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Abstract: RT-qPCR is the gold standard and the most commonly used method for measuring gene
expression. Selection of appropriate reference gene(s) for normalization is a crucial part of RT-qPCR
experimental design, which allows accurate quantification and reliability of the results. Because there
is no universal reference gene and even commonly used housekeeping genes’ expression can vary
under certain conditions, careful selection of an appropriate internal control must be performed for
each cell type or tissue and experimental design. The aim of this study was to identify the most stable
reference genes during osteogenic differentiation of the human osteosarcoma cell lines MG-63, HOS,
and SaOS-2 using the geNorm, NormFinder, and BestKeeper statistical algorithms. Our results show
that TBP, PPIA, YWHAZ, and EF1A1 are the most stably expressed genes, while ACTB, and 185 rRNA
expressions are most variable. These data provide a basis for future RT-qPCR normalizations when
studying gene expression during osteogenic differentiation, for example, in studies of osteoporosis
and other bone diseases.

Keywords: reference gene; geNorm; NormFinder; BestKeeper; osteogenic differentiation; gene
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1. Introduction

Osteoporosis is a common age-related bone disease characterized by low bone mineral
density, increased bone fragility, and increased risk of bone fracture upon low-energy
trauma. It represents a significant healthcare and economic burden, and can have a detri-
mental impact on the quality of life and life-expectancy of patients due to bone fractures [1].
With aging populations and new developments in research strategies, osteoporosis has
gained more attention in the past decade. Several genome-wide association studies have
proposed novel genes and proteins involved in bone biology, followed by in vitro and
in vivo functional characterization of candidate genes and proposal of novel mechanisms
of regulation of bone cell proliferation, differentiation, and function. This has significantly
advanced our understanding of pathological changes in bone mineral density regulation.
However, the role of many genes has not yet been explored [2,3].

Most of these studies have been performed on different in vitro cell models of os-
teoblast origin capable of differentiation and mineralization. This enables close observation
of the mechanisms on a cellular level, which is frequently achieved through analysis of gene
expression. RT-qPCR is thus the gold standard, a frequently used and widely accessible
technique that is applied in almost all studies on osteoblast function and differentiation.
However, not all studies account for certain drawbacks of the method or follow MIQE
guidelines, which can result in poor inter-assay reproducibility or questionable reliability
of results [4].
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One of the most important, though frequently overlooked requirements for successful
RT-qPCR is choosing the right reference gene against which to normalize the obtained
expression data. This normalization accounts for differences in the concentration, purity,
and stability of isolated RNA, operator variability, certain pipetting/measurement errors,
and potential subjectivity in data analysis. By definition, the internal control reference
gene is the gene which expression does not change during the experimental regime under
observation (i.e., differentiation). As such, reference genes should be determined separately
for each cell/tissue model and treatment. Moreover, according to MIQE guidelines more
than one reference gene should be used in order to better account for small changes in
expression as well as for operator variability [4].

Unfortunately, most studies involving osteoblast differentiation and mineralization
rely on one of the commonly used reference genes, such as GAPDH [5-10] and 18S
rRNA [11], without proper validation of their suitability for normalization and despite
the fact that several studies have shown that these genes are not the most stable during
osteogenic differentiation [12-14]. Another commonly used reference gene is ACTB [15-18],
even though its actin cytoskeleton has been proven to undergo modification during the
differentiation process [19], thus raising questions regarding the reliability of the results.

Studies focusing on the identification of reference genes during osteogenic differenti-
ation have thus far been performed on animal cells and human mesenchymal stem cells
(MSC). For example, in murine MC3T3-E1 osteoblastic cells, ACTB, HMBS, and HPRT1 were
the most stable genes, while GAPDH and 185 rRNA were the least stable ones [20]. In rat
UMR-106 osteoblasts, EIF2B1 was the most stably expressed gene, while ACTB and GAPDH
were found not suitable for normalization [21]. For cells of human origin, a structured
approach for identification of reference genes has only been performed in primary cells. In
induced pluripotent stem cells, TBP, TFRC, and RPLP0 were suitable reference genes, while
GAPDH and ACTB were unstable [22]. In bone marrow-derived MSC, RPLP0O and GAPDH
or OAZ1 and PPIA were identified as most stable genes depending on the culture type [14].
Another study on bone marrow MSC and umbilical cord blood-derived MSC identified
PPIA, HPRT1, and YWHAZ as suitable reference gens [12]. To our knowledge, the only
attempt to identify stably expressed genes in human osteogenic cell lines was performed in
the MG-63 cell line using the 2-24C4 method, leading to the identification of RPL13A as a
stable gene [13].

Interestingly, although the osteosarcoma cell lines MG-63, HOS, and SaOS-2 are among
the most frequently used osteoblast cell models of human origin, no studies thus far have
addressed the stability of reference genes during differentiation of these cell lines. Therefore,
the purpose of this study was to determine the most stable reference genes for studies
of differentiation and mineralization of MG-63, HOS, and SaOS-2 human osteogenic cell
models. This will aid in the selection of more appropriate sets of reference genes in future
studies, and provide guidelines on the general stability of internal control genes for use in
other osteoblast cell models not addressed in this study.

