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Abstract

Adipogenesis is essential for soft tissue reconstruction following trauma or tumor resection. We
demonstrate that CD31-/34+/146- cells, a subpopulation of the stromal vascular fraction (SVF) of
human adipose tissue, were robustly adipogenic. Insulin Growth Factor-1 (IGF1) promoted a
lineage bias towards CD31-/34+/146- cells at the expense of CD31-/34+/146+ cells. IGF1 was
microencapsulated in poly(lactic-co-glycolic acid) scaffolds and implanted in the inguinal fat pad
of C57BI6 mice. Control-released IGF1 induced remarkable adipogenesis in vivo by recruiting
endogenous cells. In comparison with the CD31-/34+/146+ cells, CD31-/34+/146- cells had a
weaker Wnt/B-catenin signal. IGF1 attenuated Wnt/p-catenin signaling by activating Axin2/
PPARYy pathways in SVF cells, suggesting IGF1 promotes CD31-/34+/146- bias through tuning
Whnt signal. PPARYy response element (PPRE) in Axin2 promoter was crucial for Axin2
upregulation, suggesting that PPARYy transcriptionally activates Axin2. Together, these findings
illustrate an Axin2/PPARYy axis in adipogenesis that is particularly attributable to a lineage bias
towards CD31-/34+/146- cells, with implications in adipose regeneration.
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Introduction

Adipogenesis has recently received robust attention due to its relevance to obesity, diabetes
and clinical needs for innovative surgical reconstruction of soft tissue defects following
tumor resection, infections or trauma [1-4]. The stromal vascular fraction (SVF) of the
white adipose tissue harbors stem/progenitor cells [5-9]. When isolated as mononuclear and
adherent cells, similar to bone marrow mesenchymal stem/stromal cells, SVF cells undergo
limited expansion ex vivo and are capable of differentiating into adipocytes [10], thus named
as adipose stem cells (ASCs). However, SVFs or ASCs are highly heterogeneous [11-13].
For example, CD31-/34+ fractions of SVF cells have robust capacity to differentiate into
adipocytes [14], relative to their parent populations [15]. Similarly, Lin/CD29+/CD34+/
Sca-1+/CD24+ cells isolated from adult white adipose tissue are also highly adipogenic [16,
17], and derive from platelet-derived growth factor receptor a labeled stem/progenitor cells.
Obesity, which is typically systemic adipogenic gain, is in sharp dichotomy to a strong
clinical need for focal reconstruction of soft tissue. Molecular signaling mechanisms of
adipogenesis are only fragmentally understood, and may present common threads between
systemic and focal adipogenic gain.

The processes by which adipose stem/progenitor cells differentiate into mature adipocytes
are governed by an incompletely understood array of transcriptional factors, cell-cycle
regulators, and other co-factors [18-20]. Sequential induction of Krox20 (Egr2) [21], KIf4
[22, 23], C/EBPS, C/EBPp, C/EBPa [24-26], TRAP220 and PPARY [27-29] has been
connected to multiple adipogenesis steps. Among these transcription factors, PPARYy is a
member of the nuclear receptor superfamily and among few presently known gatekeepers of
adipogenesis [30, 31]. Wnts (Wingless-type MMTYV integration site family members) are
secreted glycoproteins that regulate tissue homeostasis and remodeling [32—-34]. Both
canonical Wnt (including p-catenin) and non-canonical Wnt pathways have been recently
shown to regulate adipogenesis [35-38]. Increased activation of $-catenin resulted in
decreased expression of PPARY target genes in 3T3-L1 cells [39]. Reciprocally, PPARy
activation suppresses Wnt/B-catenin signaling in adipogenesis [40-42]. However, little is
known of a potential crosstalk between Wnt and PPARY in subpopulations of adipose stem/
progenitor cells.

Experimental effort for novel soft tissue reconstruction has relied on the transplantation of
stem/progenitor cells that are typically isolated from adipose tissue. However, the downside
of cell transplantation in adipose regeneration is costs and potential complications associated
with ex vivo cell cultivation [43]. Is it possible to learn and apply molecular promoters of
adipogenesis towards soft tissue reconstruction by a cell-free approach? Here, we first
discovered that CD31-/34+/146- cells, a subpopulation of SVF cells of lipectomized human
adipose tissue, were robustly adipogenic than their parent SVF cells. Insulin Growth
Factor-1 (IGF1) not only promoted a lineage bias towards CD31-/34+/146- cells, but also
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promoted in vivo adipogenesis, when delivered by controlled release in the inguinal fat pad
of C57BI6 mice, without cell transplantation. De novo adipose tissue was formed within
poly(lactic-co-glycolic acid) scaffolds by IGF1 recruited cells, predominantly CD31-/34+/
146- cells that were derived entirely from the host. IGF1 activated Axin2/PPARYy pathways
in SVF and CD31-/34+ cells, regardless of CD146 polarity. IGF1 induces adipogenesis by
exerting multifaceted roles: inducing a lineage bias towards CD31-/34+/146- cells,
upregulating Axin2/PPARy and reducing the intrinsic Wnt/p-catenin set. Collectively, these
findings provide important clues for manipulating IGF1, PPARy and Axin2 for opposite
goals of attenuating obesity or promoting focal adipose regeneration.

CD31-/34+/146- cells had robust adipogenic capacity

Adipose stem/progenitor cells (ASCs) are typically identified as mononucleated adherent
cells isolated from adipocyte tissue [44]. We first asked whether robustly adipogenic
fractions of isolated ASCs, such as CD31-/34+ cells [45], all originate from the vascular
wall, given the innate location of blood vessel bundles among clusters of adipocytes.
Immunofluorescent staining of the surgically removed human abdominal subcutaneous
adipose tissue showed that about 20%-50% of the CD34 (mesoderm stem cell marker)
positive cells were also CD146 positive, a hallmark of pericytes [46-48] (Fig. 1A-D;
Supplementary Fig. 2A-D). In addition, some of the CD146+ cells were CD31 (PECAM)
positive, while others were just adjacent to CD31 cells (Fig. 1E-H; Supplementary Fig. 2E—
H). All of these data suggest that there might be two populations of adipogenic stem cells in
the adipose tissue: CD31-/34+/146— and CD31-/34+/146+. To further confirm the detailed
percentages of CD31-/34+/146- and CD31-/34+/146+, adipogenic stem cells were isolated
and subjected to flow cytometry analysis. Flow cytometry analysis showed that 94.5+3.6%
of stromal vascular fraction (SVF) cells at passage 1 (p1) were CD31-/34+ cells, which are
known to be robustly adipogenic[45]. Among passage 1 (p1) CD31-/34+ cells, 20.7+1.7%
were CD146 negative, whereas 59.5+2.8% were CD146+ cells (Fig. 11). Notably, the
percentage seemed not perfectly correlated with the immunostaining data, which might be
due to the sensitivity differences between the two assays. Alternatively, the cell culture
procedure changed the percentage. By p3, CD31-/34+/146- cells decreased to 11.2+1.0%
(Fig. 1J), whereas CD31-/34+/146+ cells increased to 71.2+1.6% (Fig. 1J). The decrease of
CD34 and CD146 in our experiment was consistent with previous studies [49, 50].

