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Downregulation in Embryonic Stem Cells

Kevin J. Chalut,™#* Markus Hépfler,"* Franziska Lautenschlager,’ Lars Boyde,' Chii Jou Chan,?
Andrew Ekpenyong,’ Alfonso Martinez-Arias,® and Jochen Guck™

TCavendish Laboratory, Department of Physics, *Wellcome Trust/Medical Research Council Centre for Stem Cell Research, and $Department
of Genetics, University of Cambridge, Cambridge, United Kingdom; and YBiotechology Center, Technische Universitéit Dresden, Dresden,
Germany

ABSTRACT The interplay between epigenetic modification and chromatin compaction is implicated in the regulation of gene
expression, and it comprises one of the most fascinating frontiers in cell biology. Although a complete picture is still lacking, it is
generally accepted that the differentiation of embryonic stem (ES) cells is accompanied by a selective condensation into hetero-
chromatin with concomitant gene silencing, leaving access only to lineage-specific genes in the euchromatin. ES cells have
been reported to have less condensed chromatin, as they are capable of differentiating into any cell type. However, pluripotency
itself—even prior to differentiation—is a split state comprising a naive state and a state in which ES cells prime for differentiation.
Here, we show that naive ES cells decondense their chromatin in the course of downregulating the pluripotency marker Nanog
before they initiate lineage commitment. We used fluorescence recovery after photobleaching, and histone modification analysis
paired with a novel, to our knowledge, optical stretching method, to show that ES cells in the naive state have a significantly
stiffer nucleus that is coupled to a globally more condensed chromatin state. We link this biophysical phenotype to coinciding
epigenetic differences, including histone methylation, and show a strong correlation of chromatin condensation and nuclear
stiffness with the expression of Nanog. Besides having implications for transcriptional regulation and embryonic cell sorting
and suggesting a putative mechanosensing mechanism, the physical differences point to a system-level regulatory role of chro-
matin in maintaining pluripotency in embryonic development.

INTRODUCTION

Embryonic stem (ES) cells are derived from the preimplan-
tation mammalian epiblast and can undergo indefinite
symmetrical cell division while retaining the ability to
differentiate into the three primary germ layers of the
embryo. Understanding the hallmark of ES cells—the
pluripotent state—has inspired a quest to discover the mech-
anisms that act as a gateway for the pluripotent state. Much
of that quest has centered on the trio of transcription factors
(TFs)—Oct4, Sox2, and Nanog (1)—that seem to be at the
heart of pluripotency (2). Of these TFs, Nanog alone
preserves pluripotency in the absence of pluripotency main-
tenance signals (3). Furthermore, loss-of-function studies
have implicated the necessity of Nanog at seminal time
points in the development of mouse embryos (reviewed in
Theunissen and Silva (1)), indicating the vital role of Nanog
in orchestrating embryogenesis. Given this leading role, it
is, at first sight, surprising that Nanog expression is not
essential for maintaining pluripotency. This apparent
paradox was resolved by the discovery that Nanog acts as
a global regulator of differentiation (4). We can therefore
define two states of pluripotency—high-Nanog-expressing
and low-Nanog-expressing, both of which express Sox2
and Oct4—with high Nanog expression representing a stable
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naive state and low Nanog expression a more heterogeneous
and unstable primed state (5). Importantly, low-Nanog-
expressing cells cultured in ES cell conditions still self-
renew indefinitely and can contribute to chimaeras (4).

To study Nanog function, a mouse ES cell line with
a green fluorescent protein (GFP) insertion into one of the
Nanog loci (TNGA) was developed (4). GFP expression in
TNGA cells shows a bimodal distribution in which high
GFP expression is well correlated with high Nanog (HN)
expression, whereas low-GFP cells constitute a more hetero-
geneous population of cells with primarily low Nanog (LN)
expression (4,6). The HN and LN states are transcriptionally
similar, with a slight but discernible downregulation in Oct4
accompanying an upregulation of lineage-specific genes in
the LN state (6); furthermore, ES cells do not directly differ-
entiate from the HN state but must first downregulate Nanog
(5). These experimental facts justify the designation of the
HN state as a naive state with a well-regulated pluripotent
phenotype and the LN state as a primed state poised for
lineage commitment.

There is a potential unification between the molecular
underpinnings and the epigenetic basis of pluripotency.
The Sox2-Oct4-Nanog (SON) transcriptional network is
seemingly involved crucially in regulating covalent histone
modifications and chromatin remodeling, both indirectly,
via transcriptional control of remodeling-associated pro-
teins, and directly, by protein-protein interactions with re-
modeling complexes (reviewed in Orkin and Hochedlinger
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(7)). Pluripotency is hypothesized to be regulated in part
by bivalent chromatin domains, which constitute at least
two counteracting epigenetic marks at specific gene sites,
silencing them while keeping them poised for activation (8).
The discovery of these domains, present at the site of many
developmentally important TF genes, is one of many break-
throughs exemplifying the high importance of epigenetic
states in regulating pluripotency and differentiation (9).

Importantly, changes in epigenome have a significant
consequence: these changes in the epigenome lead to multi-
scale chromatin remodeling, as epitomized by global
condensation and decondensation of chromatin. A number
of studies have underlined the importance of global chro-
matin states in the transition from the pluripotent to the
committed state (10). It is well-established that there is
widespread chromatin condensation in the nucleus associ-
ated with lineage commitment (9,11). Furthermore, there
are significant increases in cell stiffness (12) and nuclear
stiffness in differentiating ES cells (13). The cell stiffening
is due to an increasingly organized cytoskeleton, whereas
the nuclear stiffening is due in large part to upregulation
of lamin A/C intermediate filaments (14), but chromatin
structure could also play a significant role (15,16). These
findings implicate a relationship between nuclear
mechanics/chromatin structure and differentiation.

