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Background: ASCs are promising for skeletal regeneration, but their heterogeneity limits their use.
Results:Microfluidic analysis and FACS identified a cellular subset (CD105low) with enhanced osteogenic capacity.
Conclusion: CD105 depletion was found to enhance osteogenesis through reduction of TGF-�1 signaling.
Significance:We illuminate the functional relevance of hASCheterogeneity and enhance understanding of CD105with respect
to osteogenic differentiation.

Clinically available sources of bone for repair and reconstruc-
tion are limited by the accessibility of autologous grafts, infec-
tious risks of cadaveric materials, and durability of synthetic
substitutes. Cell-based approaches for skeletal regeneration can
potentially fill this need, and adipose tissue represents a prom-
ising source for development of such therapies. Here, we
enriched for an osteogenic subpopulation of cells derived from
human subcutaneous adipose tissue utilizing microfluidic-
based single cell transcriptional analysis and fluorescence-acti-
vated cell sorting (FACS). Statistical analysis of single cell tran-
scriptional profiles demonstrated that low expression of
endoglin (CD105) correlated with a subgroup of adipose-de-
rived cells with increased osteogenic gene expression. FACS-
sorted CD105low cells demonstrated significantly enhanced in
vitro osteogenic differentiation and in vivo bone regeneration
when compared with either CD105high or unsorted cells. Evalu-
ation of the endoglin pathway suggested that enhanced osteo-
genesis among CD105low adipose-derived cells is likely due to

identification of a subpopulation with lower TGF-�1/Smad2
signaling. These findings thus highlight a potential avenue to
promote osteogenesis in adipose-derivedmesenchymal cells for
skeletal regeneration.

Approximately 2 million bone grafting procedures are per-
formed worldwide each year, procedures that are costly, pain-
ful, and often fail to provide a durable solution (1). Several
recent studies, however, have shown that a cell-based approach
using the stromal vascular fraction (SVF)6 from adipose tissue
may represent an attractive alternative to traditional bone
grafting (2–8). Although this strategy holds promise in the
treatment of various bone defects, significant challenges must
still be overcome. One such challenge is the marked heteroge-
neity present within the SVF (9, 10). Although cell surface anti-
gen expression has been studied among the adipose SVF and
culture-expanded cells (termed adipose-derived stromal cells
or ASCs), no consensus exists on cell surface markers identify-
ing adipose-derived mesenchymal progenitors or osteopro-
genitor cells (9, 11–13). This difficulty is further compounded
by the well documented, rapidly changing cell surface pheno-
type of culture-expanded ASCs (9, 13).
Several groups have reported expression of the cell surface

receptor endoglin (CD105) to be correlated with stem cell
capacity within mesenchymal cells of adipose tissue and bone
marrow origin (10, 14–17). Although mesenchymal stromal
cells have been traditionally defined by positive expression of
CD105 (8, 18, 19), several groups have also observed consider-
able phenotypic drift within ASCs during in vitro expansion
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(10, 20–22). Specifically, CD105 expression has been found to
rapidly increase from almost zero in freshly harvested cells to
nearly ubiquitous expression after 4–7 days in culture (4, 16).
This phenomenon may explain conflicting reports regarding
CD105 as a marker for ASCs.
CD105has also been found to be involved in a variety of other

biological processes. Studies have linked endoglin to angiogen-
esis and neovascularization, the development of pre-eclampsia,
scleroderma, and psoriasis (23–26). Furthermore, mutations in
CD105 have been identified in patients with hereditary hemor-
rhagic telangiectasia, and recent reports have shown solubilized
endoglin to bind with high affinity to bonemorphogenetic pro-
teins (BMPs)-9 and -10 (23).
In this study, using single cell transcriptional analysis, we

found expression patterns for CD105 to be closely associated
with the osteogenic potential of ASCs. Fluorescence-activated
cell sorting based onCD105was then employed to enrich ASCs
formore highly osteogenicmesenchymal cells (10). By combin-
ing these approaches, we identified CD105low ASCs to be capa-
ble of enhanced osteogenic differentiation relative to
CD105high andunsorted cells.Mechanistically, CD105has been
shown to function as a TGF-�1 co-receptor (23, 28). As
TGF-�1 is a known inhibitor of mesenchymal cell osteogenic
differentiation, cells with lower CD105 expression and thus
diminished TGF-�1 signaling would be expected to more rap-
idly formbone (29, 30). This conceptwas further investigated in
our study through RNA interference and analysis of multiple
downstream signaling pathways.
Overall, from a clinical perspective, definition of the role

CD105 plays in ASC osteogenic differentiation may enable
development of improved strategies to treat various skeletal
defects. Whether through isolation of an enriched population
based on this cell surfacemarker or by targetedmanipulation of
CD105 levels, ASC-mediated bone regenerationmay be poten-
tially enhanced. Strategies in which harvested cells are re-im-
planted back into the same patient for the purposes of skeletal
tissue engineering may ultimately prove to be an attractive
alternative or adjuvant therapy to traditional bone grafting.

