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ABSTRACT

Considerable effort has been directed toward deriving endothelial cells (ECs) from adipose-derived
mesenchymal stem cells (ASCs) since 2004, when it was first suggested that ECs and adipocytes
share a common progenitor. While the capacity of ASCs to express endothelial markers has been
repeatedly demonstrated, none constitute conclusive evidence of an endothelial phenotype as all
reported markers have been detected in other, non-endothelial cell types. In this study, quantita-
tive phenotypic comparisons to representative EC controls were used to determine the extent of
endothelial differentiation being achieved with ASCs. ASCs were harvested from human subcutane-
ous abdominal white adipose tissue, and their endothelial differentiation was induced using
well-established biochemical stimuli. Reverse transcription quantitative real-time polymerase chain
reaction and parallel reaction monitoring mass spectrometry were used to quantify their expres-
sion of endothelial genes and corresponding proteins, respectively. Flow cytometry was used to
guantitatively assess their uptake of acetylated low-density lipoprotein (AcLDL). Human umbilical
vein, coronary artery, and dermal microvascular ECs were used as positive controls to reflect the
phenotypic heterogeneity between ECs derived from different vascular beds. Biochemically condi-
tioned ASCs were found to upregulate their expression of endothelial genes and proteins, as well
as AcLDL uptake, but their abundance remained orders of magnitude lower than that observed in
the EC controls despite their global proteomic heterogeneity. The findings of this investigation
demonstrate the strikingly limited extent of endothelial differentiation being achieved with ASCs
using well-established biochemical stimuli, and underscore the importance of quantitative pheno-
typic comparisons to representative primary cell controls in studies of differentiation. STEM CELLS
TRANSLATIONAL MEDICINE 2019,8:35-45

SIGNIFICANCE STATEMENT

Adipose-derived mesenchymal stem cells have been pursued as endothelial cell substitutes for
the vascularization of tissue-engineered constructs since their capacity to express endothelial
markers was first reported in 2004. This is the first study to emphasize the strikingly limited
extent of endothelial differentiation being achieved with these cells, suggesting that they may
not be the suitable endothelial cell substitutes that have been advocated for tissue engineering
applications. Perhaps more importantly, this study may serve as a cautionary finding to anyone
exploring the plasticity of a cell, where quantitative phenotypic comparisons to representative
primary cell controls may be scarce. The findings may also serve as the impetus for exploring
alternative sources of endothelial cells for regenerative medicine applications.

INTRODUCTION 100-200 pm diffusion limit of oxygen and nutri-

The vascularization of tissue-engineered con-  ents through tissues require a network of blood

structs is generally considered to be the most
significant technical challenge facing their clini-
cal translation [1]. Constructs exceeding the

vessels to facilitate their perfusion and, thereby,
sustained survival and function [2]. The poor

rate of physiological neovascularization has
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prompted the development of alternative strategies to expedite
their perfusion, such as the in vitro incorporation of vascular
networks that are amenable to microsurgical or physiological
anastomosis to the host vasculature [1, 3]. However, its fabrica-
tion from primary endothelial cells (ECs) is hampered by the
low prevalence of these cells in tissues [4], and the identifica-
tion of a suitable alternative remains a formidable challenge
[2, 3].

A suitable source of ECs for tissue engineering applica-
tions will be autologous to preclude immunogeneic concerns,
readily accessible to minimize the donor site morbidity asso-
ciated with its procurement, and accruable in sufficient quan-
tities for the in vitro vascularization of constructs that are of
a clinically relevant size. Accordingly, considerable effort has
been directed toward deriving ECs from adipose-derived mes-
enchymal stem cells (ASCs) since Planat-Benard et al. first
suggested that ECs and adipocytes share a common progeni-
tor in 2004 [5]. The abilities of various biochemical [6, 7],
biomechanical [8, 9], and substrate [10, 11] stimuli to pro-
mote the endothelial differentiation of ASCs have been inves-
tigated. These studies have repeatedly demonstrated the
capacity of ASCs to express molecular endothelial markers, as
well as their ability to perform endothelial functions such as
uptake acetylated low-density lipoprotein (AcLDL), secrete
nitric oxide, and self-assemble into vascular-like networks
[6-11]. This has led many to believe that they have success-
fully derived EC substitutes, with which they have attempted
the in vitro vascularization of tissue-engineered con-
structs [12].

The expression of molecular and functional endothelial
markers by conditioned ASCs does not, however, constitute
conclusive evidence of their successful differentiation. There
are no known markers that are constitutively, nor exclusively,
expressed by ECs; that is, the expression of endothelial
markers is variable between ECs derived from different vascu-
lar beds, and all have been identified in other, non-endothelial
cell types [13, 14]. The absence of uniformly expressed
markers with specificity to the endothelial lineage presents a
significant challenge to the assessment of an endothelial phe-
notype. In fact, it has previously misled others to mistake
omental mesothelial cells for microvascular ECs [15], mono-
cytes for endothelial progenitor cells [16], and platelets for cir-
culating ECs [17]. Accordingly, a critical evaluation of the
phenotype for endothelially differentiated ASCs is warranted
prior to their implementation in tissue-engineered constructs.

The purpose of this investigation was to critically evalu-
ate the endothelial plasticity of ASCs. Quantitative pheno-
typic comparisons to several representative EC controls were
used to determine the extent of endothelial differentiation
being achieved with ASCs using well-established biochemical
stimuli.

MATERIALS AND METHODS

Cell Isolation and Culture

Subcutaneous abdominal white adipose tissue was obtained
with informed consent from patients undergoing reconstruc-
tive breast surgery at the University Health Network (Toronto,
ON, Canada). This procedure was approved by the institutional
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research ethics board (#13-6437-CE). Unless indicated other-
wise, all other materials were obtained from Sigma-Aldrich
(St. Louis, MO, http://www.sigmaaldrich.com).

