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ABSTRACT
Improving the effectiveness of adipose-tissue derived human mesenchymal stromal/stem cells (AMSCs) for skeletal therapies requires a
detailed characterization of mechanisms supporting cell proliferation and multi-potency. We investigated the molecular phenotype of AMSCs
that were either actively proliferating in platelet lysate or in a basal non-proliferative state. Flow cytometry combined with high-throughput
RNA sequencing (RNASeq) and RT-qPCR analyses validate that AMSCs express classic mesenchymal cell surface markers (e.g., CD44, CD73/
NT5E, CD90/THY1, and CD105/ENG). Expression of CD90 is selectively elevated at confluence. Self-renewing AMSCs express a standard cell
cycle program that successively mediates DNA replication, chromatin packaging, cyto-architectural enlargement, and mitotic division.
Confluent AMSCs preferentially express genes involved in extracellular matrix (ECM) formation and cellular communication. For example,
cell cycle-related biomarkers (e.g., cyclins E2 and B2, transcription factor E2F1) and histone-related genes (e.g., H4, HINFP, NPAT) are elevated
in proliferating AMSCs, while ECM genes are strongly upregulated (>10-fold) in quiescent AMSCs. AMSCs also express pluripotency genes
(e.g., POU5F1, NANOG, KLF4) and early mesenchymal markers (e.g., NES, ACTA2) consistent with their multipotent phenotype. Strikingly,
AMSCs modulate expression of WNT signaling components and switch production of WNT ligands (fromWNT5A/WNT5B/WNT7B to WNT2/
WNT2B), while upregulating WNT-related genes (WISP2, SFRP2, and SFRP4). Furthermore, post-proliferative AMSCs spontaneously express
fibroblastic, osteogenic, chondrogenic, and adipogenic biomarkers whenmaintained in confluent cultures. Ourfindings validate the biological
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properties of self-renewing and multi-potent AMSCs by providing high-resolution quality control data that support their clinical versatility.
J. Cell. Biochem. 115: 1816–1828, 2014. © 2014 Wiley Periodicals, Inc.
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Adipose-tissue derived human mesenchymal stromal/stem
cells (AMSCs) grown in human platelet lysate (hPL) under

good manufacturing practice (GMP) conditions provide a xenobi-
ology-free source of cells that can be harvested in sufficient
quantities to accommodate a range of therapeutic applications for
tissue regeneration [Bieback et al., 2009; Crespo-Diaz et al., 2011;
Jung et al., 2012; Mader et al., 2013]. GMP-hPL-AMSCs are derived
from the stromal vascular fraction (SVF) of lipoaspirates during
elective surgeries. The product of the harvesting procedure and
subsequent proliferative expansion is a population of mesenchymal
stromal cells that has high proliferative potential and is capable of
multi-lineage differentiation [Crespo-Diaz et al., 2011]. Platelet
lysate is a potent mixture of growth factors and extracellular ligands
that has evolved to support tissue repair in vertebrates. Compared to
bovine serum, hPL avoids issues with species-related biocompati-
bility and zoonotic transmission of infectious agents. Safe and
effective application of GMP-hPL-AMSCs for treatment of non-
lethal skeletal afflictions requires a thorough characterization of the
molecular mechanisms that support their self-renewal and multi-
lineage potential.

The biological potential of human AMSCs propagated in cell
culture media with platelet derived products has been recognized for
some time [Bieback et al., 2009; Blande et al., 2009; Crespo-Diaz
et al., 2011; Siciliano et al., 2013; Iudicone et al., 2014]. Other studies
have further corroborated this concept. For example, both single
donor and pooled hPL are effective alternatives for fetal bovine
serum or platelet-poor plasma for expansion and maintenance of
AMSCs [Castegnaro et al., 2011; Shih et al., 2011]. In addition, hPL
appears to stimulate cell proliferation more effectively than bovine
products [Cholewa et al., 2011] and can be released from engineered
nanoparticles to support surgical applications [Santo et al., 2012].
Platelet lysate is an effective and unique cocktail of mitogens and
morphogens with potent effects on cellular phenotypes. For
example, one potent mitogen of AMSCs is FGF2 [Rider
et al., 2008]. We examined AMSCs at a high level of molecular
resolution to understand their biological properties when cultured in
hPL.

In this study, we comprehensively examined the molecular
characteristics of AMSCs using a combination of high throughput
RNASeq, real time RT-qPCR and flow cytometry that together
interrogate mRNA and protein expression in proliferating and
confluent cell populations. To understand the “stemness” of AMSCs,
we analyzed both pluripotency factors [Apostolou and
Hochedlinger, 2013] and mesenchymal cell surface markers [Bourin
et al., 2013]. To define the cell proliferative properties of AMSCs, we
examined the expression of genes involved in cell cycle machinery,
DNA replication and histones, similar to previous studies on human

pluripotent embryonic stem cells [Becker et al., 2007; Becker
et al., 2010]. To characterize the biosynthetic production capacity of
AMSCs, we analyzed expression of extracellular matrix proteins that
support production of skeletal tissues [Cawston and Young, 2010;
Mafi et al., 2012; Ma et al., 2013]. Our data provide insight into the
mechanistic underpinnings for the principal capabilities of AMSCs
with respect to their (i) high proliferative potential, (ii) postulated
stem cell properties, (iii) anabolic activities to produce extracellular
matrix proteins for tissue repair, and (iv) developmental plasticity for
spontaneous differentiation into distinct mesenchymal lineages.

