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ABSTRACT. The use of mesenchymal stem cells (MSCs) in
experimental, clinical, and therapeutic trials has grown in recent years.
However, the issue remains of whether these procedures are completely
safe for transplant patients. Therefore, this study was designed and carried
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out with the aim of evaluating two different comet assay protocols for
genomic damage pattern analysis in MSCs derived from adipose tissue.
The analyzed and interpreted results suggest that genetic testing is needed
to support clonal expansion safety in cell therapy procedures with MSCs.
Furthermore, they also suggest that if the comet assay technique would
be used as a genomic integrity screening assay, the protocol performed
at pH = 12 (that yielded a frequency of damaged cells: tail intensity
= 9.50 £+ 0.60, tail moment = 0.0122 + 0.0007; results are reported as
means + standard deviation) would be indicated as genomic damage,
and that subsequent single-strand breaks occur at pH > 13 (frequency
of damaged cells: tail intensity = 30.71 + 4.23, tail moment = 0.0447 +
0.0073). Our study demonstrates that, in the era of regenerative medicine,
it is necessary to standardize and establish a battery of tests in order to
identify genomic damage prior to MSC transplantation.
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INTRODUCTION

Mesenchymal stem cells (MSCs) can undergo successive cell divisions and remain mul-
tipotent. They are also able to differentiate into mesenchymal tissue lineages, including bone,
cartilage, tendon, muscle, fat, and bone marrow stroma (Pittenger et al., 1999). This capacity for
clonal expansion without differentiation in a given tissue is an important feature that may, in the
near future, ensure autologous and/or heterologous procedures in areas such as cell therapy, tissue
engineering, regenerative medicine, and translational human and/or veterinary arenas. However,
the literature has not adequately established how safe it is to maintain MSCs by successive clonal
expansions in vitro, and/or utilize cryopreservation systems (Qin et al., 2009; Torsvik et al., 2010).

The research on easily accessible sources of MSCs led several groups to investigate
cells from different tissues, including bone marrow (Mackay et al., 1998), cord blood, mobilized
peripheral blood (Villaron et al., 2004), and adipose tissue (Zuk et al., 2001). Although a large
number of stem cells can be isolated from adipose tissue, in vitro cell expansion is still required
(Mesimaki et al., 2009), as the procedures require millions of cells. However, clonal expansion
concerns the scientific community because the current literature includes studies in which au-
thors have reported an increased risk of genetic instability, spontaneous transformation, and for-
mation of in vivo malignant tumors (Froelich et al., 2013). Such reports raise the need for further
studies in order to ensure the safety of cell therapy methods that are also more efficient, reliable,
and sensitive for the detection of genomic damage in stem cells. On this basis, the current study
aimed to evaluate two different comet assay protocols for the analysis of genomic lesions in
MSC:s derived from adipose tissue.

MATERIAL AND METHODS
Animals

A total of six adult New Zealand white rabbits weighing 3.0-4.0 kg, of both genders,
were used in this study. The rabbits were kept in individual stalls equipped with burrows and
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nests in order to minimize distress, and were provided with water and feed (Presence Purina®, Sao
Paulo, Brazil) ad libitum. The experimental protocol was approved by the Ethics Committee on
Use of Animals (CEUA) of Faculdade de Ciéncias Agrarias e Veterinarias, Universidade Estadual
Paulista, under approval No. 027839/12. The experiment was conducted in accordance with the
ethical principles adopted by the Brazilian College of Animal Experimentation (COBEA).