ASCs were isolated from the stromal vascular fraction of
adipose tissue using an adapted protocol [18]. Briefly, adipose
tissue was rinsed with phosphate-buffered saline (PBS), finely
minced and enzymatically digested for 60 minutes at 37°C
under agitation using collagenase type Il (2 mg/ml) in Kreb’s
Ringer bicarbonate buffer supplemented with 3 mM glucose,
25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid,
and 20 mg/ml bovine serum albumin. The digest was centri-
fuged at 1,200g for 5 minutes at 25°C, and the resulting cell
pellet was rinsed with PBS and subjected to another round of
enzymatic digestion for 15 minutes at 37°C using 2.5 mg/ml
trypsin. The cells were then resuspended in an erythrocyte-
lysing buffer (0.154 M ammonium chloride, 10 mM potassium
bicarbonate, and 0.1 mM ethylenediaminetetraacetic acid in
sterile deionized water), and agitated for 10 minutes at 25°C
to facilitate erythrocyte lysis. The sample was resuspended in
Dulbecco’s Modified Eagle Medium and Ham’s F-12 nutrient
mixture (DMEM:F12; supplemented with 10% (v/v) fetal
bovine serum, 100 U/ml penicillin, and 0.1 mg/ml streptomy-
cin) and filtered through a 100 pm sieve. The resulting filtrate
was defined as the stromal vascular fraction and was immedi-
ately depleted of CD45" leukocytes and CD31* ECs using Dyna-
beads (Invitrogen, Carlsbad, CA, http://www.invitrogen.com).
The CD457CD31" stromal vascular cells were plated onto
tissue-culture polystyrene (TCPS) at a concentration of
25,000 cells/cm? and maintained under humidity at 37°C, 5%
CO, in DMEM:F12 media. After 24 hours, the cells were rinsed
with PBS to remove non-adherent cells and particulate, and
the media replenished. The TCPS-adherent CD45"CD31" stro-
mal vascular cells were defined as ASCs [8, 9].

Human umbilical vein ECs (HUVECs; Lonza, Walkersville,
MD, https://www.lonza.com), human coronary artery ECs
(HCAECs; Lonza) and human dermal microvascular ECs
(HDMVECs; Lonza and PromoCell, Heidelberg, Baden-Wiirttem-
berg, Germany, https://www.promocell.com) were obtained
commercially and maintained under humidity at 37°C, 5% CO,
in EC growth medium-2 (EGM2; Lonza). For all cells, media
was exchanged three times a week and cells were passaged at
75%-90% confluence using TrypLE Express (Gibco, Carlsbad,
CA, http://www.thermofisher.com). Light microscopy was used
to assess their morphology and confluence (Leica DMIL, Wet-
zlar, Hesse, Germany, https://www.leica-microsystems.com).
Cells were counted using a hemocytometer, and dead cells
were excluded on the basis of trypan blue uptake. Cells from
passages two to five were used for subsequent experiments.

Immunophenotyping

The immunophenotype of ASCs was assessed by flow cytome-
try in accordance with previously established guidelines [19].
ASCs were stained with Live/Dead Fixable Aqua (Invitrogen)
and Fc receptors were blocked using Human TruStain FcX
(BioLegend, San Diego, CA, https://www.biolegend.com). Cells
were then stained for 30 minutes at 4°C, protected from light,
with combinations of the following fluorophore-conjugated
mouse anti-human monoclonal antibodies: CD45-APC/Cy7
(BioLegend), CD31-Alexa Fluor 488 (BioLegend), CD105-APC
(BioLegend), CD44-Brilliant Blue 515 (Becton, Dickinson and
Company, Franklin Lakes, NJ, www.bd.com), CD13-Brilliant
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Violet 650 (Becton, Dickinson and Company), CD29-PE
(BioLegend), CD73-PE/Cy7 (BioLegend), and CD90-PE Dazzle
594 (BioLegend). Stained cells were fixed in 2% (v/v) formalde-
hyde in PBS for 30 minutes at 4°C. Compensation was
achieved using the AbC Anti-Mouse Bead Kit and the ArC
Amine Reactive Compensation Bead Kit (Life Technologies,
Carlsbad, CA, https://www.thermofisher.com/). Cells were ana-
lyzed using a BD LSR II, BD LSRFortessa or BD LSRFortessa X-20
flow cytometer (Becton, Dickinson and Company), and data
were analyzed using FlowJo software version 10.1 (Tree Star,
Ashland, OR, https://www.flowjo.com).

Fibroblastoid Colony-Forming Units

A fibroblastoid colony-forming unit (CFU-F) assay was adapted
from Pochampally [20]. Briefly, ASCs were seeded onto TCPS at
a concentration of 2 cells/cm? in DMEM:F12 media and main-
tained under humidity at 37°C, 5% CO,. After 14 days, the
media were aspirated, cells rinsed with PBS and stained with
3% (v/v) crystal violet in methanol for 10 minutes at 25°C. The
number of colonies 22 mm in diameter was divided by the total
number of cells seeded to determine the frequency of CFU-F.

Adipogenic, Osteogenic, and Chondrogenic
Differentiation

The multipotency of ASCs was characterized in accordance with
previously established guidelines [19]. Specifically, the adipo-
genic, osteogenic, and chondrogenic differentiation of ASCs was
induced using StemPro Differentiation Kits (Gibco), and their dif-
ferentiation along each of these lineages was evaluated by Oil
Red O, von Kossa, and Alcian Blue staining, respectively.

