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Abstract

Background Bone marrow-derived mesenchymal stem
cells (bmMSCs) have been used as a cellular therapeutic
option for treatment of osteonecrosis of the femoral head.
However, use of bmMSCs as a treatment adjuvant for
orthopaedic disorders in general has achieved limited
success. Adipose-derived MSCs (aMSCs) may be a more-
efficient regenerative cell source given their greater quan-
tity and protection from physiologic stress.
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Questions/purposes We asked the following questions in
a paired analysis of MSCs from patients with osteonecro-
sis: (1) Is there a difference in proliferation potential
between aMSCs and bmMSCs? (2) Is there a difference in
osteogenic differentiation potential between aMSCs and
bmMSCs? (3) Are genetic pathways differentially expres-
sed between aMSCs and bmMSCs that may govern
functional phenotypic discrepancies?

Methods Periarticular samples of adipose tissue and bone
marrow from the femoral canal were obtained from 15
patients undergoing hip replacement for late-stage (Stein-
berg Stages III-VI) osteonecrosis. MSCs were isolated
from both tissue sources and taken through a standardized
20-day cell division protocol to establish cumulative cell
count. They also were grown in osteogenic differentiation
media for 14 days with subsequent measurement of alka-
line phosphatase in units of optical density. RNA was
isolated from aMSCs and bmMSCs in five patients to
assess differentially expressed genetic pathways using the
Affymetrix GeneChip®™ Human Transcriptome Array 2.0
platform.

Results Proliferation capacity was increased by fourfold
in aMSCs compared with bmMSCs after 20 days in culture.
The mean difference in cumulative cell count was 3.99 x
10% cells (SD = 1.67 x 10% cells; 95% CI, 3.07 x 10°-4.92 x
10® cells; p < 0.001). Bone differentiation efficiency as
measured by optical density was increased by 2.25-fold in
aMSCs compared with bmMSCs. The mean difference in
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optical density was 1.27 (SD = 0.34; 95% CI, 1.08-1.46;
p < 0.001). RNA transcriptome analysis showed 284 genes
that met statistical (p < 0.05) and biological (fold change >
1.5) significance cutoffs for differential expression between
cell populations. Subsequent network topology of differen-
tially expressed genes showed alterations in pathways critical
for musculoskeletal tissue development in addition to many
nonspecific findings.
Conclusions aMSCs outperform bmMSCs in growth rate
and bone differentiation potential in the setting of
osteonecrosis, suggesting they may provide a more-potent
regenerative therapeutic strategy in this population. Differen-
tial expression of genes and cellular pathways highlighted in
this study may provide therapeutic targets for cellular opti-
mization or acellular treatment strategies.
Clinical Relevance aMSCs may provide a more robust
cellular therapeutic than bmMSCs for treatment of
osteonecrosis. Ideally, a well-designed prospective study
will be able to evaluate the efficacy of these cellular therapies
side-by-side in patients with bilateral early stage disease.

Introduction

Osteonecrosis of the femoral head is a disease that may be
amenable to regenerative therapeutic strategies if interven-
tion occurs during early stages [ 13]. Mesenchymal stem cells
(MSCs) are promising cellular candidates for regenerative
orthopaedics because of their ability to differentiate to sev-
eral tissues of mesodermal origin including bone [11, 38]. To
date, bone marrow-derived mesenchymal stem cells
(bmMSCs) have been used as a regenerative therapeutic for
treatment of osteonecrosis, osteoarthritis, bony defects, and
coating of implants [3, 8, 15, 19, 21-23, 25, 29, 30]. How-
ever, treatment of orthopaedic disorders with bmMSCs has
achieved limited success [19, 21, 22]. This likely is partly
because bone marrow is a tissue subjected to high levels of
physiologic stress and cell turnover [6]. Furthermore,
bmMSCs have been shown to lose potency with age and
certain disease states like osteoporosis [10, 26]. Finally, the
concentration of bmMSCs in the bone marrow is modest
compared with other sources in the body [6].
Adipose-derived MSCs (aMSCs) are thought to be a
potentially more-efficient regenerative cell source given
their greater quantity and protection from physiologic
stress relative to bmMSCs [2, 6, 28, 38]. Furthermore,
these cells have a low immunogenicity profile and are
capable of immunomodulation, increasing their clinical
applicability [16, 24]. aMSCs currently are being investi-
gated in several clinical trials for multiple diseases
including osteoarthritis (NCT01739504; NCT01585857),
cartilage defects (NCT02090140), craniofacial bone and
soft tissue injury (NCTO01633892), Crohn’s disease

