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The principles of tissue engineering (TE) are widely used for bone regeneration concepts. Three-dimensional
(3D) cultivation of autologous human mesenchymal stromal cells (MSCs) on porous scaffolds is the basic
prerequisite to generate newly formed bone tissue. Quantitative reverse transcription polymerase chain reaction
(qRT-PCR) is a specific and sensitive analytical tool for the measurement of mRNA-levels in cells or tissues.
For an accurate quantification of gene expression levels, stably expressed reference genes (RGs) are essential to
obtain reliable results. Since the 3D environment can affect a cell’s morphology, proliferation, and gene
expression profile compared with two-dimensional (2D) cultivation, there is a need to identify robust RGs for
the quantification of gene expression. So far, this issue has not been adequately investigated. The aim of this
study was to identify the most stably expressed RGs for gene expression analysis of 3D-cultivated human bone
marrow-derived MSCs (BM-MSCs). For this, we analyzed the gene expression levels of n=31 RGs in 3D-
cultivated human BM-MSCs from six different donors compared with conventional 2D cultivation using qRT-
PCR. MSCs isolated from bone marrow aspirates were cultivated on human cancellous bone cube scaffolds for
14 days. Osteogenic differentiation was assessed by cell-specific alkaline phosphatase (ALP) activity and
expression of osteogenic marker genes. Expression levels of potential reference and target genes were quan-
tified using commercially available TagMan® assays. mRNA expression stability of RGs was determined by
calculating the coefficient of variation (CV) and using the algorithms of geNorm and NormFinder. Using both
algorithms, we identified TATA box binding protein (7BP), transferrin receptor (p90, CD71) (TFRC), and
hypoxanthine phosphoribosyltransferase 1 (HPRTI) as the most stably expressed RGs in 3D-cultivated BM-
MSCs. Notably, genes that are routinely used as RGs, for example, beta actin (ACTB) and ribosomal protein
L37a (RPL37A), were among the least stable genes. We recommend the combined use of 7BP, TFRC, and
HPRTI for the accurate and robust normalization of qRT-PCR data of 3D-cultivated human BM-MSCs.

Introduction surface marker patterns, and the differentiation potential

in vitro mentioned earlier.’ MSCs, in addition to the bone

THE DISCIPLINE OF BONE tissue engineering (TE) involves
the combined use of three-dimensional (3D) scaffold
materials, growth factors, and osteoprogenitor cells.! As a key
cellular component, mesenchymal stromal cells (MSCs) are
often used for the implementation of 3D cell-based concepts
in the field of bone regenerative medicine.”* MSCs represent
a proliferating and undifferentiated cell source with the po-
tential to differentiate toward diverse mesenchymal lineages,
including osteoblasts, chondrocytes, adipocytes, and myo-
cytes.* This cell type is characterized by plastic adherence
when maintained in standard culture conditions, specific cell

marrow, can be isolated from different fetal and postnatal
tissue sources and organs, including bone marrow, adipose
tissue, skeletal muscle, brain, liver, kidney, pancreas, lung,
umbilical cord blood, placenta, dental pulp, and synovial
membrane.®® Therefore, it has been suggested that the dis-
tribution of MSCs is related to their existence in a perivas-
cular niche.”

In an in vivo 3D environment, surrounding cells typically
maintain their ellipsoidal structure and organization. How-
ever, in an in vitro two-dimensional (2D) environment, they
appear in monolayers with a flattened morphology. Gene
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expression-mediated changes influence cell shape, func-
tionality, and intercellular communication. On comparing
monolayer cultured MSCs with 3D multicellular spheroids,
it was shown that the 3D environment altered cell size,
expression levels of cell surface antigens, and the osteogenic
differentiation potential,'” and enhanced the suppression
of inflammatory responses.'' Cells grown in 3D cultures
showed reduced proliferation rate, altered their adhesion
structures, and changed the transcription levels of distinct
adhesion molecules.'?

In addition, a 3D environment can affect in vitro cell
mechanobiology and extracellular matrix proteins, for ex-
ample, collagens and fibrins.'® Furthermore, as opposed to
2D cell-loaded substrates, 3D-matrix interactions display
enhanced cell biological activities and differ in cytoskeletal
composition.'"* Three-dimensional environment of MSCs
appears to promote their stem cell potential and therapeutic
benefit in applications ranging from regenerative medicine
to anti-inflammatory treatments and cancer therapy.'> In
order to translate scientific results into clinical applications,
3D cell-based models and even 3D-organotypic models are
needed.'®

Gene expression analysis is a common method to inves-
tigate molecular processes and regulatory events in cells,
tissues, and organs. Within this analytical method, the ap-
plication of quantitative reverse transcription polymerase
chain reaction (QRT-PCR) is well established.!”-!® Since this
technique is rather specific and sensitive, the experiments
need to be performed carefully with regard to critical steps,
for example, sample collection and storage, RNA isolation,
starting material quantity and quality, primer concentration,
the RT-qPCR assay used (one or two step), and overall
transcriptional activity differences between cells.'” To cor-
rect for these parameters, different normalization methods
have been introduced; for example, standardizing the cell
number, a known amount of RNA, or the use of reference
genes (RGs). Most researchers refer to the latter method for
target gene normalization.

Selecting suitable RGs as internal controls to ensure an
accurate gene expression analysis is a crucial step in gene
expression analysis. In this context, using single, non-
validated RGs for qPCR analysis can lead to a systemic
source of error, causing incorrect results and misinterpreta-
tion of gene expression data.”’ Ideally, RGs exhibit a stable
gene expression under the experimental conditions given, and
should be validated for each new experimental setup. Cur-
rently, various statistical algorithms exists to determine the
most stable RG for qRT-PCR normalization, such as Norm-
Finder,?' Global Pattern Recognition,* Bestkeeper,®** and
geNorm.24 However, there is no standardized method for the
selection of RGs. Most researchers use a combination of the
methods mentioned earlier to determine RG expression sta-
bility. Some scientists use microarray data in order to find
appropriate RG.?>~°

Commonly used RGs, for example, glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) and beta actin (ACTB),
were observed to be less stable or regulated under certain
culture conditions in MSCs, chondrocytes, and fibroblasts.?’ ¢
We recently showed that the combined use of DNA-damage-
inducible alpha (GADD45A), pumilio homolog 1 (PUMI),
and large ribosomal protein PO (RPLPO) significantly im-
proved gene expression accuracy compared with classically
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used RGs, ACTB, and GAPDH in 2D osteogenically stimu-
lated bone marrow-derived MSCs (BM—MSCS).31

Numerous putative RGs have been reported for a wide
variety of human cell lines and primary cells under different
experimental conditions, almost exclusively under stan-
dardized 2D cultivation. However, for 3D culture of human
BM-MSCs, commonly used in regenerative medicine and
TE approaches, sufficient data for the analysis of RGs are
still lacking. Thus, we investigated the gene expression
stability of 31 potential RGs in an effort to identify the most
stable RGs in 3D cultivated human BM-MSCs.

