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Fig. 5. Differentiation of aSOCs was associated
with expression changes of genes involved in
paracrine and endocrine regulation, cell cycle and
control of differentiation. Genes encoding
components of cytoskeleton and proteins involved in
transport and metabolism were also induced. Part of
these changes were common for both cell types,
however multiple genes were regulated only in
aSOCs. Microarray analyses, data are folds to control
(day 7).
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Accession Gene Symbol 09 015 030 | A3 Al5S A30
Osteogenic related genes
BX862759 Transmembrane agrin agrn 0,97 | -1,23
EG845352 Integrin beta AL954698.1{ 2,28 | -1,16 | 2,88 | -1,07
KSS519 Protocadherin 15b pcdh15b 1,14 | 1,79 | 1,08
DY703255 Protocadherin 15a pcdhl15a 1,16 | 1,14 | 1,36
CA040781 Cell adhesion molecule 4 cadm4 -1,06 | 1,13 | 1,61
S48401546 Eothelial cell-specific adhesion molecule esama -1,07 | 2,34 | 1,87
EG869055 Periostin, osteoblast-specific factor postnb 147 | -1,23 | -1,31
STIR30815 N-deacetylase/N-sulfotransferase 3 faima -1,29 | 1,08 | 1,96
548414695 Laminin alpha 1 Lama2 -1,06 | 1,07 | 2,02
BG936484 Heparan sulfate 3-O-sulfotransferase 2 hs3st2 1,08 | 1,46 | 2,60
209736909 Matrix Gla protein mgp 2,62
DY695840 Collagen type Il alphal anapc2 -1,47 | -1,37 | -1,68
117863564 Collagen alpha-1(XXVI1l) chain A col27ala 480 | 1,02 | 1,15 | 1,12 | -1,59
CB490700 Collagen type XI 2,57 | 0,99 | -1,34 | -1,20
CA370479 Collagen alpha-1XIIl chain COL25A1 493 | 335 | 413 | 101 | 1,03 | 1,02
223572474 Collagen type | alpha3 198 | 1,24 | 1,21 | 3,29
BX882605 Asialoglycoprotein receptor 1 1,05 | 1,03 | 1,24 | 3,79
Adipogenic related genes
AY458652 Delta-6 fatty acyl desaturase 4,70 | -1,23 1,85
117452178 Long-chain-fatty-acid--CoA ligase 1 3,50 -2,65 1,20 | 3
548408816 Fatty-acid amide hydrolase 2-A faah2a 296 | 1,29 | 1,32 | -1,30| 2,61
548408316 Fatty-acid amide hydrolase 2-A faah2a 2,85 | -1,63 2,61
DY724743 Long-chain-fatty-acid--CoA ligase 1 acsle -1,50 | -1,00 | 1,02 | 1,55 | 1,18 | 2,32
EL697649 Creatine kinase-2 ckma -1,45 1,03 | 2,37 | 493
DY718876 Exportin-2 IPO11 -1,63 | -1,06 | 1,67 | 1,94
EG792986 Heat shock 70 kDa protein hsp70I -1,25 | -1,23 | -1,46 | -1,02 | 1,95 | 2,56
$30246066 BCL2/adenovirus E1B interacting protein 3 bnip3la -2,91 2,55 | 2,42 q;asz
CX356815 Transcription elongation factor A protein 1 tcea3 248 | 1,14
CB515443 HGV2 nasp -1,55 151 | 2,24
DW570155  |IL-2iucible T cell kinase BTK itk -1,34 175 | 2,28 | 562
DY720191 Chromatin assembly factor 1 subunit A chafla | 395 | -1,41] 1,23 | 2,05
CN181198 BMP and activin membrane-bound inhibitor BAMBI 145 | 1,78 | 167 | 432
Transcription factors
DW580486 Glucocorticoid modulatory element binding 347 | 1,38 | 480
AM229306 Peroxisome proliferator-activated receptor b pparb2B 255 | 1,91 | 1,46 | 1,01 | -1,48 | -1,15
209153609 CCAAT/enhancer binding protein alpha cebpa 2,35 | 2,05 | 1,68 | -1,06 | 2,06 | 2,54
117535611 cAMP-dependent transcription factor ATF-1 atfl 3,58 | 362 | 1,78 | 1,15 | 2,60 | 1,00