EXPERIMENTAL PROCEDURES

Lipoaspiration specimens were obtained after acquiring
informed consent from patients, in accordance with Stanford
University Institutional Review Board guidelines. ASCs were
harvested from the adipose tissue of 15 female patients between
the ages of 18 and 65 without major medical conditions who
were undergoing elective lipoaspiration of the abdomen, flank,
and/or thigh region as described previously (8, 31).
For gene expression studies, cells were serum-starved 24 h

before analysis to synchronize cell cycle. Single cells were then
sorted using a FACSAria (BD Biosciences) into the wells of
96-well plates containing Platinum Taq reverse transcriptase,
polymerase master mix (Invitrogen), and TaqMan primers for
each gene target (Applied Biosystems, Foster City, CA) (supple-
mental Table S1). Single cell lysates underwent target-specific
22-cycle preamplification, and quantitative PCR was per-
formed in the BioMark Reader per the manufacturer’s instruc-
tions (Fluidigm, San Francisco, CA). Data were normalized rel-
ative to the median expression of each gene and converted to

base 2 logarithms. Single cell transcriptional profiles were clus-
tered using an adaptive fuzzy c-means algorithm (32). This heu-
ristic employs an objective optimization loop to determine the
clustering parameters that best describe cells while minimizing
theoretical information loss (supplemental Fig. S1A). Linear
discriminant analysis was applied to determine those genes
whose expression patterns maximally differed between groups,
and the sensitivity and specificity of this partitioning scheme
were assessed using traditional receiver operating characteris-
tic (ROC) analysis of the true positive/negative and false posi-
tive/negative rates for multiple possible gene combinations
(33).
Serum-starved and non-serum-starved ASCs were sorted

following 36 h in culture using a fluorescein-conjugated anti-
human CD105 antibody (R&D Systems, Minneapolis, MN).
Unsorted cells and CD105high and CD105low cells were then
seeded at 100,000 cells/well in a 6-well plate or 35,000 cells in a
12-well plate and treated with osteogenic differentiation
medium (ODM) (31). For select experiments, ODM was sup-
plemented with rhTGF-�1 (20 or 40 ng/ml), rhBMP-2 (200
ng/ml; R&D Systems), anti-BMP-2 neutralizing antibody
(BMPi; 20 �g/ml), or the small molecule Alk-5 inhibitor
SB-525334 (10 ng/ml) (Sigma-Aldrich). For other experiments,
groups included unsorted hASCs transfected with either con-
trol short hairpin RNA (shRNA) or CD105 shRNA lentiviral
particles (Santa Cruz Biotechnology, Santa Cruz, CA). Alkaline
phosphatase staining and quantification were performed at 3
days, as described previously (34). Photometric quantification
of Alizarin red stain was performed at 7 days to assay bone
nodule formation (31). Adipogenic differentiation was assessed
as described previously usingOil RedO staining and photomet-
ric quantification after 7 days of differentiation (31). RNA was
harvested after 3 and 7 days of osteogenic and adipogenic dif-
ferentiation, and gene expressionwas examined by quantitative
RT-PCR using the Applied Biosystems Prism 7900HT
sequence detection system (see supplemental Table S2 for a list
of primers). Serum-free conditioned medium and cell lysate
were prepared as described previously (35), and TGF-�1 pro-
tein was quantified by double sandwich ELISA according to the
manufacturer’s instructions (R&D Systems).
For evaluation of in vivoosteogenesis, critical-sized (4-mm) cal-

varial defects were created in the right parietal bone of 60-day-old
male CD-1 nude mice (Crl:CD-1-Foxn1nu; Charles River Labora-
tories, Wilmington, MA) (36). Apatite-coated (HA) PLGA scaf-
folds were fabricated, and for select experiments, these scaffolds
were designed to release BMP-2 (200 �g/ml) (37). Each scaffold
was implanted alone or was seeded with 150,000 cells (36). Ani-
mals were treated with HA PLGA scaffold, BMP-2 releasing scaf-
fold, or anti-BMP-2 releasing scaffold seeded with the following
cell types: 1) unsorted ASCs, 2) CD105high ASCs, 3) CD105low
ASCs, 4) unsorted ASCs treated with a control shRNA, and 5)
unsortedASCs treatedwithaCD105shRNA(SantaCruzBiotech-
nology). As controls, no scaffold, as well as PLGA scaffold alone
and BMP-2 releasing scaffold alone, were used.
Micro-CT was performed using a high-resolution Micro-

CAT IITM (ImTek Inc., Knoxville, TN) small animal imaging
system as described previously (17). hASC viability in vivo was
demonstrated weekly using an IVIS 200 (Caliper LifeSciences,
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Hopkinton, MA) after hASC transduction with a triple fusion
lentivirus linked to luciferase and GFP (17). At 1 and 8 weeks
postoperatively, calvaria were harvested, formalin-fixed, decal-
cified in 19% EDTA, and paraffin-embedded. Bone formation
was assessed by aniline blue and pentachrome staining (38). In
situ hybridizationwas performed at 1week to detect expression
of runx2, osteocalcin (Ocn), and TGF-�1, as described previ-
ously (34). FISH analysis for human sex chromosomes was also
performed, as female hASCs were implanted in male mice (17).
Immunohistochemistry was performed using rabbit poly-

clonal anti-Smad2 or rabbit polyclonal anti-pSmad2 at 1:80
dilution (Santa Cruz Laboratories). VECTASTAIN ABC was
used with the appropriate biotinylated secondary antibodies
(Vector Laboratories, Burlingame, CA). Slides without primary
antibodywere used as a negative control. Visualizationwas per-
formed with diaminobenzidine solution (Zymed Laboratories
Inc., South San Francisco, CA).
Early passage hASCs were expanded in vitro to subconflu-

ence before viral infection. Hexadimethrine bromide (5 g/ml)
was added to augment infection efficiency of theCD105 shRNA
lentiviral construct (Santa Cruz Biotechnology). Cells were
infected four times, and puromycin (2 �g/ml) selection was
performed for 3 days following the final infection. Flow cyto-
metric analysis of GFP expression by the vehicle control was
performed to assess transduction efficiency. Knockdown of
endoglin was verified.
Means and standard deviations were calculated fromnumer-

ical data. In figures, bar graphs represent means, and error bars
represent one standard deviation. Unless otherwise stated, sta-
tistical analysis was performed using an ANOVA for multiple
group comparisons and by a two-tailed Student’s t test to
directly compare two groups. Inequality of standard deviations
was excluded by employing the Levene’s test.