Materials and Methods
Isolation and cultivation of MSCs

Human BM-MSCs were isolated from n=6 healthy Cau-
casian donors (three men, three women, mean age 31.4
years) after obtaining their informed consent (approval no.
EK263122004). BM-MSCs were isolated from the mono-
nuclear cell fraction and expanded as previously described.*?
Cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM, low glucose; Life Technologies GmbH, Darmstadt,
Germany) supplemented with 10% fetal calf serum (Sigma-
Aldrich, Hamburg, Germany) and 1% penicillin/streptomy-
cin (Life Technologies GmbH) with or without osteogenic
supplements (i.e., 100nM dexamethasone, 10mM beta-
glycerophosphate, and 50 M ascorbic acid-2-phosphate;
Sigma-Aldrich) and maintained in a humidified atmosphere
at 37°C and 5% CO,. No osteogenic supplements were used
for histology, morphology, and all gene expression experi-
ments. Only for biochemical analysis of ALP activity, osteo-
genic supplements were used to compare the additional
effects of supplements and 3D culturing. The study was
performed with second-passage BM-MSCs of all donors.
After reaching 80-90% confluence, cells were seeded for 2D
cultivation at a density of 4.8 x 10* cells per well in tissue
culture plastic six-well plates (Greiner, Frickenhausen, Ger-
many). Peracetic acid-treated human cancellous bone (HCB)
cubes with an approximate edge length of Smm (Fig. 1B;
German Institute for Cell and Tissue Replacement, Berlin,
Germany) with a conferred admission for medicinal drugs
were used as 3D matrices.*® Fifty microliters of cell sus-
pensions with 1x 10° BM-MSCs from each donor were see-
ded per HCB in a drop-wise manner. After a 2h adherence
period in the incubator, the cubes were covered carefully with
6 mL of cell culture medium. Cells were maintained at 37°C
in a saturated humidity atmosphere with 5% CO,. The next
day, seeded HCBs were transferred into new six-well plates.
Triplicates were used for each 2D and 3D sample. The cells
were cultured for 14 days, changing the medium twice a
week. Cell morphology and adherence were monitored by
light microscopy.

RNA isolation and cDNA synthesis

Total RNA was isolated with the RNeasy Mini Kit (Qia-
gen, Hilden, Germany) after 14 days of cultivation. After
rinsing with phosphate-buffered saline (PBS), 2D cultured
BM-MSCs were harvested from cell culture plates by using a
cell scraper. Cells were centrifuged for 5 min at 2000 g, and
the PBS was removed. Three-dimensional samples were
rinsed with PBS, and excess PBS was aspirated with a filter
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FIG. 1.
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Two-dimensionally (2D) cultured bone marrow-derived mesenchymal stromal cells (BM-MSCs) of one donor after 14

days in culture (A). Macrograph of a human cancellous bone (HCB) cube with an approximate edge length of 5 mm (B). Light
microscopic image of 3D cultivated BM-MSCs on HCB, 100x (C). Fluorescence microscopic picture of 2D cultivated BM-MSCs
depicting nuclei (Hoechst 33342, blue), cytoskeleton (Alexa 555 phalloidin, red), and the extracellular matrix protein fibronectin
(anti-mouse fibronectin-AK and Alexa Fluor® 488, green), 100x (D). Fluorescence stereoscopic image of HCB (blue) and vital
BM-MSCs stained with calcein (green) (E). Histological section of HCB with adherent BM-MSCs after Giemsa stain, 200 x (F).
Asterisks mark HCB, and arrows highlight BM-MSCs. Color images available online at www liebertpub.com/tec

paper. All samples were frozen immediately at —80°C until
later use. For the isolation of total RNA, BM-MSCs from 3D
samples were lysed during a centrifugation step at 16,100 g
for 1 min at room temperature (RT) in lysis buffer. After
centrifugation, the lysate was transferred into new reaction
tubes and further steps were performed according to the man-
ufacturer’s instructions. During the isolation, an on-column
DNase digestion with RNase-Free DNase Set (Qiagen) was
performed. RNA concentration and quality was determined
at 260nm and 260/280nm using a NanoDrop 2000c spec-
trophotometer (PEQLAB Biotechnologie GmbH, Erlangen,
Germany). The 260/280nm ratio values were between 1.9
and 2.1. cDNA synthesis from 200ng RNA for each sample
was performed using Superscript II Reverse Transcriptase
and with oligo-dT (Invitrogen, Karlsruhe, Germany) ac-
cording to the manufacturer’s instructions. An equal volume
of cDNA was pooled from each BM-MSC donor and used as
templates in qPCR.

Quantitative real-time polymerase chain reaction

Human Endogenous Control TaqMan® assays with 32
FAM labeled probes (Table 1) spotted in triplicate in a 96-
well format were used for quantitative gene expression
analysis of RGs (Life Technologies GmbH; Applied Bio-
systems, Darmstadt, Germany). No osteogenic supplements
were used for all gene expression experiments. qPCRs were
performed with TagMan Fast Universal PCR Master Mix
(2x) according to the manufacturer’s instructions using a
7500 Real-Time PCR Fast System (Applied Biosystems). A
volume of 0.96 pL template cDNA corresponding to 19.2ng

of RNA was used for each well of the qPCR array. All
reactions were carried out in a total volume of 10 pLL with a
thermal profile of an initial cycle for 20s at 95°C for en-
zyme activation followed by 40 cycles with 3s at 95°C
denaturation, 30 s at 60°C for annealing and elongation, and
terminated by a holding stage at 4°C. Technical triplicates
were run for all samples. For the no template control (NTC),
the three wells with the probe of 18 s RNA was chosen as
this assay does not provide extra wells for the NTC.
Expression of the osteogenic marker genes alkaline phos-
phatase (ALP), liver/bone/kidney (ALPL, Hs01029144_m1),
bone gamma-carboxyglutamate (gla) protein (BGLAP,
Hs00609452_gl1), integrin-binding sialoprotein (/IBSP,
Hs00173720_m1), runt-related transcription factor 2 (RUNX-
2, Hs00231692_ml), and secreted phosphoprotein 1 (SPPI,
Hs00959010_m1) were analyzed as target genes using the
same cDNA pool, protocols, and instrument as mentioned
earlier with TagMan Gene Expression Assays (Life Tech-
nologies GmbH; Applied Biosystems). Data analysis was
performed using the 7500 software v2.0.5 (Applied Biosys-
tems). Gene expression of a total of n=31 RGs was evaluated
on the basis of cycle threshold (Ct) values from BM-MSCs
cultivated for 14 days under 2D versus 3D culture conditions.
Results were exported to Microsoft Excel for analysis and
presented as mean®SD. SD of ACt values were calculated
using an equation with SD1 and SD2 being the SD, and n; and
n, being the sample sizes of 3D (1) and 2D (2), respectively.