Endothelial Differentiation

The endothelial differentiation of ASCs was induced using
EGM2, as commonly performed [7, 9-11]. Specifically, ASCs
were seeded onto TCPS at a density of 5 X 10° cells/cm? in
DMEM:F12 medium and maintained under humidity at 37°C,
5% CO,. After 24 hours, the media were aspirated, cells rinsed
with PBS, and the media exchanged with EGM2. Media were
replenished three times a week for 14 days, after which their
endothelial phenotype was evaluated. Unconditioned ASCs—
that is, ASCs maintained in DMEM:F12 medium for 14 days—
served as negative controls. The positive EC control comprised
HUVECs, HCAECs, and HDMVECs cultured in EGM2 for 14 days,
which were evaluated separately but statistically presented as
a single population in order to reflect the inherent variability
between ECs derived from different vascular beds [13, 14]. All
cells were passaged at 75%—90% confluence.

Gene Expression

Total ribonucleic acid (RNA) was isolated from cells using Trizol
(Invitrogen). Its concentration and ratio of absorbance at
260-280 nm (Aye0/280) Was evaluated using a spectrophotometer
(NanoDrop 2000, Thermo Fisher Scientific, Waltham, MA, https://
www.thermofisher.com), and only samples with an Aygq/280 2 1.80
were considered free from protein contamination and used for
downstream applications. The integrity of isolated RNA was
assessed using the Agilent RNA 6000 Nano Kit (Agilent, Santa
Clara, CA, http://www.agilent.com), and a ratio of 28-18 s ribo-
somal RNA subunits of approximately 2.0 suggested that RNA did
not undergo degradation using this procedure (data not shown).
A total of 1 pg of RNA from the above-mentioned preparation
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was immediately reverse transcribed into complementary deoxyr-
ibonucleic acid (cDNA) using the High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Foster City, CA, http://
www.appliedbiosystems.com).

Reverse transcription quantitative real-time polymerase
chain reaction (RT-qPCR) was performed on a CFX384 Touch
Real-Time PCR Detection System (Bio-Rad, Hercules, CA,
http://www.bio-rad.com). All experiments utilized three tech-
nical replicates for each biological sample, and included no
reverse transcription controls. Amplification was achieved and
detected using the SsoAdvanced Universal SYBR Green Super-
mix (Bio-Rad), with each reaction comprising 10 ng template
cDNA and 450 nM of both forward and reverse primers in a
total volume of 10 pl. The reaction consisted of the following
steps: polymerase activation (95°C, 30 seconds); 35 cycles of
cDNA denaturation (95°C, 10 seconds) followed by primer
annealing and extension (61.6°C, 30 seconds, fluorescence
measurement); and, finally, cDNA denaturation (95°C, 30 sec-
onds) followed by a melting curve program (65°C-95°C, heat-
ing 0.5°C per 5 seconds, continuous fluorescence
measurements). A primer annealing and extension tempera-
ture of 61.6°C was found to be optimal for the efficient and
specific amplification by all pairs of primers using a thermal
gradient ranging from 55°C to 65°C (data not shown).

The nucleotide sequences of the primers designed to amplify
genes of interest are delineated in Table 1, and they were vali-
dated in line with previously established guidelines [21]. Briefly,
primer specificity was supported by both melt curve analyses,
with each PCR product exhibiting a single melting temperature, as
well as amplicon size quantification using the Agilent DNA 1000
Kit (Agilent), in which each reaction yielded a single product of
the expected length. PCR efficiency for each pair of primers was
assessed across a 25-point, 10- or 5-fold dilution series of tem-
plate cDNA starting from 100 ng, and the linear dynamic range
was defined by an efficiency of 90%—-105% and a squared Pear-
son’s correlation coefficient (r?) 2.98. The results of these primer
validation studies are summarized in Table 1.

Relative gene expression was quantified as described by Pfaffl
[22]. Briefly, expression of the gene of interest was normalized to
that of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and
reported relative to an ASC control, based on the corresponding
PCR efficiencies and quantification cycles (C,). Statistical analyses
were performed on log,-transformed fold change values.

Global and Targeted Proteomic Analyses

Sample preparation was carried out using an adapted protocol
[23]. Briefly, cells derived from a 90% confluent 75 cm? TCPS
flask were resuspended in a solubilization buffer (50% (v/v)
2,2,2-trifluoroethanol in PBS supplemented with 100 mM ammo-
nium bicarbonate), sonicated and incubated at 60°C for 2 hours
to extract proteins. Samples were then reduced with 5 mM
dithiothreitol for 30 minutes at 55°C, and alkylated with 15 mM
iodoacetamide for 30 minutes at 25°C in the dark. Following 1:5
dilution with 100 mM ammonium bicarbonate, and addition of
2 mM calcium chloride, proteins were digested overnight at
37°C with 5 pg of mass spectrometry (MS)-grade Trypsin-Lys C
mix (Promega, Madison, WI, http://www.promega.com), and an
additional 2 hours with 2 pg of MS-grade Trypsin-Lys C mix.
Formic acid was added to a final concentration of 5% (v/v) to
quench the digestion, after which the samples were centrifuged
at 10,000g for 10 minutes at 25°C to remove aggregates.
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Table 1. Design and validation of primers employed in quantitative real-time polymerase chain reaction (PCR) experiments. Nucleotide
sequences of the primers are delineated, as well as the efficiency, correlation and linear dynamic range of their reactions. Empirically
determined melting temperatures and lengths of their corresponding products are also reported.

