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Abstract

 

Objective

 

: Spontaneous differentiation of human
embryonic stem cell (hESC) cultures is a major con-
cern in stem cell research. Physical removal of differ-
entiated areas in a stem cell colony is the current
approach used to keep the cultures in a pluripotent
state for a prolonged period of time. All hESCs avail-
able for research require unidentified soluble factors
secreted from feeder layers to maintain the un-
differentiated state and pluripotency. Under experi-
mental conditions, stem cells are grown on various
matrices, the most commonly used being Matrigel. 

 

Materials and Methods

 

: We propose an alternative
method to prevent spontaneous differentiation of
hESCs grown on Matrigel that uses low amounts
of recombinant noggin. We make use of the porosity
of Matrigel to serve as a matrix that traps noggin and
gradually releases it into the culture to antagonize
bone morphogenetic proteins (BMP). BMPs are
known to initiate differentiation of hESCs and are either
present in the conditioned medium or are secreted
by hESCs themselves. 

 

Results

 

: hESCs grown on Matrigel supplemented
with noggin in conditioned medium from feeder
layers (irradiated mouse embryonic fibroblasts)
retained both normal karyotype and markers of
hESC pluripotency for 14 days. In addition, these
cultures were found to have increased cell prolifer-
ation of stem cells as compared to hESCs grown on
Matrigel alone.

 

Conclusion

 

: Noggin can be utilized for short term
prevention of spontaneous differentiation of stem
cells grown on Matrigel.

 

Introduction

 

Embryonic stem cells are capable of differentiating into
cells of all three germ layers. A key to unlocking their
potential in cell replacement therapy and drug discovery
is understanding the critical pathways and factors involved
in maintenance of pluripotency and self–renewal, as well
as differentiation towards specific lineages. To be able to
perform such experiments, it is imperative that the starting
stem cell population is in a pluripotent state, as spontaneous
differentiation of stem cells is a major problem. It has
been previously documented that Matrigel, a solubilized
basement membrane preparation extracted from Engelbreth-
Holm-Swarm mouse sarcoma (a tumour rich in extra
cellular matrix proteins), favours spontaneous differenti-
ation of stem cells into trophoblast lineage (1).

Traditionally, pluripotency of human embryonic stem
cells (hESC) is maintained by growing the cells on
irradiated mouse embryonic fibroblast (iMEF) layers (2,3),
cultured on laminin or gelatin-coated tissue culture plates
or on Matrigel, supplemented with conditioned medium
from iMEF (4). Present feeder-free methods use Matrigel
to facilitate attachment of hESCs, along with medium
conditioned by feeder cells (iMEF) (5) or human fibroblasts
(6). Additionally, signals received from the feeder layers
do not operate through the leukaemia inhibitory factor/
gp130 pathway (7,8), as is the case with mouse embryonic
stem cells. Selection of optimal extracellular matrices and
identification of the soluble factors present in conditioned
medium are active research areas (9). This is of particular
interest in terms of derivation of new hESC cell lines,
which may be of clinical relevance. It has been reported
that medium conditioned by feeder cells can be replaced
by high levels of basic fibroblast growth factor (FGF-2/
bFGF) and noggin (10) or a combination of activin A,
nicotinamide and keratinocyte growth factor (11). Ezashi

 

et

 

 

 

al

 

. have reported use of low oxygen concentration for
maintenance of pluripotency (12).

Noggin is a 232 amino acid-secreted glycosylated
protein, which forms covalently linked homodimers and has
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high affinity for bone morphogenetic protein 4 (BMP4)
(13). Noggin functions to antagonize BMP signalling by
blocking the ability of BMP to interact with its receptor
(14). Xu 

 

et

 

 

 

al.

 

 used 500 ng/ml noggin for their 

 

in vitro

 

experiments to maintain pluripotency, but concluded that
100 ng/ml was sufficient if used together with 40 mg/ml
of bFGF (15). In contrast, treatment of HES-2 and HES-3
cells with noggin resulted in changes in colony morphology
and loss of pluripotency marker GCTM-2, in addition to
appearance of early markers of neural differentiation (3).
In a separate study, noggin expressing NIH 3T3 cells were
used to provide conditioned medium to grow stem cells in
a feeder-free environment (10).