Adipose tissue harvesting, isolation, and culture of MSCs

For harvesting of adipose tissue, the rabbits were anesthetized with intramuscular ad-
ministration of 30 mg/kg ketamine (Vetanarcol, Konig, Sdo Paulo, Brasil) and 5 mg/kg xyla-
zine (Konig) under aseptic conditions, a 1.0-2.0-cm incision was made between the scapulas,
and the adipose tissue was removed from the subcutaneous space by divulsion; the incision
was then closed with nylon sutures. After harvesting, the adipose tissue was washed three to
four times with phosphate-buffered saline (Gibco, Life Technologies, Carlsbad, CA, USA)
and then suspended in a Collagenase type Il - Clostridium histolyticum (Gibco) solution [2
mg collagenase/mL HEPES medium (Gibco)], in the ratio 2 mL solution per gram adipose
tissue, and maintained overnight at 37°C with 5% CO,. After this period, enzyme activity was
neutralized with Dulbecco’s modified Eagle’s medium Knockout (DMEM-Knockout) (Gibco)
containing 10% fetal bovine serum (FBS) (Gibco). The infranatant was centrifuged at 300
g for 10 min at room temperature in order to pellet the cells, which were filtered to remove
debris and seeded on tissue culture plates for culture and expansion. The cultures were main-
tained in DMEM-Knockout supplemented with 10% FBS and antibiotics-antimycotic solution
(10,000 U/mL penicillin, 10,000 U/mL streptomycin, and 25 U/mL amphotericin-B; Gibco)
at 37°C with 5% CO,. The culture medium was changed every two days. Upon achieving
approximately 80% confluence, the cells were trypsinized (0.025% trypsin, Invitrogen) and
plated at a density of 5000 cells/cm?; this was repeated each time the 80% confluence level
was reached. The medium containing the suspended cells was transferred from the flask to a
15-mL sterile tube and centrifuged at 300 g for 10 min. The supernatant was aspirated and the
cells were suspended in 1 mL culture medium. A 30-uL aliquot was diluted in 30 puL trypan
blue (Gibco) for cell counting in a Neubauer chamber, in order to proceed to the cell viability
assay. Posteriorly, remaining cells were divided into three sterile tubes; two were utilized for
the comet assays, and the third for adipogenic, osteogenic, and chondrogenic differentiation.

Adipogenic, osteogenic, and chondrogenic differentiation

For the differentiation assay, cells were seeded into four plates at a density of 2 x
10° cells/cm? and in two sterile 15-mL conical tubes at 1 x 10° cells/cm?. Two plates and
one tube were maintained in DMEM-Knockout supplemented with 10% FBS and antibiotics
for use as controls. The cells for adipogenic and osteogenic differentiation were maintained
for 24 h in DMEM as described above, and then the medium was replaced with that from
the STEMPRO Adipogenic and Osteogenesis Differentiation Kit (Invitrogen). Cultures were
maintained for 14 days, and the medium was changed every three days. The chondrogenic
differentiation was performed as a three-dimensional pellet culture. Cells were maintained
for 24 h in DMEM as described above, and then the medium was replaced by that from the
STEMPRO Condrogenesis Differentiation Kit (Invitrogen), and maintained for 21 days. The
medium was changed every three days. After the culture period, the medium was discarded and
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cells were fixed with 4% paraformaldehyde for 1 h. Adipogenic differentiation was confirmed
by Oil Red O staining. Osteogenic differentiation was confirmed by Alizarin Red staining. The
chondrogenesis differentiation pellets were subjected to routine histological processing and
then stained by Toluidine Blue.

Comet assays

For detection of DNA damage, the comet assay was used in a pH > 13 alkaline version
and at pH = 12 in samples from the same trypsinization so that this parameter did not influ-
ence the results, as previously described by Tice et al. (2000) and Villela et al. (2007). Cells
were collected by trypsinization, and an aliquot was mixed with 20-120 pL 0.75% low-melting
point agarose at 37°C and layered onto a precoated slide with 1.5% regular agarose, and cov-
ered with a coverslip. After a brief agarose solidification in the refrigerator, the coverslip was
removed and slides were immersed in lysis solution [2.5 M NaCl, 100 mM ethylenediami-
netetraacetic acid (EDTA), 10 mM Tris-HCI bufter, pH 10, 1% sodium sarcosinate with 1%
Triton X-100, and 10% dimethyl sulfoxide], and maintained in the dark at 4°C for 2 h. For the
pH > 13 alkaline version, the slides were left for 20 min in the electrophoresis buffer (300 mM
NaOH, 1 mM EDTA) and electrophoresed for another 20 min at 25 V and 300 mA. For the pH
12 assay, the slides were left for 20 min in the electrophoresis buffer (300 mM NaOH, | mM
EDTA, pH 12) and electrophoresed for another 20 min at 21 V and 270 mA. After electropho-
resis, the slides were neutralized with 0.4 M Tris-HCI, pH 7.5, for 15 min (3 times for 5 min
each) and left to dry overnight. The slides were fixed in absolute ethanol for 10 min and stored
until analysis. A total of 50 randomly captured comets from each slide were examined blindly
at 400X magnification using a fluorescence microscope (Olympus, Tokyo, Japan) connected
by a camera to an image analysis system (Comet Assay I, Perceptive Instruments, Haverhill,
UK). In order to quantify the DNA damage, two image analysis system parameters were re-
corded: tail intensity and tail moment, and then statistically analyzed by the Student #-test (P <
0.05 was considered to be statistically significant).

