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Abstract

Mesenchymal stromal cells (MSCs) can be obtained from several sources and
the significant differences in their properties make it crucial to investigate the
differentiation potential of MSCs from different sources to determine the op-
timal source of MSCs. We investigated if this biological heterogeneity in
MSCs from different sources results in different mechanisms for their differ-
entiation. In this study, we compared the gene expression patterns of pheno-
typically defined MSCs derived from three ontogenically different sources:
Embryonic stem cells (hES-MSCs), Fetal limb (Flb-MSCs) and Bone Marrow
(BM-MSCs). Differentially expressed genes between differentiated cells and
undifferentiated controls were compared across the three MSC sources. We
found minimal overlap (5% - 16%) in differentially expressed gene sets among
the three sources. FIb-MSCs were similar to BM-MSCs based on differential
gene expression patterns. Pathway analysis of the differentially expressed
genes using Ingenuity Pathway Analysis (IPA) revealed a large variation in the
canonical pathways leading to MSC differentiation. The similar canonical
pathways among the three sources were lineage specific. The Flb-MSCs
showed maximum overlap of canonical pathways with the BM-MSCs, indi-
cating that the FlIb-MSCs are an intermediate source between the less special-
ised hES-MSC source and the more specialised BM-MSC source. The source
specific pathways prove that MSCs from the three ontogenically different
sources use different biological pathways to obtain similar differentiation
outcomes. Thus our study advocates the understanding of biological pathways
to obtain optimal sources of MSCs for various clinical applications.
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1. Introduction

Mesenchymal stromal cells (MSCs) are multipotent cells that were originally
identified in bone marrow stroma [1] [2] [3] [4]. These were first described as
mesenchymal stromal cells owing to their ability to differentiate into mesen-
chymal cells such as bone and cartilage. The minimum criteria for defining
Mesenchymal stromal cells as defined by the International Society for Cellular
Therapy (ISCT) include: plastic-adherence under standard culture conditions,
presence of CD105, CD73, CD90 and absence of hematopoietic cell surface
markers CD34, CD45, CD11a, CD19, and HLA-DR and most importantly the
ability to differentiate into osteocytes, adipocytes, and chondrocytes in vitro [5].

Mesenchymal stromal cells are known to differentiate into a variety of cell
types including osteoblasts (bone cells), chondrocytes (cartilage cells), adipo-
cytes (fat cells), myocytes (skeletal and cardiac muscle cells), and neurons (neu-
ral cells) [6] [7].

MSCs are obtained from several adult mesenchymal tissue sources such as:
bone marrow [8], adipose tissue [9], synovial membrane [10], periosteum [11]
and dental pulp [12] as well as from non-adult tissue sources such as the fetal
tissue [13], amniotic fluid [14] umbilical cord tissue (Wharton’s jelly) [15] and
umbilical cord blood [16].

Although MSCs can be obtained from different sources, they differ in their
proliferative capacity and multilineage differentiation potential [17]. The prolif-
erative capacity depends on factors such as the tissue source, age of the donor
and culture conditions [18] [19]. Moreover, MSCs from different sources differ-
entiate into a particular lineage more, or less efficiently depending on their
source of origin. The bone marrow derived MSCs have better osteogenic differ-
entiation potential as compared to the adipose derived MSCs that have better
adipogenic differentiation potential [20]. The numbers of MSCs that can be iso-
lated from different sources also vary enormously [21].

Several biological studies have also shown superior biological properties of
MSCs derived from neo-natal tissues over those derived from the adult tissues
[22]. Another issue is that the MSCs isolated from various sources appear to be
morphologically similar and display similar surface markers, yet they tend to
have significant differences that cannot be attributed to the experimental varia-
tions.

Owing to these significant differences in the properties of the MSCs from dif-
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ferent sources, it is crucial to investigate the differentiation potential of MSCs
from different sources that is achieved through comparative analysis of their
morphological and biological properties. Such comparative analysis of MSCs
from different sources will help explain the transcriptional basis of heterogeneity
observed in MSC from different sources and thus lead to more optimal selection
of MSC from the right source for achieving a specific clinical outcome.

Some studies involve the comparison and analysis of properties such as the
yield and differentiation potential, surface antigen expression, proliferation ca-
pacity, tolerance for aging and paracrine activity [20] [23] [24]. Such studies re-
veal the superiority and biological advantage of one source over the other and
varied differentiation potential to different lineages.

There are a few studies involving comparisons of the transcriptome profiles of
MSCs from different sources to identify the similarities and differences at the
genetic level during differentiation into three major mesenchymal lineages [25]
[26] [27]. Such studies provide a rational basis for assessing the qualities of
MSCs from various sources.

However, till date there has been no comparative study of transcriptomes of
ontogenically different sources and the mechanisms and pathways they follow
for differentiation into similar lineages.

In our study, we compared the gene expression profiles of MSCs from three
ontogenically different sources: Human Embryonic Stem cells (hES), Fetal limb
(FIb) and Bone marrow (BM) at two time points of differentiation: Day 7 and
Day 14/21. Currently there are no known markers that can identify MSCs at dis-
crete stages of differentiation, therefore the only way to compare MSCs is at
similar stage of differentiation. Even using cells from the same passage number
does not guarantee that they will be at the same stage of differentiation. There-
fore in this study we have used extent of differentiation as a method to compare
these different MSC populations. In all 3 MSC populations, Day 7 was when dif-
ferentiation was first detectable using histochemical stains. For Flb and BM
MSCs differentiation was complete by day 14, whereas hES MSCs continued dif-
ferentiation especially in the osteogenic lineage until Day 21. This was the basis
of choosing the time points for comparison. The purpose of our study was to
identify the similarities and differences at the genetic level as well as to explore
the signaling pathways used by the MSCs from ontogenically different sources to
differentiate into the similar mesodermal lineages. Since biological pathways
rather than individual genes determine the phenotypic changes observed in cells,
a deep understanding of the canonical pathways is essential. It is imperative to
understand what pathways are used by the different sources to obtain similar
differentiation products. Since MSCs have several clinical applications for treat-
ment of various conditions such as: bone and cartilage diseases, cardiovascular
diseases, liver diseases, autoimmune diseases and cancer [28]; studies of this
kind will enhance its therapeutic efficacy. Such studies will enable the applica-
tion of MSCs as building blocks for molecular medicine [29], in gene therapy
[30], and in regenerative medicine [31].
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2. Materials and Methods
2.1. Cell Culture

Human embryonic stem cell derived MSCs (hES-MSCs) were a gift from Choo
A and Lim SK. Derivation of these cell lines have been described in a previous
publication [32]. Cells were received at passage 11 and expanded for 2 passages
in MSCGM BulletKit (Lonza, MD, USA).