Primer nucleotide sequence

PCR efficiency PCR product

Forward primer Reverse primer Efficiency Correlation Range T Length
Gene 5 >3 3>5 % e ng cDNA °C bp
GAPDH CTCCTGTTCGACAGTCAGCC CCTCAGTTGCCTAAACCAGC 101.6 .997 0.0001-100 86.5 106
CD31 GTCCCTGATGCCGTGGAAAG AATACTTGGACGGGACGAGG 104.1 .997 0.001-10 84.0 178
VE-cadherin CTTCACCCAGACCAAGTACACA TGGTCCTGCGAAAGTGGTAA 96.7 .997 0.001-10 87.0 164
CD34 GACCCTGATTGCACTGGTCA CTCTTTCCGACCCGCTTCTG 96.8 .986 0.032-20 87.0 119
VEGFR2 GAGGGGAACTGAAGACAGGC CGATCCATTCGGAGAACCGG 100.6 .996 0.0064-20 84.5 143
VWF TTGACGGGGAGGTGAATGTG GCACCAGGACTTCGTCTGTA 103.2 .999 0.001-10 87.5 158
eNOS CTGTGAGACCTTCTGTGTGGG TCAACGACGGTCCAGACTAGG 99.2 991 0.0064-20 90.0 142
CD146 TGGGCGCTGTCCTCTATTTC GGGCAGAGCATTCTCGCTTG 100.1 .998 0.0064-20 86.0 105

Abbreviations: cDNA, complementary deoxyribonucleic acid; eNOS, endothelial nitric oxide synthase; GAPDH, glyceraldehyde-3-phosphate
dehydrogenase; PCR, polymerase chain reaction; r, Pearson’s correlation coefficient; T,,,, melting temperature; bp, base pairs; VE-cadherin, vascular
endothelial-cadherin; VEGFR2, vascular endothelial growth factor receptor-2; vWF, von Willebrand Factor.

Tryptic peptides were de-salted using OMIX C18 solid-phase
extraction tips (Agilent). Samples were dried by vacuum centrifu-
gation and reconstituted in 30 pl 5% (v/v) formic acid in high-
performance liquid chromatography (HPLC)-grade water.

Tryptic peptides were analyzed by reversed-phase liquid
chromatography—tandem MS (LC-MS/MS) on an Easy-nLC 1200
(Thermo Fisher Scientific) coupled to a Q Exactive Plus mass spec-
trometer (Thermo Fisher Scientific). Tryptic peptides were loaded
onto an in-house packed reversed-phase 10-cm, 75 pm
i.d. column (Reprosil-Pur Basic C18, 3 pm, 100 A; Dr. Maisch
HPLC, Ammerbuch, Baden-Wiirttemberg, Germany, http://www.
dr-maisch.com), and separated using a 3-hour acetonitrile linear
gradient (2%—35% (v/v) in HPLC-grade water) at 250 nl/minute.
The eluent was introduced directly into the mass spectrometer
using a Nanospray Flex lon Source (Thermo Fisher Scientific). All
experiments utilized two technical replicates for each biological
sample. For global proteomic analyses, spectra were collected
using a top 10 data-dependent acquisition (DDA) method with
settings of resolution (R) = 70,000 at 200 m/z for one full MS1
scan from 400 to 1,500 m/z for a maximum injection time of
100 ms, followed by 10 data-dependent MS2 scans for a maxi-
mum injection time of 55 ms at R = 17,500 with 30 seconds
dynamic exclusion, and excluding 1+ and >6+ precursor ion
charge states. Normalized high energy collision-induced dissoci-
ated energy (NCE) was set at 28. RAW files were searched against
the UniProt human proteome database (updated to July
24, 2017) using the Andromeda algorithm [24] within MaxQuant
software version 1.6.0.1 (Max Planck Institute of Biochemistry,
Planegg, Bavaria, Germany, http://www.biochem.mpg.de/en).
Cysteine carbamidomethylation was set as a fixed modification,
and methionine oxidation, N-terminal acetylation, and aspara-
gine or glutamine deamidation were selected as variable modifi-
cations. The false discovery rate (FDR) was set to 1% using a
reversed-target decoy database. Raw files and search results are
available from MASSIVE with accession code: MSV000082318.
Hierarchical clustering of proteins that were identified in 22 bio-
logical replicates in at least one group was conducted using the
Perseus 1.6.1.2 software package (Max Planck Institute of Bio-
chemistry), based on label-free quantification (LFQ) values [25]
that were scaled to a 1-1,000 interval per protein. One-way anal-
ysis of variance was used to identify proteins that were differen-
tially expressed between groups (p < .05).
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Targeted proteomic analyses were used to quantify the rela-
tive abundance of seven proteins of interest [26]. Using spectral
matches from the global DDA analyses, two proteotypic peptides
were selected for each protein, avoiding those with missed cleav-
age sites or variable modifications when possible (Table 2).
LC-MS/MS was carried out in parallel reaction monitoring mode
following high energy collision-induced dissociation of 14 precur-
sor ions corresponding to the target peptides. Raw files and the
transition list are available from PASSEL with accession code:
PASS01229. Extracted ion chromatograms (XICs) for up to nine
fragment ions (0.05 m/z isolation width) per precursor ion were
generated using XCalibur 4.1 Qual Browser software (Thermo
Fisher Scientific). Peaks were selected based on similar retention
time between samples, and comprising at least the most abun-
dant base peak (i.e., most intense fragment ion). The area under
the curve (AUC) of the XICs for the two proteotypic peptides for
each protein were added together and normalized to that of
GAPDH, and reported relative to an ASC control. An XIC AUC of
10 was assigned to samples for which the target protein was not
detected to facilitate reporting of fold change. The proteotypic
peptides and corresponding fragment ions used to generate the
XICs for proteins of interest are delineated in Table 2. Statistical
analyses were performed on log,-transformed fold change values.

