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Abstract: Mesenchymal stem cells (MSCs) are multipotent adult stem cells with great potential in
regenerative medicine. One method for stimulating proliferation and differentiation of MSCs is via
electrical stimulation (ES). A valuable approach for evaluating the response of MSCs to ES is to assess
changes in gene expression, relative to one or more reference genes. In a survey of 25 publications
that used ES on cells, 70% selected GAPDH as the reference gene. We conducted a study to assess
the suitability of six potential reference genes on an immortalized human MSC line following direct
current ES at seeding densities of 5000 and 10,000 cells/cm2. We employed three methods to validate
the most stable reference genes from qRT-PCR data. Our findings show that GAPDH and ACTB
exhibit reduced stability when seeded at 5000 cell/cm2. In contrast, we found that the most stable
genes across both plating densities and stimulation regimes were PPIA and YWHAZ. Thus, in ES
gene expression studies in MSCs, we support the use of PPIA and YWHAZ as an optimal reference
gene pair, and discourage the use of ACTB and GAPDH at lower seeding densities. However, it
is strongly recommended that similar verification studies are carried out based on cell type and
different ES conditions.

Keywords: reference genes; housekeeping genes; electrical stimulation; mesenchymal stem cells;
reverse transcription-PCR; gene expression

1. Introduction

In the field of regenerative medicine, changes in gene expression are often studied
to provide evidence that stem cells are undergoing the process of differentiation. Of the
techniques used to gather these data, one of the most common is real-time quantitative
reverse transcription polymerase chain reaction, qRT-PCR [1]. Analysis of qRT-PCR data
using the ∆∆CT method requires a comparison to be made between the detection level of
a gene of interest relative to one or more reference genes, also commonly referred to as
housekeeping genes, that remain stable during the experimental procedure [2].

Mesenchymal stem cells (MSCs) are of particular interest to the research community
due to their immunomodulatory characteristics and their multipotency, which enables
differentiation down osteogenic, chondrogenic, adipogenic, and neurogenic lineages [3,4].
Despite the evident potential of MSCs, there are still many hurdles to overcome before
their effective use in patients. One main issue is that on implantation, cells often migrate
away from the repair site, and therefore efficient integration with the target tissue or organ
proves problematic [5]. A promising method for solving this could be the application of
electrical stimulation (ES) to cells in vitro or in vivo, which has been shown to stimulate
cell proliferation [6–9], initiate cell migration [10–13] and accelerate differentiation [14–17].
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These benefits could help solve the issues faced in the translation of stem cell therapies.
In addition, the relative low cost of using an electric signal for differentiation as opposed
to expensive growth factors could pave the way for a more rapid, reproducible, and
cost-effective method for rendering cell therapies available to all.

An accurate, rapid and convenient method for assessing the effect of ES on MSCs is to
investigate changes in gene expression, including differentiation marker genes, through
qRT-PCR [1]. However, such analyses require the identification and use of one or more
reference genes that do not change following ES. Some studies have been published on the
ideal reference genes for equine and porcine MSCs in growth conditions and multilineage
differentiation [2,18], bone marrow and umbilical cord-derived human MSCs in long-term
culture [19], adipose-derived MSCs [20], and in MSCs undergoing osteogenic differenti-
ation [21], and tenogenic differentiation [22]. However, there has been no reference gene
study published explicitly for MSCs following ES. Thus, our aim was to identify one or
more reference genes that can be confidently used for gene expression studies on electrically
stimulated human MSCs.

2. Materials and Methods
2.1. Cell Culture

An immortalized human MSC line, Y201, gifted by Dr. Stephen Richardson, was
used [23]. The passage number of cells on seeding in these experiments was P85. Cells were
grown in Dulbecco’s Modified Eagle’s Medium with 1000 mg/L glucose, L-glutamine, and
sodium bicarbonate (Sigma Aldrich, Gillingham, UK), supplemented with 10% fetal bovine
serum (Sigma Aldrich, Gillingham, UK) and 1% penicillin/streptomycin (ThermoFisher,
Paisley, UK). Primary bone-marrow human MSCs were purchased from Lonza, Batch
No. 19TL029340 and lot no. PT-2501. Cells at Passage 5 were expanded at a density of
10,000 cells/cm2 and cultured for 7 days prior to 4 days of ES (100 mV/mm). The growth
medium used was Dulbecco’s Modified Eagle’s Medium with 4500 mg/L glucose, L-
glutamine, without sodium pyruvate (Sigma Aldrich, Gillingham, UK), supplemented with
10% fetal bovine serum (Sigma Aldrich, Gillingham, UK) and 1% penicillin/streptomycin
(ThermoFisher, Paisley, UK).

In this experiment, cells were seeded into a CellStar 6-well plate (Sigma Aldrich,
Gillingham, UK) 72 h prior to the first application of ES. A volume of 3 mL of medium was
pipetted into each well, and was changed one day post-seeding, then every 3 days thereafter.