Human fetal limb derived MSCs (FIb-MSCs) was a gift from Lim SK, who de-
rived and characterized the cells [33]. The fetal limb derived MSC cell line was
the F3lb cell line. Cells were received at passage 10 and expanded for 2 passages
in MSCGM BulletKit (Lonza, MD, USA), with medium change every 3 - 4 days,
and passage during 90% confluency (4 - 5 days) using TryPLE (Invitrogen, CA,
USA) before differentiation.

Human bone marrow derived MSCs (BM-MSCs) were purchased frozen from
Lonza (Gaithersburg, MD) at passage 2 [34]. These cells were thawed, cultured
for an additional passage (passage 3), and pooled before being used in the ex-
periments. All the MSCs confirmed to the ISCT definition of MSCs [5].

hES-MSCs and Flb-MSCs were seeded at 5000 cells per cm” in polystyrene cell
culture flask (NUNC, NY, USA) and grown in 5% CO,, 37°C incubator.

BM-MSCs were seeded at 3000 cells per cm® and expanded on tissue culture
treated—plastic dishes (Corning Life Sciences, Acton, MA). The MSC culture
medium comprised of Dulbecco modified Eagle medium (DMEM; Invitrogen,
Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS) or MesenPRO
medium, 1xGlutaMAX, and 0.5 ug/mL gentamycin (all from Invitrogen). Cells
were fed every alternate day and passaged using TryPLE, a recombinant protease
(Invitrogen) when 80% confluence was reached. These samples were grown less
than a month in culture (passage 3). For further details see Ng et al 2008 paper
[34].

2.2. MSC Differentiation

After expansion, both hES-MSCs, FIb-MSCs were seeded in T75 culture flasks
for RNA extraction and in 12-well plates for staining during differentiation of
adipocytes, and osteocytes, and in pellet form in 15 ml polypropylene tubes for
chondrocytes differentiation. Adipocytes and osteocytes grown in 12-well plates
were used for Oil Red O and Von Kossa Staining respectively, while Alcian blue
staining was done for chondrocytes pellet grown in polypropylene tube.

MSCs were seeded at 1.8 x 10* cells per cm® for adipogenic differentiation,
0.27 x 10* cells per cm? for osteogenic differentiation, and in pellet size of 50 x
10* cells for chondrogenic differentiation. Trilineage differentiation was done
using hMSC adipogenic, osteogenic, and chondrogenic differentiation BulletKits
with recombinant human TGF-f3 (Lonza, MD, USA), according to manufac-
turer’s protocol. Media was changed every 2 - 4 days.

BM-MSCs were expanded in culture and seeded in T125 flasks for differentia-
tion to either adipocytes, osteocytes or chondrocytes at different passages. Cells
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were also seeded in parallel on chamber slides for differentiation into osteogenic
and adipogenic lineages and were stained with Von Kossa and Oil red O, respec-
tively. MSCs were seeded at a density of 20,000 cells per cm”® in the presence of
adipogeneic differentiation media containing 0.5 mM isobutyl-methylxanthine
(Aldrich, Milwaukee, WI), 10 uM bovine insulin, 1 uM dexamethasone, and 200
uM indomethacin (all from Sigma-Aldrich, St Louis, MO). Osteogeneic differen-
tiation (seeding density 5000 cells per cm®) media comprised of MSC growth
media with 10 mM glycerol-2-phosphate, 50 pM L-ascorbic acid, and 100 nM
dexamethasone (all from Sigma-Aldrich).

Chondrogenic differentiation of MSCs was induced through aggregate cul-
ture. Aliquots of 2.5 X 10° cells were centrifuged at 160 g for 5 minutes in 15 mL
polypropylene conical tubes to form pellets, which were cultured in medium
containing high glucose DMEM supplemented with 4 mM proline, 50 pug/mL
ascorbic acid, 1% ITS-Premix (BD Biosciences, San Jose, CA), 1 mM sodium
pyruvate, and 0.1 uM dexamethasone for 15 days in the presence of 10 ng/mL of
TGF-f3 (R&D Systems, Minneapolis, MN). Media was changed every 3 days.
For further details see Ng et al. 2008 paper [34].

2.3. RNA Extraction

Total RNA of the undifferentiated MSC, adipocytes, and osteocytes of hES-MSCs
and FIb-MSCs was harvested using 1 ml of Trizol (Invitrogen, CA, USA)/10 cm?
area. Chondrocyte pellets were treated with 0.25% of collagenase type II in
DMEM high glucose medium (Invitrogen, CA, USA) for 1 - 2 hr at 37°C, cen-
trifuged at 1200 g for 5 min, and the supernatant replaced with 300 ul of Trizol
per pellet. All samples were stored in Trizol at —80°C until RNA extraction.

RNA extraction from samples in Trizol was done using chloroform and puri-
fied with RNeasy kit (Qiagen, Netherlands). Concentration of RNA was deter-
mined using Nanodrop (Agilent Technologies, CA, USA) and the RNA integrity
measured using RNA Nano LabChip on Agilent Bioanalyzer (Agilent Technolo-
gies, CA, USA). Only high quality total RNA samples of OD,/OD,s, > 1.8 and
RNA Integrity Number (RIN) of > 8, were used for microarray.

BM-MSC Cells (5 x 10°) from undifferentiated MSCs as well as their differen-
tiated progeny were dissolved in Trizol and stored at —80°C for RNA extraction.
RNA extraction from Trizol samples was carried out using the RNA easy kit
(Qiagen, Valencia, CA).

2.4. Gene Expression Microarray

For the hES-MSCs and Flb-MSCs, RNA amplification was done using Illumina
TotalPrep™ RNA amplification kit (Ambion, TX, USA), according to manufac-
turer’s instructions. 750 ng of biotin-labelled cRNA for hybridization was ran-
domly loaded on to Illumina Sentrix BeadChip Array human Ref-8v3 bead chips
(Illumina, San Diego, CA).

After 16 hr of hybridization, the Beadchips were washed, Cy3-labeled, and
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scanned with an Illumina Bead array reader confocal scanner and the data up-
loaded to GenomeStudio (Illumina, CA, USA) for background subtraction and
conversion into Partek file for data analysis on Partek Genomics Suite.