AcLDL Uptake

The uptake of AcLDL by ASCs and ECs was assessed using an
adapted protocol [6, 8, 9]. Specifically, cells were incubated
with 10 pg/ml Alexa Fluor 488—conjugated AcLDL (Life Tech-
nologies) for 4 hours under humidity at 37°C, 5% CO,, after
which they were fixed in 2% (v/v) formaldehyde in PBS for
30 minutes at 4°C in the dark. Cells were analyzed using a BD
LSR Il flow cytometer (Becton, Dickinson and Company), and
data were analyzed using FlowJo software version 10.1 (Tree
Star). The median fluorescence intensity (MFI) of the stained
cells was divided by the MFI of the corresponding unstained
cells to normalize for their autofluorescence and was reported
relative to an ASC control. Statistical analyses were performed
on log,-transformed fold change values.

Statistical Analyses

Statistical analyses were performed using Prism 7 (GraphPad Soft-
ware, La Jolla, CA, https://www.graphpad.com). Two-tailed paired
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Table 2. Precursor ions and their corresponding fragment ions assessed in parallel reaction monitoring liquid chromatography
tandem-mass spectrometry assays. Two proteotypic peptides (i.e., precursor ions) per protein of interest were selected to undergo
collision-induced dissociation, and up to nine fragment ions per peptide were used to generate extracted ion chromatograms. The amino
acid sequence, charge state and mass-to-charge ratio of each proteotypic peptide is delineated, as well as their corresponding b- and
y-fragment ions.

Precursor ion

Protein Amino acid sequence z m/z Fragment ion
GAPDH GALQNIIPASTGAAK +2 706.3988 v6, y8,y9, y10, y11
VIHDNFGIVEGLMTTVHAITATQK +3 865.7915 y7, b7, y8, b8, y9, y11, b11, y12
CD31 DQNFVILEFPVEEQDR +2 989.4813 v7,vy8,y9, y10, y11, y12, y13, y14
STESYFIPEVR +2 664.3301 v4,y5, y6, y7, y8, y9
VE-cadherin YEIVVEAR +2 489.7664 v4, Y5, v6, y7
VHFLPVVISDNGMPSR +3 589.9785 v6, y7,y8, y9, y10, y11, y12, y13
VEGFR2 FLSTLTIDGVTR +2 661.8694 v4, Y5, y6, y7,y8, y9
LGPQPLPIHVGELPTPVC(+57)°K +3 684.7152 v4,y5, y6, y7,y8, y9, y10
VvWF IGWPNAPILIQDFETLPR +3 694.0457 v4,y5, y6, y7,y8, y9, y10, y11, y12
VTVFPIGIGDR +2 587.335 y5, v6, y7, y8, y9, y10
eNOS VEDPPAPTEPVAVEQLEK +2 974.4991 v6, y7,y8,y9, y10, y11, y12, y13, y14
GGC(+57)*PADWAWIVPPISGSLTPVFHQEMVNYFLSPAFR +3 1349.6622 y11, y12, y13, y14, y15, y16, y17, y18
CD146 VHIQSSQTVESSGLYTLQSILK +3 806.7673 y5, ¥6, y7, y8, y9, y10, y11, y12
SELVVEVK +2 451.7633 v4,y5, y6, y7

@ Cysteine residues are carbamidomethylated, conferring a 57 Da mass increase.
Abbreviations: eNOS, endothelial nitric oxide synthase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; m/z, mass-to-charge ratio;
VE-cadherin, vascular endothelial-cadherin; VEGFR2, vascular endothelial growth factor receptor-2; vWF, von Willebrand Factor; z, charge.

t tests were used to compare conditioned and control ASCs, block-
ing for donors. ASCs were compared to the EC controls using one-
way analysis of variance, with Tukey’s post hoc test for multiple
comparisons. The Pearson’s correlation coefficients between
GAPDH-normalized C, values and GAPDH-normalized XIC AUC
values were used to evaluate the relationship between mRNA
and protein abundance for each marker of interest, and only sam-
ples for which both data sets were collected and detected were
included in the analyses. p < .05 was accepted as statistically sig-
nificant. Values are represented as mean =+ SD.

RESULTS

Isolation and Characterization of ASCs

ASCs were isolated from the stromal vascular fraction of enzymat-
ically digested human subcutaneous abdominal white adipose tis-
sue. Immunomagnetic beads were used to deplete the stromal
vascular fraction of CD45" leukocytes and CD31" ECs to prevent
their contamination of ASC cultures from confounding subse-
quent evaluations of the endothelial plasticity of ASCs [8, 9]. ASCs
were defined as the TCPS-adherent CD45CD31™ stromal vascular
cells [8, 9]. They exhibited a spindle-shaped fibroblast-like mor-
phology (Fig. 1A; N = 3) and were capable of clonal expansion
(33.1 + 3.5% CFU-F; N = 3). They were negative for the pan-
hematopoietic marker CD45 (0.4 + 0.3%) and endothelial marker
CD31 (0.1 £ 0.0%), and expressed characteristic stromal markers
CD13 (99.8 =+ 0.1%), CD44 (99.9 + 0.1%), CD105 (88.9 + 4.3%),
CD29 (96.7 + 5.5%), CDI0 (97.2 + 4.8%), and CD73 (99.9 + 0.1%;
Supporting Information Fig. S1; N = 3) [19]. The multipotency of
the ASCs was demonstrated by their differentiation along the adi-
pogenic (Fig. 1B), osteogenic (Fig. 1C), and chondrogenic (Fig. 1D)
lineages (N = 3) [19].

