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SUMMARY Embryonic stem cells (ESCs) provide a convenient model to probe the molecu-
lar and cellular dynamics of developmental cell morphogenesis. ESC differentiation in vitro
via embryoid bodies (EBs) recapitulates many aspects of early stages of development, includ-
ing the epithelial–mesenchymal transition (EMT) of pluripotent cells into more differen-
tiated progeny. Hyaluronan and versican are important extracellular mediators of EMT
processes, yet the temporal expression and spatial distribution of these extracellular matrix
(ECM) molecules during EB differentiation remains undefined. Thus, the objective of this
study was to evaluate the synthesis and organization of hyaluronan and versican by using
murine ESCs during EB differentiation. Hyaluronan and versican (V0 and V1 isoforms), visual-
ized by immunohistochemistry and evaluated biochemically, accumulated within EBs during
the course of differentiation. Interestingly, increasing amounts of a 70-kDa proteolytic
fragment of versican were also detected over time, along with ADAMTS-1 and -5 protein
expression. ESCs expressed each of the hyaluronan synthases (HAS) -1, -2, and -3 and versican
splice variants (V0, V1, V2, and V3) throughout EB differentiation, but HAS-2, V0, and V1
were expressed at significantly increased levels at each time point examined. Hyaluronan
and versican exhibited overlapping expression patterns within EBs in regions of low cell den-
sity, and versican expression was excluded from clusters of epithelial (cytokeratin-positive)
cells but was enriched within the vicinity of mesenchymal (N-cadherin-positive) cells. These
results indicate that hyaluronan and versican synthesized by ESCs within EB microenviron-
ments are associated with EMT processes and furthermore suggest that endogenously
produced ECM molecules play a role in ESC differentiation. This manuscript contains online
supplemental material at http://www.jhc.org. Please visit this article online to view these
materials. (J Histochem Cytochem 58:345–358, 2010)

KEY WORDS

embryonic stem cells

embryoid body

hyaluronan

versican

epithelial–mesenchymal

transition

extracellular matrix

PLURIPOTENT EMBRYONIC STEM CELLS (ESCs), derived from
the inner cell mass of preimplantation blastocysts, have
the ability to differentiate into all somatic cell types, as
well as germ cells (Evans and Kaufman 1981; Martin
1981; Wobus et al. 1984; Thomson et al. 1998). Dif-
ferentiation of ESCs into ectoderm, mesoderm, and
endoderm derivatives can be induced in vitro via the

aggregation of cells into three-dimensional clusters re-
ferred to as embryoid bodies (EBs), which serve as a
model of peri-implantation development (Doetschman
et al. 1985; Itskovitz-Eldor et al. 2000). For nearly
30 years, murine ESCs have provided an accessible
in vitro model system for studying various aspects of
early mammalian embryonic morphogenesis (Gossler
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et al. 1989; Robbins et al. 1990), including the differ-
entiation of ESCs into distinct functional cell types,
such as cardiomyocytes, neurons, and endocrine cells
(among many others) (Robbins et al. 1990; Bain
et al. 1995; D’Amour et al. 2006). Although genetic
and phenotypic changes of differentiating ESCs have
been the primary focus of most studies, the associated
dynamic changes in endogenous extracellular matrix
(ECM) synthesis and organization that occur coinci-
dentally with differentiation have not been examined
as rigorously.

During early development, the epithelial–mesenchymal
transition (EMT) is a critical process in embryogenesis
whereby epithelial progenitor cells transform into
mesenchymal cells to migrate and facilitate tissue for-
mation. This transition is typically characterized by a
decreased expression of adherens junctions responsible
for coupling the cells tightly together, thereby permit-
ting an increase in cell motility. In an effort to further
define the potential for using ESCs as an in vitro model
of early development, researchers have studied the
EMT in ESCs of mouse (Spencer et al. 2007), rhesus
monkey (Behr et al. 2005; Denker et al. 2007), and
human (D’Amour et al. 2005; Eastham et al. 2007;
Ullmann et al. 2007). ESCs that were differentiated
using various strategies ranging from feeder-free condi-
tions (Ullmann et al. 2007), definitive endoderm forma-
tion (D’Amour et al. 2005), monolayer (Eastham et al.
2007), and spontaneous differentiation (Spencer et al.
2007) have been shown to mimic aspects of EMT
events, evidenced in part by the loss of E-cadherin
and the tight junction-associated proteins, as well as in-
creased expression of N-cadherin and mesenchymal
transcription factors. In addition to the differential ex-
pression of these cell junction markers and transcrip-
tion factors, cell differentiation and tissue formation
in the developing embryo are accompanied by spatially
distinct alterations in the composition of the ECM
(Wan et al. 1984; Ffrench-Constant and Hynes 1989;
Fenderson et al. 1993). However, specific ECM mole-
cules associated with EMT processes in ESCs have yet
to be defined.

ECM molecules such as hyaluronan and versican
are critically important in regulating EMT processes in
various tissues (Henderson and Copp 1998; Mjaatvedt
et al. 1998; Camenisch et al. 2000; Zoltan-Jones et al.
2003; Toole et al. 2005; Kern et al. 2006). Hyaluronan
is a high-molecular mass (106–107 Da) glycosamino-
glycan (GAG) composed of repeating disaccharide units
of glucuronic acid and N-acetylglucosamine that can be
synthesized by three independent hyaluronan synthases
(HAS), HAS-1, -2, and -3 (Toole 2004). Hyaluronan
has been implicated in several morphogenic cell and
tissue events involving EMTs, including embryonic de-
velopment, wound healing, and angiogenesis (West
et al. 1985; Foschi et al. 1990; Trabucchi et al. 2002;

Schoenfelder and Einspanier 2003; Allison and
Grande-Allen 2006). Versican is a chondroitin sulfate
proteoglycan found in a variety of soft tissues and is
capable of binding to hyaluronan (Wight 2002). Four
different isoforms of versican (V0, V1, V2, and V3)
exist as a result of alternative splicing of the two exons
that encode the GAG attachment domains (a-GAG and
b-GAG) in the core protein. Versican affects cell pheno-
types associated with EMT processes, including prolifera-
tion and migration (Wight 2002), suggesting that
hyaluronan and versican together may play functional
roles in EMTs occurring during embryonic development.