SD? N SD3

SDpooled =
ny np
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Gene expression of osteogenic target genes was calculated
as a relative fold difference using the delta-delta Ct method,
where the 3D cultivated BM-MSCs represent the sample and
the 2D cultivated BM-MSCs represent the control.**

Fold difference =2~ [ACt sample (3D) — ACt control (2D)]

The 3D and 2D gene expression levels were paired by
original wells. For each experimental unit, three wells (trip-
licate) were generated. The three ratios were paired for the
calculation from those three wells (delta Ct 3D_1 and delta Ct
2D_1; delta Ct3D_2 and delta Ct 2D_2; and delta Ct 3D_3
and delta Ct 2D_3) and then, the average was obtained from
the three ratios. A fold difference of one equates to no reg-
ulation. Downregulation of gene expression corresponds to
values below one. Values above one mean an upregulation of
gene expression.

Determination of cell-specific ALP activity

Osteogenic differentiation was validated by measurement
of cell-specific ALP activity. The activity of the enzyme was
measured in cell extracts of 2D and 3D samples using p-
nitrophenylphosphate (pNpp) and quantified by colorimetric
measurement (SpectraFluorPlus, Tecan, Switzerland). Cells
were washed with PBS and lysed in 500 puL lysis buffer
(1.5M Tris—HCI, pH 10, containing 1 mM ZnCl,, 1 mM
MgCl,, and 1% Triton X-100) at 4°C for 20 min. The 3D
samples were additionally sonicated for 1 min for better
lysis results. After incubation, the lysates of 2D samples
were transferred from six-well plates into new reaction tubes
and centrifuged at 20,000 g and 4°C for 30 min. The lysates
of 3D samples were transferred after centrifugation into new
reaction tubes to separate them from HCB cubes. A fifty-
microliter lysate was incubated with 100 pL 3.6 mM pNpp
in 100 mM diethanolamine, pH 9.8, containing 0.1% Triton
X-100 at 37°C for 30 min. The reaction was stopped with
100 pL. 100 mM NaOH, and the amount of p-nitrophenol
(pNp) was determined spectrophotometrically at 405 nm
(SpectraFluorPlus). The final cell-specific ALP activity was
calculated as pmol pNp/30 min per 1x 10° cells. Triplicates
were used for each experimental unit. Total DNA quantifi-
cation was assessed by Pico Green Assay (Invitrogen). The
same lysate as for the determination of cell-specific ALP
level was used for DNA quantification. One hundred fifty
microliters of Pico Green solution were incubated with
50 uL. of cell lysate in a black microtiter plate. After 5 min
of incubation in the dark, the fluorescence was measured at
an excitation of 490 nm and an emission of 520nm with a
plate reader (SpectraFluorPlus). Relative fluorescence units
were correlated with the cell number using a calibration line.
Triplicates were used for each experimental unit.

Immunofluorescence staining

To represent cell morphology, 2D cultured BM-MSCs were
characterized by immunofluorescence staining of cytoskeleton
by Alexa Fluor® 555 Phalloidin selectively labels F-actin (Life
Technologies GmbH, Molecular Probes; Darmstadt, Germany)
and extracellular matrix protein fibronectin with anti-mouse
fibronectin-AK (Sigma-Aldrich, Munich, Germany) and Alexa
Fluor 488. After 7 days of cultivation, BM-MSCs were washed
with PBS and fixed with 4% paraformaldehyde for 10 min at
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RT. Thereafter, cells were permeabilized for 15 min with 0.4%
Triton at RT and then incubated in 3% goat serum in PBS for
1 h to block unspecific binding sites. Then, the incubation was
carried out with the antibody anti-mouse fibronectin (dilution
1:1000) overnight at 4°C. The next day, the cells were washed
with PBS and incubated with Alexa Fluor 488 for 60 min at RT
on an orbital shaker in the dark. Staining of nuclei was per-
formed with Hoechst 33342 (7.5 mg/mL final concentration)
for Smin in the dark (Life Technologies GmbH, Molecular
Probes). Images were taken with a computer-driven digital
camera on an inverted microscope Leica DMI4000B (Leica
Microsystems, Wetzlar, Germany).

Determination of cell viability

For determination of cell viability, the LIVE/DEAD®
Viability/Cytotoxicity assay was used (Invitrogen). Three-
dimensional samples were washed with PBS, and BM-
MSCs on HCB were stained with 4 uM calcein-AM and
8 UM ethidium homodimer-1 for 45 min at RT in the dark.
The cell-permeable calcein leads to green fluorescence due
to the presence of intracellular esterase activity in living
cells. Ethidium homodimer-1 enters cells with damaged
membranes and binds to nucleic acids, resulting in a 40-fold
enhancement of red fluorescence on binding to nucleic acids
of dead cells. After staining, the dye was removed and the
sample was carefully rinsed with PBS. Viability was visu-
alized via fluorescence microscopy analysis using a stereo-
scope Zeiss Discovery V.20 (Zeiss, Jena, Germany) with
Ex/Em of 494/517 nm and 528/617 nm.

Histology

To demonstrate cell adherence of BM-MSCs on the HCB
cubes, samples were analyzed histologically. Fourteen days
after seeding, specimens were washed with PBS and fixed
in 70% ethanol at RT. After dehydration in increasing
ethanol concentrations (2h in 70%, 80%, 96%, and 100%)
and xylol (1h) at RT in the Leica tissue processor (Leica
Microsystems), the samples were embedded in Technovit
9100N (Heraeus-Kulzer, Friedrichsdorf, Germany). A low-
temperature (—5°C) polymerization was performed in plas-
tic vessels (Heraeus-Kulzer, Hanau, Germany). Slices of
10 um thickness were obtained from the cured specimen
blocks using an RM2155 microtome (Leica, Nussloch,
Germany). The mounted sections were deacrylated twice
for 20 min with 2-methoxyethylacetate (Merck Biomater-
ials, Darmstadt, Germany) followed by incubation for
20min in xylol twice, Smin in acetone, 10min in 80%
ethanol, and rehydration with distilled water.

Giemsa staining was used to show cell morphology and
adherence. Nuclei appear dark purple and cytoplasm appear
light pink. Slices were stained at 60°C for 30 min. The stain
was differentiated with acetic acid for 30s, followed by a
short incubation in 96% and 6 min in 100% ethanol. De-
hydration was finished with xylol, and slices were mounted
in DePex mounting medium.

Measurement of RG stability

The RG stability was calculated using two well-established
algorithms, geNorm and NormFinder software packages.
geNorm enables a ranking of suitable RGs according to their
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stability measured by the stability value M.>* The algorithm
used is the “‘average pairwise variation” of a control gene
with all other control genes in the study. The lowest M-value
corresponds to the gene with the least expression variation and
represents the most stable internal control in the experiment.

