








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).

787

RESEARCH ARTICLE Biology Open (2015) 4, 783-791 doi:10.1242/bio.201411338

B
io
lo
g
y
O
p
en

 by guest on April 11, 2021http://bio.biologists.org/Downloaded from 



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 ( pparγ) 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/ebpβ, an important transcription
factor in regulation of adipogenesis had increasedmRNA expression
in aSOCs. However, the gene product of c/ebpβ is also documented
as a trans-activator of osteocalcin and col1a (Tominaga et al., 2008),
hence suggesting that a combinatorial interaction of these
factors regulates tissue-specific transcription during osteoblast
differentiation. Importantly, col1a1 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 alongwithmicroscopic examination
of cellular morphology and secretedmatrix 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/l 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 µm 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., CAUSA) 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% CO2.
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; Todorc ̌evic ́ et al.,
2008). Differentiation was carried out at 12°C and 5% CO2 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 (oneweek in differentiationmedia) and day 30

Table 1. Composition of growth media

Media Components Concentration

Growth media DMEM
FBS 10 %
HEPES 0.01 mM
Antibiotic/antimycotic 10 ml/l
FGF 1 µM

Osteoblasts β-glycerophosphate 10 mM
CaCl2 4 mM
L-ascorbic acid 150 µM
1,25-dihydroxyvitamin D3 1 µM
Dexametasone 10 μM

Adipocytes Dexamethasone 1 μM
Biotin 33 μM
Triiodothyronine 10 nM
Panthothenate 17 μM
Isobutylmethylxanthine 25 μM
Insulin 20 μg/ml
Lipid mixture* 1 μl/ml

*corresponding to 45 mg/ml cholesterol, 100 mg/ml cod liver oil FA
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(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 µg
of total RNAwas reverse transcribed to cDNA in a total volume of 50 µl using
an oligo(dT) primer and reagents from the TaqMan 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, ef1a 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 dH2O. Oil Red Owas 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

STARS were used. The platform includes 21,000 unique probes spotted in
duplicate. Microarrays were manufactured by Agilent Technologies (Santa
Clara, CAUSA) 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 log2-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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