© Frontiers in
Bioscience
% Scholar Front. Biosci. (Schol Ed) 2024; 16(4): 26

https://doi.org/10.31083/j.tbs 1604026

Original Research

Evaluation of Reference Gene Stability for Investigations of
Intracellular Signalling in Human Cancer and Non-Malignant
Mesenchymal Stromal Cells

Vera Kosheveroval-*1®  Alexander Schwarz?®, Rimma Kamentseva!®,
Marianna Kharchenko!®, Elena Kornilova'-3

ILaboratory of Intracellular Membranes Dynamics, Institute of Cytology of the Russian Academy of Sciences, 194064 Saint Petersburg, Russia
2Laboratory of Molecular Mechanisms of Neural Interactions, Sechenov Institute of Evolutionary Physiology and Biochemistry of the Russian
Academy of Sciences, 194223 Saint Petersburg, Russia
3Faculty of Biology, Saint Petersburg State University, 199034 Saint Petersburg, Russia
*Correspondence: kosheverova vera@incras.ru (Vera Kosheverova)
T These authors contributed equally.

Academic Editor: Federica Finetti

Submitted: 7 August 2024 Revised: 1 November 2024  Accepted: 11 November 2024  Published: 25 December 2024

Abstract

Background: Real-time reverse transcription quantitative polymerase chain reaction (RT-qPCR) is a powerful tool for analysing target
gene expression in biological samples. To achieve reliable results by RT-qPCR, the most stable reference genes must be selected for proper
data normalisation, particularly when comparing cells of different types. We aimed to choose the least variable candidate reference genes
among eight housekeeping genes tested within a set of human cancer cell lines (HeLa, MCF-7, SK-UT-1B, A549, A431, SK-BR-3),
as well as four lines of normal, non-malignant mesenchymal stromal cells (MSCs) of different origins. Methods: The reference gene
stability was evaluated using four algorithms (BestKeeper, NormFinder, geNorm and the comparative ACt method) and ranked with
the RefFinder web-based tool. Results: We found increased variability in the housekeeping genes’ expression in the cancer cell lines
compared to that in normal MSCs. POP4 and GAPDH were identified as the most suitable reference genes in cancer cells, while /85
and B2M were the most suitable in MSCs. POP4 and EIF2B1 were shown to be the least variable genes when analysing normal and
cancer cell lines together. Epidermal growth factor receptor (EGFR) mRNA relative expression was normalised by the three most stable
or three least stable reference genes to demonstrate the reliability of reference genes validation. Conclusion: We analysed and selected
stable reference genes for RT-qPCR analysis in the wide panel of cancer cell lines and MSCs. The study provides a reliable tool for future
research concerning the expression of genes involved in various intracellular signalling pathways and emphasises the need for careful
selection of suitable references before analysing target gene expression.
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1. Introduction ments. Thus, candidate reference gene stability must be ex-
amined for each experimental model to select the most sta-
ble genes as suitable references [4]. This selection is partic-

ularly important if the study aims to compare the expression

Real-time reverse transcription quantitative poly-
merase chain reaction (RT-qPCR) is a widely used method
to measure relative gene expression for biological and med-

ical research, as well as for clinical purposes, such as diag-
nostics, disease detection and monitoring [1]. To achieve
a high level of data reliability and avoid inconsistency in
data presentation and interpretation, the Minimum Informa-
tion for Publication of Quantitative Real-Time PCR Exper-
iments (MIQE) guidelines were developed and published
[2]. In RT-qPCR assay the target gene expression should be
normalized to the reference gene expression, and the refer-
ence gene expression must remain stable across all condi-
tions tested. As housekeeping gene encoded products are
involved in maintaining essential cellular functions, these
genes are expressed in the majority of cells and tissues and
are usually used as reference genes [3]. However, even
housekeeping gene expression may dramatically differ de-
pending on tissue type, experimental conditions and treat-

levels of target genes in different cell types.

Several mathematical algorithms have been developed
to evaluate reference gene stability, and the most frequently
used are BestKeeper [5], NormFinder [6], geNorm [7] and
the comparative Delta Ct (ACt) method [8]. GeNorm eval-
uates the average pairwise variation of each gene, compares
it with other analysed genes and calculates the expression
stability value M [7]. The lowest M reflects the least pair-
wise variation that corresponds to the most stable gene in
experimental model testing [9]. NormFinder calculates the
stability value (SV) for all candidate reference genes tested,
with a low SV value indicating stable gene expression [6].
The ACt method compares the relative expression of “pairs
of genes’ within each sample and thus identifies the most
stable housekeeping genes. The gene with the lowest mean
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ACt standard deviation is considered to be the most sta-
ble [8]. BestKeeper performs pairwise comparisons of the
raw cycle of quantification (Cq) values for each gene, cal-
culating an index using the geometric mean of each candi-
date gene’s Cq value, as well as the coefficient of variation
(CV), the standard deviation (StDev) of the Cq values and
the coefficient of correlation (r). The stable reference genes
have high r values and low CVs and StDevs [5]. Finally, the
RefFinder web-based tool calculates gene stability rankings
through geometric averaging ranks obtained with these four
methods [9].

