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Mesenchymal stem cells (MSCs), especially those derived from gonadal tissues that
are easy to collect during routine sterilization procedures, provide an ethically viable
source of feline MSCs. Considering MSCs are potential candidates for regenerative
medicine, reporting therapeutic effects suggests that further research to develop more
effective therapy using feline gonadal MSCs is needed for clinical application. Gene
expression analysis and therapeutic potential of MSCs can be analyzed using
quantitative real-time polymerase chain reaction (QRT-PCR). Reliable interpretation
of results requires accurate normalization. Hence, this study focused on determining
the highest stability of candidate reference genes and accurate gene expression
determination in ovary-derived MSCs (O-MSCs) and testis-derived MSCs (T-
MSCs). O-MSCs and T-MSCs were retrieved from three female and three male
felines, and then their stemness properties, which included spindle-like morphology,
specific surface markers, and trilineage differentiation capacity, were characterized.
To rank the nine candidate reference gene stability and pairwise variation stability,
geNorm and NormFinder were used. In terms of overall analysis, 7TBP and HPRT!
had the lowest stability values (<0.03), whereas GUSB, RPL7, and ACTB had higher
stability values (>0.04). When stable reference genes were utilized for normalization,
statistically significant differences in OCT4 expression were observed between O-
MSCs and T-MSCs (P<0.05), which were not observed with unstable reference
genes. This provides a methodological framework by which future qRT-PCR-based
studies can be conducted on feline gonadal MSCs. The potential therapeutic
applications of these cells can also be studied.
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INTRODUCTION

been documented in treating orthopedic, inflammatory, and
immune-mediated diseases in canines and felines (Pérez-

Mesenchymal stem cells (MSCs) have been receiving
significant attention in regenerative medicine for their in
vitro self-renewal ability, trophic properties, and
immunomodulatory functions (Song et al., 2020). In
veterinary medicine, therapeutic MSC applications have
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Merino et al., 2015; Harman et al., 2016; Arzi et al., 2020).
Isolation of MSCs for clinical and research applications
commonly uses adipose tissue and bone marrow (Russell
et al., 2016; Voga et al., 2020). However, they require
invasive procedures to obtain the tissue (Alderete et al.,