The goal of the present study was to identify the potential
of noggin alone as a mediator of pluripotency and to
evaluate hESCs grown on noggin-containing Matrigel or
noggin-containing medium over a 2-week period.

 

Materials and methods

 

hESC culture

 

The hESC cell line H1 (WA-01, WiCell Research Institute,
Madison, WI, USA) was maintained on iMEF feeder layers
in Dulbecco’s modified Eagle’s medium (DMEM)/F12
supplemented with 20% knockout serum (Invitrogen,
Carlsbad, CA, USA), 1 m

 

m

 

 

 

l

 

-glutamine (Cellgro, Herndon,
VA, USA), 1% non-essential amino acids (Cellgro,
Herndon, VA, USA), 0.1 m

 

m

 

 

 

β

 

-mercaptoethanol (Sigma,
St Louis, MO, USA) and 4 ng/ml bFGF (Invitrogen). For
differentiation experiments, cells were split using 1 mg/ml
collagenase type IV (Invitrogen) and plated onto Matrigel™-
coated plates (BD, Franklin Lakes, NJ, USA) in iMEF
conditioned medium. A dose–response curve for noggin
(200, 400, 600 and 800 ng/ml) (R&D Systems, Minneapolis,
MN, USA) indicated that 400 ng/ml was the optimal
concentration to be used for these studies (data not shown).

hESCs were treated with noggin (400 ng/ml) for either 14
or 7 days with noggin alone, followed by addition of BMP4
(90 ng/ml; R&D Systems) for another 6–7 days. Control
wells received iMEF conditioned medium. In separate
experiments, noggin was also incorporated into Matrigel
at the time of plating before polymerization. Noggin
(400 ng/ml) was added to Matrigel-containing DMEM/
F-12, plated on 6-well plates and incubated overnight
before use. Medium exchange was performed daily except
on day 2 after plating of cultures.

 

Conditioned medium

 

iMEF were plated on gelatin-coated 6-well plates in DMEM
containing 10% foetal bovine serum and 1% penicillin-
streptomycin. On the following day, cultures were washed
in phosphate-buffered saline (PBS) and with hESC medium.
Conditioned medium were collected, filter-sterilized and added
to hESC on Matrigel. This procedure was repeated daily.

 

Reverse transcription–polymerase chain reaction

 

Total RNA was isolated (Trizol Reagent, Life Technologies
Inc., Rockville, MD, USA) from hESCs untreated (control)
or treated with noggin, for either 13 days or 7 days, followed
by BMP4 for an additional 6 days. Total RNA was then
quantified. Two micrograms of total RNA was reverse-
transcribed using oligo dT primers (Invitrogen) and AMV-
Reverse Transcriptase (Sigma) for reverse transcription–
polymerase chain reaction (RT-PCR) analysis. DNA
primers specific to GAPDH, Oct4, hHand1, AP2

 

α

 

, BMP4,
hCG

 

β

 

, Flk1, Nodal, Nanog, Cripto and Pax6 (IDT Tech-
nologies, Coralville, IA, USA) were used in PCRs (25–30
cycles of amplifications) to determine relative levels of
expression of these genes, across the treatment groups.
Sequences of forward and reverse primers are listed in
Table 1.

