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Several mechanisms mediate the regenerative and reparative capacity of stem cells, including cytokine
secretion; therefore these cells can act as delivery systems of therapeutic molecules. Here we begin to
address the molecular and cellular basis of their regenerative potential by characterizing the proteomic
profile of human embryonic stem cells (hESCs), mesenchymal stem cells (hMSCs) and marrow isolated
adult multilineage inducible (MIAMI) cells, followed by analysis of the secretory profile of the latter stem
cell population. Proteomic analysis establishes the closer relationship between hMSCs and MIAMI cells,
while hESCs are more divergent. However, MIAMI cells appear to have more proteins in common with

K ds:

C;{:‘l’g;: hESCs than hMSCs. Proteins characteristic of hMSCs include transgelin-2, phosphatidylethanolamine-
Delivery systems binding protein 1 (PEBP1), Heat-Shock 20kDa protein (HSP20/HSP36), and programmed cell death
Stem cells 6-interacting protein (PDC6I) among others. MIAMI cells are characterized by the high level expres-

sion of ubiquitin carboxyl-terminal hydrolase isoenzyme L1 (UCHL1), 14-3-3 zeta, HSP27 (HSPB1), and
tropomyosin 4 and 3. For hESC, elongation factor Tu (EFTu), isocitrate dehydrogenase (IDH1) and the
peroxiredoxins 1, 2, and 6 (PRDX1, PRDX2, and PRDX6) were the most characteristic. Secretome analysis
indicates that MIAMI cells secrete higher levels of vascular endothelial growth factor (VEGF), Fractalkine,
Interleukin-6, interlukin-8, and growth related oncogene (GRO), compared to hMSCs. These soluble medi-
ators are known to play key roles in angiogenesis, arteriogenesis, atheroprotection, immunomodulation,
neuroprotection, axonal growth, progenitor cell migration, and prevention of apoptosis. All these roles
are consistent with a reparative pro-survival secretory phenotype. We further discuss the potential of
these cells as therapeutic vehicles.

1. Introduction and overview

Stem cell therapy will probably become a major therapeutic
strategy to repair damaged/diseased tissues in the coming years.
These self-renewing cells can be expanded in culture providing
a continuous source of cells and may further differentiate into
different cell phenotypes allowing their use for various clinical
applications. Different types of stem cells are being explored for

* Corresponding author at: University of Miami School of Medicine, Geriatric
Research, Education and Clinical Center and Research Services, Bruce W. Carter Vet-
erans Affairs Medical Center 11GRC, 1201 NW 16th Street, Miami, FL 33125-1693,
USA. Tel.: +1 305 575 3388; fax: +1 305 575 3365.

E-mail address: p.schiller@miami.edu (P.C. Schiller).

cell therapy approaches. Among them embryonic stem cells (ESCs),
which are isolated from the inner cell mass of the blastocyte and
may give rise to tissue specific cells deriving from the three ger-
minal layers, represent a most promising source of cells for cell
therapy. Adult stem cells isolated from different tissues throughout
the body also constitute an attractive source of cells, as they allow
autologous cell transplantation and overcome the immunological,
ethical as well as availability concerns encountered with embry-
onic or fetal cells. Moreover, they are easily expanded, present a
large differentiation potential and are hypo-immunogenic, while
promoting functional recovery.

The transplanted stem cell-mediated mechanisms of tissue
repair may occur by cell replacement or by an indirect paracrine
manner. This means that the cells can directly differentiate into
the desired cell phenotype and replace the lost cells forming a new


dx.doi.org/10.1016/j.ijpharm.2011.12.041
dx.doi.org/10.1016/j.ijpharm.2011.12.041
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:p.schiller@miami.edu
dx.doi.org/10.1016/j.ijpharm.2011.12.041
stephane
Zone de texte 

stephane
Zone de texte 

stephane
Zone de texte 


functional tissue. They can also secrete several growth factors and
cytokines involved in immunomodulatory/anti-inflammatory and
neoangiogenic processes, cell survival, differentiation and recruit-
ment. Most researchers now agree that ESCs will principally repair
damaged tissues by cell replacement while mesenchymal stem
cells (MSCs) essentially function as a deliverable factory of targeted
mediators of tissue repair with the capacity for replacement of cer-
tain cell types in some tissues (i.e. musculoskeletal) (Delcroix et al.,
2010; Guillaume and Zhang, 2008).

Human MSCs (hMSCs) isolated from bone marrow represent a
heterogeneous population of mixed cells (Ho et al., 2008; Phinney
et al., 1999) including stem, and progenitor cells characterized by
the expression of CD105, CD73 and CD90, and lack expression of
CD45, CD34, CD14 or CD11b, CD79a or CD19 and HLA-DR surface
molecules (Dominici et al., 2006; Ho et al., 2008). The feasibility
and safety of bone marrow derived cells have been extensively
tested and demonstrated in numerous preclinical studies and in
clinical trials of many diseases (Horwitz et al., 1999; Wakitani
et al., 2004), MSC cell therapy holds great promise as a means
to restore function in damaged tissues, however many concerns
still need to be addressed, particularly the in-depth characteri-
zation of each stem cell type revealing their cellular phenotype,
therefore their morphology and function. In this regard, a pro-
teomic analysis, providing an overall outline of the cell’s protein
content needed to generate and maintain a phenotype, is neces-
sary to better comprehend their mode of action. In this way, an
appropriate utilization and targeted therapeutic potential of the
stem cells is ensured. Previous studies performed a proteomic anal-
ysis of MSCs of different sources and concluded that mainly two
cell types, bone marrow-MSCs and adipose derived stem cells,
were very similar with however some differences difficult to pin-
point (Im et al., 2005; Izadpanah et al., 2006; Noel et al., 2008;
Puissant et al., 2005; Sakaguchi et al., 2005; Wagner et al., 2005).
In a recent proteomic study, we aimed at comparing human MSCs
and related progenitor cells, isolated from different sources and
cultured in strict controlled conditions, to human ESCs (hESCs).
This study defined a common proteomic profile that distinguished
hMSCs from hESCs. Moreover it permitted to delineate certain
differences between MSCs from different sources (Roche et al.,
2009).