Cells were incubated at 37 ◦C, 5% CO2, and normoxic conditions. Cells were seeded
at a density of 5000 cells/cm2 or 10,000 cells/cm2.

2.2. Direct Current ES

An electric field of 100 mV/mm was applied to the cells in a 6-well plate through
2 × 0.5 mm 99.95% L-shaped platinum wire (Alfa Aesar, ThermoFisher, Paisley, UK) elec-
trodes using a ‘9130′ programmable direct current (DC) power supply (BK Precision) [16].
Electrodes were attached to the lid of a CellStar 6-well treated culture plate Sigma Aldrich,
Gillingham, UK), with each well connected in parallel using jumper cables. Between uses,
any protein build-up on electrodes was removed by applying a reverse voltage for 5 min in
3 mL of PBS. Prior to use, the ES device was sanitized with 70% ethanol, and UV-irradiated
for 15 min. The cells were stimulated for 30 min or 60 min per day (m/d) for a period
of 5 days.

2.3. RNA Extraction and Quantitation

The stimulated cells underwent 30 or 60 m/d of ES over 5 days; RNA was extracted
from the cells immediately after the last period of ES on day 5. The RNEasy Mini Kit (Qia-
gen, Manchester, UK) was used as per the manufacturer’s instructions for cells cultured in
2D. The quantity of RNA was determined using the Qubit RNA Broad Range Assay Kit and
the Qubit fluorometer (ThermoFisher, Paisley, UK). The purity of the RNA was validated
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by the Nanodrop One machine (ThermoFisher, Paisley, UK), as per the A260/280 ratio. The
acceptable RNA purity value was taken to be ≥2.

2.4. Quantitative Reverse Transcription Polymerase Chain Reaction (qRT-PCR)

Gene expression data were generated using qRT-PCR. RNA was reverse transcribed
to c-DNA using the High-Capacity RNA-to-cDNA Kit (ThermoFisher). Conversion was
assumed to be 100%. The concentration of cDNA was diluted to 2 ng/µL. On each plate, the
unstimulated controls had n = 2, and there was n = 3 for the electrically stimulated samples.

For qRT-PCR, each well of a 96-well PCR plate was loaded with 10 µL of SYBRTM

Green Master Mix (ThermoFisher, Paisley, UK), 2 µL of primer mix (0.2 µL of forward and
reverse primer, 1.6 µL of RNAse-free water), 3 µL of RNAse-free water and 5 µL of cDNA.
The primer stock concentration was 100µM. The qRT-PCR analysis was performed on a
StepOne Plus instrument (ThermoFisher, Paisley, UK), and subsequently the ∆∆CT method
was used to calculate the fold changes.

PPIA and YWHAZ sequences were obtained from [19], and 18S, B2M, GAPDH, and
ACTB were designed in-house.

The mRNA sequences were obtained from the NCBI nucleotide database (https://
www.ncbi.nlm.nih.gov/nucleotide/, accessed on 20 November 2021) and were selected
as such to have a melting temperature of 60 ◦C and minimal primer dimer or hairpin
loop formation. For genes with one variant, the above-mentioned database was consulted
for an appropriate primer pair. For more complex genes with more than one variant,
Primer 3 (https://primer3.ut.ee, accessed 20 November 2021) was used. In addition, B2M,
GAPDH and ACTB primers were designed to amplify a product spanning an intronic
region and with at least one primer binding across the boundary of two exons. However,
18S is expressed from a single exon, so it was not possible in this case. Where multiple
transcript variants are known to exist, primers were design to detect all, or as many variants
as possible. All primers were checked for specificity using the NCBI Primer Designing Tool
(https://www.ncbi.nlm.nih.gov/tools/primer-blast/, accessed 20 November 2021). The
sequences for the primers used are shown in Table 1.

Table 1. Forward and reverse sequences for the 6 primers used to identify the potential
reference genes.

Gene Name Forward Sequence Reverse Sequence
No. of Transcript
Variants Detected,

(Total)

Peptidylprolyl isomerase A (PPIA) TGCTGGACCCAACACAAATG AACACCACATGCTTGCCATC 2, (2)

Tyrosine 3-monooxygenase/tryptophan
5-monooxygenase activation protein, zeta

(YWHAZ)
CGAAGCTGAAGCAGGAGAAG TTTGTGGGACAGCATGGATG 6, (6)

18S ribosomal RNA (18S) CTCAACACGGGAAACCTCAC CGCTCCACCAACTAAGAACG 1, (1)

Beta-2-microglobulin
(B2M) TGGGTTTCATCCATCCGACA GCTTACATGTCTCGATCCCACT 1, (1)

Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) AAGGTCGGAGTCAACGGATT CTCCTGGAAGATGGTGATGG 5, (6)

