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Abstract
Partly replacement of chondrocytes by stem cells has been proposed to improve the
performance of autologous chondrocytes implantation (ACI). Our previous studies showed
that the increased cartilage production in pellet co-cultures of chondrocytes and mesenchymal
stem cells (MSCs) is due to a trophic role of the MSC by stimulating chondrocyte proliferation
and matrix production rather than MSCs actively undergoing chondrogenic differentiation. The
aim of this study is to compare the trophic effects of stromal vascular fraction cells (SVF) and
in vitro expanded adipose stem cells (ASC). SVF and culture expanded ASCs (n =9) were
co-cultured with primary human chondrocytes in pellets. By glycosaminoglycan (GAG) and
DNA assays, we showed that co-culture pellets of SVF and chondrocytes have more GAG
deposition than that of ASC and chondrocytes. Results of Short Tandem Repeats analysis
indicated that the increase in the chondrocytes proportion in the co-culture pellets is more
pronounced in the SVF co-culture group than in the ASC co-culture group. Using flow
cytometry and microarray, we demonstrated that SVF and ASC have different characteristics
in cell surface markers and gene expression profile. SVF is more heterogeneous than ASC,
while ASC is more enriched in cells from the mesenchymal lineage than SVF. By
subcutaneous implantation into nude mice, we showed that constructs of SVF and
chondrocytes are better in depositing cartilage matrix than the mixture of ASC and
chondrocytes. Taken together, SVF is better than ASCs in terms of forming cartilage matrix
in pellet co-culture and in co-implantation models omitting the need for prior cell expansion.
Our study suggests that the SVF in combination with primary human chondrocytes may be a
good cell combination for one stage cartilage repair.
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Introduction
As self-repair capacity of cartilage tissue is very limited, full-thickness articular
cartilage defects usually lead to the development of osteoarthritis, resulting in serious pain
and movement limitations (1). Current treatments for cartilage defects in young patients
include microfracturing (2), mosaicplasty and autologous chondrocyte implantation (ACI) (3).
However, each of these treatments has limitations. Fibrocartilage is usually formed after
microfracturing which has inferior mechanical properties compared to native cartilage tissue
(4). Mosaicplasty often causes donor site morbidity and postoperative pain (5). The
drawbacks of ACI are the necessity of two surgical interventions in a time span of several
weeks which is required for the obligatory cell expansion in vitro, dedifferentiation of
chondrocytes during this in vitro expansion and unpredictable long-term outcome (4, 6).
Therefore, clinicians never stopped looking for new therapies that regenerate cartilage
defects without the up-mentioned issues. With the progress of stem cell biology in recent
years, it has been proposed to replace part of chondrocytes in ACI by other cell sources to
avoid the presently obligatory costly and time consuming cell expansion phase. Such
approach would enable one-step surgery. Previous studies have mainly focused on bone
marrow derived mesenchymal stem cells (BM-MSCs) (7-9). However, partial replacement of
chondrocytes with BM-MSCs is far from optimal because of pain and donor site morbidity
during isolation and the relative low amount of BM-MSCs in bone marrow aspirates (10).
Other sources of MSCs are therefore becoming more and more attractive.
Adipose tissue-derived stromal cells or adipose stem cells (ASCs) are attractive
sources for cartilage tissue engineering, because they are abundant in adipose tissue which
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is more easily accessible than bone marrow (11). These cells can be easily isolated by
liposuction with relatively low morbidity and pain. Most importantly, ASCs are, like BM-MSCs,
able to differentiate into various cell types of the mesodermal lineage, including adipocytes,
osteoblasts, chondrocytes and myocytes under specific culture conditions in vitro (12).
Isolation of ASCs usually involves several steps: tissues are first minced, digested with
collagenase, and fractionated by differential centrifugation. The resulting pelleted stromal
vascular fraction (SVF) is resuspended and then placed in culture flasks (13) to isolate the
plastic adherent ASC subpopulation. Most researchers have focused on the expanded plastic
adherent ASC subpopulation, while limited work has been done using the minimally
processed SVF cell population. Recent reports have indicated that SVF cells and ASCs exhibit
different features and properties (14, 15). From the perspective of clinical practice, SVF cells
have great advantages over ASCs, since it’s possible to harvest them during the operative
procedure itself by processing in the operation theatre and put them back into the patient
without laboratory expansion which is required for the isolation of ASCs. Because adipose
tissue is an abundant source of stem cells, cell numbers required for re-implantation can
easily be obtained.
In our previous report (16), pellet co-culture of chondrocytes and bone marrow
derived human mesenchymal stem cells (hMSCs) was shown to benefit cartilage matrix
formation. In these pellet co-cultures, we showed that cartilage matrix genes were mainly
expressed by chondrocytes. Furthermore, we showed that the ratio of MSCs decreased
dramatically due to massive cell death of MSCs by apoptosis and by stimulation of
chondrocyte proliferation in co-culture with MSCs. The stimulation of proliferation was at
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least partly mimicked by culturing chondrocytes in MSC conditioned medium. These findings
were confirmed by an independent study performed by Acharya et al. (17). This and our
study demonstrated a new mechanism of cellular interaction in co-culture pellets of MSCs
and chondrocytes. Both studies showed that the beneficial effects on cartilage matrix
formation in co-culture pellets of MSCs and chondrocytes were due to trophic effects of
MSCs stimulating chondrocyte proliferation and cartilage matrix deposition rather than MSCs
actively undergoing chondrogenic differentiation. Our follow-up study then showed that
these trophic effects are independent of culture conditions and was found in co-cultures of
chondrocytes with MSCs derived from various tissues (18). The term trophic effects initially
refers to bioactive molecules produced by nerve terminals, which are not neurotransmitters
(19). In relation to MSCs, the term trophic was first used to describe the process in which
MSCs secrete factors that stimulate nearby cells to release functionally bioactive molecules
(20). Later, the term also relates to the effect of the factors produced by MSC on viability,
proliferation, and matrix production of the neighboring cells. This concept has resulted in a
paradigm shift in the way MSCs are involved in tissue repair. While traditionally it was
believed that MSCs mainly repair damaged tissue by differentiating into specific cell types
and replacing lost cells (21), nowadays the trophic role of the MSC in tissue repair is
considered more important(22). Besides in cartilage regeneration, these effects were also
reported in promoting gain of coordinated functions in stroked brain of rats (23), stimulating
cardiomyocyte proliferation (24), and vascular regeneration (25).
Our previous studies demonstrated the trophic effects of expanded ASCs (18).
However, use of ASC in partial replacement of chondrocytes in ACI still needs isolation of
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adipose tissue by plastic adherence followed by cell expansion prior to joint surgery. SVF
have the advantage that no expansion is required so that it could be easily incorporated into
single step surgery. In this study we have compared SVF and ASC as an alternative cell source
for replacing part of the chondrocytes in a pellet co-culture system and have evaluated
cartilage formation in vivo in a nude mouse model after subcutaneous implantation. Our
data suggested that SVF is a better source than ASC for a co-implantation strategy with
primary chondrocytes in cartilage repair. The results of this study shed light on developing a
one-step surgical procedure for the regeneration of focal cartilage defects using a mixture of
SVF of adipose tissue and un-cultured chondrocytes.
Materials and Methods
Cell culture and expansion
The use of all human materials in this study has been approved the Medical Ethical
Committee of the VU Medical Center (protocol number 2005/128) after obtaining informed
consent. Human chondrocytes were obtained from macroscopically healthy looking cartilage