We have isolated a developmentally immature and highly
homogeneous subpopulation of hMSCs, termed marrow-isolated
adult multilineage inducible (MIAMI) cells. These cells, typified
by the sustained expression of certain embryonic stem cell mark-
ers (D’Ippolito et al., 2004, 2006a,b,c; Tatard et al., 2007), can be
isolated from whole bone marrow, without the need for culture
expansion. MIAMI cells can differentiate in vitro into cells found
in tissues derived from all three embryonic germ layers, including
neuronal-like cells exhibiting functional ionic channels (D’Ippolito
etal., 2004; Tatard et al., 2007). Furthermore, MIAMI cells are capa-
ble of preventing tissue damage and promoting tissue repair and
functional recovery in animal models of cerebral ischemia, Parkin-
son’s disease, and critical limb ischemia (Delcroix et al., 2011;
Garbayo et al,, 2011; Rahnemai-Azar et al., 2011b). A fraction of
the engrafted cells expressed features of neuronal or vascular cells,
but the principal form of tissue repair seems to be the secretion
of cytokines known to be involved in neuroprotection, cell sur-
vival, progenitor cell recruitment, and angiogenesis. MIAMI cells
thus represent a drug delivery therapeutic product that needs to
be thoroughly characterized.

In the present study we sought to analyze the proteomic profile
of MIAMI cells and compare it to hMSCs and to hESCs. We fur-
ther investigated the secretory profile of MIAMI cells compared to
MSCs. Finally we analyzed these results taking into consideration
the membrane expression profile, metabolic profile and secretory
profile for a cell therapeutic product. Indeed, a therapeutic product

for cell therapy should present certain characteristics like a high
metabolic activity, be poorly immunogenic, a rapid turn-over of
protein. These analyses are particularly relevant in the context of
the beneficial impact these cells may have as living pharmacolog-
ical delivery systems able to sense the health status of an injured,
diseased or aged tissue or organ; and potentially respond to the
tissue conditions with the appropriate set of molecular media-
tors to promote tissue repair. These molecular mediators could
potentially exert their effects via parallel autonomous or syner-
gistic modalities; such as contact-independent paracrine effects or
contact-dependent mechanisms. As a result, these cells may reg-
ulate inflammation, apoptosis, necrosis, migration, proliferation,
differentiation, aging, remodeling, and other cellular and tissue
processes involved in repair.

2. Material and methods
2.1. Cell cultures

For MSCsisolation and culture, bone marrow aspirates were col-
lected on ACD-heparin tubes (BD Bioscience, San Jose, CA) from
healthy adult volunteers after informed consent. After ficoll gra-
dient separation (GE Healthcare, Milwaukee, WI), nucleated cells
were directly plated at 50,000 cells per cm? on plastic culture
dishes (Nunc, Roskilde, Denmark). Expansion medium consisted
of a-MEM basal medium (Invitrogen, Carlsbad, CA) supplemented
with 10% fetal bovine serum (FBS, Invitrogen), 2mM glutamine
(Invitrogen) and penicillin/streptomycin (Invitrogen). Two to three
days later non-adherent cells were discarded and primary cul-
ture was performed for 21 days. The expansion medium was
changed twice a week. After reaching subconfluence, cells were
detached with 0.25% trypsin and 1 mM EDTA (Invitrogen), sus-
pended in fresh medium, plated at 1000 cells/cm? and incubated for
14 days at 37 °C in 5%CO, (Roche et al., 2007). MIAMI cell isolation
and expansion was performed as previously described (D’Ippolito
et al., 2004, 2006b). Briefly, whole bone marrow cells were plated
at a constant density of 1 x 10° cells/cm? in DMEM-low glucose
medium (Invitrogen), containing 3% FBS and 100 U/mL penicillin,
1 mg/mL streptomycin, 100 wM ascorbic acid 2-phospahte (Sigma),
and a mixed solution of essential fatty acids (Sigma, expansion
medium)in fibronectin (10 ng/mL; Sigma, St. Louis, MO)-coated 10-
cm dishes (Nunc). Whole bone marrow cells, containing adherent
and nonadherent cells, were maintained in a humidified incuba-
tor at 37°C undisturbed in an atmosphere of 3% 0,/5% C0,/92%
N, (low oxygen); 7 days later, half of the culture medium was
replaced. Fourteen days after the initial plating, the nonadher-
ent cells were removed. Single-cell-derived and pooled colonies
of adherent cells were carefully rinsed in medium and sub-
cloned. These cells were selected and expanded at low density
(<30% confluency) by plating single-cell-derived or pooled colonies
in fibronectin-coated dishes using expansion medium in low
oxygen.

2.2. Whole cell extract

To improve the reproducibility of the analysis, we have previ-
ously published a protocol where protein extraction was performed
directly in the culture dishes (Roche et al., 2009). Briefly, the cells
were washed twice with PBS (Invitrogen) containing a cocktail of
protease inhibitors (P8340, Sigma) then lysed directly in the culture
dish with 200 L of lysing buffer (8 M urea, 2 M thiourea, 4% CHAPS,
50 mM DTT; Sigma). The cell lysates were collected and stored at
—80°C until use. Protein concentration of the lysates was deter-
mined using the Plus-One 2-D Quant Kit (GE Healthcare) following
the manufacturer’s instructions.
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2.3. 2-DE

As previously describe (Provansal et al., 2011), proteins were
separated on the basis of two dimensions: isoelectric point and
masses. For the first dimension, 30 ug of proteins was added in
250 p.L of rehydratation buffer (9.8 M urea, 4% CHAPS, 50 mM DTT,
and 0.5% IPG buffer 3-10, all from Sigma). IPG strips (13 cm, GE
Healthcare), covering a pH range of 3 to 10 were rehydrated with
this solution during 9h at 20°C covered by low viscosity paraf-
fin oil (Sigma). For focalization, the following voltage/time profile
was used: 200V for 1h, 1000V for 1h, 3000V for 1h, a gradi-
ent between 3000V and 8000V during 2h and 8000V for 5h.
A total of 76,000 volt-hours (Vh) was used. Focused strips were
frozen at —20°C. For the second dimension, strips were equili-
brated for 30 min in 6 M urea, 30% glycerol (Sigma), 2% Sodium
Dodecyl Sulfate (SDS, Sigma), 50 mM Tris pH 8.8 (Sigma), 1%DTT
and then for an additional 30 min in the same solution except
that DTT was replaced by 5% iodoacetamide (Sigma). After equi-
libration, proteins were separated in the second dimension by a
SDS-PAGE method using 12% acrylamide gel (Sigma) with a ratio of
acrylamide/bisacrylamide of 37.5:1.

