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Mass Spectrometry-based Proteomic Analysis
of the Matrix Microenvironment in Pluripotent

Stem Cell Culture*s

Chris Hughest, Lida Radan§, Wing Y. Changq], William L. Stanfordq], Dean H. Betis§,
Lynne-Marie Postovit|, and Gilles A. Lajoiet**

The cellular microenvironment comprises soluble fac-
tors, support cells, and components of the extracellular
matrix (ECM) that combine to regulate cellular behavior.
Pluripotent stem cells utilize interactions between sup-
port cells and soluble factors in the microenvironment to
assist in the maintenance of self-renewal and the process
of differentiation. However, the ECM also plays a signifi-
cant role in shaping the behavior of human pluripotent
stem cells, including embryonic stem cells (hRESCs) and
induced pluripotent stem cells. Moreover, it has recently
been observed that deposited factors in a hESC-condi-
tioned matrix have the potential to contribute to the re-
programming of metastatic melanoma cells. Therefore,
the ECM component of the pluripotent stem cell microen-
vironment necessitates further analysis.

In this study we first compared the self-renewal and
differentiation properties of hESCs grown on Matrigel™
pre-conditioned by hESCs to those on unconditioned
Matrigel™. We determined that culture on conditioned
Matrigel™ prevents differentiation when supportive
growth factors are removed from the culture medium. To
investigate and identify factors potentially responsible for
this beneficial effect, we performed a defined SILAC MS-
based proteomics screen of hESC-conditioned Matri-
gel™. From this proteomics screen, we identified over 80
extracellular proteins in matrix conditioned by hESCs and
induced pluripotent stem cells. These included matrix-
associated factors that participate in key stem cell pluri-
potency regulatory pathways, such as Nodal/Activin and
canonical Wnt signaling. This work represents the first
investigation of stem-cell-derived matrices from human
pluripotent stem cells using a defined SILAC MS-based
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The two defining characteristics of human embryonic stem
cells (hESCs)," self-renewal and pluripotency, are maintained
by a delicate balance of intracellular and extracellular signal-
ing processes. Extracellular regulation is primarily the result of
changes in the microenvironment surrounding the cells during
growth in vitro or in vivo. HESCs interact with this “niche ”
through support cells, extracellular matrix (ECM) components,
and autocrine/paracrine signaling (reviewed in Refs. 1-3).
Modulation of any of these supportive elements individually or
in combination has been used extensively to alter hESC be-
havior (1-3).

The culture of hESCs, as well as that of human induced
pluripotent stem cells (hiPSCs), is conventionally performed
on a layer of irradiated mouse embryonic fibroblast cells
(MEFs). These MEFs are believed to promote the maintenance
of hESCs and hiPSCs through the secretion of beneficial
support proteins and cytokines into the soluble microenviron-
ment. A number of proteomic studies have been conducted
that examine the secretome of feeder-cell layers in an attempt
to elucidate proteins and pathways essential for hESC and
hiPSC survival (4-7). Alternatively, hESCs and hiPSCs can be
cultured in feeder-free conditions in the absence of support
cells. In feeder-free conditions, hESCs and hiPSCs are most
often grown on the basement membrane matrix Matrigel™ in
medium that has been previously conditioned by MEFs (MEF-
CM). Matrigel™ is a gelatinous mixture that is secreted by
Engelbreth-Holm-Swarm mouse sarcoma cells (8). Although
recent studies have proposed that a variety of defined matri-

" The abbreviations used are: BMP, bone morphogenic protein;
CM, conditioned medium; CTGF, connective tissue growth factor;
DMEM, Dulbeccos’ modified Eagle’s medium; ECM, extracellular ma-
trix; FBS, fetal bovine serum; FGF, fibroblast growth factor; hESC,
human embryonic stem cell; hiPSC, human induced pluripotent stem
cell; Lefty, left-right determination factor; MEF, mouse embryonic
fibroblast; PBS, phosphate buffered saline; sFRP, soluble frizzled
related protein; SILAC, stable isotope labeling with amino acids in cell
culture; SMAD, SMA mothers against decapentalegic; SSEA, stage-
specific embryonic antigen; TGF, transforming growth factor.

1924

This is an Open Access article under the CC BY license.

Molecular & Cellular Proteomics 11.12


http://creativecommons.org/licenses/by/4.0/

Proteomics of Human Stem Cell Derived Matrices

ces can support the growth of hESCs and hiPSCs, few of
these can maintain a wide range of stem cell lines and there-
fore are typically not used in place of Matrigel™. The proper-
ties of Matrigel™ that make it such an effective matrix for
hESC and hiPSC culture remain poorly understood. Because
of the complexity of matrices like Matrigel™, the majority of
proteomic studies that examine the hESC and hiPSC mi-
croenvironment have focused on contributions from support
cells and soluble extracellular factors.

The ECM is typically a complex network of structural pro-
teins and glycosaminoglycans that function to support cells
through the regulation of processes such as adhesion and
growth factor signaling (9). Thus, it is not surprising that the
generation of a well-defined matrix capable of facilitating
hESC and hiPSC self-renewal has remained difficult (10). Pre-
vious proteomic investigations of Matrigel™ and other matri-
ces supportive of hESC maintenance in vitro have revealed
the presence of numerous growth, binding, and signaling
proteins (11, 12). Further examination of how hESCs and
hiPSCs interact with these complex matrices would provide
critical information about what role the ECM plays in the
organization of processes involved in the regulation of self-
renewal and pluripotency.

A recent study has established the ability of hESC-derived
matrix microenvironments to alter tumorigenic properties
through the reprogramming of metastatic melanoma cells
(13). Importantly, this effect was found to be dependent on the
exposure of metastatic cells to hESC-derived conditioned
Matrigel™. Culture of metastatic melanoma cells in hESC-
conditioned medium did not promote the reprogramming ef-
fect. These data suggest that the proteins responsible for this
effect were integrated in the matrix. With the use of immuno-
chemical techniques, it was later found that the left-right
determination (Lefty) proteins A and B that were deposited in
the matrix by hESCs during conditioning were at least in part
responsible for the cellular change observed in metastatic
cells (14). The Lefty A and B proteins are antagonists of
transforming growth factor (TGF)-B signaling that act directly
on Nodal protein, a critical regulator of the stem cell pheno-
type (15, 16). Subsequent studies of conditioned matrix uti-
lizing mESCs implicated the bone morphogenic protein (BMP)
4 antagonist Gremlin as a primary regulator of the observed
changes in metastatic cells (17). Collectively, these studies
were all biased by a targeted analysis of potential effectors of
metastatic cells. A comprehensive proteomic analysis of con-
ditioned matrix could potentially reveal other factors involved
in metastatic cell reprogramming. Furthermore, proteomic ex-
amination of hESC and hiPSC conditioned matrix could ex-
pose factors important in the regulation of self-renewal and
pluripotency by the microenvironment in vitro.