obtained from knee or hip biopsies of patients with end stage osteoarthritis undergoing total
knee or hip replacement. Cartilage biopsies were digested for 20–22 h in collagenase type II
(0.15% Worthington, NJ, US) dissolved in chondrocyte proliferation medium. The
components of chondrocyte proliferation medium are DMEM (Dulbecco minimal essential
medium) supplemented with 10% FBS, 1×non-essential amino acids, 0.2mM Ascorbic acid
2-phosphate (AsAP), 0.4 mM proline, 100U/ml penicillin and 100μg/ml streptomycin. More
details about chondrocyte isolation are described elsewhere (26). We defined human
primary chondrocytes (CH) in this manuscript as chondrocytes with low passage number
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(less than 2 passages) without immortalization. Stromal Vascular Fraction (SVF) of human
adipose tissue was isolated from the abdominal fat pad of women, who underwent to
liporesection surgery, according to procedures in previous publications (27, 28). SVF were
then seeded in culture flasks with MSC proliferation medium (α-MEM, minimal essential
medium, supplemented with 10% fetal bovine serum, 1 % L-glutamin, 0.2 mM ascorbic acid,
100 U/ml penicillin, 10 g/ml streptomycin and 1 ng/ml basic Fibroblast Growth Factor,
bFGF). Media were refreshed every 2 days to get rid of non-attached cells. When confluent,
cells were trypsinized and passaged. The cells grown on tissue culture plastic were cultured
to passage 2 before experimentation. Expanded cells were called adipose stem cells (ASC) in
this paper. All reagents used for cell culture were purchased from Gibco, Invitrogen (Paisley,
UK), unless otherwise stated. Common chemicals were purchased from Sigma-Aldrich.
Pellet culture and chondrogenic differentiation
For mono-cultures, 200,000 cells of CHs, SVF or ASC were seeded in one well of a
round bottom 96 wells plate (non-tissue culture treated). For co-cultures, 200,000 cells were
seeded in a ratio of 4:1 (SVF/ASC: CH). Cells were initially seeded in chondrocyte proliferation
medium and centrifuged for 5 min at 500×g. Medium was changed to chondrogenic
differentiation medium (DMEM supplemented with 40 µg/mL of proline, 50 ug/mL
ITS-premix (Insulin transferrin, selenium), 50 ug/mL of AsAP, 100 ug/mL of Sodium Pyruvate,
10 ng/mL of Transforming Growth Factor beta 3, TGFβ3, 10-7 M of dexamethasone, 500
ng/mL of Bone Morphogenetic Protein (BMP)6, 100U penicillin/ml and 100μg/ml
streptomycin) one day after seeding when stable pellets were formed. Cell pellets were
cultured for 4 weeks before analysis.
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Monoclonal antibody labeling and flow cytometry
The SVF (after one freeze-thaw cycle) and culture-expanded ASCs were analyzed for
their cell surface marker expression using monoclonal antibodies (mAb) against human CD29
(cat# 555443), CD31 (cat# 555445), CD34 (cat# 345801), CD45 (Cat# 555483), CD54 (cat#
555511), CD73 (cat# 550257), CD90 (cat# 555595), CD105 (cat# 560839), CD106 (cat#
555647), CD117 (cat# 555714), HLA-ABC (cat# 555552), HLA-DR (cat# 555581), and Lin1
(including CD3, CD14, CD16; CD19; CD20; CD56, cat# 340546) (all from Becton Dickinson
Biosciences, San José, CA), CD166 (ALCAM; cat# MCA1926F, AbD SeroTec/MorphoSys, Oxford,
UK), and CD271 (cat# 130-098-103, Miltenyi Biotec BV, Bergisch Gladbach, Germany). All
monoclonal antibodies used were of the IgG1 type and either fluorescein isothiocyanate or
phycoerythrin conjugated. Cells were washed with Phosphate Buffered Saline (PBS) and
stained with specific antibodies for 30 minutes at 4ºC. Nonspecific fluorescence was
determined by incubating cells with conjugated mAb anti-human IgG1 (BD, San José,
CA). Samples were washed twice and analyzed in a FACS Caliber flow cytometer (BD
Biosciences, San Diego, CA) with the Cellquest Pro software (BD, San Diego, CA).
Histology
Cell pellets were fixed with 10 % formalin for 15 min, dehydrated with ethanol and
embedded in paraffin using routine procedures. A microtome (Shandon, France) was used to
cut 5 μm thick sections. Slides were then deparaffinized and stained for sulfated
glycosaminoglycans (GAG) with Alcian blue or Toluidine blue. Nuclei were counterstained
with nuclear fast red.
Quantitative GAG and DNA assays
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Cell pellets (n=6) were washed with phosphate-buffered saline (PBS) and stored at
-80ºC for 16-20 hours. Subsequently, they were digested in digestion buffer (1 mg/ml
proteinase K in Tris/EDTA buffer (pH 7.6) containing 18.5 μg/ml iodoacetamide and 1μg/ml
pepstatin A) for more than 16h at 56 ºC. GAG content was spectrophotometrically
determined with 1,9-dimethylmethylene blue chloride (DMMB) staining in PBE buffer
(phosphor buffer with Ethylenediaminetetraacetic acid) (14.2g/L Na2HPO4 and 3.72g/L
Na2EDTA, pH 6.5) using an ELISA (Enzyme Linked Immunosorbent Assay) reader (TECAN,
Grodig, Austria) at an absorbance of 520 nm with chondroitin sulfate as a standard. Cell
numbers were determined by quantification of total DNA using a CyQuant DNA Kit
(Molecular Probes, Eugene, OR).
Immunohistochemical staining
For immunohistochemistry, sections were deparaffinized, incubated with 3%
hydrogen peroxide and blocked in 1% bovine serum albumin and 1.5% normal goat serum.
Slides were subsequently incubated overnight at 4 ºC with mouse monoclonal antibodies
against COL II (Cat# MAB1330, Novagen, Darmstadt, Germany). Sequentially, primary
antibodies were visualized by EnVision Detection Systems (Dako, Heverlee, Belgium).
Counterstaining was performed with haematoxylin.
RNA isolation and quantitative PCR
RNA samples of cell pellets were isolated with the NucleoSpin RNA II Kit
(Macherey-Nagel, Düren, Germany). Total RNA was reverse-transcribed into cDNA using the
iScript cDNA Synthesis kit (Bio-Rad, Hercules, CA). Quantitative PCR (qPCR) was performed
on cDNA samples using the iQ SYBR Green Supermix (Bio-Rad, Hercules, CA). PCR Reactions
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were carried out on MyiQ2 Two-Color Real-Time PCR Detection System (Bio-Rad, Hercules,
CA) under the following conditions: cDNA was denatured for 5 min at 95 °C, followed by 45
cycles, consisting 15s at 95°C, 15s 60°C and 30s at 72°C. For each reaction a melting curve
was generated to test primer dimer formation and non-specific priming. The sequences of
primers for real-time PCR were listed in supplementary table T1. Calculation of Relative
Expression was performed with Bio-Rad iQ5 optical system software (version 2.0) using the
double delta Ct method(29). GAPDH primers were used for normalization.
Microarray processing and statistical analysis
Three donors of SVF were used for the microarray study. Cells were from the same three
donors were expanded in vitro for two passages to obtain ASCs. ASCs of passage 2 were
cyropreserved in liquid nitrogen. The RNA of both SVF and ASC were isolated from the cells
immediately after thawing from liquid nitrogen. RNA extraction was performed as previously
described. NuGEN Ovation PicoSL WTA System kit followed by Encore BiotinIL module was
utilized for synthesizing biotinylated sscDNA starting from 50 ng of total RNA. Obtained
Samples (750 ng) were then hybridized onto Illumina HumanHT-12 v4 Expression BeadChips.
Chips were scanned by the Illumina iScan array scanner. Illumina’s Genomestudio v. 2010.3
software was applied to analyze gene expression profiling using the default settings advised
by Illumina. Raw data of fluorescence intensity were normalized by quantile normalization
(30). Differential gene expression was analyzed by the commercial software package
Genespring, version 11.5.1. (Agilent Technologies, Santa Clara, CA). Genes with at least 2-fold
difference and being significantly differentially expressed according to a one way ANOVA
with a Benjamini-Hochberg FDR correction and Tukey HSD post hoc test using a cut-off rate
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of P≤0.05 were selected. Changes of gene expression in annotated canonical pathways and
bio-functions were analyzed using ingenuity pathway analysis software (Ingenuity Systems,
Redwood City, CA). Search Tool for the Retrieval of Interacting Genes/Proteins (STRING,
Heidelberg, Germany) was used to predict possible protein-protein interaction (PPI)
networks (31), with a threshold cutoff of a combined score>0.4. Clusters were formed using
a k-means clustering algorithm. The differentially expressed genes between SVF and ASC
with possible PPI were then visualized by constructing a PPI network using Cytoscape
software (version 3.2.1, http://cytoscape.org/) (32). In the PPI network, each node
represented one protein of a differentially expressed gene, the edge represented interaction,
and the connectivity degree of a node was defined as the number of interactions between
this node and its surrounding nodes.
Cell tracking with organic fluorescent dyes
The organic fluorescent dye CM-DiI (Molecular Probes, Eugene, OR) was used for cell
tracking in co-cultures. Cells were labeled according to the manufacturer’s protocol. Briefly,
cells were trypsinized and resuspended in PBS at a concentration of 2×106 cells/ml. The cells
were incubated with 4μM of CM-DiI at 37 °C for 5 minutes followed by incubation at 4°C for
15 minutes. Cells were washed with PBS and applied in co-culture experiments.
5-ethynyl-2’-deoxyuridine labeling and staining
Cell proliferation in pellets was examined with the Click-iT® EdU Imaging Kit
(Molecular Probes, Eugene, OR). Cell pellets were cultured in chondrogenic differentiation
medium containing 10 μM EdU (5-ethynyl-2’-deoxyuridine) for 24 hours before harvesting. At
day 2, cell pellets were washed with PBS and fixed with 10% formalin for 15 min. Sections of

