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(Background: Interaction of stem cells with extracellular matrix (ECM) controls their fate.
Results: MS reveals interacting ECM networks produced by human embryonic stem cells (hESCs) and their feeders; supportive
and unsupportive hESC substrates comprise distinct ECM compositions.
Conclusion: Several ECM molecules maintain hESC self-renewal.
Significance: Better understanding of hESC self-renewal has applications in understanding development, generating cell ther-
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Human embryonic stem cells (hESCs) are pluripotent cells
that have indefinite replicative potential and the ability to dif-
ferentiate into derivatives of all three germ layers. hESCs are
conventionally grown on mitotically inactivated mouse embry-
onic fibroblasts (MEFs) or feeder cells of human origin. In addi-
tion, feeder-free culture systems can be used to support hESCs,
in which the adhesive substrate plays a key role in the regulation
of stem cell self-renewal or differentiation. Extracellular matrix
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(ECM) components define the microenvironment of the niche
for many types of stem cells, but their role in the maintenance of
hESCs remains poorly understood. We used a proteomic
approach to characterize in detail the composition and interac-
tion networks of ECMs that support the growth of self-renewing
hESCs. Whereas many ECM components were produced by sup-
portive and unsupportive MEF and human placental stromal
fibroblast feeder cells, some proteins were only expressed in sup-
portive ECM, suggestive of a role in the maintenance of pluripo-
tency. We show that identified candidate molecules can support
attachment and self-renewal of hESCs alone (fibrillin-1) or in com-
bination with fibronectin (perlecan, fibulin-2), in the absence of
feeder cells. Together, these data highlight the importance of spe-
cific ECM interactions in the regulation of hESC phenotype and
provide a resource for future studies of hESC self-renewal.

Human embryonic stem cells (hRESCs)*° are derived from the
inner cell mass of the blastocyst, and they have almost unlim-
ited self-renewal, together with the potential to differentiate
into the cell types originating from all three embryonic germ
layers: endoderm, mesoderm, and ectoderm. The differentia-
tion of embryonic stem cells in vitro provides a model for study-
ing the cellular and molecular mechanisms of early develop-
ment, and hESCs can be utilized as tools for drug discovery and
modeling diseases (1). Although hESCs hold enormous prom-
ise for therapeutic applications, several hurdles need to be over-
come before this becomes a reality (2). These include clearer
definition of the factors that are required to maintain the self-
renewal and pluripotent properties of these cells and develop-
ment of approaches to direct their differentiation reproducibly

'° The abbreviations used are: hRESC, human embryonic stem cell; MEF, mouse
embryonic fibroblast; ECM, extracellular matrix; hPSF, human placental
stromal fibroblast; ihPSF, immortalized human placental stromal fibro-
blast; Pn, passage n; LTBP, latent TGF-B-binding protein.
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into desired cell types at high efficiency. Most commonly,
mouse embryonic fibroblast (MEF) feeder cells are employed to
provide an environment that is suitable, although not necessar-
ily optimal, for the maintenance of stem cell pluripotency. Rou-
tine MEF culture with medium containing animal-derived
products carries the potential risk of animal pathogen or anti-
gen transfer. To minimize such xeno-transfer, human feeder
cells and autologous feeders created by differentiating hESCs
have been developed (3-5). Nonetheless, the use of any feeder
cell still retains the requirement for pathogen testing and does
not avoid issues of undefined culture conditions and batch-to-
batch variation. As an alternative approach, feeder-free cul-
tures using different mixtures of defined medium and human or
recombinant ECM components eliminate the risk of xenoge-
neic transfer and at the same time increase reproducibility
(6—38). Ideally, an optimized culture system needs to be estab-
lished that is xeno-free for applications such as future clinical
therapies. The most successful early attempts at replacing feed-
ers used Matrigel, an ill-defined basement membrane matrix
derived from a mouse sarcoma cell line, generally together with
feeder-conditioned medium (9-11). This system still retains
the possibility of xenopathogen transfer and batch variation.
However, newer defined serum-free media have now been
developed that avoid the need for conditioning.

Our understanding of how hESCs are regulated in vivo is
limited because of their transient nature and their tendency to
differentiate easily (12). However, observations in vitro indicate
that stem cell fate is controlled by many factors, both intrinsic
genetic and epigenetic signals and extrinsic regulators, such as
growth factors and extracellular matrix (ECM) components.
Although much attention has been paid to the influence of
growth factors on stem cell fate (6, 12), the role of the ECM has
been relatively neglected. ECM components, which form
dynamic adhesive structures that affect cell proliferation, sur-
vival, shape, migration, and differentiation, are important can-
didates for establishing an optimized feeder-free hESC culture
system (13-16). In our laboratory, we developed a defined cul-
ture medium, which allows maintenance of several hESC lines
for at least 15 passages (8). Using this system, we showed that
hESCs grow well on human plasma fibronectin (8). Other stud-
ies have also reported the maintenance of stem cells using
fibronectin or laminin substrates (6, 17), and more recently,
these molecules have been used together for suspension culture
of stem cells (18). In addition, other ECM molecules, such as
vitronectin, have been shown to support stem cell self-renewal
(8,19, 20),and hESC culture on ECM derived from MEF feeders
has been reported (21). Therefore, we set out to analyze com-
prehensively the ECM of hESC-supportive feeder cells using a
proteomic approach.

Several previous studies have used proteomic approaches to
identify proteins that regulate stem cell pluripotency. Some
studies analyzed stem cell-conditioned Matrigel (22) or
medium conditioned by feeder cells capable of maintaining
hESCs (23, 24), whereas others analyzed membrane proteins of
hESCs (25-27) or the hESC phosphoproteome (28, 29). Here,
we used an MS-based proteomic approach to identify ECM
proteins released by mouse and human feeders in order to char-
acterize the range of ECM components that support the growth
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of self-renewing hESCs. We aimed to determine both similari-
ties and differences between supportive and unsupportive
feeder cells and so to dissect important and novel components
of the ECM that maintain the pluripotent self-renewing state.
We compared ECM derived from conventional MEFs, primary
human placental stromal fibroblasts (hPSFs), and immortalized
human placental stromal fibroblasts (ihPSFs) produced in our
laboratory, which have been shown to support pluripotent
hESC growth for over 25 passages (30). All tested mouse and
human feeder cells supported hESC self-renewal, but only ECM
derived from CD1XCD1 (referred to herein as CD1) MEFs or
ihPSFs supported hESC self-renewal, whereas ECM derived
from MF1XCD1 MEFs or hPSFs was unsupportive. We found
that many ECM proteins are expressed by both mouse and
human feeders and are also produced by hESCs. Intriguingly,
quantitative differences were identified between supportive
and unsupportive matrices, and some proteins were only
detected in supportive ECMs; these proteins might play a role
in the maintenance of pluripotency. We tested candidate ECM
molecules, including perlecan, fibrillin-1, fibulin-2, collagen VI,
and tenascin C, as substrates for feeder-free growth of hESCs.
Our results show that some of these molecules can support
attachment and self-renewal of hESCs alone or in combination
with a low, unsupportive concentration of fibronectin, in the
absence of feeders. Thus, this study further illuminates the role
that ECM interactions play in the hESC phenotype, which has
until recently been a neglected area of hESC biology.