When investigating various aspects of signalling and
the vesicular transport of transmembrane receptors, re-
searchers have typically used both stable immortalised can-
cer cell lines and primary cultures, such as mesenchymal
stromal cells (MSCs), the latter being model cells with in-
tact regulation of the studied processes [10—12]. In this
study, on the basis of the aforementioned algorithms, we
aimed to choose the most stable references among eight
commonly used housekeeping genes (GAPDH, POP4, 188,
YWHAZ, HPRT, RPL13A4, B2M, and EIF2B]I) for a set of
human normal, non-malignant cells and pathological cancer
cell lines. We sequentially evaluated reference gene stabil-
ity in the following:

(1) Normal and cancer cell lines.

(2) Cancer cell lines only.

(3) Normal mesenchymal cell lines only.

We found significant differences in housekeeping
gene expression between these three groups, as well as less
pronounced variability in gene expression within normal
mesenchymal cell lines. Reference gene stability analy-
sis identified POP4 and EIF2B]1 as the most stable genes
within the tested cell panel, while the POP4/GAPDH and
185/B2M gene pairs appeared to be most suitable as ref-
erences for cancer cell lines only and normal mesenchymal
cell lines only, respectively. We also validated our choice of
reference genes for the set of human cell lines by analysing
the relative expression of epidermal growth factor receptor
(EGFR)—the main component of the EGFR-signalling net-
work, which is commonly dysregulated in cancers and gov-
erns cancer progression. Our results are useful for guiding
the selection of suitable candidate reference genes for RT-
gqPCR in further comparative studies of cancer and normal
cells.

2. Materials and Methods
2.1 Cell Cultures

In this study, we used six human cancer cell lines and
four human cell lines derived from mesenchymal stromal
tissues. All cell lines (except for the human breast ade-
nocarcinoma cell line SK-BR-3) were obtained from the
“Vertebrate cell culture collection (Saint-Petersburg, Rus-
sia)”, supported by a grant from the Ministry of Science
and Higher Education of the Russian Federation (Agree-

ment #075-15-2021-683, Institute of Cytology of the Rus-
sian Academy of Sciences (INC RAS)). The SK-BR-3 cells
were the generous gift of Dr A. Daks (St. Petersburg, Rus-
sia).

2.1.1 Non-malignant Cell Lines

We used two lines of endometrial mesenchymal stro-
mal cells (enMSCs, line 2804 and AMO) that were pre-
viously obtained and characterized [13,14]. The human
umbilical cord MSCs (MSCWIJ-1) and human dental pulp
MSCs (MSC-DP) were obtained from the “Vertebrate cell
culture collection”. All non-malignant cell lines used were
characterized by the positive surface expression of estab-
lished MSCs markers CD44, CD73, CD90, CD105, HLA-
ABC and lack of CD34, CD45, HLA-DR antigens. MSCs
were also validated by Short Tandem Repeat (STR) pro-
filing. MSCs multipotency was verified by their ability to
differentiate into several mesodermal lineages (adipocytes,
osteocytes, chondrocytes). All cell lines tested negative for
mycoplasma. The MSCs were maintained in DMEM/F12
medium with phenol red (Cat No. 31330-038, Gibco,
Paisley, UK), supplemented with 10% fetal bovine serum
(Cat No. S1818S, Biowest, Nuaill¢é, France), GlutaMAX™
(Cat No. 35050061, Gibko, Paisley, UK) and antibi-
otic/antimycotic solution (Cat No. AAS-B, Capricorn,
Diisseldorf, Germany); and were used up to the seventeenth
passage.