Beta-Actin
(ACTB) CACAGAGCCTCGCCTTTGC CCATCACGCCCTGGTGC 1, (1)

2.5. Metabolic Activity

The stimulated cells underwent 30 or 60 m/d of ES over 5 days. The cellular metabolic
activity was measured on day 5, prior to the final ES period, using the Deep Blue Cell
Viability Kit (BioLegend, London, UK). A volume of 1 mL of the solution administered
to each well was constituted of 10% of the ‘Deep Blue’ resazurin solution, and 90% of cell
media. The incubation period was 1 h, after which the fluorescence intensity of 200 µL of
supernatant was measured at excitation wavelength of 544 nm and an emission wavelength
of 590 nm on a plate reader (FLUOstar® OPTIMA, BMG LabTech, Ortenberg, Germany).

https://www.ncbi.nlm.nih.gov/nucleotide/
https://www.ncbi.nlm.nih.gov/nucleotide/
https://primer3.ut.ee
https://www.ncbi.nlm.nih.gov/tools/primer-blast/
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2.6. Primer Amplification Efficiency

The primer amplification efficiency (E) was calculated using the following equation:

E (%) = (10−1/m − 1)× 100

where m is the slope of the standard curve for which CT value (y-axis) is plotted against
log10 of the cDNA mass in ng. The standard curve parameters were calculated by linear
regression in GraphPad Prism software.

2.7. Data Analysis

NormFinder v0.953 was downloaded from the following website: https://moma.dk/
normfinder-software (accessed on 18 November 2021) and was run through Visual Basic for
Applications (VBA) for Microsoft Excel [24]. The ∆∆CT method was used to calculate the
fold changes for each gene (Gene 1) versus the gene determined by NormFinder to be the
most stable for each seeding density (Gene 2) across unstimulated control and ES groups.

The series of equations used were as follows:

∆CT = CT, Gene 1 − CT, Gene 2

∆∆CT = ∆CT − Control ∆CT, average

Fold change = 2−∆∆CT

The BestKeeper software was downloaded from the following website: https://www.
gene-quantification.de/bestkeeper.html, (accessed on 18 November 2021) and was also run
on VBA on Microsoft Excel [25].

In the ∆∆CT method results, fold changes for each gene were statistically analyzed
using the unpaired t-test, without adjustment for multiple comparisons. Where the control
was compared with 30 and 60 m/d of ES, a two-way ANOVA was used Tukey’s multiple
comparisons test. The metabolic activity assay was also analyzed by a two-way ANOVA.

3. Results
3.1. Primers Are Effective and Selective for Their Respective Genes

A survey was undertaken of 25 published journal articles showing gene expression
data in electrically stimulated cells, and 70% of these used GAPDH as the reference gene,
with the second most popular (12%) being ACTB (Supplementary Table S1). In addition to
these two genes, we also chose to include in our study, 18S, B2M, PPIA and YWHAZ as
additional potential candidate reference genes [19,26].

Firstly, we wanted to verify if the primers used for each gene (Table 1) were effective
over a range of cDNA concentrations, and that the PCR products were therefore unique
and specific. This was achieved by plotting the standard curves for the 6 reference genes,
(Figure 1). The values from the linear regression of these standard curves were used to
calculate the primer efficiencies (Table 2). The efficiency values for each of the primers in
this study fall between 93.25% and 106.10%, indicating a satisfactory level of amplification
with individual gradients between −3.2 and −3.5 (Table 2). We studied the melt curves
derived from the StepOne software v.2.3 in order to check that the PCR products were
in fact a single double-stranded DNA product. The melt curves confirmed this with the
presentation of a single solitary peak, indicating the amplification of a single product for
each gene (Supplementary Figure S1).

https://moma.dk/normfinder-software
https://moma.dk/normfinder-software
https://www.gene-quantification.de/bestkeeper.html
https://www.gene-quantification.de/bestkeeper.html
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Table 2. Standard curve parameters and primer efficiencies of each potential reference gene.