EXPERIMENTAL PROCEDURES

Fibroblast Cell Culture—MEFs were prepared from 13.5-day
embryos from CD1XCD1 (referred to herein as CD1) or
MF1XCD1 mice (8, 31). For preparation of feeders used for
hESCs, MEFs were cultured to passage 4 (P4), P9, or P14 and
were mitotically inactivated using 10 ug/ml mitomycin C
(Sigma-Aldrich). hPSFs and ihPSFs were cultured to P10 and
P10(6), respectively, according to Camarasa et al. (32) and
McKay et al. (30), respectively, in DMEM (PAA Laboratories)
supplemented with 10% (v/v) FCS (Invitrogen), 2 mMm L-glu-
tamine (PAA Laboratories), and 0.5% (v/v) penicillin/strepto-
mycin (PAA Laboratories).

hESC Culture on Feeders—hESC lines HUES1 and HUES?7
(33) were cultured on inactivated MEFs derived from CD1 or
MF1XCD1 mice. Twenty-four hours before hESC culture,
MEFs at P4, P9, or P14 were plated (2-3 X 10* cells/cm?) onto
tissue culture plates coated with 0.1% (w/v) gelatin (Sigma-Al-
drich). hESCs were cultured on MEFs in knock-out DMEM
(PAA Laboratories) supplemented with 20% (v/v) knock-out
serum replacement, 100 uM B-mercaptoethanol (Invitrogen),
1X non-essential amino acids (PAA Laboratories), 2 mm L-glu-
tamine, 0.5% (v/v) penicillin/streptomycin, and 10 ng/ml
bovine fibroblast growth factor (FGF) (Autogen Bioclear).
Trypsin/EDTA (PAA Laboratories) was used to passage hESCs,
as described previously (34). hESCs were cultured on hPSFs and
ihPSFs as on MEFs, except that hESCs were first cultured on
inactivated MEF feeders and then transferred onto inactivated
PSFs after they reached confluence. hESCs were cultured for 5
days before passage.
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hESC Culture without Feeders—HUESLI cells were cultured
on tissue culture plates coated with 50 wg/ml human plasma
fibronectin (Millipore) in 50:50 F-12/DMEM supplemented
with 0.1% (w/v) BSA (Sigma-Aldrich), 100 um B-mercaptoeth-
anol, 1X non-essential amino acids, 2 mm L-glutamine, 20
ng/ml bovine FGF, 1X N2 supplement (Invitrogen), 1X B27
supplement (Invitrogen), 100 ng/ml activin A (R&D Systems),
and 2 ng/ml NT4 (Peprotech) (modified from Ref. 8). When
cells were ~90% confluent, they were passaged in a 1:3 ratio
using TrypLE Express (Invitrogen).

hESC Culture on Cell-derived ECM—MEFs at P4, P9, or P14,
hPSFs, or ihPSFs were plated (6.8 X 10* cells/cm?) onto tissue
culture plates coated with 0.1% (w/v) gelatin. Fibroblast cells
were cultured for 14 days, and then ECM was denuded by incu-
bating cells with extraction buffer (20 mm NH,OH, 0.5% (w/v)
Triton X-100 (Sigma-Aldrich) in PBS) for 2 min at room tem-
perature or until no intact cells were visible. Plates were washed
three times with PBS and used immediately for culturing hESCs
or stored at 4 °Cin 1% (v/v) penicillin/streptomycin. The hESC
line HUESI was cultured on ECM derived from MEFs at P4,
primary hPSFs at P10, or immortalized ihPSFs at P10(6) in feed-
er-free medium (as described above) and passaged using
TrypLE Express.

hESC Culture on Defined Substrates— Twenty-four-well tis-
sue culture plates were incubated with 100 pg/ml collagen VI
(BD Biosciences), 50 pg/ml tenascin C (Millipore), 10 or 20
pg/ml fibulin-2 (courtesy of T. Sasaki, Max Planck Institute of
Biochemistry), 10 or 20 ug/ml fibrillin-1 (recombinant frag-
ment PF17; courtesy of S. A. Cain and C. M. Kielty, University
of Manchester) (35), 20 ug/ml perlecan (courtesy of J. M. Whi-
telock, University of New South Wales), 10 ug/ml versican
(Novus Biologicals), or 10 ug/ml biglycan (Sigma-Aldrich)
overnight at 4 °C. For substrates tested in combination with
fibronectin, plates were then incubated with 5 ug/ml human
plasma fibronectin overnight at 4 °C. Feeder-free HUES1 or
HUES? cells were dissociated using TrypLE Express and plated
(1 X 10° cells/cm?) onto 24-well tissue culture plates in feeder-
free medium. Cells were cultured on each substrate for three
consecutive passages before assessing their expression of pluri-
potency-associated genes by immunocytochemistry. Cells cul-
tured on 5 and 50 pg/ml fibronectin were used as controls in
each experiment.

Immunocytochemistry—Cells plated on fibronectin-coated
wells or glass coverslips were fixed with 4% (w/v) paraformal-
dehyde for 10 min at room temperature, blocked, and stained.
Primary antibodies and concentrations used were anti-Nanog
(2 pg/ml; R&D Systems); anti-Oct4 (2.5 pg/ml; BD Biosci-
ences); anti-TRA-1-81 (1 ug/ml; Abcam); anti-Sox2, anti-
GATAA4, anti-a-smooth muscle actin, anti-BIII-tubulin, anti-
Sox17, anti-brachyury, anti-vimentin, and anti-a-fetoprotein
(all 5 wg/ml; all R&D Systems); anti-fibronectin (1.25 ug/ml;
Sigma-Aldrich); anti-tenascin C (10 ug/ml; Millipore); anti-
collagen VI (10 pg/ml; Abcam); anti-human collagen XII and
anti-mouse collagen XII (1:3000 and 1:1000, respectively; kind
gift of M. Koch, University of Cologne); pan-specific anti-
laminin (1:100; kind gift of D. R. Garrod, University of Man-
chester); anti-fibrillin-1 N-19 (N-terminal region) and PRO
(proline-rich region) (1:50 and 1:200, respectively; kind gift of
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C. M. Kielty); and anti-fibulin-2 (2.5 pg/ml; kind gift of T.
Sasaki). Secondary antibodies used were Alexa Fluor 488- and
Alexa Fluor 594-conjugated anti-Ig (Invitrogen). Cells were
mounted in Vectashield hardset mounting medium with DAPI
(Vector) and examined using a fluorescence microscope
(Olympus) equipped with X10, X20, and X40 objective lenses
and a digital camera (QImaging).

Flow Cytometry—Cells were dissociated using TrypLE
Express, washed with PBS, and resuspended to 1 X 107 cells/ml
in PBS containing 1% (v/v) ECS (PBS-FCS). Primary antibodies
(10 pg/ml, final concentration) in PBS containing 0.02% (w/v)
sodium azide were added to cells, and samples were incubated
overnight at 4 °C and then washed three times with PBS-FCS.
Cells were resuspended in FITC- or Alexa Fluor-conjugated
secondary antibody in PBS-FCS and incubated for 45 min at
4 °C. Samples were washed three times with PBS-FCS and then
fixed with 0.4% (w/v) formaldehyde in PBS. IgG and secondary
antibodies alone were used as controls. Samples were analyzed
using a CyAn ADP flow cytometer (Beckman Coulter).

Isolation of Cell-derived ECM—Cell-derived ECM was
derived as described above, treated with 10 units/ml DNase I
(Promega) for 30 min at 37 °C, and then washed two times with
PBS. ECM was solubilized with prewarmed 2X reducing sam-
ple buffer (50 mm Tris-HCI, pH 6.8, 10% (w/v) glycerol, 4%
(w/v) SDS, 0.004% (w/v) bromphenol blue, 8% (v/v) B-mercap-
toethanol) and removed from the plate using a cell scraper.
Proteins were resolved by SDS-PAGE and stained with
Coomassie Brilliant Blue. ECMs extracted from equal numbers
of cells were compared.