89883809 cAMP-dependent transcription factor ATF-3 1,06 | -1,18
DWS556033 Osterix sp9 360 | 434 | 227 | 1,20 | 1,05 | 1,43
117541758 Transcription factor jun-B junbb 225 | 1,22 | 1,95 | -1,14
DY702921 Ntl T-box protein thx6l 4,79 1,86 | -1,32 | -1,38 | -1,06
EG839400 Myc protein mych 1,72 | 0,96
DY713827 Transcription factor Sox-2 s0x3 1,55 0,98 | -1,32
209154579 Krueppel-like factor 4 kif4 1,67 | 3,64 | -1,00 | 1,00 | 1,90
221222257 Transcription factor HES-1 heré 3,55 | 2,11 | 0,99 | 1,17 | -1,25
DY697488 Homeobox protein OTX2 otx2 -1,25 | -1,07
DW539861 Iroquois-class homeodomain protein IRX-1 irxla 182 | 153 | 1,11 | 2,67
CK885717 Homeobox protein HoxC11bb hoxclla 193 | -112| 112 | 1,24
545783673 Homeobox protein HoxD1l1aa hoxdlla 1,76 | 344 | 243 | 2,59
DW575599 Homeobox protein HoxA5ab HOXAS 1,26 | 1,11 | 2,05 | 1,44
CuU071429 Even-skipped homeobox 2 evxl 146 | 2,01 | 1,81 | 1,20
548801717 Homeobox protein HoxB8ba2 HOXB8 139 | 1,16 | -1,11| 1,98
CU072917 Sine oculis homeobox homolog 3a 526 | 099 | 1,79 | 2,47 | 197
EU032333 Paired-like homeodomain TF 2a 3,90 296 | 1,09 2,87
EG932067 Iroquois-class homeodomain protein IRX-1 irx3a 1,00 | 1,98 | 1,19
117850589 Homeobox protein HoxA7aa nopl4 3,26 | 1,16 | 1,50 | 1,31
EG822248 Mesenchyme homeobox 1 meox2b 5,09 1,14 [ -1,24 | 1,10
545783650 Homeobox protein HoxAllab hoxalla 534 | 341 | 164 [ -1,26 | 368
545783618 Homeobox protein HoxBéba hoxb6a 3,72 1,98 | -1,08 | 0,98
209736511 Homeobox protein Hox-D4a hoxd4a -1,27 | -1,60
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Fig. 6. Differentiation of aSOCs was in
line with up-regulation of multiple
transcription factors and genes
encoding proteins involved in cell
adhesion and formation of extracellular
matrix. Preferential up-regulation in aSACs
was observed in a suite of genes encoding
enzymes of lipid and energy metabolism
and proteins with unknown roles in
adipocytes. Microarray analyses, data are
folds to control (day 7).
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subsequently differentiate to osteoblasts in vitro (Song and Tuan,
2004). Mature osteoblasts are also able to undergo adipogenesis
(Nuttall et al., 1998) and mature adipocytes can be redirected
towards an osteoblast pathway by manipulation with culture
conditions (Justesen et al., 2004). Trans-differentiation of
mammalian bone marrow adipocytes (Song and Tuan, 2004) and
subcutaneous pre-adipocytes (Justesen et al., 2004) into osteoblasts
has been reported. Similarly to mammalian MSCs, aSPCs from
Atlantic salmon showed high plasticity in our experiments. When
exposed to osteogenic media, aSPCs acquired a number of features
specific for osteoblasts. A hallmark was their ability to secrete and
mineralize ECM through deposition of calcium phosphate in vitro.
Differentiation of aSPCs into aSOCs was characterized with loss
of adipogenic (ppary) and increase of osteogenic (runx2, osterix)
mRNA transcription. This indicated that the precursor cells
