulation of cells had
an increased level of cleaved caspase-3 hence undergoing
apoptosis (data not shown). To assess the level of contribution
of apoptosis to cell death induced by Erg inhibition, apoptosis
was inhibited by co-administrating an irreversible inhibitor of
caspase-3 activity (Q-VD-OPh, 20 µM), simultaneously with
clofilium (10 µM). Surprisingly, we found that inhibition of
apoptosis only slightly reduced cell death after Erg inhibition as
measured by viability assay (Figure 2B). Thus, the majority of
cells exposed to Erg inhibitor died via cell death mechanism
other than apoptosis.
As we previously found that ion fluxes may activate the DDR
pathway without apparent activation of apoptosis in ESC [1] we
next analyzed the DDR pathway activation by immunostaining
for Ser-139 phosphorylated histone H2AX (γH2AX). We found
hyper-induced γH2AX levels in cellular fragments (Figure S4),
which likely reflects genome-wide activation of DDR resulting
from a large number of DNA damage sites caused by severe
stress. Such high phosphorylation levels would not be
expected during apoptosis as upregulated phosphatase activity
normally accompanies the apoptotic program. This data
therefore led us to suggest a non-apoptotic cell fragmentation
process where the DDR pathway is at least partially functional.

Results
Cell cycle regulated K+ channel expression
To identify channels with a cell cycle phase specific
expression, we analyzed the mRNA transcriptome in mESCs
by RNA sequencing after sorting G1, S and G2/M cell cycle
phases using fluorescent flow cytometry. Several K+ ion
channels exhibited cell cycle regulated expression. The highly
expressed K+ channels Kcnc3 (Kv3.3) and Kcnh2 (Kv11.1,
Erg1) had higher mRNA levels in G1 phase, while Kcnk5
(Task2), Kcns3 (Kv9.3) and Kcnj3 (Kir3.1) were mostly
expressed in G2/M (Figure 1A, Figure S2). No K+ channels
were selectively expressed during S phase. These data reveal
a shift in K+ channel repertoire at the G1 -S and S - G2/M
transitions.
Among the identified channels, Erg1, was particularly
interesting since Erg channels have been shown to regulate
cell proliferation [9] and development [10] and to play a role in
cell volume regulation during osmotic challenge [11]. We
therefore further analyzed expression of the Erg1 channel.
Quantitative real-time RT-PCR of cell cycle sorted cells
confirmed preferential expression in G1 (Figure 1B). To
establish whether cell cycle specific Erg1 transcription
correlated with protein expression levels, we performed live cell
flow cytometry using a specific antibody targeting an
extracellular epitope of Erg1. mESC size increased evenly over
the cell cycle, with the smallest cells in G1 (Figure S3) and
plotting forward scatter (indicating cell size) against Erg1
immunostaining showed that only the small G1 cells express
Erg1 at the cell surface (Figure 1C). To further validate protein
expression on a single cell level we cell cycle sorted ESCs and
analyzed Erg1 expression by confocal microscopy. Erg1
protein preferentially localized into the plasma membrane with
the highest intensity in G1 phase compared to S and G2/M
(Figure 1D) indicating a dynamic Erg1 expression and possibly
also channel activity peaking in G1.
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Erg inhibitor induced cell swelling and abolished
blebbing
To identify potential effects on cell behavior and morphology
by Erg channel activity, we administered a selective Erg
inhibitor E4031 (10 µM) during time-lapse recordings. In single
cells, Erg inhibition abolished widespread spontaneous
blebbing (Figure 3A) that was observed under control
conditions (Figure S1A). Instead, cells increased in volume and
after a stationary phase the plasma membrane rapidly
expanded and ruptured, which was followed by aggregation of
intracellular material (Figure 3A). This suggested that Erg
activity is involved in maintaining volume homeostasis in
mESCs. However, not all cells responded simultaneously,
indicating a cell cycle stage correlated response. We observed
that not until after 25 hours all cells appeared dead, which
indicated that some cells might be able to pass at least one cell
cycle under Erg inhibition.
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Figure 1. Cell cycle dependent Erg1 channel expression. (A) Heat-map displaying mRNA differential expression of selected K+
channels in different cell cycle phases (ANOVA-test p<0.005). (B) Erg1 mRNA expression level evaluated using real-time PCR in
cell cycle sorted mESCs (ANOVA-test). (C) Flow cytometry plot of live mESCs stained for an extracellular epitope of Erg1 channel.
(D) Confocal images of mESCs sorted in different cell cycle stages and immunostained for Erg1 protein with cross section
histograms (note that measurements across nucleoli were avoided) showing Erg1 immunostaining intensity with increased plasma
membrane localization in G1.
doi: 10.1371/journal.pone.0072409.g001