(NCTO01157650; NCT01011244), wurinary incontinence
(NCTO01799694; NCT01804153), graft versus host disease
(NCT01222039), and multiple sclerosis (NCT0143764)
(http://clinicaltrials.gov/) [5]. Although aMSCs certainly
are more abundant than bmMSCs and hold theoretical
promise for regenerative medicine, further phenotypic
characterization is required to determine applicability in
specific disease states. Therefore, we sought to compare
regenerative performance metrics between aMSCs and
bmMSCs in the setting of osteonecrosis and explore
potential mechanisms for observed differences.

We asked the following specific questions in a paired
analysis of MSCs from patients with osteonecrosis of the
femoral head: (1) Is there a difference in proliferation
potential between aMSCs and bmMSCs? (2) Is there a
difference in osteogenic differentiation potential between
aMSCs and bmMSCs? (3) Are genetic pathways differen-
tially expressed between aMSCs and bmMSCs that may
govern functional phenotypic discrepancies?

Patients and Methods
Human Tissue Collection and Processing

After institutional review board approval, 2 g periarticular
adipose tissue and 5 cc femoral canal bone marrow were
obtained from 15 patients undergoing primary THA for late-
stage (Steinberg Stages III-VI) osteonecrosis (Table 1). Adi-
pose tissue was processed as previously described [37].
Briefly, adipose tissue was minced with a surgical scalpel and
incubated in 0.01% collagenase Type I (Sigma Aldrich, St
Louis, MO, USA) for 90 minutes. The digested adipose tissue
then was centrifuged, washed, and strained to separate tissue
debris; then incubated in red blood cell lysis buffer (Stem Cell
Technologies, Vancouver, BC, Canada). The derived solution
was centrifuged, supernatant removed, and the pellet resus-
pended in expansion media containing advanced minimum
essential medium (aMEM) with 10% fetal bovine serum,
100 pmol/L penicillin, 100 g/mol/L streptomycin, and 2 mol/
L-glutamine (Invitrogen, Carlsbad, CA, USA). Femoral canal
bone marrow was washed with phosphate-buffered saline
(Corning Inc, Manassas, VA, USA) and centrifuged at 1700
revolutions per minute for 5 minutes. The resultant pellet was
then treated with red cell lysis buffer for 10 minutes at 0 °C,
resuspended and cultured in expansion media.

MSC Culture
Cells were grown on 100-mm culture dishes at 37 °C in a

humidified 5% CO, incubator. Twenty-four hours after the
initial plating, cultures were gently washed with phosphate-
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Table 1. Patient demographics

Patient number Sex Age at surgery (years) BMI (kg/m?) Disease etiology
1 Male 30 26 Steroids

2 Male 57 29 Idiopathic
3 Male 51 34 Steroids

4 Female 58 20 Idiopathic
5 Male 38 25 Idiopathic
6 Male 54 35 Alcohol

7 Male 56 33 Idiopathic
8 Male 58 31 Steroids

9 Male 41 31 Idiopathic
10 Male 26 38 Steroids
11 Female 48 30 Idiopathic
12 Male 29 33 Steroids
13 Female 28 30 Steroids
14 Male 29 23 Steroids
15 Female 57 27 Idiopathic

buffered saline to remove any nonadherent cells and
replaced with expansion media. Every 48 hours the culture
medium was replaced completely and nonadherent cells
were discarded. MSCs were identified as having the ability
to proliferate in culture, with adherent, spindle-shaped
morphologic features. Cells were expanded until they
reached 90% confluence, at which time they were trypsi-
nized and expanded until the second passage.