RESULTS

Osteogenic Gene Expression Is Heterogeneous across ASC
Subpopulations—Using single cell transcriptional profiling of
48 genes, we observed considerable transcriptional heterogene-
ity among 200 human ASCs (Fig. 1A). Partitioning based on
transcriptional profiles grouped cells into three clusters (Fig.
1B). Expression of osteogenic genes was highest in cluster 1, as
determined qualitatively by the heat map visual representation
of the single cell transcriptional data (Fig. 1B). To identify those
genes best able to differentiate between cells with highly osteo-
genic transcriptional profiles (cluster 1) and those with lower
expression of osteogenic genes (clusters 2 and 3), we compared
the distribution of gene expression across all three clusters
using a non-parametric, two-sample Kolmogorov-Smirnov
analysis (39, 40). This analysis identified eight osteogenesis-
related genes (Fig. 1C) whose distribution exhibited a statisti-
cally significant association with cluster membership (*, p �
0.01 followingBonferroni correction formultiple samples) (41).
Expression levels of the genes MSX2, BMP-5, BMP-7, ALP,
OCN, and RUNX2 were the most highly associated, with tran-
scription of each differentially elevated in cluster 1 (i.e. expres-
sion of these genes predicted to which cluster a cell would be
assigned). Thus, expression levels of these genes largely deter-
mine the osteogenic transcriptional profile of ASCs that were

assignedmembership to individual clusters.However, to isolate
cells according to this osteogenic gene expression profile, it was
necessary to correlate surface antigen expression patterns with
the transcriptional patterns observed in our single cell analysis.
CD105 Allows for Optimal Clustering Based on Osteogenic

Gene Expression—We applied linear discriminant analysis (42)
to determine which surface antigen genes were expressed in
patterns that most closely mirrored expression of the osteo-
genic genes identified above (supplemental Fig. S1B). This
identified seven surface antigen genes (Fig. 1D) whose expres-
sion patterns were predictive of the cluster-defining osteogenic
genes (Fig. 1C). We found the expression pattern of the surface
antigen gene endoglin to exhibit the highest single association,
which suggests that this marker may be used to separate cells
according to differences in the transcriptional state of these
osteogenic genes. Given the complexity of transcriptional net-
works, however, characterizing the exact nature of this rela-
tionship would require considerably more rigorous analysis.
Nevertheless, these data indicate the expression pattern of the
surface-accessible marker CD105 to be predictive for expres-
sion of other osteogenic genes. As such, CD105 represents a
good candidate marker to use for separating cells based on
osteogenic gene expression (Fig. 1,D and E). A second cell sur-
face receptor that also appeared to correlate with expression of
osteogenic genes independent from CD105 was Thy-1 (Fig.
1D). Known as CD90, this surface marker has previously been
shown to be associatedwith osteoprogenitor cells andmay thus
be used to potentially isolate osteogenic cells (55).
Partitions outlined by linear discriminant analysis (and

therefore the surface antigens identified as candidates for pro-
spective isolation) were highly sensitive and specific to produce
robust clustering of ASCs (Fig. 1, E and F). This therefore con-
firmed that the three clusters identified in Fig. 1B represent
transcriptionally defined subpopulations that can be reliably
identified based on single cell transcriptional data. Accordingly,
we would expect that prospective isolation of these subpopula-
tions would separate ASCs with differences in osteogenic
capacity. Although we cannot necessarily predict the nature of
these differences, with respect to CD105 and its function as a
co-receptor for TGF-�1, we would expect that CD105low cells
would exhibit reduced TGF-�1 signaling.
CD105low Sorted Cells Demonstrate Increased Osteogenic

Potential in Vitro—A strategy using FACS sorting on as few
markers as possible would allow for the largest capture of cells
in the shortest amount of time. Because gene expression of
ENG was best predictive of osteogenic gene expression, we
sorted non-serum-starved ASCs into CD105high, CD105low,
and unenriched (sorted for live cells only) groups using FACS
(data not shown and Fig. 2A). Sorting at 36 h yielded a
CD105high population comprising 51.8% of the cells and a
CD105low population comprising 48.2%. Analysis following
FACS revealed over 98.3% enrichment for each population.
Importantly, CD105high cells demonstrated significantly higher
gene expression of CD105 (Fig. 2B, *, p � 0.05), thus further
confirming the fidelity of the sort.
Transcriptional analysis immediately after sorting revealed

that the CD105low subpopulation was enriched for a more
osteogenic subtype as demonstrated by increased expression of
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runx2ALP, collagen1 (COL1), andOCN (Fig. 2C, *, p� 0.05). In
addition, we found that the CD105low subpopulation exhibited
significantly greater expression of the BMP pathway genes