RESULTS
Cell number and cell viability estimation

The average number of cells per culture flask was 2.28 + 0.24 x 10° and the average
cell viability percentage was 96.33 + 0.61.

MSCs can differentiate in vitro into adipogenic, osteogenic, and chondrogenic cells

The differentiated MSCs, obtained from rabbit adipose tissue and cultured in accor-
dance with osteogenic, adipogenic, and chondrogenesis differentiation protocols, were con-
firmed by observation of the morphological changes typical of these cell types. Control cells
were plastic-adherent and showed the typical spindle-shaped, fibroblast-like morphology
(Figure 1A, C). Figure 1B shows red-stained calcium deposits validated by Alizarin Red dye,
confirming osteogenic differentiation. Figure 1D shows cells with the typical intracellular,
red-stained lipid vacuoles, which, in this case, were validated by Oil Red O dye. By compar-
ing the control undifferentiated cells (Figure 1E) and those having undergone chondrogenic
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differentiation (Figure 1F), in this case confirmed by toluidine blue dye, it was possible to
observe a marked difference between undifferentiated and differentiated cell pellets, wherein
the differentiated pellet showed typical and abundant extracellular matrix.

Figure 1. Morphological changes induced in adipogenic, osteogenic, and chondrogenic differentiation of
mesenchymal stem cells. Cultures of adherent stem cells (A and C), osteogenic differentiation (B), adipogenic
differentiation (D), pelleted control stem cells (E), and pelleted chondrogenic differentiation stem cells (F). Images
obtained using an inverted microscope at 20X magnification (A-D); images obtained in a brightfield microscope at

40X magnification (E and F).
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Evaluation of genotoxicity in MSCs

In order to investigate and evaluate the DNA damage pattern in MSCs derived from
adipose tissue, the comet assay was performed on undifferentiated cells in pH > 13 alkaline
and pH = 12 protocol versions. Figure 2A shows cells from the pH = 12 version, while Fig-
ure 2B shows them from the pH > 13 version. Figure 2C shows a cell being analyzed by the
software at pH = 12, whereas Figure 2D shows a cell being analyzed by the software at pH >
13. The results indicated that the protocol using a buffer at pH > 13 showed an average tail in-
tensity value of 30.71 + 4.23, whereas at pH = 12, the average value obtained was 9.50 = 0.60
(Figure 2E). This reduction was highly significant (P = 0.0006). A similar result was observed
for tail moment (Figure 2F), with average values for the pH = 12 and pH > 13 protocol ver-
sions of 0.0122 = 0.0007 and 0.0447 = 0.0073, respectively (P =0.0013).
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Figure 2. DNA damage evaluation in undifferentiated mesenchymal cells using the comet assay. Cells in buffer pH
=12 (A) and pH > 13 (B); software analysis of cells in pH = 12 (C) and pH > 13 (D). E. Graphic representing the
damage quantification by the two comet versions, obtained by the tail intensity data (Student z-test, P < 0.0006).
F. Graphic representing the damage quantification by the two comet versions, obtained by the tail moment data
(Student #-test, P = 0.0013). Images (A-D) were obtained at 40X magnification.

Genetics and Molecular Research 14 (1): 339-348 (2015) ©FUNPEC-RP www.funpecrp.com.br



pH effects on genomic integrity in MSCs 345
DISCUSSION

Maintaining the genomic stability of stem cells in in vifro procedures is of great interest
for cell therapy, as it can guarantee the quality of the cells. Furthermore, it is essential for self-
renewal processes as well as for differentiation into other cell types (Park and Gerson, 2005).

Cells undergoing changes in their in situ or in vitro microenvironment are exposed
to endogenous and exogenous damage. However, damage is generally not fixed in the cell
genome because DNA repair pathways are able to recognize and remove it, so that there are
no deleterious effects (Peterson and Cote, 2004; Sancar et al., 2004; Houtgraaf et al., 2006;
Shrivastav et al., 2008; Pardo et al., 2009). If the damage is not repaired, the cell utilizes a
complex signaling pathway that might lead to apoptosis and/or senescence if cell division, cell
maintenance, and/or maintenance of the cell’s descendants are not feasible. Therefore, there
would be a decreased tendency to undergo transformation that would lead to tumorigenesis
(Andressoo et al., 2006; Wilson and Bohr, 2007).