The objective of this study was to examine the tem-
poral and spatial patterns of hyaluronan and versican
expression, accumulation, and organization by mouse
ESCs (mESCs) undergoing EB differentiation. The
presence and spatial distribution of hyaluronan and
versican within differentiating EBs was examined his-
tologically, and hyaluronan and versican extracted
from EBs were quantified as a function of differentia-
tion time. The temporal gene expression profile of the
individual HAS and versican isoforms was assessed
over the course of early differentiation. In addition,
the presence of primitive epithelial and mesenchymal
cell populations was assessed relative to the spatial dis-
tribution of versican and hyaluronan within the ECM
of EBs. These studies demonstrate that dynamic
changes in hyaluronan and versican occur coinciden-
tally with phenotypic changes observed during EB dif-
ferentiation, indicative of EMT processes.

Materials and Methods

Cell Culture

mESCs [D3 cell line (ATCC; Manassas, VA)] were
cultured on 0.1% gelatin-coated 100-mm polystyrene
cell culture dishes (Corning; Corning, NY) with
DMEM (Mediatech; Herndon, VA) supplemented with
15% FBS (HyClone; Logan, UT), 2 mM L-glutamine
(Mediatech), 13 MEM nonessential amino acids
(Mediatech), antibiotic/antimycotic agents (Mediatech),
and 0.1 mM b-mercaptoethanol (MP Biomedicals, LLC;
Solon, OH). To maintain the undifferentiated cells,
103 U/ml leukemia inhibitory factor (LIF) (ESGRO;
Temecula, CA) was added to the culture medium, and
cells were passaged every 2 to 3 days before reaching
.70% confluence. All of the described studies were
performed with ESCs between passages 18 and 30.
To initiate EB cultures, a single cell suspension of 4 3
105 ESCs/ml (in 10 ml) was added to 100-mm bacterio-
logical grade Petri dishes (Corning) in culture medium
lacking LIF (differentiation medium). Cultures were
placed on rotary orbital shakers (model 2314; Barnstead
Lab-Line, Dubuque, IA) at 40 rpm at 37C in 5% CO2

for the entire duration of suspension culture, similar to
previously described methods (Carpenedo et al. 2007).
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EBs were re-fed every other day after EBs were collected
via gravity-induced sedimentation in conical tubes and
re-suspended in fresh differentiation medium for addi-
tional culture.

Histological Analysis of Hyaluronan and Versican

EBs collected at different stages of differentiation (4, 7,
or 10 days) were fixed with 10% formalin for 30 min
and embedded in aqueous gel (Histogel; Richard-Allan
Scientific, Kalamazoo, MI). Each gel block was pro-
cessed for histological sectioning through a series of
xylene and alcohol rinses prior to being embedded in
paraffin. Sections of EB samples (5 mm each) were ob-
tained from different depths (a minimum of 90 mm
apart) within the paraffin block and stained with hema-
toxylin and eosin (H and E) using a Leica AutoStainer
XL (Wetzlar, Germany). ESCs fixed with formalin on
tissue culture plates were similarly stained with H and
E, using the same reagents and incubation times as ap-
plied by the autostainer protocol. A minimum of three
independent experiments, each containing roughly
3000 EBs, were examined by histological analyses.
Paraffin-embedded EBs were also stained using Movat’s
pentachrome staining procedure after deparaffinization
and hydration with distilled water. Sections were incu-
bated in reagents with intermittent rinses performed un-
der running water or ultrapure water, as follows: 1%
Alcian blue (20 min), alkaline alcohol (60C, 10 min),
Weigert’s stain (60 min), Croceine scarlet/acid fuchsin
(1 min), 5% phosphotungstic acid (5 min), 1% acetic
acid (5 min), 95% ethanol [(EtOH) 1 min], 100%EtOH
(23; 1 min), alcoholic saffron (7 min), and absolute
EtOH (23; 1 min). Slides were then cleared in xylene
andmountedwith coverslips, usingMountQuickmount-
ing medium (Daido Sangyo Co., Ltd.; Tokyo, Japan).

For immunohistochemical staining, endogenous
peroxidase activity was quenched using 0.75% hydro-
gen peroxide in 100% methanol (20 min), after which
the samples were hydrated in a graded ethanol series
(100% EtOH–35% EtOH) and rinsed in PBS
(pH 7.3). Slides from each block were then incubated
in hyaluronidase reaction buffer [50 mM NaOAc,
150 mM NaCl (pH 6.0)] for 1 hour at 37C, with
or without hyaluronidase (hyaluronan lyase from
Streptomyces hyalurolyticus; Sigma, St. Louis, MO),
which was diluted to 20 U/ml in hyaluronidase buffer
and added to negative control samples. Samples were
then blocked in 1% BSA in PBS for 30 min before
biotinylated hyaluronan binding protein [HABR-B
(2.5 mg/ml); Sigma] was added and incubated over-
night at 4C. A Vector Elite ABC kit with Vector
Red substrate (both from Vector Laboratories; Burlin-
game, CA) was used to develop color, and the slides
were counterstained with hematoxylin and mounted
with coverslips.

For versican staining, sections were deparaffinized,
rehydrated, and quenched as described above; treated
for 1 hr at 37C with ABCase [chondroitin ABC lyase
(MP Biomedicals); 0.2 U/ml in enriched Tris buffer
stock, at final concentrations of 50 mM Tris, 60 mM
NaAc, 50 mM NaCl (pH 8), with 0.1 mg/ml BSA] as
an antigen retrieval step to degrade chondroitin sulfate
GAGs and expose the versican core protein. Slides
were rinsed in TBS and then blocked for 1 hr at room
temperature in 5% Carnation nonfat dry milk. Primary
antibody [rabbit anti-mouse versican b-GAG domain
(Millipore; Billerica, MA); 7 mg/ml in 0.1% BSA in
PBS] was added and incubated overnight at 4C. After
three PBS rinses, a biotinylated goat anti-rabbit second-
ary antibody (1:400 in 0.1% BSA/PBS; Invitrogen,
Carlsbad, CA) was added for 1 hr at room tempera-
ture. Samples were developed with a Vector Elite
ABC kit with Vector Red substrate, and slides were
counterstained with hematoxylin and mounted with
coverslips. Negative control samples were prepared
identically, with rabbit IgG isotype control (7 mg/ml
in 0.1% BSA in PBS; Vector Laboratories) used in place
of primary antibody.