Next we explored whether CD146 positivity among CD31-/34+ cell fractions made a
difference in adipogenesis. SVF cells (p1) differentiated into adipocytes (Fig. 1K), in
consistency with previous work by us and others [51]. CD31-/34~ cells, however, showed
relatively modest adipogenesis capacity (Fig. 1L), similar to CD31-/34+/146+ cells (Fig.
1M). Remarkably, CD31-/34+/146- cells demonstrated nearly 2 fold higher adipogenic
capacity (Fig. 1N, Supplementary Fig. 3). Furthermore, expression of PPARy and FABP4
expression in CD31-/34+/146- cells were 2 and 5 fold of that in CD31-/34+/146+ cells (Fig.
10), which were also significantly higher than that in SVF and CD31-/CD34- cells. In
contrast, about 70% of CD31-/34+/146+ cells were Ki67 positive, while only 35% of
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CD31-/34+/146- cells were Ki67 positive (Fig. 1P-1R). Cell proliferation assay by CCK-8
further confirmed CD31-/34+/146+ cells had stronger proliferation capability (Fig. 3F).

For osteogenesis, SVF cells showed remarkable ability to differentiate along the osteogenic
lineage in chemically defined medium (Fig. 1S). CD31-/34- cells, however, were hardly
osteogenic when exposed to the same osteogenesis induction medium (Fig. 1T). Strikingly,
CD31-/34+/146+ cells showed robust ability to differentiate into osteoblast-like cells (Fig.
1U). In contrast, CD31-/34+/146- cells showed diminished ability to differentiate into
osteoblast-like cells (Fig. 1V). Thus, CD146 negativity perhaps defines a subpopulation of
adipogenic stem/progenitor cells (ASCs or SVFs) that are not perivascular, slowly
proliferative and yet robustly adipogenic. Together, these findings suggest that CD146
polarity among CD31-/34+ cells defines adipogenic progenitors (CD31-/34+/146- cells).

Wnt/B-catenin and PPARYy interplay in CD31-/34+ cells

Given that Wnt/B-catenin signaling attenuates adipogenesis of ASCs or SVF cells [52], we
exploited the interplay between Wnt/B-catenin and PPARYy signaling in CD31-/34+/146+/-
cells that showed robust differences in adipogenesis (Fig. 1M, N). The intensity and nuclear
[3-catenin staining in CD31-/34+/146+ cells was significantly higher than that in CD31-/34+/
146- cells (Fig. 2A-G). Consistently, CD31-/34+/146+ cells showed significant higher
nuclear B-catenin expression, as revealed by Western blot, in comparison to CD31-/34+/
146- cells (Fig. 2H). We then transfected a TOPflash reporter separately into CD31-/34+/
146+ and CD31-/34+/146- cells, and found that CD31-/34+/146+ cells had significantly
stronger Wnt luciferase activity and significantly greater cyclin D1 expression than
CD31-/34+/146- cells (Fig. 21), further suggesting higher innate Wnt activity and
proliferation capacity in CD31-/34+/146+ cells, but nonetheless a modest innate Wnt set
level in CD31-/34+/146- cells that are robustly adipogenic.

PPARY expression in CD31-/34+ cells was virtually unresponsive to Wnt3a protein (10
ng/mL) in growth medium, regardless of CD146 polarity (Fig. 2J), suggesting that
CD31-/34+ cells are not spontaneously adipogenic, with or without Wnt3a interference.
PPARYy expression was significantly reduced to 30% upon exposure to Wnt3a protein in
chemically defined adipogenesis induction medium in CD31-/34+/146- cells (Fig. 2J).
Similar trends were observed in CD31-/34+/146+ cells, despite a significantly lower fold
change (Fig. 2J). Conversely, overexpression of PPARY in both CD31-/34+/146+ and
CD31-/34+/146- cells attenuated Wnt (TOPflash luciferase) activity in either growth
medium or adipogenesis induction medium, with significantly higher basal Wnt activity and
greater fold change in CD31-/34+/146+ cells (Fig. 2K). All of these suggest that PPARy and
Whnt are mutually inhibitive and the differences in PPARYy and Wnt activity should be the
characteristics of CD31-/34+/146+/- cells.

IGF1 promoted a lineage bias towards CD31-/34+/146- cells

IGF1 plays important roles in regulating the fate of adipocytes [53]. However, whether IGF1
contributes to adipogenesis by promoting a fractional bias among adipose stem/progenitor
cells is unknown. Accordingly, we tested the hypothesis that IGF1 stimulates a lineage bias
among SVF cells and/or CD31-/34+ cells. First, we were surprised that IGF1 induced little
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change in the percentage of CD31-/34+ cells (Fig. 3A, B). Strikingly though, IGF1 treated
SVF cells had a significant increase in CD146- cells among the native CD31-/34+ fraction
(Fig. 3A, B), and a concomitant decrease in CD146+ cells (Fig. 3A, B). To further confirm
the role of IGF1 on the bias towards CD31-/34+/146—, we sorted CD31-/CD34+/146+ cells
and treated with IGF1. Treatment of IGF1 on CD31-/CD34+/146+ cells didn’t change the
percentage of CD31-/34+, although they decreased to 25% upon culture, which was
consistent with the gradual loss of CD34 upon culture (Fig 1J). However, IGF1 also
promoted CD146- cell percentage in the CD31-/34+ population (Fig 3C, D). When
tabulated, IGF1 application had little effect on CD31-/34+ cell fractions among SVFs (Fig.
3E, left 2 columns), but significantly increased CD146- cell fractions (from 11.8+1.2% to
20.2+1.5%) at the cost of CD146+ cells (from 70.7+1.4% to 58.1+3.0%), suggesting an
IGF1 induced a lineage bias towards CD31-/34+/146- cells that are robustly adipogenic, as
we showed above. To exclude the possibility that IGF1 promoted cell bias is due the
proliferation bias, proliferation rate of IGF1 stimulated cells were tested. The proliferation
of CD31-/34+ cells, regardless of CD146 polarity, responded similarly to IGF1 (Fig. 3F).