MATERIALS AND METHODS

CULTURE CONDITIONS FOR AMSCs
Mesenchymal stromal cells were derived from lipo-aspirates
obtained from consenting healthy donors with approval from
the Mayo Clinic Institutional Review Board (IRB) as previously
described [Crespo-Diaz et al., 2011; Mader et al., 2013]. Samples
were obtained from three consenting normal patients (respectively,
male/41 year, female/32 year, male/54 year) that underwent
elective removal of subcutaneous adipose tissue. Fat tissue
was enzymatically digested using collagenase (Type I at 0.075%;
Worthington Biochemicals) for 1.5 h at 37 °C. Adipocytes were
separated from the stromal vascular fraction by low speed
centrifugation (400 g for 5min). After the adipose supernatant
was removed, the cell pellet was rinsed with PBS and passed
through cell strainers (70mm followed by 40mm) (BD Biosciences).
The resulting cell fraction was incubated in T-175 cm2

flasks at
37 °C in 5% CO2 at a cell density of 1.0–2.5� 103 cells/cm2

in standard culture medium (Advanced MEM) with 5%
PLTMax (a clinical grade commercial platelet lysate product
[MillCreekLifeSciences]), 2 U/mL heparin (hospital pharmacy),
2mM L-glutamine (Invitrogen) and antibiotics (100 U/mL penicil-
lin, 100 g/mL streptomycin). Cells were harvested while still
actively proliferating or when they reached confluence (typically
four days after plating).

IncuCyte ANALYSIS
AMSCs were seeded in 24-well plates at 1,500 cells/cm2 (five
replicates) and cultures were monitored for confluence using the
IncuCyte FLR live imaging system (Essen BioScience). Images from
four defined fields in each well were captured every 3 h for the
duration of culture. The IncuCyte system determines confluence for a
single field using internal image analysis software, and confluence
at a given time point is then calculated as the average of all fields
(20 fields) for the sample.
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FLOW CYTOMETRY
Approximately 1� 106 fresh AMSCs were added to two tubes and
centrifuged at 486�G for 5min. The supernatant was removed
and 50mL of mouse serum was added to each cell pellet, vortexed,
and incubated for 5min at room temperature. The following
antibodies were added to the control tube: CD3 FITC (BD Biosciences,
clone SK7), CD3 PE (BD Biosciences, clone SK7), CD3 ECD (Coulter,
clone UCHT1), CD3 PC5.5 (Coulter, clone UCHT1), CD3 PC7 (Coulter,
clone UCHT1), CD3 APC (Coulter, clone UCHT1), CD3 APC-Alexa
Fluor 750 (Coulter, clone UCHT1), CD3 Pacific Blue (Coulter, clone
UCHT1), CD3 Krome Orange (Coulter, clone UCHT1). The following
antibodies were used to determine AMSC phenotype: CD90 FITC
(Coulter, clone F15–42-1–5), CD105 PE (Coulter, clone 1G2), CD14
ECD (Coulter, clone RMO52), CD73 PerCP-eFluor 710 (eBioscience,
clone AD2), CD44 PC7 (eBioscience, clone IM7), HLA-ABC APC
(eBioscience, clone W6/32), HLA-DR Pacific Blue (Coulter, clone
Immu-357), CD45 Krome Orange (Coulter, clone J.33). The tubes
were vortexed and incubated for 15min at room temperature in
the dark. A total of 3mL of PBSFE (PBS with 5mM NaEDTA
(Sigma) and 1% bovine serum albumin (Sigma) were added to each
tube and centrifuged at 486�G for 5min. The supernatant was
discarded and 200mL of 1% paraformaldehyde (ElectronMicroscopy
Sciences) was added prior to acquisition. The flow cytometric
acquisition was performed on the Beckman Coulter Gallios (Coulter).
The cells were acquired using forward and side scatter and gated to
exclude debris. The cytometer acquired 50,000 AMSC events. The
analysis was performed using Kaluza software (Coulter). For each
donor unit, an overlay histogram with a logarithmic x-axis was
created with three data sets: the Control tube from the proliferating
cells, the AMSC tube from the proliferating cells, and the AMSC tube
from the confluent cells. This overlay histogramwas created for each
marker. An overlay gate was added and set so the Control peak was
approximately 1.0% positive. The proliferating and confluent peaks

were then analyzed for percentage positive in the gate and also the
overall arithmetic mean.

REAL-TIME REVERSE TRANSCRIPTASE QUANTITATIVE PCR
(RT-qPCR) ANALYSIS
RNA was isolated one, four, and seven days after plating AMSCs
(seeded at 3,000 cells/cm2) using the miRNeasy Mini Kit (Qiagen).
Cells were actively proliferating for three days in culture and reached
confluence on the fourth day of culture. RNA was then reverse
transcribed into cDNA using the SuperScript III First-Strand
Synthesis System (Invitrogen). Gene expression was quantified
using real-time PCR. Real-time qPCR reactions were performed with
10 ng cDNA per 10mL with QuantiTect SYBR Green PCR Kit (Qiagen)
and the CFX384 Real-Time System (BioRad). Transcript levels were
normalized to a housekeeping gene, GAPDH. Gene expression levels
were quantified using the 2^ (�DD Ct) method. Gene specific primers
are shown in Table I.