2.4. Silver staining and scan

Gels were stained with a silver nitrate procedure (Shevchenko
et al., 1996) and scanned at 300 dots per inch using the Labscan 3
software (GE Healthcare) after a procedure of calibration using the
kaleidoscope LaserSoft Imaging (Kodak, Ref: R020123, Rochester,
NY). Spot detection and quantitation were performed with Image-
Master 2DE Platinum (GE Healthcare) and Progenesis SameSpot
softwares (Non Linear). The volume of each spot (integrated optical
density) was calculated as the product of spot area and spot inten-
sity. To take into account experimental variations, 2-D gels were
normalized to the volume of all spots detected on the 2DE gel.

2.5. Identification of protein expression and statistical test

The quantification was performed using Progenesis SameSpot
by an integration of the gray level of each spot and normalization
with the total spot volume. In this method, the volume of each spot
is divided by the total volume of all of the spots in the gel. Three to
fivereplicates with independent samples were performed to ensure
reproducibility of the results. For comparison, the MIAMI cell gels
were used as reference.

Statistical analysis was performed using the Hierarchical Clus-
tering Explorer 3.0 software (Seo et al., 2004), with an average
linkage hierarchical clustering algorithm, using the centered Man-
hattan Distance coefficient as the similarity metric. Differential
function analysis was analyzed through the use of Gene Ontology
and UNIPROT database. The Functional Analysis identified the bio-
logical functions associated to the data set. A fold increase ratio of 2
and a p-value of 0.05, calculated by Progenesis SameSpot, were used
to define the limit of significance using MIAMI cells as reference
(value of 1). Each differential spot was associated to its function
and plot.

2.6. Molecular weight and iso-electric point calibration

The experimental molecular weight and pHi were obtained
using a 2DE protein standard (Bio-Rad, Hercules, CA): an addi-
tional 2DE gel was performed with a mixture of 10 g of whole
MSC extract and 5 pL 2DE standards. Additional spots were posi-
tioned and annotated with their respective MW and pl. After a step
of comparison with this gel, the software calibrates all homologous
gels with pHi and MW.

2.7. Protein isolation and identification by mass spectroscopy

Protein spots were excised from coomassie stained (Sigma) 2DE
gels containing 300 g of proteins. Spots were washed in 15 uL
of 100mM NH4HCO3 during 10 min. After addition of 15puL of
acetonitrile (Sigma) for 10 min, supernatants were removed and
the procedure repeated. After evaporation to dryness in a bench-
top Speedvac, spots were re-hydrated in 10 wL of trypsin solution
(15 ng/pL, Promega, Madison, WI) and digested overnight at 25°C
in 10 pL of 100 mM NH4HCO3 and 5 mM CaCl, buffer (Sigma). The
tryptic peptides were extracted in a two step procedure: the first
step was composed by an addition of 10 wL of 100 mM NH4HCO3
followed by 10 min of 10 L acetonitrile. This step was repeated
twice and supernatants pooled. The second step was a 10 min incu-
bation with 10 pL of 5% formic acid (Sigma) and followed by an
addition of 10 L of acetonitrile for 10 min. This step was repeated
twice and the supernatants pooled. Samples were evaporated to
dryness and put back in solution in 20% formic acid and desalted
on Millipore ZipTip C18 column (Millipore, Molsheim, France).

Peptide masses were determined in the positive-ion reflector
mode in an Ultraflex mass spectrometer (Bruker, Madison,
WI). Peptide mass fingerprints were compared to mam-
malian databases (SWISS PROT and Trembl) using MASCOT
(http://www.matrixscience.com/cgi/search_form.pl?FORMVER=2&
SEARCH=PMF) and Aldente (http://www.expasy.org/tools/aldente/)
algorithms with one missing trypsin cleavage site and a mass
deviation smaller than 20 ppm. The probabilistic score of MAS-
COT/Aldente was required for the identification of an unnamed
protein.

2.8. Protein preparation, Western blot analysis, and
quantification

Cell pellets were resuspended in NP40 lysis buffer (50 mM Tris,
1.0% NP40, 150 mM NaCl, 2mM EGTA, 2mM EDTA, 50 mM NaF,
and 0.1 mM NaVO04, Sigma), pH 8.0. The protease inhibitor cocktail
was added (2 wl/1 mL lysis buffer) to NP40 lysis buffer before pro-
tein extracts were collected. Protein concentration was determined
with the BCA protein assay (Pierce, Rockford, IL). Protein samples
were separated by SDS-PAGE on 10% polyacrylimide gels, and then
transferred onto PVDF membrane (Millipore) for approximately 60
to 90 min at 100 V. Blocking solution consisted of either 2-5% BSA
(Sigma) or dried milk in Tris-buffered saline (TBS, Sigma) solution
with 1-2.5% Tween 20 (Sigma). Blots were incubated with primary
antibodies overnight at 4 °C with gentle rocking, rinsed with TBS,
and with secondary antibodies for 45 min at room temperature
with gentle rocking. UCHL1 antibody was from Abcam (ab72911;
Cambridge, MA), 14-3-3 antibody from Santa Cruz Biotechnology
(K19; Santa Cruz, CA) and HSP27 from Cell Signaling Technology
(#2442; Danvers, MA). Protein levels were normalized to a-tubulin
and/or Coomassie blue-stained membranes. Quantitation of blots
was performed using Image] software from NIH (Reiner etal., 2009).

For 2D Western blotting, the first dimension of the 2DE was
performed using a 7 cm IEF strip (Invitrogen). The only modifica-
tion in the protocol (when compared to the 13 cm IEF strip) was the
lower volume of samples (125 L) and IPG buffer (0.5 L) used. The
second dimension was performed with the NuPAGE system (Invit-
rogen) with one well Bis/Tris 12% gels. For 1D Western blotting,
the electrophoresis was performed as described in the manufac-
turer instruction. At the end of the migration, the proteins were
transferred on a PVDF membrane using the X Cell Blot system
(Invitrogen) as per the manufacturer instruction. At the end of the
transfer, the membrane was incubated in the blocking buffer dur-
ing 30 min and in the primary antibody dilution during 1 h. After 4
wash with PBS 1x Tween 0.05%, the membrane was incubated in
the secondary antibody dilution during 1 h. After 4 wash with PBS
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1x Tween 0.05%, the membrane was incubated with SuperSignal
Mix (Thermo Scientific, Rockford, IL) during 5 min and scanned in
a Bio-Rad CCD imager (Provansal et al., 2011).