BMP-2, BMP-4, andBMPR-1B, all of which have been shown to
play a key role in osteogenic differentiation (Fig. 2C, *, p� 0.05)
(43). These findings, however, represent relative gene expres-

FIGURE 1. Microfluidic-based single cell transcriptional analysis of human SVF. A, hierarchical clustering of single cell gene expression within human SVF
cells. Genes and cells are organized in rows and columns, respectively. Gene expression is presented as -fold change from median. Considerable transcriptional
heterogeneity is evident. B, clustering of gene expression data using an information theory-based algorithm that groups cells based on similarity of transcrip-
tional profiles. The number of clusters is optimized objectively to minimize information loss, resulting in the partitioning of ASCs into three clusters. C, we
observed eight genes that demonstrated a statistically significant association with the cluster membership of the ASCs using a strict cutoff of *, p � 0.01 (41).
D, linear discriminant analysis was used to determine those surface antigen genes best able to differentiate between cluster 1 and clusters 2 and 3 (33). E, ROC
analysis of the sensitivity and specificity of the clustering results. Groups of genes (i.e. best “1 gene” or best “3 gene” combination) were evaluated using ROC
analysis. As expected, more accurate classification is achieved with a larger number of genes. F, ROC analysis of up to 20 genes for maximum achievable
sensitivity and specificity, defined by the area under the associated ROC curves for each gene combination.
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sion and do not necessarily reflect how these cells would
respond to osteogenic differentiation. Furthermore, CD105high
and CD105low populations represented cell populations after
removal of non-SVF cells based on size gates, as well as removal
of doublets (supplemental Fig. S2). This purity, we believe,
accounted for some of the large differences in gene expression.
To determine whether this increase in osteogenic gene

expression correlated with an increase in osteogenic differenti-
ation, we exposed the two sorted ASC subpopulations
(CD105high andCD105low) aswell as the unsorted population to
in vitro osteogenic differentiation conditions. Staining at day 3

for alkaline phosphatase (ALP), an early marker of bone forma-
tion, was increased in the CD105low population (Fig. 2,D and E,
*, p � 0.05). We assessed terminal osteogenic differentiation
using Alizarin red staining for extracellular matrix mineraliza-
tion at day 7 and found that CD105low ASCs created a signifi-
cantly greater amount ofmineralized extracellularmatrixwhen
compared with CD105high or unsorted cells (Fig. 2, F and G, *,
p � 0.05). In addition, the CD105low population demonstrated
persistent up-regulation of the osteogenic genesALP (Fig. 2H, *,
p � 0.05) and OCN (Fig. 2I, *, p � 0.05) during osteogenic
differentiation.

FIGURE 2. FACS analysis and gene expression of CD105 and osteogenic differentiation of CD105high, CD105low, and unsorted ASCs. A, FACS analysis of
CD105 expression 36 h after ASC harvest. B, to confirm that cell surface marker sorting is indicative of transcriptional profile, we demonstrated that cells sorted
with high CD105 do indeed have significantly higher expression of CD105 (*, p � 0.05). C, gene expression of early (RUNX-2, ALP, and COL1) and late (OCN)
osteogenesis as well as genes involved in the BMP pathway (BMP-2, BMP-4, and BMPR1B). Across all genes, CD105low cells had greater expression (*, p � 0.05).
D, alkaline phosphatase stain. E, quantification of unsorted, CD105high, and CD105low ASCs (*, p � 0.05). F, Alizarin red stain. G, quantification comparing
unsorted, CD105high, and CD105low hASCs. (*, p � 0.05). H, gene expression of ALP (*, p � 0.05). I, OCN during osteogenesis over time starting immediately after
the sort and following for 7 days. The CD105low cells appear to maintain a higher expression profile of ALP and OCN over time (*, p � 0.05). Statistical analysis
was performed with either a one-way ANOVA (cell population) or a two-way ANOVA (cell population and time) followed by post hoc individual comparisons.
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To eliminate any potential for the introduction of artifact
through changes in cell cycle profile following FACS isolation,
serum-starved ASCs were also sorted for CD105 prior to eval-
uation of in vitro osteogenic differentiation. No differences
were appreciated in CD105 expression between serum-starved
and non-serum-starved ASCs (data not shown). Also, despite
synchronization of cell cycle, similar differences were noted in
both alkaline phosphatase and Alizarin red staining, with
serum-starved CD105low ASCs demonstrating enhanced
osteogenesis relative to similarly treated CD105high and
unsorted cells (supplemental Fig. S3, *, p � 0.05). Collectively,
single cell transcriptional analysis thus allowed for correlation
of cell surface markers with an osteogenic transcriptional pro-
file that persisted over time in vitro. These data strongly suggest
that cell sorting based on expression of CD105 effectively
enriches for a more osteogenic ASC subpopulation.
Cells primed to undergo osteogenic differentiation are theo-

retically less likely to undergo adipogenic differentiation as an
inverse relationship has been repeatedly observed between
these differentiation pathways (44). Indeed, we observed the
CD105high population to have marked adipogenic potential by
Oil Red O staining and gene expression analysis (supplemental
Fig. S4,A and B).With respect to chondrogenic differentiation,
pentachrome staining after cell implantation demonstrated an
absence of cartilage (blue), indicating that bone formation
occurred by intramembranous ossification for unsorted,
CD105high, and CD105low ASCs (supplemental Fig. S4C).
CD105low CD90high Sorted Cells Demonstrate Increased