Embryoid Body Formation—HUES1 or HUES7 cells were
cultured for at least five passages on ECM derived from CD1 P4
MEFs or ihPSFs, dissociated using TrypLE Express, and cul-
tured for 10 days in DMEM supplemented with 20% (v/v) FCS
in bacteriological grade culture dishes. Day 10 embryoid bodies
were plated on 12-well plates coated with 0.1% (w/v) gelatin in
DMEM supplemented with 20% (v/v) FCS and cultured for a
further 14 days.

Karyotypic Analysis—HUES1 or HUES7 cells were cultured
for three passages in feeder-free conditions. hESCs were
prepared for karyotyping as described previously (8) and
examined for karyotypic abnormalities by The Doctors Lab-
oratory Genetics.

MS Data Acquisition and Analysis—Solubilized ECM pro-
teins were subjected to in-gel tryptic digestion as described by
Shevchenko et al. (36) with modifications to enable processing
in 96-well plates as described by Humphries ez al. (37). Analysis
of peptides by LC-MS/MS was performed using a nano-
ACQUITY UltraPerformance LC system (Waters) coupled
online to a 4000 Q TRARP triple-quadrupole linear ion trap ana-
lyzer (Applied Biosystems), as described previously (37). Peak
list files were searched against a modified version of the IPI
Human database (version 3.70, release date March 4, 2010)
containing 10 additional contaminant and reagent sequences of
non-human origin or the IPI Mouse database (version 3.70,
release date March 4, 2010). Searches were submitted to an
in-house Mascot server (version 2.2.03; Matrix Science) (38).
Carbamidomethylation of cysteine was set as a fixed modifica-
tion; oxidation of methionine and hydroxylation of proline and
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lysine were allowed as variable modifications. Only tryptic pep-
tides were considered, with up to one missed cleavage permit-
ted. Monoisotopic precursor mass values were used, and only
doubly and triply charged precursor ions were considered.
Mass tolerances for precursor and fragment ions were 1.5 and
0.5 Da, respectively. Rigorous statistical algorithms at both the
peptide and protein level were employed to validate the pro-
teomic data sets generated by MS (39, 40). To achieve this, data
validation was performed using Scaffold (version Scaf-
fold_3_00_06; Proteome Software), as described by Humphries
et al. (37). Protein identifications were accepted if they were
assigned at least two unique validated peptides (established
with at least 90% probability) and had a protein probability of at
least 99%. These acceptance criteria resulted in an estimated
protein false discovery rate of 0.1% for all data sets. MS data
were converted using PRIDE Converter (version 2.5.4) (41) and
deposited in the PRIDE database (42) under accession numbers
19910-19937. Details of all identified proteins and peptides are
provided in supplemental Files S1-S3.

Quantification of relative protein abundance was performed
using spectrum counting (43—45). Relative protein abundance
was calculated on the basis of the unweighted spectrum count
assigned to each identified protein by Scaffold. To normalize
the data, spectrum counts were expressed as a percentage of the
total number of spectra observed in the entire sample. Mean
normalized spectrum counts were calculated using data from
two independent ECM isolations.

Bioinformatic Data Analysis—Hierarchical clustering analy-
sis was performed as described previously (37, 46). Gene Ontol-
ogy enrichment analysis was performed using DAVID Bioinfor-
matic Resources (version 6.7) (47). Gene Ontology annotations
of proteins were assembled from the UniProt Knowledgebase
Gene Ontology Annotation database (48) accessed using
QuickGO (49). Proteins annotated with Gene Ontology terms
GO0:0005576 (extracellular region), GO:0005615 (extracellular
space), GO:0005886 (plasma membrane), or GO:0009986 (cell
surface) were classified as extracellular or cell surface and visu-
alized as protein-protein interaction networks. Interaction net-
work analysis was performed using Cytoscape (version 2.8.1)
(50). Protein hits were mapped onto a merged human interac-
tome built from the Protein Interaction Network Analysis plat-
form Homo sapiens network (release date March 4, 2010) (51),
the ECM interactions database MatrixDB (release date August
26, 2010) (52), and a literature-curated database of integrin-
based adhesion-associated proteins (53). Proteins in the mouse
data set were converted to human orthologs using InParanoid
(54). Interaction networks were clustered using the yFiles
Organic algorithm implemented in Cytoscape, and topological
parameters were computed using the NetworkAnalyzer plug-in
(55). Interaction network models are provided in supplemental
Figs. S4 —S8.

RESULTS

Culture of hESCs on Mouse and Human Feeders—hESCs are
routinely cultured on mitotically inactivated MEF feeders, and
it has been suggested that MEFs beyond P4 or P5 are unable to
support pluripotency of hESCs (56). To assess the ability of CD1
and MF1XCD1 MEF strains used in this study to support stem
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cell maintenance, HUES] cells were cultured on MEFs that had
been inactivated at either P4 or P9. After culture for three pas-
sages, all HUES] colonies displayed nuclear immunostaining of
the pluripotency-associated markers Oct4 and Nanog, indicat-
ing stem cell maintenance on both MEF strains at both passages
(supplemental Fig. S1). To assess the ability of hPSFs and
ihPSFs to support maintenance, HUES] cells were cultured on
hPSFs or ihPSFs for three passages. HUES1 colonies grown on
either hPSFs or ihPSFs displayed nuclear expression of Oct4
and Nanog, indicating that stem cells were maintained on these
human feeders (supplemental Fig. S1).

Culture of hESCs on Cell-derived ECM—In order to assess
the role of ECM macromolecules in the support of stem cell
maintenance, HUES1 cells were cultured for at least four pas-
sages in feeder-free medium on ECM isolated from mouse or
human feeder monolayers by alkali/detergent extraction. After
extraction, the remaining deposited ECM was observable by
phase-contrast microscopy at both P4 and P9 (Fig. 14). ECM
derived from CD1 MEFs at either P4 or P9 supported HUES1
cell attachment and culture expansion. HUES] cells cultured
on CD1 ECM for five consecutive passages formed monolayers
and exhibited typical morphological features of hESCs cultured
on MEFs, with a high nucleus-to-cytoplasm ratio and promi-
nent nucleoli (Fig. 1B). Cells were also positive for the pluripo-
tency-associated markers Nanog and Oct4 and the surface
marker TRA-1-81 (Fig. 1C). Neither P4 nor P9 MF1XCD1
ECM supported self-renewal of HUES] cells for four passages
(five independent experiments). ECMs derived from CD1 and
MF1XCD1 MEFs at P14 were also assessed but were not sup-
portive for hESC maintenance (data not shown).

HUESI cells attached to the ECM deposited by ihPSFs
(P10(6)) and, to a lesser extent, to the ECM from hPSFs (P10)
(Fig. 1B). hESCs grown for three passages on ihPSF ECM dis-
played typical hESC morphology, with a high nucleus/cyto-
plasm ratio and prominent nucleoli as well as nuclear expres-
sion of Nanog, Oct4, and Sox2 (Fig. 1, Band D). However, ECM
derived from hPSF (P10) failed to maintain the self-renewal of
HUES] cells for three passages, as indicated by a change in
morphology from rounded to a more spread shape with cell
extension and by the loss of Nanog, Oct4, and Sox2 nuclear
expression (Fig. 1, Band D). Together, these findings indicated
that the ECMs produced by the primary and immortalized
human feeders were qualitatively or quantitatively different
with respect to components that support hESC maintenance.