2.1.2 Cancer Cells

In our analysis, we used the following cancer cell
lines: the human cervix carcinoma HeLa cell line, hu-
man breast adenocarcinoma MCF-7 cell line, human uter-
ine leiomyosarcoma SK-UT-1B cell line, human lung car-
cinoma A549 cell line, human epidermoid carcinoma A431
cell line and human breast adenocarcinoma SK-BR-3 cell
line. All cancer cell lines were validated by STR profiling
and tested negative for mycoplasma. The MCF-7 and SK-
BR-3 cells were cultured in the same complete medium as
the MSCs (described above). The HeLa, SK-UT-1B, A549,
and A431 cells were cultured in DMEM medium containing
a glucose concentration of 4.5 g/L and phenol red (Cat No.
11965092, Gibco, Billings, MT, USA) and supplemented
with 10% fetal bovine serum (Cat No. S1818S, Biowest, Nu-
aillé, France), GlutaMAX™ (Cat No. 35050061, Gibko,
Paisley, UK) and antibiotic/antimycotic solution (Cat No.
AAS-B, Capricorn, Diisseldorf, Germany). All cell lines
were maintained at 37 °C in an atmosphere of 5% COx.

2.2 RNA Extraction and cDNA Synthesis

For RNA extraction, the cells were grown in culture
flasks to 60-70% confluence. Then, the cells from each
flask were processed as individual biological samples. We
analysed two to four biological samples of each cell line.
The total RNA was extracted from these cells using an
RNA solo kit (Cat No. BC034S, Evrogen, Moscow, Rus-
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sia). Briefly, the cells were detached from the flask surface
using 0.25% trypsin-EDTA solution (Cat No. 25200056,
Gibco Paisley, UK) and counted using a Luna II cell counter
(Logos Biosystems, Anyang-si, Korea). Following cen-
trifugation, the cell pellets were resuspended at a ratio of
7 x 105-1 x 10° cells/200 uL of lysis buffer. All steps
of RNA extraction, including DNase treatment, were per-
formed according to the manufacturer’s instructions. RNA
was eluted in 20 pL of deionized RNAse-free water, and
the RNA concentration (260 nm absorption) and purity
(260/280 and 260/230 absorption ratios) were measured us-
ing a NanoDrop One Microvolume UV-Vis Spectropho-
tometer (Thermo Fisher Scientific, Waltham, MA, USA).

Complementary DNA (cDNA) was synthesised from
800 ng of total RNA in a 20 pL final volume using an
MMLV RT kit (Cat No. SKO021, Evrogen, Moscow, Rus-
sia) according to the manufacturer’s instructions. Reverse
transcription was performed using equal concentrations (10
uM) of oligo(dT) and random decamer primers and 100
units of MMLYV reverse transcriptase. The mixture was in-
cubated at 40 °C for 45 min for reverse transcription and
then at 70 °C for 10 min for enzyme inactivation. cDNA
was stored at —80 °C and diluted 10-fold in RN Ase-free wa-
ter before performing the qPCR.

2.3 Quantitative Polymerase Chain Reaction (gPCR)

To establish putative reference genes for the wide va-
riety of cancer and normal cell lines analysed in this study,
we selected eight housekeeping genes most frequently used
in cell studies and that were previously shown to be sta-
ble in different cell models [15,16]. These candidate
housekeeping genes are involved in different cell functions.
Primers specific to these housekeeping genes were designed
with the help of the primer design tool Primer-BLAST
(https://www.ncbi.nlm.nih.gov/tools/primer-blast/) or were
obtained from previous publications [17-23] and subse-
quently checked using Primer-BLAST. The housekeeping
genes, RefSeq accession numbers, encoded proteins/RNAs,
specific primer sequences, exon location, product lengths,
references to publications and qPCR efficiencies are sum-
marised in Supplementary Table 1. Oligonucleotides
were obtained from Evrogen, Moscow, Russia.

gPCR was performed using 5x qPCRmix-HS SYBR
(Cat No. PK147L, Evrogen, Moscow, Russia), which was
used at a final concentration of 1x. The qPCR reaction
was conducted in a total volume of 6 pL with 0.8 puL of the
cDNA sample and 200 nM (300 nM for EIF2B1) of specific
forward and reverse primers. All reactions were conducted
with four technical replicates of each biological sample with
no reverse transcription (NRT) and no template (NTC) con-
trol samples on a CFX384 Touch RealTime PCR Detection
System (Bio-Rad, Hercules, CA, USA).

The amplification included several steps. The hot-
start step was performed at 95 °C for 3 min; then, 39 cy-
cles of denaturation (95 °C for 5 s) and subsequent anneal-
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ing/elongation (62 °C for 10 s) were conducted, followed
by fluorescence plate reading. At the end of the amplifica-
tions, a melt curve analysis was performed at 65-95 °C.