Furthermore, IGF1 stimulated the proliferation of SVF cells in a dose dependent manner
(Fig. 4A) and independently induced adipogenesis with or without insulin (Fig. 4B, C). We
also tested whether IGF1 was chemotactic for adipose stem/progenitor cells (ASCs) using
transwell assay and found that IGF1 promoted cell migration in a dose dependent manner,
with cytotactic effect peaking at 20 ng/mL (Fig. 4D-1).

Control-released IGF1 induced adipogenesis in vivo by homing endogenous stem/
progenitor cells

A crucial challenge in novel approaches for the reconstruction of soft tissue defects, e.g.
those from trauma or tumor resection, is survival of adipogenic cells in the graft and hence
the maintenance of the volume of viable tissue volume [54]. Given that IGF1 stimulates
adipose cell proliferation, migration and adipogenesis, especially by inducing a CD31-/34+/
146- bias, we fabricated poly (lactic-co-glycolic acid) (PLGA) scaffolds (5x3 mm:
dia.xheight) to yield porosity for the homing of host endogenous cells and vasculature per
our prior methods [55] (Fig. 5A, B). Microencapsulated IGF1 in PLGA spheres had an
average ~100 to 500 um pore size under SEM (Fig. 5C). IGF1 was control-released up to the
tested 4 wks (Fig. 5D). IGF1-releasing microspheres in PLGA scaffolds were implanted in
the inguinal fat pads of C57BI6 mice in vivo, and retrieved after 4 wks (Fig. 5E), with IGF1-
free, PLGA scaffolds as controls. The retrieved, representative IGF1 sample retained its
original dimensions (5 mm dia.) (Fig. 5E). Little adipogenesis was observed in the
representative scaffold with IGF1-free microspheres (Fig. 5F, G). Contrastingly, IGF1
delivery yielded robust adipogenesis (Fig. 5J, K), with adipose stroma and vasculature
present (Fig. 5K). Quantitatively, IGF1 delivery yielded substantially more adipocytes and
adipose tissue areas than sham controls (without IGF1) (Fig. 5N, O). FABP4 staining
confirmed that lipid-laden cells in Fig. 5K were indeed adipocytes (Fig. 5L). Given no cells
were transplanted in scaffolds, all tissues were formed by host endogenous cells that
differentiated into adipocytes likely under the influence of IGF1 (Fig. 5K). Anti-CD146
antibody staining revealed both CD146+ and CD146- cells in samples with IGF1 delivery,
while no obvious cells in IGF1 free samples (Fig. 5J, M). The appearance of CD146+ and
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CD146- cells in the regenerated tissue might suggest that the above in vitro findings might
be also true in vivo, which needs further study by cell tracing strategy.

IGF1 induced adipogenesis via Axin2/PPARy pathways

In a follow-up experiment, we explored the underlying mechanisms for a putative crosstalk
between PPARY and Wnt/p-catenin in the context of CD31-/34+/146+/- cells and IGF1
promoted bias. Axin2 was selected given its role as a Wnt/p-catenin inhibitor and due to our
observation that Wnt/B-catenin signaling was higher in CD31-/34+/146+ cells (Fig. 2). First,
PPARY was upregulated by IGF1 treatment in CD31-/34+ cells under adipogenesis
induction medium, regardless of CD146 polarity (Fig. 6A). Similarly, we observed that
IGF1 stimulated Axin2 expression in CD31-/34+ cells, regardless of CD146 positivity (Fig.
6B). Conversely, TOPflash luciferase activity and cyclin D1 were down-regulated upon
IGF1 induction in CD31-/34+ cells (Fig. 6C, D), suggesting that IGF1 attenuates Wnt/j-
catenin while in favor of Axin2 and PPARY in adipogenesis.

Notably, Axin2 expression was significantly higher in native CD31-/34+/146- cells than
that in CD31-/34+/146+ cells (in growth medium) (Fig. 6E). There was a linear correlation
between Axin2 and PPARY expression in both CD31-/34+/146— and in CD31-/34+/146+
cells (Fig. 6F), suggesting that PPARy may transcriptionally activate Axin2. Forced
expression of PPARy and/or its co-activator PGCla increased Axin2 expression at both
protein and mRNA levels in growth medium (Fig. 6G, H), which remains true when cells
cultured in adipogenesis induction medium (Fig. 61). Conversely, sSiRNA knockdown of
PPARYy and/or PGCla (Fig. 6J-L) significantly attenuated Axin2 expression (Fig. 6M),
suggesting that Axin2 might be a target of PPARy and a mediator in the cross talk between
Wnt of PPARYy.

We then identified a PPARYy response element (PPRE) in Axin2 promoter (Fig. 7A),
indicating that PPARy may transcriptionally activate Axin2. Furthermore, ChIP analysis
revealed binding of PPARY to Axin2 promoter region (Fig. 7B), suggesting perhaps a direct
interaction between Axin2 promoter and PPARy. A follow-up experiment showed that
AXxin2 luciferase reporter activity was significantly upregulated by PPARy and/or PGCla in
the presence of the PPARYy response element (Fig. 7C). Conversely, PPRE deletion from the
reporter abolished its response to PPARy and/or PGC1la (Fig. 7D). To further confirm the
role of Axin2 in adipogenesis, knockdown efficiency was achieved at both mRNA and
protein levels of Axin2 by infection of lentivirus expressing shAxin2 (Fig. 7E, F). Axin2
knockdown increased TOPflash luciferase activity (Fig. 7G) and cyclin D1 expression (Fig.
7H), and reduced adipogenesis of SVF cells (Fig. 71, J). Attenuated PPARY expression with
a time course of 0 to 14 days by Axin2 knockdown further confirmed Axin2’s positive role
in adipogenesis (Fig. 7K).