Osteogenic Potential in Vitro—As CD90 expression was simi-
larly identified by transcriptional analysis to be associated with
osteogenic cells, FACS isolation of ASCs was also performed
using this surface marker (Fig. 1D and supplemental Fig. S5).
Like CD105, CD90 sorted cells were heterogeneous and
appeared to cluster based on osteogenic gene expression (sup-
plemental Fig. S5B).We then sorted and clustered cells on both
CD105 and CD90 and demonstrated that CD105low CD90high
cells appeared to identify ASCs with high osteogenic gene
expression (supplemental Fig. S5, C and D). Therefore, we
would expect cells with different combinations of CD105 and
CD90 expression to exhibit different osteogenic transcriptional
profiles and capacity for osteogenic differentiation.
Evaluation of in vitro osteogenesis revealed CD105low

CD90high cells to be more osteogenic when compared with
CD105low CD90lowcells (supplemental Fig. S6). Importantly,
however, the CD105low CD90high population represents just
16.0% of ASCs and less than 3% of all harvested cells. Because of
these small numbers, from a clinical perspective, we do not
believe that the incremental difference in osteogenesis was sig-
nificant enough to warrant sorting on two markers over just
one.
CD105low Enriched Cells Demonstrate High Osteogenic Gene

Expression in Vivo andAccelerate Healing of Critical-sized Cal-
varial Defects—To evaluate the in vivo osteogenic capacity of
these ASC populations, we created 4-mm critical-sized parietal
bone defects in skeletally mature athymic CD-1 mice (17, 45).
Repair was performed using CD105high, CD105low, or unsorted
cells seeded onto apatite-coated PLGA scaffolds (17). Controls
included defects treated with an empty scaffold and untreated

defects without scaffold or cells. We performed in situ hybrid-
ization at day 5 following implantation of cells and found an
increase in Runx2 (Fig. 3A, top row) and Ocn (Fig. 3A, bottom
row) expression within defects containing CD105low ASCs rel-
ative to defects receiving CD105high or unsorted cells (Fig. 3A).
Control sense probes of Runx2 andOcn showedminimal back-
ground staining (data not shown).
Radiographic analysis was performed from1 to 8weeks using

micro-CT (n � 4 animals per group). Defects treated with
CD105low ASCs demonstrated significantly increased de novo
bone regeneration when compared with defects treated with
CD105high ASCs or empty scaffold (Fig. 3B). The unsorted pop-
ulation demonstrated a moderate healing capacity (Fig. 3B,
third row). Quantification of healing at 4 weeks postoperatively
demonstrated increased bone formation in defects treated with
CD105low cells when comparedwith all other groups (Fig. 3C, *,
p � 0.05).

Histological analysis with aniline blue (in which osteoid
appears dark blue) and pentachrome staining (in whichmature
bone stains yellow) of calvarial defects at 8 weeks correlated
with micro-CT findings. Defects treated with scaffold alone
showed some bony healing, particularly at the edges of the
defect (Fig. 3D, third column). In contrast, robust and thick
bony regeneration was observed throughout defects treated
with CD105low cells (Fig. 3D, far right). Defects treated with
CD105high ASCs demonstrated some bone formation, but to a
lesser degree when compared with the CD105low groups (Fig.
3D, fifth column).
Persistence and viability of human cells within defects during

the time of bone regeneration were demonstrated with in vivo
imaging systems after infectingASCswith aGFP/luciferase len-
tivirus before implantation (supplemental Fig. S7A). Persist-
ence was verified in the region of the newly generated bone by
FISH analysis for the human female X chromosome as all xeno-
grafts were sex mismatched (supplemental Fig. S7B).
Improved Osteogenesis in the CD105low Population Is Associ-

ated with Decreased TGF-�1 Signaling—CD105 is a known co-
receptor for TGF-�1 (46). Although the effects of TGF-�1 sig-
naling on osteogenesis are variable, overall continuous TGF-�1
treatment reduces late osteogenic differentiation. Our labora-
tory and others have previously demonstrated that TGF-�1
inhibits osteogenesis in osteocompetent cell lines (29, 30). In
aggregate, the CD105high cells had increased TGF-�1 gene
expression (Fig. 4A, *, p� 0.05). These findings were consistent
with the single cell gene expression findings (Fig. 1A), which
demonstrated a strong pairwise linear correlation of 0.755
between TGF-�1 and ENG gene expression, suggesting a posi-
tive relationship of expression between these two genes. More-
over, CD105high cells showed a statistically significant increase
in secretion of TGF-�1 relative toCD105lowASCs, asmeasured
by an ELISA assay of serum-free cell-conditioned medium
when normalized to cell number (Fig. 4B, *, p � 0.05). Finally,
byWestern blot analysis, CD105high cells demonstrated higher
levels of TGF-�1 protein (Fig. 4, C and D).
We examined whether this difference in TGF-�1 expression

affected downstream Smad2 signaling. Overall, CD105high
ASCs showed increased pSmad2 levels relative to other cells, as
demonstrated by Western blot (Fig. 4, C, E, and F). These data
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indicate that the difference in osteogenic differentiation seen
between the two cell populationsmay be associated with differ-
ences in TGF-�1/Smad2 signaling and suggest that this path-

waymay bemanipulated to augment osteogenesis. In vivo anal-
ysis using in situ hybridization demonstrated significantly
increased TGF-�1 transcript abundance, as well as increased