For BM-MSC, RNA amplification was performed using 500 ng of total RNA
with the Illumina TotalPrep™ RNA amplification kit (Ambion, TX, USA) fol-
lowing the manufacturer’s instructions. The biotin-labeled RNA was hybridized
to a human Ref-8vl bead chip (Illumina, San Diego, CA). Hybridized arrays
were scanned with an Illumina Bead array reader confocal scanner and data up-
loaded to GenomeStudio (Illumina, CA, USA) for background subtraction and

conversion into Partek file for data analysis on Partek Genomics Suite.

2.5. Details of the Microarray Datasets Used for the Analysis

The microarray datasets comprised of the three ontogenically different sources
(hES-MSCs, Flb-MSCs and BM-MSCs) differentiated into the three lineages
(Adipocytes (A), Chondrocytes (C) and Osteocytes (O)) at Day 7 and Day
14/21 as well as their undifferentiated form that was set as the control (Basal
(BO) at Day 0). For each source there were at least two biological replicates and
for each biological replicate there were technical replicates. The total numbers
of replicates were: 6 - 14 for the hES-MSCs, 4 - 7 for the FIb-MSCs and 6 for
BM-MSCs.

Data availability: The microarray data of hES-MSCs and FIb-MSCs have been
deposited in NCBI's Gene Expression Omnibus and are accessible through the
GEO Series accession number GSE100752.
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgitacc=GSE100752

GSE100752 comprises of two SubSeries: GSE100748: microarray data of hES-
MSCs; GSE100749: microarray data of FIb-MSCs.

The microarray data of BM-MSCs is deposited in ArrayExpress and is accessi-
ble through the accession number E-TABM-318
https://www.ebi.ac.uk/arrayexpress/experiments/E-TABM-318/.

2.6. Normalisation, Quality Control and Obtaining Differentially
Expressed Genes

The microarray data was imported in Partek, and normalized using “quantile”
normalization. The batch effect due to different chips (sentrix barcode), also
known as random effect, was removed and quality control check was carried out
to make sure the replicates clustered according to the lineages they were derived
from. The hierarchical clustering plots were generated for each of the three
sources to make sure the clustering was optimal for further processing
(Figure 1).

To obtain the differentially expressed genes between the differentiated sample
and the undifferentiated basal (B0) control for each of the three lineages (Adi-
pocytes, Chondrocytes and Osteocytes) and for each of the sources (hES, Flb and
BM) at Day 7 and Day 14/21, a multiple factor Analysis of Variance (ANOVA)
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Figure 1. Hierarchical clustering plots showing the clustering of the Basal (undifferentiated) (B0) and the
three differentiated lineages: Adipocytes (A), Chondrocytes (C) and Osteocytes (O) sample replicates at Day
7 (7) and Day 14/21 (14/21). (a) Human Embryonic Stem Cells (hES) derived MSCs plot (b) Fetal Limb (FIb)
derived MSCs plot (c) Bone Marrow derived MSCs (BM) plot. The plot shows that MSCs at different stages
of differentiation cluster based on their stage of differentiation. The replicates cluster together in this plot as
expected indicating similarity in their transcriptomes.

was performed. The type of lineage, day of differentiation, interaction of type of
lineage and day of differentiation as well as the sentrix barcode (random effect)
were taken as ANOVA factors. A significant gene list was obtained using a
p-value with False Discovery Rate (FDR) < 0.05 cut-off and a fold-change cut-off
of 2. The details of the DE genes obtained are given in the supplementary files
(Supplementary Files 1 - 3).

2.7. Obtaining HUGO Gene Nomenclature Committee (HGNC)
Approved Symbols

Owing to the difference in the versions of the Illumina platforms, the symbols of
the differentially expressed genes obtained were run through the “Multi-symbol
checker” tool to check if they were HGNC approved symbols. In case if a symbol
was not the current approved symbol but a previously used symbol, it was re-

placed by the currently approved symbol.

2.8. Canonical Pathways Analysis

The HGNC approved differentially expressed gene lists obtained were uploaded
into Ingenuity pathway analysis software (IPA). A core analysis for each of the
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lists in context of canonical pathways was carried out in IPA. IPA reports the
enriched pathways for the dataset and assigns a ratio and a significance score de-
rived from the p-value, using the right-tailed Fisher exact test. The ratio is cal-
culated by taking the number of genes from the user’s dataset that participate in
a canonical pathway and dividing it by the total number of genes in that canoni-
cal pathway. The p-value measures how likely the observed association between
a specific pathway and the dataset would be if it was only due to random chance.
The smaller is the p-value, the more is the confidence of the corresponding
pathway being associated with the user’s dataset. Pathways having higher ratios
and lower p-values are more likely to explain the phenotype of the dataset than
others. Significance score is the negative log of the p-value. A threshold score of
p-value 0.01 corresponding to a significance score of 2 was used.

The significantly enriched pathways were compared for each lineage (differ-
entiated cell type) at the two stages (Day 7 and Day 14/21) among the three
sources to identify the ones commonly significant (negative log p-value = 2)
among all the three sources or any of the two sources and also specific to each

source.

3. Results

3.1. Microarray Datasets and Obtaining Differentially Expressed
Genes

The Microarray datasets comprised of the three ontogenically different sources
(hES-MSCs, FIb-MSCs and BM-MSCs) differentiated into the three lineages
(Adipocytes (A), Chondrocytes (C) and Osteocytes (O)) at Day 7 and Day 14/21
as well as their undifferentiated form that was set as the control (Basal (B0) at
Day 0).

The microarray data was imported in Partek, and normalized using “quantile”
normalization. The hierarchical clustering plots were generated for each of the
three sources to make sure the clustering was optimal for further processing
(Figure 1).

To obtain the differentially expressed genes between the differentiated sam-
ple and the undifferentiated basal (BO) control for each of the three lineages
(Adipocytes, Chondrocytes and Osteocytes) and for each of the sources (hES,
FIb and BM) at Day 7 and Day 14/21, a multiple factor Analysis of Variance
(ANOVA) was performed. A significant gene list was obtained using a p-value
with False Discovery Rate (FDR) < 0.05 cut-off and a fold-change cut-off of 2.
For detailed information see the “Materials and Methods” section. The details
of the DE genes obtained are given in the supplementary files (Supplementary
Files 1 - 3).