HIGH THROUGHPUT RNA SEQUENCING AND BIOINFORMATIC
ANALYSIS
RNA libraries were prepared according to the manufacturer0s
instructions for the TruSeq RNA Sample Prep Kit v2 (Illumina).
Briefly, poly-A mRNA was purified from total RNA using oligo dT
magnetic beads. Purified mRNA was fragmented at 95 °C for 8min,
eluted from the beads and primed for first strand cDNA synthesis.
RNA fragments were copied into first strand cDNA using SuperScript
III reverse transcriptase and random primers (Invitrogen). Next,
second strand cDNA synthesis was performed using DNA polymer-
ase I and RNase H. The double-stranded cDNA was purified using a
single AMPure XP bead (Agencourt) clean-up step. The cDNA ends
were repaired and phosphorylated using Klenow, T4 polymerase, and
T4 polynucleotide kinase followed by a single AMPure XP bead
clean-up. Blunt-ended cDNAs were modified to include a single

TABLE I. Primer Sequences Used in PCR Reactions

Gene Name Forward primer sequence Reverse primer sequence

GAPDH ATGTTCGTCATGGGTGTGAA TGTGGTCATGAGTCCTTCCA
HIST2H4A AGCTGTCTATCGGGCTCCAG CCTTTGCCTAAGCCTTTTCC
CCNB2 CCGACGGTGTCCAGTGATTT TGTTGTTTTGGTGGGTTGAACT
COL1A1 GCTACCCAACTTGCCTTCATG TGCAGTGGTAGGTGATGTTCTGA
COL2A1 TGAAGGTTTTCTGCAACATGGA TTGGGAACGTTTGCTGGATT
COL10A1 AAGAATGGCACCCCTGTAATGT ACTCCCTGAAGCCTGATCCA
POU5F1 GCAATTTGCCAAGCTCCTGAA AAGCTAAGCTGCAGAGCCTCAAAG
NANOG CAACTGGCCGAAGAATAGCAATG TGGTTGCTCCAGGTTGAATTGTT
KLF4 AAGAGTTCCCATCTCAAGGCACA GGGCGAATTTCCATCCACAG
RUNX2 ATGTGTTTGTTTCAGCAGCA TCCCTAAAGTCACTCGGTATGTGTA
SP7 GCCATTCTGGGTTGGGTATC GAAGCCGGAGTGCAGGTATCA
ATF4 ATGACCGAAATGAGCTTCCTG CTGGAGAACCCATGAGGTTTG
SOX5 CAGCCAGAGTTAGCACAATAGG CTGTTGTTCCCGTCGGAGTT
SOX9 TGTATCACTGAGTCATTTGCAGTGT AAGGTCTGTCAGTGGGCTGAT
PPARG TGGAATTAGATGACAGCGACTTGG CTGGAGCAGCTTGGCAAACA
KLF3 TGTCTCAGTGTCATACCCATCT ACCCCATACTTGTTAGGCTTCAT
THY1 (CD90) ATGAAGGTCCTCTACTTATCCGC GCACTGTGACGTTCTGGGA
NT5E (CD73) AAGGACTGATCGAGCCACTC GGAAGTGTATCCAACGATTCCCA
ENG (CD105) TGCACTTGGCCTACAATTCCA AGCTGCCCACTCAAGGATCT
PTPRC (CD45) ACAGCCAGCACCTTTCCTAC GTGCAGGTAAGGCAGCAGA
CD14 CAACCTAGAGCCGTTTCTAAAGC GCGCCTACCAGTAGCTGAG
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30 adenylate (A) residue using Klenow exo- (30 to 50 exo minus).
Paired-end DNA adaptors (Illumina) with a single “T” base overhang
at the 30 end were immediately ligated to the “A tailed” cDNA
population. Unique indexes, included in the standard TruSeq Kits
(12-Set A and 12-Set B) were incorporated at the adaptor ligation
step for multiplex sample loading on the flow cells. The resulting
constructs were purified by two consecutive AMPure XP bead clean-
up steps. The adapter-modified DNA fragments were enriched by
12 cycles of PCR using primers included in the Illumina Sample Prep
Kit. The concentration and size distribution of the libraries was
determined on an Agilent Bioanalyzer DNA 1000 chip. A final
quantification, using Qubit fluorometry (Invitrogen), confirmed
sample concentrations.

Libraries were loaded ontoflow cells at concentrations of 8–10 pM
to generate cluster densities of 700,000mm�2 following the standard
protocol for the Illumina cBot and cBot Paired end cluster kit
version 3. Flow cells were sequenced as 51� 2 paired end reads on an
Illumina HiSeq 2000 using TruSeq SBS sequencing kit version 3 and
HCS v2.0.12 data collection software. Base-calling was performed
using Illumina0s RTA version 1.17.21.3. The RNA-Seq data were
analyzed using the MAPRSeq v.1.2.1 system for RNA-sequencing
data analysis (http://bioinformaticstools.mayo.edu/research/mapr-
seq/), the Bionformatics Core standard tool, which includes
alignment with TopHat 2.0.6 [Kim et al., 2013] and gene counts
with the HTSeq software (http://www-huber.embl.de/users/anders/
HTSeq/doc/overview.html). Normalization and differential expres-
sion analysis were performed using edgeR 2.6.2 [Robinson
et al., 2010]. Expression values for each gene were normalized to
one million reads and corrected for gene length (reads per
kilobasepair per million mapped reads, RPKM). RKPM values were
determined from three different patients of similar age providing
three independent biological replicates.