From the above data, we can see that IGF1 treatment resulted in increased PPARy/AXin2
and decreased Wnt in both CD31-/34+/146+/- cells, with the fold change significantly
higher in CD31-/34+/146+ cells. And the absolute levels become similar between the two
types of cells (Fig. 6A-D). To this end, it is thus interesting to test whether IGF1 could
reduce the difference between CD31-/34+/146+/- cells in adipogenesis and osteogenesis as
observed in Fig. 1. We thus treated CD31-/34+/146+ cells and CD31-/34+/146- cells with
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IGF1 and tested the adipogenesis and osteogenesis differences (Supplementary Fig. 4). As
expected, the differences in adipogenesis between CD31-/34+/146+ cells and CD31-/34+/
146- cells were very smaller (Supplementary Fig. 4A-D, 1), which might be explained by
the Wnt and PPARY status (Fig. 6A-D). However, IGF1 treatment had no significant role on
the osteogenesis of CD31-/34+/146- cells. And IGF1 treated CD31-/34+/146+ cells
displayed slightly inhibited osteogenesis, which is consistent with previous findings that
excess IGF1 inhibits osteogenesis [56] (Supplementary Fig. 4E-H, J). The osteogenesis
between CD31-/34+/146+ cells and CD31-/34+/146- cells remained significantly different
upon IGF1 treatment, which might be due to the regulatory role between IGF1 and Wnt/
PPARY was specific for adipogenesis (Fig. 6A-D).

A working schematic is proposed in Supplementary Fig. 1. IGF1 promotes a lineage bias
towards CD31-/34+/146- cells from adipose stem/progenitor cells or the stromal vascular
fraction of adipose tissue aspirates at the expense of CD31-/34+/146+ cells (Supplementary
Fig. 1). However, IGF1 plays multifaceted roles in adipogenesis, not only inducing the
proliferation of SVF cells, but also CD31-/34+ subpopulations regardless of CD146 polarity
(Supplementary Fig. 1). Wnt/B-catenin pathway is innately robust in CD31-/34+/146+ cells
and hence responsible for their modest adipogenesis capacity. Opposite to Wnt/B-catenin,
innate CD31-/34+/146- cells have potent Axin2/PPARY activity and when IGF1 stimulated,
further enhance their adipogenic abilities that may be relevant to obesity and diabetes
(Supplementary Fig. 1). Given IGF1’s robust effects on inducing the migration of SVF cells
that are present in adipose tissue, we showed adipogenesis in a sizable biomaterial scaffold
by the homing of endogenous cells without cell transplantation (Figs. 5 and Supplementary
Fig. 1). The presence of both CD146- and CD146+ cells in bioengineered adipose tissue
suggests that IGF1 promoted CD31-/34+/146— bias might be true in the context of adipose
tissue regeneration. Conversely, attenuation of IGF1/Axin2/PPARYy pathways may be
effective approaches towards reducing obesity.

Discussion

The present findings represent an original discovery of two subpopulations of adipose stem
cells with different rigor for adipogenesis. Adipose stem cells (ASCs) are broadly regarded
as mononucleated and adherent cells isolated from the stromal vascular fraction of adipose
tissue. Typically regarded ASCs are clearly heterogeneous [57, 58]. Previous work has
shown that CD31-/34+ cells of the SVF are highly adipogenic [59]. Our finding of a novel
CD31-/34+/146- subpopulation further indicates that multiple subpopulations of commonly
regarded adipose stem cells are responsible for their adipogenic potential, perhaps in obesity
and novel approaches of adipose regeneration. The location of CD31-/34+/146+/- cells is
remarkable. CD31-/34+/146+ cells, as we showed here, are likely perivascular cells.
However, CD31-/34+/146+ cells, likely due to their relatively innate high Wnt activity set,
are not robust adipogenesis progenitors. Rapid proliferation of CD31-/34+/146+ cells in ex
vivo culture suggests their capacity of expansion perhaps along blood vessels in vivo,
consistent with previous findings on perivascular cells [60, 61]. Contrastingly, CD31-/34+/
146- cells have slower proliferation rates and yet are robustly adipogenic, likely primary
adipogenesis progenitors. Lineage tracing experiments in transgenic models will ascertain
the stemness of CD31-/34+/146- cells. Polarizing abilities of CD31-/34+/146+ cells to
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undergo osteogenic differentiation, and CD31-/34+/146- cells to undergo adipogenic
differentiation indicated that adipose stroma harbors two separate progenitor populations:
CD31-/34+/146+ cells with innate Wnt background and in homeostasis likely proliferate
along with expanding blood vessels without inducing mineralization. Even if perivascularly
localized CD31-/34+/146+ cells are progenitors of adipose tissue postnatally, they will need
to exit the vascular wall and migrate into adipose stroma before differentiating into mature
adipocytes and accumulating lipid vesicles, given that mature adipocytes are likely not able
to migrate. CD31-/34+/146— cells are particularly remarkable in their ability to expand in
adipose stroma directly and differentiate into adipocytes. CD31-/34+/146- cells reside in
adipose stroma away from blood vessels, and therefore can readily differentiate into
adipocytes.

Robust adipogenesis by CD31-/34+/146~ cells might be due to the intrinsic higher
expression of Axin2, a key Wnt signaling inhibitor that facilitates f-catenin phosphorylation
and degradation. In contrast, higher B-catenin expression in CD31-/34+/146+ cells suggests
a higher Wnt level that minimizes adipogenesis, partly in consistency with previous findings
[62]. Notably, Axin2 regulation of adipogenesis appears to be universal, in SVF cells and
CD31-/34+ fraction, regardless of CD146 polarity, analogous to adipogenic differentiation
by Axin2 overexpression in 3T3-L1 preadipocytes[35]. Previously, Wnt has been shown to
maintain preadipocytes in an undifferentiated state through inhibition of C/EBPa and
PPARY[35]. Knockdown of B-catenin abolishes adipogenesis inhibition [63]. The novel role
of Axin2 in promoting adipogenesis appears to have broad implications in diabetes, obesity
and reconstruction of soft tissue defects.