isolated from adipose tissue were pre-determined to the adipogenic
lineage. This was further confirmed in aSPCs given only growth
media, where the aSPCs started to accumulate lipids in their
cytoplasm without being subjected to adipogenic differentiation
media. Inactivation of adipogenic genes indicated that precursor
cells isolated from adipose tissue differentiated into another
lineage upon external cues. Osteogenic markers, such as alp and
osteocalcin showed increased transcription in aSOCs, supporting the
morphological observations that they were entering the osteogenic
lineage. Somewhat unexpectedly, c/ebpf, an important transcription
factor in regulation of adipogenesis had increased mRNA expression
in aSOCs. However, the gene product of c¢/ebpf is also documented
as a trans-activator of osteocalcin and colla (Tominaga et al., 2008),
hence suggesting that a combinatorial interaction of these
factors regulates tissue-specific transcription during osteoblast
differentiation. Importantly, collal mRNA expression was up-
regulated during differentiation in aSOCs, but down-regulated in
aSACs and the transcription further increased from day 15 to day 30
in aSOCs. This corresponded with increased transcription of other
matrix producing genes (osteonectin, osteocalcin, alp and p4oh).
Along with increased transcription of matrix producing genes,
increased matrix secretion was observed in the cultures. All in all,
specific gene expression profile along with microscopic examination
of cellular morphology and secreted matrix strongly suggests that the
aSPCs differentiated into cells belonging to the osteoblast lineage.
Microarray analyses brought additional evidence to a view that
the aSPCs were pre-committed to adipogenic differentiation. While
addition of osteogenic medium produced a dramatic perturbation of
the developmental program, magnitude of transcriptomic responses
to adipogenic stimulation was small and gradually increased to the
end of the experiment as might be expected for committed cells.
Change of trajectory presumes suppression of pre-adipocyte
phenotype and reconfiguration of the entire program. Judging by
timing, number of differentially expressed genes and magnitude of
changes, the decision seems to be taken promptly (day 9) with a cost
that was quite high. Induction was shown by a number of genes
involved in the whole range of processes related to cell
communication and proliferation, differentiation and metabolism,
formation of cytoskeleton, cellular layers and extracellular matrix.
High correlation of expression profiles at days 9 and 15 suggest
consistency of changes. It is noteworthy, that major part of
responses was transient and their manifestation ceased after
visible signs of osteoblast maturation appeared as mineralized
nodules in the culture at day 15. Striking magnitude and complexity
of transcriptome responses could be partly accounted for by
heterogeneity of the primary aSPCs culture: it might include diverse
cell types that developed different reactions to the osteogenic