To confirm the in vitro differentiation potential of hESCs
into multiple cell lineages, embryoid bodies were generated
from hESCs that had been cultured on ECM derived from
either CD1 MEFs or ihPSFs. Immunostaining indicated the
ability of these hESCs to give rise to derivatives of all three germ
layers (supplemental Fig. S2).

Integrin Expression in hESCs—Because cells interact with the
ECM predominantly via integrin receptors, we used flow
cytometry to establish the expression of a number of integrins
by hESCs cultured feeder-free on fibronectin. Integrin av3
was not detected, but integrin chains a1, a2, a5, @6, and 81 and
integrin avB5 were all expressed in HUESI cells (supplemental
Fig. S3). These data show that, in addition to the fibronectin
receptor integrin a5B81 (which also interacts with other ligands,
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FIGURE 1. Culture of hESCs on feeder cell-derived ECM. A, phase-contrast images of ECMs isolated from CD1 MEFs at P4 and P9 and from ihPSFs by
alkali/detergent extraction. Scale bars, 100 um. B, phase-contrast images showing morphology of HUES1 cells cultured for five consecutive passages on ECM
derived from CD1 P4 and P9, ihPSF, and hPSF. Scale bars, 100 pum. C, HUES1 cells cultured on CD1 P4 and P9 ECM stained positively for pluripotency-associated
markers Nanog and Oct4 and surface marker TRA-1-81 after multiple (up to four) passages. Cell nuclei were stained with DAPI (blue; insets). Scale bars, 100 wm.
D, HUES1 cells cultured on ihPSF-derived ECM stained positively for pluripotency-associated markers Nanog, Oct4, and Sox2 after multiple (up to four)
passages, whereas HUES1 cells cultured on hPSF-derived ECM lost the expression of pluripotency-associated markers Nanog, Oct4, and Sox2. Cell nuclei were

stained with DAPI (blue; insets). Scale bars, 50 pum.

such as fibrillin-1 and osteopontin) (57), hRESCs express recep-
tors for several ECM ligands, including collagen (integrins
a1B1and @2B1) and laminin (integrins a181, o281, and a6f1).

Proteomic Analysis of Cell-derived ECM—We used MS-
based proteomics to catalogue the components of ECM iso-
lated from mouse and human feeder cells (Fig. 24). MS analysis
identified 155 and 131 proteins in ECM derived from CD1
MEFs at P4 and P9, respectively, and 178 and 101 proteins in
ECM derived from MF1XCD1 MEFs at P4 and P9, respectively
(n = 2; Fig. 2B). Of these proteins, 82 and 69 were classified by
Gene Ontology analysis as extracellular/cell surface proteins in
ECM derived from CD1 MEFs at P4 and P9, respectively, and
100 and 55 were classified as extracellular/cell surface proteins
in ECM derived from MF1XCD1 MEFs at P4 and P9, respec-
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tively (Fig. 2B). MS analysis identified 101 proteins in ECM
derived from each of hPSFs and ihPSFs (n = 2; Fig. 2C). Of these
proteins, 61 and 62 were classified as extracellular/cell surface
proteins in ECM derived from hPSFs and ihPSFs, respectively
(Fig. 2C). The numbers of identified proteins were comparable
with other MS-based proteomic analyses of ECMs (58). Indeed,
of the total protein identifications in our data sets, 34 = 5.3%
(mean * S.D.) were classified as extracellular proteins (56 *
3.8% were classified as extracellular or cell surface proteins),
which compares favorably with the 12-30% enrichment of
ECM proteins reported in previous proteomic studies (58). Fur-
thermore, there was substantial overlap between extracellular/
cell surface proteins identified in different feeder cell ECMs, as
shown by the intersection sets of the Euler diagrams (Fig. 2, B
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and C). This suggests that, in addition to some qualitative dif-
ferences in the ECMs, differences in the amounts of proteins
incorporated into distinct ECMs may contribute to hESC
self-renewal.

To aid the interrogation and visualization of the MS data
sets and to highlight quantitative differences between them,
hierarchical clustering was performed to detect patterns in the
data. Unsupervised clustering identified clusters of proteins
enriched in different cell-derived ECMs (Figs. 3 and 4 and
supplemental Tables S1 and S2). For ECM isolated from mouse
feeders, large contiguous clusters of proteins were shared
between ECMs from different MEF populations (Fig. 3). As for
many of the clusters, there was an overrepresentation of pro-
teins involved in processes such as cell adhesion and ECM orga-
nization (e.g. fibronectin, periostin, and thrombospondin-1) in
the main cluster of shared proteins (Fig. 3, third from top clus-
ter), as determined by Gene Ontology enrichment analysis
(supplemental Table S3). In addition, several clusters of pro-
teins were enriched in distinct samples, suggesting that the rel-
ative abundance of these proteins may play a role in the support
of hESC maintenance. For example, clusters of proteins
enriched in MF1XCD1 ECM comprised additional collagens
(Fig. 3, second from top cluster and bottom cluster, and supple-
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mental Table S3). For ECM isolated from human feeders, there
were shared and unique clusters of proteins (Fig. 4), as for
mouse feeder ECM. Interestingly, protein clusters enriched in
ECM derived from ihPSF contained more proteins annotated as
extracellular, whereas clusters enriched in hPSF ECM con-
tained more proteins annotated as cell surface (Fig. 4 and
supplemental Table S2). Furthermore, there was an overrepre-
sentation of proteins involved in cell adhesion and ECM orga-
nization in the major ihPSF-enriched cluster (Fig. 4, fourth from
top cluster, and supplemental Table S4) but not in the major
hPSF-enriched cluster (Fig. 4, second from top cluster, and sup-
plemental Table S4). These data suggest that ihPSFs, which
support hESC maintenance, secrete more structural ECM com-
ponents to produce a more complex fibrillar network compared
with hPSFs, which do not support hESC self-renewal (30).

In order to assess whether hESCs secrete ECM proteins that
may facilitate the maintenance of pluripotency, we analyzed
ECM derived from HUES] cells cultured on fibronectin-coated
plates for five or seven passages by MS, conditions that we have
previously shown to maintain self-renewing hESCs (8). A total
of 77 proteins were identified in hRESC ECM (n = 2), of which 35
were classified as extracellular/cell surface proteins (Fig. 4 and
supplemental Table S2). Moreover, proteins involved in cell
adhesion and ECM organization were overrepresented in the
major HUES1-enriched cluster (Fig. 4, bottom cluster, and sup-
plemental Table S4). Many of the proteins present in the ECM
isolated from mouse and human feeders were also present in
ECM derived from hESCs (Table 1). HUES1 ECM shared a
similar number of proteins with CD1 and MF1XCD1 MEFs at
P4 and P9 (13 = 1.6 extracellular proteins; 37% = 4.7%; mean *
S.D.). HUES1 ECM shared more proteins with ihPSF ECM (20
extracellular proteins; 57%) than it did with hPSF ECM (10
extracellular proteins; 29%). Notably, laminin chains, fibril-
lin-1, nidogen-1, collagen IV, and perlecan were detected in
HUES1 and ihPSF ECMs but not in hPSF ECM (Table 1).
In addition, collagen XII was detected in ihPSF ECM but not in
hPSF ECM. Furthermore, collagen I, collagen VI, CYR61, EMI-
LIN-1, fibronectin, and thrombospondin-1 were enriched in
ihPSF ECM (greater than 2-fold) compared with hPSF ECM.
Fibronectin was enriched in ihPSF ECM 24-fold over hPSF
ECM (Table 1). These qualitative and quantitative differences
in the composition of ECM from supportive and non-support-
ive feeder cells may play a role in the maintenance of stem cell
pluripotency.