IGF1 has been previously found to promote adipogenesis and osteogenesis [64] but its
proadipogenic mechanisms are evasive. We found that IGF1 has broad effects on adipose
stem cells and their robust adipogenic fractions by promoting migration, proliferation and
adipogenesis. IGF1 upregulates both Axin2 and PPARYy, and simultaneously attenuates
Whnt/B-catenin under adipogenic conditions, leading to adipogenesis both in vitro and in vivo
as shown here. Remarkably, IGF1 is responsible for a lineage switch from CD31-/34+/146+
cells to CD31-/34+/146- cells, in which Axin2/PPARYy pathways might be involved. Our
data here suggest that CD146+ cells may depart from vascular wall and migrate into adipose
stroma before further differentiating into mature adipocytes, which are worth for further
confirmation. Loss of CD146 expression appears to be similar to a loss of CD24
expression[17], both ending with a net gain of adipogenesis capacity. As a departure from
the common approach in adipose regeneration, we showed that a sizable (5%3 mm) adipose
tissue formed in the inguinal fat pad by IGF1 mediated recruitment of endogenous cells. The
appearance of both CD146- cells and CD146+ cells in the bioengineered adipose tissue
suggests that certain host endogenous cells are recruited by IGF1, and further studies are
needed to confirm the origin of these cells, for example, CD31-/34+/146+ cells. Similar to
the regeneration of musculoskeletal tissues as we showed before[43], cytokine mediated cell
homing may offer an alternative to cell transplantation approaches in tissue regeneration,
including adipose tissue. Conversely, attenuation of entry of adipose stem/progenitor cells
towards CD31-/34+/146- cells may be effective in reducing obesity.
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Methods

Adipose tissue sampling and cell isolation

Following IRB approval, human adipose tissue was collected from an anonymous donor
(female; 52 years old; no personal identifier) who underwent elective lipectomy at Columbia
University Medical Center. Additional in vitro experiments were conducted on adipose
tissue samples of six other female patients (age range: 35 to 57; average 44 years). Detailed
information is provided in Supplementary Table 1. The stromal vascular fraction (SVF) of
adipose tissue, commonly known as adipose stem/progenitor cells (ASCs), were isolated as
mononucleated adherent cells using published protocols and our prior work [65-67]. Briefly,
lipoaspirate was digested for 30 min in 0.1% collagenase | (Sigma, St. Louis, Mo) at 37°C.
The resulting suspension was filtered with a 100-um filter and centrifuged at 2000 g. The
resulting cell pellet was resuspended in 160-mM ammonium chloride buffer to lyse red
blood cells and again centrifuged at 2000 g. The new cell pellet was resuspended in
MesenPRO RS™ Medium (Invitrogen, Carlshad, CA) and passed through a 40-mm cell
strainer. The isolated cells were plated at 37°C and 5% CO,. Following removal of non-
adherent cells in 48 hrs, mononucleated and adherent cells were passaged at 70%
confluence, with medium change every 3—4 days.

Immunofluorescent analysis of adipose tissue and cells

Freshly harvested adipose tissue was washed in PBS, 7.5% gelatin, 15% sucrose (Sigma),
before freezing in liquid nitrogen-cooled 2-methylbutane (Fisher Scientific, Fair Lawn, NJ).
Sections (8 um) were cut on a cryostat, fixed for 5 min in acetone and stored at —80°C.
Before staining, sections were dried and post-fixed for 30 min in 10% formalin. Tissue was
rehydrated and washed in PBS. Tissue sections were pretreated for 1 h at room temperature
with protein block solution (Dako, Carpinteria, CA) to prevent nonspecific binding. Slides
were then incubated with rabbit anti-CD146 (1:100, #ab75769, Abcam) together with goat
anti-CD31 (1:100, #sc-1506 —R, Santa Cruz, Santa Cruz, CA) and/or with mouse anti-CD34
(1:100, #ab8536, Abcam) overnight at 4°C, followed by washing and incubation with
secondary antibodies, goat anti-rabbit Alexa 594 and goat anti-mouse Alexa 488 antibodies.
Nuclear staining was attained with 6-diamidino-2-phenylindole (DAPI, Invitrogen). For
staining of sorted cells, freshly sorted CD31-CD34+CD146+/- cells were cultured until 70—
80% confluence. Following protein blocking, cells were incubated with primary mouse anti-
Ki67 (1:1000, # ab16667, Abcam) and B-catenin (1:1000, #ab6302, Abcam) with positive
and negative controls, per our prior methods [68].

Flow cytometry and cell sorting

Passage 1 to 3 SVF cells were incubated simultaneously with monoclonal mouse anti-human
fluorochrome-conjugated antibodies, CD31-Alexa 488 (5 pl for 1x10° cells, #558068, BD,
Biosciences, San Jose, CA), CD34-allophycocyanin (APC, 5 ul for 1x106 cells, #561209,
BD) and CD146-phycoerythrin (PE, 20 pl for 1x10° cells, #550315, BD). Cell sorting was
performed using a three-laser Mo-Flo High-Speed Cell Sorter. Spectral overlap
compensation was manually achieved prior to cell sorting for each fluorescence parameter
for single fluorochromatic molecules (FITC, PE, and APC). CD31-CD34- and CD31-
CD34+CD146+/- cells were collected into chilled sterile polypropylene tubes.
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Cell proliferation and adipogenic differentiation

Sorted CD31-CD34+CD146+/- cells were seeded in 96-well plates at a density of 2x103
cells per well. Cell Counting Kit-8 (CCK-8) solution was used to measure cellularity with
450-nm absorbance. Sorted cells were seeded at 80% confluence and cultured with
MesenPRO RS™ Medium until near confluence. Growth media were replaced with
adipogenic differentiation media (#A1007001, Invitrogen), with medium change every 2
days. RNA samples were collected at days 0, 7, 14 and 21. For Qil red O staining, cells were
washed with PBS, fixed with 10% formaldehyde and stained with Qil red O solution for 10
min.

Migration assay

Cell migration was measured using Transwell with 8-um pore inserts (Falcon/Becton
Dickinson). Briefly, following culture in serum-free medium for 24 hrs, 50,000 SVF cells in
serum-free medium were seeded in Transwell inserts and subjected to different IGF1
concentrations (R&D). Unmigrated cells in the upper chamber of the insert were removed,
and cell migration in the lower chamber of the insert was assessed by violet staining after 12
h.