To this end, we have analyzed both types of human pluri-
potent stem cells, hESCs and hiPSCs, via a mass spectrom-
etry (MS)-based proteomics approach to identify proteins de-
posited during growth in feeder-free conditions in vitro on

Matrigel™. To investigate the hESC- and hiPSC-derived ma-
trix, the metabolic labeling technique known as stable isotope
labeling with amino acids in cell culture (SILAC) was used (18).
SILAC facilitates the identification of hESC- and hiPSC-de-
rived proteins that would otherwise be confounded by the
presence of mouse-derived protein background from Matri-
gel™. From the proteomic analysis of three cells lines,
namely, the hESC lines H9 and CA1 and the hiPSC line BJ-1D,
we identified a total of 621, 1355, and 1350 total unique
proteins, respectively. This work represents the first analysis
of a hESC- and hiPSC-derived conditioned matrix and re-
sulted in the identification of at least one novel microenviron-
mental contributor responsible for the regulation of human
pluripotent stem cells.

EXPERIMENTAL PROCEDURES

Cell Culture and Harvest—H9 (passage 26) and CA1 (passage 20)
hESCs and BJ-1D (passage 69) hiPSCs were maintained on CF-1
irradiated MEF feeder layers (GlobalStem, Rockville, MD) using media
composed of knockout DMEM/F12, 20% knockout serum replace-
ment, 1% non-essential amino acids, 2 mm glutamine (CellGro, Ma-
nassas, VA), 0.1 mm 2-mercaptoethanol (Fisher, Toronto, ON, Can-
ada), and 4 ng/ml of basic fibroblast growth factor (bFGF). Irradiated
MEF feeder layers were seeded at a density of 2 X 10° cells/well in a
six-well dish. During MEF culture, hESCs and hiPSCs were passaged
mechanically when they reached 70% confluency (~6 days after
plating). For feeder-free growth, standard hESC medium that was
conditioned on a layer of irradiated MEF feeders (MEF-CM) was used
with plates coated with Matrigel™ (BD Biosciences, Franklin Lake,
NJ). For general feeder-free growth, culture dishes were coated with
a 1:30 dilution of Matrigel™ in DMEM/F12. Prior to use, MEF-CM was
supplemented with an additional 8 ng/ml of bFGF and filtered. During
feeder-free culture, hESCs and hiPSCs were passaged mechanically
when they reached 70% confluency (~6 days after plating). H9
hESCs were obtained from WiCell (Madison, WI). The CA1 hESC line
used in all experiments was obtained from Dr. Cheryle Seguin of the
University of Western Ontario (19, 20). The hiPSC line BJ-1D was
derived by reprogramming using retroviral transduction of BJ fibro-
blasts with the Yamanaka factors essentially as we have described
elsewhere (21) and validated as pluripotent using in vitro and in vivo
differentiation assays and expression profiling (unpublished results).
Cells were fed every 24 h in both feeder-dependent and feeder-free
conditions.

For SILAC experiments, hESC and hiPSC cell lines were grown in
feeder-free conditions on Matrigel™ (BD Biosciences, Franklin Lake,
NJ). Custom DMEM/F12-glutamax that contained no L-arginine or
L-lysine was ordered from Invitrogen and used in all SILAC experi-
ments. Culture dishes were coated with 1:30 dilutions of Matrigel™ in
DMEM/F12 containing no L-arginine or L-lysine. Complete SILAC
medium was prepared using the StemPro® hESC Media system
(Invitrogen) according to the manufacturer’s instructions, substituting
the provided basal medium with the arginine- and lysine-free custom
DMEM/F12. [*3Cg4, '®N,]-L-arginine and ['*Cg, '°N,]-L-lysine (Cam-
bridge Isotope Laboratories, Andover, MA) were supplemented into
the SILAC medium at 90 mg/L and 92 mg/L, respectively. Unlabeled
L-proline was added to the SILAC medium at a final concentration of
800 mg/L (22). During feeder-free maintenance in SILAC medium,
cells were passaged mechanically when they reached 80% conflu-
ency (~4 days after plating). Cells were fed every 24 h in feeder-free
conditions with SILAC medium.
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Embryoid bodies (EBs) were generated in all cases using Aggrewell
400Ex plates (StemCell Technologies, Vancouver, BC, Canada) ac-
cording to the manufacturer’s instructions. Briefly, ~2 X 10® hESCs
or hiPSCs were harvested enzymatically using Accutase (Invitrogen)
from Matrigel™-coated plates. As Accutase will generate a single cell
suspension, hESCs and hiPSCs were reconstituted in Aggrewell me-
dium (StemCell Technologies) supplemented with ROCK inhibitor
(Y-27632) (Sigma-Aldrich, St. Louis, MO) at a final concentration of 10
uMm to promote aggregation. After plating in Aggrewell dishes, EBs
were grown for 48 h at 37 °C prior to transfer to ultra-low adherence
tissue culture dishes (Corning, Lowell, MA). EBs were fed every 2 to
3 days with fresh Aggrewell medium not supplemented with ROCK
inhibitor. After 15 days of culture, EB RNA was harvested using Trizol
extraction according to the manufacturer’s instructions (Invitrogen).
EBs were assayed for expression of CDX2, alpha-feto protein,
GATA-6, GATA-4, Oct3/4, PAX-6, T-brachyury, Nanog, and Neuro-
genic differentiation 1 using TagMan primer probe sets (Invitrogen).
Details of these assays can be found in supplemental Table S7. All EB
assays were performed in biological and technical duplicate for each
cell line and each condition.