2. Results

The purpose of this study was to evaluate the stability of selected candidate reference
genes in order to determine the most stably expressed genes in selected cell lines and
possibly find a general set of genes suitable for other cells of osteogenic origin during
differentiation. To obtain this, MG-63, HOS, and SaOS-2 cell lines were differentiated for
up to 35 days and mRNA samples were collected every 7 days of differentiation. Gene
expression of ten selected candidate reference genes was measured using RT-qPCR and
corresponding quantification cycle (Cq) values were analysed by three types of commonly
used software, geNorm [23], NormFinder [24], and BestKeeper [25], which calculate the
most stably expressed gene(s) in each set based on specific statistical algorithms. The results
were used to obtain comprehensive rankings of the most stable genes for each cell line and
a suggested gene ranking for cells of bone origin in general.
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2.1. Osteoblast Differentiation

To induce osteogenic differentiation and mineralization, MG-63, HOS, and SaOS-2
cells were exposed to osteogenic differentiation media for up to 35 days. SaOS-2 cells
were only differentiated for up to 21 days, as the cells began to detach with longer culture
times. To confirm mineralization, cells were stained with Alizarin Red S and observed
under a microscope. As expected, the amount of stained and mineralized extracellular
matrix increased in a time-dependent manner (Figures 1d and S1), which was further
confirmed by spectrophotometric analysis of the stained samples (Figure 1a—c). The lowest
degree of mineralization was observed in MG-63 cell line, while HOS and SaOS-2 showed
considerable Alizarin Red S staining. In the non-differentiated controls, no mineralization
of extracellular matrix occurred even after 35 days of culturing. This confirmed that a
differentiated functional osteoblast cell type was obtained, allowing us to analyse gene
stability during the differentiation process.
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Figure 1. Exposure to differentiation media-induced mineralization in (a) MG-63, (b) HOS, and
(c) Sa0S-2 cells as determined by Alizarin Red S staining. Average deviation and standard deviation
of spectrophotometric measurements of Alizarin Red S staining are shown for three independent
experiments. (d) Representative microscopic images of cells at the beginning (day 0) and end (day
21 or 35) of differentiation procedure for differentiated and non-differentiated cells. Scale bars
correspond to 1 mm.

2.2. Candidate Reference Gene Selection and Primer Validation

To determine the optimal internal control genes for study of differentiation processes,
ten candidate reference genes were selected (see Table 1). The selected genes mostly belong
to different functional classes, and were selected based on most stably expressed genes
detected in other similar studies. The performance of all primers was validated for each
cell line. Amplification efficiencies for each gene were calculated from standard curves and
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ranged from 92.6% to 106.7%, with corresponding correlation coefficients (R?) from 0.9956 to
1 (Table 2). All primers had efficiencies within the recommended range (100 £ 10%) [26].
For each primer set only one melting curve was detected, confirming primer specificity
(Figure S2). These findings confirmed that the designed primers were suitable for use on
all three selected osteoblast cell lines.

Table 1. Reference genes and their function and primer sequences used in this study.

ASymb.ol . Product Melting
ccession Gene Name Function Sequences Leneth Temperature
Number eng (@)
ACTB . Cytoskeletal F: 5’- CTTCGCGGGCGACGAT-3'
NM_0011015 Actin beta structural protein~ R: 5'- ACATAGGAATCCTTCTGACCCAT-3 102 595
Glyceraldehyde-3- Oxidoreductase in
GAPDH : F: 5'- GACAGTCAGCCGCATCTTCT-3
NM_002046.7 Phosphate glycolysis and R: 5'- GCGCCCAATACGACCAAATC-3' 104 60
Dehydrogenase gluconeogenesis
Cis-trans
Peptidylprolyl isomerization of - ,
PPIA e imidi F: 5'- GGCAAATGCTGGACCCAACACA-3
Isomerase A proline imidic : 161 64
NM_021130 (cyclophilin A) peptide bonds, R: 5'- TGCTGGTCTTGCCATTCCTGGA-3'
protein folding
Eukaryotic . .
el Translation Jheymatic CEINEl . 5. CTGGACTGCATCCTACCACC-S 106 €0
NM_ 001402 Elongation Factor 1 <y R: 5'- CTCGGCCAACAGGAACAGTA-3'
_ Alpha 1 to the ribosome
RPLI3A Ribosomal Proteln component F: 5'- GTCGTACGCTGTGAAGGCA-3 o5 0.5
NM_012423.4 Protein L13a . 8 . R: 5'- GGGTTGGTGTTCATCCGCTT-3 ’
ribosomal subunit
Ribosomal Protein Protein component , ,
RPLPO . F: 5'- TCTACAACCCTGAAGTGCTTGAT-3
NM_001002.4 Lateral Stalk of 60S ribosomal - “p.'5 A ATCTGCAGACAGACACTGG-3' % 5
Subunit PO subunit
Component of the
TBP TATA-Box o F: 5'- GCACAGGAGCCAAGAGTGAA-3'
NM_003194 Binding Protein transcription factor g5 T GTTGGTGGGTGAGCACAAG-3! 175 60
IID (TFIID)
18S rRNA . Eukaryotic small F: 5'- GCAATTATTCCCCATGAACG-3'
NR_003286 185 RibosomalRNA oo ol subunit  R:5'- GGCCTCACTAAACCATCCAA-3 123 %
Hypoxanthine Purine synthesis
HPRT1 . . F: 5'- TGACACTGGCAAAACAATGCA-3'
NM 000194 phosphoribosyltrans- through the purine R 5- GGTCCTTTTICACCAGCAAGCT.S! 94 60
- ferase 1 salvage pathway ’
Tyrosine Cell signalling
3-monooxygenase/ transduction
YWHAZ % P F: 5'- TGCTTGCATCCCACAGACTA-3'
NM_145690.3 tryptophan through binding R: 5'- AGGCAGACAATGACAGACCA-3' o4 595
5-monooxygenase phosphoserine
activation protein zeta proteins
Table 2. Primer efficiencies and correlation coefficients (R?) for selected internal control genes in
MG-63, HOS, and SaOS-2 cell lines.
MG-63 HOS Sa0S-2
Gene Symbol Efficiency (%) R? Efficiency (%) R? Efficiency (%) R?
ACTB 101.4 0.9997 93.2 0.9991 93.0 0.9982
GAPDH 101.6 0.9996 94.4 0.9988 95.5 0.9999
PPIA 106.7 0.9975 97.1 0.9999 95.8 0.9996
EF1A1 (EFla) 101.0 0.9997 99.8 0.9999 96.6 0.9998
RPL13A 103.5 0.9998 96.1 0.9995 96.5 0.9998
RPLPO 98.9 1 92.7 0.9998 92.6 1
TBP 103.1 0.9995 101.7 0.9999 97.4 0.9994
18S rRNA 99.3 0.9992 96.3 0.9999 98.8 0.9993
HPRT1 98.8 1 103.5 0.9956 93.4 0.9997
YWHAZ 100.1 0.9978 99.1 0.9968 98.9 0.9998
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2.3. Analysis of Stability of Candidate Reference Genes