RESULTS

HIGH THROUGHPUT ANALYSIS OF GENE EXPRESSION IN AMSCs
AMSCs perform cell autonomous functions related to cell prolifera-
tion, phenotype maintenance, and cellular metabolism, as well as
functions linked to its extracellular environment and cell/cell
communication. To understand what cellular, molecular, and
biochemical functions are executed by AMSCs during proliferative
and non-proliferative phases, we examined gene expression profiles
in pre-confluent and confluent AMSCs using high-throughput
RNASeq analysis of cells derived from three healthy patients. AMSCs
in culture undergo proliferative expansion and reach confluence
after about three to five days depending on seeding density, as
evidenced by IncuCyte cell density analysis and microscopic
visualization (Fig. 1A and B). In both pre-confluent and confluent
cultures, the 100 most highly expressed genes account for 30–40%
of all mapped transcripts (Fig. 1E). These very most abundant
mRNAs (expressed at>300 RPKM) encode mostly proteins involved
in translation (e.g., ribosomal proteins;�50% of the “Top 100”most
abundant mRNAs), extracellular matrix proteins (ECM) and
cytoskeletal proteins (Fig. 1F). Annotation analysis of this set of
highly abundant mRNAs indicates that quiescent cells express a

larger number of mRNAs for ECM proteins than actively dividing
AMSCs (Fig. 1F). Of all annotated genes (n¼ 23,338) mapping of
RNA reads from pre-confluent and confluent AMSC cultures reveals
that nearly half (n¼ 11,044; �47%) are expressed at levels greater
than 1 RPKM (Fig. 1C and D). About 9% of these genes change by
more than fourfold when comparing proliferative and quiescent
states (n¼ 241 up regulated and n¼ 716 down regulated) (Fig. 1G
and H). A smaller gene subset (n¼ 334 of 11,044;�3%) is modulated
by at least an order of magnitude, reflected by a greater than tenfold-
change in mRNA expression when cells transition from a
proliferative to post-proliferative phase. There are 251 genes that
are highly downregulated (>10-fold) and 83 genes that are
upregulated at confluence. Functional annotation analysis using
DAVID6.7 indicates that the primary gene ontology (GO) category
for the downregulated genes is cell cycle control (n¼ 107 of 251
total; enrichment score 41.51). The majority of these genes are
involved in mitosis and S phase related functions associated with
DNA replication and chromosome segregation. In essence and as
expected, self-renewing AMSCs express a standard cell cycle
program that successively mediates DNA replication, chromatin
packaging, cyto-architectural enlargement, and mitotic division.
The upregulated genes are primarily secreted proteins including cell
signaling ligands and extracellular matrix proteins (n¼ 43 of 83
total; enrichment score 11.48). Taken together, the gene expression
results show that proliferating AMSCs mostly produce new
intracellular components, while post-proliferative cells produce a
tissue-like extracellular matrix and proteins that mediate intercel-
lular communication.

PROLIFERATION-RELATED EXPRESSION OF CELL CYCLE
REGULATORY GENES SUPPORTING AMSC SELF-RENEWAL
Self-renewal of pluripotent human stem cells is controlled by the
general cell cycle regulatory machinery involving cyclins, cyclin-
dependent kinases, retinoblastoma-related pocket proteins, and E2F
proteins [Becker et al., 2007; Becker et al., 2010]. To assess whether
similar mechanisms are operative inmultipotent somatic AMSCs, we
collated RNASeq data on canonical cell cycle regulators. As
discussed above (see Fig. 1), more than 40% (107 of 251) of genes
that are strongly downregulated at confluence are involved in cell
cycle control. Proliferating, but not confluent AMSCs, prominently
express two G1 phase-related D-type cyclins (CCND1 and CCND3)
that transduce growth factor responses, two G1/S phase-related
E-type cyclins (CCNE1 and CCNE2) that are key targets of E2Fs, and
three A/B type cyclins (e.g., CCNA2, CCNB1, and CCNB2) that control
progression through G2 and M phases (Fig. 2A). Paralleling these
changes in cyclin expression are reductions in the expression of the
cognate CDKs (CDK4, CDK6, CDK2, and CDK1) (Fig. 2B), as well as
two activating members of the E2F family (E2F1 and E2F2) at
confluence (Fig. 2C). Apart from the suppression of cell cycle
stimulatory proteins, post-proliferative AMSCs express higher levels
of the cell cycle inhibitors CDKN1A, CDKN1C, and CDKN2B,
consistent with their roles in arresting cell proliferation (Fig. 3A).
Also of note are the downregulation of Cyclin F (CCNF), which is
involved in maintenance of the pluripotent cell cycle, and the
upregulation of the cell cycle inhibitory G type cyclin G2 (CCNG2)
(Fig. 2A).
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Beyond E2F dependent mechanisms that govern cell cycle
progression, actively proliferating AMSCs express high levels of
DNA replication dependent histone mRNAs (e.g., H3 and H4)
(Fig. 3D), which are functionally required for the packaging of DNA
at the G1/S phase transition, as well as select non-histone proteins
(e.g., HMGA1, HMGB1, HMGB1) (Fig. 3E). Expression of histone and
HMG mRNAs is downregulated in quiescent cells, which no longer

replicate DNA, but AMSCs continue to express critical histone gene
transcription factors (e.g., HINFP/HiNF-P, CUX1/HiNF-D) (Fig. 3C).
Taken together, the downregulation of mRNAs encoding principal
cell cycle regulators and histone genes is consistent with retention of
normal cell growth mechanisms in AMSCs that support both self-
renewal through mitosis and the cessation of proliferation during
quiescence.