Tissue Engineering Part A
Chondrocytes co-cultured with Stromal Vascular Fraction of adipose tissue present more intense chondrogenic characteristics than with Adipose Stem Cells (doi: 10.1089/ten.TEA.2015.0269)
This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.

Page 13 of 50

13
10 μm were cut with a cryotome (Shandon, France). Sections were permeabilized with 0.5%
of Triton X 100 for 20 min and stained for EdU with Alexa 488 cocktail. Nuclei were
counterstained with Hoechst 33342 (provided in the same kit).
Image acquisition and analysis
Histological images were made with a Nikon E300 microscope (Japan). Fluorescent
images were taken with a BD pathway 435 confocal microscope (BD Biosciences, Rockville,
MD). Details of image quantification are published elsewhere(16). Using montage capture,
images of high resolutions were obtained covering the entire section of a pellet. Separate
images were captured using BP536/40 (Alexa 488), BP593/40 (DiI) and LP435 (Hoechst 33342)
and pseudo-colored green, red and blue respectively. ImageJ software (33) was used for cell
counting. Briefly, we manually set a threshold to avoid artifacts. The number of green cells,
red cells, green and red overlapping cells (two colors overlapped) and total cells were
counted by running plug-ins written in macro language of ImageJ (available on request).
Values represent the mean ± standard deviation of at least 3 biological replicates. To
determine the percentage of EDU positive chondrocytes, SVF or ASC cells in co-culture
pellets, calculation was carried out as follows: percentage of EDU positive chondrocytes=
overlapped cells ÷ red cell×100%; percentage of EdU positive SFV=(green cells – overlapped
cels)÷(total cells-red cells); percentages of EdU positive ASC=(green cells – overlapped
cels)÷(total cells-red cells). Since chondrocytes were labeled with red fluorescence, we
assumed all non-red cells were SVF or ASC. The actual ratio of red: non-red cells also
reflected the input ratio of 1:4 of chondrocyte: SVF/ASC