To measure temporal kinetics of Erg inhibition as well as
dose response we used an EPIC resonant wave guide grating
biosensor, which monitors live cell relative mass redistribution
(RMD). Cells reacted already 20 minutes after administration of
a dose series of Erg inhibitor (clofilium) beginning at 1.75 µM
(Figure 3B) suggesting early changes in morphology caused by
Erg inhibition.

expression construct and myosin with an MHCIIA-GFP
construct [12] As expected under control conditions, blebbing in
mESCs was accompanied by rapid accumulation of actin under
the plasma membrane surface (Figure 3C). In contrast, myosin
was recruited with a 20 second delay and was concentrated in
distinct foci on the bleb surface (Figure 3D). Both, actin and
myosin became concentrated during bleb retraction (Figure 3C,
D).
After Erg inhibition, time lapse imaging of actin (LifeactmCherry) confirmed the loss of blebbing (Figure 3E). Imaging
by total internal reflection fluorescence (TIRF) microscopy of
Lifeact-mCherry revealed a reduction in the area of cell-surface
contact upon Erg inhibition, reflecting the above described
rounding up of cells (Figure 3F). Importantly, the density of
cortical actin was not markedly affected, indicating that Erg

Cortical actin dynamics attenuates after Erg inhibition
The large increase in cell volume indicated loss of control of
cell morphology in which cortical actomyosin plays a major
role. To directly monitor effects of Erg inhibition on actomyosin
organization, we used fluorescent reporters and followed cell
behavior in real time by time-lapse microscopy. Cortical F-actin
was imaged after transfection with a Lifeact-mCherry
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Figure 2. Inhibition of Erg activity results in a mainly apoptosis independent cell death in G1 and early S phase. (A)
mESCs were exposed to cisapride (10 µM) or vehicle for 6 h and DNA content was assayed using propidium iodide labeling by flow
cytometry and quantified in respective cell cycle stages (one-way ANOVA, * p<0.05, ** p<0.01). (B) mESCs were treated with the
Erg inhibitor, E4031 (10 µM), for 24 h with and without apoptosis inhibitor, Q-VD-OPh (20 µM) and viability was measured using an
ATP detecting viability assay. Data presented as mean ± SEM (N=3), one-way ANOVA, Tukey post-hoc test.
doi: 10.1371/journal.pone.0072409.g002

Erg-induced cell death acts via osmotic and K+ ion
homeostasis

channel activity did not play a major role in actin nucleation or
organization (Figure 3F).

To evaluate net effects on ion fluxes by Erg inhibition, we
next analyzed membrane potential 1 hour after compound
addition (clofilium, 10 µM) using a membrane potential
sensitive reporter dye (DiBAC) and live cell flow cytometry. We
found that membrane potential over the plasma membrane
decreased as shown by the increase in fluorescence intensity
(Figure 5A), in accordance with the expected accumulation of K
+
ions in the cell when inhibiting Erg channels. As Erg inhibition
caused plasma membrane depolarization, we hypothesized
that inhibition of Erg activity caused accumulation of
intracellular K+ ions leading to a changed equilibrium between
osmotic pressure and the cortical actomyosin eventually
resulting in cell rupture. To test this idea, various conditions
that would counteract increase of intracellular osmolytes were
applied. First, Erg inhibitors were co-administered with sucrose
to test whether hyper-osmolarity could restore cell viability.
Indeed, moderate increases in osmolarity (20 mM sucrose)
rescued viability of mESCs after 24 hours (Figure 5B).
Osmotic homeostasis is maintained by the sodium pump
(Na, K-ATPase) which exports 3 Na+ ions out of the cell while
importing 2 K+ ions inside the cell. K+ ions are subsequently
exported via K+ channels. This net export of ions
accommodates import of osmolytes such as amino acids,
glucose and other small molecules in the cell. We argued that
Erg channels might interact with the sodium pump in this K+
circuit and cause K+ over-accumulation when inhibited. To test
this, inward flow of K+ ions was blocked using ouabain (1 µM),