NormFinder applies a robust mathematical model that
attempts to find the optimal RG out of a group of candidate
genes.”' The model can analyze expression data obtained
through any quantitative method; for example, real-time
RT-PCR and microarray-based expression analysis. The
analysis resulted in variability values of the most stable RG
and in an optimum pair of RGs. The resulting pair might
have compensating expression, so that one gene, for ex-
ample, is slightly overexpressed in one group, but the other
gene is correspondingly lower expressed in the same group.
So, the optimum pair may not include the optimum single
gene. In contrast to geNorm, NormFinder takes information
of groupings of samples into account, such as untreated and
treated or sick and healthy.

Ct-values of all samples were entered in the respective
program, and the stability values were calculated for each
RG. The analysis was performed twice, first for Ct-values of
2D and 3D samples and second for 3D samples alone.

As a third method, the coefficient of variation (CV) was
calculated for each gene. The CV equals the standard de-
viation divided by the mean Ct-value and is expressed as a
percentage. The CV is a statistical tool for comparing the
degree of variation between genes, even if the mean values
drastically differ from each other.*’
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Statistics

Statistical data analysis was calculated using GraphPad
Prism 5.0 software (La Jolla, CA). Gene expression data were
analyzed as follows. Shapiro—-Wilk normality test was used
to test whether the values come from a Gaussian distribution.
If the values were normally distributed, unpaired #-test with
Welch’s correction was used. Nonparametric Mann—Whitney
test was applied when values were not normally distributed.
Data are presented as mean * standard deviation (SD).

Biochemical data were analyzed with two-way ANOVA
with Bonferroni post-tests. Data are presented as meanz
standard error of the mean (SEM). Statistical significance of
all data was considered if p <0.05.

Results

Cell morphology, adherence, and viability
of 2D and 3D cultured BM-MSCs

Cell morphology, adherence, and viability of BM-MSCs were
analyzed after 14 days under 2D or 3D cultivation conditions
without osteogenic supplements. Two-dimensional cultured
BM-MSC:s of all six donors showed a typical spindle-shaped cell
morphology (Fig. 1A, D, example of one donor). BM-MSCs
were able to adhere and proliferate on the HCB (Fig. 1C, E, F)
over a period of 14 days. After 14 days of cultivation, a dense
vital cellular network was formed (Fig. 1E), which partially
closed the pores of the HCBs (Fig. 1F). BM-MSCs were able to
assume the organization of a 3D structure on the HCBs.
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FIG. 2. Cycle threshold (Ct) values of n=31 reference genes in two-dimensionally and three-dimensionally cultivated
bone marrow-derived mesenchymal stromal cells (mean + standard deviation). Significance with *p <0.05, **p <0.01, and

#45p < 0.001.
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Expression levels of RGs from 2D
and 3D cultivated BM-MSCs

The expression levels of 31 known and potential RGs
from 2D and 3D cultivated BM-MSCs without osteogenic
supplements were analyzed and represented in Figure 2.
Table 2 summarizes the mean Ct-values with their standard
deviations of all RGs from both cultivation methods, including
the ACt-values. The RG with the highest expression level
of 2D and 3D cultivated BM-MSCs was the gene for mito-
chondrially encoded ATP synthase 6 (MT-ATP6) with a mean
Ct-value of 18.58£0.22 and 18.85+0.18, respectively. The
lowest gene expression was measured for the RG tyrosine
3-monooxygenase/tryptophan  5-monooxygenase activation
protein, zeta polypeptide and (YWHAZ) with a mean Ct-value
of 29.67£0.15 and 29.61£0.15 for BM-MSCs in 2D and 3D
culture, respectively. Notably, the RGs MT-ATP6, GAPDH,
phosphoglycerate kinase 1 (PGK1), growth arrest and DNA-
damage-inducible, alpha (GADD45A), TFRC, proteasome
(prosome, macropain) 26S subunit, ATPase, 4 (PSMC4), and
E74-like factor 1 (ets domain transcription factor) (ELFI)
showed significant differences in gene expression of 2D and
3D cultured BM-MSCs (Fig. 2). The largest gene expression
difference between both cultivation methods was detected for
GADD45A with a delta Ct-value of 0.71 (2D: 24.37+0.21;
3D: 25.08£0.23) followed by GAPDH with 0.5 (2D: 19.66
0.4; 3D: 19.16%£0.16). The RG candidate /PO8 showed the
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lowest gene expression difference between 2D and 3D culti-
vated BM-MSCs with a delta Ct-value of only 0.0097.
Eukaryotic translation initiation factor 2B, subunit 1 alpha,
26kDa (EIF2BI), and hypoxanthine phosphoribosyltransfer-
ase 1 (HPRTI) had the second and third lowest delta Ct-
values of 0.013 and 0.022, respectively. The gene ribosomal
protein L37a (RPL37A) was the RG with the highest standard
deviation, and thus with the greatest variation of the mean Ct-
values of 2D and 3D cultivated BM-MSCs with 18.66+0.95
and 19.12+£0.41, respectively.

Effect of 3D cultivation of BM-MSCs on the stability
of RG expression

The expression stability of the n=31 RG in BM-MSCs
was measured with geNorm and NormFinder after 14 days
of 2D and 3D cultivation (Fig. 3). The stability values were
calculated separately for the 3D cultivation data and for
combined gene expression data of 2D and 3D cultivated
BM-MSCs to provide all data depending on which experi-
mental design will be chosen from the research community.
The stability values of geNorm, NormFinder and the cal-
culation of the CV after 3D cultivation are ranked and
summarized in Table 2.

Using the algorithms of geNorm and NormFinder, we
identified TATA box binding protein (7BP), transferrin re-
ceptor (p90, CD71) (TFRC), and HPRTI as the three most

TABLE 2. CT-VALUES OF N =31 PUTATIVE REFERENCE GENES IN TwO- AND THREE-DIMENSIONALLY CULTIVATED
HuMAN BONE MARROW-DERIVED MESENCHYMAL STROMAL CELLS AFTER 14 DAYS (MEAN £ STANDARD DEVIATION)