To determine the expression stability of the selected genes, their expression was
determined at different time points during osteogenic differentiation in all three cell lines.
Expression profiles were first evaluated by descriptive statistics. In all cell lines, each
gene reached the detection threshold at a comparable Cgs, indicating comparable levels
of expression in each cell line (Figure 2). The lowest Cq values were from 10.16 £ 0.39 to
11.16 £ 0.59 for 185 rRNA, while the highest were from 24.94 + 0.30 to 25.08 £ 0.31 for
TBP. Figure 2 shows the distribution of Cq values for each gene at different differentiation
time-points and provides an overview of the stability of the measured values during
differentiation. Further analysis of stability was performed using three commonly applied
statistical algorithms, geNorm, NormFinder, and BestKeeper.
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Figure 2. Data distribution and average of measured Cq values at different time points for each tested
gene in (a) MG-63, (b), HOS and (c) SaOS-2 cell lines obtained with RT-qPCR.

2.3.1. GeNorm Analysis

geNorm's pair-wise approach ranks genes based on their M value, where a lower M
value represents higher gene stability. As seen in Table 3, all calculated M values were < 1.5,
therefore, all genes in every cell line are considered stable. However, the lowest M values,
and therefore the most stable genes, were TBP and YWHAZ for MG-63 (M = 0.227), HPRT1
and YWHAZ for HOS (M = 0.216), and RPL13A and GAPDH for SaOS-2 (M = 0.212). On the
other hand, the highest M values (the least stable genes) were attributed to ACTB in MG-63
(M =0.645), RPL13A in HOS (M = 0.531), and 185 rRNA in SaOS-2 (M = 0.436) (Table 3 and
Figure 3a).

The pairwise variations analysis showed that the pairwise value V2/3 in every cell line
is already below 0.15 (0.113 for MG-63, 0.079 for HOS, 0.069 for SaOS-2); therefore, the nor-
malization to two most stable genes is sufficient and the addition of the third normalization
gene does not contribute significantly to the reliability of the results (Figure 3b).

2.3.2. NormFinder Analysis

NormFinder uses a model-based approach by which it ranks genes according to their
stability value. Again, the lowest stability value is attributed to the most stable gene. This
algorithm identified PPIA as the most stable gene in both MG-63 and SaOS-2 (0.079 and
0.054, respectively). These two cell lines also share the least stable gene 185 rRNA (0.248 for
MG-63 and 0.237 for Sa0S-2). In HOS cell line, NormFinder identified YWHAZ as the most
stable (0.114) and RPL13A as the least stable gene (0.478) (Table 3).
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Table 3. Stability of selected candidate reference genes as ranked by geNorm, NormFinder, and BestKeeper in MG-63, HOS, and SaOS-2 cell lines. Candidates are

listed from top to bottom by decreasing expression stability based on geNorm’s M value, NormFinder s stability value, and BestKeeper’s SD, CD, and r as well as by

geometrical mean of comprehensive ranking.

geNorm NormFinder BestKeeper Cor?{;;r;elili«;nsive
C.ell Rank &
Line Gene M Value Gene St\e,x;iiity Gene ( f (]:Dq) Gene © /()C(\:,q) Gene CC:S-fefli;::l: (()rf) Gene Geomean
1 TBP/YWHAZ  0.227 PPIA 0.079 EF1A1 0.259 TBP 1.378 PPIA 0.933 TBP 2.460
2 - - GAPDH 0.086 18S rRNA 0.261 RPL13A 1.502 HPRT1 0.89 PPIA 2.631
3 PPIA 0.315 TBP 0.094 RPL13A 0.282 EF1A1 1.576 GAPDH 0.831 GAPDH 3.288
4 GAPDH 0.348 YWHAZ 0.118 GAPDH 0.326 GAPDH 1.825 YWHAZ 0.797 YWHAZ 3.438
5 EF1A1 0.409 EF1A1 0.146 TBP 0.346 YWHAZ 1.834 ACTB 0.796 EF1A1 3.594
MG-63 6 RPL13A 0.439 HPRT1 0.159 YWHAZ 0.385 PPIA 2.338 TBP 0.775 RPL13A 4.816
7 RPLPO 0.465 ACTB 0.180 PPIA 0.442 18S rRNA 2.569 RPLPO 0.622 HPRT1 6.143
8 18S rRNA 0.499 RPL13A 0.188 RPLPO 0.502 RPLPO 2.702 EF1A1 0.528 185 rRNA 6.454
9 HPRT1 0.550 RPLPO 0.193 HPRT1 0.706 HPRT1 2.963 RPL13A 0.39 RPLPO 7.765
10 ACTB 0.645 185 rRNA 0.248 ACTB 1.011 ACTB 5.125 185 rRNA 0.063 ACTB 8.106
1 HPRT1/YWHAZ 0.216 YWHAZ 0.114 EF1A1 0.124 EF1A1 0.786 HPRT1 0.907 YWHAZ 2.091
2 - - TBP 0.142 18S rRNA 0.198 TBP 0.992 YWHAZ 0.882 EF1A1 2.702
3 PPIA 0.245 EF1A1 0.195 RPLPO 0.228 RPLPO 1.265 ACTB 0.778 HPRT1 2.809
4 TBP 0.306 RPLPO 0.198 TBP 0.247 YWHAZ 1.454 GAPDH 0.74 TBP 3.288
5 GAPDH 0.330 HPRT1 0.217 YWHAZ 0.309 HPRT1 1.764 PPIA 0.669 RPLPO 4.460
HOS 6 EF1A1 0.370 GAPDH 0.230 GAPDH 0.367 185 rRNA 1.881 TBP 0.624 GAPDH 5.502
7 RPLPO 0.400 PPIA 0.265 HPRT1 0.418 GAPDH 2.039 RPLPO 0.468 PPIA 5.827
8 185 rRNA 0.427 185 rRNA 0.286 PPIA 0.433 PPIA 2.345 EF1A1 0.101 18S rRNA 5.985
9 ACTB 0.478 ACTB 0.446 RPL13A 0.506 RPL13A 2.810 RPL13A 0.028 ACTB 7.536
10 RPL13A 0.531 RPL13A 0.478 ACTB 0.666 ACTB 3.426 185 rRNA —0.121 RPL13A 9.387
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Table 3. Cont.