Immunophenotypic Characterization of Cells

After the second passage in cell culture, a subset of cells
was attained for immunophenotypic analysis. Trypsinized
cells were washed in medium and centrifuged for 5 min-
utes at 1700 revolutions per minute to create a cell pellet.
The cell pellet then was resuspended in 100 pL phosphate-
buffered saline and removed for immunophenotypic
analysis. Each cell preparation was stained with the fol-
lowing monoclonal antibodies: mouse antihuman CD34-
APC (clone MOPC-21), CD14-FITC (clone G155-178),
CD45-PE-Cy7 (clone MOPC-21) (all from BD Bio-
sciences, San Jose, CA, USA), CD105-PE (clone SN6),
and CD90-PerCP-Cy5.5 (clone 5E10) (both from eBio-
science, San Diego, CA, USA). Analysis was performed
using an LSR II flow cytometer, and the subsequent data
were analyzed with Cell Quest Pro software (both from
BD Biosciences).

Immunophenotypic analysis of aMSCs and bmMSCs
showed a high proportion of cells that were CD 90 and CD
105 positive, while simultaneously being CD 14, CD 34,
and CD 45 negative; this combination of cell markers is
consistent with MSC phenotype (Fig. 1).

@ Springer

Histologic Characterization of Cells

After the second passage in culture a subset of cells was
obtained to confirm, in a qualitative fashion, that aMSCs and
bmMSCs were capable of trilineage differentiation to bone,
cartilage, and adipose tissue. Osteogenic, chondrogenic and
adipogenic differentiation were achieved using StemPro®™
Osteogenesis, Chondrogenesis, and Adipogenesis differen-
tiation media, respectively (Invitrogen), with 10% fetal
bovine serum per the manufacturer protocol. Cells were
cultured for a total of 8 weeks with media changed every
48 hours. After 8 weeks, cells grown in osteogenic medium
were stained with 2% alizarin red (Sigma-Aldrich), cells
grown in chondrogenic medium were stained with 1%
Alcian blue (Sigma-Aldrich), and cells grown in adipogen-
esis medium were stained with 0.2% Oil Red-O (Sigma-
Aldrich). Cells were observed using a light microscope (Carl
Zeiss Microscopy, Thornwood, NY, USA) with resultant
images acquired at x20 magnification (Fig. 2).

Assessment of Cell Proliferation

After the second passage in culture, aMSCs and bmMSCs
were subjected to a standardized cell proliferation protocol
as follows. On Day 0, MSCs were quantified using a Coun-
tess™™ (Invitrogen) automated cell counter. The Countess™™
detects viable and nonviable cells using 0.4% trypan blue
(Invitrogen) staining. Three-hundred thousand cells were
plated on 100-mm culture dishes with expansion medium.
On the second day, the expansion medium was changed and
on Day 4 cells were trypsinized and subsequently counted.
From the counted cells, 300,000 were isolated and replated
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Fig. 1A-F Mesenchymal stem cells were isolated from periarticular
adipose tissue and femoral canal bone marrow. After the third
passage, cells in culture were analyzed with phenotypic immunos-
taining via fluorescent activated cell sorting. (A) aMSCs are CD 90
and CD 105 positive. (B) aMSCs are CD 45 and CD 14 negative.
(C) aMSCs are CD 45 and CD 34 negative. (D) bmMSCs are CD 90

Alizarin Red (Bone)

Alcian Blue (Cartilage)

wn | C % C®
Ol D
g 9 ‘&1 4 %
0 5 .
s 21 2
A b N T i et B 104
CD 105
S| c® oy c ®1
w|D. D D.
S| ® 4 ® 4 =
0 _ 5 - 5 =
E e e e
D 104 s 1210 10t B 210°v . 1;6' 102 100 10t
CD 14 CD 34

and CD 105 positive. (E) bmMSCs are CD 45 and CD 14 negative.
(F) bmMSCs are CD 45 and CD 34 negative. Collectively, these
results show that a high proportion of CD 105/90 positive and CD
14/34/45 negative cells were isolated from adipose tissue and iliac
crest bone marrow, which is consistent with MSC phenotype.