3.2. MSCs from the Three Ontogenically Different Sources, Differ
in Their Growth Kinetics and Differentiation Abilities

The hES-MSCs take the maximum time to differentiate (around 21 days), as
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compared to the FIb-MSCs and BM-MSCs (around 14 days). However, the
hES-MSCs and Flb-MSCs can be cultured upto 18 to 19 passages as compared to
the BM-MSCs that can be cultured only up to 6 - 7 passages. The doubling time
for FIb-MSCs is the least (2 - 3 days) as compared to the hES-MSCs (3 - 4 days)
and the BM-MSCs (4 - 5 days) Table 1. The hES-MSCs show poorer differentia-
tion ability into the three lineages (Adipocytes, Chondrocytes and Osteocytes) as
compared to the FIb-MSCs and BM-MSCs (Figure 2).

Table 1. MSCs from the three ontogenically different sources differ in their growth ki-
netics.

Growth Properties hES-MSCs Flb-MSCs BM-MSCs
Doubling Time (Days) 3-4 2-3 4-5
Days to Maximum Differentiation 21 14 14
Senescence (Passages) P18-19 P18-19 P6-7
hES-MSCs FIb-MSCs BM-MSCs

UNDIFFERENTIATED
MSCs

AIDPOCYTES

CHONDROCYTES

OSTEOCYTES

Figure 2. MSCs from three ontogenically different sources, differ in their differentiation
abilities. The figure shows that the three sources differ in their differentiation ability. The
Human Embryonic Stem Cells (hES) derived MSCs have the poorest trilineage differen-
tiation potential.

3.3. Minimal Overlap Found on Comparing the
Differentially Expressed Genes among the Three
Ontogenically Different Sources

We found that the differentially expressed genes were highly dissimilar between
the cells differentiated from hES-MSCs, FIb-MSCs and BM-MSCs.

In adipocytes at Day 7, there were 708 differentially expressed genes from
hES-MSCs, 1155 genes from FIb-MSCs and 769 genes from BM-MSCs. Of these
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only 106 genes were similar among all three sources of MSCs (Figure 3a(i)). In
adipocytes at Day 14/21, there were 801 differentially expressed genes from
hES-MSCs, 678 genes from Flb-MSCs and 920 genes from BM-MSCs. Of these,
only 68 genes were similar among all three sources of MSCs (Figure 3a(ii)).

In chondrocytes at Day 7, there were 709 differentially expressed genes from
hES-MSCs, 1305 genes from FIb-MSCs and 887 genes from BM-MSCs. Of these,
only 113 genes were similar among all three sources of MSCs (Figure 3b(i)).

In chondrocytes at Day 14/21, there were 1179 differentially expressed genes
from hES-MSCs, 1147 genes from FIb-MSCs and 1613 genes from BM-MSCs. Of
these, only 86 genes were similar among all three sources of MSCs (Figure

3b(ii)).

a(i)  hES(708) FIb (1155) a(ii) hEs (801) Flb (678)

%@ @a

BM (769) BM (920)

b(i)  nhes (709 Fib (1305) b(ii) nEs (1179) Fib (1147)

SE S

BM (887) BM (1613)

c(i)  hES (655 Flb (786) c(ii)

0. @

BM (473) BM (602)

hES (904) Fib (885)

Figure 3. Comparison of the differentially expressed genes among the three sources. (a)
for Adipocyte differentiation, (b) for Chondrocyte differentiation, (c) for Osteocyte dif-
ferentiation. (i) at Day 7 (ii) at Day 14/21. The figure shows very less extent of overlap
among the differentially expressed genes of the three sources and for the three differenti-
ated lineages.
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Finally in osteocytes at Day 7, there were 655 differentially expressed genes
from hES-MSCs, 786 genes from Flb-MSCs and 473 genes from BM-MSCs. Of
these, only 68 genes were similar among all three sources of MSCs (Figure
3c(i)).

In osteocytes at Day 14/21, there were 904 differentially expressed genes from
hES-MSC, 885 genes from FIb-MSC and 602 genes from BM-MSCs. Of these,

only 93 genes were similar among all three sources of MSCs (Figure 3c(ii)).

3.4. Known Lineage Specific Markers

We looked at expression of known lineage specific markers in the differentially
expressed gene lists to check to what extent they were regulated across the three
sources. Tables 2-4 comprise of the fold change values of the lineage specific

markers across the three sources.

Table 2. Fold change in expression of the known lineage specific markers across the three
sources for adipogenesis.

Genes hESA7 hESA21 FlbA7 FlbAl4 BMA7 BMAI4

ACACB 16.59 3.01
ADIPOQ 455
ADIPORI
ADIPOR2
BSCL2 2.17 2.22

CFD 20.93 14.90 24.19 33.75
CIDEA
CLTCL1
DLK1 12.69 6.20
DLK2

FABP4 13331 4122 129.76 220.04
LEP 4.63 4.63

LPL 6.71 4.85 14.65 48.40
PLIN2 -2.58 -2.51 5.09 2.48 2.30
PPARG 5.02 2.44 4.88 8.47
PPARGCIA 4.62 2.90 2.00
SLC27A1
SLC27A2
SLC27A4
SLC27A5
SLC27A6
SLC2A4
TNFRSF9
UCP1
ZIC1

p-value with False Discovery Rate (FDR) < 0.05.
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3.4.1. Adipogenesis Markers

Out of the 25 known adipogenesis markes, only one was found to be signifi-
cantly regulated in hES-MSC source at both Day 7 and Day 21. The Flb-MSC
source had 8 adipogenesis markers at both Day 7 and Day 14. The BM-MSC
source had 6 and 9 adipogenesis markers at Day 7 and Day 14 respectively
(Table 2). This indicates that the hES-MSC source differentiates poorly into
adipocytes as compared to the FIb-MSC and the BM-MSC sources.

3.4.2. Chondrogenesis Markers
Out of the 28 known chondrogenesis markers, The hES-MSC source had 4 and

Table 3. Fold change in expression of the known lineage specific markers across the three
sources for chondrogenesis.