Interaction Network Analysis—The structure of biological
networks derived from multiple protein-protein interactions
has been shown to correlate with the functions of the constitu-
ent proteins (59, 60). To examine the molecular organization of
the isolated ECM in the context of currently known protein-
protein interactions, interaction network analysis was per-
formed. To reduce the chance of selecting nonspecific cellular
components for follow-up analysis, proteins classified as extra-
cellular or cell surface were mapped onto a human interactome
and topological parameters of the resultant interaction net-
works were computed. Interaction networks were visualized as
graphs, with nodes representing proteins and edges represent-
ing protein-protein interactions. For ECM derived from mouse
feeders, interaction networks for CD1 and MF1XCD1 MEFs
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domain. Extracellular proteins assigned to significantly enriched Gene Ontology terms (Benjamini-Hochberg-corrected p = 0.05) are listed as gene names
beside their respective clusters. Enriched Gene Ontology terms are detailed in supplemental Table S3.

had similar values for network density, a parameter that
describes how densely a network is populated with protein-
protein interactions (Fig. 5). Fibronectin and fibrillin-1 were
major interconnected nodes in the interaction networks of both
MEEF strains, as indicated by their large number of interaction
partners (large node size) and central “hub” positions, as deter-
mined by the network clustering algorithm. In support of the
hierarchical clustering analysis (Fig. 3), the MF1XCD1 ECM
interaction network contained additional collagen I and VI
chains, collagens IV and V, and thrombospondin-2 (Fig. 5),
which were not detected by MS in CD1 ECM. These additional
molecules were highly clustered in the interaction network, as
indicated by their large values for clustering coefficient, which
is a measure of the interconnectedness of all of the interaction
partners of a given protein. The additional molecules (with the
exception of collagen V) had large numbers of interaction part-
ners (large node sizes). Moreover, these molecules clustered
around the fibronectin hub in the network and served to
increase the number of interaction partners of molecules, such
as fibronectin and thrombospondin-1, as compared with the
CD1 ECM interaction network (Fig. 5). These findings suggest
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that the presence of additional collagens or thrombospondin-2
in MF1XCD1 ECM may change the network properties of the
ECM, such that it is unable to support hESC maintenance, pos-
sibly by altering or inhibiting the interactions of a hub protein,
such as fibronectin, with its binding partners.

For ECM derived from human feeders, the interaction net-
work for ihPSFs had a notably denser, more interconnected
network than that for hPSFs (Fig. 6, A and B). In the ihPSF
interaction network, a highly clustered module around
fibronectin contained additional collagen I chains, collagen IV,
and laminins, which were not detected by MS in hPSF ECM.
These proteins had high clustering coefficients and a large
number of interaction partners, and they served to increase the
number of interaction partners of neighboring molecules, as
compared with the hPSF ECM interaction network. Although
the presence of collagens was increased in the unsupportive
MF1XCD1 mouse feeder ECM, the additional collagens in the
human feeder ECM were detected in the supportive ihPSF
ECM as compared with the unsupportive hPSF ECM. In addi-
tion, however, the ihPSF ECM contains laminins, which were
not detected in the hPSF ECM and which have been shown
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previously to support stem cell self-renewal (61). Furthermore,
interaction network analysis of ECM derived from HUESI cells
revealed a highly clustered network that had properties similar
to those of the ihPSF interaction network (Fig. 6C). The HUES1
interaction network contained several collagens and laminins,
which had large numbers of interaction partners. These find-
ings suggest that ECM interactions that may be inhibitory to
hESC growth, such as those potentially provided by collagens,
may be overcome by the presence of key supportive compo-
nents, such as laminin. Thus, the balance between ECM net-
work properties and molecular composition appears critical for
the support of hRESC maintenance.

Validation of ECM Composition Using Immunocytochem-
istry—In order to confirm the MS data, we performed immu-
nostaining for candidate ECM molecules for which suitable
antibodies could be obtained (Fig. 7). Both mouse and human
feeders, cultured in the absence of hESCs, expressed fibronec-
tin, collagen VI, and tenascin C (Fig. 7A), confirming data
obtained using MS. Laminin staining was strong in human
feeder ECMs but weaker and mostly cytoplasmic in mouse
feeders, supporting the lack of its detection by MS in MEF
ECM. Oct4-positive hESCs cultured in the presence of feeder
cells appeared to assemble a fibrillar ECM network organiza-
tion at the periphery of and surrounding the stem cell colony
(Fig. 7B), whereas ECM secreted by feeder cells alone appeared
to be more disorganized (Fig. 7A). No distinct organizational
differences in ECM were observed between hESCs cultured on
supportive or unsupportive feeder cells (Fig. 7B).
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Expression of other ECM proteins was assessed in hESCs
cultured on CD1 P4 MEFs (supplemental Fig. S4). Fibrillin-1
expression was cell-associated, restricted to hESC colonies, and
colocalized with Oct4-positive cells. Extracellular fibulin-2 was
seen as an extensive organized fibrillar network around Oct4-
positive hESC colonies (supplemental Fig. S4). Immuno-
staining of Oct4-positive hESCs grown feeder-free on fibronec-
tin for six passages revealed weak but detectable expression of
tenascin C and collagen VI, confirming data obtained by MS
(supplemental Fig. S5).

Feeder-free Culture of hESCs on Different Substrates—We
tested candidate molecules identified by MS analysis of sup-
portive feeder or HUESI cell ECMs as substrates for hESC
growth. Supportive substrates were defined here as those that
could maintain self-renewing hESCs expressing key pluripo-
tency-associated markers for at least three passages in culture.
Using feeder-free culture conditions (8), HUES7 exhibited a
normal diploid karyotype, whereas that of HUES] carried a sin-
gle translocation, as present in the originally received hESCs
(supplemental Fig. S6). Fibrillin-1, perlecan, fibulin-2, collagen
VI, tenascin C, biglycan, and versican were tested as single sub-
strates or in combination with a low, unsupportive concentra-
tion of fibronectin. Fibrillin-1 was identified as a major inter-
connected node in the interaction network analysis. As a single
substrate, fibrillin-1 (at concentrations of 10 and 20 pg/ml)
supported growth of pluripotent hESCs for three consecutive
passages, as shown by nuclear expression of the pluripotency-
associated marker Oct4 (Fig. 84). Fibulin-2 and perlecan did
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TABLE 1

Extracellular proteins detected in HUES1 ECM compared with feeder ECMs

Cell-derived ECM was isolated and analyzed by MS as described under “Experimental Procedures.” Proteins assigned to the Gene Ontology terms GO:0005576 (extracel-
lular region), GO:0005615 (extracellular space), GO:0005886 (plasma membrane) or GO:0009986 (cell surface) are listed. Additional collagen chains not detected in HUES1
ECM (italic type) are listed for reference. Complete data sets are provided as supplemental Tables S1 and S2. ADAM-TS, a disintegrin and metalloproteinase (ADAM)
metallopeptidase with thrombospondin type I motif; hnRNP, heterogeneous nuclear ribonucleoprotein; ND, not detected.