Unlike many previous studies of ES cells discussed
above, we are investigating not differentiation, but the regu-
lation of pluripotency before differentiation on a single
cell-level. We show here a connection between nuclear
mechanics and chromatin condensation using a unique com-
bination of well-established and, to our knowledge, novel
methods. We use optical stretching, a technique that
employs a dual-beam optical trap for single-cell mechanical
phenotyping (17), to measure cell compliance, and we use
optical stretching in a novel, to our knowledge, way to
measure single-cell nuclear mechanics. We augment these
results with more established methods to study covalent
histone modifications, thereby integrating physical and
biochemical cell properties that influence developmental
processes. We find that LN cells are more compliant, i.e.,
more deformable, than HN cells and that this increased
compliance is due to a softening of the nucleus correlated
with a more decondensed global state of chromatin. With
this, we demonstrate biophysical states of pluripotency
that are potentially critical for mediating fate decisions in
biological development.

MATERIALS AND METHODS
Cell culture, FACS analysis, and sorting

The TNGA mouse embryonic stem (mES) cell line we used was a kind gift
from the lab of Austin Smith and has been described previously (4). Briefly,
an eGFP reporter gene was inserted at the AUG codon of one of the Nanog-
alleles and eGFP expression is correlated with Nanog promotor activation
(4). ES cells were cultured in GMEM- medium (G5154, Sigma-Aldrich,

2061

St. Louis, MO) supplemented with 10% fetal bovine serum (FBS) (Biosera
S$1900-500, lot S0495251900), 2 mM GlutaMAX (35050), penicillin-
streptomycin (100 U/ml and 100 ug/ml, respectively, 15140-148),
1 xMEM nonessential amino acids (11140035), 100 uM 2-mercaptoethanol
(31350010, all from Invitrogen, Carlsbad, CA), 1 mM sodium pyruvate
(S8636-100ML, Sigma-Aldrich) and 1000 U/ml LIF (ESGRO, ESG1107,
Millipore, Billerica, MA). This medium will be referred to as LIF+ medium.

To monitor the expression of eGFP and the correlated Nanog expression,
the cells were regularly checked using a Cyan ADP FACS analyzer (Dako,
Glostrup, Denmark). Cells from a T25 flask or a six-well plate were trypsi-
nized and resuspended in LIF+ medium. A protocol developed by
T. Kalmar (6) was used to analyze the GFP profile of a cell population.
The calibration was done in initial experiments with the nonGFP-express-
ing parental cell line E14. The GFP-positive cells (HN) typically showed
signal intensities 100-fold those of GFP-negative cells (LN) and could
therefore easily be distinguished. Only if the profile showed the typical
two-peaked shape, with 20-35% of the cells being GFP-negative and
50-65% being GFP-positive, were the cells used for experiments. To sort
the cells into HN and LN populations, cells were trypsinized and resus-
pended in LIF+ medium at a concentration of 1.5-2 E7 cells/ml. The
suspension was filtered and the cells were sorted using a Dako MoFlo
high-speed cell sorter. Only viable single cells were selected according to
their forward-scatter (FSC)/side-scatter (SSC)/pulse width characteristics.
Cells from the LN and HN peaks were collected, and cells with intermediate
fluorescence intensity were discarded. Sorted cells were either used directly
in stretching experiments or recultured.

Optical stretching experiments
Optical stretcher setup

All optical cell stretching experiments were performed on a custom built
optical stretcher (OS), and the same equipment and settings were used
throughout all experiments of this study. The basics of setting up an OS
have been described elsewhere (18,19). Specifically, the microscope used
for imaging phase-contrast videos in operating-system (OS) experiments
was an inverted Eclipse TE2000-U equipped with a Plan Fluor ELWD
40x/0.60 NA objective (both from Nikon, Tokyo, Japan). A 1.5x C-mount
was used to attach either a Hamamatsu ORCA-05G or an AVT Marlin
F146B video camera leading to an overall magnification of 60x. The stage
of the microscope was modified so that a microfluidic flow chamber
designed for OS experiments could be attached. The laser used in OS ex-
periments was a single-mode, continuous-wave fiber laser at a wavelength
of A = 1064 nm (YLM-5-1070-LP, IPG Photonics, Oxford, MA). Both the
laser and the cameras were controlled using a custom-made LabVIEW-
software (National Instruments, Austin, TX).

Data processing and statistical evaluation

A custom-built edge-detection program (LabVIEW, National Instruments)
(19) was run for each cell to quantify the deformation of cells or nuclei. An
ellipse was fitted to the cells and the relative deformation along the laser
axis (strain) was quantified for each time point. The peak strain at the
time point with the highest deformation was used to compare different
cell populations.

Experimental procedure

For OS experiments, cells were grown to ~80-90% confluency, trypsinized,
optionally sorted as described above, and resuspended in LIF4 medium at
a concentration of 1-2 E6 cells/ml. After an incubation period of 10-20 min
at room temperature, cells were injected into the microfluidic system. Cells
were trapped in the optical trap and then stretched. In all OS experi-
ments presented in this study, the relative deformation (strain) of cells or
nuclei in response to the application of a step stress was measured. In
creep-compliance experiments, each cell or nucleus was recorded over
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a period of trapping (1 s, 0.2 W), stretching (3 s, 1.1 W), and relaxation
(35,02 W).