Fig. 1. High throughput analysis of gene expression in proliferating and quiescent confluent AMSCs. Incucyte cell density analysis showing cell confluence over time (A).
Representative microscopy images of cell cultures at different levels of confluence (B). Number of genes not expressed, expressed at low levels, and expressed at high levels in
proliferating and confluent AMSCs (C). Pie chart of data in panel C (D). Expression (RPKM) of the 100 most abundant genes relative to all other genes in proliferating and
confluent AMSCs (E). The top 100 expressing genes divided by class in proliferating and confluent AMSCs (F). Differential expression of genes in proliferating and confluent
AMSCs (G). Significant (FC> 1.4) gene expression differences between proliferating and confluent AMSCs (H). Reads per kilobasepair per million mapped reads¼ RPKM, Fold
Change¼ FC. RNASeq data were analyzed as averages (and standard deviations) for three consenting normal patients (n¼ 3).
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MAINTENANCE OF THE MULTIPOTENT STATE IN AMSCs
Pluripotent embryonic stem cells derived from the inner cell mass
of blastocysts have a unique phenotype that permits phenotypic
conversion into any other cell type during development. However,
somatic cells derived from adult tissues have less developmental
plasticity. Furthermore, the diversity of cells that can reside in
tissues derived from human organs provides constraints on the
purity of adult cell populations that can be isolated. AMSCs are
purified from the stromal vascular fraction of adipose tissue, which
enriches for mesenchymal stromal cells. To qualify their “stem-
ness”, we investigated whether AMSCs express the classical
regulatory factors present in embryonic stem cells. AMSCs express
robust levels of the programming factors MYC and KLF4
(>10 RKPM) based on RNASeq analysis (Fig. 4). In addition,
they constitutively express the classical pluripotency related genes
NANOG, POU5F1, and LIN28A at relatively low levels (between 0.1
and 1 RKPM), regardless of whether the cells are proliferating or
confluent. In addition, MSCs have low but detectable levels of
TDGF1, NODAL, and ZFP42/REX1 (<0.1 RKPM) (data not shown),
but do not express appreciable levels of SOX2 or LIN28B (Fig. 4).
The selective expression of only a subset of the pluripotency
markers is consistent with the concept that AMSCs are not

pluripotent cells, but immature somatic mesenchymal cells with
multi-lineage potential.

EXPRESSION PROFILING OF CELL SURFACE MARKERS AS A PROXY
FOR IMMUNO-PHENOTYPING OF hPL-AMSCs
GMP-hPL-AMSCs prepared for use in clinical trials are routinely
characterized for the presence of standard cell surface markers by
flow cytometry [Crespo-Diaz et al., 2011; Mader et al., 2013]. AMSCs
are immuno-positive at the cell surface for typical mesenchymal
stromal markers CD44, CD73/NT5E, CD90/THY1, and CD105/ENG,
but negative for CD14, CD45/PTPRC (Fig. 5B, data not shown).
Corroborating these data, mRNAs for these and other cell surface
markers are detected by high throughput RNA Sequencing analysis
and RT-qPCR (Fig. 5A and B, data not shown). Interestingly, levels of
CD90/THY1 increase in confluent AMSCs based on both flow
cytometry and RT-qPCR (Fig. 6). In contrast, CD105/ENG does not
change, while CD44 and CD73 each exhibit subtle changes in cell
surface expression by flow cytometry, but differences in the
corresponding mRNA levels as measured by RT-qPCR do not reach
statistical significance (Fig. 6).

In addition, AMSCs are negative for class I Major Histo-
compatibility (MHC-I) antigens and negative for class II MHC and

Fig. 2. Expression of cell cycle regulatory genes in proliferating and confluent AMSCs by RNA-Seq. Expression of cyclins (A), cyclin-dependent kinases (B), and E2F family
members (C) in proliferating AMSCs (top) and fold change expression values comparing confluent and proliferating AMSCs (bottom). Reads per kilobasepair per million mapped
reads¼ RPKM, fold change¼ FC, n¼ 3.
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HLA-DR antigens by flow cytometry [Crespo-Diaz et al., 2011] and
RNASeq (Fig. 5A). The International Federation of Adipose
Therapeutics and Science (IFATS) and International Society for
Cellular Therapy (ISCT) also recommend additional definitions for

SVF-derived adherent mesenchymal stromal cells in culture,
including the negative markers CD235A/GYPA, CD31/PECAM1,
and CD106/VCAM1, as well as the positive markers CD13/ANPEP
and CD36 [Bourin et al., 2013]. CD106/VCAM1 and CD36
discriminate between AMSCs and bone marrow derived mesen-
chymal stromal cells (BMSCs) [Bourin et al., 2013]. Based on
RNASeq results, AMSCs express relatively high mRNA levels for
CD13/ANPEP, but relatively low amounts of CD36 mRNA, while
expression of CD106/VCAM1 mRNA is at or below the level of
detection (data not shown). Hence, AMSCs express mRNAs for all
the recommended cell surface markers and do not express negative
markers at appreciable levels.