Generation and Harvest of Conditioned Matrix—To generate la-
beled populations of stem cells, H9, CA1, or BJ-1D cells were grown
in feeder-free conditions on Matrigel™ in heavy-isotope (['*Cg, "°N,]-
L-arginine and ['®Cg, '°N,]-L-lysine) containing SILAC medium for 7
days (about four population doublings). Small colonies (~5 to 10 cells
based on visual inspection) generated using mechanical passaging
were plated at low confluency (~10%) to prevent overgrowth during
the 7-day labeling phase. After the 7-day labeling period, hESC and
hiPSC lines were harvested to determine isotopic label incorporation.
Alternatively, hESCs or hiPSCs were mechanically passaged to Matri-
gel™-coated (1:10 dilution) dishes for the generation of the condi-
tioned matrix. In this case, small (~5 to 10 cells) hESC or hiPSC
colonies were passaged to the Matrigel™-coated dishes to result in a
confluency of ~40% 24 h after plating. This was done to maximize the
surface of the dish covered by hESCs and hiPSCs at harvest without
compromising stem cell phenotype due to overconfluent dishes. La-
beled stem cells were allowed to grow for a period of 5 days in
Matrigel™-coated wells in heavy-isotope-containing SILAC medium.
After this growth period, hESCs and hiPSCs were typically ~90%
confluent on the Matrigel™ layer.

Prior to harvest of the conditioned Matrigel™, wells were rinsed
thoroughly with PBS to ensure removal of medium components. Cells
were removed from the conditioned Matrigel™ layer using a commer-
cial matrisperse mixture called Cell Recovery Solution (BD Biosci-
ences) according to the manufacturer’s instructions. The collected
Cell Recovery Solution containing the hESCs or hiPSCs was spun for
10 min at 10,000g to pellet the cells. The stem cells in this pellet were
examined through RT-PCR, flow cytometry, and EB assays. The
remaining conditioned Matrigel™ layers were rinsed thoroughly with
PBS to remove any residual cell debris. The conditioned Matrigel™
layers were examined manually to ensure complete cell removal. The
remaining conditioned Matrigel™ layer was incubated in a solution
containing 8 m urea, 100 mm ammonium bicarbonate, and 1 m NaCl
for 24 h at 4 °C. This harvested conditioned Matrigel™ solution was
concentrated using high-capacity C18 cartridges (Phenomenex, Tor-
rance, CA). Eluted components were dried using a SpeedVac and
reconstituted in 8 M urea with 100 mm ammonium bicarbonate prior to
fractionation. Stem-cell-conditioned Matrigel™ was generated and
analyzed in biological and technical duplicate or greater for each cell
line (H9, n = 3; CA1,n = 3; BJ-1D, n = 2).

For examination of stem cell growth and pluripotency on hESC-
conditioned Matrigel™, layers were prepared as above with minor
alterations. Briefly, hESCs were grown in feeder-free conditions on
Matrigel™ (1:30 dilution) in MEF-CM. hESCs were passaged mechan-

ically as small colonies (~5 to 10 cells) to Matrigel™-coated (1:10
dilution) dishes to generate a confluency of ~30% 24 h after plating.
hESCs were maintained on this Matrigel™ layer in MEF-CM for 5 days
(~70% confluent after this period) to produce the conditioned Matri-
gel™. Layers of conditioned Matrigel™ were rinsed and cells were
removed as described above. Fresh hESCs grown in feeder-free
conditions on Matrigel™ in MEF-CM were mechanically passaged to
the conditioned Matrigel™ layers to produce a confluency of ~30%
24 h after plating. During the first 24 h, hESCs were fed with MEF-CM.
After this initial phase, the culture medium was changed to EB me-
dium and fed daily. EB medium has the same composition as stan-
dard hESC media used for growth on MEF feeders as outlined above,
minus bFGF. The absence of bFGF in this formulation will result in
undirected hESC differentiation. After 4 days of growth in EB medium,
hESCs were examined for pluripotency marker expression using RT-
PCR, Western blotting (see “Methods” in the supplementary material),
flow cytometry, and immunofluorescence (see “Methods” in the sup-
plementary material).

MS Analysis—Samples of harvested conditioned Matrigel™ were
subjected to fractionation with 1D-SDS-PAGE and subsequently di-
gested using an in-gel protocol with trypsin (see “Methods” in the
supplementary material). Alternatively, conditioned Matrigel™ sam-
ples were digested using an in-solution protocol with trypsin and
subjected to fractionation with strong anion exchange or strong cat-
ion exchange columns packed in-house (see “Methods” in the sup-
plementary material). Prepared fractions were injected and separated
using a nanoAcquity system (Waters, Milford, MA) equipped with a 25
cm X 75 um inner diameter C18 column. Fractions were separated
using a 1% to 40% acetonitrile gradient over 150 min at a flow rate of
300 nL/min. MS analysis was done on a Q-ToF Ultima (Micromass/
Waters) using data-dependent acquisition with selection of the four top
precursor masses per survey scan. Survey scans were set at 1 s, and
MS/MS acquisition was set at 1 s or 8000 cps TIC cut-off. Exclusion lists
were generated using in-house software that automatically added 0.7
amu to the precursor masses selected in previous runs and output a file
also containing retention time information. Each fraction was analyzed
for four exclusion rounds (five injections total), with the injection volume
adjusted depending on signal intensity in the MS survey scan.

Proteomic Data Analysis—Data analysis for all samples was per-
formed with PEAKS 5.3 software (Bioinformatics Solutions Inc., Wa-
terloo, ON, Canada) (23, 24). After being imported into PEAKS,
MS/MS spectra from raw data files were refined using the following
settings: merge spectra - true (100 ppm mass tolerance, 60 s reten-
tion time tolerance), correct precursor mass - true, determine precur-
sor charge state - true (minimum charge +2, maximum charge +5),
spectral quality filter - true (0.65 threshold), centroid, deisotope, and
deconvolute - true. Resulting MS/MS spectra were then de novo
sequenced using the following parameters: parent monoisotopic
mass tolerance, 100 ppm; fragment monoisotopic mass tolerance,
0.15 Da; enzyme specificity, semi-Trypsin; fixed modifications, carb-
amidomethylation, +10 Da on Arginine and +8 Da on Lysine for
SILAC; and variable modifications, N-terminal acetylation and oxi-
dized methionine. After de novo analysis, data were searched against
the UniProt sequence database (updated December 2011; Human
taxonomy specified, 20,236 total entries, or Mouse taxonomy spec-
ified, 16,376 total entries) using the following parameters: parent
monoisotopic mass tolerance, 100 ppm; fragment monoisotopic
mass tolerance, 0.15 Da; enzyme specificity, semi-Trypsin (two
missed cleavages permitted); fixed modifications, carbamidomethyl-
ation, +10 Da on arginine and +8 Da on lysine for SILAC; variable
modifications, N-terminal acetylation and oxidized methionine; and
estimate false-discovery rate - true.