Genes hES C7 hES C21 FIb C7 FIb C14 BM C7 BM Cl14

ACAN
ANXA6 -4.65
CCDC80 -3.94 -2.63 -4.54 ~7.00

CD151 -6.41 -12.21

CD44 -3.17 -2.55 -2.72

CHAD

COL10A1 39.89 55.20 9.65 18.99
COL2A1
COL4A1

COMP 9.34 54.88 91.96 200.83 2751 29.96

CRTACI
CTSB 2.46 2.64

EPYC 2.94 13.53 20.08
FAM20B
FOXCI 2.22 2.36
FOXC2 2.15 2.25

IBSP
IL11 27.98 11.60 4.99 5.39

ITM2A
MATN1 2.02
MATN3
MATN4

MIA 7.41
MMP13 20.18 9.58 44,53 20.86 55.66
OTOR
SOX5
SOX6
SOX9 6.85 3.41 2.37 2.60

p-value with False Discovery Rate (FDR) < 0.05.
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2 chondrogenesis markers at Day 7 and Day 21 respectively. The Flb-MSC
source had 8 and 10 chondrogenesis markers at Day 7 and Day 14 respectively.
The BM-MSC source had 9 and 11 chondrogenesis markers at Day 7 and Day 14
respectively (Table 3). This indicates that the hES-MSC source differentiates
poorly into chondrocytes as compared to the FlIb-MSC and the BM-MSC

sources.

3.4.3. Osteogenesis Markers

Out of the 26 known osteogenesis markers, The hES-MSC source had 4 and 5 os-
teogenesis markers at Day 7 and Day 21 respectively. The FIb-MSC source had 6
and 5 osteogenesis markers at Day 7 and Day 14 respectively. The BM-MSC source
had 4 and 5 osteogenesis markers at Day 7 and Day 14 respectively (Table 4).

Table 4. Fold change in expression of the known lineage specific markers across the three
sources for osteogenesis.

Genes hES O7 hES 021 FIb O7 FIb O14 BM 07 BM 014
ALPL --- 5.21 5.89 12.36 2.68 3.21
ALPP --- --- --- --- --- ---
AOX1 14.67 25.99 10.86 13.27 4.63 6.41
BAP1 --- --- --- --- --- ---
BCAP31 --- --- --- --- --- ---
BGLAP --- --- --- --- --- ---
BGN - ——- --- --- -2.17 ---
COL1Al --- --- --- --- --- ---
COL2A1 - - - - - -
DCN —4.28 --- --- --- 3.01 3.79
DMP1 - - - - - -
FGF23 - - - - - -
FN1 2.20 3.38 --- --- - -
IGFBP3 -3.05 2.27 - - - -
MCAM - - - - - -
MEPE - - - - - -
MGP --- 4.53 25.97 131.38 - 11.48
PDPN - - - - - -
RUNX2 - - - - - -
SCUBE3 - --- 2.16 - - -
SOST - - - - - -
SP7 - - - - - -
SPARC - - - - - -
SPP1 --- --- 3.34 7.18 - -
THPO - - - - - -
TIMP4 --- --- 6.28 9.48 --- 2.53

p-value with False Discovery Rate (FDR) < 0.05.
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3.5. The Differentially Expressed Genes Are Manifested into
Different Canonical Pathways

The HGNC approved differentially expressed gene lists obtained were uploaded
into Ingenuity pathway analysis software (IPA). A core analysis for each of the
lists in context of canonical pathways was carried out in IPA. IPA reports the
enriched canonical pathways for the dataset and assigns a ratio and a signifi-
cance score derived from the p-value, using the right-tailed Fisher exact test (For
details see the “Materials and Methods” section).

The gene expression data showed that trilineage differentiation from
hES-MSC, Flb-MSC and BM-MSC yield certain differences and similarity to the
differentially regulated genes, causing changes in the signaling pathways regu-
lated. Since all the three MSC sources ultimately differentiate into the three
lineages, we expected some canonical pathways to be similar amongst them and
some to be very specific. For this purpose the comparison among the enriched
canonical pathways was carried out for each lineage (differentiated cell type) at
the two different stages (Day 7 and Day 14/21) among the three sources to iden-
tify the ones commonly significant (negative log p-value = 2) among all the three

sources or any of the two sources and also specific to each source.

3.5.1. Adipogenesis Day 7

The canonical pathways significant in common between MSCs derived from all
three sources were 13. Among these 13, the most significant ones were “Hepatic
Fibrosis/Hepatic Stellate Cell Activation”, “Role of Macrophages, Fibroblasts and
Endothelial Cells in Rheumatoid Arthritis”, “LXR/RXR Activation”, “Granulo-
cyte Adhesion and Diapedesis”, “HMGBI1 Signaling”, “Acute Phase Response
Signaling” and “Adipogenesis pathway”.

Only 6 canonical pathways were significant in common for hES and Flb
whereas 11 were significant in common between hES and BM, indicating that
the canonical pathways of the hES MSC source are different from those of the
FIb and BM MSC sources for adipogenesis at day 7. Among the common sig-
nificant pathways the “IL-17A Signaling in Fibroblasts”, “PPAR Signaling” and
“IL-6 Signaling” were the most significant pathways for hES and Flb only and
the “Mitotic Roles of Polo-Like Kinase”, “Aryl Hydrocarbon Receptor Signal-
ing”, “Colorectal Cancer Metastasis Signaling” and “Growth Hormone Signal-
ing” were the most significant pathway for hES and BM only.

The canonical pathways significant in common between MSCs derived from
FIb and BM only were 12. Among these 12, the most significant ones were “LPS/
IL-1 Mediated Inhibition of RXR Function” and “Role of Osteoblasts, Osteo-
clasts and Chondrocytes in Rheumatoid Arthritis”.

The canonical pathways significant in hES only were 29; among these the
most significant pathways were “Interferon Signaling”, “IL-10 Signaling” and
“Toll-like Receptor Signaling”.

The canonical pathways significant in Flb only were 6; among these the most

significant pathway was the “Epithelial Adherens Junction Signaling”.
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The canonical pathways significant in BM only were 31; among these the most
significant pathway were “Cell Cycle: G2/M DNA Damage Checkpoint Regula-
tion”, “Actin Nucleation by ARP-WASP Complex” and “Clathrin-mediated En-
docytosis Signaling” (Supplementary File 4 Sheet 1).