Symbol Ct-values 2D [mean+SD] Ct-values 3D [mean+SD] ACtp_3p values [mean=*SD, 0]
ABLI1 26.22 0.20 25.98 0.32 0.23 0.016
ACTB 19.10 0.43 19.31 0.35 -0.01 0.034
B2M 19.89 0.12 19.99 0.12 0.24 0.003
CASC3 25.51 0.25 25.29 0.08 0.24 0.008
CDKNIA 23.33 0.31 23.30 0.08 -0.03 0.012
CDKNI1B 28.71 0.32 28.41 0.23 0.27 0.018
EIF2B1 25.99 0.26 25.98 0.18 -0.29 0.011
ELF1 26.59 0.28 26.31 0.17 -0.13 0.012
GADD45A 24.36 0.21 25.07 0.23 -0.74 0.011
GAPDH 19.66 0.40 19.16 0.16 0.49 0.021
GUSB 25.40 0.23 25.45 0.23 -0.10 0.012
HMBS 26.95 0.26 26.89 0.11 0.06 0.009
HPRTI1 25.98 0.15 25.96 0.07 0.07 0.003
1PO8 27.09 0.24 27.08 0.18 -0.05 0.010
MRPL19 25.67 0.26 25.64 0.18 0.08 0.011
MT-ATP6 18.58 0.22 18.85 0.18 -0.40 0.009
PES1 24.34 0.23 24.23 0.10 0.10 0.007
PGK1 21.80 0.36 21.53 0.21 0.23 0.019
POLR2A 26.71 0.30 26.63 0.21 0.06 0.015
POP4 25.57 0.35 25.70 0.26 -0.13 0.021
PPIA 20.02 0.08 20.05 0.07 -0.03 0.001
PSMC4 25.35 0.16 25.19 0.12 0.12 0.004
PUMI1 25.46 0.32 2543 0.22 -0.05 0.016
RPL30 20.36 0.25 20.27 0.18 -0.19 0.010
RPL37A 18.66 0.95 19.12 0.41 0.18 0.119
RPLPO 19.72 0.28 19.76 0.13 -0.20 0.011
RPS17 20.36 0.24 20.21 0.18 0.04 0.010
TBP 27.01 0.22 27.20 0.10 -0.16 0.006
TFRC 24.41 0.18 24.79 0.11 -0.40 0.005
UBC 21.23 0.23 21.34 0.11 0.04 0.007
YWHAZ 29.67 0.16 29.61 0.15 0.04 0.005

Ct, cycle threshold.
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FIG. 3. Gene expression stability values of putative reference genes. Calculation of reference gene stability in three-
dimensionally (top) and two- and three-dimensionally (button) cultivated bone marrow-derived mesenchymal stromal cells
using the geNorm (A, B) and NormFinder (C, D). Low stability values mean high gene expression stability.

stable RGs in 3D-cultivated BM-MSCs. HPRTI was the
most stable RG using CV calculation method followed by
CASC3 and CDNK1 with CV of 0.28%, 0.35%, and 0.37%,
respectively (Table 3). Comparing the three methods of
stability calculation, the three RGs with the highest stability,
TBP, TFRC, and HPRTI, are within the first eight ranks.
The RGs RPL37A, ACTB, and ABLI were the least stably
expressed genes in all three calculation methods. The order
of stability ranks within the 31 RGs is almost identical, on
comparing geNorm and NormFinder analysis (Table 3).
There is little difference with a maximum shift of two po-
sitions. The calculation of the CV showed more variations in
the RG order compared with geNorm and NormFinder
analysis except for the last five genes.

When the stability of RG expression of 2D and 3D cul-
tured BM-MSCs was analyzed in combination, geNorm
detected HPRTI, HMBS, and peptidylprolyl isomerase A
(cyclophilin A) (PPIA) as the three most stably expressed
RGs (Fig. 3). The NormFinder analysis revealed HPRTI,
PPIA, and mitochondrial ribosomal protein L19 (MRPL19)
as the three most stably expressed RGs when analyzing both
Ct-values of 2D and 3D cultures. Surprisingly, the two most
widely used RGs GAPDH and ACTB were among the three
least stably expressed genes in the geNorm analysis. Again,
the RG RPL37A had the lowest gene expression stability
when analyzed with geNorm and NormFinder. GADD45A

and GAPDH were the second and third least stable RGs in
the NormFinder analysis.

Effect of RG expression stability on the expression
of osteogenic target genes

Gene expression levels of the osteogenic target genes
RUNX-2, ALPL, SPP1, IBSB, and BGLAP were measured
after 14 days in 2D and 3D cultures without osteogenic
supplements. The gene expression levels were then calcu-
lated with each of the 31 RGs as an internal control, with a
combination of the three most stable RGs after analysis with
geNorm and NormFinder and with a combination of all 31
RGs (Fig. 4). The fold difference was calculated with the 2D
cultured BM-MSC:s as a control and the 3D cultivated BM-
MSCs representing the sample.

The osteogenic target genes SPPI and IBSP were gen-
erally upregulated under 3D conditions with whatever nor-
malization combination was chosen. It should be noted that
the upregulation of SPPI and IBSP was due only to the 3D
cultivation; no osteogenic supplements were used in the
culture medium. The fold difference values for SPPI ranged
from 4.7+ 1.37 to 10.71 £2.4. If normalization with all 31
RGs was performed, the fold difference was 6.48+1.04 and
for the three most stable RGs of the geNorm and Norm-
Finder normalization, the fold difference was 6.4+ 1.03 and
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TABLE 3. COMPARISON OF REFERENCE GENE EXPRESSION
STABILITY OF THREE-DIMENSIONALLY CULTIVATED BONE
MARROW-DERIVED MESENCHYMAL STROMAL CELLS
ASSESSED BY GENORM, NORMFINDER,

AND COEFFICIENT OF VARIATION

geNorm NormFinder  Coefficient
of variation
Gene Stability Stability -
symbol value M Rank value Rank %  Rank
TBP 0.0123 1 0.0027 1 037 4
TFRC 0.0124 2 0.0032 2 046 8
HPRT1 0.0125 3 0.0032 3 028 1
PPIA 0.0130 4 0.0044 6 0.38 5
CASC3 0.0130 5 0.0044 5 035 2
HMBS 0.0131 6  0.0041 4 043 7
PSMC4 0.0132 7 0.0046 7 050 9
B2M 0.0134 8 0.0047 8 062 12
UBC 0.0136 9 0.0052 10 057 11
CDKNI1A 0.0136 10  0.0048 9 037 3
PES1 0.0139 11 0.0053 11 043 6
MRPL19 0.0142 12 0.0054 12 082 17
YWHAZ 0.0142 13 0.0059 13 054 10
RPLPO 0.0144 14 0.0059 14 069 13
ELF1 0.0146 15 0.0063 15 0.70 14
1POS 0.0158 16 0.0072 16 0.71 15
EIF2B1 0.0161 17 0.0081 18 0.73 16
CDKNIB  0.0161 18 0.0075 17 0.87 19
GAPDH 0.0168 19 0.0082 19 090 20
RPS17 0.0168 20 0.0086 22 093 22
PUMI1 0.0168 21 0.0082 20 091 21
MT-ATP6 0.0171 22 0.0085 21 1.03 26
POLR2A 0.0172 23 0.0086 23 082 18
GUSB 0.0176 24 0.0092 24 096 25
RPL30 0.0178 25 0.0093 25 094 23
GADD45A 0.0184 26 0.0100 26 095 24
PGK1 0.0191 27 0.0106 27 1.04 27
POP4 0.0197 28 0.0109 28 1.09 28
ABL1 0.0227 29 0.0137 29 131 29
ACTB 0.0284 30 00181 30 192 30
RPL37A 0.0344 31 0.0227 31 228 31

Genes are ranked for gene expression stability. The three most
stable RGs are marked in bold.