Short Tandem Repeats (STR) analysis
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Genomic DNA samples were extracted from pellets with the QIAamp DNA Mini Kit
(Qiagen, Hilden, Germany). The sixteen loci of the kit PowerPlex 16 System (Promega,
Sunnyvale, CA) were amplified, typed, sequenced and analyzed by ServiceXS B.V. (Leiden, the
Netherlands). Specific alleles for the donor of SVF or ASCs and the donor of CHs were
identified. These alleles were used to define the origin of cells in allogeneic co-culture of
SVF/ASC and CHs after 4 weeks. The amount of DNA present for each donor was calculated
from the areas of the electrophorogram for each locus of SVF or ASC and CH specific alleles
and the ratio of was determined.
Implantation of cells incorporated in alginate gel into nude mice
All animal experiments were approved by the local animal care and use committee
of University Medical Centre Utrecht (approval no. 104231) and were performed according
to Dutch legislation. Pools of SVF or ASC were made by mixing cells from 3 donors. CH from
another 3 donors were mixed to make a pool of CH. Then, pools of SVF or ASC were mixed
with the pool of CH in a ratio of 4:1, and then resuspended in 2 % alginate in PBS at a density
of 1×107cells/ml. Co-implantation constructs were made by transferring 70 μl of alginate cell
suspension to 100 μl of a 100 mM CaCl2 solution and gelifying for 5 minutes at 37 ºC.
Constructs were washed with PBS and MSC proliferation medium (α-MEM supplemented
with 10% fetal bovine serum, 1 % L-glutamin, 0.2 mM ascorbic acid, 100 U/ml penicillin, 10
μg/ml streptomycin and 1 ng/ml bFGF. Constructs with only chondrocytes at a density of
1×107cells/ml served as positive control, while blank constructs without any cells were
negative controls. For each condition (SVF+CH, ASC+CH, CH and blank), 10 constructs were
made one day before the surgery and cultured in chondrocyte proliferation medium (DMEM
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supplemented with 10% FBS, 1×non-essential amino acids, 0.2mM Ascorbic acid
2-phosphate, 0.4 mM proline, 100U/ml penicillin and 100μg/ml streptomycin). Before the
implantation, 10 6-week-old male BALB/C nude mice (Experimental Animal Center Utrecht)
were anesthetized with isoflurane with dosage of 2% for maintenance and up to 5% for
induction in oxygen from a precision vaporizer. Then, four subcutaneous pockets were made
on the back of a mouse. One construct was put in one pocket. The locations of the constructs
were randomized and recorded. At 8 weeks post-implantation, mice were euthanized using
CO2 in a dedicated chamber, and implanted constructs were then carefully separated from
the surrounding fibrous capsule, washed in PBS for histological analysis and quantitative GAG
analysis.
Statistical analysis
GAG and DNA quantifications were examined for statistical significance with one-way
analysis of variance (ANOVA) followed by Tukey HSD (Honestly Significant Difference) Test.
Statistical analysis of EdU positive cells was made by using the Student’s t test. P values of <
0.05 were considered as statistically significant.
Results
Comparisons of surface marker profiles and chondrogenic potential of SVF and ASC
We first performed FACs to analyze the profiles of CD markers of the SVF and ASCs.
Representative flow histograms are shown in Fig. 1A. The mean percentages of positive cells
are displayed in Fig. 1B. The SVF fraction contained a subset of cells that were positive for
the endothelial cell-associated marker CD31, and the stem cell marker CD34 (34, 35). The
hematopoietic lineage associated marker CD45 was weakly present in SVF, however, the
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CD45 positive cells could not be distinguished as a sub-population from SVF. As expected,
ASCs did not express these markers. A fraction of the initial SVF cell population expressed
stromal cell-associated markers. Only 10% of the SVFs expressed CD105, whereas 86% of the
SVFs expressed CD90; the levels of CD29, CD166, and CD105 were intermediate to these
values. After isolation of ASCs by expansion in vitro, the percentage of cells staining positive
for each of these markers increased. The initial SVF also contained a subpopulation of cells
positive for stem cell-associated markers. An average of 69% of the SVFs expressed the stem
cell marker CD34. Its level declined to 0.4% in ASCs. Expressions of CD73 increased from
approximately 50% in SVF to nearly 100% in ASCs. In general, ASC contained a more
homogenous cell population which was CD31, CD34 and CD45 negative, but positive for MSC
markers like CD105 and CD166. In line with our expectation, SVF represented a
heterogeneous cell population containing not only cells with typical MSC characteristics but
also CD31+endothelial progenitors, a minority of slightly positive CD45+ hematopoietic cells
and CD34+ stem cells.
Then, the chondrogenic differentiation potential of SVF and ASC was characterized
by putting them in pellet culture. ASC generally formed better aggregates than SVF. We
tested 9 donors individually. Every donor we tested could give rise to ASCs that formed
stable pellets, while only 6 out of 9 donors we tested provided SVF that formed stable
pellets. Results from histology and GAG quantification (fig. 1C and D) showed that pellets
from ASC produced matrix containing more GAGs than SVF.
Chondrocytes co-cultured with SVF produce more GAG than with ASC.
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To compare the effect of ASC with SVF derived from the same donor on chondrocyte
pellet co-cultures, both cell fractions were co-cultured with primary human chondrocytes at
passage 2 (P2) in pellets (SVF+CH and ASC+CH) in a ratio of 4:1. Mono-cultures of
chondrocytes (CH) served as control. Three chondrocyte donors were randomly matched to
9 SVF and ASC donor pairs. Results of histology from one representative experiment are
shown in Fig. 2A. In contrast to pellet mono-cultures of SVF, in combination with primary
human chondrocytes SVF of all 9 donors formed stable cell pellets. Alcian blue and Toluidine
blue staining indicated the presence of GAG in all experimental groups. The staining
appeared more intense in the SVF+CH group. The presence of collagen type 2 was confirmed
in all co-culture and mono-culture groups using immunohistochemistry. CH group had the
most intensive staining, while ASC+CH group had the least expression of COL2A1. The
intensity of COL2A1 staining in SVF+CH group was intermediate of the other two groups.
Overviews of these staining on whole pellets are shown in the insets of Fig. 2A. Previously
we showed that GAGs were mainly produced by chondrocytes in co-culture pellets (16, 18).
When compared the GAGs between two co-culture groups, we ought to eliminate the
variant of different donors of chondrocyte, since we focus on donor variation of ASC/SVF.
Therefore, instead of using µg for GAG quantification, relative values of total GAG and
GAG/DNA in co-culture groups were obtained by dividing absolute values of total GAG or
GAG/DNA in co-culture groups by to absolute values of the same in chondrocytes (CH)
mono-cultures groups. Data from 9 SVF or ASC donors were averaged and displayed in Fig.
2B. SVF+CH group significantly showed higher capacity in producing GAG than the ASC+CH
group. Expression of chondrogenic genes at week 4 of co-culture were examined by qPCR
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(Fig. 2C-E). Expression of collagen 2a1 (COL2a1), collagen 9a1 (COL9a1) and aggrecan (ACAN)
mRNA tended to be higher in the SVF+CH group but this did not reach significance.
Co-culture of chondrocytes with SVF and ASC induces chondrocyte proliferation
Our previous data showed that proliferation of cells in co-culture pellets mainly
occurred in the first few days (16). EdU (5-ethynyl-2’-deoxyuridine) incorporation and cell
tracking were used to investigate cell proliferation in the co-culture pellets at day 2 after cell
seeding. EDU positive cells were detected in all groups (Fig. 3A left panel). Quantitative data
are shown in Fig. 3B and Fig. 3C. Percentages of EdU positive chondrocytes in co-culture
pellets tended to be higher in co-culture pellets with SVF than with ASC but this did not
reach significance most likely due to large inter donor variation (Fig. 3B). After 2 days of
culture, the percentage of EdU positive SVF or ASC cells in co-culture pellets also did not
differ (Fig. 3C).
Previously we have shown that co-culture of primary chondrocytes with bone
marrow MSCs induces massive cell death of the latter after 1 week (16). Therefore, a
fluorescent TUNEL assay was performed to determine apoptotic cells in co-culture pellets at
the end of week 1. High numbers of TUNEL positive cells were found in cell pellets containing
SVF or ASC, but very few in pellet mono-cultures of chondrocytes (Fig. 3A right panel). TUNEL
staining was significantly higher in SVF co-culture pellets than in ASC co-culture pellets (Fig.
3D). Since cell tracking using organic fluorescent dye did not last for two weeks (16), we
measured the overall apoptotic cells per pellet instead of the percentage of apoptotic
individual cells types in co-culture pellets.
After 4 weeks of co-culture, STR analysis was performed to determine the ratio of
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cells derived from chondrocytes or from either SVF or ASC donors. The distinguishable loci
between chondrocytes and SVF/ASC donors were selected and averaged. In SVF co-culture
pellets the initial seeding ratio of 4:1 (SVF: chondrocytes) was changed to almost 60%
chondrocytes and 40% SVF after 4 weeks of culture. The seeding ratio in the ASC co-culture
pellets after 4 weeks of culture (75% ASC and 25% chondrocytes) did not significantly deviate
from the initial seeding ratio of 4:1 (ASC: chondrocytes) (Fig. 3E). Increased cell death of SVF
cell fractions in combination with a larger stimulatory effect on chondrocyte proliferation are
most likely responsible for the relative overgrowth of the primary chondrocytes in the
co-culture pellets with SVF.
Comparison of global gene expression profiles between SVF and ASC
We have shown that trophic factors of bone marrow derived MSCs are responsible
for increased chondrocyte proliferation and matrix deposition in co-culture pellets with
chondrocytes (16). We therefore compared the global gene expression profile of pairs of SVF
and ASCs to identify differentially expressed genes between both cell populations using a
microarray experiment. As shown in Fig. 4A, the majorities of genes that can be detected in
either cell type fall in the region of two fold change (up or down, yellow dots). 80 genes
were found >2-fold up-regulated (red dots) in SVF while 48 genes were >2-fold
down-regulated (blue dots). Differential expression of a random selection of genes was
validated using qPCR (fig 4 B and C). Some variation in absolute fold change as determined
by microarray or qPCR was observed, however the trends were the same. A complete list is
given in supplementary table T2 showing all up-regulated and down-regulated genes with a
more than 2-fold change and a p value <0.05 as determined by an one way ANOVA corrected
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for a Benjamini-Hochberg FDR and Tukey HSD post hoc test. As a result of the
heterogeneous populations, genes higher expressed in SVF than in ASC are a combination of
markers found in endothelial cells (e.g. EFNB2), adipocytes (e.g. APOD, FABP4) and
lymphocytes (e.g. LTA, LITAF). On the other hand, ASC showed higher expression of genes of
the mesenchymal cell lineages when compared to SVF. These genes included DKK3, TGFBI,
GREM1 and SFRP2 which are expressed in chondrocytes(36-38), and COL1A1, SPARC and
POSTN which are expressed in osteoblasts (39, 40). Roughly, one third of these differentially
expressed genes are secreted factors, as shown in table 1. Some of the genes together with
others (NFKB1 and UBD) on the top of the differentially expressed gene list were selected for
qPCR validation (Fig. 4B and C). Variations between the data obtained from microarray and
qPCR were observed, however the trends were the same.
The list of all up-regulated and down-regulated genes with more than 2-fold change
was then imported into ingenuity pathway analysis software to identify differential
expression between SVF and ASC in annotated canonical pathways and bio-functions.
Significantly changed pathways were diseases and disorders (Supplementary Fig. S1),
molecular and cellular functions (Supplementary Fig. S2) and physiological system
development/function (Supplementary Fig. S3). In addition, the differentially expressed
genes were used as input into Search Tool for the Retrieval of Interacting Genes/Proteins to
identify predicted interaction networks of genes and/or proteins (Supplementary Fig. S4).
The results show 3 major clusters of interacting proteins. The first one (red) is a group of
secreted factors centered by FN1 and TGFBI, most of which are produced by cells from the
mesenchymal lineage to regulate the differentiation and proliferation of chondrocytes. One
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cluster (brown) of extracellular matrix components centered on COL1A2 is also found. The
third major cluster (yellow) is a group of transcription factors and cytokines which are
regulated by NFKB1.
Ectopic cartilage formation of SVF and ASC mixed with chondrocytes
To evaluate our previous findings in vivo, mixtures of chondrocytes and SVF or ASC
(ratio 1:4) were incorporated in an alginate gel and subcutaneously implanted in
immunotolerant mice (41). Eight weeks after implantation there was a significant
accumulation of ECM components in the pericellular area in all experimental groups. SVF+CH
group produced most ECM in comparison with the other two groups according to the color
of the staining (Fig. 5A left and middle panels). Immunohistochemical staining indicated the
presence of more collagen type 2 protein expression in engineered cartilage of SVF+CH than
in ASC+CH (Fig. 5A right panel). Results of GAG assay confirmed that SVF+CH group
contained more GAG than the other two groups (Fig. 5B). The quantification of DNA in the
constructs showed that SVF+CH had fewer cells (Fig. 5C). These data suggested that the SVF
mixed with chondrocyte produced more cartilage matrix than ASC in vivo.
Discussion
In previous reports, we have shown that co-culture of MSCs and CH in pellets
augmented cartilage matrix formation. This effect can be largely attributed to a trophic effect
of the MSCs that increases the proliferation and matrix formation by chondrocytes, rather
than by chondrogenic differentiation of MSCs. We furthermore showed that this trophic
effect of MSCs is a general feature that can be observed in MSCs from multiple sources like
bone marrow, adipose tissue and synovium (18). In this study, we investigated for the first