RNA extraction and gPCR

Total RNA was isolated using Trizol (#15596018, Invitrogen) and used for complementary
DNA synthesis. cDNA synthesis was done with random hexamer primers using
SuperScript® 111 First-Strand Synthesis SuperMix (Invitrogen). mMRNA expression was
measured by quantitative real-time PCR (TagMan), with targeted mRNA expression
normalized to GAPDH or B-actin.

Western blot

Cells were washed with ice-cold PBS and extracted in lysis buffer with protease/
phosphatase inhibitor cocktail (Thermo Scientific). Proteins were separated on an 8-12%
SDS-PAGE, transferred to nitrocellulose membranes, and detected with goat monoclonal
anti-GAPDH, rabbit polyclonal anti-Axin2 (1:1000, #ab32197, Abcam), mouse monoclonal
anti-PPARYy (1:1000, #ab70405, Abcam), rabbit polyclonal anti-PGC1 (1:1000, #ab191838,
Abcam) or rabbit monoclonal anti-p-catenin (1:1000, #ab 32572, Abcam).

Chromatin immunoprecipitation assay (ChIP assay)

ChIP assay was done with Imprint® Chromatin Immunoprecipitation Kit (Sigma). Briefly,
ASCs (1x107 cells/sample) were cross-linked and quenched with ice-cold 1.25 M glycine.
Cross-linked cells were resuspended, and lysed to separate the nuclear pellet. The nucleic
was pelleted and resuspended in 500 pl Shearing Buffer containing protease inhibitor
cocktail, and sonicated to shear the cross-linked DNA to an optimal fragment size ranging
from 200 to 1000 bp. Sonication was performed using a sonic dismembrator (Power 4.5 for
30W) for twenty rounds of 15-second pulses (with a 45-second pause between pulses).
Simultaneously, Stripwells were incubated with 1 pl polyclonal antibody against PPARy
(Santa Cruz) or 1 ul Normal Mouse 1gG control in 100ul Antibody Buffer for 2 hrs at room
temperature. Sonicated chromatin was further diluted with same volume of Dilution buffer,
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and 5 pl of the sonicated nuclear pellet was set aside on ice as Input and then taken through
the rest of the protocol exactly as the immunoprecipitated (IP) fraction. The rest of
sonication sample (about 100 pl) combined with the preincubated beads and this
immunoprecipitation was incubated at room temperature for 2 hrs on an orbital shaker. The
incubated wells were washed with IP Wash Buffer. Bound DNA-protein complexes were
eluted from the beads by reversal of crosslinking through incubating with Reversing
Solution at 4°C overnight. The ChIP lysate was mixed with 400 pl Binding Solution, and
collected after 3 times flow through and centrifugation. The final DNA was resuspended
with 25 pl Elution Solution. ChIP PCR primers were: -actin: Forward,
GTGGTCCTGCGACTTCTAATG; Reverse, TGCCGACTTCAGAGCAACTGC. Axin2:
Forward, GATGAAAGTCTCCCCTGAGTGAG; Reverse,
GCGCTCCCTCTTCCCACTCC.

Plasmids, transfection and luciferase assay

1kb Axin2 promoter reporter, TOPflash reporter, PGCla, PPARY expression vector, and
control EGFP were from Addgene. The internal control vector pGL4.73 [hRluc/SV40] was
from Promega. siRNA against PGCla (#ASO0W515), PPARY (#ASO0W516), and Axin2
(#ASOOWAZI) and the negative control (#AM4642) were obtained from Ambion. For
plasmid transfection, electroporation was performed (Invitrogen). For siRNA transfection,
SiRNA duplexes were transfected with lipofectamine 2000. To generate reporter construct
without the predicted PPRE, the fragment without the PPRE was amplified using the primer
set: Forward, CCGGGCTAGCCAAGTCAGCAGGGGC, and Reverse,
CCGGTACCGGGAGGAGTGGGAAGACAGAGGTG. Then the amplified fragment was
cloned into pGL3-basic vector using the Nhel and Xhol sites. To conduct the luciferase
assay, cells were seeded in 24-well plates (Corning) at a density of 2x10° cells per well one
day before transfection. Reporter constructs and overexpression vectors or sSiRNAs were co-
transfected at indicated concentrations using Lipofectamine® 2000 per manufacturer’s
protocol (Invitrogen). After 48 hrs, firefly and Renilla luciferase activities were measured
with Dual-Glo luciferase assay system per manufacturer’s instructions (Promega).

Lentivirus production and transfection

Scrambled shRNA or shAxin2 (4 ug), VSVG (4 ug) and A8.9 (0.8 ug) vectors were co-
transfected into 80% confluent 293T cells using lipofectamine 2000 per manufacturer’s
protocol (Invitrogen). Virus supernatant was collected 2 days after transfection and filtered
with 0.45 pm membrane. SVF cells were cultured to 30-50% confluence and infected with
lentivirus in 4 pg/mL polybrene (Santa Cruz). Infected cells were selected with Puromycin
and exposed to adipogenesis differentiation medium.

Scaffold microsphere fabrication

Poly (lactic-co-glycolic acid) copolymer scaffolds were fabricated per our prior work [69,
70]. Briefly, NaCl crystals were sieved to obtain crystals in the range of 125-500 um. 3 g of
85:15 PLGA (Sigma Aldrich) was dissolved in 30-mL DCM and the solution was poured
over 27 g of sieved NaCl and left to dry overnight. Following solvent evaporation, 5-mm
diameter discs were punched out. The discs were freeze-dried and stored at —20°C. Pore size
was analyzed using scanning electron microscopy. PLGA microspheres were prepared per
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our prior methods [55] using double emulsion (water-in-oil in water). Briefly, 250-mg,
50:50 PLGA (Sigma Aldrich) was dissolved in 1-mL dichloromethane (DCM). IGF1
encapsulation and release were measured per our prior methods [71], with dissolving 10-mg
IGF1 in 50-pl PBS and added to the DCM, which was vortexed and transferred to 0.1%
PVA solution and stirred for 2 hrs. The microspheres were washed in distilled water and
freeze-dried, and then stored at —20°C. All scaffolds were sterilized in the ethanol for 30
min before in vivo transplantation.