The IFATS/ISCT panel also recommended tests for viability and
fibroblastoid colony-forming units (CFU-Fs). In this study, we
monitored MKI67 (encoding the proliferation specific antigen Ki67)
and PCNA (encoding an S phase specific DNA polymerase subunit) as
biomarkers for proliferative potential and cell viability. The well-
established classical markers nestin (NES) and smooth muscle alpha
actin (ACTA2/SMAA) were analyzed as additional molecular
biomarkers for mesenchymal stem cell identity. Proliferating but
not confluent AMSCs express high levels of MKI67 and PCNA
(Fig. 5C). AMSCs also express robust levels of both NES and ACTA2/

Fig. 3. Expression of cell cycle inhibitors, histone regulators, histones, and chromatin-associated genes in proliferating and confluent AMSCs by RNA-Seq. Expression of cyclin-
dependent kinase inhibitors (A), Rb family members (B), histone regulators (C), histones (D), and chromatin-associated genes (E) in proliferating AMSCs (top) and fold change
expression values comparing confluent and proliferating AMSCs (bottom). Histone mRNAs are derived from multiple distinct gene copies that essentially express the same
protein. Because individual mRNA species are not efficiently detected in RNASeq due to the lack of a polyA tail, expression values are represented as the aggregate values of
multiple different mRNAs for each histone gene subclass. Reads per kilobasepair per million mapped reads¼ RPKM, fold change¼ FC, n¼ 3.

Fig. 4. Expression of pluripotent genes in proliferating and confluent AMSCs
by RNA-Seq. Reads per kilobasepair per million mapped reads¼ RPKM, n¼ 3.
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SMAA (Fig. 5D), albeit that expression for both markers changes in
opposite directions as AMSCs become post-proliferative.

In conclusion, the RNA expression analysis presented here
indicates that AMSCs express all expected markers for mesenchymal
stromal cells with multi-lineage potential. Furthermore, the
consistency between immuno-phenotyping data and mRNA levels
of CD markers and other membrane-associated proteins indicates
that gene expression data can be used effectively to complement cell
surface expression analysis by flow cytometry.

POST-PROLIFERATIVE ACTIVATION OF ECM-RELATED GENES
AND GENES FOR WNT SIGNALING COMPONENTS IN
CONFLUENT AMSCs
Global gene expression analysis reveals that confluent AMSCs cease
high level production of proteins required for cytoskeletal and
genomic proteins and instead switch to production of proteins that
form an extracellularmatrix and/or initiate cell/cell communication.
We established which specific genes are both most prominently

upregulated and robustly expressed by filtering our RNAseq dataset
for genes exhibiting, respectively, at least a 10-fold difference in
gene expression and a relative expression in confluent cells of at
least 1 RKPM. Among this set of genes were different types of ECM
genes including Collagen Type XXI (COL21A1), fibromodulin
(FMOD) and matrix gla protein (MGP), and several leucine-rich
repeat proteins such as osteoglycin (OGN), podocan (PODN) (Fig. 7A
and B).

Confluent AMSCs selectively upregulate the WNT-inducible
stimulatory protein WISP2 by almost one order of magnitude
(Fig. 7C), suggesting that WNT signaling may be more active in
confluent cells. Therefore, we examined the expression levels of
WNT signaling components. Levels of LRP and FZD proteins that
function as WNT receptors/co-receptors remain fairly constant in
AMSCs (Fig. 7E, data not shown), except in the case of osteogenic
receptor LRP8 [Zhang et al., 2012], which is down regulated at
confluence. AMSCs change the expression level of distinct WNT
ligands that mediate canonical or non-canonical WNT signaling.

Fig. 5. Gene expression analysis as proxy biomarkers for cell surface expression of proliferating and confluent AMSCs by RNA-Seq. Expression of class I and II CD markers in
proliferating and confluent AMSCs (A). Comparison of CD marker detection by flow cytometry and RNA-Seq in proliferating AMSCs ([þ] represents >90% positive cells
and>10 RPKM awhile [�] represents<5% positive cell or<1 RPKM) (B). Expression of proliferation and viability markers in proliferating and confluent AMSCs (C). Expression
of additional molecular biomarkers for MSC identity in proliferating and confluent AMSCs (D). Reads per kilobasepair per million mapped reads¼ RPKM, n¼ 3.
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While proliferating AMSCs express WNT5A, WNT5B, and WNT7B,
confluent cells express the non-canonical WNT2 and WNT2B
ligands (Fig. 7D). Furthermore, AMSCs upregulate expression of two
of the five SFRP/FRZB decoy receptors (SFRP2 and SFRP4) that
interact with WNT ligands (Fig 7F). Additionally, post-proliferative
AMSCs exhibit a selectively downregulation of the WNT inhibitor
DKK1 (Fig. 7G). Taken together, these results show that AMSCs
modify WNT signaling components at confluence.