2.9. Flow cytometry analysis and Oct4 immunofluorescence

Presence of the characteristic CD molecules expressed by MSCs
and of certain embryonic stem cell markers was analyzed by
flow cytometry and immunocytofluorescence (CD90, CD44, CD73,
CD105, CD106, CD166, CD45, CD34, CD56, CD31, NTRK3, SSEA-
4). Antibodies were purchased from R&D (Minneapolis, MN).
Flow cytometry was performed essentially as previously described
(D’Ippolito et al., 2004, 2006a) from cells grown and processed in
triplicate.

For nuclear proteins (Oct4a, Abcam), cells were fixed with 4%
paraformaldehyde (PFA, Sigma) at 4°C for 10 min and perme-
abilized with 0.1% Triton X-100 for 10 min. Blocking and diluent
solution consisted of phosphate-buffered saline (PBS) with 1% BSA.
Fixed cells were blocked for 30 min, incubated sequentially 1h
with the primary antibody to Oct4 followed by 1h incubation of
the fluorescein- or rhodamine-conjugated secondary anti-goat IgG
antibody. PBS plus 0.3% BSA was used for the washes between each
step. Non-specificimmunostaining controls were demonstrated for
each experiment in which cells were exposed to primary isotypic
antibodies and then incubated with conjugated secondary antibod-
ies.

2.10. Bioplex analysis of cytokine production

Cells plated at a concentration of 5000 cells/cm? were grown
for seven days in the presence of complete expansion medium.
After seven days, supernatants were collected and plated into a
96 well plate assay to analyze the expression of 42 different human
cytokines and chemokines (Milliplex; human cytokine/chemokines
immunoassay) using the manufacturer’s guidelines. Quantification
of secreted factors was performed on a Bio-Plex 200 reader and
Bio-Plex Pro wash stations (Bio-Rad), and analyzed with the Bio-
Plex Manager Version 3.0 software. Data analyses were performed
with Microsoft Excel 2007. All data were normalized to 1 x 106
cells.

Quantitative bioplex data are expressed as mean + SEM. Statis-
tical analysis was performed using a parametric one-way ANOVA
and Newman-Keuls multiple comparison test. A value of p <0.05
was considered statistically significant.

3. Results
3.1. Cell morphology and phenotypic analysis

Human mesenchymal stem cells had the typical fibroblastic
morphology with few long and thin cell processes, while MIAMI
cells appeared to be smallerin size with a smaller and more rounded
cytoplasm (Fig. 1A and B). Undifferentiated hESCs had the classical
tightly packed rounded shape with high nucleus/cytoplasm ratio
and the colonies showing clear margins (Fig. 1C). The ability of the
marrow-derived cells to differentiate into adipocyte, osteoblast,
and chondrocyte lineages was experimentally confirmed before
proteomic and phenotypic analyses (data not shown). The classical
human MSC phenotype (CD90*,CD73*,CD105*%,CD44*,and CD45~)
was validated for hMSC. MIAMI cells also exhibited expression of
these CD markers. As expected, hESC had a phenotypic pattern char-
acterized by the absence of CD73 and CD105 and the expression
of early development markers stage-specific embryonic antigen-4
(SSEA-4) and the self-renewal transcription factor Oct4a (Table 1).
The strong surface expression of SSEA-4 and nuclear localization
of Oct4a in MIAMI cells clearly distinguished them from hMSCs

Table 1
Phenotypes of the stem cells.

Expression of various markers was tested by flow cytometry (++ strongly
positive, + positive, —/+ marginal, — negative, ND not done).

and established relevant phenotypic differences between these two
post-natal BM-derived cell types. Additionally, surface expression
of the neurotrophin tyrosine kinase receptor type III (NTRK3) con-
tributed to further distinguish MIAMI cells from hMSCs (Table 1
and Supplementary Fig. 1).

Supplementary material related to this article found, in the
online version, at doi:10.1016/j.ijpharm.2011.12.041.

3.2. Proteomic analysis

The primary human hMSCs were used to generate a human
stem cell master gel as previously described (Roche et al., 2009)
(Supplementary Fig. 2). Since calculated pHi and MW are not reli-
able parameters following 2-DE, the master gel was calibrated
using purified proteins. Cytoplasmic and nuclear proteins were
identified, as well as proteins from mitochondrion, endoplasmic
reticulum and membrane. Post-translationally modified proteins
(which were detected as multiple spots) belonged mainly to cyto-
plasmic and ER compartments, rather than to the mitochondrion
and the nucleus. Extracts from the different stem cell popula-
tions were used to carry 2-DE gels as illustrated in Fig. 1(D-F).
Following a thorough analysis using Progenesis SameSpot (Supple-
mentary Table 1) and the Hierarchical Cluster Explorer software,
different stem cell proteomic clusters were detected (Fig. 2A).
Manhattan distance statistical tests indeed revealed the presence
of 2 main clusters: one including MIAMI and hMSCs; the sec-
ond one composed of hESC. Interestingly, hMSC and MIAMI cells
were closely related in this analysis. The variability of the spots
between replicates for most stem cells was close to 30%, which
was satisfactory. Spots with significant modified expression were
selected based on increased or decreased expression by a factor
of 2 or a p-value inferior at 0.05. The p-value was calculated by
2 methods, t-test in order to compare each type of cell to hMSC,
and ANOVA to compare all stem cells together. Protein match
between MIAMI vs. hMSCs was 62% + 3% and between MIAMI vs.
hESCs was 53% 4 5%. Changes in protein expression levels between
MIAMI vs. hMSCs were 24% increased and 10% decreased; between
MIAMI vs. hESCs the change was 38% increase and 7% decrease.
It is interesting to note that Identified proteins in the master gel
were involved in a large range of functions including: signal trans-
duction, intracellular trafficking, glycolysis, metabolism, folding,
protein biosynthesis and proteolysis (Fig. 2B). This result allows
us to perform a thorough characterization and comparison of the
cells.