Compliance calculation

For compliance calculations, exact cell sizes were determined (see Support-
ing Material) and the refractive index of cells was measured using digital
holographic microscopy (20). This information, together with known prop-
erties of the optical trap (geometry and material properties) were used to
calculate the stress distribution on the cell surface according to the methods
of Boyde et al. (21) and a geometrical factor (22). Using these parameters,
the cellular strain during stretching was converted into compliance values.

Drug and chemical treatments

To test the role of different structures of the cell on deformability, cells were
treated with different drugs or chemicals. To depolymerize the actin cyto-
skeleton, cells were treated with 1 uM cytochalasin D (C8273, Sigma-
Aldrich) for 10 min (16,23). To disrupt the microtubule (MT) cytoskeleton,
nocodazole (M1404, Sigma-Aldrich) was used (30 min, 1 uM) (24). To
influence chromatin condensation, the histone deacetylase (HDAC) inhib-
itor trichostatin A (TSA) (19-138, Millipore) was used (300 nM, 2 h)
(25) as was 5-AZA-2'-deoxycytidine (189825, Millipore) (250 nM, 2 h).
These dosages and time course were chosen to minimize cytotoxicity:
with these treatments, TNGAs could be passaged at full viability for at least
two passages beyond treatment. In addition, these treatment regimes did not
cause any change in the Nanog expression profile. To reversibly condense
chromatin, divalent cations (MgCl, and CaCl,, 2 mM each, 30 min, both
from Sigma-Aldrich) were used. Divalent cations were shown to enhance
chromatin condensation both in vivo and in vitro (26).

Stretching of nuclei within intact cells

For the quantification of nuclear deformation within living cells, the cells
were stained with the cell-permeable nucleic acid dye Hoechst 33342
(H3570, Invitrogen). The cells were incubated with 5-10 ug/ml for
15 min before trypsinization, and the dye was kept in the resuspension
medium of the cells. Except for the Hoechst staining, cells were processed
in exactly the same way as for whole-cell measurements. Data analysis was
performed in a way similar to that used for whole cells. The LabVIEW edge
detection program was used to track edges of the nuclei and data were
further processed using Matlab software. Due to lack of knowledge of
the refractive index of the nuclei inside the cells, only relative nuclear defor-
mation, rather than nuclear compliance, is reported.

Quantitative analysis of HP1a- and H3K9-
methylation distributions in the nucleus

Immunofluorescence staining

The HP1a-staining protocol we used was modified from Bartova et al. (27)
and was identical to the staining protocol used for H3K9/H3K27 trimethy-
lation, as well as for Oct4. To prepare for the staining, cells were sorted
(optionally), seeded in gelatinized 35-mm dishes, and incubated. When
the cells reached ~70% confluency, typically 24-36 h after seeding, they
were washed twice with 2 ml of prewarmed phosphate-buffered saline
(PBS) and fixed for 10 min at room temperature (RT) in prewarmed 4%
formaldehyde in PBS. The dishes were then washed twice with PBS and
processed immediately or stored covered with 2 ml PBS at 4°C. For perme-
abilization, we incubated the cells first with 0.1% triton X-100 diluted in
PBS for 8 min and then with 0.1% saponin for 12 min. The dishes were
washed twice with PBS for 10 min, blocked for 1 h with 1% bovine serum
albumin (BSA) dissolved in PBS, and then washed for 15 min in PBS. The
anti-HP1« antibody (05-689, Millipore) and the H3MeK?9 antibody (abcam
ab8898) were diluted 1:200 in 1% BSA in PBS, and cells were incubated
o/n at 4° with the primary antibody. The cells were washed twice for
5 min in PBS and then incubated with a 1:200 dilution (in 1% BSA in
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PBS) of an Alexa Fluor 633 (A633) goat anti-mouse (A21126, Invitrogen)
for 1 h at RT. For H3triMeK9, Alexa Fluor 568 (A568) goat anti-rabbit was
used (A-11011, Invitrogen). The stained cells were washed three times for
5 min with PBS. Cells were mounted in FluorSave reagent (Calbiochem
345789, Millipore) and covered with a 22-mm coverslip.

The stained cells were imaged using the SP5 II microscope (Leica,
Wetzlar, Germany). The images were recorded with a 63x, 1.4 NA oil
objective. In addition to the A633 stain, a green channel was recorded to
ensure purity of sorted cells. Gain settings were kept the same for all
samples of a given experiment. In each experiment, multiple replicates
(8,11, 21, and 27) of stained dishes were imaged, and five to seven different
regions from each replicate were imaged.

Image processing and analysis

To quantify differences in the spatial distribution of HP1«, we analyzed the
fractal dimension, D, as previously demonstrated (25,28) in a similar way.
Dy is a measure for complexity and defines the relationship between N, the
number of pieces, and ¢, the scale used to get the new pieces, as given by

Nocg™Pr,

For digital image analysis of immunohistochemistry stains, we used the
box-counting dimension, Dg, which can be calculated from the relation
between the box count, Ne, and box size, &, in box counting as

log N,
Dy = lim<0g )
e—0\ log e

The limit is found as the slope of the regression line (29). For the sake of
clarity, the calculated box-counting dimension was termed fractal dimen-
sion, or Dy, in text and figures. The average nucleus diameter was ~15 um
and pixel size was 100-200 nm, so that nearly two decades of spatial sizes
were used for fractal-dimension calculation. To account for differences in
staining intensity, individual nuclei were thresholded so that only pixels
above the median intensity were considered. To get the fractal dimension,
a standard box count was run in the ImageJ plugin Fraclac (29).