Tissue Engineering Part A
Chondrocytes co-cultured with Stromal Vascular Fraction of adipose tissue present more intense chondrogenic characteristics than with Adipose Stem Cells (doi: 10.1089/ten.TEA.2015.0269)
This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.

Page 22 of 50

22
time the trophic effects of SVF of adipose tissue. We show that the SVF is a better cell source
than ASC in facilitating cartilage formation in co-culture with chondrocytes. This conclusion is
based on the following observations; i) Co-culture pellets of SVF and chondrocytes produced
more GAG than pellets of ASC and chondrocytes, ii) the proportion of chondrocytes after
co-culturing is more increased in co-culture pellets of SVF and chondrocytes than pellets of
ASC and chondrocytes, iii) mixtures of SVF and chondrocytes deposit more GAG and collagen
type 2 than that of ASC and chondrocytes in an ectopic cartilage formation model in nude
mice.
For the first time, we showed here that SVF cells could act as trophic mediators in
co-culture pellets with chondrocytes. We previously reported that expanded cells isolated
from SVF (adipose derived mesenchymal stem cells) could induce chondrocyte proliferation
in co-culture pellets and promoted GAG formation in co-cultures (18). In this study, we
showed that in comparison to ASCs, SVF from the same donor were more potent in
promoting GAG formation in co-cultures. The proliferation rate of chondrocytes tended to
be higher in co-culture with SVF but this did not reach significance. This is likely explained by
considerable

inter-donor

variation.