6.44+1.03. The results show a clear and significant under-
estimation of the SPPI expression in the normalization with
GAPDH (fold change of 4.7+ 1.37) and a strong and highly
significant overestimation in the normalization with GAD-
D45A (fold change of 10.71 £2.4). The fold changes in the
normalization with RPL37A, TFRC, and MT-ATP6 were
also significantly higher than in the normalization with all
RGs or with the three most stable RGs of the geNorm and
NormFinder analysis.

Depending on which RG was normalized, the fold changes
of IBSP ranged from 3.17£0.78 to 7.37+1.91 after 3D cul-
tivation. The normalization with the three most stable RGs of
the geNorm and NormFinder analysis and all RGs resulted in
a fold change of 4.471+1.04, 442+1.04, and 4.44+1.05,
respectively. Again in the normalization with GAPDH, a
significant underestimation of the fold change was found
with 3.17+£0.78 compared with the normalization with all
RGs or with the three most stable ones of geNorm and
NormFinder. A significant overvaluation in gene expression
was found when normalization was performed with GAD-
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D45A (7.37£191) and TFRC (5.75£0.99) compared with
the normalization with all RGs or with the three most stable
ones of geNorm and NormFinder.

The osteogenic target genes RUNX-2 and BGLAP (Fig. 4)
were not regulated by 3D cultivation compared with 2D
cultivated BM-MSCs. Fold differences of 1.01£0.05, 1.00+
0.05, and 1.01+0.06 were measured for RUNX-2 when
normalized to all RG, geNorm, or NormFinder, respectively.
A significant (p<0.05) underestimation of RUNX-2 ex-
pression was detected when normalization with GAPDH
(0.74£0.21), ELFI (0.85£0.12), and PSMC4 (0.91+0.1)
was chosen compared with the normalization with all RGs or
with the three most stable ones of geNorm and NormFinder.
A highly significant (p<0.001) overestimation of the fold
difference was measured when normalized with GADD45A
(1.68£0.32), TFRC (1.32+0.17), and MT-ATP6 (1.24%
0.19) compared with fold differences of the normalization
with all RGs or with the three most stable ones of geNorm
and NormFinder. When RPL37A (1.44+0.38) was taken for
normalization, a significant difference of the fold change was
measured compared with the normalization with all RGs
(with p<0.01) or with the three most stable ones of geNorm
and NormFinder (with p<0.05). A significant difference
(p<0.05) of RUNX-2 expression was measured when nor-
malization was performed with TBP and B2M but only
compared with the normalization with the three most stable
RG of the geNorm analysis.

Gene expression of BGLAP was not regulated by 3D
cultivation as seen by a fold difference of 1.05%0.06,
1.04£0.06, and 1.05%£0.06 when normalized to all RGs,
geNorm, or NormFinder, respectively (Fig. 4). A significant
underestimation of the fold difference was measured for
the normalization with GAPDH (0.77%£0.2) and CASC3
(0.91£0.15) compared with the normalization with all RGs
or with the three most stable RGs of geNorm and Norm-
Finder. When normalized to ELFI (0.89+0.2) and PSMC4
(0.95+0.12), a significant underestimation of the fold differ-
ence was detected compared with the normalization with the
three most stable RGs of NormFinder and all RGs. A highly
significant (p<0.001) overestimation of the fold difference
was measured when normalized with GADD45A (1.75+0.32),
TFRC (1.38+0.17), and MT-ATP6 (1.29+0.39) compared
with fold differences of the normalization with all RGs or
with the three most stable ones of geNorm and NormFinder.
The normalization to MT-ATP6 (1.2910.39, p<0.01) and
RPL37A (1.5110.45, p<0.05) resulted in a significant higher
expression of BGLAP compared with the three other nor-
malization methods. Compared with the normalization with
geNorm, a significant overvaluation of the fold change with the
normalization of 7BP and B2M was detected.

The osteogenic target gene ALPL was downregulated by
the 3D cultivation method compared with conventional 2D
cultured BM-MSCs when normalized to all RG (0.74+0.06),
geNorm (0.73+0.06), and NormFinder (0.74 £0.06) (Fig. 4).
An overestimation of downregulation was detected for the
normalization with GAPDH with a fold change of 0.54%0.15,
p<0.01 when compared with the normalization methods
mentioned earlier. When ELFI was used as an internal con-
trol, a significant difference in the fold change of ALPL
(0.62£0.14) was measured compared with the normalization
with all RGs and the three most stable RGs of the NormFinder
analysis. When normalized to CASC3 (0.64£0.12) and
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FIG. 4. Gene expression levels of osteogenic marker genes in three-dimensionally cultivated bone marrow-derived
mesenchymal stromal cells after 14 days of cultivation. Relative fold differences of runt-related transcription factor 2
(RUNX-2), alkaline phosphatase, liver/bone/kidney (ALPL), secreted phosphoprotein 1 (SPP1), integrin-binding sialo-
protein (IBSP), and bone gamma-carboxyglutamate (gla) protein (BGLAP) were calculated using the AACt method with
two-dimensionally cultured MSCs as a control. Normalization was performed with 31 single reference genes (RGs), the
combination of the three most stable RGs from the geNorm and NormFinder analysis, and the mean of all 31 RGs (bars are
represented in dark gray). Error bars represent the standard deviation of the mean from three individual experiments in
triplicate. Significance was calculated with *p <0.05, **p<0.01, and ***p <0.001.
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FIG. 5. Activity of alkaline phosphatase in two- and three-
dimensionally cultured bone marrow-derived mesenchymal
stromal cells over a cultivation period of 21 days with and
without osteogenic supplements in culture medium (mean =+
standard deviation). Significance was calculated with 2-way
ANOVA and Bonferroni post-tests with ***p <0.001.

PSMC4 (0.67%.09), a significant overestimation of down-
regulation was detected compared with the normalization with
all RGs. A highly significant and significant overestimation of
the fold changes for ALPL was measured when normalized to
the potential RGs GADD45 (1.23+0.25, p<0.001), TFRC
(0.97£0.13, p<0.001), RPL37A (1.06£0.31, p<0.05), and
MT-ATP6 (0.91+£0.15, p<0.01 for GeNorm and NormFinder,
p<0.05 for all RG) compared with the fold differences of the
normalization with all RGs or with the three most stable ones
of geNorm and NormFinder. The normalization with
GADD45 even resulted in a seemingly upregulation of ex-
pression of the osteogenic target gene ALPL.