Gene
Name Reference Product

Length
Slope Efficiency

(%) y-Intercept R2

Value

PPIA NM_001300981.2 81 −3.184 106.10 27.07 0.999

YWHAZ NM_001135699.2 110 −3.250 103.09 26.45 0.999

18S
Universal Probe

Library, 18S
probe 77

114 −3.184 106.10 15.67 0.999

B2M NM_004048.4 219 −3.311 100.46 26.69 0.997

GAPDH NM_001357943.2 171 −3.367 98.15 26.54 0.998

ACTB NM_001101.5 189 −3.495 93.25 27.72 0.999

3.2. Cells Remain Viable under ES

The immortalized human Y201 MSC line was selected for use in this study. We next
chose to examine whether the ES regimes we decided to use on the MSCs were cytotoxic.
The cellular metabolic activity was measured on day 5, prior to the final period of ES, Thus,
we assessed the effect of both 30 and 60 min per day (m/d) of ES on cell viability at two
seeding densities based on measurements of the cells’ metabolic activity (Figure 2). There
was no statistical significance seen between the electrically stimulated cells and the control
cells in the 5000 cells/cm2 group; however, at 10,000 cells/cm2, 60 m/d of ES incited a
significant increase in the metabolic activity. This effect could be due to oxidative stress
resulting from the over-confluence observed in the 10,000 cells/cm2 group. This chosen
seeding density proved to be excessive due to the highly proliferative nature of the Y201
cell line we used for these experiments. Importantly, there were no decreases in metabolic
activity that would have been indicative of cell death, and therefore ES cytotoxicity.

3.3. The Effect of the Duration of ES on Reference Gene Activity

Part of this study was to determine if increasing the duration of the ES over five daily
applications had an effect on the expression of the six potential reference genes in our study.
The ∆∆CT method was used to calculate the fold changes, for which a “gold standard”
reference gene should remain as close as possible to 1.0 under all experimental conditions
versus the unstimulated control cells and another reference gene. Finding a reference gene
pair is particularly advantageous as this corrects for any inaccurate RNA quantification
steps and for differences in the efficiency of the reverse transcription process. Furthermore,
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it was necessary to assess if the fold changes after 60 m/d of ES were statistically different
from that of the 30 m/d group or the control group. The fold changes of PPIA, 18S, and
GAPDH were normalized to YWHAZ in unstimulated cells or in cells exposed to both
durations of ES (Figure 3). The increases observed in 18S after 30 and 60 m/d were not
significant, nor was the rise in expression of GAPDH after 60 m/d. For all three of the
reference genes tested, there were no significant differences in expression between the
ES durations of 30 m/d and 60 m/d. The clear similarity observed in response for both
the 30 m/d and 60 m/d groups provided the rationale to continue focusing solely on the
expression changes in cells stimulated for 60 m/d. It was also assumed that a reference
gene exhibiting stable, consistent expression after 60 m/d of ES would be likely to also
remain stable under a shorter period of ES of the same electric field strength.
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3.4. NormFinder Results

To prevent bias and to gain a more detailed analysis of the CT values, we used
the NormFinder software v0.953. Stability values for each gene are determined via an
algorithm. The lower the stability value, the higher the relative stability of the gene. The
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NormFinder results are presented for cells stimulated for 60 m/d at each seeding density
in Figure 4. The results show that PPIA is the most stable gene for the 5000 cells/cm2 group
and ACTB is the least stable at this seeding density (Figure 4a). For the cells seeded at
10,000 cells/cm2, YWHAZ was found to be the most stable, and ACTB was again the least
stable (Figure 4b). GAPDH was ranked as the second most stable gene in both seeding
density groups (Figure 4a,b).
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Figure 4. The NormFinder stability value results for the most stable gene across both unstimulated
control cells and cells stimulated for 60 min per day. A separate NormFinder analysis was performed
for cells seeded at (a) 5000 cells/cm2, and (b) 10,000 cells/cm2.

Interestingly, the stability of the genes studied increased consistently with increas-
ing seeding density. As would be expected, this would imply that cells seeded at the
lower density are more greatly affected by the ES potentially due to their heightened
levels of exposure.

3.5. ∆∆CT Method Results

The ∆∆CT method calculates the fold change of a gene of interest versus a reference
gene. Crucially, it is the only way to interpret qRT-PCR data from the raw threshold cycle
(CT) values. This is why we considered it important to validate the reference genes using
the same method, as this would be used when analysing if a gene of interest was changing
under ES conditions. The fold changes for the reference genes were plotted versus the gene
determined to be the most stable by NormFinder for each of the seeding densities using
the ∆∆CT method (Figure 5).

The ∆∆CT results showed a significant increase in GAPDH expression while ACTB
also exhibited an upwards trend in expression, relative to PPIA at 5000 cells/cm2 (Figure 5a).
The p-value for ACTB was 0.06, therefore it was close to being significant, but failed to
reach significance possibly because of the relatively large standard deviation in the values.

In contrast, YWHAZ, 18S, and B2M did not show any significant differences in
the ES groups versus PPIA and the control cells (Figure 5a). At the seeding density
of 10,000 cells/cm2, the expression of none of the potential reference genes were signif-
icantly altered following ES (Figure 5b). However, the most consistent pair were PPIA
and YWHAZ, with an average fold change in the ES group of 1.08 and 0.90 respectively
(Figure 5a,b).