Normalized spectrum count

Gene symbol Protein name CD1 P4 CD1 P9 MF1XxCD1 P4 MF1XxCD1 P9 hPSF ihPSF HUES1
% total spectra X 10°

ADAMTS4 ADAM-TS4 ND 0.500 ND ND 1.18 2.03 4.76
AGRN Agrin ND ND ND ND ND ND 10.0
APOE Apolipoprotein E ND ND ND ND ND ND 215
CLU Clusterin ND ND ND ND ND ND 43.1
COLI2A1 Collagen, type XII, al 2.60 1.91 8.23 6.44 ND 0.470 ND
COLI18A1 Collagen, type XVIII, a1 ND ND ND ND ND ND 5.83
COLI1A1 Collagen, type I, al ND 1.14 1.45 3.70 1.02 7.36 54.3
COL1A2 Collagen, type I, a2 0.439 0.520 1.34 3.26 ND 3.06 18.1
COL2A1 Collagen, type II, a1 ND ND ND ND ND ND 1.2
COL3A1 Collagen, type III, a1 ND 0.490 ND ND ND ND ND
COL4A1 Collagen, type IV, al ND ND 0.253 ND ND 1.63 5.52
COL4A2 Collagen, type IV, a2 ND ND 0.184 ND ND 1.04 185
COLSA1 Collagen, type V, al ND ND 0.330 ND ND ND ND
COL5A2 Collagen, type V, a2 ND ND 0.640 ND ND ND ND
COL6A1 Collagen, type VI, al ND ND 0.800 1.46 0.740 5.23 ND
COL6A2 Collagen, type VI, a2 ND ND ND 0.960 0.980 4.49 ND
COL6A3 Collagen, type VI, a3 ND ND ND ND 1.25 8.41 ND
CYR61 CYR61 1.58 2.68 0.732 ND 21.5 47.0 2.55
EGFL7 EGF-like protein 7 ND ND ND ND ND ND 125
EMID2 Collagen, type XXVI, a1 ND ND ND ND ND ND 8.34
EMILIN1 EMILIN-1 13.7 27.3 13.0 34.7 24.9 49.7 13.2
EMILIN2 EMILIN-2 ND ND ND 1.25 ND ND 1.39
FBLN2 Fibulin-2 54.4 31.8 32.8 69.6 ND ND 6.13
FBN1 Fibrillin-1 0.274 ND 0.262 10.1 ND 0.375 3.09
FBN2 Fibrillin-2 ND ND ND 0.671 ND ND 11.0
FGFBP3 FGF-binding protein 3 ND ND ND ND ND ND 5.74
FN1 Fibronectin-1 99.1 117 95.1 118 2.34 57.2 81.9
HNRNPM hnRNP M ND 1.00 ND ND ND ND 15.9
HSP90B1 Endoplasmin ND ND ND ND 1.00 1.19 4.08
HSPG2 Perlecan 6.63 13.1 10.3 15.8 ND 4.16 15.7
KRT1 Keratin, type II, cytoskeletal 1 8.78 12.9 6.65 11.6 107 70.5 13.9
LAMA1 Laminin o1 ND ND ND ND ND ND 1.97
LAMAS5 Laminin a5 ND ND ND ND ND 0.219 1.82
LAMB1 Laminin g1 ND ND ND ND ND 0.295 5.29
LAMC1 Laminin y1 ND ND ND ND ND 0.329 10.8
LEFTY2 TGF-B4 ND ND ND ND ND ND 16.7
NID1 Nidogen-1 ND ND 1.08 ND ND 0.645 2.59
NID2 Nidogen-2 0.370 0.731 ND 15.5 ND ND 1.07
PKM2 Pyruvate kinase isozyme M1 ND ND 0.796 ND ND 1.76 4.62
THBS1 Thrombospondin-1 13.9 29.0 20.8 7.84 1.79 4.93 1.25
TNC Tenascin C 1.17 3.21 291 4.58 12.3 17.2 4.23
VCAN Versican ND ND ND ND 0.937 1.71 3.44

not support hESC maintenance when used alone but were sup-
portive for at least three passages in combination with 5 ug/ml
fibronectin (Fig. 8B). Alone, 5 ug/ml fibronectin was unable to
support growth of pluripotent hESCs (data not shown). When
fibulin-2 and perlecan were tested alone, cells did not attach
initially, but after 3 days, hESCs formed their own differentiated
feeder-like cells, which allowed the remaining hESCs to attach
and retain pluripotency-associated gene expression (data not
shown). Subsequently, HUES1 and HUES7 were cultured for
five passages on 10 ug/ml fibrillin-1. Similar to cells cultured on
fibronectin, cells were passaged every 4—5 days, cell doubling
time was ~40 h, and cell viability was ~75%. Cells were positive
for pluripotency-associated markers Oct4 and Nanog and sur-
face marker TRA-1-81 (Fig. 8C).

Collagen VI was tested as a substrate because of its poten-
tially inhibitory role in hESC growth in MF1XCD1 MEF ECM
and yet its abundant expression in supportive ihPSF ECM.
When used as a single substrate, collagen VI did not support
attachment of hESCs, which rather formed spherical sus-
pended cell aggregates. Some cells in these aggregates retained
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expression of Oct4 for up to 15 days (Fig. 8B). hESCs plated on
a combination of collagen VI and fibronectin attached more
poorly than on fibronectin alone, without affecting pluripo-
tency-associated marker expression (supplemental Fig. S7).
hESCs did not adhere to tenascin C, versican, or biglycan and
instead formed spherical cell clusters (data not shown). Other
candidates, such as laminin-111 and -511, have been shown
previously to support hESC self-renewal (61, 62) and so were
not tested.

DISCUSSION

The stem cell niche has been defined as a microenvironment
that regulates stem cell self-renewal, proliferation, and differ-
entiation via external signals, and its importance for proper
stem cell function and fate determination is well established
(61, 63, 64). hESCs are known to require precise conditions for
culture and are routinely cultured in the presence of feeder
cells, which provide a complex conditioning environment (34).
However, there has been an increasing effort to refine hESC
culture systems using defined conditions (with well established

VOLUME 288+NUMBER 26+JUNE 28, 2013



Proteomic Analysis of ECM Supporting hESC Maintenance

CD1P4
Network
density:
0.021
o
[
s 0O
& o
: ,; ..... POTTTTTTITID -
: o :
‘o H
o ois © °
H ° o H
" o H
A
H o oL
: o © :
. [} =
rrranSurn s
o H
°'5° :
0g? E
o ;
Anxa2
OLmna O Anxa
. Tgfb3
Ovim Tgfb2 °
Serpinel
Nid2
OFbm c Octyf
LoxI1 o Prelp
Lox OOThbs1
. O Fbin2
TgfbiQ Fn1
Fbin1 Anxa1
o Tgm2
o @Tnc
Col6a3
Col1a2
@ cdsaa
OGsn

O Detected in CD1 P4 and MF1xCD1 P4

Detected in this cell type only

MF1xCD1 P4
Network °
density:
0.027 o
o o
. o
d 2 e Q....u..b...‘
o 0O :
) 5
: o ¢
H °
H @0
: Oo; i
» ®
o . o O
H o8\
o O I:i ®
06 00 % % s LTI .
oo H
L
= O Anxa2
Lmna
Lox
(o) Oan1
Anxal Nid1
Fbin1 Fbin2
Tgm2
Emilin1 Tafbi
CtgfLgals1 Fn1 ?’\ @rrelp
Thbs1{  Jcolnan
Actn4 Itgb1
1 Htra1
0. itgas Col4a1. o Colay Bgn
. Actn1 Col6a1
Thy1 o Tnc Col6a3 OCOHaZ
Gsn .Cd44
Thbs2 @ colsal
Col5a2 @

O Extracellular
D Cell surface

Clustering coefficient: Tl
0 1

FIGURE 5. Interaction network analysis of mouse feeder cell-derived ECM. A and B, proteins classified as extracellular or cell surface were converted to
protein-protein interaction network models. Interaction networks were clustered using the yFiles Organic algorithm. Topological parameters were computed
for CD1 P4 (A) and MF1XCD1 P4 (B) ECM interaction networks as described under “Experimental Procedures.” Proteins identified by MS (nodes) are colored
according to their clustering coefficient in each interaction network. Node diameter is proportional to the number of connected neighbors (degree). Insets
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displayed. Proteins classified as extracellular are displayed as circular nodes; proteins classified as cell surface are displayed as rectangular nodes. Proteins
detected in both CD1 P4 and MF1XCD1 P4 ECM:s are indicated by a black node border; a gray node border indicates unique identification in ECM derived from

that cell type.