2015; Ridgeway et al.,2017). Because gonadal tissues such
as ovarian and testicular tissues were obtained during
routine sterilization surgeries (Diagone et al., 2012; Binder
et al., 2021), they are regarded as easily accessible and
ethically acceptable sources of feline MSCs. The use of
gonadal tissues enables efficient cell acquisition without
requiring additional surgical procedures and allows
autologous cell banking (Jeung et al., 2024), serving as a
practical source of MSCs in veterinary medicine.
Moreover, gonadal tissue-derived MSCs were observed to
be useful in therapeutic applications with a superior safety
profile compared with adipose-derived MSCs, implying
potential of regenerative therapy (Jeung et al., 2024).
Although MSC therapies for feline diseases such as
gingivostomatitis have shown potential applicability (Arzi
et al., 2020), the molecular and therapeutic characteristics
of feline MSCs remain underexplored. Progress in feline
MSC research has been hindered by inconsistent
methodologies and a lack of standardized validation within
veterinary medicine (Morawska-Koztowska et al., 2025).
In addition, no MSC therapies have been approved for use
in felines by authorities such as the Food and Drug
Administration (FDA), and existing studies remain largely
preliminary (Webb and Webb, 2024). Therefore, further
investigation of molecular characteristics of feline MSCs
are needed to establish future translational applications.
To analyze comprehensive molecular alteration and
cellular functions, such as therapeutic and disease
mechanisms, gene expression plays an important role (Erkin
et al., 2022). Quantitative real-time polymerase chain
reaction (qQRT-PCR) possess great sensitivity, specificity,
and simplicity of use. It is frequently used to analyze gene
expression (Bustin, 2002). Accurate interpretation of gene of
interest (GOI) expression across various studies,
normalization with suitable reference gene is necessary.
However, many factors including species, cell type, and
experimental conditions affect the expression of reference
gene (Kozera and Rapacz, 2013). Among different tissues,
the reference gene expressions can vary. Therefore,
confirming gene stability is essential to ensure reliable
results when working with different MSC sources, including
ovarian and testicular tissues. MSCs derived from porcine
tissues sources have been analyzed to identify stable
reference gene for qRT-PCR (Lee ef al., 2015). Although
reference genes have been assessed in MSCs from different
species, it is unclear feline gonadal tissue-derived MSCs
reference gene expression stability.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
and P—actin (ACTB) have long been used as conventional
reference genes and are often applied as internal controls for
gRT-PCR interpretation (Suzuki et al, 2000). These
traditional reference genes, however, may not be appropriate
for qRT-PCR analysis (Lee et al., 2015; Jeon et al., 2019).
Therefore, in every experiment, verifying gene reference
stability is necessary. Reference gene stability was assessed
using the complementary methods geNorm and NormFinder
(Vandesompele et al., 2002; Andersen et al, 2004;
Derveaux et al., 2010). NormFinder ranks gene stability by
examining intra- and intergroup variation, while geNorm
ranks the candidate genes by estimating the average pairwise
variance and identifying the most stable combinations.
GeNorm, however, does not differentiate groups in its
analysis (Lanoix et al., 2012). In this case, comparison
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groups may provide different stability results depending on
the design of the research. Integrating pairwise variation
analysis with group-based systematic error correction allows
geNorm and NormFinder to assess gene stability more
comprehensively. The current study aimed to determine the
most stable reference genes for qRT-PCR in feline MSCs.
For this purpose, a combination of the two algorithms was
chosen for a complete and precise evaluation of reference
gene stability. We hypothesized that some reference genes
would show consistent stability in gonadal tissue-derived
MSCs, which would provide reliable qRT-PCR
interpretation. Therefore, this study assessed reference gene
stability for qRT-PCR analysis using MSCs isolated from
feline gonadal tissues. For gene candidates, nine commonly
used reference genes were selected: ACTB, GAPDH, TATA-
box binding protein (7BP), beta-2-microglobulin (B2M),
glucuronidase beta (GUSB), hypoxanthine phosphoribosyl
transferase 1 (HPRTI), ubiquitin C (UBC), ribosomal
protein L7 (RPL7), and tyrosine 3-monooxygenase/
tryptophan  S5-monooxygenase activation protein zeta
(YWHAZ). Ultimately, this validation would improve the
clinical translation of feline MSC-based regenerative
therapies by making it easier to implement standardized
protocols and quality control measures.

MATERIALS AND METHODS

Chemicals and media: All chemicals, unless otherwise
specified, were purchased from Sigma (St. Louis, MO,
USA), and all media were obtained from Gibco (Gibco Life
Technologies, Gaithersburg, MD, USA).

Ethics approval: All experiments were approved by the
Gyeongsang National University Institutional Animal Care
and Use Committee (IACUC) (GNU-250326-T0058-01),
and all TACUC guidelines were followed.

Collection and culture of MSCs from ovarian and
testicular tissues: For this study, ovarian and testicular
tissues were obtained from a total of six felines, consisting
of three females and three males aged between one and three
years, during routine ovariohysterectomy or castration
procedures. The purpose of this experiment was to validate
an exploratory methodology, by assessing the stability of
reference gene rather than estimating the associated effect
size. Each feline gonadal tissue was processed and analyzed
separately to maintain biological variability, avoiding
pooling the samples. The isolation and culture of MSCs from
ovarian and testicular tissues were conducted following
previously reported methods with minor modifications (Jeon
et al., 2019). Sterilized scissors were used to mince each
tissue sample, which was then digested at 37°C in 0.1%
collagenase 1 with gentle shaking. Following enzymatic
digestion, the cell suspension was strained through a 100pm
cell strainer and centrifuged at 300 xg for Sminutes.
Resulting cells were resuspended in Advanced Dulbecco’s
Modified Eagle’s medium (ADMEM) supplemented with
1% penicillin-streptomycin (Pen-Strep), 1% GlutaMAX,
and 20% fetal bovine serum (FBS), and were cultured in the
same medium at 37°C in a humidified atmosphere of 5%
CO,. At 80-90% confluence, the cells were detached using
0.25% trypsin-ethylene-diamine-tetra-acetic acid (trypsin-
EDTA) and collected by centrifugation at 300 xg for



Sminutes. The cells were cultured to passage 3 for each
experiment.