geNorm NormFinder BestKeeper ConIl{preh.ensive
Cel o anking
Line Gene M Value Gene St\e;:)liiity Gene ( f gq) Gene © /ocgq) Gene CC:Ii‘fefli;i::rtl (()rf) Gene Geomean
1 RPL13A/GAPDH0.212 PPIA 0.054 YWHAZ 0.209 YWHAZ 0.964 PPIA 0.920 YWHAZ 2.187
2 - YWHAZ 0.087 TBP 0.260 TBP 1.037 RPLPO 0.910 PPIA 2.402
3 EF1A1 0.225 EF1A1 0.092 EF1A1 0.260 HPRT1 1.353 RPL13A 0.869 EF1A1 3.650
4 PPIA 0.239 RPL13A 0.104 PPIA 0.323 EF1A1 1.531 GAPDH 0.858 RPLPO 3.882
5 YWHAZ 0.260 GAPDH 0.114 HPRT1 0.325 PPIA 1.702 YWHAZ 0.832 GAPDH 4.183
5a05-2 6 HPRT1 0.270 HPRT1 0.122 RPL13A 0.335 ACTB 1.730 EF1A1 0.799 TBP 4.789
7 TBP 0.307 RPLPO 0.156 ACTB 0.359 RPL13A 1.879 HPRT1 0.739 HPRT1 5.194
8 ACTB 0.350 ACTB 0.163 GAPDH 0.412 GAPDH 2.240 ACTB 0.718 RPL13A 5.785
9 RPLPO 0.384 TBP 0.185 18S rRNA 0.455 RPLPO 2.604 185 rRNA 0.558 ACTB 7.354
10 185 rRNA 0.436 185 rRNA 0.237 RPLPO 0.514 185 rRNA 4.080 TBP 0.272 185 rRNA 9.587
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Figure 3. Stability of candidate internal control genes as determined with geNorm. (a) Gene ranking
based on M value as a measure of gene stability (average pairwise variation of a particular gene with
all other control genes; lower M value indicates higher stability). (b) geNorm's pair-wise variation
analysis for determination of minimal number of required genes for reliable normalization.

2.3.3. BestKeeper Analysis

BestKeeper ranks genes’ stability based on their standard deviation (SDcq values £Cq),
coefficient of variation (CVcg values % Cq), and correlation coefficient (r). MG-63 and HOS
share EF1A1 as a gene with the lowest SD (0.259 for MG-63 and 0.124 for HOS) and
ACTB as the gene with the highest SD (1.011 for MG-63 and 0.666 for HOS). In SaOS-2,
YWHAZ exhibits the lowest SD (0.209) and RPLPO the highest SD (0.514). As BestKeeper’s
requirement for stable gene is SD < 1, all genes, with the exception of ACTB in MG-63, were
considered stable.

Ranking based on CV reveals that the top/bottom ranked genes are identical or at
least closely related to their position based on SD ranking. The lowest CV exhibited TBP
(1.387), EF1A1 (0.786), and YWHAZ (0.964) for MG-63, HOS, and SaOS-2, respectively. The
highest CV was observed in ACTB for MG-63 (5.125) and HOS (3.426) and in 185 rRNA in
Sa0S-2 (4.080) (Table 3).

Based on the correlation coefficient, the most stably expressed genes are PPIA in
MG-63 (0.933) and Sa0OS-2 (0.920) and HPRT1 in HOS (0.907). 18S rRNA exhibits the lowest
correlation in MG-63 (0.063) and HOS (—0.121), while TBP (0.272) is ranked as the least
stable in Sa0S-2.

2.3.4. Comprehensive Ranking

As the three applied algorithms use different logic to determine gene expression
stability, each of them provided a different ranking based on the same Cq values for each
cell line (Table 3). As none of these approaches is considered more reliable than the others,
we included all of them and performed a comprehensive ranking using two approaches:
the geometric mean of the ranks and NormFinder’s algorithm for estimating variability
between subgroups. Based on the geometric mean comprehensive ranking, the most stably
expressed gene in MG-63 is TBP, while YWHAZ is the most stable in both HOS and SaOS-2
(Table 3). The least stably expressed are ACTB in MG-63, RPL13A in HOS, and 18S rRNA in
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5a0S5-2. On the other hand, NormFinder’s model-based algorithm identified GAPDH and
EF1A1 as the best combination for normalization (Table S1).