Quantitative analysis of H3triMeK27 methylation
and Oct4 stainings

The samples were prepared and imaged with protocols identical to those
delineated above, but with H3triMeK27 antibody (ABE44, Millipore)
and Oct3/4 (c-10) antibody (sc-5279, Santa Cruz Biotechnology, Santa
Cruz, CA). Alexa 568 goat anti-mouse was used for the Oct4 staining
and Alexa 568 goat anti-rabbit was used for the H3triMeK27 staining.
The TNGAs were not sorted before fixation, because we were interested
in comparing intensities. Both 488-nm excitation and 568-nm excitation
were used sequentially to measure the Nanog and Oct4/H3triMeK27
signals to ensure that the 568-nm channel was not contaminated with the
Nanog signal. Two replicates in two experiments were used to ensure
reproducibility. For each image (no less than 10 nuclei were present in
each image), the intensities of all nuclei in the region of interest were
measured in gray scale and divided by the median intensity for the respec-
tive channel for purposes of normalization. Only the bottom 35% and top
40% of Nanog signals were retained to correspond with the percentages
of LN and HN cells present in the flow cytometry profile.

Fluorescence recovery after photobleaching
Preparation

The plasmid vector for the expresson of an RFP-tagged histone H2B was
purchased from Evrogen (pTag-RFP-H2B vector, cat. no. FP368, Evrogen,
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Moscow, Russia). The tag protein (TagRFP) was selected for its compati-
bility in microscopy with the eGFP transgene and its monomeric structure.
For experiments using fluorescence recovery after photobleaching (FRAP),
transient expression of H2B-RFP was achieved by transfecting cells using
Lipofectamine LTX and PLUS reagent (15338-100, Invitrogen). Cells were
cultured in microdishes (80136, Ibidi, Verona, WI) for FRAP experiments,
which allowed live-cell imaging on an inverted microscope.

Experiments

All FRAP experiments were performed as reported in Meshorer et al. (10),
here using a Leica SP5 II confocal microscope equipped with an environ-
mental chamber to control for temperature and CO,. All experiments
were performed at 37°C and with 5% CO, concentration using a 63.0x,
NA 1.4-0.6 oil objective. To ensure good bleaching depth and a high section
thickness during the imaging, the NA of the objective was adjusted to 1.
Only cells that were clearly GFP-positive or GFP-negative were included
in the measurements.

To set up FRAP experiments, the FRAP wizard of the Leica LAS AF
software was used. Three prebleach frames were taken; then a circular
area in the middle of the nucleus was bleached and 20 postbleach frames
were taken at 30-s intervals.

Data processing and analysis

For image analysis, the Fiji software (ImageJ) was used. For each individual
cell, the StackReg plugin (30) using the Rigid Body option was run to correct
for movements of the cell in the x and y axis and rotations. Measurements
with strong movements or focus drift were excluded from the analysis. To
quantitatively measure the intensities of the FRAP region, the whole cell,
and a background region, the FRAP Norm plugin for ImageJ was used.

We used the double-normalization method, which is based on the method
described by Phair et al. for dynamic nuclear proteins (31,32). Before
normalization, the background signal, B,, for each time point is subtracted
from the measured values for each time point. The first normalization step
normalizes the signal of the FRAP region to its prebleach value (//Iy). The
fluorescence intensity of the whole nucleus for each time point is then
compared to the averaged prebleach value to calculate a correction factor
to account for signal intensity lost during the bleach pulse and also during
the imaging process (No/N,). The relative (double-normalized) intensity of
the FRAP region is then calculated as

(No — Bo)(I, — B,)
(N — B,)(Io — Bo)’

IDN -

The obtained FRAP curves were then plotted normalized to the first post-
bleach frame. The data were fitted with the following equation to extract
the diffusion timescales:

Ipy = IDNo(l - exP_[/T)-

Statistical analysis

For optical stretching, quantitative image analysis, and FRAP experiments,
plotting and statistical analysis were performed using Origin 8.5 software
(OriginLab) or Matlab (MathWorks, Natick, MA). For each experimental
day, the null hypothesis that two populations were the same was tested using
a two-sample, two-tailed Student’s #-test. The normality of the samples was
checked using a Kolmogorov-Smirnov test. To compare replicates of the
same experiment from different days, a two-way ANOVA test was per-
formed. Throughout the figures, N refers to the number of experiments
and the error bars indicate the mean + SD of each experiment, whereas
n refers to the total number of measurements. In figures in which »n is
reported, the error bars represent the mean * SE.
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RESULTS

Low Nanog expression is coupled to higher
deformability in ES cells

We used TNGA cells (4) to establish physical phenotypes of
priming in ES cells. We first applied optical stretching,
a laser-trap-based technique used to measure whole-cell
mechanics (17). Optical stretching relies on the principle
that changes in refractive index cause changes in photon
momentum, which induces optical forces at the surface of
dielectric objects such as biological cells (Fig. 1, A
and B). The LN cells were significantly more compliant
(p < 0.01) than the HN cells (Fig. 2, A and B, and Fig. S1
in the Supporting Material). The peak compliance of the