Decreased cortical stiffness during Erg inhibition
The dramatic cell volume increase and the loss of blebbing
during Erg inhibition indicated a reduction in cortical stiffness,
which is critical to counteract osmotic pressure. Loss of
actomyosin contractility would potentially allow a volume
increase such as that observed during Erg inhibition. To
address this directly, we measured cell stiffness after Erg
inhibition using atomic force microscopy (Figure 4A). In control
cells we found that under decreased osmotic pressure
(hypertonic medium) cortical stiffness was reduced (Figure 4B).
On the other hand we found cortical stiffness to be increased in
blebbing vs. non-blebbing cells (Figure 4B). These results were
consistent with adaptation in cortex organization and
equilibrium between osmotic pressure and actomyosin
contractility. After 7 hours of Erg inhibition we found a
significant decrease in cell stiffness (2.5-fold, p=0.02, Figure
4C). This was in accordance with the time course for cell
volume increase monitored by bright-field and fluorescent actin
time-lapse imaging. Taken together, our data suggest that Erg
inhibition caused a reduction of cortical stiffness, possibly
through an effect on actomyosin contractility. This would then
lead to an inability to withstand a gradually increased osmotic
pressure.
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Figure 3. Inhibition of Erg results in cell volume increase and rupture. (A) Images from time-lapse movies of mESCs treated
with Erg inhibitor, E4031 (10 µM). (B) Mass redistribution measurements of mESCs treated with different concentrations of clofilium.
(C, D) Time-lapse images of fluorescent reporter for actin (Lifeact-mCherry) (C) and myosin MHCII (MHCIIA-GFP) (D) in a bleb.
Kymographs (far right) of a bleb showing actin and myosin intensity over time. (E, F) Time-lapse images of actin (Lifeact-mCherry)
during Erg inhibition by fluorescent microscopy (E) and TIRF microscopy (F). Scale bars in C and D are 4 µm and 10 µm in E and F.
Time bars in the kymographs (C/D, vertical) are 100 s. Time stamps in C/D are in seconds and in E/F in hours.
doi: 10.1371/journal.pone.0072409.g003
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Figure 4. Erg inhibition decreased stiffness in mESCs. (A) A representative image of the cantilever placed over a mESC during
atomic force microscopy. (B) In control conditions, blebbing cells showed a trend towards higher stiffness than non-blebbing cells
(n=7, p=0.17, median indicated in box) and control cells that were subjected for hypertonic medium (sucrose 20 mM) for one hour
showed reduced stiffness (n=11, p<0.001). (C) After 7 h of Erg inhibition (E4031; 10 µM) treated cells (n=8) were significantly
(p=0.02, t-test unequal variance) less stiff than control cells (n=18).
doi: 10.1371/journal.pone.0072409.g004

a selective inhibitor of Na, K-ATPase. Co-administration of Erg
inhibitor and ouabain increased cell survival after 24 hours
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Figure 5. (A) Flow cytometric recordings of DiBAC4(3) loaded mESCs (n=10 000 cells, N=3) treated with 10 µM clofilium
for 1 h. (B) Cell viability of mESCs treated with E4031 with and without sucrose (20 mM) or ouabain (1 µM) for 24 h. Data
presented as mean ± SEM (n=4), one-way ANOVA, Tukey’ post-hoc test. (C) Images from time-lapse movies of mESCs
treated with Erg inhibitor, E4031 (10 µM) and with the Na+,K+-ATPase inhibitor ouabain (1 µM).
doi: 10.1371/journal.pone.0072409.g005

Discussion

(Figure 5C) which suggests that, Na, K-ATPase functionally
interacts with Erg channels to control intracellular K+ and
volume homeostasis.