Effect of 3D cultivation on the level
of cell-specific ALP activity

The level of cell-specific ALP activity was measured after 1,
7, 14, and 21 days of 3D and 2D cultivation with or without
osteogenic supplements (Fig. 5). Three-dimensional cultivation
itself did not increase the ALP activity level significantly (day
14 and 21: 0.4+0.12 and 0.51 +0.09 umol pNp/30 min/1 x 10°
cells) compared with the ALP activity level in 2D cultivated
BM-MSCs (day 14 and 21: 0.31£0.02 and 0.44£0.01 pmol
pNp/30 min/1 x 10° cells). A highly significant increase of ALP
activity was detected after 7 (1.03+0.4 pmol pNp/30 min/
1x10° cells), 14 (1.8%0.18 pmol pNp/30 min/1x 10° cells),
and 21 days (2.1£0.52 pmol pNp/30min/1 x 10° cells) in 3D
culture with the osteogenic supplements in the medium com-
pared with all other culture conditions. On day 21, we could
measure a significant increase of the ALP activity level in 2D
osteogenically stimulated BM-MSCs (1.2610.07 pmol pNp/
30min/1 x 10° cells) compared with 2D BM-MSCs without
osteogenic supplements (0.44+0.01 pmol pNp/30 min/1 x 10°
cells).

Discussion

The principles of TE are widely used for the concepts of
complex tissue regeneration.® Aiming at musculoskeletal
repair, the cultivation of autologous human MSCs on 3D
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matrices is a basic prerequisite.’ Fluorescence-based gPCR
is the most commonly used molecular technology for the
quantification of gene expression.?’ To obtain consistent and
biologically relevant gene expression data, the use of stable
RGs is absolutely essential. Numerous candidate RGs have
been reported for a wide variety of human cell lines and
primary cells under different experimental conditions, but
almost exclusively under standard 2D cultivation. However,
analysis of RGs for the 3D culture of human BM-MSCs
frequently used in the field of TE research has remained
insufficient.

In this study, we compared gene expression stability of
n=31 putative RGs from 3D cultivated human BM-MSCs
of six different donors compared with the conventional 2D
cultivation using qRT-PCR. Since no standardized method
for the selection of the most stable RGs exists, we analyzed
gene expression data with the two well-established algo-
rithms geNorm and NormFinder. In addition, we calculated
the CV by comparing the degree of variation between genes.
TBP, TFRC, and HPRT1 were identified as the three most
stable RGs for the 3D culture of human BM-MSCs. In line
with our results, Foldager et al. found that TBP was the RG
with the highest expression stability in 3D cultivated human
chondrocytes.?” In a study on human adipose-derived stem
cells during hypoxic culture, osteogenic and chondrogenic
differentiation, Fink et al. identified TBP being among the
most stable RGs.”® The present data are in line with an
earlier study of Kulkarni et al., in which TBP and HPRTI
were determined to be the most stable RGs in human cornea
(46). Recently, we identified TBP as the most stable RG in a
study of 13 patients with idiopathic hip osteoarthritis com-
pared with 15 age-matched healthy donors.*’

The transferrin receptor (p90, CD71) encoded by the
TFRC gene is required for iron delivery from transferrin to
cells. Higher expression of TFRC has been identified as a
negative prognostic marker for numerous tumor types and
lymphomas.”® Majidzadeh et al. verified TFRC and ACTB as
the best combination of RGs analyzing tissue of human
breast cancer patients.39 In contrast, Cabiati et al. identified
TFRC as the least stable RG among ten candidates in car-
diac and pulmonary tissues of obese and hyperglycemic
rats.** The contrary results of TFRC gene expression sta-
bility depending on which species and tissue was analyzed
show the importance of verifying the stability of internal
control genes for each experimental setup. We do not rec-
ommend using TFRC as a RG for the combined analysis of
2D and 3D cultivated BM-MSCs, as the gene expres-
sion was significantly upregulated for BM-MSCs cultivated
under 2D conditions. Furthermore, the stability values of
TFRC were rather high using geNorm and NormFinder
analyses of the combined 3D/2D dataset that correspond to
low gene expression stability.

Using the CV for calculation of expression stability, we
identified HPRT1, CASC3, and CDKNIA as the most stable
RGs. When analyzing the combined gene expression data of
2D and 3D cultivated BM-MSCs by geNorm, we found that
HPRTI, HMBS, and PPIA; and in NormFinder analysis,
HPRTI, PPIA, and MRPLI9 were the three most stable RGs.
The present results demonstrate that regardless of the analysis
method, cultivation method, or data set (3D or 2D+ 3D) used,
HPRTI was one of the most stable RGs (3D, combined 2D/
3D). These findings are consistent with a study of Amable
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et al., who showed that HPRTI was the RG with the highest
stability in human bone marrow-derived MSCs and dermal
fibroblasts under different expansion and differentiation
conditions.*' PPIA gene encoding for the PPIA is responsible
for protein folding processes and was identified as the second
and third most stable RG in the combined analysis of 2D and
3D cultured BM-MSCs. In line with our findings, Rienzo
et al. determined PPIA as an appropriate internal RG in en-
dothelial and osteosarcoma cells for tumor neovascularization
studies.** Accordingly, Sorby er al. identified HPRTI and
PPIA to be suitable for normalizing gene expression data in
metastatic and nonmetastatic colon cancer patients.*’ The
usefulness of PPIA as a RG has also been validated in other
studies.*** In a 3D hydrogel cell culture system with algi-
nate and porcine MSCs, PPIA and TBP were selected as the
most stable RGs according to geNorm, Bestkeeper, and
NormFinder analysis.*®

Commonly used RGs, for example, GAPDH, ACTB, and
18sRNA, are frequently used for gene expression studies but
are often less stable under certain experimental condi-
tions.?®>%47! In our study, all three analyzing methods,
geNorm, NormFinder, and CV, identified ABLI, ACTB, and
RPL37A as the three least stable RGs in 3D cultivated
BM-MSCs. In the combined analysis of 2D and 3D culti-
vated BM-MSCs, the well-established RGs GAPDH and
ACTB and the gene encoding for the ribosomal protein
RPL37A were among the three least stable RGs when ana-
lyzed by geNorm algorithm. In a subset of human ovarian
cancer cell lines, the most frequently used GAPDH was
among the least stably expressed RGs.”? De Jonge et al.
demonstrated that none of the commonly used RGs (ACTB,
GAPDH, HPRTI, and B2M) were among the top 50 most
stable RGs after a meta-analysis of 13,629 human gene ar-
rays.26 In addition, Liu et al. showed that ACTB was the
least stable RG in MSCs under dynamic hydrostatic pressure
and postulated that cell deformation is expected to perturb
the cytoskeleton.”® Wang er al. found that YWHAZ and
RPLI3A, not ACTB or GAPDH, were the most stably ex-
pressed RGs in different passages of human umbilical cord
mesenchymal stem cells.”’ The low gene expression sta-
bility of GAPDH and ACTB is consistent with our findings,
where the 3D cultivation of BM-MSCs resulted in a sig-
nificantly higher gene expression of GAPDH compared with
2D and influenced the expression stability of structural gene
ACTB being the second least stable RG in the analysis.
Sturzenbaum and Kille postulated that the use of ACTB is
principally not advisable in situations where tissues undergo
extensive morphological changes.”® The ribosomal gene
RPL37A was revealed as the least stable one under 3D
conditions, regardless of which analysis program was used.
In contrast to our results, Maess et al. identified RPL37A as
the most stable RG when measuring gene expression during
THP-1 monocyte differentiation.” In our analysis, the RG
ABLI, a homologue of the transforming gene of the Abelson
murine leukemia virus and a proto-oncogene, was among
the three least stable RGs. Interestingly, this result is con-
sistent with the findings of Kolkova et al., where ABLI
turned out to be the least stable gene found by NormFinder
analysis in human ovarian tumor tissue.”®