Cell surface marker analysis using flow cytometry: To
confirm the MSC-specific surface marker expression, cells
were harvested by trypsinization and fixed in a 4%
paraformaldehyde solution for 1 hour. The cells were
stained with FITC mouse IgG1 « isotype control (1:200;
BD Biosciences, NJ, USA, cat. 550616), APC mouse IgG1
k isotype control (1:200; BD Biosciences, NJ, USA, cat.
554681), FITC mouse anti-human CD34 (1:200; BD
Biosciences, NJ, USA, cat. 560942), FITC rat anti-mouse
CD44 (1:200; BD Biosciences, NJ, USA, cat. 553133),
FITC rat anti-dog CD45 (1:200; ThermoFisher, Rockford,
IL, USA, cat. MA1-80304), and APC mouse anti-human
CD105 (1:200; ThermoFisher, Rockford, IL, USA, cat. 17-
1057-42) at 4°C for 30 minutes in the dark. After staining,
the cells were analyzed using FACSLyric™ flow
cytometer (BD Biosciences, NJ, USA). Gating was based
on the fluorescence profiles of the isotype control. To
evaluate the proportion of cells expressing specific
markers, the acquired data were processed using flow
cytometry software (FlowJo™ v10; BD Biosciences).

In vitro trilineage differentiation of MSCs: To assess
their potential for trilineage differentiation, MSCs were
induced into adipocytes, chondroblasts, and osteoblasts.
The protocol followed that of a previous study with minor
modifications (Jeon et al, 2019). For adipocyte
differentiation, MSCs were cultured for 21 days in DMEM
supplemented with 1% Pen-Strep, 10% FBS, 1uM
dexamethasone, 100uM indomethacin, and 10uM insulin.

Table I: Lists of candidate reference genes and their information
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Adipogenic differentiation was verified by Oil Red O
staining, which revealed intracellular lipid droplet
accumulation (Sigma, St. Louis, MO, USA, cat. 00625).
Differentiation into chondroblasts was induced for 21 days
in STEMPRO™ chondrogenesis medium (STEMPRO™
chondrogenesis differentiation kit; Invitrogen, CA, US).
Proteoglycan accumulation was evaluated using 1% Alcian
blue staining (Sigma, St. Louis, MO, USA, cat. A3157).
Osteoblast differentiation was conducted for 21 days with
DMEM supplemented with 1% Pen-Strep, 10% FBS,
200uM ascorbic acid, 0.1uM dexamethasone, and 10mM
sodium B-glycerophosphate. Mineralization and calcium
deposition were confirmed by Alizarin Red S staining
(Sigma, St. Louis, MO, USA, cat. A5533). Trilineage
differentiation was qualitatively confirmed by observing
specific staining under bright-field microscopy.

Selection of candidate reference genes: Nine candidate
reference genes were chosen based on prior studies and their
diverse intracellular functions (Ho and Patrizi, 2021; Song et
al., 2022; Lee et al., 2024). Primer sequences were designed
using Primer3Plus software and verified with OligoAnalyzer
3.1 software to avoid secondary structures such as hairpins,
homodimers, or heterodimers. To validate the amplification
performance of each primer pair, standard curves were
generated using a four-fold dilution series of cDNA from
1:10 to 1:10,000. The slope (M), intercept (B), PCR
efficiency (E), and correlation coefficient (R?) for each
primer were calculated using Rotor-Gene Q v2.1.0 software
(Qiagen, Hilden, Germany). Detailed primer information is
provided in Table 1.