PLOS ONE | www.plosone.org

Erg channels have previously been shown to be involved in
cell cycle progression as well as in maintenance of cell volume
during osmotic stress [11]. Here we demonstrated that Erg
channels play a role in regulating ion homeostasis and cell

7

August 2013 | Volume 8 | Issue 8 | e72409

Erg Activity and Volume Regulation

Figure 6. K+ permeability via Erg channel activity is critical for cell volume homeostasis. The Na, K-ATPase and K+ channels
cooperate to establish a K+ ion circuit controlling intracellular [K+]. Inhibition of Erg channels lead to altered equilibrium between
osmotic pressure and cortical actomyosin function resulting in an increase in cell volume ending in cell bursting. This could be
counteracted by increasing extracellular osmolarity with sucrose or by blocking the influx of K+ ions by inhibiting the Na, K-ATPase
with ouabain.
doi: 10.1371/journal.pone.0072409.g006

volume under iso-osmotic conditions (Figure 6). Mitotic cells
exhibit an increased rounding force [2] and in the G1 phase,
osmotic pressure and cell morphology are restored to a more
relaxed state. The finding that Erg channels have a high cell
surface expression in G1, suggests that Erg channels may act
to modulate the rounding forces after mitosis. Increased cell
volume during Erg inhibition may be a consequence of an
increase in intracellular K+ ions leading to either (1) increased
intracellular osmotic pressure or (2) a more direct effect on
cortical actomyosin function as suggested by the reduced
stiffness measured by atomic force microscopy. In another cell
type, endothelial cells, cortical stiffness has been reported to
be similarly controlled by changes in ion fluxes including
increased extracellular K+ levels [13,14].
Erg inhibition most likely resulted in increased intracellular K+
observed as membrane depolarization in our experiments.
Judging from the reported investigations in endothelial cells,
either cations (in particular K+) or depolarization may cause
reduced stiffness and increased cell volume [13,14]. It is
difficult to experimentally dissociate these functions, but our
data from inhibition of the Na, K-ATPase indicate a resolving
strategy. As the Na, K-ATPase exports three and imports only
two cations the net result is membrane hyperpolarization. Block
of the Na, K-ATPase may thus not counteract depolarization,
such as we found during Erg inhibition. Nonetheless, such
block counteracted volume effects elicited by Erg inhibition,
and our data therefore do not support that depolarization per se
may drive the observed cell volume increase. Most likely the
observed effects on cell volume in ESCs therefore were a
consequence of increased K+ ion concentration.
Erg channels play a role in cell-cell contacts and cell motility
via interactions with integrins, FAK (focal adhesion kinase) and
Rac1 [15,16]. It is therefore possible that swelling induced
disruption of structural integrity of the plasma membrane and
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the cytoskeleton during Erg inhibition in mESCs has a strong
impact on several signaling pathways downstream of
membrane bound receptors, such as the complexes formed
between Erg channels and β1-integrins. In such a case Erg
function would be positioned upstream of integrin/FAK/myosin
signaling. The data that Erg controls cell volume and thus cell
shape and cell-cell contacts, confirm that Erg function may be
critical in this upstream position. Although lack of integrin
signaling is unlikely to play a fundamental role in mESC
survival on a shorter time scale, as these cells can readily be
passaged as single cells, it may have importance in other cells
types. For example, human ESCs when dissociated undergo
cell death accompanied by intense plasma membrane blebbing
via hyper activated actomyosin [17,18]. This sensitivity is
shared with pluripotent mouse epi-stem cells (EpiSCs) derived
from the post-implantation epiblast [18]. The identity of the
dissociation-associated stimulus that triggers hyper activation
of actomyosin in human ESCs and mouse EpiSCs remains
unknown. Interestingly, Erg expression was found to be absent
in human ESCs [19], which may be explained by their relatively
later developmental identity as EpiSCs [20]. As Erg inhibition
caused relaxation of the actomyosin in mouse ESC, it could be
interesting to study whether the lack of ERG expression in
human ESCs is at least a partial explanation for the sensitivity
to single cell passaging. The commonly used mechanical
separation of larger cell aggregates during passaging of human
ESCs may maintain buffering of osmotic pressure via e.g. gap
junctions circumventing requirement of ERG activity.
In conclusion, in mouse ESCs, Erg1 expression is
transcriptionally hardwired by the cell cycle and Erg channel
activity is critical for controlling membrane potential, activity of
cortical actomyosin and cell volume. Erg channels are thus an
integral part of morphological changes accompanying the cell
cycle.
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Methods