A light induced surface
stress on cell :

light induced surface
stress on nucleus

nucleus
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FIGURE 1 (A) Schematic representation of forces acting on cells and

nuclei during optical stretching. Cells are trapped and stretched between
two counterpropagating laser beams. Refractive index changes between
the surrounding medium and the cell lead to a momentum transfer from
light to the cell surface. The resulting forces are schematically represented
by black arrows (leff). In addition to forces acting on the cell surface,
refractive index changes between the cytoplasm and the nucleus lead to
a deformation of the nucleus (blue arrows, right). Optical stretching can
be used to probe nuclear mechanics within living cells, where nuclei are
visualized with DNA-specific dyes (Hoechst). (B) Representative examples
of a cell and a nucleus that have been trapped (0.4 W total laser power) and
stretched (2.2 W) in optical-stretching experiments. Scale bar (same for cell
and nucleus), 1 um. Edge detection was used to measure the relative
deformation along the laser axis: Strain = (L1 — LO)/LO.

Biophysical Journal 103(10) 2060—2070



2064

A
0.05 [
0.04 |
N -
‘= 003}
&
s
S 002f
T
v}
0.01 | O HN (n=204)
© LN (n=200)
0.00
1 1 1 1 1 1 ]
0 1 2 3 4 5 6 7
Time [s]
B c o D 0.14
EHN ELN SR :
S "
10.04 40F N 0.12
*¥ [}
0.06 — — — =)} £
c o c§ 30r = T o010
‘® 005 003 & T 5 <
@ o} %o 20 S 008
g oo 5 35 o
o 002 & as 10 < 006
5 003 £ 59 E
S S ER-TY Y
= ~ =g 0.04
T 002 © oS !
v 001 9 AT
o1 @ S -
001 0.02
-20L
0.00 0.00 x% o *% 0.00

N=2

N=5

Chalut et al.
E
0.04 © HN (n=69)
© LN (n=69)
0.03F
f=
s
B 0.02f
©
9
)
=]
Z 001}
0.00 gl
n . ) ) X
0 1 2 3 4 5 6 7
Time [s]
F G
*%* ~
— "N "HN ®LN g 5 8
LN S % %
0.05 wx =
— 60 %
£ 004 c g z
5 s § 40t
$ 003 x £
£ g8 2
(] E g)’
2 002 g2,
> v ©
001 £ Lol
N=2 N=3 0.00 N=3 -40L %% *% *%
+CytoD  +Noco N=2 N=2 N=2

FIGURE 2 Optical stretching experiments show that LN cells, as well as LN nuclei, are more deformable than HN cells and HN nuclei, respectively. (A)
Strain-versus-time plot for HN and LN cells. The stretching period is indicated by the red bar. (B) Cellular peak strains of HN and LN cells in OS experiments.
The secondary y axis gives the values for cell compliance (see Methods). (C) TNGA cells were treated with MgCl, + CaCl, to condense, or TSA to decon-
dense, chromatin y axis, and cellular peak strains were compared to an untreated control population. (D) Cells were treated with CytoD or Noco to disrupt
actin or microtubule filaments, respectively. Note that the relative differences between HN and LN cells remain unchanged upon cytoskeleton disruption. (E)
Strain-versus-time plot for the deformation of HN and LN nuclei stretched within intact cells. (F) Nuclear peak strains for HN and LN populations. (G)
Treatment of TNGA cells with chromatin-modifying agents led to changes in nuclear deformability relative to an untreated control population (AZA decon-
denses chromatin). These changes correspond well to differences in whole-cell deformability (compare to C). Data in plots A and E are given as the mean *
SE from n individual measurements. Data in all bar diagrams represent the mean = SD of N independent experiments unless stated otherwise. Statistical
significance is indicated by asterisks: *p < 0.05; **p < 0.01; ***p < 0.001.

LN cells was 0.0296 =+ 0.0047 Pa™! (mean * SD), whereas
the peak compliance of the HN cells was 0.0259 =
0.0028 Pa~'. We ruled out the possibility of these differ-
ences being due to variations in refractive index by using
digital holographic microscopy to deduce the refractive
index of the cells ((33) and Fig. S2). We also ruled out the
influence of cell cycle, cell size, or nucleus/cytoplasm ratio,
as these parameters are identical in LN and HN cells
(Fig. S3 and Fig. S6). We also showed that LN cells recov-
ered from an HN population after several passages were
significantly more compliant than HN cells (Fig. S1). More-
over, the relative differences in cell deformability remained
unchanged after cells were treated with cytoskeleton-
disrupting drugs like cytochalasin D (cytoD), which disrupts
filamentous actin, and Nocodazole (Noco), which disrupts
microtubules (Fig. S1), but all cells were rendered more
compliant by such treatment (Fig. 2 D). This result, along
with the observation that the organization of the microtu-
bules and the actin cytoskeleton (Fig. S4 and Fig. S5) in
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LN cells is indistinguishable from that seen in HN cells,
indicates that the differences between these cells are not
due to changes in cytoskeletal structure. Finally, it is
unlikely that these differences are due to contamination
from differentiating cells, given that this subpopulation
would be intermixed with LN cells, and that differentiating
ES cells are significantly stiffer than ES cells (12). Also, the
LN state is reversible (Fig. S3), and LN cells express Oct4 at
nearly the same level as HN cells (Fig. 3 E), signifying they
are not a differentiating phenotype.