SPONTANEOUS DIFFERENTIATION OF AMSCs
Cessation of proliferation results in a pronounced switch from
cytoskeletal and nuclear components to extra-cellular matrix
proteins. We next addressed whether continuous culture of AMSCs
in base medium with hPL may change their phenotype. RT-qPCR

analysis shows that the expression response of AMSCs is rather
heterogeneous from a mesenchymal lineage-commitment per-
spective. Maintenance of cells for seven days decreases cell
proliferation as expected (Fig. 8A). Subsequently, cultures exhibit
upregulation of the chondrogenic marker SOX5 but not SOX9 or
COL2A1 (Fig. 8B and E), the osteogenic genes RUNX2 and ATF4,
but not SP7/Osterix (Fig. 8D), the adipogenic markers PPARG and
KLF3 (Fig. 8F), as well as the reprogramming gene KLF4, but not
POU5F1/OCT4 or NANOG (Fig. 8C). While our data do not
discriminate between gene expression effects in individual cells
versus cell population effects, our data indicate that non-
proliferating AMSCs begin to adopt more specialized cellular
phenotypes without committing to well-characterized chondro-
genic or osteogenic cell fates.

Fig. 6. Comparison of CD marker expression by flow cytometry and RT-qPCR. Flow cytometry and RT-qPCR analysis with proliferating and confluent AMSCs was performed as
described in methods. Flow cytometry analysis of CD markers in proliferating and confluent AMSCs (n¼ 4, representative data shown) (A). RT-qPCR analysis of CD markers in
proliferating and confluent AMSCs (B). Gene expression was normalized to GAPDH (set at 100), n¼ 4.
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DISCUSSION

This study examined the biological phenotype of AMSCs expanded
in hPL to understand the therapeutic efficacy of this clinically
versatile cell source for tissue repair. We comprehensively examined
AMSCs for these and other molecular characteristics using a
combination of RNASeq, RT-qPCR, and flow cytometry to interro-
gate mRNA and protein expression in proliferating and confluent
cell populations. Our data provide insight into the mechanistic
underpinnings for the principal capabilities of AMSCswith respect to
their (i) postulated stem cells properties, (ii) developmental plasticity
for spontaneous differentiation into distinct mesenchymal lineages,
(iii) high proliferative potential and ability for self-renewal, and (iv)
anabolic activities to produce extracellular matrix proteins for
musculoskeletal tissue repair.

Our study provides a molecular framework for biomedical
applications of clinical-grade AMSCs grown in hPL. Since our
initial published studies on the growth of AMSCs in this medium
[Crespo-Diaz et al., 2011], a number of other studies have examined
distinct biological properties of hPL-AMSCs. Similar to our previous
work, several reports have shown that pooled hPL increases
proliferation rates of AMSCs compared to fetal bovine serum, while
not compromising genomic integrity, differentiation potential or cell

surface expression of selected CD markers [Ben Azouna et al., 2012;
Jung et al., 2012; Pawitan, 2012; Kinzebach and Bieback, 2013;
Trojahn Kolle et al., 2013; Warnke et al., 2013; Witzeneder
et al., 2013]. Lohman and colleagues noted that the beneficial
properties of hPL are age-dependent [Lohmann et al., 2012]. The
versatility of hPL is reflected by its ability to regulate cell migration
and chemotaxis, as well as promote angiogenesis and extracellular
matrix mineralization through chemokine production [Fekete
et al., 2012; Leotot et al., 2013]. Another advantage of hPL is that
it can be used as a solid surface [Walenda et al., 2012]. Furthermore,
hPL is more effective than bovine-based growth media in enhancing
the immunomodulatory properties of AMSCs [Menard et al., 2013;
Schallmoser and Strunk, 2013]. Human platelet lysate permits
chondrogenic differentiation [Hildner et al., 2013] and suppresses
adipogenic differentiation [Lange et al., 2012], which is an
undesirable cell fate for musculoskeletal tissue regeneration. Taken
together, hPL as a liquid or gel has many positive biological effects
on AMSCs, and is superior in promoting cell growth.

One concern with propagating AMSCs in culture using hPL is that
this rich source of cytokines and growth factors may render cells
hyper-proliferative and thus may favor cells that are best at self-
propagation (e.g., cancer stem cells). One counter-argument is that
the growth factors in hPL are in such abundance that there should be

Fig. 7. Expression of extra-cellular matrix andWNT-related genes in proliferating and confluent AMSCs by RNA-Seq. Expression of cell adhesion genes (A), leucine rich repeat
genes (B), WISPs (C), WNTs (D), LRPs (E) SFRPs (F), and DKKs (G) in proliferating and confluent AMSCs. Reads per kilobasepair per million mapped reads¼ RPKM, n¼ 3.
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no selective advantage to serum independence, which is a hallmark
of tumor cells. Our studies show that AMSCs become effectively
post-proliferative and quiescent when they become contact inhibited
in cell culture, as reflected by downregulation of diagnostic cell cycle
markers and up regulation of ECM proteins. AMSCs do express high
mRNA levels of the immortalizing MYC gene but mRNA levels of
telomerase/TERT are below the detection level of RNASeq. Hence,
AMSCs exhibit properties of normal contact-inhibited human cells.