growth factors), including the use of single ECM substrates (6,
8, 19, 61). There is, therefore, a pressing need to analyze the
ECM components produced by feeder cells that contribute to a
favorable niche in vitro and to assess the contribution of indi-
vidual ECM proteins to the support of stem cell maintenance.
Here, we have employed a proteomic approach to identify the
ECM components produced by feeder cells that maintain hESC
self-renewal, by feeder cells that do not maintain self-renewal,
and by hESCs cultured on a single, favorable substrate,
fibronectin. We show that many ECM components are pro-
duced by supportive and unsupportive MEF and human PSF
feeder cells, whereas some proteins are only expressed in sup-
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portive ECM, suggesting a role in the maintenance of hESC
self-renewal. We demonstrate that, in the absence of feeders,
fibrillin-1 alone and either perlecan or fibulin-2 in combination
with fibronectin can support attachment and maintenance of
hESCs. Together with interaction network analysis, these data
highlight the importance of the balance between ECM network
properties and molecular composition in the regulation of
hESC phenotype and provide a resource for further studies of
hESC self-renewal.

MS analysis of extracted ECMs revealed that both feeder cells
and hESCs produce a complex network of ECM proteins. We
showed that CD1 MEFs at P4 and P9 were supportive as feeders

JOURNAL OF BIOLOGICAL CHEMISTRY 18725



Proteomic Analysis of ECM Supporting hESC Maintenance

ihPSF hPSF
Network o 2 Network
density: density:
0.094 0.055
o 0o
o (=]
e O .
a
oo F
(=]
o oo o
o o
o o [m}
o
lo) o
o . Y JRTTEIYLEED - °
RTILLL 2aferneRaneesO . A .
el O i 0 O
o : oo © ot
S o o H
. Q .. ] H . o e : ©
. g : ° Crnnnnnnnnes®
80 ° B
: : 3
H H o
VIN P4HB
COL1AT i
COLaA2 b NTSED N
THBS1
SERPINE2 ‘ : O COL1A1O O GSN
° 4 O NID1 COL6A3 d
COL1A2 ‘ 1 THBS1
COL4A1
b S HTRA1 TNC
LAMB1 COL6A2 Oasn ° o

“® @ @
COL6A1. . I .'—AMU

LAMA5 cOL6A3

C

HUES1 COL2A1
@ ADAMTS4 FBN2
LAMAS5 FEN VCOAN
COL1A2 .. THBS1 (@)

LAMB1 Q. .
1 FN1

! L]
™ @ ‘ < Seut
COL18A1
COL4A2 COL1A1 O
COL4A1 O HSPG2

LAMC1 NIDZO

O

NID1

FBLN2 LAMA1

0 cpas

vin©Q @ @cousr2

COL6A1

For

O Detected in ihPSF and hPSF
A+B

Detected in this cell type only

O Extracellular
D Cell surface

Clustering coefficient: [T
0 1

FIGURE 6. Interaction network analysis of human feeder cell- and hESC-derived ECM. A-C, proteins classified as extracellular or cell surface were converted
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(A and B). Fibronectin (FNT), which was used as a substrate to culture HUES1 cells in the absence of feeders, is indicated by a dashed node border (C).

for hESC maintenance, as were the ECMs derived from these
cells. MF1XCD1 MEFs at P4 and P9 were supportive as feeders,
but their ECMs were unable to support hESCs in culture. Inter-
action network analysis revealed different network architec-
tures between the ECMs of the two mouse feeder crosses. The
MF1XCD1 ECM interaction network displayed a highly clus-
tered module of collagens and thrombospondin-2, which was
not present in the CD1 ECM network, which suggested that
these molecules might play an inhibitory role in the support of
hESC maintenance. This finding was supported by the loss of
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attachment of hESCs plated on collagen VI with fibronectin as
compared with fibronectin alone. We speculate that this inhi-
bition may arise by altering the interaction partners of a hub
protein, such as fibronectin, which is known to play a key role in
stem cell self-renewal (8, 65). Collagens and thrombospondins
have been implicated in the maturation of cartilage by pro-
teomic analysis of mouse neocartilage ECM (66). Furthermore,
transforming growth factor B (TGF-f3), a known regulator of
hESC pluripotency (67), was enriched in CD1 ECM but absent
from MF1XCD1 ECM, suggesting that insufficient levels of
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FIGURE 7. ECM protein distribution in hESC culture on mouse and human feeder cells. A, representative immunostaining of mouse and human feeder cells
for fibronectin, collagen VI, laminin and tenascin C, which were among the major ECM components detected by MS analysis of either mouse or human feeder
cell ECM in this study. Cell nuclei were stained with DAPI (blue). Scale bars, 50 um. B, representative immunostaining images showing the distribution of
fibronectin, collagen VI, and laminin associated with hESCs cultured on mouse and human feeder cells. ECM proteins (red) exhibited similar localization
patterns around stem cell colonies when hESCs (positive for pluripotency-associated marker Oct4; green) were co-cultured with mouse and human feeders. Cell

nuclei were stained with DAPI (blue). Scale bars, 100 pm.

growth factors might also affect the supportive capacity of these
ECMs.

ihPSFs have been previously shown to support hESC prolif-
eration and self-renewal for up to 25 passages, whereas hPSFs
could not (30). Here, we showed that ECM derived from ihPSFs
was able to support hESC maintenance, whereas ECM from
hPSFs was not. Our proteomic data revealed several differences
between the composition of the ECMs from ihPSFs and hPSFs.
The interaction network of ihPSF ECM was notably more inter-
connected and denser than that of hPSF ECM. In addition to
the presence of additional collagens in ihPSF ECM compared
with hPSF ECM, which were also present in the unsupportive
MF1XCD1 ECM, ihPSF ECM contained several laminin chains
that were not detected in the hPSF ECM. Laminin has been
previously shown to support stem cell maintenance (61, 62) and
to be expressed by supportive feeder cells (68), so we speculate
that ECM interactions that might be inhibitory to hESC

JUNE 28,2013 +VOLUME 288-NUMBER 26

growth, such as those potentially provided by collagens, may be
overcome by the presence of key supportive components, such
aslaminin. Thus, the balance between ECM network properties
and molecular composition appears critical for the support of
stem cell self-renewal.

hESC-supportive ECM from mouse and human feeders
shared many common components not detected in unsupport-
ive hPSF ECM, including collagen XII, collagen I, nidogen-1,
fibulin-2, fibulin-5, and collagen III. The ECM molecules
laminin 511, which was shown to support hESC growth in a
xeno-free medium (61), and collagen IV, which maintained
hESC self-renewal only with MEF-conditioned medium (19),
were detected in ihPSF and HUES1 ECM but not in CD1 MEF
ECM, suggesting that the hESCs can tolerate certain molecules
that are not essential for maintenance. Because these molecules
were present in supportive ihPSF ECM, this would suggest that, in
the absence of conditioned medium, they would not be detrimen-
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FIGURE 8. Culture of hESCs on single ECM substrates or on substrates in combination with 5 ug/ml fibronectin. A, HUES1 cells were successfully cultured
over three passages on fibrillin-1 coated at two different concentrations (10 and 20 ug/ml), similar to feeder-free culture on fibronectin (50 ng/ml). B, fibulin-2
and perlecan supported HUES1 cell culture only in combination with 5 wg/ml fibronectin; on these substrates, hESCs were maintained over three passages.
C, HUES1 and HUES?7 cells were successfully cultured over five passages on fibrillin-1 (10 ug/ml) and were positive for pluripotency-associated markers Nanog
and Oct4 and surface marker TRA-1-81. Cell nuclei were stained with DAPI (blue; insets). Scale bars, 100 um.

tal as part of a mixed ECM in a chemically defined culture system.
Furthermore, ihPSF ECM shared many compositional and net-
work similarities with HUES1 ECM, which suggests that hESCs
may secrete all of the ECM components necessary for mainte-
nance of pluripotency if exposed to the “trigger” of a supportive
substrate.