Oil Red-O (Adipose)

aMSCs

bmMSCs

Fig. 2A-F aMSCs and bmMSCs were capable of trilineage muscu-
loskeletal differentiation. After the third passage, cells in culture were
grown in either osteogenic, chondrogenic, or adipogenic media for
8 weeks and subsequently stained with alizarin red, Alcian blue, or

on new 100-mm dishes. This procedure was replicated four
times for a total protocol of 20 days from which cell prolif-
eration metrics could be quantified. Cumulative population

Oil Red-O, respectively. Microscopy was performed at x20 magni-
fication. (A) Osteogenic, (B) chondrogenic, and (C) adipogenic
differentiation are shown from aMSCs. (D) Osteogenic, (E) chondro-
genic, and (F) adipogenic differentiation are shown from bmMSCs.

doubling was calculated using the formula: [log;y (Ny) —
logo(N})]/log102, where Ny is the harvested cell number and
N is the plated cell number [4]. Each passage was calculated
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and added to the population doubling of the previous passage
to obtain the cumulative population doubling. The genera-
tion time (ie, the time between two cell doublings) was
calculated as: [Log;op2 x At)/[log;o(Ng) — logio (Np],
where At is the time between passages [4]. Cumulative cell
count was the number of cells generated during the 20-day
proliferation protocol.

Assessment of Osteogenic Differentiation

Osteogenic differentiation was achieved using StemPro™
Osteogenesis differentiation medium (Invitrogen) with 10%
fetal bovine serum, per the manufacturer protocol. Ten-
thousand MSCs were plated in a 12-well culture dish. Cells
were cultured for a total of 14 days with the medium changed
every 48 hours. After Day 14, osteogenic differentiation was
measured through proxy quantification of alkaline phos-
phatase. Alkaline phosphatase activity was measured using
an Alkaline Phosphatase Assay Kit (Abcam, Cambridge,
MA, USA) per the manufacturer protocol. This colorimetric
assay was reported in units of optical density.

Transcriptome Profiling

Transcriptome mRNA discrepancy in MSC lineages was
assessed. RNA was extracted from five patients’ aMSCs and
bmMSCs after the third passage in culture (RNAeasy Kit;
Qiagen, Valencia, CA, USA). Affymetrix 3’ IVT Express Kit
(Affymetrix, Santa Clara, CA, USA) was used as the
microarray platform performed as per manufacturer recom-
mendation. One-hundred nanograms of high-quality total
RNA (Agilent Bioanalyzer; Agilent Technologies Inc, Santa
Clara, CA, USA) was used for reverse transcription with
products column-purified (Affymetrix) and transcribed to
yield biotin-labeled cRNA hybridized onto Affymetrix U133
Plus 2.0 GeneChips™. Arrays washed and stained with
streptavidin-phycoerythrin were scanned in an Affymetrix
GeneChip™ Scanner 3000. Control parameters confirmed
standard ranges before normalization, noise correction, and
data reduction. Transcriptome analysis was performed
(GeneSpring GX 12.1; Agilent Technologies) with probes
filtered according to preset flag values, yielding a volcano
plot to identify significant gene expression based on pairwise
comparison at fold change and Benjamini-Hochberg false
discovery rate corrected p value (> 1.5-fold, p < 0.05).

Network Analysis

Molecular interactions of differentially expressed genes
between aMSCs and bmMSCs were examined to identify
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pathways of relevance in the initial list of root objects
(Ingenuity™ Pathways Analysis and the MetaCore data-
base; Qiagen) [6]. Overlap between imported datasets and
canonical pathways imparted significance as determined by
hypergeometric distribution analysis. Internetwork priori-
tization based on imported datasets was measured by
z-score = (r — p)/o, ranking subnetworks according to
saturation with root objects. Finally, confidence interval
evaluation of network relevance to gene ontology biologic
processes was measured as p value = ((R!n!/(N — R)!(N
m))/NYZ [min(n,R), i = max(r,R +n — N)](1)/GN(R —
D(n — DN — R — n+ ) [6].

Statistical Analysis

Results were expressed as means or differences in means
with 95% CI. Analysis was performed through paired
Student’s t-tests using IMP®™ 9 software (SAS, Cary, NC,
USA). All statistical tests were two-sided and the threshold
for statistical significance was set at o = 0.05.