Table 1. Sequence of forward and reverse primers used

Markers Forward primer Reverse primer

Oct4 CGTGAAGCTGGAGAAGGAGAAGCTG CAAGGGCCGCAGCTTACACATGTTC
BMP4 AGGAGCTTCCACCACGAAGAACAT TTCAGTGGGCACACAACAGGCTTT
TFAP2α TCCCTGTCCAAGTCCAACAGCAAT TGGCAGGAAATTCGGTTTCGCACA
Hand1 ATTAACAGCGCATTCGCGGAGTTG TGGTTTAACTCCAGCGCCCAGACTT
hCGβ ACGACTGAGTCTCTGAGGTCACTT ACAGATGGTGGTGGTGACGGTGAT
GAPDH TGAAGGTCGGAGTCAACGGATTTGGT CATGTGGGCCATGAGGTCCACCAC
Flk1 ACGCTGACATGTACGGTCTAT GCCAAGCTTGTACCATGTGAG
Nodal AGACATCATCCGCAGCCTACA GACCTGGGACAAAGTGACAGTGAA
Nanog ACCAGAACTGTGTTCTCTTCCACC GGTTGCTCCAGGTTGAATTGTTCC
Cripto CAGAACCTGCTGCCTGAATG GTAGAAATGCCTGAGGAAAGC
Pax6 AACAGACACAGCCCTCACAAACA CGGGAACTTGAACTGGAACTGAC
Brachyury T GTGACCAAGAACGGCAGGAGG TGTTCCGATGAGCATAGGGGC
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Immunocytochemistry

 

hESCs were grown on Matrigel with noggin (400 ng/ml)
or Matrigel alone for 7 days and then subcultured, using
collagenase type IV (1 mg/ml; Sigma), on to chamber
slides (LabTek, Nalge Nunc International, Rochester, NY)
coated with Matrigel (plus or minus noggin). Treatments
(presence or absence of BMP4; 90 ng/ml) were initiated
and cultures continued for another 6 days. Slides were
fixed with 4% paraformaldehyde for 10 min at room
temperature, post-fixed with ice-cold ethanol–acetic acid
mixture for 5 min at –20 

 

°

 

C and subsequently washed
with PBS. Following washing with PBS, slides were
blocked with 10% normal donkey serum for 1 h at room
temperature. Primary antibodies against Oct4 (Santa
Cruz Biotechnology, Santa Cruz, CA, USA) and hCG

 

β

 

(Amersham Biosciences, Piscataway, NJ, USA) were used at
a concentration of 10 

 

μ

 

g/ml, of 1% normal donkey serum
in PBS, and incubated at room temperature for 1 h.
Donkey anti-mouse antibody conjugated with fluorescein
isothiocyanate (FITC; 1 : 50 dilution; Jackson Immuno-
Research Laboratories, West Grove, PA, USA) in 1% nor-
mal donkey serum in PBS was added for an additional
hour at room temperature. Slides were washed three times
in PBS and mounted using Prolong Antifade DAPI-
containing Vecta shield (Molecular Probes, Invitrogen) and
colonies observed using a confocal fluorescence micro-
scope [Zeiss LSM Pascal confocal imaging system mounted
on a Zeiss Axioscope II using UV (405 nm), HeNe (543 nm)
and Argon (488 nm) laser excitation]. Additionally, noggin-
treated colonies were stained for Oct4 (FITC) and hCG

 

β

 

(phycoerythrin) and counterstained with DAPI (Molecular
Probes, Invitrogen).

 

Flow cytometric analysis to quantify undifferentiated cells 
under different culture conditions

 

hESCs were cultured for 13 days on Matrigel alone and
Matrigel supplemented with noggin. Half of the wells in
each set received BMP4 treatment (90 ng/ml) from days
8 to 13 of culture. Cells were harvested using a 5-min
collagenase treatment, followed by preparation of single-
cell suspensions using non-enzymatic cell dissociation
medium (Sigma). Single cell suspensions from each
condition were labelled with rabbit anti-Oct4 (C-10;
Santa Cruz Biotechnology) and mouse anti-SSEA-4
(Abcam, Cambridge, MA) and detected with Alexa
Fluor 488-conjugated donkey anti-rabbit and Cy5-
conjugated donkey anti-mouse immunoglobulin G (Jackson
ImmunoResearch Laboratories), respectively. Cells
were analysed using a Becton Dickinson FACScan and
cell-surface antigen expression was quantified using
CellQuest software (Becton Dickinson).