Nuclear deformability is modulated by chromatin
condensation and is higher in low-Nanog-
expressing ES cells

Given that the nuclei of ES cells comprise ~50% of the total
cell volume (Fig. S6), we tested whether the nucleus caused
the observed differences in mechanical phenotype. For this,
we used the optical stretching method—for the first time to
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treated with TSA to decondense chromatin and stained for HP1«, a marker for heterochromatic foci (middle column). The fractal dimension, D, was calculated
for individual nuclei; examples are highlighted and D value is indicated. (B) TNGA cells stained for the heterochromatin marker H3K27Me3. (C) Fractal
dimension was quantified for HP1«e and H3K27Me3 distributions and compared between HN and LN cells. Note that a higher fractal dimension corresponds
to a more homogeneous distribution pattern. (D) Quantitative results of the experiment described in A. (E) HN cells show a higher staining intensity for both
H3K27Me3 and Oct4 than do LN cells, indicating a higher expression of both heterochromatin and pluripotency markers. Scale bar is 5 pM.

our knowledge—to measure nuclear mechanics inside intact
cells. We stained TNGAs with Hoechst, a live-cell, DNA-
specific dye, to record the nuclear deformation during cell
stretching. The mechanical stress optically induced at the
cell surface, where the change in refractive index is largest,
will be transmitted through the cytoskeleton to the nucleus,
which will be deformed along with the entire cell. In turn,
a stiffer nucleus at the core will also result in a reduced
overall cell deformation. In addition, since nuclei likely
have a higher refractive index than cytoplasm (34,35), there
is an additional optical stress induced directly at the nuclear
surface (Fig. 1 A), which leads to additional nuclear defor-
mation. Modeling of the resultant nuclear deformation
under various conditions (Fig. S7) demonstrates that nuclear
deformation is insensitive to the mechanical properties
of the cytoplasm, and in the absence of different optical
properties (Fig. S2), this modeling can discern differently
deformable nuclei. Significantly, this technique of assess-
ing nuclear mechanics, besides being high-throughput and
contact-free, leaves the cell intact, unlike many earlier
nuclear-mechanics measurement approaches, which either
require extraction of the nucleus from the cell or are
relatively low-throughput (for instance, micropipette aspira-
tion (13)).

Using our optical stretching method, we found LN nuclei
to be significantly more deformable than HN nuclei (Fig. 2,
E and F). We observed the same relative difference when

we treated the cells with CytoD (Fig. S8), strengthening
the case that the nucleus is being stretched independently
of the cytoskeleton, and that the cytoskeleton cannot
account for the overall cell deformability differences.
We used Nanog knockout cells and Nanog overexpressing
cells (generously provided by the laboratory of Austin
Smith; prepared as in Silva et al. (36)) to see how nuclear
mechanics responded to a direct perturbation in Nanog
expression levels. We found that the nucleus became
more deformable in the knockout cells, and less deformable
in the Nanog overexpressing cell line (Fig. S1). Further-
more, we investigated whether GFP expression is itself
affecting the nuclear mechanics, and found that there is
no significant change in cellular and nuclear deformability
upon insertion of GFP into one of the Nanog loci of the
parental ES cell line (Fig. S1). We also note that when
the cell deformability data and nuclear deformability
data are fit to a standard liquid solid (SLS) model ((37),
the cell data fit best with d = 0.62 (95% confidence bounds
of (0.57,0.66)) and the nucleus data fit best with d =
6.48 (95% confidence bounds of (4.94,8.01)) for LN
cells; the results are very similar for HN cells (Fig. S9).
The number d is a dimensionless constant that amounts
to the elasticity/viscosity ratio in the sample, and the SLS
results indicate that the mechanical properties of the
nucleus are dramatically different from those of the cell,
with the lower value of d indicating that the nucleus is
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more of an elastic solid than a whole cell (a whole cell is
more viscous).

Moreover, important structural proteins of the nucleus/
nuclear membrane, such as lamin A/C, are only expressed
in differentiated phenotypes, and not in ES cells (14). Due
to this lack of nuclear scaffolding, we assume that chromatin
compaction plays a more prominent role in determining the
mechanical properties of nuclei (15). To test this, we artifi-
cially modified chromatin condensation by chemical treat-
ment and measured the deformability of TNGA nuclei in
three different conditions: 1), addition of 2 mM of MgCl,
and CaCl,, divalent cations that condense the highly
charged chromatin; 2), addition of 300 nM Trichostatin A
(TSA), a histone deacetylase inhibitor that decondenses
chromatin; 3), addition of 250 nM 5-AZA-2'-deoxycytodine
(AZA), a DNA methylation inhibitor that also decondenses
chromatin. We verified the decondensation of chromatin
with microscopy, as discussed in the next section. We saw
decreased nuclear deformability with the addition of diva-
lent cations, and increased nuclear deformability with the
addition of TSA and AZA (Fig. 2 G). Our findings strongly
suggest that the nuclear mechanics of ES cells can be modu-
lated by interfering with chromatin structure. The data
also indicate that decondensing chromatin makes the nuclei
more compliant, whereas condensing it makes them stiffer.
To test whether interfering with chromatin structure would
modulate whole-cell mechanics, we used the above-
mentioned conditions and measured cell mechanics. The
results were in line with the nuclear mechanics measure-
ments (Fig. 2 C), suggesting that alteration of chromatin
structure may be responsible for the observed differences
in mechanical phenotype of whole HN and LN cells.