Fibronectin, EMILIN-1, tenascin C, fibulin-1, and collagen
VI a3 chain were expressed in all types of feeders. ihPSFs have
been previously shown to produce a larger amount of fibronec-
tin than hPSFs (30). Indeed, normalized spectrum count data
showed that fibronectin was enriched in ihPSF ECM 24-fold
over hPSF ECM (Table 1). Because fibronectin is known to sup-
port hESC growth in the absence of feeders (6, 8, 9, 61), the
lower fibronectin content of hPSF ECM may contribute to its
failure to support hESC maintenance. Indeed, an increase or
decrease in fibronectin concentration away from an optimal,
intermediate concentration has been shown to induce a switch
in focal adhesion kinase signaling and promote differentiation
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of mouse embryonic stem cells (65). Our feeder-free system for
culturing hESCs on fibronectin-coated plates means that it is
difficult to assess the levels of endogenous fibronectin pro-
duced by hESCs. However, we can deduce from immuno-
staining that once hESCs start undergoing the differentiation
process, cells begin to organize fibronectin into fibrillar-like
structures. In previous proteomic studies of conditioned
medium, a high percentage of proteins identified comprised
ECM components (23, 69, 70), such as perlecan, fibronectin,
and fibrillin-1, which were also identified in our MS analysis of
hESC-derived ECM as well as mouse and human feeder-de-
rived ECMs. One of the aims of this study was to define an ECM
substrate that sustains undifferentiated self-renewing hESCs.
Exploiting our MS data, we identified and tested a number of
ECM proteins as potential culture substrates. Some of these
molecules were found to maintain hESCs for three passages,
including fibrillin-1 as a single substrate, and perlecan and fibu-
lin-2 in combination with a low, otherwise unsupportive, con-
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centration of fibronectin. Other substrates tested, including
tenascin C, collagen VI, biglycan, and versican, did not support
hESC self-renewal. Single ECM molecules, such as fibronectin
(6, 8), laminin (61), and vitronectin (19), have been used previ-
ously as substrates for hESC culture. Our MS analysis of the
ECM produced by hESCs cultured on fibronectin identified a
number of other ECM components, including fibrillin-2, perle-
can, thrombospondin, metalloproteinases, and growth factors.
This lends weight to the idea that, even when hESCs are cul-
tured on a single substrate, they produce their own specialized
niche that may be involved in regulating pluripotency. Our data
suggest that when hESCs are grown on a single substrate, they
deposit a complex ECM, and it is likely that the interactions
between the ECM components are crucial in providing the sup-
portive niche conducive to continued stem cell self-renewal.

Many proteins comprising or associated with fibrillin micro-
fibrils were identified in our proteomic data sets, including
fibrillin-1 and -2, fibulin-2, EMILIN-1, and latent TGF-3-bind-
ing protein (LTBP)-1 and -2. Fibrillin-1 was identified in both
feeder ECMs and HUES1 ECM and was tested successfully as a
substrate for at least short term culture of hESCs. Fibrillin-1 has
been shown to mediate cell adhesion via integrin o581 (71),
which we showed here was expressed by hESCs. Furthermore,
fibrillin-1 has been reported to regulate the bioavailability of
TGEF-B (72), whose role in maintaining pluripotency through
Smad pathway activation is well established (67). Indeed, our
MS data revealed that ECMs produced by feeder cells and
HUES] cells contained TGF-f3 as well as LTBP-1 and throm-
bospondin-1, which are known to activate latent TGF-8 (72,
73). Activation of TGF-f3 is normally tightly regulated, and the
effects of TGF-B family signaling on stem cell pluripotency are
diverse (74). Because both high and very low concentrations of
TGE-B family members can induce hESC differentiation, fibril-
lin-1, along with appropriate networks of ECM molecules, may
function to modulate levels of TGF-f3 signaling appropriate to
control stem cell maintenance or differentiation. Thus, the
function of ECM molecules in regulating the availability of
growth factors is likely to play a critical role in the maintenance
of hESC pluripotency.

Perlecan was identified in both the feeder ECMs and the
HUES1 ECM, which is consistent with previous reports analyz-
ing conditioned media and feeder cells (70, 75). Perlecan inter-
acts with fibronectin, fibulin-2, nidogen, and collagen IV, all of
which were identified in our proteomic data sets. hESCs cul-
tured on 20 pg/ml perlecan in combination with 5 ug/ml
fibronectin retained their Oct4 expression after three passages,
which is in agreement with a recently published paper by Abra-
ham et al. (75) that also showed that perlecan in combination
with fibronectin can support hESC pluripotency. Perlecan
binds FGF through its heparan sulfate side chains (76) and pro-
motes FGF receptor binding to modulate angiogenesis (77).
Indeed, in endothelial cells, heparan sulfate chains interact with
integrins to regulate binding of endostatin, an inhibitor of
angiogenesis (78). FGF is an important self-renewal component
in routine hESC culture, and it has been shown that heparin in
solution can increase hESC survival under certain conditions
(79) and that heparin-binding surfaces are supportive of pluri-
potent hESCs in the long term (80).
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Fibulin-2 is an ECM glycoprotein that binds other ECM mol-
ecules and, in fibroblasts, is deposited into a meshwork that
contains fibronectin (81). In this study, fibulin-2 was identified
in ECM produced by mouse feeder cells and HUES1 cells, in
accordance with published data (81). Fibulin-2 was able to sup-
port maintenance of Oct4-positive hRESCs when used in com-
bination with 5 ug/ml fibronectin but not when used as a single
substrate. Because fibulin-2 has been shown to colocalize with
fibronectin in fibrils deposited by human fibroblasts, it is pos-
sible that the interaction of these two molecules may facilitate
the correct organization of the ECM needed for hESC attach-
ment and growth. Little is known about the influence of fibu-
lin-2 on stem cell self-renewal, so further work is necessary to
determine the role of fibulin-2 in conjunction with fibronectin
in supporting pluripotency.

In summary, our proteomic analysis allowed the cataloguing
and comparison of ECMs that are supportive and unsupportive
for hESC self-renewal. Some ECM proteins were enriched or
expressed only in supportive ECM, and we demonstrated that
several of these candidates alone or in combination with
fibronectin could act as substrates to support at least short term
self-renewal of hESCs. Furthermore, the presence of key sup-
portive proteins in native ECMs may be sufficient to permit
successful hESC growth, even in the presence of unsupportive
components. Indeed, mouse and human feeder cells produced
complex networks of ECM proteins with distinct compositions
and network topologies, which suggests that the balance
between ECM network properties, molecular composition, and
specific protein-protein interactions plays a role in the mainte-
nance of pluripotency. Given the outstanding need for a better
understanding of stem cell maintenance, our data provide a
useful resource for the further study of stem cell growth in vitro
and microenvironmental control of stem cell function and fate
in vivo.
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