2.4 Data Analysis and Statistics

We analysed the obtained qPCR curves using Bio-Rad
CFX Maestro 2.3 software (Version 5.3.022.1030, BioRad
Laboratories, Inc., Hercules, CA, USA). Cgs were defined
by the software’s incorporated regression mode. The re-
gression mode applies a multivariable, nonlinear regression
model to individual fluorescent traces and then uses this
model to determine the most suitable cycle of quantifica-
tion (Cq) value.

Next, we evaluated the efficiency of each pair of
primers. We added an equal volume of each sample to the
common mix and made a 2—4-fold series of sample mix
dilutions. qPCR with these sample series was performed,
and the obtained Cq values, which were dependent on sam-
ple concentrations, were analysed to determine primer ef-
ficiency. The obtained efficiency of each primer pair and
the R2 value are listed in Supplementary Table 1. The R2
value reflects the goodness-of-fit of the measured standard
Cqgs with the generated standard curve, which is linear in the
logarithmic concentration scale (Log10 of concentration vs.
Cq).

The melt curves of each primer pair were also analysed
to ensure the specificity of the fluorescent signal (Fig. 1). A
single peak presented at all melt curves reflected the speci-
ficity of the primers used.

We evaluated the reference gene stability by com-
paring Cq data between samples using the RefFinder on-
line tool (https://www.ciidirsinaloa.com.mx/RefFinder-m
aster/). Reference gene stability was calculated using the
comparative ACt method [8], BestKeeper [5], NormFinder
[6] and geNorm [7] methods, and the final ranking was
made by the RefFinder comprehensive ranking, which cal-
culates the comprehensive final gene stability rankings by
geometric averaging ranks obtained from these four meth-
ods [9]. As RefFinder includes GeNorm and BestKeeper
algorithms, we avoided the inclusion of genes that share
common cell functions, as their expression level may have
been co-regulated.

The relative EGFR mRNA expression in cancer and
mesenchymal stromal cell lines was calculated by the
2~AACt Method [24] against the three most optimal or
the least stable reference genes according to the RefFinder
ranking. The average expression in HeLa cells was used as
a control sample for normalisation.

We performed statistical processing of the data in
GraphPad Prism 9 (GraphPad Software, San Diego, CA,
USA). The Brown-Forsythe test was used to assess the
equality of variances. As no significant differences were
found in group variances and more than two experimental
groups were analysed, mean comparisons were conducted
using one-way ANOVA with Dunnett’s post-hoc test for
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Fig. 1. Melt curve analysis. Graphs of relative fluorescence intensity dependence as a function of temperature demonstrate the detection

of single polymerase chain reaction (PCR) products for each target gene analysed. Horizontal lines represent threshold values of minor
fluorescence intensity fluctuations. Melt curve for (a) RPL134; (b) YWHAZ; (c) B2M; (d) GAPDH; (e) 18S; (f) POP4; (g) HPRTI; (h)

EIF2BI; (i) EGFR.

multiple pairwise comparison of different cell lines with
HeLa cells. Differences were considered significant at p
<0.05.

3. Results

We analysed the stability of eight housekeeping genes
in a wide variety of human cell lines, which can be subdi-
vided into two main subgroups:

(1) Human malignant cells (cervix carcinoma
HeLa cell line, breast adenocarcinoma MCF-7, uterine

leiomyosarcoma SK-UT-1B, lung carcinoma cell line
A549, epidermoid carcinoma A431, breast adenocarci-
noma cell line SK-BR-3).

(2) Human non-malignant (normal) mesenchymal
cells: endometrial mesenchymal stromal cells (enM-
SCs, line 2804 and AMO), human umbilical cord MSCs
(MSCW]J-1) and human dental pulp MSCs (MSC-DP).

We compared the distribution of the Cq values of the
reference genes for all the cells tested (Fig. 2). The 18S
gene showed the highest expression (Cq = 13.1-18.0, me-
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dian of 14.6), while EIF2B1 had the lowest expression (Cq
= 24.7-31.1, median of 27.5). The Cq values (median
meanings) of other housekeeping genes ranged from 21 to
26.

30+

20+

Quantifigation Cycles (Cqs)

10 I | | I 1 1 I |
AN SRR R S
& T T E

Fig. 2. The boxplot of quantification cycle values. Variation in
quantification cycles (Cq) observed in all cDNA samples tested for
all examined candidate reference genes. The data are presented as
median (central line) with interquartile range (box), and Min-Max
range (whiskers).

We first evaluated the stability of the candidate ref-
erence genes in the entire panel of cell lines. The ref-
erence gene stability for the panel was obtained using
four algorithms (the comparative ACt method, BestKeeper,
NormFinder, and geNorm) and ranked with the RefFinder
online tool (https://www.ciidirsinaloa.com.mx/RefFinder
-master/) (Fig. 3).