α6 antibody (1:100 dilution, Millipore NAB1982). The nucleus
was stained with DAPI and DAKO mouting media was used for
mounting on slides. Olympus FluoView FV1000 confocal laser
scanning microscope was used for acquiring and analyzing
images.

Cell culture
R1 mESCs (kindly provided by A. Nagy, Samuel Lunenfeld
Research Institute Mount Sinai Hospital [21]) were cultured in
DMEM/F12 supplemented with N2 supplement, 0.4 mM 2mercaptoethanol, 5 mM HEPES (all from Invitrogen), 10 ng/ml
basic fibroblast growth factor and 1,000 U/ml ESGRO
(Chemicon) in suspension as previously described [1]. For
experiments, mESCs were grown on 0.2% gelatin coated sixwell plates. Stock solution of doxorubicin was made by
dissolving in distilled water to 1 mM, E- 4031 in distilled water
to 10 mM and other Erg inhibitors in PBS/10% DMSO at 10
mM (all from Sigma).

Cell viability assay
mESCs were plated as single cells in a 96-well plate and
treated with Erg inhibitors for a period of 24 h. Cell viability was
measured using CellTiter-Glo® Luminescent Cell Viability
Assay (Promega), according to manufacturer’s instructions. QVD-OPh (R&D Systems) was dissolved in DMSO.

DiBAC staining
For membrane potential experiments using flow cytometry,
mESCs were loaded with 1 µM bis-(1,3-dibutylbarbituric acid)
trimethine oxonol (DiBAC4(3), Invitrogen). Cell acquisition,
analysis and quantification were performed with a FACScan
instrument using CellQuest Pro software (Becton Dickinson).

Cell sorting
mESCs were stained with 10 µg/ml Hoechst 33342
(Invitrogen) in DMEM/F12 medium supplemented with ESGRO
and basic fibroblast growth factors at 37° for 30 min. Cells were
sorted according to G1, S and G2/M cell cycle phases directly
into RLT buffer (Qiagen) using Becton Dickinson
FACSVantage/DiVa fluorescent cell sorter.

Flow cytometry
ES spheres cells were dissociated using TrypLE Express
(Invitrogen) to single cells, plated and cultured for 6h with
clofilium (10 µM) or doxorubicin (1 µM). Doxorubicin was used
as positive control. Cells were then fixed overnight in 75%
ethanol and rehydrated in PBS. For staining with propidium
iodide and γH2AX (1:4000, Abcam) antibody, cells were
incubated with primary antibody for 1h at RT, followed by
incubation with secondary antibody (1:400, Alexa Fluor 488nm,
Invitrogen) for 40 min at RT. Flow cytometry was performed on
a FACScan instrument using CellQuest Pro software. For live
cell Erg staining, mESCs were incubated with primary antibody
(1:100 dilution, Almone Lab) for 50 min at RT, followed by
incubation with secondary antibody (1:1000, Alexa Fluor
488nm, Invitrogen) for 30 min at RT. For DAPI staining, cells
were incubated with DAPI (1:500, 0.2mg/ml stock) for 15 min at
37° C and acquired with CyAN ADP (Dako Cytomation) and
analyzed with FlowJo software (Tree Star, Ashland, OR, USA).

RNA sequencing and data analysis
Total RNA was isolated from cell cycle sorted mESCs using
RNeasy extraction mini kit (Qiagen). cDNA and sample
preparation for RNA sequencing was done according to
protocol (TruSeq RNA kit, Illumina). Samples were sequenced
on an Illumina HiSeq 2000 sequencer as single-end 51nucleotide reads according to the manufactures protocol. Raw
reads were mapped to the reference mouse genome and
normalized data was generated for each genomic feature using
STRT software [22] Briefly, raw reads were aligned using Bow
tie [23]. Mapped reads were normalized using RPKM (reads
per KB million reads) normalization method [24]. Statistical
analysis was done using Qlucore software.