 

Cell proliferation assay

 

Carboxyfluorescein succinimidyl ester (CFSE; Molecular
Probes, Invitrogen) was utilized to measure cell prolifera-
tion following exposure to noggin (16,17). Cells were
grown on Matrigel alone or Matrigel containing noggin
and exposed to a single pulse of 5 

 

μ

 

m

 

 CFSE for 10 min
at room temperature. Knockout serum (50%) was then
added to quench any residual CFSE not taken up by cells.
Cells were washed in PBS and iMEF conditioned medium
were replaced. A zero time point sample was taken at this
time to assess starting CFSE fluorescence intensity. After
7 days, cells were washed and dissociated into single cell
suspension using cell dissociation medium (Sigma) and
fixed in 2% paraformaldehyde. Rate of decay in CFSE
fluorescence was indicative of rate of proliferation. Fluo-
rescence intensity was assessed by flow cytometry and
proliferation rates (division index) determined using Flow
Jo software (Tree Star, Ashland, OR, USA).

 

Western blotting

 

Cytoplasmic and nuclear extracts were prepared (NE-PER,
Pierce Biotechnology, Rockford, IL, USA) from hESCs
treated with noggin or BMP4, resolved on 10% SDS-PAGE
precast gels (ISC BioExpress, Kaysville, UT, USA) and trans-
ferred on to immobilon-P membrane (Millipore, Temecula,
CA). The blot was probed with Oct4 antibody (1 : 200
dilution, 4 

 

°

 

C overnight). Secondary horseradish peroxidase-
labelled antibody was used at 1 : 10 000 dilution (Jackson
ImmunoResearch Laboratories). Peroxidase activity was
detected by Super Signal, West Pico chemiluminiscence
substrate (Pierce Biotechnology). The blot was exposed
to autoradiography film (ISC BioExpress) and developed.
Subsequently, immune complexes were removed from the
blot using stripping buffer (Pierce Biotechnology) and re-
probed with 

 

β

 

-actin antibody to serve as a loading control.

 

Karyotype analysis

 

We determined hESC karyotype by G-banding (data not
shown) at the cytogenetics laboratory of the University of
Kansas Medical Center. hESC were plated on Matrigel
and cultured in iMEF conditioned medium and exposed
to noggin (400 ng/ml) for 2 weeks. At least 15 cells were
examined from each sample.

 

Statistical analysis

 

Data were analysed by one-way analysis of variance (

 

anova

 

)
to detect statistically significant effects. Statistical dif-
ferences between means were detected by Fisher’s test if the

 

anova

 

 indicated a significant difference (

 

P

 

 

 

≤

 

 0.05).
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Results

 

Exogenous daily addition of noggin

 

Conditioned medium supplemented with noggin resulted
in hESC colonies exhibiting densely packed cells with
no apparent signs of differentiation (Fig. 1, right panel).
In contrast, flattened areas were observed in the middle
and at the edge of hESC colonies grown in conditioned
medium without noggin. This resulted in distinct dough-
nut-shaped morphology (Fig. 1, left panel).

We observed that disruption of BMP4 signalling by the
use of BMP antagonist noggin, resulted in noggin maintain-
ing cell pluripotency as indicated by Oct4 expression (Fig. 2).
Since hESC have previously been reported to spontaneously
differentiate into trophoblast, we used hTFAP2

 

α

 

, hCG

 

β

 

 and
Hand1 as trophoblast markers. Absence of these trophoblastic
markers was evident in noggin-treated cells (Fig. 2). Inter-
estingly, Oct4 transcript levels did not vary between noggin-
treated and BMP4-treated cells. Treatment of hESCs for
13 days with noggin seemed to lower BMP4 transcript levels,
suggesting that noggin, in addition to physically interacting
with BMP4, may also affect BMP4 mRNA levels.

Previous studies have found that cultures treated with
noggin and BMP4 did not express neuronal/ectodermal
markers, such as Sox1 (18), nestin (19) or neuroD1 (11).
We also assessed levels of BMP2, BMP4 and BMP7 and
their antagonists noggin, gremlin and chordin mRNA by
RT-PCR analysis (Fig. 2b) (17). BMP4 was by far the
most abundant, followed by comparable levels of BMP2
and BMP7 transcripts. Gremlin was the only detectable
BMP antagonist expressed in the cultures.