medium. A complementary view is that reprogramming of
differentiation switched on a search mode and sorting of options.
As seen in the end of the experiment, maintenance of novel
phenotype required a relatively small number of up-regulated genes
and in this respect aSOC and aSAC were similar.

Overall, our results confirmed that the primary culture established in
the presented work belongs to cells that qualify as osteoblasts. In the
aquaculture industry, numerous problems regarding bone development
and mineralization are detected in response to nutritional and
environmental challenges. Thus, the established in vitro system can
be a promising model for studies of osteoblastogenesis in fish.

MATERIALS AND METHODS

Cell isolation

The aSPCs were isolated from Atlantic salmon with an average weight of
500 g. Fish were sedated (Tricaine methane sulphate, Pharmaq, Norway)
and visceral fat was harvested and collected in L-15 medium supplemented
with 10 ml/] antibiotic/antimycotic (Sigma-Aldrich, St. Louis, MO USA).
Tissue was minced and centrifuged at 250 g for 15 min and washed twice
with L-15 before digestion with 0,125% collagenase for 60 min at 11°C.
Cells were filtered through 250 and 100 um filters and washed twice in L-15
and once in DMEM-growth media (DMEM-GM) (Table 1). Cells were then
separated using gradient centrifugation; 1 part 1.5 M NaCl and 9 parts of
Percoll solution (Sigma, MI USA) were mixed and diluted to 36% with
L-15. Using tubes (p/n326823, Beckman Coulter, Inc., CA USA) filled with
30 ml 36% solution in each tube were centrifuged at 60 000 g (SW 28,
Beckman Coulter) for 17 min. Cell suspension (2 ml) was gently put on top
of'the Percoll gradient and centrifuged at 1000 g for 27 min. The upper layer
contains the mature cells, while the smaller stem cells reside in the middle
layer. The middle layer was collected, centrifuged at 500 g for 10 min,
supernatant was removed and pellet was dissolved in growth media. Cells
were then seeded out and placed in an incubator, 12°C with 5% CO,.
Medium was changed first after 24 h and then every 2-3 days. Cells were
grown in triplicate cultures for each time-point on growth media until
confluence, and the experiment was repeated 3 times. After reaching
confluence, cells were subjected to either osteogenic differentiation media
(DMEM-OB) (Table 1) or adipogenic media (DMEM-AD) (Table 1) for
30 days as described previously (Ytteborg et al., 2010d; Todorcevic et al.,
2008). Differentiation was carried out at 12°C and 5% CO, and the media
were changed every 3 days.

RNA isolation and cDNA synthesis

Cells were harvested at day 7 (confluence), day 9 (2 days after addition of
differentiation media), day 15 (one week in differentiation media) and day 30

Table 1. Composition of growth media

Media Components Concentration
Growth media DMEM
FBS 10 %
HEPES 0.01 mM
Antibiotic/antimycotic 10 mi/l
FGF 1uM
Osteoblasts B-glycerophosphate 10 mM
CaCl, 4 mM
L-ascorbic acid 150 uM
1,25-dihydroxyvitamin D3 1 uM
Dexametasone 10 uM
Adipocytes Dexamethasone 1 uM
Biotin 33 uM
Triiodothyronine 10 nM
Panthothenate 17 uM
Isobutylmethylxanthine 25 uM
Insulin 20 pg/ml
Lipid mixture* 1 pl/ml

*corresponding to 45 mg/ml cholesterol, 100 mg/ml cod liver oil FA
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Table 2. Primers used for Real time PCR (RT) and probes for in situ hybridization (ISH) Primers list

Gene Orientation Genbank Sequence (5'-3")

Collagen 1a1 Forward FJ195608 AGAGAGGAGTCATGGGACCCGT
Reverse GGGTCCTGGAAGTCCCTGGAAT

Osteocalcin Forward FJ195616 GTGAACCAACAGCAAAGAGA
Reverse CCAGGTCCTTCTTAACAAACA

Osteonectin Forward FJ195614 ATTACTGAGGAGGAGCCCATCATT
Reverse CCTCATCCACCTCACACACCTT

Runx2 Forward FJ195615 CCACCAGGGACAGACACAGAT
Reverse GAACGGACTGAGATCTGACGAA

Prolyl 4 hydrolase Forward NM_001173960 TATGCACCACAACGCTATCC
Reverse ATCTGGTAGACGGAGTAGCTGA

AnxV Forward NM_001141036 TAGCAACAGCCAGAGACAGC
Reverse AAGACAGGATCTCAATCAGCAC

PPARyshort Forward EUB55708 ATACAGCGTGTATCAAGACG
Reverse TTGCAGCCCTCACAGACATG

Efla Forward DQ834870 CACCACCGGCCATCTGATCTACAA
Reverse TCAGCAGCCTCCTTCTCGAACTTC

(3 weeks after adding differentiation media). Cells were washed twice with
PBS and harvested in DTTT and RLT buffer (Qiagen, Hilden, Germany).
Total RNA was isolated using an RNeasy® Mini Kit and QIAshredder
columns with on-column RNase-Free DNase set (Qiagen), all in accordance
with the manufacturer’s protocols. The total RNA concentration and
quality were determined by spectrophotometry (NanoDrop® ND-1000
Spectrophotometer, NanoDrop Technologies, Wilmington, DE USA). 1 pg
of total RNA was reverse transcribed to cDNA in a total volume of 50 pl using
an oligo(dT) primer and reagents from the TagMan Gold RT-PCR kit
(Applied Biosystems, CA USA).