Real-time RT–PCR
A detailed description is given in [1]. In brief, total RNA was
isolated with an RNeasy extraction mini kit (Qiagen), reverse
transcription was performed with High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems), primers were designed
with Primer Express software (Applied Biosystems) and realtime PCR was conducted with the SYBR green detection
method on an ABI PRISM 7900 instrument (Applied
Biosystems). Samples were run three times in triplicates.
Primer sequences
Erg1 Fw: CAG CCC GGG TCG ACAG
Erg1 Rev: CCC GGC CTG AAG CTG

Measurements of relative mass redistribution
An EPIC (Corning) instrument, a resonant wave guide
grating biosensor, was used to monitor relative mass
redistribution (RMD). Morphological changes were analyzed in
a cell population in real-time. Prior to measurements, mESCs
were attached on a laminin coated assay surface in a 96-well
plate format using mild centrifugation followed by incubation at
37° C for 1 h. After initial recording of a stable baseline,
compound was added and measurements continued for up to 2
h.

Immunostaining

Time-lapse microscopy and image analysis

Cell cycle sorted mESCs were plated on 0.2% gelatin-coated
cover slips. Cells were fixed with 2% formaldehyde and
permeabilized with 0.3% Tween for 10 min. Cells were
incubated in PBS containing 1% BSA with following primary
antibodies: Erg extracellular epitope (1:100 dilution, Almone
Lab), Erg intracellular epitope (1:100 dilution, Abcam), Integrin

PLOS ONE | www.plosone.org

mESCs were plated, as single cells or spheres, on a 12-well
plate and treated with various Erg inhibitors. Time-lapse was
run using a Zeiss Cell Observer microscope, acquiring one
picture every 5 min for 24 h, at a 20X magnification with Zeiss
AxioVision software. ImageJ was used for image analysis.
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LifeAct transfection and TIRF imaging

plane and b″ y-z plane. Indicated are two cells, 1 and 2, in
cytokinesis rounding up and decreased surface contact with
the colony. Indicated is also an interphase cell, 3, with a flatter
cell morphology and closer cell–cell contact. White color
indicates DAPI and green integrin α6, red line indicates cell
surface of the two cells in cytokinesis.
(TIF)

mESCs were plated on matrigel-coated 8 well chambers
plates. Lipofectamine 2000® was used as a transfection agent
and mESCs were transfected with only OptiMEM for 5 hours
then the media was changed. Images were acquired on an
iMIC stand (Till Photonics) with an Olympus ×100 1.45NA
objective. A DPSS laser (75 mW) at 488 nm (Coherent
Sapphire) was selected through an acousto-optical tunable
filter. A two-axis scan head was used to adjust laser incidence
angles. Images were collected with an Andor iXON DU-897
EMCCD camera controlled by the Live Acquisition (Till
Photonics) software.

Figure S2. Absolute K+ channel expression over the cell
cycle.
a) K+ channel transcriptome analysis by RNA
sequencing of cell cycle sorted mESCs using flow cytometry
and DNA staining. Expression is normalized as RPMB.
(TIF)

Atomic force microscopy
Figure S3. Flow cytometry plot of live mESCs stained with
DAPI and plotted against forward scattering (FSC)
reflecting cell volume growth from G1 to G2. (TIF)

AFM elasticity measurements were carried out using a
CellHesion 200 AFM (JPK Instruments) mounted on a Zeiss
Axiovert microscope. The optical microscope was used to
select cells and position the cantilever tip. Additionally,
brightfield images were acquired for every analyzed cell. We
used triangular MLCT Microlever Probes (Veeco Probes) with a
spring constant of 0.03 N/m, which were calibrated using a
thermal noise method provided by the JPK CellHesion 200
control software V.3.3. Force-distance curves were acquired
using a scan rate of 5 µm/s and setpoint 0.4 nN and the force
curves were analysed using JPK Image Processing software.
Based on the brightfield images, only round cells were
analyzed. The Young’s Modulus was calculated from an
average of five force-distance curves per cell. AFM
measurements were performed in Leibovitz L-15 Medium at
37° C. In box and whisker charts, the ends of the whisker were
set at 1.5 x IQR above the third quartile (Q3) and 1.5 x IQR
below the first quartile (Q1). The maximum value outside this
range was indicated.