 

Oct4 protein levels did not correspond with its 
transcript levels

 

Oct4 transcript levels assessed by RT-PCR appeared to
be similar between noggin-treated samples, untreated

control and BMP4-treated samples (Figs 2 and 3). This
led us to compare Oct4 protein levels by Western blot
analysis of nuclear extracts from noggin-treated cells and
from cells where treatment was shifted from noggin to
BMP4. Cytoplasmic extract was run as control. Oct4
protein levels were markedly higher in noggin-treated
cells as compared to control cells and were significantly
diminished upon switching treatment of hESC from
noggin to BMP4 (Fig. 4).

 

Noggin added to Matrigel at time of polymerization

 

As an alternative to daily addition of noggin to the media
(due to daily media replacement), we added noggin to
Matrigel at the time of its polymerization. We hypothesized
that slow release of noggin into the medium would be as
effective at repressing spontaneous differentiation as
that achieved following direct addition to the medium.
This resulted in containment of spontaneous differenti-
ation as demonstrated by colony and cell morphology and
by maintenance of high levels of pluripotency markers,
such as Oct4, Nanog (11), and Cripto (3), as shown in

Figure 1. Human embryonic stem cell (hESC) colony under conven-
tional culture conditions for 7 days of culture (left panel). Signs of
differentiation such as a doughnut-shaped colony structure and flattened
cells in the middle of the colony (arrow) and on the periphery of the
colony are evident. Representative hESC colony (right panel) cultured in
media containing noggin (400 ng/ml) showing no signs of differentia-
tion even after 13 days of culture.

Figure 2. Reverse transcription–polymerase chain reaction analysis
of control [irradiated mouse embryonic fibroblasts (iMEF) conditioned
medium], noggin-treated (iMEF conditioned medium containing
noggin) and BMP4-treated cells (iMEF conditioned medium contain-
ing BMP4). (a) Treatment with noggin (400 ng/ml) reduced expression of
trophoblast differentiation markers. Cells treated with BMP4 (90 ng/ml)
to induce differentiation towards trophoblast lineage expressed
trophoblast markers (hTFAP2α, Hand1 and hCGβ) as did control cultures
containing colonies undergoing spontaneous differentiation. GAPDH
served as a loading control. (b) Transcripts for BMP2, BMP7 and BMP
antagonist Gremlin remained unchanged across the treatment groups.
Transcripts for noggin and chordin were not detected (data not shown).
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Fig. 3. This was further supported by absence of lineage-
specific differentiation markers, such as ectodermal
marker PAX6 (3), trophoblast markers such as Hand1
(20), hTFAP2

 

α

 

 and hCG

 

β

 

 (1), an endodermal marker
Flk1 (21), and a mesodermal marker Nodal (22), as

shown by RT-PCR analysis (Fig. 3a,b). We also found
variability in BMP4 mRNA levels across the treatment
groups.

A comparison between conditioned and unconditioned
media was also made to explore the possibility of eliminat-
ing use of iMEF conditioned medium. Noggin appeared
to reduce BMP4 mRNA in hESC cultured in conditioned
medium as compared to unconditioned medium. Con-
trol samples from unconditioned medium appeared to
express higher BMP4 mRNA levels as compared to con-
trols from conditioned medium. Noggin transcript was
not detectable in any of the samples, whereas gremlin
mRNA was present in all of them and appeared to be
more abundant in hESC grown in unconditioned medium
(data not shown). hESC grown in conditioned medium
had greatly reduced spontaneous differentiation as com-
pared to hESC grown in unconditioned medium. Noggin
inhibited spontaneous differentiation (cell morphology
and mRNA levels of Oct4) in both media but was more
effective when added to hESC grown in conditioned
medium. hCG

 

β

 

 and Hand1 expression were higher in
cultures from unconditioned medium as compared to
those from conditioned medium (Fig. 3a). In addition,
hCG

 

β

 

 and Hand1 expression was higher in control cells
grown in unconditioned medium compared to those
grown in conditioned medium (Fig. 3a). Sox1, Nestin and
NeuroD1 transcripts were undetectable following exposure
of hESC to noggin, regardless of their culture medium
(conditioned or unconditioned). This clearly indicated that
noggin was not involved in initiating differentiation
towards a neuronal lineage, which is supported by an
earlier report by Li 

 

et

 

 

 

al

 

. (23).