According to the RefFinder comprehensive stability
ranking, POP4, 18S and YWHAZ were the three most sta-
ble housekeeping genes in this model, while the three least
stable genes were HPRT, RPL134 and B2M.

Based on this ranking, we excluded the least stable ref-
erence genes to avoid possible bias in calculations from un-
stably expressed genes. The most stable reference genes as
determined by RefFinder were POP4 and EIF2B1 (Fig. 3).
The five most successful candidate reference genes were in-
dividually analysed in detail by each of the four algorithms.
According to geNorm, all five genes tested had stability
values lower than the cutoff value of M = 1.5, indicating
that they were not unreliable [7]. The lowest M value was
0.667 for EIF2B1 and POP4, so these genes can be inter-
preted by geNorm as the most stable ones. According to
the BestKeeper algorithm, only the 18S gene had an StDev
value less than 1 (0.723) and thus could be considered sta-
ble [5]. Both the NormFinder and ACt methods revealed
POP4, GAPDH and YWHAZ as the most stable housekeep-
ing genes.

Next, we analysed the stability of housekeeping genes
in the subgroups of cancer and normal mesenchymal cell
cultures separately.
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First, we compared the RefFinder comprehensive
ranking results for these two subgroups (Figs. 4,5). In the
cancer cell lines, POP4, GAPDH and EIF2BI were the
most stable genes, and B2M, RPL13A and HPRTI were
the least stable. This differed from the ranking of house-
keeping genes in the subgroup of mesenchymal stromal
cell cultures (MSCs), where none of the POP4, GAPDH or
EIF2B1 genes were among the most stable ones. Moreover,
GAPDH in MSCs had the highest ranking value. In MSCs,
RefFinder indicated that /8S, B2M and RPL13A were the
most stable genes (Fig. 5), while GAPDH, HPRTI and YW-
HAZ were identified as the most variable genes.

The geNorm M value varied from 0.674 for EIF2B1
and POP4 to 1.469 for RPL134 in the cancer cells (Fig. 4)
and from 0.429 for /8S and RPL13A4t0 0.989 for GAPDH in
MSCs (Fig. 5). Thus, the M values in both subgroups were
lower than the cutoff stability value M = 1.5, and these val-
ues were much lower for MSCs. According to BestKeeper,
18S and RPLI13A4 (Fig. 4) in cancer cells and 18S, B2M,
RPL134 and POP4 in MSCs had StDev values <1 (Fig. 5).

Both the NormFinder and ACt methods revealed
GAPDH and POP4 as the least variable housekeeping
genes in cancer cell lines, while RPL13A was indicated as
the most variable (Fig. 4).

The NormFinder and ACt algorithms showed similar
rankings when housekeeping gene expression was analysed
in MSCs (Fig. 5). Namely, B2M, 18S and RPL13A4 were
found to be the most stable, while YWHAZ, HPRTI and
GAPDH were the least stable. The averaged ranking pre-
sented by RefFinder revealed /8S and B2M as the least vari-
able genes, and YWHAZ and GAPDH showed the greatest
variability (Fig. 5). For all four algorithms used, the sta-
bility values in the MSC subgroup were lower than those in
the cancer cell subgroup, elucidating the extent of metabolic
pathway variability within these subgroups of cell lines.

Finally, to demonstrate that the results concerning the
target gene expression can differ depending on the reference
genes chosen, we conducted an analysis of the expression
of epidermal growth factor receptor (EGFR), a transmem-
brane protein involved in the regulation of cell survival,
growth, proliferation and differentiation. As the dysregula-
tion of EGFR expression and signalling is closely linked to
cancer progression [25], investigations of EGFR-mediated
signal transduction and intracellular transport peculiarities
in cancer versus normal (non-malignant) cells are of con-
siderable interest to many researchers.