Information of primers

Standard curve parameters

Gene name (Symbol) Sequence Base pair Accession R? M B E

Beta-actin (ACTB) F: GGACTTCGAGCAGGAGATGG 186 ON164672.1 0.984 -3519 35.152 1.02
R: ATGATGGAGTTGAAGGTAGTTTCG

Glyceraldehyde-3-phosphate F: CTGGAGAAAGCTGCCAAATACG 17 XM_006933438.4 0.989 -3.488 34.814 0.99

dehydrogenase (GAPDH) ’
R: GTTAAAGTCGCAGGAGACAACC

TATA-box binding protein F: AGCTTGACCTAAAGACCATTGC 80 1Q424890.1 0.995 -3.423 34.857 1.02

(TBP) ’
R: TCTCATGATAACAGCAGCAAACC

Beta-2-microglobulin (B2M) F: CTCCAAAGGTTCAGGTTTACTCC 184 NM_001009876.1 0.992 -3.412 38941 1.0l
R: ACCAGAAGATAGAAAGTCCAGTCC

Glucuronidase beta (GUSB) F: GTGTATTGCATGATCCTGAGACC |55 NM_001009310.1 0.991 -3.481 38915 1.02
R: CCCATCCTTCATAGCTGTATGC

Hypoxanthine F: GCTCCTCTATACCACACCTACC 185 XM_023248905.2 0.993 -3.461 37.115 0.99

phosphoribosyl transferase | ’

(HPRTI) R: CGACTTTGCCTTCCTCATCC

Ubiquitin C (UBC) F: CGCTCGATCTCTTGGTAAATACG 84 XM_045041876.1 0.999 -3.495 36.022 1.0l
R: GGGTGGTCTTCTTCTTCATTCC

:iRilF)’f;;)mal protein L7 F: CTGCTGGTGATGACAAGAAAGG 152 XM_023248286.2 0.997 -3.512 35.172 0.98
R: CTGATAGGGTGTGTTGGTTGC

Tyrosine 3- F: TCAGACTGAAGAGCTACTGTAACG 03 XM_006943327.5 0.992 -3.416 36.955 0.99

monooxygenase/tryptophan

5-monooxygenase activation R: TGCAACCTTGACCATCTTTGG

protein zeta (YWHAZ)

POU class 5 homeobox | 160 NM_00117344].1

(0CT4)

F: CACCATCGAGAATGTCAAGGC

R: TGTTTCCCAGCAAAGATCAACC




RNA isolation, reverse transcription, and qRT-PCR:
Total RNA was isolated from MSCs derived from each
animal, without pooling, using the easy-spin™ Total RNA
Extraction Kit (iNtRON Biotechnology, Seongnam,
Korea) following the instructions provided by the
manufacturer. The quantity and purity of RNA were
confirmed with a spectrophotometer (OPTIZEN™ NanoQ
Lite; K LAB, Daejeon, Korea). For reverse transcription,
500ng of total RNA was used, and the HiSenScript™ RH(-
) RT PreMix Kit (iNtRON Biotechnology, Seongnam,
Korea) was utilized to produce cDNA. For qRT-PCR, 50ng
of ¢cDNA, 0.2uM forward and reverse primers, and
RealMOD™ Green AP 5x qPCR mix (iNtRON
Biotechnology, Seongnam, Korea) were combined, and the
reaction mixture was placed into a Rotor-Gene Q cycler
(Qiagen, Hilden, Germany). The conditions for the reaction
were 95°C for 12 minutes of initial activation, with 40
subsequent PCR cycles (95°C for 15 seconds, 60°C for 25
seconds, and 72°C for 25 seconds). Cycle threshold (Ct)
values and melting curves were acquired and processed
using Rotor-Gene Q software. PCR products were
additionally validated through gel electrophoresis to
confirm the amplification of intended targets.

Evaluation of reference gene stability: To assess the
expression stability of the nine candidate reference genes,
the geNorm and NormFinder algorithms were used, which
are among the most commonly employed methods. With
the geNorm algorithm, the expression stability of genes is
measured using the M value, which is the average
standard deviation of the log-transformed expression
ratios of one gene and all other genes. Genes with the
highest M values, reflecting low stability, were removed
step by step until the two most stable ones remained. In
addition, geNorm determined the optimal number of
reference genes by continuously assessing the pairwise
variation (Vam:1) between sequential normalization
factors (NFs) (Vandesompele et al., 2002). To prevent
excessive reference genes, the Pearson correlation
between NF,, which is calculated from the two most
stable genes, and NF,p, which is based on the optimal
number of genes, was analyzed using SPSS. Using
ANOVA, NormFinder was used to calculate stability
values, which reflect intra- and intergroup variation.
NormFinder orders all the candidates based on their
stability values and from this identifies the single most
stable reference gene, which is the one with the lowest
stability value. The most suitable pair of genes for
normalization was also determined (Andersen et al.,
2004).