Figure 3. Gene expression in cells grown in
irradiated mouse embryonic fibroblast con-
ditioned medium (CM) or unconditioned
medium (UCM). Human embryonic stem cells
were grown on Matrigel supplemented with
noggin (incorporated at the time of Matrigel
polymerization on the culture plates) and cul-
tured in UCM or CM for 7 days and subsequently
exposed to BMP4 (90 ng/ml) or media alone
for 6 additional days. (a) Reverse transcription–
polymerase chain reaction (RT-PCR) analysis of
trophoblast-specific markers, hTFAP2α, hCGβ
and Hand1, revealed that their expression was
decreased in cultures grown in CM and expression
was induced following treatment with BMP4. Oct4
levels seem to be similar between control and
BMP4-treated cells. (b) RT-PCR analysis for
expression of stem cell markers (Nanog and Cripto)
as well as germ layer-specific markers (Flk1-
endodermal, Nodal and Brachury T-mesodermal,
Pax6-neuronal/ectodermal marker). Total RNA
was isolated at the end of the culture period.

Figure 4. Nuclear and cytoplasmic levels of Oct4 in human
embryonic stem cells (hESC). hESCs were grown on Matrigel and
exposed to noggin (400 ng/ml) for 7 days followed by an additional
7 days with noggin or alternatively, treatment with BMP4 (90 ng/ml). A
third group of cells was grown on Matrigel in the absence of noggin
and BMP4 and served as untreated controls. Cells were harvested on
day 14 for nuclear and cytosolic extract preparation; proteins were
resolved on 8–16% gradient sodium dodecyl sulphate–polyacrylamide
gel electrophoresis, transferred to nitrocellulose membrane and probed
for Oct4 and β-actin. Noggin-treated cells clearly showed much higher
levels of Oct4 as compared to control. When treatment was switched
from noggin to BMP4, Oct4 protein was completely lost; this thus
indicates that ability of cells to differentiate was not lost as a result of
noggin treatment.
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Oct4 and hCG

 

β

 

 immunocytochemistry

 

Immunocytochemistry experiments for Oct4 and hCG

 

β

 

 in
cells grown on Matrigel with and without noggin revealed
that noggin-treated cells had greater overall Oct4 staining
that was more uniform across a colony (Fig. 5a vs. 5c). Cells

grown in the presence of noggin appeared to be smaller
compared to spontaneously differentiated cells, which
were positive for hCG

 

β

 

 and negative for Oct4. This altered
morphology and pattern of hCG

 

β

 

 expression is similar to
that seen following BMP4-induced differentiation of
hESCs (data not shown). These observations emphasize the
role of noggin in maintenance of stem cell pluripotency
and inhibition of spontaneous differentiation.

 

FACS analysis of pluripotency markers

 

Flow cytometric analysis for pluripotency surface marker
SSEA4 (24) and transcription factor Oct4 revealed that a
higher proportion of the cells expressed these markers
when grown on noggin-containing Matrigel compared to
those grown on Matrigel alone. Exposure of hESCs to BMP4
(90 ng/ml) reduced the percentage of cells expressing
SSEA4 and Oct4 regardless of presence or absence of
noggin (Fig. 6). Thus, these findings indicate that hESCs
grown on Matrigel supplemented with noggin can undergo
BMP4-induced differentiation (that is, suppression of
expression of pluripotency markers) when administered
to the media.

 

Role of noggin in cell proliferation

 

Noggin increased cell proliferation rate as determined by
FACS analysis of cells pulsed with CFSE (25) (Fig. 7;
shift to the left in CFSE intensity of the noggin-treated cells).
Noggin-treated cells showed approximately 25% increase
(

 

P

 

 < 0.01) in proliferation index over control cells.