First, the expression data were normalised by the ge-
ometric average of the three most stable reference genes
selected according to RefFinder ranking (POP4, EIF2B1,
YWHAZ). We found that EGFR mRNA was decreased in the
MCF-7 and SK-UT-1B cell lines and increased in the A431
line compared to HeLa (Fig. 6A). We did not detect any
differences in EGFR mRNA levels between HeLa and the
other cell lines tested. However, when the results were nor-
malised by the three least stable genes identified (HPRT1,
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RPLI13A4, B2M), the aforementioned changes were not de-
tected. In this case, we did find a false increase in EGFR
mRNA content in SK-BR-3 cells compared to HeLa cells
(Fig. 6B). Thus, inaccurate normalisation leads to signifi-
cant misinterpretations of EGFR expression data.
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Fig. 6. The epidermal growth factor receptor mRNA ex-
pression in cancer and mesenchymal stromal cell lines: ef-
fects of normalisation strategy on the reverse transcription-
quantitative real-time polymerase chain reaction (RT-qPCR)
results. mRNA expression data were normalised by (A) the three
optimal (YWHAZ, POP4, EIF2BI) reference genes and (B) the
three least stable (B2M, RPL134, HPRTI). Data are presented
as mean = standard deviation. One-way ANOVA with Dunnett’s

post-hoc comparison was used to analyse the data.

4. Discussion

In this study, we performed an RT-qPCR analysis of
the expression stability of eight candidate reference genes
from the variety of cancer and normal cell lines frequently
used in cell studies. We selected the most widely used hu-
man cancer cell lines (HeLa, MCF-7, SK-UT-1B, A549,
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A431 and SK-BR-3) as well as several primary mesenchy-
mal cell lines as the model of normal cells (two lines of
human endometrial MSCs, one line of human umbilical
cord MSCs [MSCW/J-1] and one line of dental pulp MSCs
[MSC-DP]). We deliberately avoided the use of in vitro im-
mortalised cell lines as a model of normal cells in our study,
as the gene expression profile of such cells may signifi-
cantly differ from that of primary cells of the same origin
[26].

Our results provide technical information about the
reference gene expression stability, and we don’t aim to
distinguish the mechanisms affecting variability in gene ex-
pression in the experiments. The observed changes between
the cell line panels could have originated from the changes
in transcriptional and posttranscriptional regulation at the
subcellular level, as well as from the differences in cell sub-
type composition within the samples. However, in this sec-
tion we attempt to compare our data with those from previ-
ous research to discuss possible factors affecting observed
differences in the reference gene expression stability.

RefFinder identified the POP4 gene as the most stable
in the group of cancer cells and in the entire panel of cells.
The POP4 gene (processing of precursor 4, ribonuclease
P/MRP subunit) encodes RPP29, a protein subunit of the
two complexes: the endoribonuclease for the mitochondrial
RNA processing complex involved in mitochondrial RNA
editing and the ribonuclease P complex. In the latter com-
plex, RPP29 acts as the central protein that interacts with
other proteins of the complex and with the RNA included
in the ribonuclease P (RNase P) complex [27]. Ribonucle-
ase P is an ancient enzyme found in all kingdoms of life that
is involved in the maturation of the 5’ end of transfer RNA
(tRNA) [28]. RNase P and its components are well known
to have non-canonical functions in regulating chromatin as-
sembly and DNA damage responses, and they process basic
biomolecules, such as pre-tRNA and other RNA substrates
[29]. Thus, stable expression of the POP4 gene is likely
critical to normal and especially malignant cells, at least in
vitro, due to its multiple physiological functions in RNA
processing and genome regulation.

According to our data, the EIF2B] gene was also
among the most stable housekeeping genes in a wide panel
of cell lines of different origins. This gene encodes one of
the subunits of eukaryotic translation initiation factor 2B
(elF2B). elF2B is the guanine nucleotide exchange factor
for the elF2 complex. eIF2 delivers an initiator, methionyl-
tRNA, to the ribosome to promote translation initiation, and
elF2B regulates the activity of eIF2 by exchanging GDP for
GTP on the y-subunit of elF2, thus activating eIF2 [30]. As
elF2 expression appears to be stable within the cancer cells,
the EIF2B1 functional role is likely essential and strongly
regulated even in malignant cell lines, despite their genome
instability. Indeed, eIF2 is known to be involved in tumori-
genesis, while the inhibition of the elF2B subunit in vitro
has an anticancerogenic effect. The regulation of mRNA
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translation initiation is a simpler and quicker step for con-
trolling protein content in cells than a transcriptional step.
Cancer cells require effective working machinery to regu-
late the mRNA translation initiation, as cancer progression
is dependent on cancer cells’ opportunity to adapt rapidly
to the changes of a microenvironment [31].