Supplementary material related to this article found, in the
online version, at doi:10.1016/j.ijpharm.2011.12.041.
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Fig. 1. Morphology and 2DE profile of cells. (A) Human mesenchymal stem cells had the typical fibroblastic morphology with few long and thin cell processes. (B) MIAMI
cells appeared to be smaller in size with a smaller and more rounded cytoplasm. (C) Undifferentiated hESCs had the classical tightly packed rounded shape with high
nucleus/cytoplasm ratio and the colonies showing clear margins. Representative 2DE gels of the different cultures. Whole cell extracts (30 g) were separated using 2DE
electrophoresis in a dry strip pH 3-10 for the first dimension and a 12% SDS-PAGE for the second and silver stained. The gel is representative of 3-4 gels from independent
cultures samples performed before statistical analysis. (D) 2DE master gel of bone marrow-derived hMSCs. For the identification of proteins, noted with their serial number,
was performed by peptide mass fingerprints after trypsin digestion and MALDI-TOF on Coomassie stained spots see Supplementary Fig. 1. (E) 2DE gel of bone marrow-derived
human MIAMI cells. (F) 2DE gel of hESCs.
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Fig. 2. Characterization of the proteome of the different stem cell populations. (A) Hierarchical clustering of the 2DE data. Data from hMSCs, MIAMI cells and hESCs have been
generated by comparison, quantification and normalization of the different 2DE gel using Progenesis SameSpot. Clustering was performed using the Hierarchical Clustering
Explorer version 3 software with Manhattan Distance as statistical test. (B) Common and significantly different 2-DE proteins. The numbers correspond to the spots of
proteins in common or significantly different between hMSC, MIAMI and hESC. (C) Pie chart of protein function represented in the 2D gel of hMSC, MIAMI cells and hESCs.
All Proteins identified were distributed between functional blocks using the SwissProt (http://www.expasy.org/) and the Gene Ontology (http://www.geneontology.org/)
databases. The block plotted here are “Cell Cycle” (12 protein spots), “Cell Structure” (63 protein spots), “Proteolysis” (11 protein spots), “Extracellular Matrices” (3 protein
spots), “Glycolysis” (25 protein spots), “Heat Shock and Chaperone” (29 protein spots), “Metabolism” (23 protein spots), “Protein Biosynthesis” (27 protein spots), “ROS and
Energy” (10 protein spots), “Signal Transduction” (15 protein spots), “Intracellular Trafficking” (8 protein spots).
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Table 2

Common and significantly different 2-DE proteins expressed by MSCs, ESCs and MIAMI cells.

Proteins that are expressed at higher levels in MIAMI cells compared to MSCs and ESCs

ID Protein information Accession number hMSCs hESCs
Fold t-Test (p) Fold t-Test (p)
1282 Ubiquitin carboxyl-terminal hydrolase UCHL1_.HUMAN -2.6 0.031 -1.1 0.649
526 14-3-3 zeta/delta spot P63104 -2.2 0.037 -1.8 0.049
1290 14-3-3 zeta/delta spot 1 P63104 -1.9 0.044 -1.9 0.036
557 26S protease regulatory subunit 7 P35998 -2.0 0.000 -1.9 0.001
1215 Lectin, galactoside-binding, soluble, 3 spot 1 Q86TY5_-HUMAN -1.8 0.029 -5.3 0.013
507 Tropomyosine 4 and Tropomyosine 3 P67936 -1.7 0.000 2.2 0.000
1285 HSP27 (HSPB1) P04792 -14 0.141 -2.8 0.017
Proteins that are expressed at lower levels in MIAMI cells compared to MSCs and ESCs
ID Protein information Accession number hMSCs hESCs
Fold t-Test (p) Fold t-Test (p)
3 Transgelin-2 P37802 18.8 0.003 9.1 0.000
2 Phosphatidylethanolamine-binding protein 1 P30086 7.8 0.000 21.8 0.005
32 Heat shock protein beta-6 HSPB6_.HUMAN 6.5 0.000 9.0 0.029
174 Prolyl 3-hydroxylase 3 Q7L2T1 4.6 0.049 2.7 0.003
206 Dihydropyrimidinase-related protein 3 spot 2 DPYL3_HUMAN 4.1 0.004 3.9 0.001
210 Alpha-actinin-1 P12814 33 0.049 3.0 0.001
1141 Programmed cell death 6-interacting PDC6I_.HUMAN 3.0 0.002 1.6 0.140
Proteins that are expressed at higher levels in hESCs compared to MSCs and MIAMI cells
ID Protein information Accession number hMSCs hESCs
Fold t-Test (p) Fold t-Test (p)
1274 GMP synthase P49915 1.8 0.022 8.2 0.003
188 ATP Synthase D 075947 2.0 0.017 4.5 0.000
282 Fuse Binding Protein 2 spot 1 Q5U4P6 1.6 0.033 3.6 0.002
285 Poly(rC)-binding protein spot1 PCBP1_.HUMAN 14 0.049 3.5 0.000
347 Fascin Q16658 1.5 0.023 3.2 0.017
450 Peroxiredoxin-1 Q06830 1.1 0.688 2.6 0.000
448 Elongation factor Tu EFTU_HUMAN -1.2 0.309 2.2 0.002
Proteins that are expressed at lower levels in hESCs compared to MSCs and MIAMI cells
ID Protein information Accession number hMSCs hESCs
Fold t-Test (p) Fold t-Test (p)
1271 Lamin A/C spot3 LMNA_HUMAN 1.4 0.024 -3.3 0.003
155 Caldesmon spot 2 CALD1_HUMAN 1.5 0.027 -3.2 0.011
1203 Annexin A2 1 spot P07355 -1.2 0.216 -6.9 0.008
1242 Annexin A2 spot 2 ANXA2_HUMAN -13 0.027 -4.6 0.000
1202 Annexin A2 spot 3 P07355 -1.2 0.148 —4.1 0.001
1285 HSP27 Beta 1 spot 1 P04792 -14 0.141 -2.8 0.017