Our results suggest that GAPDH may be a poor choice for a reference gene at seeding
densities below 10,000 cells/cm2. The significant increase noted in GAPDH contradicts the
NormFinder results, which placed GAPDH as the second most stable gene consistently at
both seeding densities. This highlights the importance of using more than one method to
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determine reference gene stability. The selection of a poor reference gene could easily mask
a significant upregulation of a gene of interest.
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(Control) and cells stimulated for 60 min per day (+ES). Expression is normalized to the control and
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* p < 0.05 versus control of the same gene. Each gene was analyzed separately using an unpaired
T-test; N = 2 for control, N = 3 for +ES group.

Despite the lack of significance, ACTB may also not be an appropriate reference gene
for studies involving ES due to its observed increase in expression and high variability at
5000 cells/cm2. It is important to recognise that this study only focused on an electric field
strength of 100 mV/mm and a direct current set-up in a 2D culture environment. Within
the system, there are many variables at play which all could influence the reference gene
activity. Based on this precise experimental set-up, ACTB and GAPDH will be avoided in
future, especially at lower seeding densities. In contrast, PPIA and YWHAZ would appear
to be a stable pair regardless of the number of cells seeded prior to ES.

3.6. BestKeeper Results

In the literature, studies on the most suitable reference genes employ multiple plat-
forms to compare the findings and ultimately verify their conclusions. We, therefore,
decided to also input our raw CT values into BestKeeper [25]. The Pearson’s correlation
coefficient (r) value results generated by BestKeeper were studied, and are shown in Table 3.
Each potential gene pair has been ranked in order of the highest average r value over both
seeding densities. As an r value of one illustrates a highly positive linear correlation, PPIA
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and YWHAZ constituted the gene pair with the strongest relationship, and also demon-
strated the most consistent pairing with the lowest standard deviation. ACTB consistently
appeared in the lowest ranked gene pairings, with the lowest average r values and the
highest standard deviations. Next, four out of the possible five pairings including GAPDH
were ranked sequentially in the middle of the dataset. However, these r values were still
indicative of a strongly positive correlation between the pairs and had a low standard
deviation across the seeding densities.

Table 3. Pearson’s correlation coefficient (r) values for each potential reference gene pair as deter-
mined by BestKeeper.

Pearson’s Correlation
Coefficient (r)

Reference
Gene Pair

Seeding Density (Cells/cm2)
Average Standard Deviation

5000 10,000

PPIA:YWHAZ 0.979 0.994 0.987 0.0106

PPIA:B2M 0.990 0.942 0.966 0.0339

YWHAZ:18S 0.981 0.912 0.947 0.0488

PPIA:GAPDH 0.932 0.957 0.945 0.0177

YWHAZ:B2M 0.971 0.914 0.943 0.0403

PPIA:18S 0.957 0.875 0.916 0.0580

YWHAZ:GAPDH 0.842 0.961 0.902 0.0841

B2M:GAPDH 0.923 0.822 0.873 0.0714

18S:GAPDH 0.801 0.956 0.879 0.1096

18S:B2M 0.930 0.68 0.805 0.1768

GAPDH:ACTB 0.231 0.958 0.595 0.5141

PPIA:ACTB −0.111 0.883 0.386 0.7029

B2M:ACTB −0.110 0.723 0.307 0.5890

YWHAZ:ACTB −0.271 0.869 0.299 0.8061

18S:ACTB −0.363 0.880 0.259 0.8789

An r value above 0.9 would still be determined to be a highly positive correlation,
and would indicate that PPIA and GAPDH would make a suitable reference gene pair;
however, the significant increases in GAPDH as shown by the ∆∆CT show the innate
value in using multiple methods to gain a full and accurate picture of the reference
gene expression. The in-depth descriptive statistics of each data set can be found in
Supplementary Tables S2 and S3.

3.7. PPIA and YWHAZ Expression in Primary Human MSCs

As previously mentioned in Results Section 3.2, an immortalized human MSC line
was used in this study. A question we posed was if the findings were also consistent in
primary human MSCs, that still retain replicative senescence and are of a different donor.
Therefore, we assessed the expression of YWHAZ versus PPIA in primary human bone
marrow-derived MSCs (Figure 6). We found no change in the gene expression after 30 or
60 m/d of ES; therefore, YWHAZ and PPIA were also stable with increasing duration of ES
in primary MSCs as well as the Y201 MSC line. This shows that the human immortalized
cells used in this study are a highly relevant MSC line, with transferrable results.
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4. Discussion

In general, most gene expression studies use only one reference gene, rather than a
pair of reference genes (Supplementary Table S1). Using pairs of reference genes is the gold
standard because any inaccuracies in the relative concentrations of cDNA can be adjusted
for in further analysis. Not only is RNA quantification often prone to error, but also the
RNA-to-cDNA reverse transcription efficiency can be variable between samples. In addi-
tion, there is evidence that the efficiency of reverse transcription may be gene dependent
as well [27]. Interestingly, our work has highlighted that ACTB may be problematic in
showing high variability between replicates, possibly due to variability in its ability to be
reverse transcribed. The input concentration of cDNA is calculated by assuming a ‘perfect’
reverse transcription efficiency of 100% for all genes [27]; however, the actual efficiency is
unknown and will differ, as already mentioned, between genes and between samples.