Normalization of GOI against different reference genes:
To evaluate the impact of reference gene stability, the
relative mRNA levels of the GOI, OCT4, were normalized
using both the most stable and least stable reference genes
identified through stability analysis. qRT-PCR was
performed as detailed above, and expression levels were
calculated using the Rotor-Gene Q software.

Statistical analysis: All experimental data were examined
through SPSS version 23. Student’s t-test was used to
determine statistical differences. Prior to performing the t-
test, data normality was assessed. Data are presented as the
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mean + standard deviation (SD) of three biological
replicates, each analyzed in seven technical replicates. A
value of P<0.05 was considered statistically significant.

RESULTS

Derivation and phenotyping of gonadal tissue-derived
MSC:s: Feline MSCs were successfully isolated from feline
ovarian and testicular tissues. The ovary-derived MSCs (O-
MSCs) and testis-derived MSCs (T-MSCs) were cultured
in standard growth media and exhibited a spindle-like
morphology (Fig. 1A). To confirm MSC-specific
characteristics, surface markers of O-MSCs and T-MSCs
were analyzed using flow cytometry. Both O-MSCs and T-
MSCs were positive for MSC-specific markers CD44 and
CD105 but negative for hematopoietic markers CD34 and
CD45 (Fig. 1B). Under appropriate differentiation
conditions, O-MSCs and T-MSCs gave rise to adipocytes,
chondrocytes, and osteocytes, confirming their multipotent
nature. Lipid droplet formation was confirmed through
staining with the Oil Red O dye, indicating successful
adipogenic differentiation. Proteoglycan extracellular
matrices were confirmed through staining with Alcian blue
dye, indicating successful chondrocytic differentiation.
Alizarin Red S staining confirmed that cells differentiated
into osteoblasts, as verified by the mineral nodules. (Fig.
10).

Evaluation of Ct values, amplicon size, and primer
efficiency of candidate reference genes: Standard
curves for primer evaluation were generated using a four-
fold serial dilution of cDNA. Amplification efficiency (E)
values ranged from 0.98 to 1.02. Linearity coefficients
(R?) were between 0.984 and 0.999, indicating stable
amplification across all candidate primer sets.
Specificity was verified by melt-curve profiling, which
produced a single discrete peak for each transcript, with
no detectable signals indicative of hairpin or primer-
dimers (Fig. 2A). Amplicon integrity was assessed by gel
electrophoresis, confirming that band sizes matched the
anticipated amplicon length and that nonspecific
products, including self-dimers or hetero-dimers, were
not detected (Fig. 2B). Ct analysis revealed significant
expression differences between O-MSCs and T-MSCs for
ACTB (P<0.05), GUSB (P<0.05), B2M (P<0.001), and
UBC (P<0.001) (Fig.2C).

Reference gene stability profiling using geNorm-based
ranking: Expression stability of the nine candidate
reference genes in O-MSCs and T-MSCs was assessed
using the geNorm algorithm. Using stepwise elimination,
M values were calculated, and as all reference genes were
below the threshold of 1.5, they were all indicated
appropriate for normalization. With O-MSCs, T7BP,
HPRTI, and RPL7 were validated as the highest stability,
while GUSB and ACTB were found to be the most unstable.
Similarly, in T-MSCs, HPRT1, YWHAZ, and TBP showed
the highest stability, while RPL7 and B2M were the
remaining reference gene candidates with the least
stability. In combined, both O-MSCs and T-MSCs were
analyzed. TBP and HPRT! were identified as the highest
stability, whereas B2M and GUSB showed the lowest
stability ~ (Fig. 3A).  Pairwise variation (V value)
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analysis was performed to determine the optimal number
of reference genes required for reliable normalization.
The lowest V values for O-MSCs, T-MSCs, and
combined O-MSCs and T-MSCs were observed at Vs
(V=0.00772), V75 (V=0.00645), and V75 (V=0.00791),
respectively. The lowest V values were observed at Vs
(V=0.00772) for O-MSCs, V75(V=0.00645) for T-MSCs,
and V75(V=0.00791) for the combined dataset, indicating
that a minimum of four reference genes for O-MSCs and
seven for both T-MSCs and the combined both O-MSCs
and T-MSCs would ensure adequate normalization
accuracy (Figure 3B). To examine whether fewer
reference genes could maintain comparable normalization
performance, the correlation between the normalization
factor derived from the two most stable genes (NF,) and
the optimal gene set (NF.) was examined. Strong
positive correlations were observed in O-MSCs
(r=0.92889, P<0.01), T-MSCs (r=0.90219, P<0.01), and
combined both O-MSCs and T-MSCs (r=0.80866,
P<0.01), supporting that two carefully selected reference
genes may be sufficient for reliable qRT-PCR
normalization (Fig. 3C).