Different cellular investigations have often identified
the EIF2B1 and POP4 genes as the most stable. EIF2BI
and POP4 were revealed to be one of the most stable
genes among the 24 candidate genes tested in total RNA
samples isolated from surgically removed tumor and non-
malignant tissues of 10 patients with pancreatic carcinoma
[32]. EIF2B1 and POP4 were also found to be the most sta-
ble of the 32 housekeeping genes when mesenchymal stem
cells derived from the menstrual blood of women with en-
dometriosis were compared with those of healthy women
[16]. However, in cancerous and non-malignant tissues of
the human uterine cervix, POP4 and EIF2B1 are among the
most variable genes [33]. According to our data concerning
only MSCs of different origins (including endometrium-
derived stromal cells), POP4 and EIF2B1 show average sta-
bility (the fourth and fifth places according to the RefFinder
stability ranking, respectively).

The most stable candidate reference genes for MSCs
were /8S rRNA and B2M (Fig. 5). 18S ribosomal RNA,
which is encoded by the RNAI8SN5 gene, is the structural
component of the eukaryotic ribosomal small subunit and
is involved in the catalysis of protein synthesis at ribo-
somes [34]. The /&S ribosomal RNA gene is highly con-
served among eukaryotes due to its function and is often
considered to be stable [35-37]. However, /8S is an unsuit-
able reference in experiments where only mRNA is isolated
from cells or only oligo(dT) primers are used during reverse
transcription. This is because rRNA contains no poly(A)
tail [38]. In our experiments, we used both oligo(dT) and
random primers during cDNA synthesis, so we suggest that
18S rRNA is a suitable reference gene for MSCs.

The B2M was also found to be of low variability in
MSC:s (Fig. 5). In contrast, our data concerning cancer cells
only and cancer cells+tMSCs revealed the high variability
of B2M between samples (Figs. 3,4) [39]. B2M encodes
[2-microglobulin, an essential component of MHC class
I molecules involved in immune modulation and surveil-
lance. MHC class I complexes are present on the surface
of most cells in the body, indicating their belonging to this
organism. B2M has been previously shown to be an un-
stable reference gene not only within the malignant cells
originating from different tissues but also within a set of
lung cancer cell lines, where B2M demonstrated the lowest
expression stability out of ten commonly used housekeep-
ing genes [40]. Unstable expression of this gene in cancer
cells may be explained by the fact that B2M expression of-
ten changes during malignisation [41]. Downregulation of
MHC-I has been described in 40-90% of human tumors,
including melanomas, squamous cell carcinoma and neu-
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roblastoma, often correlating with worse prognosis because
loss or mutations in MHC-I components allow malignant
cells to escape from their recognition by cytotoxic CD8+T-
cells [42]. However, in some cancer types, such as gliomas,
B2M is overexpressed [43]. B2M product functions outside
the cell but not intracellularly as the products of other tested
reference genes do. Under in vitro conditions, there is no in-
teraction with cells of the immune system, and accordingly,
there is no natural selection for the ability of cancer cells to
avoid this interaction. Combined with genomic dysregu-
lation in malignant cells, this might lead to the high vari-
ability in vitro in B2M expression in cultured cells. Indeed,
B2M is often viewed as an unsuitable reference in cancer
cell studies [44].

We found the most variable gene for MSCs to be
GAPDH (Fig. 5), while in cancer cell lines, GAPDH
demonstrated high stability (Fig. 4). GAPDH is one of the
most popular and widely used reference genes. The pri-
mary but not the only role of GAPDH in a cell is the en-
zymatic conversion of glyceraldehyde-3-phosphate to 1,3-
biphosphoglycerate in the glycolysis cascade, a step re-
quired for glucose metabolism [45]. Barber ef al. [46] con-
ducted a comprehensive study concerning GAPDH stabil-
ity in 72 human non-malignant tissues. They found that the
expression of GAPDH was highly variable between tissues,
which is consistent with our data. According to Barber et al.
[46], the expression of GAPDH differed by a maximum of
15-fold between the highest and lowest expression in skele-
tal muscle and breast tissue types, respectively. However,
in some tissues, such as the nervous system, no significant
variation was observed [46].

In cancer cell lines, the most unsuitable gene for nor-
malisation was HPRT! (Fig. 4). The HPRTI gene encodes
hypoxanthine phosphoribosyltransferase 1, the enzyme in-
volved in the synthesis of both guanine and inosine in a sal-
vage pathway [47]. The unsuitability of HPRT! as a nor-
malisation control in cancer studies has been demonstrated.
HPRTI was found to be highly variable in cancer cells
and malignant tissues originating from patients with lung,
colon, prostate and pancreatic cancer at both the mRNA and
protein levels [48]. However, in some experimental mod-
els, HPRTI may be chosen as a suitable reference [49].