Our current findings validate PL-AMSCs as multipotent stromal
cells that express cell surface proteins characteristic of mesenchymal
stromal cells: CD44, CD73/NT5E, CD90/THY1, and CD105/ENG, but
negative for CD14, CD45/PTPRC [Crespo-Diaz et al., 2011; Bourin
et al., 2013]. The present work extends these earlier findings by
showing that cell surface expression of these proteins is modulated
when cells reach confluence and that their detection is corroborated
by selective detection of their respective mRNAs. The “stemness” of
AMSCs is also reflected by selective expression of factors that are

known to control pluripotency (NANOG, POU5F1, and LIN28A)
[Apostolou and Hochedlinger, 2013]. We note that the respective
mRNA levels for these genes in AMSCs are at least one to two orders
of magnitude lower than that for pluripotent embryonic stem cells
(data not shown). Consistent with their mesenchymal rather than
pluripotent phenotype, AMSCs express the mesenchymal markers
Nestin/NES and SMAA/ACTA2, as well as classical transcription
factors characteristic for mesenchymal lineages (e.g., RUNX2, SOX9,
and PPARG). PL-AMSCs have tri-lineage potential [Crespo-Diaz
et al., 2011]. Yet, our current study shows that these cells will
spontaneously adopt more mature but less defined mesenchymal
phenotypes when they are maintained in a post-proliferative
confluent state. Thus, AMSCs have a dynamic phenotype and
retention of multi-potency may require an active gene regulatory
program that sustains a self-renewing multi-potent state.

Proliferating AMSCs specifically express a standard cell cycle
program of cyclins and CDKs, E2Fs and RB related pocket proteins to

Fig. 8. Expression of mesenchymal lineage genes in AMSCs by RT-qPCR. Cells were plated and RNA isolated and processed as described inmethods. Expression of cell cycle genes
(A), extra-cellular matrix genes (B), pluripotency genes (C), osteogenic transcription factors (D), chondrogenic transcription factors (E), and adipogenic transcription factors (F).
X-Axis indicates day of culture where day 1 are actively dividing AMSCs, day 4 are confluent AMSCs, and day 7 are post-confluent AMSCs. Gene expression was normalized to
GAPDH (set at 100), n¼ 3.
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drive cell cycle progression, as well as histone genes and cognate
regulators to support packaging of newly replicated DNA, similar to
results shown in previous studies on human pluripotent embryonic
stem cells (ESCs) [Becker et al., 2006; Becker et al., 2007; Becker
et al., 2010]. Human ES cells have an abbreviated G1 and use a CDK4/
cyclin D2 (CCND2) related mechanisms to stimulate cell cycle
progression [Becker et al., 2006]. AMSCs, which represent multi-
potent somatic cells, express high levels of CDK4, but in contrast to
ESCs they express CCND1 and to a lesser degree CCND3 instead of
CCND2. Also, while E2F5 is the most prominent E2F member
expressed in ESCs, E2F1 is highly expressed in multipotent AMSCs.
Thus, commitment of ESCs and AMSCs for self-renewal is mediated
by different cyclin and E2F subtypes, consistent with fundamental
requirements formaintaining pluripotent versusmultipotent cellular
states.

Our study provides a comprehensive analysis of the molecular
phenotype by defining the transcriptomes of proliferating and
confluent AMSCs using RNASeq. Jääger and coworkers used RNA-
seq analysis to compare AMSCs with dermal fibroblasts and
showed that AMSCs have a fundamentally distinct cellular
phenotype compared to dermal fibroblasts, reflecting their
different developmental origins [Jaager et al., 2012] although
both AMSCs and dermal fibroblasts have multi-lineage potential.
Anabolic properties of AMSCs in generating skeletal tissues are
linked to extracellular matrix protein production [Cawston and
Young, 2010; Mafi et al., 2012; Ma et al., 2013; Wu et al., 2012;
Wu et al., 2013]. Our work reveals that AMSCs modulate the
expression of a number of ECM proteins as cells reach confluence,
suggesting that non-proliferating AMSCs are competent at
forming and/or remodeling musculoskeletal tissue matrices.
Corroborating this idea, Tokunaga and coworkers have presented
gene expression data indicating stromal cell type specific differ-
ences in the expression of ECM proteins, adhesion proteins and
matrix metalloproteases [Tokunaga et al., 2014]. Another interest-
ing observation from our study is that AMSCs robustly and
selectively express distinct WNT signaling components, and
expression of these WNT related proteins is altered when cells
reach confluence. These results complement and extend studies by
Torensma and colleagues who profiled bone marrow stromal cells
and AMSCs using an Affymetrix exon microarray platform. They
noted changes in the expression of proteins within the WNT
pathway between BMSCs and AMSCs [Torensma et al., 2013].
Further studies will be required to establish the significance of
difference in WNT signaling factors and ECM proteins, both
between different mesenchymal cell types and in relation to their
proliferative potential.

In conclusion, this study provides a comprehensive characteriza-
tion of expression programs in AMSCs and shows that distinct cell
cycle regulatory pathways are operative during AMSC self-renewal
and that tissue-anabolic programs are activated in post-proliferative
AMSCs. Cessation of AMSC proliferation occurs concomitant with
changes in the expression of WNT signaling components, and
spontaneous expression of different mesenchymal phenotypes (e.g.,
fibroblastic, osteogenic, chondrogenic, and adipogenic phenotypes).
This work validates the clinical use of AMSCs grown in hPL and
provides a roadmap for strategies that engineer and tailor their

biological properties for different applications in regenerative
medicine.
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