However,

we

observed

another

interesting

phenomenum: more cell death was found in SVF+CH than in ASC+CH co-culture pellets. This
could possibly explain why on average GAG production of each cell (GAG/DNA) is higher in
SVF+CH than in ASC+CH. Increased cell death of SVF possibly in combination with increased
proliferation of chondrocytes is likely responsible for the relative overgrowth of
chondrocytes after 4 weeks of co-culture. This is particularly evident in the SVF co-culture
group compared to the ASC co-culture group and was confirmed by STR analysis
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demonstrating that the initial seeding ratio of CH : SVF/ASC changed from 1:4 to 3:2 in case
of co-culture with SVF and 1:3 in case of ASC. We cannot rule out the possibility that some
chondrocytes also died in co-culture pellets. However, STR analysis in combination with the
positive TUNEL staining suggests that predominantly the SVF and to a lesser extent ASC had
disappeared from the co-cultures by cell death.
Based on our results, SVF cells could be a very good, relatively easily accessible and
abundant source of cells to be used for cartilage regeneration. In previous studies, Jurgens et
al reported that SVF cells showed stem cell characteristics that are very similar to expanded
cells isolated from SVF, and SVF cells even appeared to be slightly better than expanded cells
isolated from SVF in chondrogenic differentiation as indicated by GAG quantification (15). In
comparison with bone marrow derived MSCs, SVF cells also differentiate into osteogenic,
adipogenic and chondrogenic lineages, but have a much higher Colony Form Unit (CFU)
frequency(42). It’s also been reported that SVF cells could quickly attach to poly
(L-lactide-co-caprolactone) and collagen type 1/3 scaffolds which are both suitable for
cartilage tissue engineering (43). Here we show data to support that co-culture pellets of SVF
cells and chondrocytes deposit more cartilage matrix than co-culture pellets of ASC and
chondrocytes as well as monoculture of chondrocytes. Even after co-implantation of SVF or
ASC cells in an alginate gel, more ectopic cartilage matrix formation is observed in the
combination of SVF with chondrocytes after subcutaneous implantation in a nude mouse
model. Improved cartilage formation in combination of SVF with CH was most clearly seen in
the increased GAG deposition both in vitro and in vivo. It was less clear based on Collagen
type 2 deposition in which the CH group displayed the strongest staining. This suggests that
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GAG and Collagen type 2 deposition were independently regulated by co-culture of CH with
SVF. Nevertheless, the superiority of the SVF chondrocytes combination over chondrocytes
alone is still obvious for a practical reason, particularly if we take into consideration that the
number of chondrocytes needed for co-implantation (SVF and chondrocytes) is much lower
than that needed for single implantation (chondrocytes alone). Since SVF can be relatively
easy and fast isolated out of a liposuction, it is possible to isolate SVF and re-implant the
cells into the patient in one-step surgery (44, 45).
In marked contrast to ASCs, SVF contains a heterogeneous cell population (46). It is
believed that ASCs have a more homogeneous composition of cell types, even though ASC
and SVF share some common features like multi-lineage differentiation. In addition to this,
our data from FACs and Microarray indicated that ASC resemble more mesenchymal cell
lineages than SVF. This is in agreement with literature indicating that the SVF contains
endothelial cell and hematopoietic cell populations besides a MSC fraction (42). With
unknown mechanism, these non-mesenchymal cells enhanced the trophic effects of MSCs at
least in co-culture with chondrocytes. There could be two hypotheses to explain this
mechanism: 1) one or more of the non-MSCs populations are actually better trophic
mediators enhancing matrix formation of chondrocytes than MSCs; 2) some of the non-MSC
cells preserves/increase the trophic effects of MSCs. So far, we don’t have enough data to
exclude one of the above possibilities. However, pre-existing data seems to support the
second. It has been reported that ASCs resided in the adventitia of blood vessels as a group
of CD34+/CD31-/α-smooth muscle actin− (smA) cells (47-49). Our previous data also
demonstrated that a small fraction of CD146 positive cells present in both SVF and ASC (14,
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15). There are debates about the CD markers of these cells (50, 51); nevertheless, all these
studies pointed out that ASCs reside in a perivascular niche in situ. This niche or local
microenvironment dominantly made of endothelial cells is important in maintaining the
ASC’s phenotype as a stem cell. Although speculative, it may be also crucial for keeping
ASC’s function as a trophic mediator. It was believed that ASCs could stabilize endothelial
networks in vitro and help vessel formation in vivo (52). As a feedback, it’s also possible that
endothelial cells may better preserve some of ASC’s characteristics which are lost during in
vitro expansion, such as their ability to express trophic mediators. Regarding the interaction
between different cell populations in SVF, one possible interaction we should keep in mind is
the one between hematopoietic cells and MSCs. It was reported that MSCs could support
hematopoiesis in culture (53). In turn, hematopoietic cells such as monocytes and
lymphocytes, which are abundant in SVF but absent after in vitro expansion, may also
regulate the trophic property of MSCs.
In conclusion, our data demonstrated that chondrocytes form better cartilage tissue
when co-cultured or co-implanted with SVF of adipose tissue than with ASC. Heterogeneous
populations of SVF shows higher level of trophic effects in cartilage formation. These results
support the clinical potential of one-step therapy for cartilage repair, in which SVF from
adipose tissue and chondrocytes from non-weight bearing joint surface are isolated, mixed
and implanted back into the patient during the same surgical procedure.
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Figure legends:
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Figure 1 Comparison of surface marker profiles and chondrogenic potential between of
SVF and ASC. (A) FACs was performed to analyse the profile the expression of CD markers
on SVF and ASCs. Histograms from one representative donor pair of SVF and ASC are shown.
Lines are isotypes, filled graphs indicate specific binding of antibodies. Of each cell fraction at
least 100.000 cells were analyzed. (B) % of positive cells for each CD marker was calculated
based on the average of 9 donor pairs of SVF and ASC. Asterisk represents P<0.05. Double
asterisk represents P<0.01. NS=Not Significant. Error bar reflects Standard Deviation (S. D.).
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Statistical analysis is done by student’s t-test. (C) Chondrogenic potential of SVF and ASC is
illustrated by histological staining. 200 000 cells of SVF or ASC were seeded per well in a
round botton non-adherent 96-well plate. Cell pellets were made by centrifuge at 500g for 3
min. Then pellets were cultured in chondrogenic differentiation medium for 4 weeks. Scale
bar=100μm. Results of a representative donor pair of which SVF formed a stable pellet is
shown. (D) At 4 weeks of chondrogenic differentiation GAG and DNA in the cell pellets were
quantified. Data represent the average of 5 donor pairs of SVF, which formed stable pellets, and
ASC. Asterisk represents P<0.05. Double asterisk represents P<0.01. Error bar reflects
Standard Deviation (S. D.). Statistical analysis is done by student’s t-test.
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Figure 2 Co-culture of chondrocytes with SVF or ASC enhanced cartilage matrix
formation. (A) Alcian blue and Toluidine blue staining indicated the presence of GAGs.
Imnumohistochemical staining showed expression of Collagen type II. Cell pellets were
cultured in chondrogenic differentiation medium (as described in Materials and Methods) for 4
weeks before examination. Scale Bar=100 μm. Results of a representative donor pair is shown.
(B) GAG quantification showed that the SVF+CH group produced more GAG than the
ASC+CH group. Data represent the average of 9 donor pairs of SVF (or ASC) with
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chondrocytes. Values are relative to pellet monoculture of chondrocytes (CH). P value was
calculated by student’s t-test. Error bar reflects Standard Deviation (S. D.). (C-E) Expression
levels of ACAN (C), COL2a1 (D) and COL9a1 (E) mRNA were examined by qPCR. RNA
samples were extracted from 9 donor pairs of SVF and ASC with chondrocytes, from pellets
cultured in chondrocyte proliferation medium for 4 weeks. RNA was isolated from 3 pellet
cultures per condition. Relative expression levels were obtained by normalization to GAPDH.
Values represent the relative gene expression compared to monoculture of chondrocytes (CH).
Error bar reflects Standard Deviation (S. D.).
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Figure 3 Co-culture induces apoptosis of MSCs and proliferation of chondrocytes. (A)
Left panel: EdU staining of pellets at day 2 after seeding. PCs were labeled with CM-DiI (red).
EdU incorporation into newly synthesized DNA was visualized by Alexa 488 (green). Nuclei
were counterstained with Hoechst 33342 (blue). Right panel: TUNEL staining of pellets were
performed at 1 week after seeding. TUNEL positive cells were visualized with fluorescent
labeling (green). Nuclei were counterstained with Hoechst 33342 (blue). Scale bar=100μm. A
representative picture of 1 ASC or SVF donor is shown. Inserts showed the boxes in higher
magnification. (B) Quantification of EdU positive chondrocytes. Three pellets for each donor
pair of SVF or ASC and chondrocytes were analyzed. Data represents the average of 3 donor
pairs. Values expressed relative to monoculture of chondrocytes. Asterisk represents P<0.05.
Double asterisk represents P<0.01. NS=Not Significant. Error bar reflects Standard Deviation
(S. D.). (C) Quantification of EdU positive SVF or ASC. Three pellets for each donor pair of
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SVF or ASC and chondrocytes were analyzed. Data represents the average of 3 donor pairs.
Asterisk represents P<0.05. Double asterisk represents P<0.01. NS=Not Significant. Error bar
reflects Standard Deviation (S. D.). (D) Quantification of TUNEL positive cells. Three pellets
for each donor pair of SVF or ASC and chondrocytes were analyzed. Data represents the
average of 3 donor pairs. Asterisk represents P<0.05. Double asterisk represents P<0.01.
NS=Not Significant. Error bar reflects Standard Deviation (S. D.). (E) STR analysis was
performed on genomic DNA isolated from co-culture pellets of SVF or ASC and chondrocytes
at an initial seeding ratio of 80:20 after 4 weeks of culture. Only informative loci that could
discriminate between the SVF or ASC donor and PCs were taken into account. Averages of
these loci were calculated to indicate the ratio of SVF or ASC and chondrocytes after
co-culture. Data represents an average of 3 donor pairs. Asterisk represents P<0.05. Error bar
reflects Standard Deviation (S. D.).
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Figure 4 Comparison global gene expression profiles of SVF and ASC. (A) RNA samples
were isolated from SVF or ASC of 3 donor pairs and applied in a microarray study. The average
ratio of gene expression in SVF over ASC is plotted. Green lines indicate thresholds for up- (>2
fold) and down-regulated gene expression (<2 fold). In red are genes depicted which are >2
fold up regulated in SVF. In blue are genes depicted which are >2 fold down-regulated in SVF.
(B) Expression levels of genes that were up-regulated in SVF were validated by qPCR. The
values are expressed relative to ASCs and represent the mean of 3 donors. (C) Expression levels
of genes that are up-regulated in ASC were validated by qPCR. The values were relative to SVF
and represent the mean of 3 donors. Error bar reflects Standard Deviation (S. D.).
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Figure 5 Co-implantation chondrocytes with SVF produces more GAG than with ASC.
(A) SVF or ASC from 3 donors was pooled to eliminate donor variations, as well as
chondrocytes from 3 donors. Then SVF or ASC were co-implanted with chondrocytes at a ratio
of 4:1 into nude mice for 8 weeks. Constructs with chondrocyte only were served as positive
control, while constructs without cells (blank) were used as negative control. Toluidine blue
staining indicate the presence of GAGs. Immunohistochemical staining shows expression of
Collagen type II. Scale Bar=100 μm. (B) GAG normalized to DNA in constructs. Amount of
GAG and DNA of constructs (N=8) were measured by GAG and DNA assay. Values were
subtracted by blank constructs to eliminate the influence of material on GAG assay. Asterisk
represents P<0.05. Double asterisk represents P<0.01. NS=Not Significant. Error bar reflects
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Standard Deviation (S. D.). (C) Total DNA in TE constructs. Values were subtracted by blank