3.5.2. Adipogenesis Day 14/21

The canonical pathways significant in common between MSCs derived from all
three sources were 11 (Figure 4(a)). The canonical pathways significant in
common between MSCs derived from hES and FIb only and hES and BM only
were 9 and 5 respectively, indicating that the canonical pathways of the hES
MSC source are different from those of the FIb and BM MSC sources for adipo-
genesis at day 14/21. Among the commonly significant pathways the “IL-6 Sig-
naling”, “Glucocorticoid Receptor Signaling”, “Pancreatic Adenocarcinoma Sig-
naling” and “IL-17A Signaling in Fibroblasts” were the most significant path-
ways in common between MSCs derived from hES and Flb only and the “Mitotic
Roles of Polo-Like Kinase”, “Axonal Guidance Signaling” and “Cyclins and Cell
Cycle Regulation” were the most significant pathways in common between

MSCs derived from hES and BM only.
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Figure 4. Comparison of the canonical pathways among the three sources for adipogenesis at Day 14/21. (a) Significant for all the
three sources: The canonical pathways significant in common between MSCs derived from all three sources were 11. Among these
11, the most significant ones were “Hepatic Fibrosis/Hepatic Stellate Cell Activation”, “Acute Phase Response Signaling”, “Role of
Macrophages, Fibroblasts and Endothelial Cells in Rheumatoid Arthritis”, “Adipogenesis pathway” and “Aryl Hydrocarbon Re-
ceptor Signaling” (b) Significant for Flb and BM MSCs only: The canonical pathways significant in common between MSCs de-
rived from Flb and BM only were 28. Among these 28, the most significant ones were “Role of Osteoblasts, Osteoclasts and Chon-
drocytes in Rheumatoid Arthritis”, “LXR/RXR Activation”, “Colorectal Cancer Metastasis Signaling and “RAR Activation”.
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The canonical pathways significant in common between MSCs derived from
FIb and BM only were 28 (Figure 4(b)).

The canonical pathways significant in hES derived MSCs only were 19; among
these the most significant pathways were “Cell Cycle Control of Chromosomal
Replication”, “Estrogen-mediated S-phase Entry”, “Cell Cycle: G1/S Checkpoint
Regulation” and “IL-10 Signaling”.

The canonical pathways significant in Flb derived MSCs only were 30; among
these the most significant pathway were “IL-17 Signaling”, “NRF2-mediated
Oxidative Stress Response” and “Role of IL-17A in Arthritis”.

The canonical pathways significant in BM derived MSCs only were 28; among
these the most significant pathway were “Glioblastoma Multiforme Signaling”,
“Dopamine Receptor Signaling”, and “Wnt/f-catenin Signaling” (Supplementary
File 4 Sheet 2).

3.5.3. Chondrogenesis Day 7
The canonical pathways significant in common between MSCs derived from all
three sources were 20. Among these 20, the most significant ones were “Hepatic

» o«

Fibrosis/Hepatic Stellate Cell Activation”, “Colorectal Cancer Metastasis Signal-
ing”, “Role of Osteoblasts, Osteoclasts and Chondrocytes in Rheumatoid Arthri-
tis”, “Role of Macrophages, Fibroblasts and Endothelial Cells in Rheumatoid
Arthritis” and “Inhibition of Matrix Metalloproteases”.

The canonical pathways commonly significant for hES and Flb only and hES
and BM only were 21 and 17 respectively. Among the commonly significant
pathways the “Granulocyte/Agranulocyte Adhesion and Diapedesis” and “Dif-
ferential Regulation of Cytokine Production in Macrophages and T Helper Cells
by IL-17A and IL-17F” were the most significant pathways between hES and Flb
and “Role of Tissue Factor in Cancer”, “Mitotic Roles of Polo-Like Kinase”,
“Molecular Mechanisms of Cancer”, “Ovarian Cancer Signaling” and “Cyclins
and Cell Cycle Regulation”, were the most significant pathways between hES and
BM respectively.

The canonical pathways significant in common between MSCs derived from
Flb and BM only were 9. Among these 9, the most significant ones were “Thy-
roid Cancer Signaling”, “Signaling by Rho Family GTPases”, “HMGB1 Signal-
ing” and “IL-10 Signaling”.

The canonical pathways significant in hES only were 15; among these the
most significant pathways were “Estrogen-mediated S-phase Entry” and “ITNFR2
Signaling”.

The canonical pathways significant in Flb only were 23; among these the most
significant pathway were “Graft-versus-Host Disease Signaling” and “Commu-
nication between Innate and Adaptive Immune Cells”.

The canonical pathways significant in BM only were 28; among these the most
significant pathways were “Regulation of Cellular Mechanics by Calpain Prote-

ase” and “RhoA Signaling” (Supplementary File 4 Sheet 3).
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3.5.4. Chondrogenesis Day 14/21
The canonical pathways significant in common between MSCs derived from
all three sources were 11 (Figure 5(a)). The canonical pathways commonly
significant for hES and Flb only and hES and BM only were 12 and 16 respec-
tively. Among the commonly significant pathways the “LXR/RXR Activation”,
“Differential Regulation of Cytokine Production in Macrophages and T Helper
Cells by IL-17A and IL-17F” and “Differential Regulation of Cytokine Produc-
tion in Intestinal Epithelial Cells by IL-17A and IL-17F” were the most signifi-
cant pathways for hES and Flb only and the “Mitotic Roles of Polo-Like Kinase”,
“Cell Cycle: G2/M DNA Damage Checkpoint Regulation”, “Aryl Hydrocarbon
Receptor Signaling”, “Cyclins and Cell Cycle Regulation” and “Molecular Mecha-
nisms of Cancer” were the most significant pathways for hES and BM only.

The canonical pathways significant in common between MSCs derived from
Flb and BM only were 23 (Figure 5(b)).

There were 8 canonical pathways significant for hES derived MSCs only,
among these the most significant ones were “Interferon Signaling” and “ATM

Signaling”.
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Figure 5. Comparison of the canonical pathways among the three sources for chondrogenesis at Day 14/21. (a) Significant for
all the three sources: The canonical pathways significant in common between MSCs derived from all three sources were 11.
Among these 11, the most significant ones were “Hepatic Fibrosis/Hepatic Stellate Cell Activation”, “Granulocyte Adhesion
and Diapedesis”, “Role of Osteoblasts, Osteoclasts and Chondrocytes in Rheumatoid Arthritis”, “Agranulocyte Adhesion and
Diapedesis” and “Role of Macrophages, Fibroblasts and Endothelial Cells in Rheumatoid Arthritis” (b) Significant for Flb and
BM MSCs only: The canonical pathways significant in common between MSCs derived from Flb and BM only were 23. Among
these 23, the most significant ones were “Inhibition of Matrix Metalloproteases”, “Bladder Cancer Signaling”, “Role of IL-17F

in Allergic Inflammatory Airway Diseases”, “Role of Tissue Factor in Cancer” and “Glucocorticoid Receptor Signaling”.
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23 canonical pathways were significant for Flb derived MSCs only; among
these the most significant pathways were “Role of IL-17A in Arthritis” and
“IL-17A Signaling in Gastric Cells”.