FIGURE 3. Osteogenic gene expression in vivo and healing of a critical-sized 4-mm calvarial defect. A, our analysis demonstrated an increase in early
osteogenic marker Runx-2 (top row) and late osteogenic marker Ocn (bottom row) transcript expression via in situ hybridization within defects containing
CD105low ASCs at day 5. The full defect is shown above each image with a scale bar shown within each close up of the defect site. Right side, nb � nasal bone,
zb � zygomatic bone, pb � parietal bone, ss � sagittal suture, d � defect. B, micro-CT of mouse calvaria from 1 week until 8 weeks after injury. At each time
point, the CD105low-treated defects demonstrated improved bone healing. C, quantification of osseous healing by micro-CT revealed significantly more
healing with CD105low cells relative to both CD105high cells and unsorted cells as well as empty and scaffold alone control at the 4-week time point (*, p � 0.05).
D, calvarial defects 4 mm in size were allowed to heal for 8 weeks before histological analysis by aniline blue and pentachrome stains. Five treatment groups
included those defects left empty (Empty), those treated with a scaffold but without hASCs (Scaffold Alone), and those treated with unsorted, CD105high, or
CD105low hASCs. Pictures were taken in the middle of the defect site. In aniline blue stains, bone appears dark blue. In pentachrome stains, bone appears yellow.
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FIGURE 4. Analysis of the TGF-�1 pathway in vitro and in vivo of unsorted, CD105high, and CD105low cells. A, TGF-�1 quantitative RT-PCR of unsorted,
CD105high, and CD105low cells (*, p � 0.05). B, TGF-�1 ELISA demonstrating the amount of TGF-�1 in unsorted, CD105high, and CD105low cells (*, p � 0.05). C,
Western blot images of TGF-�1, Smad2, pSmad2, and �-tubulin. D, TGF-�1 protein levels in the cytosolic fraction of unsorted, CD105high, and CD105low cells (*,
p � 0.05). E, Smad2 levels in the cytosolic portion of unsorted, CD105high, and CD105low cells. F, pSmad2 levels in the nuclear fraction of unsorted, CD105high,
and CD105low cells (*, p � 0.05). G, in situ hybridization for TGF-�1 gene expression in calvarial defects treated with unsorted, CD105high, and CD105low cells
demonstrating a greater signal in the CD105high-treated defects. H, immunohistochemistry for Smad2 of unsorted, CD105high, and CD105low cells demonstrat-
ing similar signal in all groups. I, immunohistochemistry for pSmad2 of unsorted, CD105high, and CD105low cells demonstrating greater nuclear signal in the
CD105high-treated defects. The left column shows parietal bone for orientation with the dotted line indicating the center of the defect and the region that is
magnified in subsequent images on the right.
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pSmad2 activation in the CD105high population when com-
paredwith defects treatedwithCD105low or unsorted cells (Fig.
4, G–I).
TGF-�1 Inhibits Osteogenic Differentiation and Inhibition of

Alk-5 Signaling Enhances Osteogenic Differentiation—We next
supplemented unsorted, CD105high, and CD105low cells with
TGF-�1 protein in higher doses than previously investigated
(29). At these high doses, TGF-�1 inhibited osteogenesis in all
three populations (Fig. 5, A and B). TGF-�1 treatment also
resulted in similar inhibition ofALP gene expression. (Fig. 5C, *,
p � 0.05).

Having demonstrated that an increase in TGF-�1 signaling
decreased osteogenic differentiation, we next determined
whether blocking this pathway through a small molecule inhib-
itor would do the opposite and make CD105high cells more
CD105low-like. BecauseAlk-5 exists downstream fromTGF-�1
andCD105, inhibition ofAlk-5might promote osteogenesis. As
expected, treatment of sorted cells with SB-525334, a small
molecule Alk-5 inhibitor, resulted in increased osteogenic dif-
ferentiation of all ASCs at both early and late time points (Figs.
6, A–D, *, p � 0.05), in effect making CD105high cells more
CD105low-like.
Differences in Osteogenic Differentiation between the

CD105high, CD105low and Unsorted Groups Are Independent of
the Smad1/5 Pathway—ASCs have been shown to signal
through the BMP-2 pathway, and we noted that BMP-2 gene
expression was elevated in the CD105low population. We thus
set out to explore whether there were differences in down-
stream BMP signaling through the Smad1/5 pathway. We
noted that at baseline, CD105high, CD105low, and unsorted cells
had similar Smad5 levels (supplemental Fig. S8, A and B). After
stimulation with BMP-2, both CD105high and CD105low cells
showed up-regulated levels of pSmad1/5 (supplemental Fig. S8,
A and C). Likewise, both CD105high and CD105low ASCs
behaved similarly to exogenous BMP-2, with enhanced Runx2
gene expression and in vitro differentiation (supplemental Fig.
S8, D–F). Finally, in response to BMP-2 released from a scaf-
fold, both CD105high and CD105low ASCs demonstrated
increased pSmad1/5 levels and accelerated bone regeneration
in vivo (supplemental Fig. S8,G andH). Therefore, CD105 does
not appear to alter ASC responsiveness to BMP.