Evaluation of the Endothelial Plasticity of ASCs

The endothelial differentiation of ASCs was induced using
EGM2, as commonly performed [7, 9-11]. This media is
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supplemented with factors implicated in the differentiation
and survival of ECs, including vascular endothelial growth
factor and basic fibroblast growth factor [27]. The endothe-
lial phenotype of ASCs was evaluated after 14 days of condi-
tioning, and was compared to that of HUVECs, HCAECs, and
HDMVECs to better reflect the phenotypic heterogeneity
between ECs derived from different vascular beds [13, 14].
These EC controls were cultured under the same conditions
as the ASCs to prevent differences in their microenviron-
ment from confounding subsequent evaluations of their
endothelial phenotype [28].

The global proteomes of the EC controls were evaluated
by LC-MS/MS to assess their ability to represent a broad endo-
thelial phenotype. A total of 4,462 proteins were identified,
and 3,745 were further analyzed on the basis of being identi-
fied in 22 biological replicates corresponding to at least one
vascular bed (Fig. 2; N = 3). With exception to HDMVECs from
one donor, unsupervised hierarchical clustering of their global
protein expression profiles resulted in the grouping of HUVECs,
HCAECs, and HDMVECs (Fig. 2C), indicating that pervasive pro-
teomic patterns distinguish ECs derived from different vascular
beds despite their in vitro culture under identical conditions.
Of the 3,745 proteins that were analyzed, 520 were found to
be differentially expressed between the groups (p < .05) and
their hierarchical clustering revealed patterns that distin-
guished macrovascular ECs (i.e., HUVECs and HCAECs) from
microvascular ECs (i.e., HDMVECs), as well as venous ECs
(i.e., HUVECs) from arterial ECs (i.e., HCAECs; Fig. 2D).
Together, these findings indicate that the variability in endo-
thelial phenotypes between HUVECs, HCAECs, and HDMVECs
is greater than the donor-to-donor variability between ECs
derived from the same vascular bed, supporting the ability of
this assortment of positive controls to better represent an
endothelial phenotype than ECs derived from a single vascular
bed. Accordingly, endothelially conditioned ASCs were com-
pared to this combination of positive controls for all subse-
quent experiments.
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Figure 1. Morphology and multipotency of adipose-derived mesenchymal stem cells (ASCs). (A): Representative phase-contrast photomi-
crograph of ASCs adhered to tissue-culture polystyrene (N = 3), obtained with an objective magnification of x4. (B): Oil Red O staining of
ASCs cultured in adipogenic differentiation medium for 14 days (N = 3). Red staining is indicative of triglycerides and lipids. (C): von Kossa
staining of ASCs cultured in osteogenic differentiation medium for 28 days (N = 3). Brown staining is indicative of mineralization. (D):
Alcian Blue staining of ASCs cultured in chondrogenic differentiation medium for 28 days (N = 3). Blue staining is indicative of proteogly-
cans. (B-D): Positive staining was not observed in unstimulated ASC controls (data not shown). Representative photomicrographs were
taken by bright-field light microscopy using an objective magnification of x4.

Molecular Endothelial Phenotype of Conditioned ASCs

The differentiation of ASCs along the endothelial lineage will
manifest itself at the molecular level as alterations in their tran-
scriptome and proteome. Although there are no known markers
that are exclusively, nor constitutively, expressed by ECs, there
are several that are commonly expressed together and, accord-
ingly, are often used to evaluate an endothelial phenotype [13,
14]. These include CD31, vascular endothelial (VE)-cadherin,
CD34, vascular endothelial growth factor receptor-2 (VEGFR2),
von Willebrand Factor (VWF), endothelial nitric oxide synthase
(eNOS), and CD146. RT-gPCR and parallel reaction monitoring
LC-MS/MS were used to quantify the abundance of their corre-
sponding mRNA transcripts and proteins, respectively, to deter-
mine the extent of endothelial differentiation achieved with the
ASCs relative to the EC controls. ASCs conditioned in EGM2
were found to generally upregulate their expression of endothe-
lial genes (N = 6), albeit to levels significantly lower than that
observed in the EC controls (N = 3; Fig. 3A). Similarly, the abun-
dance of endothelial proteins was elevated in conditioned ASCs
(N = 4), but was lower than that observed in the EC controls
(N = 3; Fig. 3B). There was a significant correlation between
mRNA and protein abundance for each endothelial marker eval-
uated, with exception to CD34 which was not detected at the
protein level (Fig. 3C, 3D).

Functional Endothelial Phenotype of Conditioned ASCs

The uptake of AcLDL is generally considered a function unique to
ECs and macrophages, and its uptake by conditioned ASCs is often
cited as evidence of their successful differentiation [6, 8, 9]. ASCs
were found to basally uptake AcLDL, and their conditioning in
EGM2 increased both the proportion of cells that take it up as well
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as the quantity of its uptake (Fig. 4; Supporting Information Fig. S2;
N = 3). While there was no statistically significant difference in the
proportion of cells that uptake AcLDL between conditioned ASCs
and the EC controls (Fig. 4B), the quantity of AcLDL uptake by con-
ditioned ASCs was significantly lower than that by the EC controls
(Fig. 4C; Supporting Information Fig. S2).

Perhaps one of the best defining features of ECs, however,
is their anatomical presentation, where they form a confluent
monolayer lining the luminal surface of the vasculature [14].
Fortunately, this property is visibly conserved by ECs in vitro;
specifically, ECs proliferate to yield a confluent monolayer of a
cobblestone-like morphology, with their growth arrested upon
homotypic cell contact [14]. In contrast to the HUVECs,
HCAECs, and HDMVECs that exhibited this characteristic endo-
thelial behavior and morphology, conditioned ASCs retained
a spindle-shaped, fibroblast-like morphology similar to that
observed in the unconditioned ASC controls and failed to
exhibit contact-mediated growth inhibition (Fig. 5; N = 3).