To visualize hyaluronan and versican in the same
section for localization studies, an immunofluorescence
(IF) assay was performed. Deparaffinized histological
sections were blocked for 1 hr using 1.5% normal don-
key serum (NDS). Samples were incubated with the
primary reagents HABR-B (2.5 mg/ml; Sigma) and
versican (5 mg/ml b-GAG domain; Millipore) together
for 1 hr at room temperature or overnight at 4C. After
three PBS rinses, the samples were incubated with
Alexa 488-streptavidin (Invitrogen; 1:400 in 1.5%
NDS; hyaluronan) and tetramethylrhodamine isothio-
cyanate (TRITC)-labeled donkey anti-rabbit secondary
antibody (Jackson ImmunoResearch, West Grove, PA;
1:400 in NDS; versican) for 1 hr at room temperature
prior to Hoechst (10 mg/ml) counterstaining. Samples
from all stained batches were then mounted with cov-
erslips, using either low-viscosity mounting medium
(immunohistochemical samples; Cytoseal 60; Richard-
Allan Scientific) or aqueous mounting medium with
antifading agents (IF samples) (Gel/Mount; Biomeda
Corp., Foster City, CA). Note that antigen retrieval
with ABCase was omitted from these samples; ABCase
has hyaluronidase activity, which completely degraded
hyaluronan in the samples (data not shown). Hyaluroni-
dase treatment and incubation with rabbit IgG isotype
in place of primary antibody served as negative controls
for hyaluronan and versican staining, respectively.

Immunohistochemical Analysis of ADAMTS-5,
Pan-cytokeratin, and N-Cadherin

For ADAMTS-5 staining, deparaffinized histological
sections were blocked for 1 hr at room temperature,
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using a 2.5% NDS-2.5% BSA solution in PBS. Samples
were incubated with rabbit anti-ADAMTS-5 (JSCKNG,
4 mg/ml in 0.1% BSA-PBS; Affinity BioReagents,
Rockford, IL) overnight at 4C (negative IgG control:
4 mg/ml in 0.1% BSA-PBS). After three PBS rinses,
the samples were incubated with Alexa Fluor 555
(5 mg/ml in 0.1% BSA-PBS) for 1 hr at room tempera-
ture prior to Hoechst (10 mg/ml) counterstaining. Sam-
ples were then mounted with coverslips using aqueous
mounting medium with antifading agents (Gel/Mount).

For pan-cytokeratin and N-cadherin staining, the
required antigen retrieval treatments damaged the
versican epitope so that colocalization staining could
not be performed. Therefore, adjacent sections of each
sample were stained for versican as described above.
For pan-cytokeratin, antigen retrieval was performed
by incubating sections in 40 mg/ml proteinase-K (Fisher
Scientific; Pittsburgh, PA) in 10 mM Tris-HCl, pH 8.0
(6 min, room temperature). Samples were then blocked
for 1 hr at room temperature in 2% normal goat serum
(NGS), followed by incubation with primary antibody
recognizing pan-cytokeratin (Dako, Carpinteria, CA;
1:10 dilution in 2% NGS; skin-positive control) over-
night at 4C. For N-cadherin staining, heat-induced epi-
tope retrieval was performed by boiling the samples in
10 mM citrate buffer at pH 6.0 for 20 min. Samples
were blocked for 1 hr at room temperature in 2% NGS
and then incubated with primary antibody recognizing
N-cadherin (BD Biosciences, San Jose, CA; 1:30 dilution
in 2% NGS; whole-mouse embryo-positive control)
overnight at 4C. Both pan-cytokeratin- and N-cadherin-
stained samples were visualized by incubation with
FITC-labeled goat anti-mouse secondary antibody
(Southern Biotech, Birmingham, AL; 1:100 in 2%
NGS) for 1 hr at room temperature prior to Hoechst
(10 mg/ml) counterstaining. Samples were then mounted
with coverslips by using aqueous mounting me-
dium with antifading agents (IF samples; Gel/Mount;
Biomeda Corp.).

Microscopy

Histology sections were imaged using a Nikon 80i mi-
croscope and a Spot Flex camera (Diagnostic Instru-
ments, Inc.; Sterling Heights, MI). For each antigen
sample examined, images for all samples were acquired
using the same exposure settings. Slight linear adjust-
ments in brightness were made across entire images
using SPOT advanced software to enhance the contrast
between signal and background.

Quantitative Hyaluronan Expression in EBs

Hyaluronan was isolated from ESCs, EBs (50,000 cells
per sample; n 5 3 for each time point), or the medium
conditioned by the cells by digestion with Pronase
[500 mg/ml; 15 mg/ml stock in 0.5M Tris (pH 6.5);

Pronase from Streptomyces griseus (Roche Applied
Science; Indianapolis, IN)] at 37C overnight. The en-
zyme was then heat-inactivated at 100C for 20 min,
and the samples were stored at 220C prior to analysis.
Hyaluronan was quantified using a hyaluronan test kit
(Corgenix; Denver, CO) by diluting the samples in
10 volumes of reaction buffer and adding 100 ml to
hyaluronic acid binding protein (HABP)-coated micro-
wells (1 hr, room temperature). Wells were then rinsed
with PBS, and 100 ml of horseradish peroxidase–
conjugated HABP solution was added (30 min, room
temperature). Each well was rinsed an additional four
times prior to a 30-min incubation (room temperature)
with 100 ml of substrate solution (3,3′,5,5′-tetra-
methylbenzidine and hydrogen peroxide). Blue color
developed in positive samples, and 100 ml of stopping
solution (0.36 N sulfuric acid) was added to each well.
The optical density for each well was read at 450 nm
with a spectrophotometer (SpectraMax M2e model;
Molecular Devices, Sunnyvale, CA). A standard curve
created from purified hyaluronan was used to calculate
hyaluronan concentration in cell samples, which are
presented normalized to cell number. Cell number
was determined by dissociating EBs and counting indi-
vidual cells with a hemacytometer.