The resultant proteins identified from the database search were
further processed using PEAKS 5.3 software. Proteins were filtered by
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Matrigel™ layer with cell recovery solution (see Experimental Procedures) and plating hESCs on this layer. hESCs were recovered from the
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assigned score to give a <1.0% false-discovery rate for peptide
matches based on estimation from a decoy-fusion method of data-
base searching (24). Identified proteins were also required to be
derived by at least two unique peptides. Proteins that contained
overlapping peptides were grouped. Within each group, only the
highest scoring member was reported when differentiation based on
unique peptides could be made. When proteins could not be distin-
guished, they were all reported, as members of the same group. For
all samples analyzed, keratin hits were manually removed from the
final datasets. All raw peptide identifications can be found in supple-
mental Tables S8-S10. Gene ontology analysis was performed using
STRAP software (CPC Tools) (25). The data associated with this
manuscript may be downloaded from the ProteomeCommons.org
Tranche network using the following hash: FB/HM1WSAUo4uz/
QX8FDnyxRqgsq+xI7IFV5A4ri4EikOpx38w20CBv3E3Wdmulu1IFOANs
ZGhpOdEHIcAxk+Q+MJragAAAAAAAAO/Q = = .

Real-time PCR—RNA was purified using Trizol reagent according
to the manufacturer’s instructions (Invitrogen) with the following mod-
ification: precipitated RNA pellets in isopropanol were centrifuged for
60 min at 12,000g at room temperature. After NanoDrop quantification,
1 ng of cDNA was synthesized using the High Capacity cDNA Reverse
Transcription Kit with RNase inhibitor (Invitrogen). Real-time PCR was
performed using the TagMan® Universal PCR Master Mix (Invitrogen).
Samples were incubated at 50 °C for 2 min followed by 10 min at 95 °C.
DNA was then amplified at 95 °C for 15 s followed by 1 min at 58 °C for
46 cycles. All samples were normalized to large ribosomal protein
RPLPO. All primers were obtained from Invitrogen, and details of these
assays can be found in supplemental Table S7. Each biological replicate
was run in triplicate for every marker assayed. All reagents were used
according to the manufacturer’s instructions.

Flow Cytometry—All reagents and probes for flow cytometry were
obtained from eBiosciences (San Diego, CA) unless otherwise noted.
Cells were enzymatically harvested using Accutase (Invitrogen) to
obtain a single cell suspension. After centrifugation, cell pellets were
resuspended in 5% FBS in PBS. Alexa-488 conjugated SSEA-4 and

Alexa-647 conjugated SSEA1 were diluted into the cell mixture ac-
cording to the manufacturer’s instructions. Negative control samples
contained respective isotype controls for the primary antibodies used.
Solutions were incubated for 2 h and analyzed using an Accuri C6 (BD
Biosciences) flow cytometer after rinsing to remove unbound antibody.
Populations were gated according to forward and side scatter patterns
with filtering for viable cells using 7-aminoactinomycin D staining. Data
were analyzed using FlowdJo software (Tree Star, Ashland, OR).

Statistical Analysis— Statistical analyses were performed using
GraphPad Prism software. Results are expressed as S.D. or S.E. as
indicated in figure legends. Statistical significance was determined
using one-way ANOVA with Tukey post hoc. Differences were re-
ported as follows: * p < 0.05, ** p < 0.01, ** p < 0.001.

RESULTS

hESC-derived Matrix for the Maintenance of an Undifferen-
tiated State—The ability of embryonic microenvironments to
suppress the tumorigenic phenotype has been previously il-
lustrated in a number of developmental and cellular systems
(reviewed in Ref. 26). Analogous to metastatic cells, embry-
onic stem cells can direct cellular changes in response to
cues from their microenvironment. Given the recent observa-
tion that a hESC-derived matrix microenvironment could
modulate the behavior of metastatic cells (14), we sought to
determine what effect exposure would have on the stem cell
phenotype. To this end, we monitored changes in the gene
and protein expression of hLESCs grown on conditioned Matri-
gel™ in the absence of exogenous growth factor supplemen-
tation (Figs. 1A-1C). In this way, matrix-dependent changes in
hESC behavior could be monitored without interference from
soluble factors present in MEF-CM.
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Procedures section. A, RT-PCR data for H9 hESCs grown on the three separate matrix conditions. Values represent fold change of Oct3/4 or
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SSEAA4 relative to SSEA1 for control Matrigel™ or conditioned Matrigel™ samples. Values are derived from the data in C. Error bars represent
S.E., n = 3. E, immunocytochemistry for H9 hESCs grown on control Matrigel™ or conditioned Matrigel™. Cells were stained with Oct3/4,
SSEA4, DAPI, and SSEAT1. Scale bars represent 250 um.

After 4 days of culture in medium that contained no exog-
enous bFGF (EB medium), a decrease in POU5F1 (herein
referred to as Oct3/4) and Nanog gene and protein expression
were observed in H9 hESCs grown on control or conditioned
Matrigel™ relative to untreated cells. However, the observed
reduction in Oct3/4 and Nanog gene and protein expression
was significantly less in hESCs grown on conditioned Matri-

gel™ than in those grown on control Matrigel™ (Figs. 2A and
2B). A similar trend was observed when H9 hESCs were
analyzed using flow cytometry for the expression of stage-
specific embryonic antigen (SSEA) 4 and SSEA1, which are
expressed by undifferentiated and differentiated pluripotent
stem cells, respectively. H9 hESCs grown in EB medium on
conditioned Matrigel™ exhibited an increase in SSEA4 mean
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fluorescence intensity relative to SSEA1 when compared with
cells on control Matrigel™ (Figs. 2C and 2D). When cultures
were examined using immunofluorescence, pockets of
SSEA1-positive cells could be observed in colonies on control
Matrigel™ layers, indicating differentiation (Fig. 2E). SSEA1-
positive colonies were observed with a reduced frequency on
conditioned Matrigel™. Based on visual microscopy inspec-
tion, we did not observe an increase in cell death or growth
rate in the conditioned Matrigel™ cultures relative to the
control. Subsequent analysis of a second hESC line, CA1,
revealed similar trends (supplemental Figs. S1A-S1E). Taken
together, these data indicate that conditioned Matrigel™ pro-
motes the preservation of an undifferentiated state and that
hESCs secrete factors into the matrix that are beneficial for
their own maintenance.