Results
Assessment of Proliferation Potential

Proliferation capacity was increased in patient-matched
aMSCs compared with bmMSCs. Cumulative cell count was
higherin aMSCs atevery time and fourfold greater at 20 days;
the mean difference in cumulative cell count at 20 days was
3.99 x 108 cells (SD = 1.67 x 108 cells; 95% CI, 3.07 x 10%—
492 x 10® cells; p < 0.001). Generation time in days was
shorter in aMSCs; the mean difference in generation time was
0.43 days (SD = 0.16 days; 95% CI, 0.34-0.52 days;
p < 0.001). Cumulative population doubling was greater in
aMSCs compared with bmMSCs at passage one (2.42 versus
1.74; p < 0.001), passage two (6.65 versus 4.97; p < 0.001),
passage three (8.98 versus 6.39; p < 0.001), passage four
(10.98 versus 8.87; p < 0.001), and passage five (13.10 versus
10.35; p < 0.001) (Fig. 3).

Assessment of Osteogenic Differentiation Potential

Bone differentiation efficiency as measured by optical
density was increased in patient-matched aMSCs compared
with bmMSCs. Optical density was 2.25-fold higher in
aMSCs at 14 days; the mean difference in optical density
was 1.27 (SD = 0.34; 95% CI, 1.08-1.46; p < 0.001).
Optical density was greater in aMSCs for all 15 patients in
the study (Fig. 4).
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Fig. 3A—C aMSCs show superior proliferation potential compared
with bmMSCs. After the third passage, cells in culture were plated at
a concentration of 300,000 per 10-cm dish. They were grown for 96
hours after which time they were counted and replated at a
concentration of 300,000 per 10-cm dish. This process was repeated
five times to derive growth curves. (A) Cumulative population

as
=Pt 1
—+—Pt 2
3 —+—Pt 3
—t=—Pt 4
25 | =Pt 5
| =+=Pt6
§' —t=Pt 7
g 5 | =—Pt8
5 —o—Pt9
— —o=—Pt 10
[
@ 1.5 |=+=Ptll
g ——Pt12
(@] Pt13
1 Ptld |
Ptl5
0.5
0 T
bmMSCs aMSCs
A MSC Source

Fig. 4A-B aMSCs show increased osteogenic differentiation poten-
tial compared with bmMSCs. After the third passage, cells in culture
were grown in osteogenic differentiation media for 14 days. Alkaline
phosphatase activity was measured as optical density between aMSCs
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doubling was increased in aMSCs compared with bmMSCs at each
passage (p < 0.001). (B) The cumulative cell count was fourfold
greater in aMSCs compared with bmMSCs at the end of the 20-day
protocol (p < 0.001). (C) Generation time was less in aMSCs
compared with bmMSCs (p < 0.001). pts = patients.
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@ bmMSCs (n = 15pts) *
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and bmMSCs from the same 15 patients (pts). (A) Optical density was
increased in aMSCs for all 15 patients. (B) aMSCs showed a 2.5-fold
increase in optical density across the entire cohort (p < 0.001).
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Table 2. Top 50 most differentially expressed genes