The canonical pathways significant for BM only were 58; among these the
most significant pathways were “Regulation of Cellular Mechanics by Calpain

» o«

Protease”,

» o«

Integrin Signaling”, “Actin Cytoskeleton Signaling” and “EIF2 Sig-
naling” (Supplementary File 4 Sheet 4).

3.5.5. Osteogenesis Day 7
The canonical pathways significant in common between MSCs derived from all
three sources were 15. Among these 15, the most significant ones were “Hepatic

» o«

Fibrosis/Hepatic Stellate Cell Activation”, “Role of Osteoblasts, Osteoclasts and
Chondrocytes in Rheumatoid Arthritis”, “Agranulocyte Adhesion and Diapede-
sis”, “Role of Macrophages, Fibroblasts and Endothelial Cells in Rheumatoid
Arthritis”, “Granulocyte Adhesion and Diapedesis”, and “Inhibition of Matrix
Metalloproteases”.

The canonical pathways commonly significant for hES and Flb only and hES
and BM only were 8 and 3 respectively. Among the commonly significant path-
ways the “IL-8 Signaling”, “Colorectal Cancer Metastasis Signaling” and “Airway
Pathology in Chronic Obstructive Pulmonary Disease” were the most significant
in common between hES and Flb derived MSCs only and “Human Embryonic
Stem Cell Pluripotency”, “LXR/RXR Activation” and “Regulation of the Epithe-
lial-Mesenchymal Transition Pathway” were the most significant for hES and
BM only.

The canonical pathways significant in common between MSCs derived from
Flb and BM only were 5 namely, “Role of IL-17F in Allergic Inflammatory Air-
way Diseases”, “Leukocyte Extravasation Signaling”, “Role of Tissue Factor in
Cancer”, “Complement System” and “Aldosterone Signaling in Epithelial Cells”.

The canonical pathways significant for hES only were 15; among these the
most significant pathways was “Wnt/f-catenin Signaling” and “Epithelial Ad-
herens Junction Signaling”.

The canonical pathways significant for Flb only were 20; among these the
most significant pathways were “Cell Cycle: G2/M DNA Damage Checkpoint
Regulation”, “GADD45 Signaling” and “Mitotic Roles of Polo-Like Kinase”.

The canonical pathways significant for BM only were 11; among these the
most significant pathway was “ERK/MAPK Signaling” (Supplementary File 4
Sheet 5).

3.5.6. Osteogenesis Day 14/21

The canonical pathways significant in common between MSCs derived from all
three sources were 12 (Figure 6(a)). The canonical pathways significant in
common between MSCs derived from hES and FIb only and hES and BM only
were 5 and 3 respectively. The common 5 significant pathways for hES and Flb

» o«

only were the “Aryl Hydrocarbon Receptor Signaling”, “Adipogenesis pathway”,
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Figure 6. Comparison of the canonical pathways among the three sources for osteogenesis at Day 14/21. (a) Significant for all the
three sources: The canonical pathways significant in common between MSCs derived from all three sources were 12. Among these
12, the most significant ones were “Hepatic Fibrosis/Hepatic Stellate Cell Activation”, “Role of Macrophages, Fibroblasts and En-
dothelial Cells in Rheumatoid Arthritis”, “Role of Osteoblasts, Osteoclasts and Chondrocytes in Rheumatoid Arthritis”, “Granu-
locyte Adhesion and Diapedesis” and “Agranulocyte Adhesion and Diapedesis” (b) Significant for FIlb and BM MSCs only: The
canonical pathways significant in common between MSCs derived from Flb and BM only were 14. Among these 14, the most sig-
nificant were “Inhibition of Matrix Metalloproteases”, “Role of IL-17F in Allergic Inflammatory Airway Diseases” and “IL-8 Sig-

o »
naling”.

“Wnt/S-catenin Signaling”, “Ovarian Cancer Signaling” and “Regulation of the
Epithelial-Mesenchymal Transition Pathway” and the common 3 significant
pathways for hES and BM only were “IL-17A Signaling in Gastric Cells”, “Acute
Phase Response Signaling” and “Molecular Mechanisms of Cancer”.

The canonical pathways significant in common between MSCs derived from
Flb and BM only were 14 (Figure 6(b)).

The canonical pathways significant for hES only were 14; among these the
most significant pathways was “Differential Regulation of Cytokine Production
in Intestinal Epithelial Cells by IL-17A and IL-17F” and “iNOS Signaling”.

The canonical pathways significant for Flb only were 26; among these the
most significant pathways were “Role of Tissue Factor in Cancer” and “Eico-
sanoid Signaling”.

The canonical pathways significant for BM only were 11; among these the
most significant ones were “LXR/RXR Activation” and “NRF2-mediated Oxida-
tive Stress Response” (Supplementary File 4 Sheet 6).

4. Discussion

MSCs can be obtained from several adult mesenchymal tissue sources as well as
neonatal tissue sources. Though MSCs from different sources are morphologi-
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cally similar, display similar surface markers and can eventually differentiate
into the three mesenchymal lineages: Adipocytes, Chondrocytes and Osteocytes;
they differ in their proliferative capacity and differentiation potential. The mul-
titude of sources available creates the necessity of finding the most appropriate
MSC source.

Several papers have reported the superiority of one source over the other for
one particular lineage [20] [22] [23] [24]. A few studies have provided a rational
basis of accessing the qualities of MSCs from various sources by comparing the
transcriptome profile of MSCs from different sources and identifying their simi-
larities and differences at the genetic level [25] [26] [27]. However, none of the
studies so far has reported a comparison of MSC sources from different ontog-
eny using a systematic study to compare their transcriptomes.

In this study, we compared the gene expression profiles of MSCs from three
ontogenically different sources: human embryonic stem cells, fetal limb and
bone marrow. MSCs are also known for their ability to secrete paracrine factors
that promote the recruitment of host cells. These paracrine factors are very im-
portant in tissue regeneration and repair of MSCs. Transcriptome profiling pro-
vides an effective way to measure global expression of these paracrine factors.
Therefore in this study we have compared the transcriptomes of MSCs from dif-
ferent sources. The aim of our study was not only to look for the similarities and
differences between the transcriptome of these MSCs, but also to explore all the
pathways used by the MSCs to differentiate into the three lineages.