Knowing therefore that two reference genes are strongly correlated, and using them
both as a baseline, gives further confidence that any differences assessed between the
reference genes and the genes of interest will be genuine. It is proposed that the CT values
of PPIA and YWHAZ be averaged and then compared with that of a gene of interest. A
further advantage of using a pair of reference genes is the ability to quickly identify a
scenario in which either gene does change. A similar analysis, as carried out in this study,
could then be conducted to find a new, more suitable pair.

Many other published reference or ‘housekeeping’ gene articles use BestKeeper,
NormFinder, and also GeNorm [2,19,22]. It is acknowledged that a further platform could
add greater accuracy in the determination of the most stable reference genes; however, this
was achieved using the ∆∆CT method and stable genes were still able to be confidently
identified. Furthermore, it has previously been shown that evaluating the analysis from
multiple approaches provides a more accurate estimate of the best reference genes; GeNorm
was also determined to be less rigorous than NormFinder, particularly where some genes
had a high variability across samples [28].

Of the primers used, three out of the six had efficiencies of over 100%; this means that
the rate of doubling was slightly above two per cycle [29]. The ∆∆CT method calculations
rely on the assumption that each cycle is accompanied by a doubling of the number of
target sequence molecules; therefore efficiencies of less than 90% are more problematic as
the molecules are not achieving said threshold [30,31].

The seeding densities of 5000 and 10,000 cells/cm2 have both commonly been used
in previous ES studies [13,14,32–34]. The electric field strength was selected primarily
because the same ES device had also shown pro-osteogenic effects at 100 mV/mm in the
literature, and it falls within the range of physiological EFs that are established in vivo
for both development and regeneration [14,35]. The metabolic activity differences at the
higher seeding density do not constitute an unusual finding; increases were observed in rat
adipose-derived MSCs in the same ES set-up and in cells seeded on a substrate formed of
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hydroxyapatite, respectively [14,34]. Evidently, the seeding density plays a role in the cells’
response to ES. However, a full analysis of this effect falls out of the scope of this study and
will be appropriately investigated in future work.

In a survey taken of published literature using ES, 70% of the papers cited GAPDH
as the reference gene in the study. Based on our findings, the use of GAPDH as the only
reference gene in ES studies should be verified before continued use, especially at lower
seeding densities. However, it is equally acknowledged that the field of ES research uses a
vast array of parameters, different cell types, as well as varying modalities for delivering the
stimulation to the cells such as DC ES, AC ES, a capacitive set-up, or even electromagnetic
stimulation. Even a factor as seemingly small as the electrode material can have a large
impact on the cellular response due to differences in faradic by-products [36]. Therefore, the
results in this study only serve as an indication of how MSCs react in the system described.
Any decisions to use PPIA and YWHAZ as a reference gene pair should be first validated
in each specific ES set-up.

Hydrogen peroxide (H2O2) is produced at the cathode during DC ES, and therefore,
the levels of exposure per cell to the H2O2 concentration would be elevated when fewer
cells are present in the well. The reason for GAPDH’s increase in expression at the lower
seeding density of 5000 cells/cm2 could be linked to findings that GAPDH is involved in
regulating intracellular redox levels [37].

A possible explanation for the lack of stability of ACTB could be due to its role in cell
migration [38]. MSCs in a direct current electric field migrate towards the anode at electric
field strengths as low as 25 mV/mm [13]. Consequently, this could provide rationale for
ACTB’s involvement in the cellular response.

All in all, 18S, while stable, has drawbacks due to the fact that it is expressed at much
higher levels than the average gene of interest, appearing after 10–12 cycles. Due to the
difference between the gene of interest and the reference gene being an exponent of 2 in
fold change calculations, small differences are highly sensitive, and errors can be reduced
by selecting a reference gene with a CT value more similar to that of the genes of interest
in the study. Moreover, due its single exon any primers targeting 18S cDNA could also
amplify the corresponding genomic region. Thus, contaminating DNA might skew the
findings unless removed prior to reverse transcription.

Overall, comparing the findings from NormFinder, the ∆∆CT method, and BestKeeper
has proven the value of using multiple platforms. As much as NormFinder identified ACTB
as the least stable gene at both seeding densities, it consistently placed GAPDH as the
second most stable gene. This exposes a flaw in solely relying upon NormFinder, as when
the fold changes were calculated, GAPDH significantly increased in the 5000 cells/cm2

group. The Pearson correlation coefficient analysis from BestKeeper ranked GAPDH mostly
in the middle of the dataset. This further highlights the importance of selecting a stable
reference gene pair. A poor reference gene has the potential of giving inaccurate gene
expression results, which could confound and delay the advancement of knowledge within
the research community. Thus, the value in carefully choosing the reference gene pairs
used in gene expression studies cannot be underestimated.