Western Blotting

Protein was isolated from ESCs and day-4, -7, and -10
EBs with extraction buffer [8 M urea, 2 mM EDTA,
50 mM Tris, 0.5% Triton X-100, 0.25 M NaCl, pro-
tease inhibitor cocktail (Roche)]. Protein concentra-
tions were measured using a MicroBCA assay (Pierce;
Rockford, IL), and samples were stored at 280C prior
to analysis. For versican blots, 300 mg of total protein
per sample was applied to diethylaminoethyl (Sephacel;
Sigma) columns (0.3-ml bed volume), preequilibrated,
and washed with 10 bed volumes of wash buffer (8 M
urea, 2 mM EDTA, 50 mM Tris, 0.5% Triton X-100,
0.25 M NaCl). The samples were eluted with 3 bed
volumes of wash buffer containing 2 M NaCl. Chon-
droitin sulfate [50 mg/ml; 10 mg/ml stock (Sigma)] car-
rier was added, and protein was precipitated from the
eluate by adding ethanol (95% ethanol-1.3% potassium
acetate) for 2 hr at 280C. Precipitated protein was col-
lected by centrifugation for 5 min at 14,000 rpm and
rinsed twice with ethanol. Pellets were air dried and
then digested with 3 U/ml chondroitinase (10 U/ml
stock; Seikagaku, Tokyo, Japan) in 20 mM Tris,
3.6 mM sodium acetate (pH 8.0) for 3 hr at 37C to re-
move chondroitin chains from the core proteins. Con-
centrated sample buffer [50 mMTris-HCl (pH 6.8), 1%
SDS, 10% glycerol, 1.7% (v/v) 2-mercaptoethanol] was
added, and the samples were boiled for 3 to 4 min prior
to being loaded onto a 15-cm3 12-cm 4% to 12% gra-
dient polyacrylamide gel (3.5% stacking gel) and sepa-
rated overnight at room temperature. Protein was
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transferred to nitrocellulose membranes and blocked
for 2 hr at room temperature in blocking buffer (2%
BSA in Tris-buffered saline, 0.1% Tween-20). Mem-
branes were incubated overnight in blocking buffer
containing 2% calf serum and 0.25 mg/ml rabbit anti-
mouse versican b-GAG domain antibody (Millipore).
Membranes were then washed with TBS-T (Tris-
buffered saline with 0.1% Tween-20) and incubated
for 2 hr at room temperature [1:20,000 goat anti-rabbit
IgG antibody conjugated to alkaline phosphatase in
blocking buffer (Jackson ImmunoResearch)]. After
blots were extensively washed in TBS-T, they were incu-
bated in assay buffer [0.1 M diethanolamine, 1 mM
MgCl2, 0.02% sodium azide (pH 10)] for 10 min, fol-
lowed by incubationwith substrate (1:100CSPD chemi-
luminescent substrate, 1:20 Nitro-Block membrane
enhancer in assay buffer; Applied Biosystems, Foster
City, CA) for 5 min at room temperature. Blots were ex-
posed to autoradiograph film (ISC BioExpress; Kaysville,
UT) and developed in a film processor (Fischer Industries
Inc.; Geneva, IL). For DPEAAE blots, equal amounts of
protein from each sample were ethanol precipitated and
electrophoresed on 8% SDS-PAGE with 3.5% stacking
gel. Proteins were transferred to nitrocellulose, probed
with DPEAAE antibody (1 mg/ml; Affinity Bioreagents,
Golden, CO), and detected using an enhanced chemilu-
minescence kit as described above. As a loading control,
the same blot was also probed with an anti-actin
N-terminal antibody (Sigma).

Each lane on the Western blots shown represents
protein lysates from an EB culture collected at the
designated time point. Lysates from three separate cul-
tures per time point were examined for each indepen-
dent experiment.

Quantitative RT-PCR (qRT-PCR)

RNA was extracted from undifferentiated ESCs and
EBs at days 4, 7, and 10 of differentiation using an
RNeasy mini-kit (Qiagen; Valencia, CA). Complimen-
tary DNA was reverse transcribed from 1 mg of total
RNA, using an iScript cDNA synthesis kit (Bio-Rad;
Hercules, CA), and real-time RT-PCR was performed
using SYBR Green technology with a MyiQ cycler
(Bio-Rad). Beacon designer software was used to
design forward and reverse primers (Invitrogen) (see
Supplemental Table ST1) for the pluripotency markers
Oct-4 and Nanog, the three HAS isoforms (HAS-1,
HAS-2, and HAS-3), the four versican splice variants
(V0, V1, V2, and V3), and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), which were then validated
with the appropriate positive controls. Gene expression
of Oct-4 and Nanog was calculated relative to undif-
ferentiated ESC samples by using the Pfaffl method
(Pfaffl 2001), while HAS and versican concentrations
were calculated from standard curves prior to normal-
ization to GAPDH expression levels. Gene expression

data from two independent batches of ESCs and EBs
each containing three replicates cultured at different
times (n56 for each time point) were combined prior
to statistical analyses.

For SuperArray RT2 Profiler PCR array analysis,
cDNA synthesis was performed using a SuperArray
RT2 First Strand kit (SABiosciences; Frederick, MD).
First, the genomic DNA elimination mixture was pre-
pared by mixing 0.5 mg of RNA with the 53 genomic
DNA elimination buffer and RNase-free water and incu-
bated at 42C for 5min. The RTcocktail (53RT buffer 3,
primer and external control mixture, RT enzyme mix-
ture 3, and RNase-free water) was prepared (10 ml)
and added to the elimination buffer mixture. Each
sample was then placed in an iCycler thermal cycler
(Bio-Rad) for synthesis (15 min at 42C, 5 min at
95C) and diluted with RNase-free water. RT-PCR
was performed by first preparing the experimental
cocktail (1275 ml of 23 SuperArray RT2 qPCR Master
Mix, 102 ml of diluted first-strand cDNA synthesis re-
action, 1173 ml of RNase-free water) and then distrib-
uting it across all wells of the PCR 96-well array. The
array was tightly sealed with optical thin-wall 8-cap
strips and run in a MyiQ cycler (Bio-Rad) with a
two-step cycling program (1 cycle of 10 min at 95C;
40 cycles of 15 sec at 95C; and 40 cycles of 1 min at
60C) and melt curve. Fold changes in gene expression
were analyzed using the threshold cycle (DDCt) method
of quantitation, whereby samples of EBs from different
time points (days 4, 7, and 10) were compared to undif-
ferentiated ESC values after individual sample values
were normalized to GAPDH levels.