The combined analysis of 2D and 3D cultivated BM-
MSCs with NormFinder again determined not only GAPDH,
but also GADD45A and RPL37A as the least stable RGs. In
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contrast, the DNA-damage-inducible gene GADD45A was
identified as the most stable RG in a previous investigation
of our group in osteogenically induced BM-MSCs (32).
Since the gene expression of GADD45A was significantly
downregulated in 3D culture of BM-MSCs in comparison
to 2D, we do not recommend the use of GADD45A as an
internal control for gene expression analysis. Our results
show that there is no gold standard RG which can be widely
used for qRT-PCR normalization in human BM-MSC
experiments.

The choice of stable RGs is crucial for the correct inter-
pretation of target gene expression obtained by qRT-PCR.
This was shown by several studies when normalizing gene
expression data by substituting different RGs, which re-
sulted in distinct transcript variation.®"***7->° When eval-
uating the osteogenic response of 3D cultivated BM-MSCs
on cancellous bone compared with 2D by measuring the
gene expression of the osteogenic target genes RUNX-2,
ALPL, SPPI, IBSP, and BGLAP, we detected significant
over- and underestimation of the fold change values when
analyzing with less stable RGs, for example, GAPDH,
GADD45A, and RPL37A. As proposed by Vandesompele
et al., the use of multiple RGs enables a more accurate
normalization of gene expression data.* In addition, Jacob
et al. recommended the use of ideally three RGs selected by
at least three stability algorithms.’” To analyze the target
gene expression levels in our study, we choose a combina-
tion of the three most stable RGs according to NormFinder
and geNorm analyses or a combination of all 31 RGs. The
fold changes of the osteogenic target gene SPP1, also known
as osteopontin, being responsible for extracellular matrix
binding, ranged from 4.7 when normalized to GAPDH to
10.7 when GADD45A was used as an internal control. The
normalization with the three most stable RG from the
geNorm and NormFinder analyses resulted in a fold change
of 6.4 for SPPI. This clearly shows the huge impact of
choosing an accurate RG and the risk of over- or underes-
timation of target gene expression differences when using
less stable RGs. The target genes RUNX-2, ALPL, SPPI,
and BGLAP showed significant differences in fold change
values when analyzed using GAPDH, GADD45A, TFRC,
RPL37A, and MT-ATP6 as RGs compared with the analysis
with the three most stable RGs from the geNorm and
NormFinder analysis or with all 31 RGs. While the gene
expression level of GAPDH was significantly increased by
the 3D cultivation of BM-MSCs, the levels of GADD45A,
TFRC, and MT-ATP6 were significantly decreased com-
pared with 2D BM-MSCs.

The induction of the differentiation toward the osteogenic
lineage shown by an increase of SPP/ and IBSP gene ex-
pression levels by six and four-fold differences, respectively,
was only induced by the 3D cultivation of BM-MSCs. No
osteogenic supplements were used for cultivation. The os-
teogenic target genes RUNX-2 and BGLAP were not regu-
lated, which may be due to the time point of analyses (14
days), as RUNX-2 is an early marker and BGLAP is a late
marker of osteoblastic differentiation.®” The upregulation of
SPP] gene expression was shown earlier by our group,
where BM-MSCs were cultivated on the same matrices and
gene expression was measured by microarray and qRT-PCR
technology.®' The results are in line with a recent study of
Kabiri et al., who observed upregulated BMP-2 expression
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levels in BM-MSCs cultured as 3D-microaggregates when
compared with 2D-monolayer enhancing osteogenic differ-
entiation.®® Neither the 3D environment influenced the gene
expression level of the osteogenic target gene ALPL, nor did
we detect an increase of the corresponding protein activity.
ALP activity levels were only significantly enhanced by the
use of osteogenic supplements under 2D conditions on day
21 but already elevated after 7 days in combination with 3D
culture increasing over the course of time (14, 21 days).

In a genome-wide gene expression analysis of cancer
cells, Zschenker and co-authors observed significant changes
in gene expression profiles of 3D as compared with 2D cell
culture conditions in extracellular matrix genes.®®> Notably,
next to the 3D cultivation method itself, RG expression can
be additionally dependent on the scaffold biomaterial. This
was shown by Chooi et al., who investigated the stability of
RGs in rabbit chondrocytes cultured on alginate versus
agarose matrices.*® Interestingly, they identified the same
RGs, that is, TBP and HPRT1, as the most stable ones using
a 3D agarose matrix as was shown in this study using HCB
as a scaffold. On alginate scaffolds 7BP, RPL5, and RPLIS
were selected as the most stable RGs. In addition to the 3D
environment, the stiffness of the substrate can have an im-
pact on RG expression. In a study investigating the effect of
subendothelial matrix stiffening on endothelial cell function,
Chen et al. found that B2M, HPRTI, and YWHAZ are a
set of stably expressed RGs. The authors do not recommend
the use of GAPDH and ACTB due to their low expression
stabilities.**

Taken together, testing the stability of RG candidates is
crucial for each experimental setup and should be performed
before the analysis of gene expression data. The choice of
unfavorable, less stable RGs will create biased results, based
on misleading fold differences and can lead to misinter-
pretation of research results.

Conclusions

In conclusion, 3D cultivation has a strong influence on the
gene expression of several candidate RGs in human BM-
MSCs. Our results suggest the combined use of TBP, TFRC,
and HPRTI for the normalization of gene expression data
from 3D cultivated human BM-MSCs. For a combined
analysis of 2D and 3D cultivated BM-MSCs, HPRT1, HVBS,
and PPIA were the most stable RGs. In contrast, the com-
monly used RGs ACTB, GAPDH as well as ABLI and
RPL37A proved disadvantageous in our setting and would
lead to a misinterpretation of gene expression data. Further-
more, we found that the osteogenic target genes SPPI and
IBSP were upregulated by a 3D environment compared with
2D cultivation of BM-MSCs without the use of osteogenic
medium supplements. In summary, it is essential to test RG
expression stability to control for RG-based errors in gene
expression analysis depending on the experimental setting.
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