Proteomic Analysis of Pluripotent-Stem-Cell-Derived Con-
ditioned Matrigel”™—To determine which factors are depos-
ited by hESCs and hiPSCs during growth on Matrigel™, we
employed a global MS-based proteomics approach to ana-
lyze the corresponding conditioned Matrigel™. Previous stud-
ies that have illustrated the effects of conditioned Matrigel™
on metastatic cells have employed an NH,OH cellular lysis
protocol to remove hESCs from Matrigel™. Lysis of cells on
the matrix could potentially confound the proteomic analysis
by releasing high abundance intracellular proteins. To limit the
potential for intracellular protein contamination in the condi-
tioned Matrigel™ resulting from lysis, we utilized a protocol
based on Matrigel™ de-polymerization to remove intact cells
from the matrix (see “Methods” in the supplementary mate-
rial). Visual inspection via microscopy of the conditioned
Matrigel™ layers revealed that no intact cells remained on the
matrix after treatment with cell recovery solution. With this
method, the vast majority of the hESCs and hiPSCs that were
removed remained intact and viable, as indicated by 7-AAD
staining in flow cytometry (Fig. 3B). Additionally, the removal
of cell lysis from the protocol permitted analysis of the undif-
ferentiated state and differentiation capacity of the cells that
deposited the matrix (Figs. 3A and 3C).

After cell removal and concentration of the conditioned
Matrigel™ solution, a combination of strong cation exchange,
strong anion exchange, and 1D-SDS-Gel methods (see
“Methods” in the supplementary material) were employed for
fractionation of the complex ECM-like mixture with iterative
exclusion MS analysis (12). MS analysis of these samples
illustrated the limited ability of our assay to determine hESC-
derived proteins in our list of identifications (supplemental
Figs. S2A and S2B). This limitation is a direct result of per-
forming the conditioned matrix experiments on Matrigel™.
Because the mixture that is analyzed via MS represents a
combination of hESC-derived and Matrigel™ proteins, iden-
tification specificity is reliant on nonhomology between hu-
man and mouse proteins. However, when we searched the
dataset against a concatenated human and mouse sequence
database, we observed that few proteins were identified as

belonging to a single species, indicating significant interspe-
cies sequence similarity between the identified peptides (sup-
plemental Figs. S2A and S2B). Many of the identified proteins
also were found in commercially prepared Matrigel™ in our
previous proteomic analysis (supplemental Figs. S2A and
S2B) (11). Taken together, these complications severely lim-
ited the specificity and sensitivity of the proteomic analysis.

To overcome these challenges, we employed the metabolic
labeling approach known as SILAC (18). We have adapted a
commercially available, fully defined, serum-free medium for-
mulation to perform SILAC in hESCs and hiPSCs (27) that
builds on conditions previously optimized in our laboratory for
the application of SILAC with hESCs (22). After 10 passages in
SILAC medium (>60 days), H9, CA1, and BJ-1D stem cell
lines maintained expression for Oct3/4, Nanog, and SSEA4 as
indicated by RT-PCR, immunofluorescence, and flow cytom-
etry (supplemental Figs. S3A-S3C). After the induction of
differentiation in vitro using EB assays, all cell lines exhibited
increased expression of markers characteristic of each of the
three primary germ layers (supplemental Fig. S3D). Addition-
ally, H9 and CA1 hESCs also retained the ability to differen-
tiate in vivo as observed using a teratoma assay (supplemen-
tal Fig. S3E; also see “Methods” in the supplementary
material). We observed an increase in growth rate in feeder-
free culture in SILAC medium (doubling time reduced to ~24
h in SILAC medium from ~30 h in MEF-CM), resulting in
>96% incorporation of the isotopic labels in just 7 days
(supplemental Fig. S4A). Additionally, there was no observ-
able conversion of arginine to proline when utilizing the exog-
enous addition of L-proline to the SILAC medium as previously
reported (supplemental Figs. S4B and S4C) (22). Taken to-
gether, these data indicate that extended culture in Stem-
Pro®-based SILAC medium can maintain hESC and hiPSC
lines in an undifferentiated and pluripotent state. In addition,
this medium also represents one of the first fully defined
culture media applicable to SILAC experimentation with
hESCs and hiPSCs (28). In this SILAC approach, hESCs
and hiPSCs would be fully labeled with “heavy ” arginine and
lysine prior to being plated for the generation of conditioned
Matrigel™ (Fig. 4A). In this way, proteins that are deposited
during the generation of conditioned Matrigel™ carry a
“heavy” label and can easily be distinguished via MS from the
Matrigel™ proteins.