The choice of MSC sources depended on their availability, growth kinetics
and differentiation potential. hES-MSCs have an unlimited supply, short dou-
bling time (3 - 4 days) and can be passaged for longer periods (18 - 19 passages).
BM-MSCs are a gold standard and are widely used owing to their excellent dif-
ferentiation abilities. FIb-MSCs are an intermediate between the hES-MSCs and
BM-MSCs; they have a short doubling time (2 - 3 days), can be passaged for
longer periods (18 - 19 passages). FIb-MSCs are similar to BM-MSCs in terms of
their growth and differentiation abilities, but senesce much later and can be pas-
saged for 18 - 19 passages. Thus these would be ideal model system for studying
MSCs and comparing their characteristics to BM-MSCs.

We first compared the gene expression profiles of MSCs from all 3 sources.
Identification of differentially expressed genes with respect to the undifferenti-
ated control was carried out at Day 7 and Day 14/21. The lists of the differen-
tially expressed gene were compared across the three sources for the three line-
ages. We found that the differentially expressed genes were highly dissimilar
with very less overlap (5% - 16%) among the three sources.

We compared the expression of known lineage specific markers compiled
from literature to check to what extent were they regulated across the three
sources. The presence of few known markers in the list of significant differen-
tially expressed gene lists of adipocytes, chondrocytes and osteocytes indicates
that the hES-MSC source differentiates poorly into the three lineages as com-
pared to the FIb-MSC and the BM-MSC sources. The poor multilineage differ-
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entiation ability of hES-MSCs by current protocols was also observed in a study
comparing bone marrow and embryonic stem cells derived MSCs. The authors
observed that the embryonic stem cells derived MSCs were more proliferative
and had a higher capability of immunomodulation, but were less inducible for
differentiation as compared to the BM-MSCs [35].

Since biological pathways and networks rather than individual genes deter-
mine the phenotypic changes observed in cells, we studied the canonical path-
ways these differentially expressed genes were involved in.

For this purpose, the differentially expressed gene lists were uploaded into In-
genuity pathway analysis tool. IPA reports the enriched pathways for the dataset
and assigns a ratio and a significance score derived from the p-value. Owing to
the difference in the differentially expressed genes, the canonical pathways also
exhibited a large variation.

The similar canonical pathways among the three sources were lineage specific.
For adipocytes the most significant common pathways were: “Acute Phase Re-
sponse Signaling”, “Adipogenesis pathway”, and HMGB1 Signaling. For chon-
drocytes the most significant common pathways were: the “Axonal Guidance
Signaling”, “Colorectal Cancer Metastasis Signaling”, Inhibition of Matrix Met-
alloproteases” and “Role of Osteoblasts, Osteoclasts and Chondrocytes in
Rheumatoid Arthritis”. For osteocytes the common pathways were: “Agranulo-
cyte Adhesion and Diapedesis”, “Granulocyte Adhesion and Diapedesis”, “Inhi-
bition of Matrix Mettaloproteases” and Role of Osteoblasts, Osteoclasts and
Chondrocytes in Rheumatoid Arthritis. The FIb-MSCs showed maximum over-
lap of canonical pathways with the BM-MSCs, indicating that the FIb-MSCs is
an intermediate source between the less specialised hES-MSC source and the
more specialised BM-MSC source.

This source specific utilization of canonical pathways for differentiation sug-
gests that the MSCs from the three ontogenically different sources use different
pathways and networks to obtain similar differentiation products.

These observations explain the heterogeneity of MSCs observed at the cellular
level arise from differences in the transcriptome of MSC from different sources.
This heterogeneity is important in choosing MSC from the right source for a
specific therapeutic application. This is especially relevant since certain MSC like
dental pulp MSC can only be harvested at limited points and need to be banked.
To improve the utilization of MSCs for cellular therapy it is also essential to have
a standard/reference material to overcome the inconsistencies of clinical trials
that arise due to several variable factors. The minimal criteria recommended by
the ISCT are too basic and non-specific and there is a need of more than the
minimal criteria to define MSCs [36].

A deeper understanding and thorough study of the differentiation potential of
MSC from different sources is warranted to enable the application of MSCs for
molecular medicine [29], to use MSCs in various forms of cellular therapies as
well as genetic tools [30] and to enhance its potential use in cell and gene ther-

apy for a number of human debilitating diseases and genetic disorders [31].
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Supplementary Information

Supplementary File 1: Details of the differentially expressed genes (p-value,
ratio, fold change) of hES derived MSCs.

The excel file comprises of 6 sheets namely:

Sheet 1: Adipocytes Day 7, Sheet 2: Adipocytes Day 21, Sheet 3: Chondrocytes
Day 7, Sheet 4: Chondrocytes Day 21, Sheet 5: Osteocytes Day 7, Sheet 6: Osteo-
cytes Day 21.

Supplementary File 2: Details of the differentially expressed genes
(p-value, ratio, fold change) of Flb MSCs.

The excel file comprises of 6 sheets namely:

Sheet 1: Adipocytes Day 7, Sheet 2: Adipocytes Day 14, Sheet 3: Chondrocytes
Day 7, Sheet 4: Chondrocytes Day 14, Sheet 5: Osteocytes Day 7, Sheet 6: Osteo-
cytes Day 14.

Supplementary File 3: Details of the differentially expressed genes
(p-value, ratio, fold change) of BM MSCs.

The excel file comprises of 6 sheets namely:

Sheet 1: Adipocytes Day 7, Sheet 2: Adipocytes Day 14, Sheet 3: Chondrocytes
Day 7, Sheet 4: Chondrocytes Day 14, Sheet 5: Osteocytes Day 7, Sheet 6: Osteo-
cytes Day 14.

Supplementary File 4: Comparison of significant canonical pathways
among the three sources showing the canonical pathways commonly sig-
nificant among all the three sources, among any two sources and specific to
each source.

The excel file comprises of 6 sheets namely:

Sheet 1: Adipocytes Day 7, Sheet 2: Adipocytes Day 14/21, Sheet 3: Chondro-
cytes Day 7, Sheet 4: Chondrocytes Day 14/21, Sheet 5: Osteocytes Day 7, Sheet
6: Osteocytes Day 14/21.
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