Reduced Endoglin Expression Promotes hASC Osteogenic
Differentiation—To further test the biology of the endoglin/
TGF-�1 pathway,we knocked down endoglin transcript using a
lentiviral vector containing an shRNA construct against
CD105. Transduction efficiencywas over 98% by FACS forGFP
and immunofluorescence (data not shown). In vitro shRNA
knockdown of CD105 enhanced osteogenic differentiation in a
manner consistentwithCD105low sorting (Fig. 7,A andB, *, p�
0.05). In addition, early osteogenic gene expressionwas up-reg-
ulated in CD105 shRNA-treated cells, including RUNX-2,ALP,
and COL1 (Fig. 7C, *, p � 0.05). As with the sorted CD105low
population, those cells with CD105 knockdown demonstrated
decreased levels of pSmad2 despite similar levels of non-phos-
phorylated Smad2 in vitro and in vivo (Fig. 7,D–G, *, p � 0.05).
Also, like the sorted populations, CD105 shRNA-transfected
cells had a decrease in TGF-�1 ligand levels as measured by an
ELISA of cell lysate and conditioned medium (Fig. 7,H and I, *,
p � 0.05). Finally, ASCs transfected with CD105 shRNA lenti-
viral particles allowed for more rapid bone regeneration in vivo
(Fig. 7, J and K, *, p � 0.05).

DISCUSSION

At present, prospective enrichment of the stromal vascular
fraction of human adipose tissue to isolate homogeneous stem
cell subpopulations remains elusive. In this study, single cell
transcriptional analysis utilizing a microfluidic-based process
was employed to determine correlations between expression of
various surface markers and clusters of osteogenic transcrip-
tional activity. With this approach, both endoglin (CD105) and
Thy-1 (CD90) were found to be associated with differences in
expression of osteogenic genes among ASCs.
Identification of these candidate cell surfacemarkers allowed

for subsequent isolation of subpopulations to evaluate osteo-
genic differentiation. Immediately after ASC harvest, however,
the CD105low population represents over 90% of cells.
Although an early sort would appear to offer only 10% enrich-
ment, isolation of cells based on size gates, singlet gates, and
propidium iodide staining would still remove a large unwanted
fraction composed of non-SVF and non-viable cells. In our
study, we used ASCs 36 h after harvest and isolated an
extremely pure population By sorting at 36 h, we were able to
obtain equivalent sized fractions of CD105high and CD105low

FIGURE 5. Osteogenic differentiation of unsorted, CD105high-, and CD105low-treated cells with TGF-�. A, alkaline phosphatase staining after 3 days of
differentiation with ODM alone or in combination with TGF-�1 (20 and 40 ng/ml). B, Alizarin red staining after 7 days of differentiation with ODM alone or in
combination with TGF-�1 (20 and 40 ng/ml). C, ALP expression after TGF-�1 (40 ng/ml) addition to ODM after 3 days of differentiation (*, p � 0.05).
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ASCs. This allowed for controlled experiments in large num-
bers and more accurate analysis of the mechanism behind the
observed cellular differences.
Studies have shown endoglin to be a transmembrane co-re-

ceptor for TGF-�1 receptors Alk-1 andAlk-5 (47). The effect of
endoglin on vascular endothelial cells and hemostasis has been
widely studied (48, 49); however, a detailed analysis of its rele-
vance to hASC osteogenic differentiation has not been per-
formed. Previous studies have used expression of this receptor
to sort various cells for osteogenic and chondrogenic enrich-
ment (10, 14, 46). Although these studies have found varying
outcomes when using the CD105� population, they did not use
ASCs from subcutaneous adipose tissue. Gazit and co-workers
(14) found that bone marrow-derived cells demonstrated

enhanced in vitro osteogenic differentiation in the CD105�

fraction; however, a comparison of these cells with the
CD105low and unsorted populations was not provided. In our
study, we similarly found CD105high cells to have osteogenic
potential in vitro and in vivo; however, the CD105low cells
appeared to be more osteogenic. In addition to examining a
different cell type, the study by Gazit and co-workers (14) uti-
lized different methodologies than in the current work and
failed to show any differences in vivo. During their cell isolation,
they used magnetic beads for enrichment, and they noted that
only 80% of the CD105� cells were positive for CD105. In con-
trast, following our sort, the CD105high population showed sig-
nificantly greater expression of CD105, and FACS analysis
revealed over 98.3% enrichment. Also lacking in the study by