Table 2. continued

Gene name Fold change p value* Direction Gene name Fold change p value* Direction
of change® of change®
CXCL6 107.9 0.047 Down CYP27C1 5.8 0.033 Up
CNTN3 90.5 0.046 Down CYGB 5.7 0.047 Up
EMX2 57.8 0.044 Down AMPH 5.5 0.033 Down
EPB41L3 2.1 0.033 Down * Benjamini-Hochberg false discovery rate corrected p value;
MME 458 0.033 Down § adipose-derived MSCs relative to bone-marrow-derived MSCs.
EFNB2 452 0.039 Up
MAB21L2 35.9 0.033 Up
ZFPM2 332 0.033 Down Genetic Transcriptome Analysis
CRISPLD1 29.1 0.047 Up
CCRL1 229 0.044 Down Gene expression differed between patient-matched MSCs
VATIL 21.6 0.049 Down depending on native tissue source. RNA transcriptome
PCDH7 21.0 0.047 Down analysis showed 284 genes that met statistical (p < 0.05;
GPR126 19.1 0.033 Down false discovery rate corrected) and biological (fold
CDH6 16.6 0.047 Up change > 1.5) significance cutoffs for differential expres-
HOXB7 16.2 0.044 Down sion between aMSCs and bmMSCs. The top 50 most
SHC3 159 0.033 Down differentially expressed genes all showed fold changes of
KRT19 14.8 0.038 Up 5.5 or greater (Table 2). Subsequent network analysis of
MIR503HG 13.0 0.033 Down these 284 genes determined the most interconnected bio-
CNTNAP3 12.6 0.033 Up logical pathways (Fig. 5A). The top 10 molecular pathways
PTPRD 12.4 0.043 Down implicated in the network of differentially expressed genes
GALNT3 12.2 0.033 Up included YWHAZ, SUMOI1, ERBB2, CDK2, NR3CI, H3,
SUSD5 12.1 0.047 Up AR, CANDI, SPI, HSP90 (Fig. 5B). These genes have
PDPN 11.1 0.044 Down been associated with processes such as response to gluco-
Cc3 10.8 0.033 Down corticoids, response to androgens, response to insulin,
ERMN 10.7 0.033 Up calcium homeostasis, cell growth, metabolism, immunity,
DNAIJIC6 10.4 0.008 Up and inflammation (Table 3). Further network topology
SHROOM?2 10.0 0.038 Up analysis of differentially expressed genes showed alter-
FAM155A 9.8 0.049 Up ations in processes critical for musculoskeletal tissue
ISM1 95 0.044 Up development and many nonspecific pathways (Fig. 5C).
SCN3A 9.4 0.050 Up
EN1 9.4 0.033 Down
EYA2 9.2 0.033 Up Discussion
PKDCC 8.8 0.033 Down
SIM1 33 0.046 Down Orthopaedic surgery is entering a new era where biologic
LAMA2 32 0035 Down treatment modalities are beginning to complement and
EVAIC 79 0.033 Up even replace mechanical solutions of the past. MSCs have
FLRT3 77 0.033 Up been a cor.nerstone of this effort for di.seases such as
S100A4 77 0.047 Down osteonecrosm. of the femoral head with autologous
MRAP? 76 0.033 Up meSCs being the most commonly used cc?llular tbefa-
LRCH2 76 0.033 Down pe.utlc approach. However, to date regenerative medl.cme
ENPP2 75 0.049 Down with bmMSCs ha.s not proven t.o be a panacea for patients
[9, 21, 22]. Studies are beginning to suggest that aMSCs
CARDI10 6.9 0.043 Up . . .
may provide a more-robust source of stem cells given their
IRAK3 6.9 0.043 Down . . . .
RIMS1 68 0.049 Up relative protection from physiologic stress [2, 6,. 28, 38].
These cells also are more abundant and accessible than
TMEFF2 6.6 0.033 Up bmMSCs. Nevertheless, questions remain regarding the
BNCI 6.5 0.034 Down osteogenic potential of aMSCs, particularly as it pertains to
ANK3 5.8 0.049 Up
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specific disease states. Therefore, the goals of our study
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Fig. SA-C Differentially expressed genetic pathways govern func-
tional phenotypic differences between aMSCs and bmMSCs. (A) This
network diagram shows the relationships among differentially
expressed genes between aMSCs and bmMSCs. The expression of
54,000 genes was measured by the Affymetrix GeneChip®™ Human
Transcriptome Array 2.0 platform with 284 genes meeting cutoffs for
biologic significance (fold change > 1.5) and statistical significance
(p < 0.05). Subsequent network interactions were performed with
Ingenuity®™ Pathway Analysis software. (B) Network topology was
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performed on all 284 differentially expressed genes and their biologic
pathway relationships. The number of connections to a molecular
pathway is represented on the x-axis as g (degrees). The top 10 most
implicated pathways are shown in the pink square. (C) This graph
shows the top 10 ontologic processes governed by differentially
expressed genes. Notably, skeletal and muscular system development
and function, connective tissue development and function, and
hematologic system development and function achieved high levels
of significance.