We did not find any relation between the expression
level (observed Cgs, Fig. 2) and the reference gene stabil-
ity rankings. For example, 18S was the most stable, and
GAPDH was the least stable in the MSCs, although both of
them were highly expressed. In the cancer cell lines, POP4
and GAPDH are stably expressed, but POP4 is one of the
lowest-expressed genes. Thus, the expression level should
not be considered when selecting reference genes for RT-
qPCR.

If we compare housekeeping gene stability values ob-
tained by all four algorithms in cancer versus non-malignant
mesenchymal cells, the values are significantly higher in the
cancer cell group. The differences in gene expression in
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cancer cells are difficult to predict, as in some cases, gene
expression can be noticeably different even in the same type
of cancer due to differences in the amount of transcripts of
certain genes [4]. In contrast, the housekeeping gene ex-
pression of MSCs from different tissues was highly homo-
geneous (Fig. 5).

To visualise the effect of the normalisation strategy
on the RT-qPCR results, we normalised the relative expres-
sion of the EGFR gene by the three most-stable or three
least-stable reference genes in the entire panel of cell lines
(Fig. 6). Using optimal normalisation strategy, we found
that EGFR mRNA was increased in A431 and decreased
in the MCF-7 and SK-UT1-B cell lines compared to HeLa.
However, in the case of normalisation to three unstable ref-
erence genes (HPRTI, RPL13A4, B2M), no differences be-
tween these cell lines in the FGFR mRNA content were de-
tected. Instead, a false elevated EGFR gene expression was
found in the SK-BR-3 cell line, cells that are known to ex-
press a low level of EGFR [50].

Our data are in accordance with previous published
data on EGFR protein expression in these cell lines [51,52].
Epidermal growth factor receptor, encoded by the EGFR
gene, is one of the key growth factor receptors, involved
in the control of cell growth, maintenance, proliferation
and migration. EGFR disturbances, such as mutations and
EGFR overexpression, are often observed in cancer cells
and appear to be one of the reasons for cancer progression.
One of the well-known examples of cancer cell lines with
overexpressed EGFR is the human epidermoid carcinoma
cell line A431. A431 cells are characterized by the amplifi-
cation (up to 110 times) of the EGFR gene, elevated mRNA
and protein level. EGFR protein levels have been found to
be 2-100 times elevated above that present in normal fi-
broblasts [53]. Our data reflected these alterations and large
differences in EGFR expression within cancer cell panel.
Moreover, our data are in accordance with previously ob-
tained results concerning EGFR protein content in MSCs,
which is similar within different MSCs and comparable to
EGFR levels in HeLa cells [52]. Thus, using geometric av-
eraging of the expression data for several reference genes
without checking the stability of the wide panel of candi-
date genes could lead to a misinterpretation of RT-qPCR
results.

It should be noticed that our data are limited to anal-
ysed cell lines, as reference gene expression might differ
in another cell types or experimental conditions. Accord-
ing to different estimations, about 3000-7000 genes have
been defined as housekeeping genes (i.e., those that are
ubiquitously expressed in all tissue/cell types; involved in
maintenance of basal cellular functions) [54]. At present,
it is obvious that no universal reference genes exist for
RT-qPCR analysis. However, the accumulated information
from many studies, including this one, may narrow the list
of potential candidate genes and ease the choice of suitable
reference genes for certain experimental tasks, conditions
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and biological materials (cells/tissues) used. Nevertheless,
the reference gene stability should be validated for each ex-
perimental model.

5. Conclusion

Our results emphasise that different reference genes
should be used in RT-qPCR studies depending on the cell
types. We showed that the POP4 and EIF2B] genes are the
most suitable among housekeeping genes tested for the en-
tire panel of cells, while POP4 and GAPDH could be the
reference genes of the best choice for cancer cells, and 18S
and B2M for non-malignant MSCs. We showed that house-
keeping gene expression in MSCs is more homogeneous
than in cancer cell lines. Additionally, we validated our
choice of reference genes by comparing EGFR gene expres-
sion normalised to the three most-stable (POP4, EIF2B1,
YWHAZ) versus the three most-variable (HPRT1, RPL13A,
B2M) housekeeping genes according to RefFinder rank-
ing. The results of the present study could be helpful for
the design of the experiments using the aforementioned cell
lines. However, it should also be noted that even when the
same cell lines are analysed under new experimental con-
ditions, such as treatment with different pharmacological
agents, hypoxia, oxidative stress, epigenetic modifications,
etc., the optimal reference genes should be independently
verified. Our research aims to facilitate the selection of
a subset of suitable reference genes for RT-qPCR analysis
from the wide panel of cell lines frequently used as patho-
logical or normal models in various fundamental studies.
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