3.3. Comparative analyses of hMSC vs. MIAMI cells and hESCs

To illustrate differences in proteomic patterns, the number of
common and significantly different spots between hMSCs, MIAMI
cells, and hESCs were computed. From this general analysis, hMSCs
and MIAMI cells appeared closer with a high percentage of common
spots (66.4%) and a low number of cell specific ones (hMSCs: 3.6%,
MIAMI cells: 8.6%). hMSC and MIAMI cells had also more spots in
common (2.4-4-fold) than either cell type compared with hESCs.
When MIAMI cells were compared to hMSCs and hESCs, a high
number of spots were present in only one cell type. As expected,
hESCs were more apart than hMSCs and MIAMI cells. Importantly,
these differences for detected spots were also analyzed at the level
of identified proteins (Fig. 2C). It confirmed the similar identity
between hMSCs and MIAMI cells, their difference from hESCs as
well as the higher similarity between MIAMI cells and ESCs than
between hMSCs and ESCs. It was also possible to group cell-specific
proteins and common proteins to hMSCs and MIAMI cells (MSC-like
cells). Furthermore, the level of expression of these proteins was
assed permitting us to identify certain interesting proteins that are
differently expressed in MIAMI cells and in hESCs (Table 2). Iden-
tified proteins that were characteristic for MIAMI cells included
ubiquitin carboxyl-terminal hydrolase isoenzyme L1 (UCHL1), 40S

ribosomal protein S12, 14-3-3 zeta, and tropomyosin 4 and 3
(Table 2). Interestingly, heat-shock protein 27 kDa (HSP27/HSP31)
a protein found to be characteristic of hMSCs (Roche et al., 2009)
was expressed at higher levels in MIAMI cells compared to hMSCs
(Table 2, Fig. 3I-M). In contrast, proteins characteristic of hMSCs
included transgelin-2, phosphatidylethanolamine-binding protein
1 (PEBP1), HSP 20 kDa (HSP20/HSPR6), and programmed cell death
6-interacting protein (PDC6I) among others (Table 2, Fig. 3A-H).

Western blot analysis was used to confirm the different expres-
sion patterns of some of the characteristic proteins. The expression
of HSP27 and UCHL1 was higher in MIAMI cells compared to hMSC
and hESCs (Fig. 3, bottom). In contrast, levels of protein 14-3-3
appeared to be higher in hESCs and MIAMI compared to hMSCs
(Fig. 3, top).

3.4. Functional block analysis

MIAMI cells and hMSC were closer using functional block anal-
ysis (Fig. 4). The blocks “Cell Cycle”, “Heat shock and Chaperone”,
“Metabolism”, “Glycolysis”, “ROS and Energy” and “Intracellular
Trafficking” were very similar between hMSC and MIAMI cells, with
less than 12.5% of spots significatively modified. “Proteolysis” and
“Signal Transduction” were modified in both hMSCs and MIAMI
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Fig. 3. Confirmation of the proteome data by Western blot analysis. The panel A-D correspond to 2D electrophoresis of Phosphatidyl Ethanol Amin Binding Protein 1; E-H
to 2DE of Transgelin-2 and I-L to 2DE of HSP27. The panel A, E and I correspond to hMSC, B, F and ] to MIAMI cells and C, G and K to hESC. The panel D, H and L correspond
to the quantification of spots in the squares. In panels D, H, and L the histograms correspond to hMSC the light grey, MIAMI the black-dark, ES the darker grey. Panel M, 1D
Western blots of 14-3-3 zeta, HSP27 and UCHL1 proteins. The same amount of protein was loaded onto each gel and proteins were size fractionated. After staining, in the
first panel, the two bands correspond to different isoforms of the 14-3-3. In the second panel, we demonstrate a higher level of total HSP27 protein in MIAMI cells. The third
panel shows much higher levels of UCHL1 expression (27 kDa) in MIAMI cells. The fourth panel is a representative Coomasie blue stained gel showing that the same amount
of protein was loaded into each lane (UCHL1 immunoblot). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the

article.)

cells, with more than 25% of significatively modified spots. When
we compared MIAMI and hESCs, only one group has less than 20% of
proteins significatively modified and it was the “Signal Transduc-
tion” block. Interestingly, in most groups, an increase of protein
amounts has been measured, for both hMSCs and ESCs vs. MIAMI
cells. Generally, we noted that the proteins overexpressed in hMSCs
were not the proteins overexpressed in hESCs.

3.5. Secretory profile of adult marrow stromal stem cells

Bio-Plex analysis of secreted chemokines, interleukins and
growth factors indicates that MIAMI cells expanded at low oxygen
tension (3% O,) secrete several factors at higher levels compared
to hMSCs expanded in air (21% O,) (Fig. 5). Among the factors
identified, MIAMI cells secreted higher levels of fractalkine, a
chemokine with anti-apoptotic and proliferative effects on vascu-
lar cells (Liu and Jiang, 2011); IL-8, another angiogenic/arteriogenic
chemokine that is produced mainly by macrophages and epithelial
and endothelial cells (Martin et al., 2009); IL-6, a cytokine that has
both pro-inflammatory and anti-inflammatory responses (Hurst
etal., 2001; Xing et al., 1998); and the main angiogenic factor VEGF
(Fig. 5). We also assessed the expression of angiostatic cytokines

known to inhibit neovascularization (Ruegg et al., 2006), including
IL-12, tumor necrosis factor (TNF), interferon (IFN)-a and C-X-C
motif ligand 10 (CXCL10). We did not detect the production of
these chemokines by MIAMI cells under any growth or treatment
conditions examined (data not shown).

4. Discussion

In the present study we first determined the proteomic profile
of MIAMI cells, hMSCs and hESCs analyzed by 2-DE. We generated
a thorough proteomic analysis of human primary MIAMI cells fol-
lowed by the comparison to hMSCs and subsequently to pluripotent
hESCs. The main goal of this study was to investigate the proteomic
and secretory profile of MIAMI cells and compare them to hMSCs.
These analyses are particularly relevant to characterize the efficacy
of these cells as living pharmacological delivery systems. These sys-
tems differ from the typical drug delivery vectors as they are able
to sense the health status of an injured, diseased or aged tissue or
organ and respond to the tissue conditions with the production of
appropriate set of molecular mediators to promote tissue repair.