As certain genes were consistently ranked as more stable in all three observed cell
lines, we wanted to determine whether certain genes would show general stability across
different cell lines, making them suitable for use as a starting point in experiments involving
osteoblast differentiation. We therefore combined the comprehensive ranking obtained for
each cell line in this study and calculated the geometric means of the ranks for each gene.
Using this approach, YWHAZ and TBP were identified as most stable, closely followed by
PPIA and EF1A1 (Table 4).

Table 4. Overall comprehensive ranking by geometrical mean.

Rank Gene Name Geomean
1 YWHAZ 1.587
2 TBP 2.884
3 PPIA 3.037
4 EF1A1 3.107
5 GAPDH 4.481
6 HPRT1 5.278
7 RPL13A 6.214
8 RPLPO 7.114
9 18S rRNA 8.618
10 ACTB 9.322

To test our assumption and confirm the ranking obtained in this study, we collected the
data from other similar studies where gene stability in cells of bone or osteoblast origin was
evaluated [12-14,20-22,27]. Stability ranks obtained in these studies were combined with
our data and a comprehensive ranking of each gene was determined using the geometric
mean of the ranks. As in our study, PPIA, TBP, and YWHAZ ranked as the most stable and
ACTB as the least stable gene (Table S2).

2.4. Normalization of Genes Involved in Osteogenic Differentiation against Selected Reference
Genes vs. ACTB

To determine the influence of the reference gene, we determined the expression of three
commonly used osteogenic differentiation markers, Alkaline phosphatase (ALP), Collagen
Type I Alpha 1 (COL1A1), and Runt-related transcription factor 2 (RUNX2), in each cell line:
the expression data was normalized using the geometric mean of the relative quantities of
TBP, PPIA, YWHAZ, and EF1A1 genes or ACTB gene (Figure 4). Although the shapes of
the obtained graph curves are similar and show the same trends, normalization against
ACTB significantly increased the normalized expression of all three markers in MG-63 and
HOS cells. Interestingly, there were no significant differences in expression obtained in
5a05-2 cells, and the expression of differentiation markers remained mostly stable during
the differentiation process, suggesting that these cells were already finally differentiated
and only underwent mineralization. This indicates that the choice of reference gene can
strongly influence the fold increase of the observed expression changes after normalization.
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Figure 4. The choice of reference gene can impact obtained gene expression. MG-63 (a—c), HOS (d-f),
and SaOS-2 (g-i) cell lines were differentiated and expression of ALP (Alkaline Phosphatase) (a,d,g),
COL1A1 (Collagen type I alpha 1 chain) (b,e/h), and RUNX2 (Runt-related transcription factor 2)
(cf,i) differentiation markers was analysed at given time points using RT-qPCR. The relative quantity
of each marker gene was normalized to ACTB (red) or to geometric mean of TBP, PPIA, YWHAZ,
and EF1A1 (black) internal control genes. Results represent the mean and standard error of relative
expression for three independent experiments. Statistical differences between the two normalizations
were analysed using two-way ANOVA and are denoted as * p < 0.05 and *** p < 0.001.

3. Discussion

Differentiation of osteoblast-like cells is a highly complex multistep process of cell mat-
uration during which the cells continuously deposit mineralized extracellular matrix [28].
In vitro differentiation is stimulated with dexamethasone to enhance expression of the
transcription factors, L-ascorbic acid (Vitamin C) to increase collagen type I secretion, and
[-glycerophosphate as a source of phosphate for hydroxyapatite formation and additional
stimulation of signalling pathways [29]. The differentiation process can be followed by
detecting the mineralization of the extracellular matrix using Alizarin Red S staining, as
well as by following the expression of differentiation markers such as osteocalcin, ALP,
RUNX2, COL1Al, etc. [22,28,30]. When measuring differentiation markers using RT-qPCR,
their expression levels should be carefully normalized to reference genes that remain stably
expressed during the differentiation process.
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We exposed three commonly used human cell lines of osteogenic origin, MG-63,
HOS, and Sa0S-2, to osteogenic differentiation media in vitro. MG-63 and HOS cell lines
were treated for 35 days, while SaOS-2 differentiation was terminated at day 21 due
to the spontaneous detachment of cells from the plates. Time-dependent increase in
mineralization was observed in each cell line (Figures 1 and S1). Despite being cultured for
only 21 days, SaOS-2 exhibited extensive mineralization even at this time point. While HOS
and SaOS-2 cell lines were extensively mineralized as judged by Alizarin Red S, MG-63
cells showed only modest mineralization at day 35 when examined spectrophotometrically.
However, when observed under the microscope deposition of minerals was clearly seen
and significantly different from the non-differentiated control. Therefore, by the last day of
culture all of treated cells exhibited a differentiated /mineralized phenotype.

To determine the best reference genes for studying osteoblast differentiation, we first
chose ten genes that are either commonly used as reference genes (GAPDH, 18S rRNA,
ACTB) or have been found to be the most stable in other similar studies addressing gene
stability in cells of bone/osteoblast origin (PPIA, EF1A1, RPL13A, RPLP0, TBP, HPRT1,
YWHAZ). Expression profiling of the selected genes revealed that all of the genes were
comparably expressed in all cell lines. While a majority of the genes exhibited similar Cqs
(approximately 15-20), 185 rRNA had significantly lower Cq (~10) whereas HPRT1 and
TBP Cqgs exceeded 20. These differences arise from differences in basal expression of the
genes, and could be avoided by modifying the amount of starting material. However, we
chose to keep the amount of starting material constant in all experiments in order to avoid
differences in sample preparation possibly leading to higher inter-experimental variability.