Statistics

For paired comparisons, Student t tests assuming
unequal variances were used to determine statistical
significance (p,0.05). For comparisons across multiple
groups, ANOVA was performed using a 95% confi-
dence interval followed by post hoc Tukey analysis to
determine significant differences (p,0.05) between the
different experimental groups.

Results

Embryoid Body Differentiation

Adherent colonies of undifferentiated mESCs were
dissociated into single cells and reaggregated in suspen-
sion culture to form cell spheroids constituting putative
EBs (see Supplemental Figure SF1). As expected, the re-
sulting EBs increased in size and adopted a more differ-
entiated morphology over the course of differentiation,
indicated by the formation of a primitive endoderm
layer on the periphery of EBs (shown by solid arrows
in Supplemental Figure SF1), as well as cystic cavities
(hollow arrows, Supplemental Figure SF1) that devel-
oped in the interior of the EBs. Phenotypic differentiation
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of the EBs was evident as a reduction in the expression
of the Oct-4 and Nanog pluripotent transcription fac-
tors by EBs over time (see Supplemental Figure SF2),
as well as a coincident decrease in E-cadherin and an
increase inN-cadherin gene expression (see Supplemen-
tal Figure SF3). Progressive differentiation was also in-
dicated by the acquisition of more mature phenotypic
markers, such as a-fetoprotein, GATA-4, nestin, Nkx
2.5, and a-myosin heavy chain (data not shown).
Movat’s pentachrome staining of EBs revealed intense
cytoplasmic staining (red) of densely packed epithelium-
looking cells at early stages of differentiation (days 4
and 7). After 10 days, a majority of cells within many
EBs adopted a more mesenchymal appearance, and
GAGs were detected in the extracellular space (light
blue) throughout EBs (see Supplemental Figure SF4),
which appeared to be the primary ECM component
synthesized at the times examined.

Hyaluronan and Versican Accumulation and
Distribution Within Differentiating EBs

To specifically examine the spatial distribution of
hyaluronan and versican within EBs, immunohisto-

chemistry was performed to examine EBs at different
stages of differentiation (days 4, 7, and 10). After only
4 days of differentiation, very little hyaluronan was de-
tected in EBs (Figures 1A, 1D, and 1G), but that which
was present was predominantly localized around the
periphery of most of the cell aggregates. By differentia-
tion day 7, hyaluronan was clearly detectable more ex-
tensively throughout EBs and most often appeared to
be enriched primarily on one side of an EB (Figures 1B,
1E, and 1H). After day 10, hyaluronan was found to be
distributed throughout almost the entire interior of EBs
(Figures 1C, 1F, and 1I). Interestingly, the accumulation
of hyaluronan appeared to be greatest in areas of lower
cell density within EBs. Similarly, versican (detected with
an antibody recognizing the V0/V1 isoforms of versican)
was minimally present within EBs at day 4 of differen-
tiation (Figures 2A, 2D, and 2G) but was distributed
throughout a large portion of EBs by day 7 of differen-
tiation (Figures 2B, 2E, and 2H). After 10 days of dif-
ferentiation, versican was detected throughout the
majority of EBs and appeared most concentrated within
less dense areas of cells (Figures 2C, 2F, and 2I), in pat-
terns similar to those observed for hyaluronan localiza-
tion. Thus, the expression levels of hyaluronan and

Figure 1 Hyaluronan accumulation
during embryoid body (EB) formation.
Sections (5 mm) from day 4, 7, and 10 EBs
were stained with hyaluronan binding
protein (dark red color); hematoxylin-
stained nuclei are shown in blue.
Hyaluronan was increasingly prominent
with differentiation time (A–C). Local-
ized pockets of hyaluronan staining
can be seen by day 7 (B,E), and higher
magnification (G–I, magnified view of
boxes in D–F) shows hyaluronan sur-
rounding individual cells. Scale bars at
left apply to each row.
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versican within EBs exhibited similar temporal and spa-
tial patterns over the course of differentiation.

Accumulation of Hyaluronan During EB Formation

To quantify the amount of hyaluronan synthesized and
retained within EBs and released into the medium over
the course of differentiation, hyaluronan produced by
EBs was assessed using a hyaluronan binding protein
quantification kit (Figure 3). Hyaluronan accumulated
within EBs as a function of time, such that the relative
amount of hyaluronan by day 10 of differentiation in-
creased significantly compared with that of earlier time
points (ESCs, p 50.002; day 4, p50.003; day 7,
p50.006). The quantity of hyaluronan produced per
cell and retained within day-10 EBs was almost 30-fold
greater than the amount of hyaluronan retained in the
cell layer by undifferentiated ESCs (range, 0.090 6
0.07 pg/cell to 2.680 6 1.11 pg/cell) (Figure 3A). Like-
wise, the concentration of hyaluronan secreted into
the culture medium increased almost four-fold from
0.898 6 0.13 mg/ml at day 2 to 3.572 6 0.59 mg/ml
by day 10 of EB culture. For the first 6 days of differen-
tiation, ESC- and EB-conditioned media contained sim-
ilar concentrations of hyaluronan, between 0.898 6

0.13 mg/ml and 1.594 6 0.32 mg/ml (Figure 3B). How-
ever, hyaluronan content significantly increased at days
8 and 10 of differentiation (2.769 6 0.42 mg/ml and
3.572 6 0.59 mg/ml, respectively) compared with the
earlier time points examined. When evaluated on a
per cell basis, it is clear that the ratio of hyaluronan
in the medium compared with hyaluronan retained
within the EBs steadily declined over the course of dif-
ferentiation. Medium conditioned by day 4, 7, and 10
EBs contained 0.354 6 0.072 pg of hyaluronan/cell,
0.157 6 0.0058 pg of hyaluronan/cell, and 0.274 6
0.046 pg of hyaluronan/cell, respectively, compared
with 0.167 6 0.06 pg hyaluronan/cell (day 4), 0.480 6
0.22 pg hyaluronan/cell (day 7), and 2.68 6 1.1 pg
hyaluronan/cell (day 10) retained within the EBs. Alto-
gether, these results indicate that EBs synthesize and
secrete increasing amounts of hyaluronan as a function
of differentiation and that an increasing amount of
hyaluronan is retained within EBs over time.