In previous studies we reported the detailed proteomic anal-
yses of several MSC-like post natal cells in an effort to identify a
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Fig. 4. Statistical analysis of differential function. Proteins with differential expression (up- or down-regulated) were distributed between functional blocks using the
SwissProt (http://www.expasy.org/) and the Gene Ontology (http://www.geneontology.org/) databases. The letter M correspond to the proteins of hMSCs and E the proteins
of hESCs. The blocks plotted here are “Cell Cycle” (12 protein spots), “Cell Structure” (63 protein spots), “Proteolysis” (11 protein spots), “Extracellular Matrices” (3 protein
spots), “Glycolysis” (25 protein spots), “Heat Shock and Chaperone” (29 protein spots), “Metabolism” (23 protein spots), “Protein Biosynthesis” (27 protein spots), “ROS and
Energy” (10 protein spots), “Signal Transduction” (15 protein spots), “Intracellular Trafficking” (8 protein spots).

characteristic proteomic signature defining hMSCs (Roche et al.,
2009). After comparing the proteomic profile of hMSCs with those
of adipose- and synovial membrane-derived stem cells we selected
annexin A1 and A2 (ANXA1 and ANXA2) and HSP27 (HSP31) as
markers characteristic of hMSCs. For hESC, elongation factor Tu
(EFTu), isocitrate dehydrogenase (IDH1) and the peroxiredoxin 1, 2,
and 6 (PRDX1, PRDX2, and PRDX6) were the most interesting ones.
The molecular membrane profile, hierarchical clustering, number
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Fig. 5. Quantification of soluble factors secreted by bone marrow cells. Bio-Plex
comparison of cytokine and growth factor production between MIAMI cells and
hMSCs. MIAMI cells and hMSCs plated at a concentration of 5000 cells/cm? were
grown for seven days at 3% O, (MIAMI cells) and 21% O, (hMSCs). Bio-Plex analysis
was performed using supernatant collected from each single treatment. Super-
natant was transferred into 96 wells plate to analyze 42 different human cytokines
and chemokines. Five of them showed significant production and differences, GRO
(CXCL1-3), Fractalkine (CX3CL1), IL-8 (CXCL8), VEGF, and IL-6, p <0.05.

of proteins and functional block analysis show that MIAMI cells and
hMSC are more similar to each other compared to hESCs, which
show more differences. Indeed, both of these adult stem cells share
the same postnatal anatomical origin and present a similar pheno-
type, therefore showing a similar protein content. However, more
similarities between MIAMI cells and hESCs were found, compared
to hMSCs and hESCs. This closer phenotype between MIAMI cells
and hESCs may have to do with the expression of transcription
factors associated with hESC self-renewal (Oct4a, Sox2, Nanog), in
addition to other proteins, in MIAMI cells. Thus, this closer pheno-
type may place MIAMI cells at an earlier developmental stage with
a potentially broader differentiation and secretory capacity, com-
pared to hMSCs. In contrast, compared to hESCs, MIAMI cells show
a more controlled proliferative capacity, which is reflected in the
functional block analysis.

In our current proteomic analysis we not only determined that
hMSCs and MIAMI cells are more similar to each other compared
to hESCs, which show more differences but, we further identi-
fied specific proteins which distinguish hMSCs from MIAMI cells.
These include expression of transgelin-2, PEBP1, HSP20/HSP[36,
and PDC6I, among others. Transgelins are actin cross-linking pro-
teins present in muscle and non-muscle cells, predominant in
smooth muscle cells. Similarly, HSP20/HSP(36 is associated with
actin and modulates smooth muscle relaxation (Tessier et al.,2003).
PEBP1 appears to function as a physiologic inhibitor of G protein-
dependent receptor kinase 2 (GRK2) to which it associates after
dissociating from Rafl in response to G protein-coupled recep-
tor stimulation (Lorenz et al.,, 2003). This suggests that hMSCs
may have a distinct cytoskeletal organization and capacity to
respond to activators of G protein-coupled receptors. In this way
these cells may sense, and potentially respond to, environmen-
tal cues in a distinctive fashion. Within this line, functional block
analysis indicates lower levels of cell structure protein expres-
sion in hESCs, suggesting that hESCs are quite distinct in this
regard while MIAMI cells and hMSCs are more similar to each
other.
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In contrast, MIAMI cells can be distinguished from hMSCs by
the expression of specific proteins, which distinguish MIAMI cells
from hMSCs and also from hESCs. These include UCHL1, 14-3-3
zeta, tropomyosin 4 and 3, and higher levels of HSP27 expression.
UCHL1 is a member of a gene family whose products hydrolyze
small C-terminal adducts of ubiquitin to generate the ubiquitin
monomer. Expression of UCHL1 is highly specific to neurons and
cells of the neuroendocrine system. The ligase and hydrolase activ-
ities of UCHL1 may play roles in proteosomal protein degradation,
a process critical for neuronal health. UCHL1 may insure ubiquitin
stability within neurons (Osaka et al., 2003) thus possibly pre-
venting neuronal death and neurodegenerative diseases. UCHL1
dysfunction is involved in the pathogenesis of Parkinson’s and
Alzheimer’s diseases (Maraganore et al., 2004; Setsuie and Wada,
2007). This finding may suggest a greater proteosome function
and survival capacity in an injured tissue microenvironment by
MIAMI cells. In this regard, functional block analysis data suggests
more protein turnover in MIAMI cells compared to hMSCs. 14-
3-3 zeta belongs to a family of highly conserved proteins found
both in plants and mammals. It is widely expressed in various
gray matter brain regions including the neocortex, hippocam-
pus, caudate-putamen, thalamus, cerebellar cortex, and several
brain stem nuclei. It appears to play multiple metabolic roles as
a modulator protein, such as a regulatory role in insulin signaling
(Ogihara et al., 1997), in increasing 3-catenin stabilization leading
to enhanced 3-catenin-dependent transcription (Tian et al., 2004),
and also has been shown to have phospholipase A2 activity (Zupan
etal., 1992). Tropomyosins are proteins that were first isolated from
skeletal muscle, but later identified in many nonmuscle tissues. In
skeletal muscle, tropomyosin isoforms are components of the thin
filaments of the sarcomere and mediate the effect of calcium on
the actin-myosin interaction. In non muscle cells they are part of
the stress fibers which stabilize the cell structure, produce force,
and transduce mechanical information about the composition of
the cell exterior to drive changes in cell shape and ECM remodel-
ing. This may contribute to a distinct cytoskeleton configuration
in MIAMI cells and a better mechanical homeostasis, which may
present an advantage for proper cell engraftment.