FIGURE 6. Osteogenic differentiation of unsorted, CD105high, and CD105low cells treated with Alk-5 inhibitor. A, alkaline phosphatase staining after 3
days of differentiation with ODM alone or in combination with Alk-5 inhibitor (10 ng/ml). B, quantification of alkaline phosphatase activity normalized to total
protein content after 3 days of differentiation with ODM alone or in combination with Alk-5 inhibitor (10 ng/ml) (*, p � 0.05). C, Alizarin red staining after 7 days
of differentiation with ODM alone or in combination with Alk-5 inhibitor (10 ng/ml). D, photometric quantification of Alizarin red staining. Pictures are of 10�
magnification, n � 3 (*, p � 0.05). Statistical analysis was performed with either a one-way ANOVA (cell population) or a two-way ANOVA (cell population and
treatment) followed by post hoc individual comparisons.
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FIGURE 7. In vitro analysis of osteogenic activity in CD105 knockdown ASCs. A, alkaline phosphatase quantification after 3 days of differentiation of control shRNA ASCs
(left) and CD105 knockdown ASCs (right) (*, p � 0.05). B, Alizarin red quantification after 7 days of differentiation (*, p � 0.05). C, CD105 gene expression levels on day 0,
confirming successful knockdown of CD105. Osteogenic gene expression levels of Runx2, ALP, Col1, Bmp2, and Bmpr1b at day 0 were determined (*, p�0.05). D, Western blot
analysis of control shRNA-transfected versus CD105 knockdown cells analyzing Smad2 expression. E, Western blot analysis of control shRNA-transfected versus CD105 knock-
down cells analyzing pSmad2 expression (*, p � 0.05). F, immunohistochemical analysis of Smad2 and pSmad2 in defects treated with control shRNA or CD105 shRNA-
transfected cells. G, quantification of immunohistochemical staining showed significantly less pSmad2 with CD105 knockdown cells (*, p�0.05). H, TGF-�1 ELISA of cell lysate
forcontrolandCD105shRNA-transfectedcells(*,p�0.05). I,TGF-�1ELISAofconditionedmediumforcontrolandCD105shRNA-transfectedcells(*,p�0.05).J, representative
three-dimensional micro-CT reconstructions of 4-mm calvarial defects treated with no scaffold or cells (Empty), a scaffold alone, a scaffold seeded with ASCs transfected with
controlshRNA,orascaffoldseededwithCD105shRNA-transfectedASCs. K, fractionhealingof4-mmcalvarialdefects. (n�4foreachgroup,*,p�0.05).Statisticalanalysiswas
performed with a one-way ANOVA (cell population) followed by post hoc individual comparisons.

CD105 Reduction Enhances Human ASC Osteogenesis

NOVEMBER 11, 2011 • VOLUME 286 • NUMBER 45 JOURNAL OF BIOLOGICAL CHEMISTRY 39507



Gazit and co-workers (14) was an unsorted control, which is of
key importance. Furthermore, the highmagnification images of
defects treated with the CD105low population did not demon-
strate bone matrix mineralization, which is contrary to the
nature of mesenchymal stem cells. Lastly, their in vivo model
utilized a collagen spongewith rhBMP-2 andCD105� cells, and
they failed to compare this with CD105low cells or the sponge
alone. Importantly, we have previously demonstrated that
BMP-2 alone can stimulate bone formation in vivo (50).
Other studies analyzing cells based on CD105 expression

have also offered little detail about the mechanism behind the
differences noted in their enriched populations (10). Endoglin
has been shown to bind to TGF-�1 and TGF-�3 but not
TGF-�2 (47). TGF-� signaling has been shown to function
through both Smad-dependent and Smad-independent path-
ways, includingMAPK signaling (51–53).We chose to focus on
the Smad-dependent pathway as other studies have failed to
demonstrate the functional relevance of MAPK signaling to
TGF-�-mediated responses in vivo (54). Furthermore, other
groups have previously shown that endoglin enhances Alk-5/
Smad2 signaling (27, 46). In this study, we demonstrated that
the CD105high subpopulation of ASCs has higher levels of
pSmad2 relative to CD105low cells. Because TGF-�1 has been
shown to inhibit osteogenesis in mesenchymal cells, we
hypothesized that lower TGF-�1 signaling, specifically through
Alk-5, would lead to enhanced osteogenesis (30). This waswhat
we observed as we demonstrated that our CD105low population
had decreased pSmad2 levels and enhanced osteogenesis in
vitro and in vivo. Similarly, RNAi-mediated suppression of
CD105 resulted in a parallel acceleration of bone differentiation
by ASCs. Finally, if a decrease in CD105 causes an increase in
osteogenic differentiation due to a reduction in TGF-�1 signal-
ing, we hypothesized that TGF-�1 administration should mit-
igate the osteogenic differentiation advantage of the CD105low
cells. Indeed, this was precisely what was observed in our
results.
Regardless of CD105 expression level, however, all cells

responded toBMP-2with an up-regulation of pSmad1/5 and an
increase in osteogenic differentiation in vitro. Furthermore, in
vivo BMP-2 treatment increased pSmad1/5 levels and
enhanced healing of calvarial defects with both CD105high and
CD105low cells. Interestingly, other studies have shown
endoglin to bind BMP-9 and -10, inhibiting interaction with
type II receptors (23). As both CD105high and CD105low ASCs
appear to respond well to BMP in vitro and in vivo, however,
direct interaction between CD105 and the pro-osteogenic
BMP-2 appears less likely. Instead, the data suggest that the
osteogenic effects of CD105 may be secondary to alterations in
the signaling pathway of TGF-�1. Furthermore, the BMP-
Smad1/5 pathway may be independent to the TGF-� signaling
pathway in ASCs. Future studies may thus look to decrease
TGF-�1 signaling while simultaneously increasing BMP-2 sig-
naling to optimize healing of skeletal defects.
We anticipate that findings from our approach will illumi-

nate the functional relevance of hASC transcriptional hetero-
geneity and enhance our understanding of CD105 with respect
to osteogenic differentiation. Our findings also have potential
translational ramifications as the feasibility of cutting through

stem cell heterogeneity to enrich for specific subpopulations
haswide significance. It is thus foreseeable that cell-based strat-
egies for bone tissue engineering may one day incorporate
enrichment strategies or targeted suppression of CD105 to
enhance skeletal regeneration. Also, given the inverse relation-
ship between bone and fat, a better understanding of CD105
and its mechanism in regulating ASC differentiation may sim-
ilarly lead to development of novel treatment strategies aimed
at adipogenic regeneration.
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