In vivo scaffold transplantation

Under IACUC approval, C57BI6 mice were kept on a high fat diet for six weeks to ensure
sufficient abdominal fat mass for implantation of PLGA scaffolds prior to surgery. The mice
were anesthetized using isoflurane. The fur was removed, followed by disinfection with
betadine and ethanol. A 2-cm skin incision was made in the lower abdominal region. An
incision was made in the inguinal fat pad followed by insertion of IGF1 loaded PLGA
scaffolds, with IGF1-free empty microsphere in PLGA scaffolds as controls. Extra care was
taken to ensure that the scaffolds were completely surrounded by adipose tissue. The wound
was suture-closed. After four weeks, all scaffolds were retrieved by carefully removing
surrounding inguinal adipose tissue, and immersed in formalin for overnight fixation,
followed by sectioning and staining with hematoxylin and eosin, with additional sections for
immunohistochemistry.

Immunohistochemistry

Sections were deparaffinized, rehydrated in graded ethanol, boiled in citrate buffer for
antigen retrieval, and stained with a primary antibody for FABP4 (1:200, #ab13979, Abcam,
Cambridge, UK) and CD146 (1:200, #ab75769, Abcam). HRP-conjugated secondary
antibody (#87-8963, Invitrogen) was used (#00-1111, Invitrogen).

Statistical analysis

All experiments were performed at least three times, and all quantitative data were analyzed
by Student’s t-test or one-way ANOVA with Bonferroni corrections upon confirmation of
normal data distribution, with significance of p<0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance Statement

Adipogenesis is relevant to obesity, diabetes and surgical reconstruction following
trauma or tumor resection. We discovered a specific fraction of stem cells in human fat
tissue that have strong ability to become adipose cells, and yet another fraction with
strong ability to become bone. Two molecular signaling pathways regulate the yin and
yang of adipose stem cells to become bone or fat tissue. We then discovered that a
recombinant human protein induced the formation of sizable adipose tissue in a way that
may help reconstruct soft tissue defects due to trauma, infectious diseases or tumor
resections.
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Figure 1. Immunolocalization of CD31-/34+/146+/- cells in lipectomized human adipose tissue
and adipogenic fractions
Sections of human adipose tissue (anonymous female, 52-yrs-old) were stained with anti-

CD34 (A), anti-CD146 (B, F) and counterstained with DAPI (C, G). Merged image shows
that CD146+ cells were primarily, but not exclusively, associated with blood vessels (D).
CD31 (E) was virtually exclusively associated with blood vessels. Again, not all CD146+
cells were associated with blood vessels in the merged image (H) (a—d, scale bar, 200 pm;
e-h, scale bar, 50 um). (I) Flow cytometry showed that ~94.5% cells in the first passage of
the stromal vascular fraction (SVF pl) of this lipectomized human adipose tissue were
CD31-/34+, among which ~20.7% were CD146-, and ~59.5% were CD146+. By the third
passage (SVF p3) (J), CD31-/34+ cells dropped drastically from ~94.5% to 9.6%. There was
a lineage reduction of CD146- cells from ~20.7% to ~11.2% with a concomitant gain of
146+ cells (from ~59.2% to ~71.2%) (mean % s.d., n=3). Adipogenesis occurred when SVF
cells (K), CD31-/34~- cells (L) and CD31-/34+/146+/- cells (M, N) were exposed to
adipogenic medium. Strikingly, CD31-/34+/146- cells showed remarkable adipogenesis
ability (N) with corresponding quantitative data of PPARy and FABP4 expression (O)
(mean £ s.d., n=3, **p<0.01, ANOVA); (scale bar, 200 um for K-N). Ki67 showed rapid
proliferation of CD31-/34+/146+ cells (P), relative to CD31-/34+/146— cells (Q) (scale bar,
50 pm) with quantitative data of Ki67 positive cells percentage (R). Osteogenic potential
(Alizarin red) of SVF cells (S), CD31-/34- cells (T), CD31-/34+/146+ cells (U) and
CD31-/34+/146~- cells (V).
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Figure 2. Contrasting Wnt and PPARYy signaling in CD31-CD34+CD146- and CD31-
CD34+CD146+ cells
j-catenin staining was modest in CD31-/34+/146- cells (A, B, C and insert). CD31-

CD34+CD146+ cells showed robust nuclear -catenin staining (D, E, F and insert) (scale
bar, 100 um). Nuclei B-catenin positive cells were quantitatively detected (G) (mean * s.d.,
n=3, *p<0.05, Student’s t-test), and B-catenin protein level was pronounced in CD31-/34+/
146+ cells, relative to CD31-/34+CD146- cells (H). Wnt Topflash activity and cyclin D1
were significantly higher in CD31-/34+/146+ cells than CD31-/34+/146- cells (1) (mean
s.d., n=3, **p<0.01, ***p<0.001, ANOVA). PPARYy was significantly attenuated after
CD31-/34+ cells, regardless of CD146 polarity, were exposed to with 10 ng/mL Wnt3a in
adipogenesis medium (J). Conversely, PPARYy overexpression in CD31-/34+ cells,
regardless of CD146 polarity, was associated with attenuated Wnt topflash activity (K)
(mean % s.d., n=3, **p<0.01, ***p<0.001, ANOVA).
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Figure 3. IGF1 enriches CD31-CD34+CD146- subpopulation
The third passage of stromal vascular fraction of human adipose stem/progenitor cells was

subjected to flow cytometry (A). With 10 ng/mL IGF1, CD31-/34+CD146- cells increased
from ~10.8% to ~19.9%, whereas CD31-/34+/146+ cells decreased from ~71.02% to
~57.5% (A, B). IGF1 stimulated a lineage bias of CD31-/34+ subpopulation towards
CD146- cells (C, D). The lineage switch towards CD146- cells did not affect the totality of
CD31-/34+ cells (E) (mean £ s.d., n=3; ANOVA). CD31-/34+/146+ cells showed
significantly higher proliferation rates than donor-matched CD31-/34+/146- cells (F). IGF1
further increased the proliferation rates of CD31-/34+ cells, regardless of CD146 polarity,
by maintaining the same trend with significantly greater proliferation rates of CD31-/34+/
146+ cells (F) (mean % s.d., n=3, **p<0.01, ***p<0.001, ANOVA).
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Figure 4. IGF1 promotes proliferation, adipogenic differentiation and migration
IGF1 (0-100 ng/mL) promoted the proliferation of stromal vascular fraction (SVF) cells