Table 3. Top 10 gene pathways implicated in network analysis of differentially expressed mesenchymal stem cell genes

Gene name Protein name Protein described functions

YWHAZ 14-3-3 protein zeta/delta Regulation of insulin sensitivity

SUMO1 Small ubiquitin-related modifier 1 Calcium homeostasis in mitochondria

ERBB2 Human epidermal growth factor Promotion of cellular proliferation

CDK2 Receptor 2 Cell cycle transition from GI1 to S phase

NRC31 Cyclin-dependent kinase 2 Primary control of growth, metabolism, and immune response
H3 Glucocorticoid receptor Immune response

AR Histone H3 Gene expression

CAND] Androgen receptor General development and skeletal integrity

SP1 Cullin-associated NEDDS-dissociated Protein structure

HSP90 Protein 1, specificity protein 1, heat shock protein 90 Zinc ginger transcription factor; protein folding and integrity
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were to characterize the proliferation and osteogenic dif-
ferentiation potential between aMSCs and bmMSCs from
patients with osteonecrosis, while exploring if differential
genetic expression exists based on mesenchymal stem cell
lineage.

The results of this study must be considered in light of
important limitations. First, this was an in vitro laboratory
investigation. As such, it is difficult to fully recapitulate the
in vivo microenvironment that will modulate activity of
these cells. The efficacy of these cellular therapeutic
strategies will need to be assessed in prospective human
studies before firm conclusions can be drawn. However, the
phenotypic differences from this investigation in conjunc-
tion with the success of aMSCs for other therapeutic
indications are promising indicators. Second, without
experimental manipulation of the differentially expressed
genes identified by transcriptome analysis, we cannot
comment on how specific genes potentially modify phe-
notypic performance. Nevertheless, the purpose of this
exploratory analysis was to determine if genes are differ-
entially expressed that may underlie functional differences,
and identify candidates for future study in the laboratory.
Third, our transcriptome analysis did not identify differ-
ential expression of some primary regulators of
osteogenesis such as osteocalcin, runt-related transcription
factor 2, and BMP-2. Transcriptome profiling was done on
predifferentiated MSCs. Identified differentially expressed
genes likely regulate the expression of these important
osteogenic pathways; however, further transcriptome pro-
filing on predifferentiated and osteogenically differentiated
MSCs will be needed to elucidate more precise relation-
ships. Fourth, network biology analytic techniques are
restricted by gene functions reported to date. Therefore, our
study contributes to the growing repertoire of gene ontol-
ogy data and will strengthen the platform for future
investigations of musculoskeletal genetics, development,
and physiology that leverage network techniques.

Hip decompression and implantation of bmMSCs has
been reported to be a successful treatment for early stage
osteonecrosis. There is a subgroup of patients however, for
whom surgical treatment has failed [22]. Reported predic-
tors of failure include size of the necrotic lesion, etiology of
the osteonecrosis, and proliferation potential of the
bmMSCs based on fibroblast colony-forming units [13, 22].
In addition, previous studies have shown that patients with
corticosteroid-induced and alcohol-induced osteonecrosis
have decreased osteogenesis from their bmMSCs [7, 9, 12,
17, 34] and could account for the limited results obtained in
certain osteonecrosis groups. Identifying other potential
sources of MSCs is of critical importance for management
of patients who may be considered at high risk for failure.

Our study showed increased proliferation capacity
among aMSCs in comparison to bmMSCs from patients
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with osteonecrosis. This finding is consistent with those
of numerous studies corroborating this phenomenon in
in vitro and animal studies [1, 5, 6, 8, 33]. Strioga et al.
[33] reported that this may be attributable to fewer
in vivo cell division events for aMSCs, resulting in
longer telomere lengths and greater reserve capacity.
aMSCs seem to be buffered from physiologic insult as
residents of a quiescent tissue, whereas bmMSCs are
subject to a dynamic environment constantly adapting to
homeostatic derangements. Our study shows that in the
setting of osteonecrosis, aMSCs maintain an enhanced
capacity for growth relative to MSCs isolated from bone
marrow. These data should lead to future prospective
studies exploring the clinical differences between aMSCs
and bmMSCs in differing groups of patients with
0steonecrosis.