In summary, our study identified PPIA and YWHAZ as the most stable reference
genes following ES. These two genes were similarly found to be the most stable following
long-term MSC culture [19]. The ∆∆CT method showed an undeviating similarity in ex-
pression of both genes. This was further reinforced by the BestKeeper Pearson’s correlation
coefficient data, which ranked PPIA and YWHAZ as the best potential gene pair overall
with a very highly positive and consistent relationship at both seeding densities. This find-
ing was also replicated in primary MSCs, which provides confidence that the conclusions
from this study are not only applicable to the immortalized MSCs, but to primary cells
from a different donor.

Due to the wide variation in parameters, conditions, electrical and temporal regimes
applied by numerous research groups, this paper cannot state that PPIA and YWHAZ are
unilaterally the most stable reference genes under ES. However, it is hoped that this study
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will encourage researchers to thoroughly assess the transcriptional response of commonly-
used reference genes across different time points, varying electric field strengths, and
duration of stimulation prior to investigating pathways of interest.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/app12010153/s1, Table S1: List of reference genes used in 25 published articles involving
gene expression studies under ES. Figure S1: Melt curves for each of the reference genes used in this
study. Table S2: BestKeeper descriptive statistics for each reference gene in the 5000 cells/cm2 group.
Table S3: BestKeeper descriptive statistics for each reference gene in the 10,000 cells/cmcm2 group,
References [39–55] are cited in the supplementary materials.

Author Contributions: Conceptualization, D.M.A., L.S., E.A., S.H.C.; methodology, L.S.; formal
analysis, L.S.; investigation, L.S.; resources, S.H.C., E.A.; data curation, L.S.; writing—original draft
preparation, L.S.; writing—review and editing, E.A., D.M.A., S.H.C.; supervision, S.H.C., E.A. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Engineering and Physical Sciences Research Council
(EPSRC) and the Medical Research Council (MRC) Centre for Doctoral Training in Regenerative
Medicine (EP/L014904/1).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets analyzed in this study are available from the correspond-
ing authors on reasonable request.

Acknowledgments: The authors wish to thank Stephen Richardson, Division of Cell Matrix Biology
and Regenerative Medicine, The University of Manchester for gifting the Y201 cells, and his contribu-
tion to the design of experiments. Some of this work was conducted in the Henry Royce Institute
for Advanced Materials, funded by the following EPSRC grants: EP/R00661X/1, EP/S019367/1,
EP/P025021/1. The authors also wish to thank Katherine Bexley for assistance with the design of
primers used in this study.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Okamura, K.; Inagaki, Y.; Matsui, T.K.; Matsubayashi, M. OPEN RT-qPCR analyses on the osteogenic differentiation from human

iPS cells: An investigation of reference genes. Sci. Rep. 2020, 10, 11748. [CrossRef]
2. Lee, W.J.; Jeon, R.H.; Jang, S.J.; Park, J.S.; Lee, S.C.; Baregundi Subbarao, R.; Lee, S.L.; Park, B.W.; King, W.A.; Rho, G.J. Selection of

reference genes for quantitative gene expression in porcine mesenchymal stem cells derived from various sources along with
differentiation into multilineages. Stem Cells Int. 2015, 2015, 235192. [CrossRef]

3. Denu, R.A.; Hematti, P. Effects of Oxidative Stress on Mesenchymal Stem Cell Biology. Oxid. Med. Cell. Longev. 2016, 2016,
2989076. [CrossRef] [PubMed]

4. Hanna, H.; Mir, L.M.; Andre, F.M. In vitro osteoblastic differentiation of mesenchymal stem cells generates cell layers with distinct
properties. Stem Cell Res. Ther. 2018, 9, 203. [CrossRef]

5. Ullah, I.; Subbarao, R.B.; Rho, G.J. Human mesenchymal stem cells-current trends and future prospective. Biosci. Rep. 2015, 35,
e00191. [CrossRef]

6. Li, P.; Xu, J.; Liu, L.; Zhang, Y.; Liu, M.; Fan, Y. Promoting Proliferation and Differentiation of Pre-Osteoblasts MC3T3-E1 Cells
Under Combined Mechanical and Electrical Stimulation. J. Biomed. Nanotechnol. 2019, 15, 921–929. [CrossRef] [PubMed]

7. Tian, J.; Shi, R.; Liu, Z.; Ouyang, H.; Yu, M.; Zhao, C.; Zou, Y.; Jiang, D.; Zhang, J.; Li, Z. Self-powered implantable electrical
stimulator for osteoblasts’ proliferation and differentiation. Nano Energy 2019, 59, 705–714. [CrossRef]