Naive ES cells have more condensed chromatin
than primed ES cells

To establish the chromatin structure of ES cells, we first
stained for HPl« and histone 3 trimethylated at lysine 9
(H3K9Me3), which are predominantly colocalized in chro-
matin and are associated with stability of polycomb repres-
sive complexes (PRCs) and condensed heterochromatin (38)
(Fig. 3 A). A more euchromatic state, such as that expected
in undifferentiated ES cells, has a more diffuse distribution
of HP1a/H3K9Me3. The diffuse distribution is consistent
with a destabilization of local regions of condensed chro-
matin arbitrated by PRCs (39). Using a fractal analysis
(40), which quantifies the uniformity of a distribution, we
showed that even within the undifferentiated ES cells there
is a clear modulation of this distribution, with HP1«/
H3K9Me3 being more diffuse in LN cells than in HN cells
(Fig. 3 C, Fig. S10, and Fig. S11). We verified the deconden-
sation of chromatin with TSA treatment (Fig. 3 D) and the
significant condensation of chromatin with the addition of
divalent cations (data not shown). Significantly, we also
found that there was a higher expression of H3K27Me3
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(Fig. 3 C) in HN cells than in LN cells (Fig. 3 E). Given
that H3K27Me3 is highly associated with transcriptional
repression (8), this result indicates that there is less tran-
scriptional accessibility in the naive ES cells, which is
reversed only when they are primed for differentiation.
Hence, we propose that genome-wide changes in the chro-
matin condensation state occur when ES cells prime for
differentiation.

Chromatin kinetics are faster in primed ES cells

We subsequently assessed the chromatin state of TNGA
cells using FRAP of H2B-RFP. H2B is a histone protein
that has a large fraction with fast kinetics in ES cells; the
recovery dynamics of H2B have been positively correlated
with a euchromatic state and pluripotency in similar ex-
periments testing pluripotent versus differentiated cells
(10). For FRAP measurements, we transiently transfected
TNGA populations with H2B-RFP (Fig. 4 A). We found
that the recovery kinetics of H2B was significantly faster
in LN cells than in HN cells (Fig. 4 B). We fit an exponential
decay function (1 — exp(—#/7)) and found that the time
constant, 7, for HN cells was 2.6 x 10° s, whereas the
time constant for the LN cells was 1.6 x 10° s indicating
a faster recovery time for LN cells. We also observed that
a TSA-treated population of HN cells, with less condensed
chromatin, exhibited a significantly faster recovery time of
H2B fluorescence than an untreated HN cell population,
signifying that recovery dynamics is strongly associated
with a euchromatic, decondensed state (Fig. 4 C).

Altogether, our data on chromatin condensation and
modifications point to a globally more heterochromatic
state, and stiffer nucleus, in the naive HN cells than in the
differentiation-primed LN cells. This is highly provocative
in light of research pointing to a more heterochromatic state,
with a stiffer nucleus, in differentiated cells compared
to pluripotent cells. Superficially, therefore, our results
are a contradiction, but the contradiction is resolved when
we consider pluripotency to have substates—naive and
primed—in which the primed state is possibly a global
minimum of chromatin condensation. These findings have
important implications for the nature of pluripotent cells
and embryogenesis, as discussed below.

DISCUSSION

The molecular mechanisms underpinning the passage from
pluripotency to lineage commitment have recently been
under intense scrutiny. Much of this research has focused
on the biochemical interactions of the SON regulatory
network of TFs. The SON network occupies a large number
of transcriptionally inactive gene promoters in ES cells,
demonstrating a possible regulatory role for these TFs in
silencing genes that are important for lineage specification
(2). Current research on the SON network is largely devoted
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to discovering its interface with the epigenome. For
instance, various findings demonstrate that there is a signif-
icant overlap between the target genes of TFs that directly
limit chromatin decondensation, such as UTF1, and the
SON transcriptional network (7). Another hint of the over-
lap is that Nanog-dependent aspects of development are
associated with extensive epigenetic reprogramming (41),
such as the high degree of DNA demethylation at E3.5—
E4.5, when the epiblast of DNA demethylation at the mouse
developmental stages E3.5 is formed and between E11.5
and E12.5, where germ cells are formed (42).

Recent discoveries have strengthened the crucial role of
Nanog in the establishment of ground-state pluripotency:
Although Nanog was found to be expressed from both
alleles at the transition to ground-state pluripotency when
the epiblast is formed in the blastocyst, only one Nanog
allele is expressed before and after epiblast maturation
(43). Nanog dosage seems to be crucial for an efficient tran-
sition to pluripotency and is itself regulated by covalent
histone modifications at the Nanog promotors. It has been
proposed that dynamic allele-switching and fluctuations in
Nanog expression offer the possibility to enter lineage
commitment for otherwise stable pluripotent cells (6,43).
It is important to note that the experiments we performed
were on mouse ES cells, and many of the biochemical and
biophysical observations we have made are not necessarily
applicable to human ES cells. Moreover, it is not possible
at this time to correlate cell-to-cell compliance with Nanog
expression in the HN population, since if we look at all
GFP-expressing cells (HN), the GFP within that high-
expressing population correlates with cell cycle. So we
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would not be measuring anything like Nanog expression,
but really how compliance is correlating with cell cycle.
We did show, in Fig. S3, that the cell cycle is identical in
HN and LN cells, so the differences should be averaged
over in our measurements.