DiscussION

ASCs have been pursued as EC substitutes for the vasculariza-
tion of tissue-engineered constructs since Planat-Benard
et al. first suggested that ECs and adipocytes share a common
progenitor in 2004 [5]. Although their capacity to express
molecular and functional endothelial markers has been repeat-
edly demonstrated [6-11], this is the first study to implement
quantitative phenotypic comparisons to representative EC con-
trols in order to demonstrate the strikingly limited extent of
endothelial differentiation being achieved with ASCs using well-
established biochemical stimuli. The abundance of endothelial
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mic analysis of ECs. Human umbilical vein ECs (HUVECs; N = 3), human coronary artery ECs (HCAECs; N = 3), and human dermal microvas-
cular ECs (HDMVECs; N = 3) were cultured in vitro under identical conditions, lysed, and their tryptic peptides assessed by liquid
chromatography tandem-mass spectrometry. (B): Venn diagram depicting the number of proteins shared between the different types of
ECs, based on their detection in >2 biological replicates per group. (C): Heat map depicting the hierarchical clustering of the global pro-
teomes of ECs, based on label-free quantification (LFQ) values of proteins detected in 22 biological replicates in at least one group. (D):
Heat map depicting the hierarchical clustering of proteins determined to be differentially expressed between the different types of ECs
by one-way analysis of variance (p < .05). (C, D): Scale bar represents LFQ values scaled to a 01,000 interval per protein. Abbreviations:
HCAECs, human coronary artery endothelial cells; HDMVECs, human dermal microvascular endothelial cells; HUVECs, human umbilical
vein endothelial cells; LC-MS/MS, liquid chromatography tandem-mass spectrometry.

mMRNA, protein, and AcLDL uptake in biochemically conditioned
ASCs, albeit elevated, remained orders of magnitude lower than
that observed by the three distinct EC controls. Furthermore,
conditioned ASCs failed to exhibit a cobblestone-like morphol-
ogy and contact-mediated growth inhibition, both of which are
hallmarks of an EC [14]. Importantly, the expression of both
molecular and functional endothelial markers by conditioned
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ASCs was markedly lower than that by the EC controls despite
their global proteomic heterogeneity, supporting the limited
plasticity of ASCs toward the endothelial lineage of any speciali-
zation and tissue localization.

The failure of previous investigations to detect the limited
endothelial plasticity of ASCs may be largely attributed to their
use of qualitative assays and their omission of representative
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Figure 3. Expression of molecular endothelial markers by adipose-derived mesenchymal stem cells (ASCs). ASCs and the three distinct

endothelial cell (EC) controls were cultured in EC growth medium-2 (EGM2) for 14 days, after which their expression of endothelial genes
and proteins were assessed by reverse transcription quantitative real-time polymerase chain reaction and parallel reaction monitoring lig-
uid chromatography tandem-mass spectrometry, respectively. (A): Expression of endothelial genes by unconditioned ASCs (N = 6), condi-
tioned ASCs (N = 6), and the EC controls (N = 3). (B): Expression of endothelial proteins by unconditioned ASCs (N = 4), conditioned ASCs
(N = 4), and the EC controls (N = 3). (A, B): Expression was normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and is
reported relative to an ASC control. Values represent mean + SD; *p < .05 relative to unconditioned ASC controls; and %p < .05. (C):
Scatter plot depicting the correlation between the abundance of messenger ribonucleic acid (mRNA) and protein for each endothelial
marker, and (D): a table delineating the corresponding Pearson’s correlation coefficients and p-values. Values represent mean =+ SD.
Abbreviations: ASCs, adipose-derived mesenchymal stem cells; C,, quantification cycle; ECs, endothelial cells; eNOS, endothelial nitric
oxide synthase; N.D., not detected; r, Pearson’s correlation coefficient; VE-cadherin, vascular endothelial-cadherin; VEGFR2, vascular endo-

thelial growth factor receptor-2; vWF, von Willebrand Factor; XIC AUC, extracted ion chromatogram area under the curve.

primary cell controls in evaluating an endothelial phenotype.
The expression of endothelial genes by ASCs has often been
evaluated by end-point PCR [6, 8], and that of proteins by
Western blots [8, 9], immunofluorescence microscopy [6-8,
10, 11], and flow cytometry [7, 9]. Similarly, AcLDL uptake has
predominantly been assessed by immunofluorescence micros-
copy [6, 8, 9]. Although these techniques are effective in dem-
onstrating the induction of endothelial markers by stimulated
ASCs, their mere expression is insufficient to support an endo-
thelial phenotype due to their lack of specificity to the endo-
thelial lineage [13, 14]. Accordingly, quantitative assays are
needed to determine the extent of their expression relative to
EC controls to more thoroughly evaluate the endothelial phe-
notype of conditioned ASCs. Of the studies that employed
guantitative phenotypic assays, namely RT-gPCR [7, 9-11, 29],
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only Zhang et al. and Shojaei et al. compared the expression
of endothelial genes by conditioned ASCs to that by a positive
control [9, 29]. While both studies found their expression to
be lower in conditioned ASCs than in HUVECs, the extent of
the discrepancies was obscured by the means used to present
the data. This absence of direct quantitative phenotypic com-
parisons between “differentiated” ASCs and ECs in the litera-
ture has impeded an accurate evaluation of the extent of
endothelial differentiation being achieved.