Figure S4. a) mESCs were exposed to clofilium (10 µM) or
vehicle for 6h and analyzed by immunostaining against γH2AX
shown in histogram where three apparent discrete populations
are indicated by roman numerals (I low γH2AX, II medium
γH2AX and III high γH2AX content populations) and b) plotted
against DNA content analyzed by propidium iodide labeling
where a cell population with a sub-2N DNA content is indicated
by a red circle.
(TIF)
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Figure S1. Cell morphology and blebbing is altered during
mitosis in ESCs. a) Time lapse imaging series of ESCs prior
to during and after mitosis showing rounding up and loss of
blebbing in mitosis. b) Confocal fluorescent microscopy
imaging of an ESC colony with z-stack cross-sections: b’ y-z

References
1. Andäng M, Hjerling-Leffler J, Moliner A, Lundgren TK, Castelo-Branco
G et al. (2008) Histone H2AX-dependent GABA(A) receptor regulation
of stem cell proliferation. Nature 451: 460-464. doi:10.1038/
nature06488. PubMed: 18185516.
2. Stewart MP, Helenius J, Toyoda Y, Ramanathan SP, Muller DJ et al.
(2011) Hydrostatic pressure and the actomyosin cortex drive mitotic cell
rounding. Nature 469: 226-230. doi:10.1038/nature09642. PubMed:
21196934.
3. Heng YW, Koh CG (2010) Actin cytoskeleton dynamics and the cell
division cycle. Int J Biochem Cell Biol 42: 1622-1633. doi:10.1016/
j.biocel.2010.04.007. PubMed: 20412868.
4. Koivusalo M, Kapus A, Grinstein S (2009) Sensors, transducers, and
effectors that regulate cell size and shape. J Biol Chem 284:
6595-6599. PubMed: 19004817.
5. Blackiston DJ, McLaughlin KA, Levin M (2009) Bioelectric controls of
cell proliferation: ion channels, membrane voltage and the cell cycle.
Cell Cycle 8: 3519-3528. PubMed: 19823012.

PLOS ONE | www.plosone.org

6. Fiske JL, Fomin VP, Brown ML, Duncan RL, Sikes RA (2006) Voltagesensitive ion channels and cancer. Cancer Metastasis Rev 25:
493-500. doi:10.1007/s10555-006-9017-z. PubMed: 17111226.
7. Li GR, Deng XL (2011) Functional ion channels in stem cells. World J
Stem Cells 3: 19-24. doi:10.4252/wjsc.v3.i3.19. PubMed: 21607133.
8. Charras GT (2008) A short history of blebbing. J Microsc 231: 466-478.
doi:10.1111/j.1365-2818.2008.02059.x. PubMed: 18755002.
9. Jehle J, Schweizer PA, Katus HA, Thomas D (2011) Novel roles for
hERG K(+) channels in cell proliferation and apoptosis. Cell Death Dis
2: e193. doi:10.1038/cddis.2011.77. PubMed: 21850047.
10. Winston NJ, Johnson MH, McConnell JM, Cook DI, Day ML (2004)
Expression and role of the ether-a-go-go-related (MERG1A) potassiumchannel protein during preimplantation mouse development. Biol
Reprod 70: 1070-1079. PubMed: 14668215.
11. Roy J, Vantol B, Cowley EA, Blay J, Linsdell P (2008) Pharmacological
separation of hEAG and hERG K+ channel function in the human
mammary carcinoma cell line MCF-7. Oncol Rep 19: 1511-1516.
PubMed: 18497958.