Versican Accumulation and Proteolytic Processing
During EB Formation

To further analyze versican synthesis and accumulation
by differentiating EBs, proteoglycans were isolated and

Figure 2 Versican accumulation dur-
ing EB formation. Sections (5 mm) from
day 4, 7, and 10 EBs were stained with
anti-versican antibody (dark red color);
hematoxylin-stained nuclei are shown
in blue. Some versican expression can
be seen by day 4 (A,D), with increased
quantities observed by days 7 (B,E) and
10 (C,F). Versican (V0 and V1 isoforms)
appears to localize in areas of lower cell
density, while higher magnification
images (G–I, magnified view of boxes
in D–F) reveal versican staining within
acellular spaces. Scale bars at left apply
to each row.
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examined by Western blot analysis using a primary
anti-mouse versican b-GAG domain antibody, which
detects only the V0 and V1 versican isoforms. Isoforms
V0 and V1 usually appear as two high-molecular-mass
products that migrate in the 350- to 450-kDa range
on SDS-PAGE (Sandy et al. 2001; Kenagy et al.
2006; Seidelmann et al. 2008). For ESCs or EBs after
4 days of differentiation, little, if any, immunoreactivity
appeared in the gels above the 250 molecular weight
marker where V0 and V1 usually run (Figure 4A).
However, by day 7, there was a distinct increase in the
amount of protein recognized by the b-GAG antibody,
which was further increased at day 10 (Figure 4A).

Several bands also appeared near or below the 250-
molecular-weight marker in the 10-day EB cultures,
most likely representing degradation products of versican
(Sandy et al. 2001; Kenagy et al. 2006; Seidelmann et al.
2008). Therefore, to assess whether versican proteolysis
occurred during EB differentiation, immunoblotting
was performed using an antibody that specifically rec-
ognizes DPEAAE, a cleavage neoepitope of versican
generated by specific members of the ADAMTS family
of enzymes (Sandy et al. 2001). The neoepitope was not
detected in undifferentiated ESCs but appeared at day 4
of differentiation and increased in signal intensity
through day 10 (Figure 4B). Similarly, gene expression
of ADAMTS-1 (Sandy et al. 2001) and ADAMTS-5
(Longpre et al. 2009), two enzymes that are known to
cleave versican, increased significantly by 10 days of
differentiation compared with ESCs (Figure 4C), par-
ticularly for ADAMTS-5. In contrast, gene expression
of ADAMTS-8, which is not known to cleave versican,
did not change significantly during EB differentiation.
Immunostaining for ADAMTS-5 indicated minimal
expression in day-4 EBs (data not shown), but the
protease was distributed throughout different regions
of day-7 and day-10 EBs (Figures 4D and 4E). Alto-
gether, these results indicate that increased expression
and proteolytic processing of versican occur during
EB differentiation.

Hyaluronan Synthase and Versican Gene Expression

The relative expression levels of the different HAS
genes remained fairly consistent over the course of
early EB differentiation (Figure 5A), with expression
of HAS-2 significantly greater than either HAS-1 or
HAS-3 at each of the time points examined (undiffer-
entiated ESCs and days 4, 7, and 10 of EB differentia-
tion). In contrast, no significant differences were found
between HAS-1 and HAS-3 expression at any stage of
ESC differentiation. In addition, by 10 days of differen-
tiation, HAS-2 expression was significantly increased
(p,0.01) compared with the levels measured at all of
the earlier time points of analysis.

Similar to the patterns of HAS expression, the rela-
tive expression levels of the different versican isoforms
were consistent over time (Figure 5B). Undifferentiated
ESCs and differentiating EBs expressed relatively high
levels of V0 and V1 that were each significantly greater
than that of V2 and V3 at all of the time points exam-
ined (p#0.003 in all cases), except for day 10, when
V0 and V3 were not statistically different. The expres-
sion levels of V0, V1, and V3 increased significantly by
day 10 of EB differentiation compared with any of the
earlier time points (p,0.01). However, the expression
of V2 remained relatively low compared with the other
versican isoforms and did not change significantly over
the course of EB differentiation.

Figure 3 Quantification of hyaluronan synthesis by EBs. A quanti-
tative hyaluronan (HA)-binding protein-based kit was used to mea-
sure hyaluronan retained within embryonic stem cells (ESCs) and
day 4, 7, and 10 EBs (A) as well as hyaluronan secreted in medium
conditioned by ESCs and day 2, 4, 6, 8, and 10 EBs (B). Hyaluronan
content in ESCs, EBs, and conditioned medium samples progressively
increased over the course of differentiation. Day 10 EBs and day 8-
and 10-conditioned media samples contained significantly greater
amounts of hyaluronan than samples collected from all other time
points examined. (A) # indicates significant differences from ESCs,
day 4, and day 7 (p,0.01); (B) ‡ indicates significant differences
from ESCs and days 2–6 (p,0.01) (ANOVA with post hoc Tukey test).
Error bars represent standard deviations; n53 per group.
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Hyaluronan and Versican Localization

Immunofluorescent affinity labeling of both hyaluronan
and versican within the same sections confirmed that
hyaluronan and versican were not detectable in most
EBs at 4 days of differentiation, although when present,
hyaluronan localized in the same areas as versican
(Figures 6A, 6D, 6G, and 6J). By day 7, hyaluronan
and versican were distributed in regions of the EBs that
primarily contained a lower density of cells (Figures 6B,
6E, 6H, and 6K). The appearance of a largely fibrillar
network of overlapping hyaluronan and versican was
clearly distinguishable by 10 days of differentiation
throughout much of the interior of EBs (Figures 6C,
6F, 6I, and 6L). Thus, at each of the time points examined,
hyaluronan and versican were consistently distributed
in a similar spatial pattern within differentiating EBs.