constructs (without any cells) to eliminate the influence of material on GAG assay. Asterisk

represents P<0.05. Double asterisk represents P<0.01. NS=Not Significant. Error bar reflects

Standard Deviation (S. D.).
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Figure S1. The list of 128 up/down-regulated genes was imported into ingenuity pathway analysis

software to visualize the changes of gene expression in Diseases and Disorders pathways. Top-ten

pathways that changed most were listed. Arrow indicates threshold of significance.
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Figure S2. Changes of gene expression in Molecular and Cellular Functions pathway were analysis

the same way as in Fig S3. Top-ten pathways that changed most were listed. Arrow indicates

threshold of significance.
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Figure S3. Changes of gene expression in Physiological System Development and Function

pathway were analysis the same way as in Fig S3. Top-ten pathways that changed most were

listed. Arrow indicates threshold of significance.
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Figure S4. Possible interaction networks of genes/proteins of up-regulated genes. The predicted
interaction networks of the 128 up/down-regulated genes/proteins were studied by the Search
Tool for the Retrieval of Interacting Genes/Proteins as described in materials and methods. Red
dots were a group of secreted factors centered by FN1 and TGFBI. Brown dots were a group of
extracellular matrix components centered on COL1A2. Yellow was a group of transcription factors
and cytokines which are regulated by NFKB1. Blue dots were a group of proteins centered by PPIC.
Orange dots were group of transcription factors potentially connected by EGR2. Green dots were
other proteins that had few or no connections.
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Supplementary table T1. Forward (F) and Reverse (R) primers used for PCR validation of
microarray data.

Gene Name
GAPDH
NFKB1
SIPA1L2
APOD
CCND2
UBD
DKK3
TGFBI
GREM1
SFRP2
COL I
SPARC
POSTN

Primer Sequence
F: 5’ CGCTCTCTGCTCCTCCTGTT 3’
R: 5’CCATGGTGTCTGAGCGATGT 3’
F: 5' ATGTATGTGAAGGCCCATCC 3'
R: 5' TTGCTGGTCCCACATAGTTG 3'
F: 5’ TGGGGAGCGTTCTCCATCACCA 3’
R: 5’ CAGGTGCTGCACTTCTGCTTGGA 3’
F: 5’ CTCCGGTGCAGGAGAATTT 3’
R: 5’ CAGCGTCCATTCTCAAAGGT 3’
F: 5’ AGCGGGAGAAGCTGTCTCTGATCC 3’
R: 5’ TGCTCCCACACTTCCAGTTGCG 3’
F: 5’ TGTCTGCAGAGATGGCTCC 3’
R: 5’ TCATATGGGTTGGCATCAAA 3’
F: 5’ TCACATCTGTGGGAGACGAA 3’
R: 5’ CAGGTGTACTGGAAGCTGGC 3’
F: 5’ CCAAAGGAAAATCTGTGGCA 3’
R: 5’ TTGAGAGTGGTAGGGCTGCT 3’
F: 5’ GTCACACTCAACTGCCCTGA 3’
R: 5’ GGTGAGGTGGGTTTCTGGTA 3’
F: 5’ CGACATAATGGAAACGCTTTG 3’
R: 5’ TCTTGCTCTTGGTCTCCAGG 3’
F: 5’ GTCACCCACCGACCAAGAAACC 3’
R: 5’ AAGTCCAGGCTGTCCAGGGATG 3’
F: 5’ CTTCAGACTGCCCGGAGA
3’
R: 5’ GAAAGAAGATCCAGGCCCTC
3’
F: 5’ TTTGGGCACCAAAAAGAAAT
3’
R: 5’ TTCTCATATAACCAGGGCAACA 3’

Product
size

Gene Bank No.