from lipectomized human adipose tissue in a dose dependent manner (A) (mean + s.d., n=3,
*p<0.05, **p<0.01, ANOVA). IGF1 promoted adipogenesis upon 14-day induction in
chemically defined medium, prominently in the presence of insulin; Oil red O staining (B)
(scale bar, 100 um), with quantification in C, showing 50 ng/mL IGF1 induced significant
adipogenesis (C) (mean + s.d., n=3, *p<0.05, ***p<0.001, ANOVA). (D-H) Different
numbers of SVF cells from lipectomized human adipose tissue migrated (Crystal violet
staining) (scale bar, 100 um), with quantified data in (I) (mean * s.d., n=3, *p<0.05,
**p<0.01, ***p<0.001, ANOVA, NS: no significance).
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Figure 5. Control-released IGF1 induces in vivo adipogenesis
Porous poly (lactic-co-glycolic acid) (PLGA) scaffolds (53 mm) (A) were fabricated with

pore size range of 125 to 500 um (SEM) (B). SEM of a bisected PLGA scaffold to reveal
loaded PLGA microspheres (arrows) (C). IGF1 was encapsulated in PLGA microspheres
and loaded in porous PLGA scaffolds (C, scale bar, 100 pm). (D) Microencapsulated IGF1
was sustainably released in the tested 4 wks. Adipose tissue formation within a
representative PLGA scaffold with IGF1 microspheres following 4-wk implantation in the
inguinal fat of C57BI6 mice showing overall dimensions maintained (5x3 mm) (E) (scale
bar, 1 mm). A representative IGF1-free PLGA scaffold following 4-wk in vivo implantation
showing modest tissue ingrowth (F, G). A representative IGF1 delivered scaffold showed
adipogenesis and adipose stroma (J, K) (F, J, scale bar, 200 um; G, K, scale bar, 50 pm).
Adipocyte number was counted based on morphology in the slides and the relative area was
determined by the percentage to scaffold area. The number of adipocytes and adipocyte area
were significantly greater in IGF1 delivery scaffolds than IGF1-free scaffolds (N, O) (mean
+s.d., n=3, ***p<0.001, ANOVA). No FABP4 expression in IGF1-free scaffolds (H), and
FABP4 staining in IGF1 delivery scaffolds confirmed adipose tissue formation (L) (scale
bar, 50 um). Anti-CD146 antibody staining showed the absence of CD146+ cells in IGF1-
free scaffold (1) and the presence of CD146- and CD146+ cells in IGF1 delivered scaffold
(M) (scale bar, 50 pm).

Sem Cells. Author manuscript; available in PMC 2016 August 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Hu et al.

Page 22

A 491 cD31-/34+/146-Control /MEIGF1 B 41— cD31-134+/146-Control /M 1GF1  C 491 CD31-34+/146-Control / I IGF1
[1CD31-/34+/146+Control /HMIGF1 [1CD31-/34+/146+Control /Il IGF1 .;-' [ CD31-134+/1 46+Control i’ IGF1
34 3 .3 3 —
= W *kk ok g 3
E 2{ F—— = g o — — 52
o < é
[}
1 E: R
o
=
0- o 04
Adipogenesis medium Adipogenesis medium Adipogenesis medium
D 47— cD31-134+/146-Control / I IGF1 E F 37 @cD31-/34+M46-
B aCavaw s
[1CD31-/34+/146+Control / [l IGF1 ™ @ CD31-/34+/146+
AW
Feloke .
3 J—y — 5
=2 — o
8 5 5 .
3 = 1 .
-
+
e d %z 1 &
Adipogenesis medium Growth medium PPARy
G o @ Qac,"%. H 4 Growth medium | & Adipogenesis medium
d’(p QQ -QQkDa 3 *% ' il
]
PGC1a -——%0 *k i ¥ *x
— ———y
£ o] = £ Xk
PPAR ——_cs < — 3 —
2
Axin2 _— - o "
GAPDH e S e - 37 o o
Control  PPARy  PGCta PPARY Control PPARy pPGCla PPARY
+PGCla +PGCla

Figure 6. Axin2/PPARYy signaling activates adipogenesis
PPARY (A) and Axin2 (B) showed significantly higher expression in CD31-/34+ cells upon

IGF1 induction, regardless of CD146 polarity, but significantly attenuated TOPflash
luciferase activity (C) and cyclin D1 mRNA expression (D). Native CD31-/34+/146- cells
showed significantly higher Axin2 level than CD31-/34+/146+ cells (E) (mean % s.d., n=3,
*p<0.05, **p<0.01, ***p<0.001, Student’s t-test). Axin2 and PPARYy showed positive
correlation in CD31-/34+ cells, regardless of CD146 polarity (F). PPARy and/or PGCla
induced Axin2 expression by Western blot, GAPDH served as an internal control (G).
Stromal vascular fraction cells over-expressed with PPARy and/or PGC1a showed
significantly higher Axin2 expression in growth medium (H) and adipogenesis medium (1).
Knockdown of PPARYy and/or PGCla (J, K, L) with corresponding siRNAs significantly
attenuated Axin2 expression in SVF cells (M) (mean * s.d., n=3, *p<0.05, **p<0.01,
***n<0.001, Student’s t-test).
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Figure 7. PPARYy transcriptionally activates Axin2 in adipogenesis
Schematics of Axin2 promoter with ~1000 bp upstream of Axin2 translation start site (ATG)

with a putative PPRE (A). ChIP analysis revealed binding of PPARy to Axin2 PRE
promoter region (B). Stromal vascular fraction cells (SVF) exposed to adipogenic
differentiation medium for 4 days and then harvested for luciferase report analysis, showing
that Axin2 PPRE induced Axin2 luciferase activity in the presence of PPARy and/or PGCla
(C). Without Axin2 PPRE, Axin2 luciferase activity was attenuated even in the presence of
PPARYy and/or PGCla (D). Axin2 knockdown with shAxin2 transfection showed Axin2
absence (E) and severely attenuated (F), with shScramble served as negative control.
TOPflash luciferase activity and CyclinD1 were upregulated following Axin2 knockdown
(G, H). SVF cells showed adipogenesis (I) that is remarkably reduced following Axin2
knockdown (J) (scale bar, 100 pm). PPARY increased in SVF cells undergoing adipogenesis
but was attenuated by Axin2 scrambling in the tested 14 days (K) (mean % s.d., n=3,

*p<0.05, **p<0.01, ***p<0.001, ANOVA).
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