With this protocol, we analyzed conditioned Matrigel™ de-
rived from H9 and CA1 hESCs, as well as BJ-1D hiPSCs. MS
analysis yielded a total of 621, 1355, and 1350 “heavy ”
labeled proteins identified from the H9, CA1, and BJ-1D cell
lines, respectively (Fig. 4B, supplemental Tables S1-S3). A
comparison of proteins identified between the cell lines indi-
cated a ~30% overlap between the three datasets (Fig. 4B).
The gain in the number of proteins in the CA1 and BJ-1D stem
cell lines is due to their decreased stability in the StemPro®
SILAC medium. We observed an increase in cell death and
subsequent lysis during general growth of the CA1 and BJ-1D
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Fic. 3. Cell viability and pluripotency during generation and harvest of conditioned Matrigel™. H9 and CA1 hESCs and BJ-1D hiPSCs
were used to generate conditioned Matrigel™. After harvesting using a cell recovery method that minimizes lysis, remaining cells were assayed
for viability and markers of pluripotency. A, RT-PCR analysis of harvested cells for the markers Oct3/4 and Nanog. Values are relative to
undifferentiated cells grown in feeder-free conditions not exposed to the cell recovery harvesting methods. Error bars represent S.D., n = 3.
B, flow cytometry analysis of cells harvested using the cell recovery method. Cells were assayed for SSEA4 and SSEA1 surface marker
expression. Viability was determining using 7-AAD staining. C, cells harvested using the cell recovery method were used to generate embryoid
bodies. Following 15 days in culture, embryoid bodies were harvested and assayed for markers of pluripotency (Oct3/4, Nanog), trophoblast
(CDX2), ectoderm (NeuroD1, PAX6), endoderm (GATA4, GATABG, alpha-fetoprotein), and mesoderm (T). Error bars represent S.D., n = 2. Values
are fold change relative to undifferentiated cells. Phase contrast images of embryoid bodies are provided above. Scale bars represent 250 um.

In both A and C, RPLPO is used as a positive control.

cell lines relative to H9 hESCs in StemPro® SILAC medium,
resulting in the identification of additional intracellular pro-
teins. However, we did not observe any significant differences
in growth rate or cell morphology between the hESC and
hiPSC cultures. Gene ontology analysis revealed that in the
dataset corresponding to each cell line, proteins representa-
tive of several cellular components were present. This sug-
gests that a variable amount of cell lysis is occurring during
growth or harvest of the conditioned Matrigel™ for all the cell
lines.

To limit the contaminants from cell lysis, the dataset was
filtered using the “extracellular” and “cell surface” cellular

component gene ontology terms. Filtering reduced the num-
ber of proteins identified in each dataset to 71, 100, and 95
labeled proteins for H9, CA1, and BJ-1D, respectively (Fig.
4B, supplemental Tables S4-S6). However, the data still con-
tained numerous intracellular proteins (histones, mitochon-
drial, and cytoskeleton associated). This was primarily the
result of the limited specificity of the gene ontology assign-
ments. A comparison of the previously acquired commercial
Matrigel™ dataset (11) with gene ontology filtered condi-
tioned Matrigel™ datasets revealed that 62%, 55%, and 50%
of proteins are identified in both matrices (Fig. 4C). These data
illustrate the necessity of SILAC when performing this analysis
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FiG. 4. Proteomic analysis of SILAC hESC- and hiPSC-derived conditioned Matrigel™. A, H9 and CA1 hESCs, and BJ-1D hiPSCs were
grown in defined SILAC medium containing ['°C, '°N,]-arginine and ['3Cq, '°N,]-lysine. After 7 days of culture, cells were passaged to culture
dishes precoated with Matrigel™. After 4 to 5 days of culture on Matrigel™ in SILAC medium containing the heavy isotopic labels, cells were
removed using a cell recovery method to minimize cell lysis. The remaining conditioned Matrigel™ layer was rinsed and harvested. Peptides derived
from hESCs will carry an isotopic label and will display a resultant mass shift in the MS, whereas those previously present in commercial Matrigel™
will not have this difference. B, conditioned Matrigel™ from H9 and CA1 hESCs and from BJ-1D hiPSCs was analyzed in biological triplicate using
an MS-based proteomics protocol. Numbers within the Venn diagrams represent the total number of protein identifications found in each
conditioned Matrigel™ analysis for the specific overlap. Datasets were also filtered using gene ontology classification for cellular components based
on the terms “extracellular” and “cell surface.” These values are represented in the lower Venn diagram. C, hESC and hiPSC conditioned Matrigel™
proteomic data were individually compared with those previously acquired for commercial Matrigel™ (11). Protein descriptions were used for
comparison, as identifiers are species specific. D, hESC and hiPSC conditioned Matrigel™ identifications were further compared with a secretome
dataset acquired through proteomic analysis of H9 hESC conditioned medium. Comparison was done manually based upon protein identifiers. In
C and D, overlapping identifications are denoted by a black box, and unique identifications are in gray. The total number of overlapping
identifications can be found at the top of the bar in text. The rightmost bars in the top graphs of C and D represent total identifications found in
Matrigel™ (11) and the H9 hESC secretome (29).

Molecular & Cellular Proteomics 11.12 1931



Proteomics of Human Stem Cell Derived Matrices

because of the extensive overlap between the proteins in
conditioned Matrigel™ and commercial Matrigel™. The over-
lap between the three individual conditioned Matrigel™ data-
sets is ~35% based on protein identifiers after gene ontology
filtering (Fig. 4B). However, coverage between biological rep-
licates of the same cell line using the identical fractionation
methods overlapped a minimum of 71% across the samples
in the experiment. The consistencies between biological rep-
licates from single stem cell lines illustrate the reproducibility
of not only the proteomics method, but also the conditioned
Matrigel™ assay itself.

The proteomics data from analysis of conditioned Matri-
gel™ from hESCs and hiPSCs indicate that numerous cell-
line-specific factors were deposited based on comparisons
between the protein lists. In comparisons of core ECM pro-
teins, isoforms of fibronectin and laminins and heparan sulfate
proteoglycan linked proteins were present at similar abun-
dance levels based on the number of unique peptides in
conditioned Matrigel™ from H9 and BJ-1D cell lines. How-
ever, BJ-1D conditioned Matrigel™ was enriched by matrix
remodeling factors, such as matrix metalloproteinase-14 and
-15. Conditioned Matrigel™ derived from CA1 hESCs was
found to contain multiple collagen and laminin isoforms not
identified in the matrices from the other stem cell lines. Low
abundance factors such as soluble frizzled related proteins
(sFRPs) 1 and 2 and Lefty A and B were identified in condi-
tioned Matrigel™ from all cell lines. Others, such as connec-
tive tissue growth factor (CTGF), were identified in condi-
tioned Matrigel™ from both hESC lines, but not in that from
BJ-1D hiPSCs. In addition, other low abundance factors such
as Cerberus and fibroblast growth factor-15 were identified
only in CA1 conditioned Matrigel™.