Despite having a proliferation advantage, numerous
studies have shown inferior osteogenesis from aMSCs
compared with bmMSCs [14, 18, 20, 27, 31, 35]. These
studies from in vitro experiments and animal models have
questioned the ability of aMSCs for regenerative ortho-
paedics. Nevertheless, other work has shown equal or
superior osteogenesis from aMSCs when compared with
bmMSCs [32, 36, 38]. Although this debate remains
unclear it will be critical to evaluate candidate stem cells
from the specific patient population to be treated. For
example, bmMSCs have been shown to lose potency with
age and certain disease states like osteoporosis [10, 26].
Likewise, our results showed that in the setting of
osteonecrosis, aMSCs showed superior osteogenic poten-
tial compared with bmMSCs as measured by alkaline
phosphatase activity. This may be explained partly in
previous studies showing that patients with corticosteroid-
induced and alcohol-induced osteonecrosis have decreased
osteogenesis from their bmMSCs [7, 9, 12, 17, 34]. Greater
physiologic stress in the bone marrow may contribute to
the discrepant osteogenesis profile of MSCs based on
native tissue source in patients with these insults. These
differences are especially important for surgeons treating
osteonecrosis, and may have an even greater effect in
patients still in contact with the etiologic risk factor that led
to its occurrence (ie, continued steroid therapy), further
encouraging the surgeon to choose aMSCs over bmMCSs
at the time of hip decompression.

Only one published study, to our knowledge, has
delineated alterations in the transcriptome of aMSCs and
bmMSCs [1]. However, Abu Kasim et al. [1] compared the
transcriptome of aMSCs, bmMSCs, and MSCs from
Wharton’s Jelly and dental pulp. They found limited
expression profile differences, but did find that aMSCs had
more prominent expression of genes involved in tissue
development, whereas bmMSCs favored inflammation
and immunomodulation pathways. These findings are
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consistent with those of our study, which also highlighted
few gene expression differences, but noted a propensity
toward tissue development pathways in aMSCs (Fig. 5).
What seems apparent is that MSCs from different tissues
exhibit distinctive gene expression signatures making
them competent for lineage-specific differentiation. As
such, MSC source should be an important consideration
based on patient characteristics, disease state, and desired
final differentiated tissue type. The results of our study
support phenotypic advantage for aMSCs in osteonecrosis
of the femoral head, which may be explained by a com-
bination of factors including physiologic protection from
insults and a baseline genetic expression profile with a
proclivity toward tissue development. The most intercon-
nected pathways from the network analysis in our study
included the glucocorticoid receptor, androgen receptor,
and other proteins regulating insulin sensitivity, cell
growth, metabolism, and protein function. Corticosteroid
use is a primary risk factor for osteonecrosis; therefore,
alterations in the glucocorticoid receptor between aMSCs
and bmMSCs may partly explain osteoregeneration
discrepancies in patients with osteonecrosis. Followup
investigation will be necessary to determine the extent
to which these identified genes and pathways govern
osteonecrosis pathophysiology and if these pathways are
viable therapeutic targets.

We found that aMSCs maintain greater potential for
proliferation and osteogenic differentiation compared with
bmMSCs in the setting of osteonecrosis. Patients with
early-stage disease are increasingly receiving joint-
preserving operations such as core decompression in
combination with autologous bone marrow toward the goal
of preventing collapse of the femoral head and regenerating
the hip. As aMSCs are more abundant and show a superior
functional phenotype for this purpose, they may prove to be
a more effective therapeutic approach. We also identified
differentially expressed genes between aMSCs and
bmMSCs, potentially providing the basis for further
exploration in disease pathophysiology and potential ther-
apeutic targets. Studies that selectively modify these
identified genes and subsequently test cellular performance
metrics will be critical in this endeavor. Nevertheless, as
more centers gain the infrastructure to use aMSCs, patients
with osteonecrosis may realize greater benefit from this
autologous cellular therapeutic strategy. Ideally, a well-
designed prospective study will be able to evaluate the
efficacy of these cellular therapies side-by-side in patients
with bilateral early-stage disease.
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