Epithelial and Mesenchymal Phenotypes Within EBs

Based on the observed accumulation and overlapping
patterns of hyaluronan and versican expression in
EBs during differentiation, as well as differences in
cell morphology in regions containing hyaluronan
and versican, the spatial distribution of epithelial
[cytokeratin-positive (cytokeratin1)] and mesenchy-
mal [N-cadherin-positive (N-cadherin1)] cells within
EBs were examined relative to versican-rich regions.
After 10 days of differentiation, EBs clearly contained
distinct populations of cytokeratin1 and N-cadherin1

cells. Cytokeratin1 cells were primarily localized
around the periphery of EBs, and versican appeared
to be completely excluded from such areas within
the same EB (Figures 7A and 7B). In contrast, N-
cadherin1 cells were predominantly found within the
interior of EBs in regions that overlapped with the
presence of versican (Figures 7C and 7D).

Discussion
These studies provide evidence that spatial and tempo-
ral patterns of hyaluronan and versican accumulation
and organization by ESCs within EBs are associated
with epithelial–mesenchymal transitions occurring
within the aggregates of differentiating cells. ESCs ex-
press several HAS and versican isoforms throughout
the course of EB differentiation, concomitant with an
increasing accumulation of hyaluronan and versican
over the first 10 days of differentiation. The over-
lapping spatial patterns of expression suggest that
hyaluronan and versican are physically associated
within EBs and moreover that the overlapping patterns
of accumulation of these molecules are found predomi-
nantly in regions of EBs containing cells actively under-
going EMT differentiation. Overall, these results not
only suggest a specific role for hyaluronan and versican
in the morphogenesis of primitive pluripotent stem cells
but also demonstrate that dynamic changes in the en-
dogenous expression, accumulation, and processing of

Figure 4 Analysis of versican synthe-
sis and proteolysis in differentiating
EBs. Purified, chondroitinase-treated
protein lysates from triplicate samples
of ESCs and day 4, 7, and 10 EBs were
probed with rabbit anti-mouse versican
b-GAG domain antibody (A). An in-
crease in proteins identified by the
b-GAG antibody (versican core pro-
teins V0 and V1, approximately 450
and 350 kDa, respectively) were ap-
parent after 7 and 10 days of differen-
tiation in triplicate samples and were
not detected in ESCs and EBs after
4 days of differentiation. Protein
lysates were also examined for the
versican cleavage product, known as
the DPEAAE fragment, generated by
ADAMTS-1 over the course of EB cul-
ture (B). The 70-kDa DPEAAE fragment
was present at day 4 and appeared to
increase with differentiation time
through day 10. b-Actin was used as a
loading control. ADAMTS-1 and -5,
known versicanases, were examined
via SuperArray RT-PCR arrays, and
expression of each gene was found to
increase significantly by day 10 com-
pared with day 4 of differentiation,
while ADAMTS-8, a protease unrelated to versican degradation, remained unchanged (C). ADAMTS-5 immunofluorescent staining detected
protease expression with day 7 (D) and day 10 (E) EBs. † indicates significant differences from day 4 EBs (p,0.05) (ANOVA with post hoc Tukey
test). Error bars represent standard deviations; n53 per group.
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ECM molecules by differentiating ESCs occur coinci-
dentally with cell phenotype changes. These results
indicate that an improved understanding of the molecu-
lar composition of embryonic extracellular matrices
could yield new insights into developmental biology
and provide novel strategies for the directed differentia-
tion of stem cells.

The most significant and novel finding of the present
study is that the timing and spatial distribution of
hyaluronan and versican expression within EBs corre-
late with the appearance and localization of mesenchy-
mal (N-cadherin1) cell phenotypes and is excluded
from regions of epithelial (cytokeratin1) cells (Figure 7).
Previous studies have demonstrated that ESC differen-
tiation within EBs recapitulates many aspects of gas-
trulation, including the transformation of epithelial
pluripotent cells (resembling primitive ectoderm) into
migratory mesenchymal cells (resembling primitive
streak) (Behr et al. 2005; D’Amour et al. 2005; Denker
et al. 2007; Eastham et al. 2007; Spencer et al. 2007;
Ullmann et al. 2007). Thus far, however, dynamic
changes in prevalent ECM molecules produced within
EBs, such as hyaluronan and versican, have not been
directly examined or correlated with distinct popula-
tions of cells. It has been previously demonstrated that
coincident expression of hyaluronan and versican can
stimulate cell migration by creating a viscoelastic,
hyaluronan-versican-rich, malleable extracellular en-
vironment (Wight 2002; Wight and Merrilees 2004;
Allison and Grande-Allen 2006; Ricciardelli et al.
2007). Furthermore, a hyaluronan–versican matrix
may influence cell fate by enriching for signaling mole-
cules and growth factors that regulate cell proliferation
and differentiation. The importance of hyaluronan and
versican in directing EMT processes is clear from a
number of examples in cell and developmental biology.
Whereas HAS-22/2 mouse embryos fail to undergo
EMT during cardiac morphogenesis (Camenisch et al.
2000), overexpression of hyaluronan by HAS-2 recom-
binant adenoviral infection of normal epithelial cells
induces an EMT (Zoltan-Jones et al. 2003). In addi-
tion, versican plays an essential role in the EMT of
the endocardial mesenchymal cushion (Mjaatvedt
et al. 1998; Kern et al. 2006), as well as mesenchymal
condensation and hair induction (Kishimoto et al. 1999).
Thus, hyaluronan and versican appear to regulate the
transformation of epithelial cells to mesenchymal phe-
notypes at various stages of development.

As noted above, the expression of HAS isoforms, in
particular HAS-2, and the synthesis of hyaluronan play
important roles in early embryological development of
numerous tissues. Although targeted inactivation of
both the HAS-1 and HAS-3 genes results in viable ani-
mals (Spicer et al. 2002), the knock-out of the HAS-2
gene is embryo lethal by embryo day 9.5 (E9.5). In ad-
dition, HAS-22/2 E9.5 embryos almost completely lack

Figure 5 Quantification of hyaluronan synthase (HAS) and versican
gene expression. qRT-PCR was used to compare expression levels of
HAS isoforms 1, 2, and 3 and versican splice variants V0, V1, V2, and
V3 during the course of EB differentiation. HAS-2 increased with
time and was consistently expressed at significantly higher levels
than either HAS-1 or HAS-3. Isoforms V0, V1, and V3 increased by
10 days of differentiation, while V2 was consistently expressed at
relatively low levels. (A,B) # indicates significant differences from
ESCs, day 4, and day 7 (p,0.02); solid line indicates a p value of
,0.01; dashed line indicates p,0.02; and dotted line indicates
p,0.05 (ANOVA with post hoc Tukey test). Error bars represent
standard deviations; n56 per group.