Interestingly, HSP27 (HSPR31) was strongly expressed in MIAMI
cells and at higher levels compared to hMSCs (Fig. 31-M). HSP27
was originally identified as a protein mediating acquisition of
thermotolerance (Landry et al., 1989) primarily by binding to
and preventing misfolding of intracellular proteins. More recently,
novel roles for HSP27 have been identified, including prevention
of senescence (Liu et al., 2010), neuroprotection (Latchman, 2005;
O'Reilly et al., 2010), immunomodulation (Banerjee et al., 2011),
and atheroprotection (Rayner et al., 2010). Surprisingly, some of
these novel functions take place after secretion of HSP27 into
the extracellular fluid or after administration as a soluble factor
(Banerjee et al., 2011; Laudanski et al., 2007; Rayner et al., 2008,
2010). This exciting novel finding invites to suggest that a poten-
tial mechanism by which MIAMI cells in particular, and perhaps
hMSCs, contributes to tissue repair is by secretion of HSP27 leading
to atheroprotection, neuroprotection and reduced inflammatory
response (immunomodulation). Furthermore, it also suggests that
MIAMI cells appear to be more protected from senescence than
hMSCs, which may contribute to a stronger engraftment and pro-
duction of soluble reparative mediators within an injured tissue
microenvironment. However, unequivocal demonstration of the
functional roles of HSP27 in MIAMI cell reparative capacity is
needed; ongoing experiments will help establish them. In this
regard, functional block analysis suggests that hESCs appear differ-
ent to hMSCs and MIAMI cells, characterized by decreased levels
of heat-shock and chaperon protein expression. In addition to the
proteins herein described, which are expressed at significantly
high levels, there are significant differences in the expression of

other key proteins, including transcription factors (i.e., Oct4a, Sox2,
Nanog), telomere length maintenance proteins (i.e., hTeRT) and cell
surface markers (i.e., SSEA-4) typical of hESCs (D’Ippolito et al.,
2004, 2006a; Rahnemai-Azar et al., 2011a) which would be very
difficult to detect using the 2DE proteomic approach.

The secretory profiles of MIAMI cells and hMSCs demonstrate
that a number of cytokines and growth factors are commonly
secreted by these cells. However, some of these are expressed at sig-
nificantly different levels (Fig. 5). Growth-related oncogene (GRO),
a potent angiogenic chemokine also involved in stem/progenitor
cells recruitment (Gordon et al., 2009; Kocher et al., 2006), was
secreted at 2-fold higher levels by MIAMI cells. Fractalkine, a
chemokine with anti-apoptotic and proliferative effects on vascu-
lar cells (Liu and Jiang, 2011) and mediating neuroprotection and
neuromodulation in the brain (Lauro et al., 2008, 2010; Re and
Przedborski, 2006), secretion was 2-fold higher. IL-6, a cytokine
that has both pro-inflammatory and anti-inflammatory responses
(Hurst et al,, 2001; Xing et al., 1998) was secreted at about 3-
fold higher levels; while IL-8, another pro-inflammatory molecule
which is also an angiogenic/arteriogenic chemokine (Martin et al.,
2009) which is also known to promote proliferation and inhibit
apoptosis in cells expressing CXCR1 and/or CXCR2 chemokine
receptors (Singh and Lokeshwar, 2009) was also secreted at
higher levels. The latter was secreted more than 90-fold higher in
MIAMI cells. The high secretion level of these pro-inflammatory
molecules requires careful attention; however, it should be noted
that injection of MIAMI cells into critically ischemic limbs dra-
matically reduced inflammation, necrosis and leukocyte infiltration
(Rahnemai-Azar et al., 2011b)

Adult stem cells may indeed be able to monitor the microen-
vironment and respond to specific cues provided by their
surroundings. In this way, they may produce different factors at
different moments depending on the physiological status of the
lesion and the way it evolves. Although it is a unique and poten-
tially interesting quality, it is still not clear if this property would
be beneficial for tissue repair. At this point, we observe that the
cells do not thrive and survive/differentiate in the lesion site which
is hostile for the cell leading primarily to cell death. An alterna-
tive strategy is to co-deliver a controlled cytokine release device
that modifies the cell microenvironment at the time of transplan-
tation providing the appropriate cues to enhance their engraftment
and regenerative potential. Furthermore, the delivery of cytokines
on their own by the controlled release device may partially mimic
the cellular effects or alternatively enhance the endogenous cell
ability to respond to injury signals and direct tissue repair in the
absence of the transplanted cells. Nevertheless, there are limita-
tions to either strategy, such as releasing the therapeutic mediator
at the appropriate dose and time, or sequentially in concert with
additional therapeutic mediators. Finally, as stem cells home to the
site of injury/disease, they may be more efficient in responding to
the insults due to disease/injury and will be definitely less toxic
than systemic injection of cytokine.

In summary, these data suggest that different post-natal progen-
itor/stem cell subpopulations isolated from human bone marrow
may contribute to tissue repair and regeneration in different fash-
ions. These contributions will depend on several factors and may
rely in particular on the cellular proteomic composition, which
will in turn determine the cell structure, membrane properties,
metabolic capacity, tolerance to stress, and capacity to sense and
respond to tissue injury signals. Consequently, key secreted factors
playing central roles in various aspects of tissue repair, includ-
ing recruitment of host stem cells, angiogenesis, arteriogenesis,
immunomodulation (reduction of inflammation), neuroprotection,
neuromodulation, cell proliferation, cell survival (anti-apoptosis),
and wound healing, among others, would likely be secreted at dif-
ferent levels. As we here demonstrate, compared to hMSCs, MIAMI
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Fig. 6. Soluble factors potentially mediating the tissue repair capacity of MIAMI cells. Diagram showing factors that can be secreted by MIAMI cells and are known to
participate in numerous processes involved in tissue repair. Although high levels of HSP27 are produced by MIAMI cells, demonstration that this protein is secreted by MIAMI
cells remains to be demonstrated. Secreted cell products are depicted in orange (i.e. VEGF, fractalkine, HSP27, etc.) while potential roles mediating cell repair are depicted in

green (i.e., neuroprotection, progenitor cell migration, etc.).

cells secrete 2- to >90-fold higher levels of specific molecular medi-
ators involved in all these therapeutic functions (Fig. 6). However,
secreted soluble factors may not be the only mechanism by which
these infinitesimal pharmacological factories deliver their ther-
apeutic molecules. Cell-to-cell contact mechanism may also be
employed. These mechanisms could potentially involve signaling
via cell adhesion molecules (Zhong and Rescorla, in press), cell-
contact mediated signaling (i.e., notch) (Aguirre et al., 2010), or
gap-junction channels (Jaderstad et al., 2010) which may allow
for the transfer of small regulatory molecules (i.e., microRNAs)
between adjacent cells (Katakowski et al., 2010).
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