We applied geNorm, NormFinder, and BestKeeper software the selection of the appro-
priate reference gene. Each of these software types uses a different statistical algorithm;
therefore, their integrated use might represent a way to avoid discrepancies in rankings.
Such approach is a commonly used for determining the most stable genes [31-33]. As
expected, we observed differences in the top-ranked genes between the different algorithms.
However, in general, certain genes consistently ranked as more stable while others were
consistently among the least stable, with the exceptions attributed mainly to BestKeeper’s
algorithm and ranking. For example, TBP in SaOS-2 drops from second place in Best-
Keeper’s SD and CV ranking to the tenth place in correlation coefficient (r) ranking. This
parameter describes the correlation between a chosen candidate gene and the geometric
mean of all housekeeping genes (BestKeeper index). It has been previously reported that
correlation coefficient describes the stability of the gene better than SD, as the correlation
coefficient correlates each gene with the BestKeeper index and SD can vary with the amount
of input material in each sample [26,34]. Not surprisingly, the lowest correlation index was
attributed to TBP, which exhibited the highest Cq values (~25), and 185 ¥rRNA, which had
the lowest Cq values (~10). On the other hand, the lowest-ranked genes by BestKeeper’s
correlation coefficient agree with the rankings by geNorm and NormFinder. Generally, the
least stable genes correlate well between the algorithms.

The geNorm algorithm ranks genes based on their M value, which is inversely pro-
portional to their stability. However, this algorithm cannot distinguish between the two
most stable genes, and it is biased towards genes which could be co-regulated. Taking
this issue into account, NormFinder and BestKeeper are considered to be more robust, as
their algorithms are less subject to co-regulation [24,25]. When comparing the top-ranked
genes by NormFinder and geNorm, similar rankings can be observed. At this point, it must
be noted that based on the cut-off values of the chosen algorithms, namely, geNorm’s M
value < 1.5 and BestKeeper’s SD < 1, all genes were considered stable with the exception of
ACTB’s SD in MG-63 (SD = 1.011). The differences in ranking values between consecutively-
ranked genes are relatively small, showing similar degrees of stability. This outcome is not
surprising, as the initial selection of most of the candidate genes was based on the findings
of previous studies which identified them as stable in differentiation processes of cells of
similar origin [13,20-22,34-37].
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Of the three algorithms, geNorm is the only one that proposes the number of genes
required for normalization. Using pairwise variation analysis, it calculates the V value
which describes the relevance of the additional gene to the normalization process. It is
proposed that 0.15 is a cut-off value below which an additional gene does not contribute
significantly to normalization [23]. In every cell line, geNorm calculated that two genes
were sufficient for normalization. Using a comprehensive ranking by geometric mean
which integrated data from the different algorithms, we chose two appropriate reference
genes for normalization during osteoblastic differentiation in each cell line; these were TBP
and PPIA in MG-63, YWHAZ and EF1A1 in HOS, and YWHAZ and PPIA in SaOS-2.

Even though MG-63, HOS, and SaOS-2 cells were of human osteosarcoma origin and
were exposed to identical differentiation stimuli, different genes were identified as the most
stable in these cell lines. These differences likely arise from their internal characteristics,
e.g., differentiation stage and genetic instabilities, which offer different starting point for
differentiation and mineralization. As observed in the comparison of the rankings of
different algorithms for each cell line, certain genes were consistently ranked as more
stable when comparing different cell lines. As we wanted to propose a group of stable
reference genes for reliable use in studying osteoblast differentiation and mineralization,
we compared NormFinder’s inbuilt algorithm for comparison of different groups to the
geometric mean of all compared ranks for each gene in this study.

NormFinder’s model-based algorithm identified GAPDH and EF1A1 as the best com-
bination for normalization (Table S1). However, GAPDH exhibits relatively high SDs and
CVs (especially in HOS and SaOS-2 cell lines) and EF1A1 shows unfavourable correlation
with the BestKeeper index. Additionally, selection of the best genes for normalization
by NormFinder has previously been shown to be unreliable [38]. On the other hand, the
geometric mean of the ranks for all three cell lines identified YWHAZ and TBP to be the
most stable genes (Table 4).

Additionally, we combined our data with comprehensive rankings from other studies,
selecting only cells of bone or osteoblast origin (Table S2) [12-14,20-22,27]. This ranking is
comparable with the overall rankings obtained in this study, suggesting that YWHAZ, TBP,
PPIA, and EF1A1 are stably expressed during osteoblast differentiation. Small differences
in their geometrical means confirm that their expression stabilities are very similar.

To assess the selection of the most stable internal control genes, the same samples
were analysed for expression of the differentiation markers ALP, RUNX2, and COL1A1
(Figure 4). The obtained expression data (relative quantity) were normalized to the ACTB
reference gene (a commonly used internal control) and to the geometric mean of the four
internal control genes detected as most stable in this study (TBP, PPIA, YWHAZ, EF1A1).
The results showed that for the MG-63 and HOS cell lines normalization to ACTB can
considerably increase the obtained values, especially in later differentiation stages. This
suggests that ACTB expression decreases during differentiation compared to the geometric
means of expression of TBP, PPIA, YWHAZ, and EF1A1. Interestingly, in SaOS-2 cells both
normalizations showed similar results. Furthermore, there were no changes in expression
of observed differentiation markers despite significant mineralization, a phenomenon
which has been observed previously [39,40]. This indicates that the SaOS-2 cell line consists
of terminally differentiated osteoblast cells and that differentiation media only induces
mineralization (Figures 1 and S1). The lack of changes in the differentiation state of these
cells could explain the stability of ACTB expression during mineralization as well. These
results indicate that the choice of internal control can have a significant impact on the
obtained results. If the expression dynamics of certain genes are compared through several
cell lines, the stability of the internal control genes used should be comparable in all
cell lines.