Real-time qPCR

Primers (Table 2) were designed using the Vector NTI Advance 10
(Invitrogen) and NetPrimer (PREMIER Biosoft, CA, USA) software. PCR
products were inserted into pGEM T-easy vectors (Promega, WI, USA),
sequenced in both directions and their identity was verified with BLAST.
Fluorescence-based real-time qPCR was performed using the Lightcycler
LC480 (Roche). The reactions were run through the following programme:
95°C for 10 min, followed by 40 cycles at 95°C for 15 sec and 60°C for
1 min. Further, specificity was assessed by the melting curves (95°C for
15 sec, 60°C for 1 min, and 97°C continuous). PCR efficiencies were
determined for each assay, efla used as a reference and transcription ratios
calculated by the Relative Expression Software Tool (REST) (Pfaffl et al.,
2002).

Staining

Differentiation of aSPCs into aSOCs was evaluated by analyzing the
deposition of minerals in the extracellular matrix detected by Alizarin Red S
staining in cells growing in control or mineralizing media. Medium was
carefully aspirated from each well, washed twice with PBS and fixated in ice
cold 70% ethanol for 1 hour at room temperature. Alcohol was removed and
wells rinsed twice with PBS. 2% Alizarin Red S, pH 4.1-4.3, was added so
that it covered the well and incubated at room temperature for 15 min with
gentle shaking. Alizarin Red S was removed and wells washed four times
with dH,O. Oil Red O was used to visualize lipid droplets in aSACs. Briefly,
cells were fixated as described above. Oil Red O was added to the wells so
that it covered the cells completely for 5 min. Oil Red was removed after
5 min and wells were washed in 60% isopropanol before the nuclei were
stained with haematoxylin for 2 min. Cells were rinsed with water, glycerol
added and cells microscopically analysed (Leica Biosystems).

Microarray

Gene expression profiling was carried out at days 7, 9, 15 and 30. Equal
inputs from five aSPCs, aSACs and aSOCs cultures were pooled in each
sample; three replicates per culture and time-point were analyzed. Equalized
control was prepared by mixing RNA from all samples. Nofima’s Atlantic
salmon oligonucleotide microarray (GPL10705) and bioinformatic system
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STARS were used. The platform includes 21,000 unique probes spotted in
duplicate. Microarrays were manufactured by Agilent Technologies (Santa
Clara, CA USA) and unless indicated otherwise, the reagents and equipment
were from the same source. RNA amplification and labeling were performed
with a Two-Colour Quick Amp Labelling Kit and a Gene Expression
Hybridization kit was used for fragmentation of labeled RNA. Target
samples were labeled with Cy5 and Cy3 was used for controls. The input of
total RNA in each reaction was 100 ng. After overnight hybridization in an
oven (17 h, 65°C, rotation speed 10 rpm), arrays were washed with Gene
Expression Wash Buffers 1 and 2 and scanned with a GenePix 4100A
(Molecular Devices, Sunnyvale, CA USA). GenePix Pro 6.0 was used for
spot to grid alignment, assessment of spot quality, feature extraction and
quantification. Subsequent data analyses were performed with STARS.
After filtration of low quality spots flagged by GenePix, Lowess
normalization of log,-expression ratios was performed. The regulated
genes were selected by expression difference between the time-points (day 7
was set as a reference) and the cell cultures, aSACs and aSOCs (p<0.05 and
expression ratio >2-fold).
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