'

Figure 6 Hyaluronan and versican spatial distributions. EBs were stained for both hyaluronan (green; A–C) and versican isoforms V0 and V1
(red; D–F); merged images show localization of the two molecules in yellow (G–I) and at higher magnifications (J–L). Hyaluronan and versican
appear to localize in areas of lower cell density, and deposition of both molecules increases over the course of differentiation. Bar in A applies
to A–I; bar in J applies to J–L.
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hyaluronan, suggesting that HAS-2 is the primary iso-
form responsible for hyaluronan synthesis during early
organogenesis (Camenisch et al. 2000). In the present
study, HAS-2 was the dominant synthase isoform
expressed by ESCs in EBs, and HAS-2 expression in-
creased significantly by 10 days of differentiation.
The distribution of hyaluronan within murine EBs in-
creased over time such that after 10 days, differentiat-
ing cells produced ?30-fold more hyaluronan than
undifferentiated ESCs (Figure 3A). Similar results have
been reported for differentiating human EBs. Specifi-
cally, HAS-2 and its binding receptor, RHAMM, were
highly upregulated in human EBs and preimplantation
human embryos compared with ESCs, and a 24-fold
enhancement of total hyaluronan was found in day 4
EBs (17.2 ng/106 cells) compared with ESCs (0.7 ng/106

cells) (Choudhary et al. 2007; Nairn et al. 2007). How-
ever, compared with both HAS-1 and HAS-3, increased
expression of HAS-2 by human ESCs occurred only
upon EB differentiation, whereas in the present study,
HAS-2 expression was significantly greater than
HAS-1 or HAS-3 in undifferentiated mESCs, as well
as in EBs, at all time points examined. These subtle dif-
ferences in HAS expression could be due to different

culture methods utilized for the propagation and differ-
entiation of mouse and human ESCs, as well as intrinsic
differences between pluripotent cells derived from the
two species (Tesar et al. 2007).

In addition to changes in HAS expression and
hyaluronan synthesis, differentiating ESCs also exhibit
temporal changes in versican isoform expression, asso-
ciated with increasing versican content within EBs over
the course of differentiation. In the developing embryo,
versican plays an important role in early cell migration
events during neural crest formation and cardiac mor-
phogenesis (Henderson and Copp 1998; Dutt et al.
2006); thus, it is not surprising that versican is expressed
by EBs undergoing similar differentiation processes in
vitro. Compared with several other hyaluronan-binding
proteoglycans, including aggrecan, neurocan, and
brevican, previous work demonstrated that the tran-
script of versican was the only transcript to show a con-
siderable enhancement in EBs compared with ESCs
(Nairn et al. 2007). In the present study, however, gene
expression of each of the four different versican iso-
forms was independently examined. Isoforms V0 and
V1 were consistently expressed at greater levels than
those of V2 and V3 throughout EB differentiation,

Figure 7 Cellular expression of
epithelial–mesenchymal phenotype
markers relative to versican localiza-
tion. Adjacent 5-mm sections from
day 10 EBs were fluorescently stained
with pan-cytokeratin or N-cadherin
primary antibody (FITC-labeled sec-
ondary, green) and versican (isoforms
V0 and V1; TRITC-conjugated second-
ary antibody) (red); nuclei were coun-
terstained with Hoechst dye (blue).
Cytokeratin localized primarily in the
periphery of the EBs, with some evi-
dence of invasion into the EB inte-
riors, while versican was localized
exclusively in cytokeratin-negative
areas (A,B). In contrast, N-cadherin lo-
calized to areas occupied by versican
(C,D). Staining was performed on ad-
jacent sections of the same EBs, which
were matched based on morphology
and location on each slide. Bar 5
100 mm.
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and by 10 days of differentiation, expression levels of
V0 and V1 was significantly increased compared with
that of earlier stages of differentiation. The V0 and
V1 isoforms uniquely contain the b-GAG chain, and
immunostaining and Western blotting results with an
anti-b-GAG antibody clearly indicated accumulating
versican (V0 and V1) protein within EBs after 7 days
of differentiation. Specific expression of b-GAG
isoforms (V0 and V1) has previously been linked to de-
velopmental processes such as chondrogenic differ-
entiation and neural crest migration (Landolt et al.
1995; Perissinotto et al. 2000; Dutt et al. 2006; Kamiya
et al. 2006), thus the V0 and V1 isoforms could be
exerting similar effects on early ESC morphogenesis.
Furthermore, proteolytic cleavage of versican by
ADAMTS enzymes that expose the DPEAAE epitope
(common to all four versican isoforms) has been asso-
ciated with EMT during cardiac cushion formation in
the mouse embryo (Kern et al. 2006) and has been
reported to play an important signaling function in
EMT processes in various tissues (Nakamura et al.
2005; Sone et al. 2005). In addition, expression of
ADAMTS-5 was limited prior to 11.5 days (E11.5) of
mouse embryogenesis but specifically found in develop-
ing nerves and limbs after E11.5, suggesting the po-
tential importance of ADAMTS-5 in mid-stage
development (McCulloch et al. 2009). Therefore, the
coincidental increase in DPEAAE epitope exposure
with the expression of ADAMTS-1 and ADAMTS-5
during EB differentiation indicates that similar re-
modeling processes are involved in pluripotent stem
cell morphogenesis.

Differentiating ESCs offer a unique model for study-
ing various aspects of developmental biology. Analyz-
ing the dynamics of ECM synthesis, accumulation, and
organization during development may yield new in-
sights into the molecular regulatory mechanisms re-
sponsible for stimulating morphogenic processes, such
as EMT, which is important for embryonic cell differen-
tiation and organ development. In a broader context,
these results also indicate that phenotypic differences
between differentiating ESCs may be associated with
the local composition of the ECM and, therefore, regu-
lation of endogenous ECM production within EBs
could provide a novel approach to directing ESC fate.
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