Secretome Analysis of the hESC and hiPSC Microenviron-
ment—To further validate and enrich for candidates in the
conditioned Matrigel™ data, a comparison was performed
with a previously published proteomics screen of the H9
hESC-secretome obtained from MS analysis of hESC-condi-
tioned medium (29). We performed a re-analysis of the H9
hESC-secretome raw dataset with the same software (PEAKS
5.3) used to process the conditioned Matrigel™ data to facil-
itate comparison and minimize variability from protein assign-
ments or identifiers. Comparison with the H9 hESC-secre-
tome protein identifiers revealed 73%, 55%, and 54% overlap
between the unfiltered and 77%, 72%, and 68% between the
filtered H9, CA1, and BJ-1D conditioned Matrigel™ datasets,
respectively (Fig. 4D). The reduced similarity between the CA1
and BJ-1D conditioned Matrigel™ datasets and the H9 hESC-
secretome further highlights the cell-line-specific differences
between these hESCs and hiPSCs. However, the overall sim-
ilarity with the hESC secretome highlights the extracellular
nature of the conditioned Matrigel™ data set.

Further examination of the H9 hESC-secretome and condi-
tioned Matrigel™ data revealed that many core ECM proteins,
such as fibronectin, collagen, and laminin isoforms, were

found in all of the datasets. However, most were significantly
more abundant in the H9 hESC-secretome based on the
numbers of unique peptides identified. Other factors, such as
sFRP1 and CTGF, were also found in common between the
conditioned Matrigel™ and H9 hESC-secretome datasets.
However, these proteins were not found to have a higher
abundance in the H9 hESC-secretome based on unique pep-
tide identifications. Additionally, other factors, such as the
Lefty A and B proteins, were not identified in our reanalyzed
H9 hESC-secretome dataset. These differences illustrate that
factors identified only in the conditioned Matrigel™ potentially
have an ECM-specific role in the microenvironment. Addition-
ally, similarities between the H9 hESC-secretome and condi-
tioned Matrigel™ data suggest that overlapping factors might
function in both soluble and insoluble portions of the
microenvironment.

Stem Cell Factors Identified in Conditioned Matrige
Proteomic investigation of the conditioned Matrigel™ dataset
revealed the presence of numerous hESC and hiPSC regula-
tory proteins. In order to enrich for hESC and hiPSC derived
proteins that facilitate the maintenance of an undifferentiated
state on conditioned Matrigel™, we opted to focus on only
those classified as extracellular or cell surface by gene ontol-
ogy. Within this filtered dataset we found many essential core
ECM proteins that are also present in commercial Matrigel™
preparations (Fig. 5A). Further investigation of the filtered
conditioned Matrigel™ dataset revealed the presence of nu-
merous factors with potential roles in hESC and hiPSC pluri-
potency (Fig. 5B). These included regulators of TGF-p/Nodal
and Wnt signaling pathways, Lefty A/B, Cerberus, and
sFRP1/2. Other identified factors, such as hepatoma-derived
growth factor and CTGF, are of particular interest because of
their relevance in the biology of cancer cells (30, 31). Interest-
ingly, after pathway analysis of the filtered datasets, we ob-
served a significant enrichment for molecules involved in cell
motility, apoptosis, and invasion of cancer cells (Fig. 5C).
Several of these have previously been found in proteomic
screens of MEF and hESC-conditioned medium (29). How-
ever, their detection in conditioned Matrigel™ suggests that
the ECM is playing a role in their activity.

ITM_

DISCUSSION

In this study we have employed a SILAC MS-based pro-
teomics approach to reveal, for the first time, the components
of hESC- and hiPSC-derived conditioned Matrigel™. With this
approach, we have identified humerous factors with recog-
nized roles in hESC and hiPSC pluripotency, as well as several
others not yet described. We observed that growth on stem-
cell-derived conditioned Matrigel™ in the absence of bFGF
promotes the maintenance of an undifferentiated state in
hESCs. This indicates that hESCs are depositing factors in the
matrix that can prevent stem cell differentiation and promote
self-renewal. Although previous studies have identified can-
didate proteins in the hESC microenvironment through the
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Fic. 5. Proteins and pathways identified in conditioned Matrigel™ from hESCs and hiPSCs. Conditioned Matrigel™ was analyzed using
an iterative exclusion MS proteomics-based approach. Proteins were identified using PEAKS 5.3 software. A, subset of the core ECM proteins
found in conditioned Matrigel™ that were also identified in a previous proteomic analysis of commercial Matrigel™ (11). In the case of collagen,
the top isoform was chosen. B, growth factors and proteins known to regulate core hESC and hiPSC pluripotency pathways found in
conditioned Matrigel™. Asterisks indicate when a protein was identified as a single peptide hit. Only proteins with two unique peptides are
retained, such that these single peptide hits are not included in the final dataset. C, pathway analysis performed using Ingenuity Systems
software. The top biological functions identified in all three cell lines were related to cellular movement, growth, and death or invasion of tumor
cell lines. Number of molecules denotes the number of candidate proteins identified as being involved with that function found in our dataset.
Black boxes represent the -log(p value) for the probability of identifying these pathways as being enriched in our dataset by chance.

analysis of conditioned medium, none have focused on pro-
teins deposited in the ECM by pluripotent stem cells. There-
fore, the methodology and the information within the dataset
presented here are of substantial importance in promoting a
comprehensive understanding of the hESC and hiPSC in vitro
microenvironment.

The presence of core ECM components in conditioned
Matrigel™, such as isoforms of fibronectin, collagen, and
laminin, illustrates that hESCs and hiPSCs generate a self-
supportive niche for attachment and proliferation. All three of
these matrix proteins have been shown to sustain the growth
of hESCs and hiPSCs when used as the sole growth support
(10, 12, 32-34). These core proteins regulate critical cellular
processes such as cell attachment through integrin binding.
Integrin interactions can mediate signal transduction re-
sponses similar to those triggered by soluble ligands (35, 36).
Therefore, hESCs and hiPSCs potentially utilize these inter-
actions to regulate a diverse array of cellular functions. It is
likely that the presence of multiple core ECM proteins in
hESC- and hiPSC-supportive matrices such as Matrigel™
engages a complement of integrin-mediated events that col-
lectively facilitate hESC and hiPSC growth (10, 37).