 

Discussion

 

Noggin, an antagonist of the BMP family of proteins,
binds to BMPs and prevents the binding of BMPs to their

Figure 5. Effect of noggin on colony morphology and protein
expression. Cells were cultured in irradiated mouse embryonic fibroblast
conditioned medium on Matrigel-coated chamber slides in the absence
(c and d) or presence of noggin (a and b). Human embryonic stem cell
colonies cultured in the presence of noggin for 7 days and stained with
(a) an Oct4 antibody [fluorescein isothiocyanate (FITC)] or (b) stained
for Oct4 (FITC) and hCGβ (phycoerythrin) and counterstained with
DAPI. (c) Spontaneously differentiating colony grown on Matrigel
showing typical doughnut-shaped appearance with Oct4-negative,
differentiated cells in the centre of the photograph (dark area indicated
by arrow). (d) Spontaneously differentiated cells stained for Oct4 (FITC),
and hCGβ (phycoerythrin) and counterstained with DAPI. Orange arrow
indicating residual nuclear Oct4 staining (green) in some cells and also
much larger nuclei (DAPI) of the differentiated cells. White arrow is
shows positive hCGβ (red) staining.

Figure 6. Regulation of Oct4 and SSEA4 protein levels by noggin and BMP4. Level of expression of Oct4 and SSEA4 was assessed by FACS
analysis and data presented as fold change in average mean intensity. Level of Oct4 [fluorescein isothiocyanate (FITC)] and SSEA4 (Cy5) in hESCs
grown on Matrigel supplemented with noggin (M + N) was enhanced compared to cells grown on Matrigel (M) alone. Additional cultures were treated
with BMP4 in the presence (M + N + B) or absence (M + B) of noggin. Treatment of cells with BMP4 suppressed levels of both Oct4 and SSEA4 in
cells grown in the presence or absence of noggin. Data are presented as percentage of cells that stained positively for Oct4 (FITC) and SSEA4 (Cy5).
* represents P < 0.05 for M + N vs. M, θ represents P < 0.05 for M + N vs. M + N + B, and Δ represents P < 0.05 for M vs. M + B.
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receptor, thereby inhibiting any downstream signalling
(15). Noggin has also been shown to regulate BMP signalling
pathways and helps to maintain stem cells in a pluripotent
state (10).

We have found that hESC cultured with noggin (in
medium or incorporated into Matrigel matrix) form
denser colonies compared to normal hESC cultures, and
these findings are suggestive of better growth in the pres-
ence of noggin (data not shown). Comparison between con-
ditioned and unconditioned medium was made to explore
the possibility of eliminating use of iMEF conditioned
medium. It appears from the RT-PCR analysis that stem
cells retain pluripotency better in conditioned medium
and, thus, use of noggin by itself is not a substitute for
all the factors contributed by iMEF conditioned medium.

Spontaneous differentiation was evident by appearance
of colonies negative for Oct4 and positive for hCG

 

β

 

.
These colonies typically developed a doughnut-like shape
with presence of much larger differentiated cells being
visible in the case of spontaneously differentiating cultures.
These morphological patterns were absent in cultures
supplemented with noggin. Flow cytometry data indicated
increase in abundance of pluripotency markers SSEA-4
and Oct4 in stem cells exposed to noggin as compared to
control cells. Furthermore, noggin also appeared to support
cell proliferation as shown by CFSE experiments.

Based on our present findings, we conclude that
noggin can be incorporated as a medium supplement for
maintaining stem cells in a pluripotent state, for short-
term culture experiments. Noggin did not trigger dif-
ferentiation towards a neuronal lineage. Furthermore,
when incorporated into the Matrigel, noggin prevented

spontaneous differentiation during the time period
examined. Thus, it appears that noggin was being slowly
released from Matrigel into the medium and constantly
neutralized any endogenous BMP or exogenous BMP
originating from iMEF conditioned medium. These findings
suggest that most of the spontaneous differentiation is
BMP-dependent and predominantly towards the trophoblast
lineage.

Our findings indicate that noggin stimulates Oct4
protein levels in hESC cultures. Following removal of
noggin and addition of BMP4, Oct4 protein disappeared
indicating that noggin did not disrupt the capacity of
hESC to differentiate. Additionally, there appeared to be
involvement of post-transcriptional Oct4 modifications
upon differentiation, as no change was observed in Oct4
mRNA levels.