8. Gu, X.; Fu, J.; Bai, J.; Wang, J.; Pan, W.; Zhang, C. Low-Frequency Electrical Stimulation Induces the Proliferation and Differentia-
tion of Peripheral Blood Stem Cells Into Schwann Cells. Am. J. Med. Sci. 2015, 349, 157–161. [CrossRef]

9. Lee, J.H.; Jeon, W.-Y.; Kim, H.-H.; Lee, E.-J.; Kim, H.-W. Electrical stimulation by enzymatic biofuel cell to promote proliferation,
migration and differentiation of muscle precursor cells. Biomaterials 2015, 53, 358–369. [CrossRef]

10. Tai, G.; Tai, M.; Zhao, M. Electrically stimulated cell migration and its contribution to wound healing. Burn. Trauma 2018, 6, 20.
[CrossRef] [PubMed]

11. Feng, J.F.; Liu, J.; Zhang, L.; Jiang, J.Y.; Russell, M.; Lyeth, B.G.; Nolta, J.A.; Zhao, M. Electrical Guidance of Human Stem Cells in
the Rat Brain. Stem Cell Rep. 2017, 9, 177–189. [CrossRef]

https://www.mdpi.com/article/10.3390/app12010153/s1
https://www.mdpi.com/article/10.3390/app12010153/s1
http://doi.org/10.1038/s41598-020-68752-2
http://doi.org/10.1155/2015/235192
http://doi.org/10.1155/2016/2989076
http://www.ncbi.nlm.nih.gov/pubmed/27413419
http://doi.org/10.1186/s13287-018-0942-x
http://doi.org/10.1042/BSR20150025
http://doi.org/10.1166/jbn.2019.2749
http://www.ncbi.nlm.nih.gov/pubmed/30890224
http://doi.org/10.1016/j.nanoen.2019.02.073
http://doi.org/10.1097/MAJ.0000000000000385
http://doi.org/10.1016/j.biomaterials.2015.02.062
http://doi.org/10.1186/s41038-018-0123-2
http://www.ncbi.nlm.nih.gov/pubmed/30003115
http://doi.org/10.1016/j.stemcr.2017.05.035


Appl. Sci. 2022, 12, 153 13 of 14

12. Wu, S.Y.; Hou, H.S.; Sun, Y.S.; Cheng, J.Y.; Lo, K.Y. Correlation between cell migration and reactive oxygen species under electric
field stimulation. Biomicrofluidics 2015, 9, 054120. [CrossRef] [PubMed]

13. Zhao, Z.; Watt, C.; Karystinou, A.; Roelofs, A.J.; McCaig, C.D.; Gibson, I.R.; De Bari, C. Directed migration of human bone marrow
mesenchymal stem cells in a physiological direct current electric field. Eur. Cells Mater. 2011, 22, 344–358. [CrossRef]

14. Mobini, S.; Leppik, L.; Thottakkattumana Parameswaran, V.; Barker, J.H. In vitro effect of direct current electrical stimulation on
rat mesenchymal stem cells. PeerJ 2017, 5, e2821. [CrossRef]

15. Eischen-Loges, M.; Oliveira, K.M.C.; Bhavsar, M.B.; Barker, J.H.; Leppik, L. Pretreating mesenchymal stem cells with electrical
stimulation causes sustained long-lasting pro-osteogenic effects. PeerJ 2018, 6, e4959. [CrossRef]

16. Srirussamee, K.; Mobini, S.; Cassidy, N.J.; Cartmell, S.H. Direct electrical stimulation enhances osteogenesis by inducing Bmp2
and Spp1 expressions from macrophages and preosteoblasts. Biotechnol. Bioeng. 2019, 116, 3421–3432. [CrossRef]

17. Balint, R.; Cassidy, N.J.; Hidalgo-Bastida, L.A.; Cartmell, S. Electrical stimulation enhanced mesenchymal stem cell gene
expression for orthopaedic tissue repair. J. Biomater. Tissue Eng. 2013, 3, 212–221. [CrossRef]

18. Nazari, F.; Parham, A.; Maleki, A.F. GAPDH, β-actin and β2-microglobulin, as three common reference genes, are not reliable
for gene expression studies in equine adipose- and marrow-derived mesenchymal stem cells. J. Anim. Sci. Technol. 2015, 57, 18.
[CrossRef]

19. Jeon, R.-H.; Lee, W.-J.; Son, Y.-B.; Bharti, D.; Shivakumar, S.B.; Lee, S.-L.; Rho, G.-J. PPIA, HPRT1, and YWHAZ Genes Are Suitable
for Normalization of mRNA expression in Long-Term Expanded Human Mesenchymal Stem Cells. Biomed Res. Int. 2019, 2019,
3093545. [CrossRef]
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