The identification of multiple growth factors and their bind-
ing partners in conditioned Matrigel™ highlights another po-
tential function for these core ECM proteins in the matrix as a
reservoir for mitogenic and morphogenic factors. The ECM
has been proposed to contribute to the regulation of growth
factor signaling in the microenvironment (reviewed in Ref. 9).
Central to this function is the presence of specialized domains
on fibronectin and laminin designed to bind growth factors
such as epidermal growth factor, hepatocyte growth factor,

and platelet derived growth factor. Fibronectin, for example,
contributes to TGF-f signaling through interaction with latent-
TGF-B binding proteins (38, 39). Binding between growth
factors and these glycoproteins can also be mediated by
interactions with heparan sulfate, a molecule that has been
shown to be beneficial for the maintenance of hESCs and
hiPSCs (9, 40). The result of these interactions implicates the
ECM in the orchestration of cellular processes through the
binding and regulation of growth factors.

Controlling the activity and concentration of growth factors
present in the microenvironment is critical for maintenance of
the hESC and hiPSC state. We identified proteins that regu-
late Wnt, TGF-B (through Activin/Nodal), and BMP signaling
pathways in conditioned Matrigel™. The sFRP1 and sFRP2
proteins have active roles in numerous cell systems, primarily
in the regulation of canonical Wnt signaling (reviewed in Ref.
41). Wnt signaling through the canonical pathway is important
for the maintenance of mESC and hESC self-renewal and
pluripotency (42—44). In a recent study comparing 59 different
hESC lines, a positive correlation between Nanog and sFRP2
gene expression was observed (45). Additionally, sFRP2 was
identified as potentially regulated by Nanog in ChIP analyses
of hESCs (46). The C-terminal netrin domain on sFRP1 and
sFRP2 is known to confer heparin-binding properties that
potentially regulate the activity of the parent protein (47, 48).
Lefty A and B regulate TGF- signaling through antagonism of
the activating protein Nodal (49). Activin/Nodal mediated sig-
naling is one of the core pathways critical for the maintenance
of self-renewal and pluripotency of hESCs and hiPSCs (15,
16, 50). Interestingly, Lefty was previously observed to medi-
ate metastatic melanoma cellular reprogramming on condi-
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tioned Matrigel™ (14). The presence of Lefty and sFRP pro-
teins in conditioned Matrigel™ indicates that the ECM might
function to regulate these pathways.

Previous studies of ESC-derived matrix proteins have fo-
cused on the antagonism of the BMP pathway using Gremlin
(17). The inhibition of BMP mediated signaling promotes the
maintenance of hESC pluripotency (51). The activation of
SMAD (SMA mothers against decapentalegic) 1/5/8 mediated
gene expression following hESC exposure to BMP ligands
has been implicated in the differentiation of hESCs (16, 50).
Cerberus is an inhibitor of BMP mediated activation that acts
through antagonism of BMP4 (52, 53). Interestingly, Cerberus
has also been shown to inhibit Nodal and Wnt signaling
pathways (53, 54). The microenvironment is considered to
effect cellular change by providing a reservoir for growth
factors, morphogens, and cytokines. Given such, it is likely
that the core pathways we have identified here function to-
gether in conditioned Matrigel™ to generate a supportive
environment. Indeed, multiple levels of cross-talk have been
suggested among the FGF/TGF-B/Wnt pathways (55, 56).

Currently, there is significant interest within the scientific
community in assessing the equivalency of hESCs and
hiPSCs based on multiple genomic, proteomic, and develop-
mental criteria (57, 58). However, these studies have revealed
numerous differences between individual hESC and hiPSC
lines (59). In this study, although the conditioned Matrigel™
datasets were found to contain numerous proteins unique to
a single cell line, we did not observe a significant enrichment
in factors contributing to any specific pathway or process
when we focused on gene-ontology-filtered ECM proteins.
These findings indicate that in the culture system utilized for
this analysis, the stem-cell-deposited contribution to the mi-
croenvironment is highly similar in the individual hESC and
hiPSC lines tested. However, as has recently been demon-
strated in large-scale comparative analyses of hESC and
hiPSCs, the ability to characterize differences between stem
cell proteomes is dependent on the sampling of a sufficient
number of cell lines (58). Expansion of the analysis performed
here to include an increased number of cell lines could po-
tentially facilitate comparative analysis of hESC and hiPSC
conditioned Matrigel™. The inclusion of additional pluripotent
stem cell lines would also aid in the validation of deposited
proteins as opposed to those originating from cellular lysis
during the generation of conditioned Matrigel™.

The contamination of conditioned Matrigel™ by intracellular
proteins highlights the primary technical challenge of this
work going forward. Comparisons with datasets of secreted
proteins, such as the H9 hESC-secretome, give confidence
that the proteins found in conditioned Matrigel™ are truly
secreted. However, the limited specificity of gene ontology
assignments renders bioinformatic confirmation challenging.
In addition, the high abundance proteins present in Matrigel™
interfere with biological target validation of stem cell proteins
using assays such as immunofluorescence because of off-

target interactions with the matrix. Analysis of conditioned
Matrigel™ in a defined growth system based on alternative
matrices such as fibronectin, vitronectin, or synthetic growth
surfaces could potentially facilitate the validation of identified
candidates for true localization and function through the min-
imization of background interactions. The recent development
of spotted matrix microarrays is an attractive alternative ma-
trix support for use in combination with MS-based proteomics
analysis of conditioned Matrigel™ (60). In addition to support-
ing high-throughput screening of identified proteins from MS,
these methods permit colony-specific screening. Morphogen
gradients have been observed within individual stem cell col-
onies that will be masked in population-level analysis (20).
Direct analysis of colony-specific matrix interactions with MS-
based proteomics can potentially provide valuable insight into
the stem cell microenvironment.

In conclusion, we have developed a technique that allows
the characterization of factors deposited by cells into complex
ECMs such as Matrigel™. Using this innovative approach, we
confirmed the presence of key pluripotency regulators such
as Lefty in stem cell conditioned matrices. In addition, we
identified other proteins, such as sFRP1/2, that could play
important roles in the regulation of stem fate. The constituents
of the ECM are largely unknown because of the complexity of
this fraction, especially when matrices such as Matrigel™ are
used as support. The new method presented in this work can
be used to characterize other ECMs (e.g. cancer cells) so that
key regulatory extracellular proteins can be identified.
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