Defining the successful endothelial differentiation of ASCs
is not only made challenging by the absence of EC-specific
markers, but it is further complicated by the heterogeneity
between ECs derived from different vascular beds [13, 14]. Chi
et al. evaluated the transcriptomes of 52 ECs derived from
14 different vascular beds and found gene expression patterns
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cytometry. (A): Representative histogram of AcLDL uptake by the different cells. (B): Percentage of cells that stained positively for AcLDL
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density lipoprotein; ASCs, adipose-derived mesenchymal stem cells; ECs, endothelial cells; HCAECs, human coronary artery endothelial

cells; HDMVECs, human dermal microvascular endothelial cells; HUVECs, human umbilical vein endothelial cells.

that distinguish macrovascular ECs from microvascular ECs and
arterial ECs from venous ECs, despite their in vitro culture
under identical conditions [30]. These pervasive differences in
expression of molecular endothelial markers preclude a single
positive control from being representative of an endothelial
phenotype. Accordingly, HUVECs, HCAECs, and HDMVECs were
used as positive controls in this investigation to better reflect
the phenotypic heterogeneity between ECs derived from dif-
ferent vascular beds. Similar to the major subpopulations of
ECs identified by Chi et al. [30], patterns in their protein
expression profiles distinguished macrovascular HUVECs and
HCAECs from microvascular HDMVECs, as well as arterial
HCAECs from venous HUVECs, supporting the capacity of these
EC controls to encompass a broad endothelial phenotype.
Quantitative phenotypic comparisons to this combination
of EC controls were used to facilitate an accurate assessment
of the extent of endothelial differentiation being achieved
with ASCs. RT-qPCR and parallel reaction monitoring LC-MS/
MS were used to quantify the relative abundance of endothe-
lial mRNA and their corresponding proteins, respectively. In
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accordance with the central dogma of biology that describes
the process by which DNA is sequentially transcribed into
mRNA and then translated into proteins to confer a phenotype
to a cell, there was a significant correlation between mRNA
and protein abundance for each endothelial marker evaluated,
with exception to CD34 which was not detected at the protein
level. The failure of this investigation to detect CD34 is not
surprising, as both ASCs and ECs have been reported to down-
regulate the expression of CD34 in vitro [31, 32]. Interestingly,
greater quantities of VE-cadherin and CD146 were detected in
conditioned ASCs than in ASC controls despite a lower abun-
dance of their corresponding mRNA transcripts. These discrep-
ancies may be attributed to post-transcriptional mechanisms
regulating protein abundance, as transcript levels are known
to only partially predict protein abundances; in fact, it has
been proposed that transcription may act like a switch, with
post-transcriptional, translational, and degradative mecha-
nisms being ultimately responsible for modulating protein
abundance [33]. Nevertheless, the relatively strong correlation
between mRNA and protein abundance (average r* = .77 in
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Figure 5.

Morphology of adipose-derived mesenchymal stem cells and endothelial cells cultured in endothelial cell growth medium

2 (EGM2) for 14 days (N = 3). Representative photomicrographs were obtained with phase-contrast light microscopy using an objective
magnification of x10. Abbreviations: ASCs, adipose-derived mesenchymal stem cells; HCAECs, human coronary artery endothelial cells;
HDMVECs, human dermal microvascular endothelial cells; HUVECs, human umbilical vein endothelial cells.

this study vs. r* ~ .40 reported in the literature [33]) supports
the accuracy of the RT-qPCR and parallel reaction monitoring
LC-MS/MS assays employed in this investigation. In addition to
the quantitative evaluation of endothelial protein expression,
this was the first study to use flow cytometry in a quantitative
capacity to compare the relative uptake of AcLDL by condi-
tioned ASCs and ECs. Together, the findings of this investiga-
tion demonstrated the markedly limited transcriptomic,
proteomic, and, ultimately, functional endothelial traits being
induced in ASCs with their culture in EGM2.

The endothelial differentiation of ASCs was induced using
EGM2 because it is the most commonly employed stimulus
reported in the literature [7, 9-11]. Compared to conditioning
ASCs with EGM2 alone, however, subjecting them to shear
stress has been shown to further upregulate VWF by approxi-
mately 25% [9]; their culture on nanograted substrates has
been found to nearly double the abundance of CD31, VE-
cadherin and VWF transcripts [10]; and, their three-dimensional
culture has been shown to potentiate their upregulation of
CD31 and VEGFR2 approximately 7- and 13-fold, respectively
[11]. The magnitudes of these upregulations are negligible, how-
ever, when compared to their level of expression in ECs, where
CD31 was found by RT-gPCR in this investigation to be
expressed approximately 19,600 times greater than in ASCs;
VE-cadherin, 17,800 times; VWF, 22,600 times; and VEGFR2,
37,600 times. This minimal expression of endothelial markers by
conditioned ASCs suggests an inherent, epigenetic limitation on
their endothelial plasticity, such as DNA methylation and his-
tone maodifications that constrain their ability to express endo-
thelial genes and, thereby, an endothelial phenotype [34]. In
fact, Culmes et al. demonstrated that treating ASCs with an
epigenetic-modifying drug that reduced the extent of their DNA
methylation also increased their capacity to express endothelial
markers [34], supporting the presence of inherent, epigenetic
limitations on the endothelial plasticity of ASCs.
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CONCLUSION

This is the first investigation to critically evaluate the endothelial
plasticity of ASCs. Quantitative phenotypic comparisons to rep-
resentative EC controls were used to demonstrate the strikingly
limited extent of endothelial differentiation being achieved with
ASCs using well-established biochemical stimuli. The expression
of transcriptomic, proteomic, and functional endothelial markers
by conditioned ASCs was shown to be significantly lower than
that observed in ECs despite their global proteomic heterogene-
ity, suggesting that they may not be suitable EC substitutes for
the vascularization of tissue-engineered constructs.
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