Even though we recommend careful selection and validation of reference genes for
each assay and cell line, any of YWHAZ, TBP, PPIA, and EF1A1 or their combination (we
recommend at least two) could be used as starting reference genes in assays of osteoblastic
differentiation when using other types of osteosarcoma cells or cell lines. We do not



Int. J. Mol. Sci. 2022, 23, 4257

13 of 17

recommend the use of ACTB and 18S rRNA, as they are frequently ranked as the least
stable genes.

4. Materials and Methods
4.1. Cell Lines, Cell Culturing, and Cell Differentiation

The osteogenic human osteosarcoma cell lines MG-63 (ATCC® CRL-1427™), HOS
(ATCC® CRL-1543™), and SaOS-2 (ATCC® HTB-85™) were obtained from ATCC (Amer-
ican Tissue Culture collection; Manassas, VA, USA) and were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) Low Glucose (Dulbecco’s modified Eagle’s medium)
(Gibco, Thermo Scientific, Waltham, MA, USA) supplemented with 10% fetal bovine serum
(FBS; Gibco) and 1% L-glutamine (Gibco) at 37 °C in a humidified 5% CO, atmosphere.

For osteoblast differentiation, cells were seeded in 12-well plates. Following 24 h rest,
differentiation was triggered by changing to osteogenic medium: full growth medium sup-
plemented with 100 nM Dexamethasone (Sigma, Merck, Kenilworth, NJ, USA), 50 ug/mL
2-Phospho-L-ascorbic acid trisodium salt (Sigma), and 5 mM (3-Glycerophosphate disodium
salt hydrate (Sigma) for MG-63 and SaOS-2 cells and full growth medium supplemented
with 100 nM Dexamethasone (Sigma), 50 pg/mL 2-Phospho-L-ascorbic acid trisodium salt
(Sigma), and 10 mM [-Glycerophosphate disodium salt hydrate (Sigma) for HOS cells.
Medium was changed every 3—4 days. Nondifferentiated controls were maintained in full
growth medium. Samples were collected at day 0 (nondifferentiated control day 0) and
then every 7 days of culture to obtain five time-points (days 0, 7, 21, and 35 for HOS and
MG-63; days 0, 7, 14, and 21 for SaOS-2). Nondifferentiated controls were collected on the
last day of the experiment. All experiments were performed three independent times in
experimental duplicates.

4.2. Alizarin Red S Staining

To confirm mineralization in the differentiated samples, Alizarin staining was per-
formed. Cells were washed 3x with PBS and fixed with 4% formalin for 10 min at room
temperature. Formalin was removed and the cells were washed 3 x with distilled water.
Cells were then stained with 2% Alizarin red S solution (pH 4.2) (Sigma) for 30 min and
washed 5x with distilled water. Plates were analysed under the microscope. For spec-
trophotometric analysis, Alizarin was dissolved in 10% acetic acid and measured at 405 nm.
Alizarin concentration was calculated from a standard curve.

4.3. RNA Isolation and Reverse Transcription

Total RNA was isolated using a peqGOLD Total RNA Kit (VWR, Radnor, PA, USA)
following the manufacturer’s instructions. Yield and purity of RNA were determined with
a NanoDrop One® spectrophotometer (Thermo Scientific, Waltham, MA, USA); 3.0 ug
of total RNA was reverse transcribed in a 60 pL reaction using a High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystems, Thermo Scientific, Waltham, MA, USA)
following the manufacturer’s instructions.

4.4. Gene Selection, Primer Design, and Validation

The reference genes used in this study were selected based on genes frequently used
for normalization in differentiation experiments on these cell lines (ACTB, GAPDH, 185
rRNA) and genes and that were stable in studies analysing the stability of internal controls
in bone-derived cells or cell lines [13,20-22,34-37] (Table 1). Genes and their protein
products cover different functions in cells, from structural proteins to enzymes, ribosomal
proteins, and different transcription factors. Primer BLAST was used for primer design. If
possible, primers were selected to span an exon—exon junction, to have an optimal melting
temperature around 60 °C, and to result in a PCR product length of 70-170 bp. Primers
were ordered from Macrogen Europe B.V (Amsterdam, the Netherlands, EU). Primers were
validated with a standard curve to determine their efficiency. The specificity of the primers
was checked using melting curves.
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4.5. RT-qPCR

RT-qPCR was performed using 5x Hot FirePol EvaGreen qPCR Supermix (Solis,
BioDyne, Tartu, Estonia) following the manufacturer’s instructions. For each reaction,
2.5 ng of cDNA was used in a 15 pL reaction. The amplification programme consisted of
initial denaturation at 95 °C for 15 min and 40 cycles of 95 °C for 5 s (denaturation), 60 °C
for 20 s (annealing), and 20 s at 72 °C (elongation). The amplification programme was
terminated with a thermal denaturing cycle to obtain the melting (thermal dissociation)
curve. The RT-qgPCR was performed on a LightCycler 480 (Roche Diagnostics, Rotkreuz,
Switzerland). All samples were quantified in duplicates.