Beattie 

 

et

 

 

 

al

 

. have shown that activin A is able to
maintain stem cell pluripotency in the absence of feeder
layers (11). They also reported changes in cell and colony
morphology when the cells were grown without the
feeders, and reduced rate of cell proliferation. In contrast,
our system with noggin is based on a desire to grow the
embryonic stem cells in the absence of feeder cells and
showed no signs of cell or colony morphology changes. In
contrast to the findings of Beattie 

 

et al.

 

 (11), we report an
increase in rate of cell proliferation.

Despite favourable reports concerning the use of
noggin as a medium supplement for maintenance of
pluripotency of hESCs, contradictory results exist in the
literature. Pera 

 

et

 

 

 

al

 

. reported that noggin within the
concentration range of 100–500 ng/ml was unsuitable for
use, due to changes in colony size, lack of expression of

Figure 7. Effect of noggin on cell proliferation. Carboxyfluorescein succinimidyl ester (CFSE) was used to compare the degree of cell proliferation
between cells exposed to noggin versus control cells. Cells were cultured on Matrigel or Matrigel supplemented with noggin. CFSE was added on
day 4 post-plating as described in the Materials and methods section and cells were cultured for an additional 7 days. Cells were then washed and
analysed by FACS for CFSE intensity. Cells cultured with noggin had reduced levels of CFSE (shift to the left in the graph) indicative of an increased
rate of proliferation. Data shown are representative of a set of four separate experiments. Treatment with noggin significantly (P < 0.01) increased the
rate of cell proliferation (division index) as shown in the bar graph.
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stem cell marker GCTM2, and induction of expression of
ectodermal marker Pax6 (3). We believe that these
contrasting observations may be due to use of different
lines of stem cells (HES-2 and HES-3). Noggin has been
used in a number of experimental paradigms to aid in
stem cell differentiation or to direct towards a specific
lineage (26–29). In most of these cases, the cells were
being cultured in conditions that do not favour pluripotency.
Xu et al. reported that inclusion of noggin and high
concentrations of bFGF (40 ng/ml) in unconditioned medium
was sufficient to maintain hESC in a pluripotent state and
that lower concentrations of noggin could be used if
present with this level of bFGF (15). We avoided use of
elevated levels of bFGF due to its possible anti-apoptotic
role (30,31). Although bFGF may support population
growth of stem cells, it may also lead to unwarranted
retention/selection of aneuploid cells and possibly neo-
plastic cells, which are generated as a result of erratic
mitosis within the stem cell colony.

In light of our findings, it appears that there was a
tight balance between concentrations of BMPs and BMP
antagonists present in the culture, as has also been previously
suggested (3). Over time this balance favours higher BMP
levels, triggering spontaneous differentiation. Our data
indicate that exogenous addition of noggin prevents or
delays this spontaneous differentiation.

Conclusion

The occurrence of spontaneous differentiation in hESC
cultures is a common problem. Several studies have
shown a range of factors including noggin that can be
included in hESC culture medium to maintain stem
cells in a pluripotent state for extended periods of time.
However, little is known regarding the composition of
fibroblast conditioned medium, which is used for
propagation of hESCs. Our findings indicate that noggin
alone, when combined with the unknown factors present
in conditioned medium, is sufficient to maintain hESC
in a pluripotent state for a period of at least 2 weeks.
This occurred whether noggin was added to culture
medium or was included with Matrigel at the time of
its polymerization and coating of the culture plates.
Inclusion of noggin into Matrigel matrix has several
advantages over its addition to the medium. Cells at the
base of a colony are continuously exposed to noggin via
the Matrigel matrix. Considerably less noggin is required
over the course of an experiment and pluripotency is
maintained with lower levels of noggin. Finally, noggin
appeared to improve stem cell proliferation. It is currently
unclear as to the mechanism of this effect, but may simply
be due to suppression of cell differentiation and associ-
ated change in cell proliferation.
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