Reference gene stability profiling using NormFinder-
based ranking: NormFinder was applied to quantify
expression stability among nine normalization targets.
Across O-MSCs, T-MSCs, and combined both O-MSCs
and T-MSCs, TBP and HPRTI consistently exhibited the
lowest stability values. In O-MSCs, ACTB and GUSB were
identified as the least stable genes (Figure 4A). Similarly,

RPL7 and UBC showed low stability in T-MSCs (Figure
4B). In the combined O-MSCs and T-MSCs, TBP and
HPRTI remained the most stable pair, while B2M and
ACTB ranked among the least stable (Fig. 4C).
Furthermore, the combination of 7BP and HPRTI was
identified as the optimal reference pair for qRT-PCR
interpretation in both O-MSCs, T-MSCs, and combined
both O-MSCs and T-MSCs. Our results showed that 7BP
and HPRTI were identified as the most suitable reference
genes across all groups based on stability rankings
evaluated by both NormFinder and geNorm. In contrast,
traditional reference genes such as GAPDH and ACTB
exhibited low stability in our study, indicating that they are
not suitable for reliable normalization.

Normalization based on reference gene stability: Both
algorithms suggested that HPRTI and TBP were the
highest stable reference genes among the candidate
reference genes. Especially, ACTB, a widely used
traditional reference gene, showed relatively lower stability
than other candidate genes, including GAPDH, in both O-
MSCs and T-MSCs. Furthermore, less stable reference
genes, such as GUSB, RPL7, and ACTB, were also utilized
to normalize OCT4, a commonly used marker for MSC
identity, to assess the impact of different reference genes
on GOI. When normalized to TBP or HPRTI, OCT4
expression was significantly lower in T-MSCs than in O-
MSCs (P<0.05 for both). However, normalization using
ACTB, GUSB, or RPL7 failed to detect significant
differences between the groups (Fig. 5).
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Fig. 4: NormFinder analysis to evaluate candidate reference genes according to expression stability. (A) With the least stable gene on the left and the
most stable gene on the right, the graph displays the stability analysis of candidate reference genes in O-MSCs. The gene pair with the highest overall
stability is indicated at the end of the curve in bold. (B) The stability ranking of potential reference genes in T-MSCs is displayed in the graph, with genes
ordered from left to right in order of increasing stability. At the end of the curve, the most stable gene pair is bolded. (C) The most stable reference
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of two reference genes was shown in bold letters.
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Fig. 5: Comparative analysis of OCT4 mRNA expression levels
normalized by different reference genes. To evaluate the influence of
reference gene selection on normalization accuracy, OCT4 expression
was normalized using two stable (TBP and HPRT/) and three less stable
(ACTB, GUSB, and RPL7) reference genes. Relative expression levels were
compared between O-MSCs and T-MSCs. Data are reported as the
meantSD. Differences between O-MSCs and T-MSCs that were
statistically significant are highlighted with asterisks. (*P<0.05).

DISCUSSION

Currently, reference gene stability in human, porcine,
and bovine MSCs has been reported (Lee et al., 2015; Jeon
et al.,2019; Jang et al., 2020). Our results showed that the
reference gene stability was the highest in TBP and HPRT1,
whereas widely used internal controls such as GUSB,

RPL7, and ACTB showed comparatively low stability. The
absence of universally stable reference genes across
experimental conditions emphasizes the risk of misleading
interpretation caused by improper normalization
(Palombella et al., 2017; Jeon et al., 2019). Reference gene
selection and validation should be guided by biological
context and experimental design. Therefore, we focused on
validating the highest stability of candidate reference genes
for accurate qRT-PCR interpretation in feline MSCs.