10

August 2013 | Volume 8 | Issue 8 | e72409

Erg Activity and Volume Regulation

12. Riedl J, Crevenna AH, Kessenbrock K, Yu JH, Neukirchen D et al.
(2008) Lifeact: a versatile marker to visualize F-actin. Nat Methods 5:
605-607. doi:10.1038/nmeth.1220. PubMed: 18536722.
13. Callies C, Fels J, Liashkovich I, Kliche K, Jeggle P et al. (2011)
Membrane potential depolarization decreases the stiffness of vascular
endothelial cells. J Cell Sci 124: 1936-1942. doi:10.1242/jcs.084657.
PubMed: 21558418.
14. Oberleithner H, Callies C, Kusche-Vihrog K, Schillers H, Shahin V et al.
(2009) Potassium softens vascular endothelium and increases nitric
oxide release. Proc Natl Acad Sci U S A 106: 2829-2834. doi:10.1073/
pnas.0813069106. PubMed: 19202069.
15. Cherubini A, Hofmann G, Pillozzi S, Guasti L, Crociani O et al. (2005)
Human ether-a-go-go-related gene 1 channels are physically linked to
beta1 integrins and modulate adhesion-dependent signaling. Mol Biol
Cell 16: 2972-2983. doi:10.1091/mbc.E04-10-0940. PubMed:
15800067.
16. Pillozzi S, Brizzi MF, Bernabei PA, Bartolozzi B, Caporale R et al.
(2007) VEGFR-1 (FLT-1), beta1 integrin, and hERG K+ channel for a
macromolecular signaling complex in acute myeloid leukemia: role in
cell migration and clinical outcome. Blood 110: 1238-1250. doi:10.1182/
blood-2006-02-003772. PubMed: 17420287.
17. Watanabe K, Ueno M, Kamiya D, Nishiyama A, Matsumura M et al.
(2007) A ROCK inhibitor permits survival of dissociated human
embryonic stem cells. Nat Biotechnol 25: 681-686. doi:10.1038/
nbt1310. PubMed: 17529971.
18. Ohgushi M, Matsumura M, Eiraku M, Murakami K, Aramaki T et al.
(2010) Molecular pathway and cell state responsible for dissociation-

PLOS ONE | www.plosone.org

19.

20.
21.

22.

23.

24.

11

induced apoptosis in human pluripotent stem cells. Cell Stem Cell 7:
225-239. doi:10.1016/j.stem.2010.06.018. PubMed: 20682448.
Caspi O, Itzhaki I, Kehat I, Gepstein A, Arbel G et al. (2009) In vitro
electrophysiological drug testing using human embryonic stem cell
derived cardiomyocytes. Stem Cells Dev 18: 161-172. doi:10.1089/scd.
2007.0280. PubMed: 18510453.
Brons IG, Smithers LE, Trotter MW, Rugg-Gunn P, Sun B et al. (2007)
Derivation of pluripotent epiblast stem cells from mammalian embryos.
Nature 448: 191-195. doi:10.1038/nature05950. PubMed: 17597762.
Nagy A, Rossant J, Nagy R, Abramow-Newerly W, Roder JC (1993)
Derivation of completely cell culture-derived mice from early-passage
embryonic stem cells. Proc Natl Acad Sci U S A 90: 8424-8428. doi:
10.1073/pnas.90.18.8424. PubMed: 8378314.
Islam S, Kjällquist U, Moliner A, Zajac P, Fan JB et al. (2011)
Characterization of the single-cell transcriptional landscape by highly
multiplex RNA-seq. Genome Res 21: 1160-1167. doi:10.1101/gr.
110882.110. PubMed: 21543516.
Langmead B, Trapnell C, Pop M, Salzberg SL (2009) Ultrafast and
memory-efficient alignment of short DNA sequences to the human
genome. Genome Biol 10: R25. doi:10.1186/gb-2009-10-3-r25.
PubMed: 19261174.
Mortazavi A, Williams BA, McCue K, Schaeffer L, Wold B (2008)
Mapping and quantifying mammalian transcriptomes by RNA-Seq. Nat
Methods 5: 621-628. doi:10.1038/nmeth.1226. PubMed: 18516045.

August 2013 | Volume 8 | Issue 8 | e72409