82

NM_002046

105

NM_003998

130

NM_020808

91

NM_001647
NM_001759

119
94

NM_006398
NM_013253

106
107

NM_000358

375

NM_013372

110

NM_003013

121

NM_000088

90

NM_003118

110

NM_006475

Table T2 List of all up-regulated and down-regulated genes with a >2-fold change
Fold change (ASC vs
Symbol

Accession

SVF)

UBD

NM_006398.2

-7.711138

ITGB2

NM_000211.1

-6.563432

APOD

NM_001647.2

-6.434554

HAND1

NM_004821.1

-6.031195

PLA2G7

NM_005084.2

-5.715994

CLIC2

NM_001289.4

-5.602651
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FOSB

NM_006732.1

-5.366914

SALL3

NM_171999.2

-5.024266

EFNB2

NM_004093.2

-4.924205

CXCL5

NM_002994.3

-4.327044

ACRC

NM_052957.3

-4.261363

GCA

NM_012198.2

-4.188751

XM_496943

-4.012998

FLJ27255

NM_207501.1

-3.790181

ITGAX

NM_000887.3

-3.743045

AGPAT9

NM_032717.3

-3.734431

IRX6

NM_024335.2

-3.715168

LPCAT2

NM_017839.3

-3.693823

ARHGDIB

NM_001175.4

-3.600235

ANKRD38///KANK4

NM_181712.4

-3.410388

EFCAB7

NM_032437.1

-3.322631

FABP4

NM_001442.1

-3.322481

X00437

-3.276353

FOSL1

NM_005438.2

-3.275004

RPRM

NM_019845.2

-3.194814

NCKAP1L

NM_005337.4

-3.142205

LCP1

NM_002298.2

-3.003938

LOC732377

XM_001133069.1

-2.933668

CCND2

NM_001759.2

-2.894052

SIPA1L2

NM_020808.3

-2.881543

LTB

NM_002341.1

-2.798827

CD36

NM_001001548.1

-2.777695

CD300LB

NM_174892.2

-2.751698

TCEAL7

NM_152278.2

-2.739101

IFRD1

NM_001550.2

-2.733833

CCNL1

NM_020307.2

-2.648373

C7orf53

NM_182597.1

-2.611317

CFD

NM_001928.2

-2.559145

LOC285016///FAM150B

NM_001002919.1

-2.554762

THBD

NM_000361.2

-2.554253

IL32

NM_001012636.1

-2.486456

IRF1

NM_002198.1

-2.464025

TRIML2

NM_173553.1

-2.446561

IRF8

NM_002163.2

-2.437274

CRY1

NM_004075.2

-2.418118

RTTN

NM_173630.2

-2.39272

LITAF

NM_004862.2

-2.372638

FOS

NM_005252.2

-2.362312

SLC25A33

NM_032315.2

-2.360883

FAM21A

NM_001005751.1

-2.316277
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EGR2

NM_000399.2

-2.299985

MTHFD2L

NM_001004346.2

-2.295357

FABP3

NM_004102.3

-2.286895

UNQ6975

XM_941319.1

-2.283566
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NM_001080535.1

C1orf162

NM_174896.2

-2.266048

ZIC2

NM_007129.2

-2.228865

NFKBIE

NM_004556.2

-2.21538

NSMAF

NM_003580.2

-2.208211

ZBTB2

NM_020861.1

-2.20302

NID1

NM_002508.2

-2.19089

NFKB1

NM_003998.2

-2.18274

RPF2
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-2.17338

LOC390557

XM_001726973.1

-2.159429

SLC9A3R1
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-2.156407

DNTTIP2

NM_014597.3

-2.155031

APOC1

NM_001645.3

-2.154229

LTA

NM_000595.2

-2.144689

ATF3

NM_001040619.1

-2.130384

FRG1

NM_004477.2

-2.127951

PLA2G4C

NM_003706.1

-2.111807

RSRC2

NM_023012.4

-2.093348

ATP6V1B2

NM_001693.3

-2.091477

CR622072

-2.087663

-2.26661

PIK3CG

NM_002649.2

-2.08022

CYLD

NM_015247.2

-2.073035

ANKRD10

NM_017664.2

-2.061638
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ARID4B

NM_016374.5
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IGFBP7
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2.019207
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ENTPD4
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2.031088

DPYSL2

NM_001386.4

2.041851

CD99

NM_002414.3

2.048218

TPM2

NM_213674.1

2.062492

P4HA1

NM_001017962.1

2.06408

PPIC

NM_000943.4

2.07825

QSOX1

NM_001004128.2

2.100773

LOC652815

XM_942488.1

2.104445

SCRN1

NM_014766.3

2.10685

FNDC1

NM_032532.1

2.112626

HIST2H2AC

NM_003517.2

2.125947

TRIB2

NM_021643.1

2.127267
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B4GALT1

NM_001497.2

2.16613

FKBP9L

NM_182827.1

2.166701

BGN

NM_001711.3

2.20144

XG

NM_175569.1

2.211911

WDR54

NM_032118.2

2.213135

C1orf54

NM_024579.2

2.246802

IGFBP6
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2.260575

PLOD2
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2.292895

FSTL1

NM_007085.3
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2.343654

MXD4

NM_006454.2

2.365293

LAMB2

NM_002292.3

2.387693

FBLN1

NM_006487.2

2.418595
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2.433945

LOC100132535

XR_038625.1
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F3

NM_001993.2

2.446623

EHD2

NM_014601.2
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VKORC1
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SERPINF1
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2.769492
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SH3PXD2A

NM_014631.2

2.824625

P4HA2

NM_001017973.1

2.832366

EFEMP2

NM_016938.2

2.833782

RNY3

NR_004392.1

2.948212

LOXL3

NM_032603.2

3.072924

FN1

NM_212474.1

3.253216

SFRP2

NM_003013.2

3.32327

COL5A2

NM_000393.3

3.63136

COL1A2

NM_000089.3

3.631591

SLC16A3

NM_004207.2

3.949788

CDH2

NM_001792.2

4.082883

COL1A1

NM_000088.3

4.273946

TGFBI

NM_000358.1

4.396439

SNORD46

NR_000024.2

4.458385

POSTN

NM_006475.1

5.025622

DKK3

NM_013253.4

5.166207

COL5A1

NM_000093.3

5.221677

SPARC
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5.568203

GREM1

NM_013372.5
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NM_005928.1

5.955669

COL3A1

NM_000090.3

6.279095

LOX

NM_002317.3

7.003025
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