The interface between the SON network and the epige-
nome should be put into a larger context of models of plu-
ripotency and differentiation (reviewed in Meshorer and
Misteli (44)). These models include the early transcriptional
competence marks model, in which genes specific to
somatic cells are not actively transcribed in ES cells but
epigenetically marked for later expression by, for instance,
bivalent chromatin domains (45). Bivalent domains are
specific chromatin-modification patterns consisting of, for
instance, large regions of H3K27Me3 housing smaller
regions of H3K4Me3 (8). H3K27Me3 negatively re-
gulates transcription by condensing chromatin (46), whereas
H3K4Me3 decondenses chromatin by recruiting histone
acetylases (47). These bivalent domains have been found
at the sites of many developmental TFs—silencing them
while keeping them primed for activation (8). During the
course of differentiation, most bivalent domains become
resolved in either an active (H3K4Me3 only) or repressed
(H3K27Me3 only) state. The second possible model is the
promiscuous transcription model, in which lineage-specific
genes are expressed at low levels in ES cells (48). Lineage-
specific TFs then reinforce the expression of genes specific
to a particular somatic fate.

Could both models be correct? It is clear that
pluripotent cells can be separated into two distinct states,
the HN and LN states, which are distinguished by
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a heterogeneous—bistable—expression of Nanog. LN cells
bear some characteristics of the promiscuous transcription
model, with low-level expression of lineage-specific genes
(6), whereas HN cells, with the higher expression of
repressive epigenetic marks also found in this work, bear
hallmarks of the early transcriptional competence marks
model. Here, we show a very strong correlation between
Nanog expression and chromatin condensation, further but-
tressing the probability of the regulatory role of Nanog for
epigenetic control, and for switching between the two
models. Future work should focus on bringing into clear
relief how the relationship between Nanog and the epige-
nome regulates pluripotency and lineage commitment. To
move closer to a full understanding of this regulation, we
must gain an appreciation for the emerging evidence that
development is also driven by biophysics.

This evidence includes the role of cell/nuclear mechanics
in embryogenesis. There are a number of well-established
examples of the importance of mechanics in development,
including the convergent extension in vertebrate gastrula-
tion, where myosin-dependent cell intercalations lead to
the elongation of the anterior-posterior axis in the embryo
(49). Moreover, contractions and cortical tension apparently
play a significant role in cell sorting of germ-layer organiza-
tion in gastrulation (50). Also, in the early blastocyst stage,
epiblast and primitive endoderm markers indicate a mixed
population that uses active actin-dependent processes (51),
among others, to sort into two distinct cell layers in the
late blastocyst stage (52). Many of these studies focus on
cell mechanics and the cytoskeleton, but given the large
nucleus/cytoplasm ratio in pluripotent cells, nuclear
mechanics should be considered a significant agent
of whole-cell mechanics. Accepting that there is a link
between cell/nuclear mechanics and embryonic cell posi-
tioning naturally leads to the question of whether or not
there might also be a direct biophysical regulation of cell-
fate decisions.

Supporting the hypothesis that pluripotency is bio-
physically regulated, there are widespread biophysical
changes associated with the exit from pluripotency,
including nuclear stiffening (13), as well as global conden-
sation of chromatin structure (9). It is important to note that
given the lack of lamin A/C expression in ES cells, it has
been proposed that chromatin plays a larger role in the
mechanical properties of nuclei within these cells (13),
and we have justified that proposal in this study. The link
between chromatin structure and nuclear mechanics is
essential, because there are established connections between
chromatin and the cytoskeleton (53), and externally applied
forces are transmitted to the nucleus (54). It has also been
shown that nuclei change shape due to external forces (55)
and that mechanical signals affect chromatin assembly
(56). Significantly, changes in ES cell state, including down-
regulation of pluripotency genes such as Oct4, have been
observed with the application of physical forces (57). In
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addition, substrate stiffness and topography have been
used to induce differentiation of stem cells (58,59). The
overarching hypothesis is that the nucleus, acting as a
mechanosensor, with its stiffness modulating its response,
changes shape due to applied forces, leading to changes in
gene expression. Much research effort is directed toward
understanding how these modifications in gene expression
can be predicted and controlled. Ultimately, there may be
a central interplay between mechanics and mechanosensing
on one hand and sorting and fate decisions in the embryo on
the other.

Our work explores that interplay and supports two major
points of emphasis. First, there is potential bootstrapping
between chromatin condensation, nuclear mechanics, and
cell mechanics, which together constitute a biophysical
phenotype in ES cells. Second, this biophysical phenotype,
along with epigenome monitoring, distinguishes between
ES cells in a primed and naive state of pluripotency. These
focal points predict a systems approach toward investigating
pluripotency. In the last few years, it has been demonstrated
several times that epigenetic changes are highly dynamic
throughout development, ensuring access at the proper
time to specific locations of the genome (reviewed in Fisher
and Fisher (9)). These results illuminate a clear pathway
from the molecular aspects of pluripotency to the whole
cell within the framework of a systematic and coherent
biophysical signature (see summary figure in the Supporting
Material). It is likely that these systemic changes signifi-
cantly alter the manner in which ES cells interact with
their physical and chemical environment. Ultimately, a
full understanding of pluripotency and differentiation
demands that we take a systems approach in examining
ES cells, accounting for their environmental coupling as
well as their physical properties across scales—f{rom molec-
ular chromatin substructure to whole-cell mechanics.
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