Under defined culture conditions, feline MSCs
obtained from ovarian and testicular tissues displayed
spindle-like  morphology, = MSC-specific = marker
expression, and the capacity for trilineage differentiation.
It is consistent with the International Society for Cell &
Gene Therapy guidelines (Viswanathan et al., 2019). In
addition,  gonadal  tissue-derived MSCs  were
demonstrated that extended proliferation capacity and
possessed potential for effective MSC therapy sources
(Gonzalez et al., 2009). However, the molecular basis of
the therapeutic efficacy using feline gonadal tissue-
derived MSCs is unclear. Accordingly, we focused on the
assessment of reference gene expression stability in feline
gonadal tissue-derived MSCs for molecular biological
analysis. To obtain accurate interpretation in preclinical
and translational studies, identifying the stability of
reference genes as internal controls is needed.

When evaluating reference gene stability, the
consistency of gene expression could be impacted by



primer and amplicon length (Brinkhof ez al., 2006). In
order to avoid primer and amplicon length effects, primers
generating between 80 and 190 base pairs amplicon length
were designed and used in this study. Among the available
algorithms, the two most popular algorithms utilized to
evaluate reference gene stability are geNorm and
NormFinder (Expdsito-Rodriguez et al., 2008). The
analysis using geNorm and NormFinder demonstrated
comparable results, with both algorithms identifying TBP
and HPRTI as the highest stability. The minor differences
in the reference gene stability rankings derived from
geNorm and NormFinder can be explained by the
differences in their algorithmic approaches (Lee et al.,
2024). Even if geNorm recommends the number of
reference genes for optimal normalization depending on V
value, using multiple reference genes is frequently
impractical and expensive. The combination of 7BP and
HPRTI was suggested enough to precise normalization due
to the lowest M value. This approach is consistent with a
previous study, which using two to three verified reference
genes  offers  sufficient normalization accuracy
(Vandesompele et al., 2002).

Ct values were analyzed in O-MSCs and T-MSCs to
determine suitable reference genes. We calculated Ct
values using the formula [XT=X0 x (1 + E)*Ct]. In this
formula, XT refers to the amount of amplified product at
the threshold cycle, X0 means the number of molecules,
and E means the amplification efficiency of the PCR
reaction (Schmittgen and Zakrajsek, 2000). Variation in Ct
values was observed among nine candidate reference genes
when comparing with O-MSCs and T-MSCs. In addition,
some reference genes including ACTB, GUSB, B2M, and
UBC showed statistically significant differences between
O-MSCs and T-MSCs. These reference genes may exhibit
tissue-specific expression patterns and should be carefully
validated prior to use in normalization (Penning et al.,
2007). Therefore, reference genes need to be confirmed for
gene stability under the given experimental conditions to
interpret the qRT-PCR results.