4.6. Primer Efficiency

A seven-point serial dilution of pooled cDNA samples was prepared to obtain a
relative standard curve for each gene in each cell line. The standard curve was obtained by
plotting the Cq (v axis) against the logarithm of the total cDNA concentration (x axis). The
efficiency of each primer was calculated using Equation (1):

% E — (—1 + 1o<slolw)> % 100 (1)

where E is primer efficiency and slope is a log-linear relationship between Cq values and
the cDNA concentrations of the standard curve [4].

4.7. Data Analysis

RT-qPCR data were exported using the second derivative maximum method (Light-
Cycler 480, software version 1.5; Roche Diagnostics, Rotkreuz, Switzerland). The stability
of selected candidate genes was determined by the frequently used excel-based algorithms
NormFinder (v0953) [24], geNorm (v3) [23], and BestKeeper (v1) [25].

geNorm is a Microsoft Excel-based tool which calculates gene expression stability
based on the geometric mean of candidate genes’ 2~4%, calculated using Equation (2):

2—ACq _ omin Cq—sample Cq 2)

where min Cq is the minimal Cq value of the sample set and sample Cq is the Cq of the
selected sample in the sample set.

geNorm ranks candidate genes based on an internal control gene stability measure
called the M value, which describes how one gene varies with respect to other candidate
genes. The M value is defined as the average pairwise variation of a particular gene with all
other control genes. Lower M values indicate more stably expressed genes, and genes with
an M value < 1.5 are considered stable. Using stepwise exclusion of the least stable gene
followed by the recalculation of the M values of the remaining genes, this algorithm can
identify the two most stably expressed reference genes. In addition, geNorm calculates the
pairwise variation of the selected reference genes with the others and determines how many
genes are needed for accurate normalization. For this, a V value is determined between two
subsequent normalization steps (V = Vn/(Vn + 1)). When V is less than 0.15, additional
genes do not contribute significantly to normalization [23].

NormFinder is a model-based approach that uses 2747 values [Equation (2)] to
estimate intra- and intergroup variations. It then combines the two to calculate a stability
value, with the lowest value indicating the most stably expressed gene. Because of the
model-based approach, it is less subject to gene co-regulation than the pair-wise variation
approach of geNorm [24].

BestKeeper estimates inter-gene relations of candidate reference genes using pair-wise
correlation analysis. It uses raw Cq and PCR efficiencies to calculate standard deviation
(SDcq value) and coefficient of variation (CVcq value), and calculates a BestKeeper index (ge-
ometric mean) from the candidate genes’ Cgs. Then, it calculates the pair-wise correlation
between each candidate gene and the BestKeeper index as the correlation coefficient. The
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most stably expressed genes have the lowest SDcq value and CVcqvalue and the highest
correlation coefficient. Generally, genes are considered as stable when SDcq vaiue <1 [25]-

To assess the overall stability of reference genes, an appropriate weight based on the
ranking by each algorithm was attributed to each gene. The comprehensive ranking was
performed using the geometric mean of the weights, and was calculated separately for each
cell line as well as for overall stability in all cell lines combined.

Expression of differentiation markers (ALP, RUNX2, COL1A1) (Table 5) was evaluated
by calculating the relative quantity (Rq) for each sample based on the PCR efficiency of
each gene (E) using Equation (3):

Rg = EC€4 control—Cq sample (3)

The obtained relative quantities of marker gene expression were normalized to the
relative quantity of the ACTB gene or to the geometric mean of the TBP, PPIA, EF1A1, and
YWHAZ internal control genes. Statistical differences between normalization strategies
were determined at each time point using two-way Anova (GraphPad Prism 8.0.1).

Table 5. Osteogenic differentiation-involved genes, their function, and the primer sequences used in
this study.

Symbol Gene Name Sequences Product Melting
Accession Number 1 Length Temperature (°C)
ALPL . F: 5'- CCAAGTACTGGCGAGACCAA-3
NM_o01127501.4  Alkalinephosphatase ¢ 5, ergGacacacccaTcccaTCy 121 60
COL1A1 Collagen type I alpha F: 5'- GCCAAGACGAAGACATCCCA-3 75 60
NM_000088.4 1 chain R: 5'- GTTTCCACACGTCTCGGTCA-3'
RUNX2 Runt-related F: 5'- AGCAAGGTTCAACGATCTGAGAT-3' 81 59

NM_001015051.4

transcription factor2  R: 5'- TTTGTGAAGACGGTTATGGTCAA-3/

5. Conclusions

In this study, we identified the most stable reference genes for accurate normalization
of RT-qPCR results of osteogenic differentiation of the human osteosarcoma cell lines
MG-63, HOS, and SaOS-2. Using the geNorm, NormFinder, and BestKeeper programs,
we identified that each cell line requires two reference genes for normalization, which
are TBP and PPIA in MG-63, YWHAZ and EF1A1 in HOS, and YWHAZ and PPIA in
5a0S-2. Additionally, we compared our results with the outcomes of previous studies
focused on identification of reference genes for other bone-derived cell lines. Our findings
strongly correlate with them, confirming that TBP, PPIA, YWHAZ, and EF1A1 are stably
expressed during osteogenic processes in different cell types and cell lines of bone origin.
Certain commonly used reference genes such as ACTB and 185 rRNA are not recommended
for normalization during osteogenic differentiation, as they were proven to be the least
stably expressed in this study as well as in others. The internal control genes identified
in this study will help researchers design better RT-qPCR experiments for the study of
different processes during osteoblast differentiation of the MG-63, HOS, and SaOS-2 cell
lines. Moreover, we propose a group of stably expressed genes (I'BP, PPIA, YWHAZ, and
EF1A1) that can be used as a starting point for further optimization of RT-qPCR experiments
involving differentiation of osteoblasts in general.
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