Among the nine candidate reference genes in O-MSCs
and T-MSCs, TBP and HPRTI were identified as the
highest expression stability. In contrast, GUSB, RPL7, and
ACTB were estimated to be less stable than 7BP and
HPRTI. TATA-box binding protein (7BP) is essential for
eukaryotic transcription initiation. 7BP is essential for core
promoter recognition and assembly of the pre-initiation
complex (Akhtar and Veenstra, 2011). Hypoxanthine-
guanine phosphoribosyl transferase, an enzyme of the
purine salvage pathway that aids in nucleotide synthesis by
catalyzing the conversion of hypoxanthine and guanine
into inosine monophosphate and guanine monophosphate,
is encoded by HPRTI. This function is essential for cell
cycle progression and proliferation (Townsend et al., 2018;
Wu et al., 2022). GUSB is a pivotal lysosomal enzyme
involved in the catabolic processing of
glycosaminoglycans containing glucuronic acid residues
(Nazetal.,2013). RPL7 is aribosomal protein traditionally
known to have a molecular weight of 27 kDa (Meyuhas and
Klein, 1990). ACTB functions as a fundamental
cytoskeletal component essential for cell survival and plays
a vital role in maintaining various cellular processes (Jeon
et al., 2019). In previous studies, it was demonstrated that
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HPRTI, a non-ribosomal reference gene, identifies stable
expression in various feline organs, including liver, lung,
and adrenal gland tissues (Kessler et al., 2009; Penning et
al., 2007). Similarly to our study, in gonadal tissues such
as the ovary and testis, 7BP has also been validated to be a
reliable reference gene (Li et al., 2009; Katarzynska-
Banasik et al., 2017; Zhou et al., 2020). For normalization
of data, ACTB and GAPDH have traditionally been the
most commonly used reference genes. Nonetheless, its
expression has been shown to be unstable in feline
pancreatic tissue, spinal tissue, and genomic DNA (Kessler
et al., 2009; Helfer-Hungerbuehler et al., 2013; Ashwell et
al., 2019). Moreover, in feline degenerative joint disease,
GUSB has also been shown to be unstable (Ashwell et al.,
2019). In contrast, other studies have demonstrated that
ACTB, along with some ribosomal proteins are reliable
reference gene in the feline endometrium and also in dental
tissues (Penning et al., 2007; Jursza et al., 2014). The
differences in the reference gene stability rankings across
studies may be due to differences in the type of tissue and
its condition, along with the differences in the experimental
design. Therefore, a reliable interpretation of qRT-PCR
bases on prior verification of reference genes employed
under specific experimental conditions (Lee et al., 2024).
The influence of reference gene stability on target gene
expression, OCT4, was estimated using both stable and
unstable reference genes as internal controls. In stem cells,
OCTH4 plays the role of a pluripotency regulator, allowing
the cell to maintain self-renewal and remain
undifferentiated (Boyer et al., 2005). Gene expression of
OCT4 has been observed in MSCs from various tissues,
contributing to the preservation of their cell functions (Tsai
and Hung, 2012). Even though both normalization results
showed identical trends, statistical analysis revealed that
reference gene stability significantly influenced the
interpretation. Consequently, 7BP and HPRTI were
regarded as the most reliable reference genes for evaluating
the gene expression of feline O-MSCs and T-MSCs.
Previous study on human embryonic gonadal tissues has
shown that OCT4 expression is predominant in ovarian
tissue cells, including oocyte and early follicular cells, but
declines throughout spermatogenesis (Mamsen et al.,
2017). This is consistent with the increased OCT4
expression seen in O-MSCs compared to T-MSCs. It was
suggested that OCT4 expression plays an essential role in
preserving oocyte pluripotency and follicle development.
Conversely, expression of OCT4 level is downregulated
during the process of testicular germ cell differentiation.
Therefore, higher expression OCT4 levels in O-MSCs may
reflect origin tissue characterization. The findings
emphasized the importance of validating reference genes,
showing that normalization based on validation of their
stability more accurate result than normalization based on
unstable reference genes. Using traditional reference genes
without validation of their stability could affect the
reliability of the interpretation (Jeon et al., 2019). The TBP
and HPRT1 stability in both gonadal tissues-derived MSCs
suggests that these genes are minimally influenced by sex-
or tissue-specific variation. The TBP and HPRTI, which
have been established as playing important roles in
fundamental cellular processes, were consistently
expressed for their suitability as universal reference genes.



Considering the three biological replicates and seven
technical replicates, the sample size was still small, and the
studies were done exclusively in one laboratory, which
might restrict the ability to generalize the results. To further
validate the stability of TBP and HPRT1, experiments using
large samples were needed.

Conclusions: 7BP and HPRTI were identified as the most
stable for precise interpretation of GOI in feline ovarian-
and testicular-derived MSCs. Normalization of OCT4
expression revealed significant differences based on the
stability of the reference gene, emphasizing the necessity
of validation prior to qRT-PCR analysis. The reliable
reference genes revealed that OCT4 expression level was
significantly lower in T-MSCs compared to O-MSCs,
indicating tissue-specific variations in stemness potential.
These results offer a reliable foundation for future qRT-
PCR-based studies focused on feline MSC biology and the
potential therapeutic applications of feline MSCs.
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