In in vivo studies, somatic cells undergo about 10 mutations, and this high rate of
change in the DNA is incompatible with involvement in organogenesis and morphogenesis
processes. Thus, it would appear that embryonic stem cells are less susceptible to DNA change
or have efficient defense mechanisms against different forms of damage, including genetic or
genomic changes (Efroni et al., 2008; Maynard et al., 2008; Frosina, 2009). It is assumed that
adult stem cells also have different DNA repair mechanisms that are more efficient than other
somatic cells (Frosina, 2009). Despite this assertion, there is no guarantee that changes in the
cellular microenvironment, in particular during the clonal expansion of adult stem cells, do not
impact genomic integrity, and therefore, that transplantation of these cells is safe for therapeu-
tic use. Faced with this dilemma, it is necessary to develop and standardize biological assays
that are able to predict and/or assist in understanding and ensuring the safety of the procedures
applied to cell therapy.

In this study, the isolation, characterization, and investigation of genomic integrity
were performed in MSCs from rabbit adipose tissue using the comet assay. This assay has
high sensitivity and is widely used to assess DNA damage. Two versions of the assay were
tested, since each version is able to detect different types of DNA damage types. The pH >
13 alkaline version detects damage in the form of single-strand breaks, double alkali-labile
sites, cross-linking, and loss of excision repair. This version is the most comprehensive, and
in addition to detecting direct damage, it enables the evaluation of indirect damage such as
lesions like methylation adducts, which are alkali-labile and expressed as simple breaks under
high alkaline conditions (Singh, 2000; Tice et al., 2000). The other version (pH = 12) detects
mainly single- and double-strand breaks (Tice et al., 2000; Baumgartner et al., 2009).

Using these methods, the results obtained in this experiment highlighted the occur-
rence of MSC damage, which was more significant following utilization of the pH > 13 assay
version. The results suggested that this damage occurs mainly from alkali-labile sites con-
verted into single-strand breaks. Therefore, the MSCs appeared to be sensitive to elevated pH,
which causes DNA denaturation and leads to breaks in alkali-labile sites. Thus, it is suggested
that MSC cultivation as well as their use in experimentation with techniques involving differ-
ent pH or cellular pH variation require especially careful handling in order to obtain accurate
results, as MSCs are potentially more sensitive to damage than are other somatic cells. This
result can also be inferred from immortalized cells in culture (Oliveira et al., 2007; Priestley
et al., 2010) and primary culture cells such as peripheral blood lymphocytes (Osipov et al.,
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2014; Timoroglu et al., 2014). In circulating blood samples (Grassi et al., 2007; Braz et al.,
2011; Costa et al., 2011; Kasuba et al., 2012), for example, it is not common to find damage
frequently, which may also occur due to clonal expansion, when the pH > 13 comet assay ver-
sion is used.

Studies in which an automatic analysis system is used to determine DNA damage
using the comet assay show limited parameters such as only the DNA percentage in the tail
(Osipov et al., 2014) or the tail intensity (Priestley et al., 2010; Braz et al., 2011; Costa et al.,
2011; Camargo et al., 2013; Valenga-Silva et al., 2014), or this parameter is associated with
others, such as tail moment and tail length, in the results (Grassi et al., 2007; Kasuba et al.,
2012; Aydin et al., 2013; Pant et al., 2014; Timoroglu et al., 2014). However, there is still no
consensus regarding the best parameter for MSCs or other biological samples. With the advent
of software, the tail intensity variable has been primarily used in publication, and some authors
use such data as being synonymous for DNA percentage in the tail (Priestley et al., 2010; Braz
etal., 2011; Costa et al., 2011; Valenga-Silva et al., 2014). In this study, we decided to use both
the tail intensity and tail moment variables, since Vieira et al. (2014) report that such variables
might differ in MSCs. In their study, Vieira et al. (2014) stated that the tail moment analysis
showed no statistically significant variations, whereas the tail intensity showed a high frequen-
cy of damage. They suggested using caution with cell therapy, considering that the number of
passages is directly proportional to the exposure time of the MSC clonal expansion process.

Froelich et al. (2013) performed in vitro expansion of MSCs over ten passages and
the cells from passages 1, 2, 3, 5, and 10 were used for the comet assay in a pH > 13 alkaline
version. They asserted that there was no directly proportional relationship between the dam-
age levels and the comet assay passages; in others words, the increase of damage in the clonal
expansion length. However, unlike the aforementioned authors, Fuchs et al. (2012), using the
pH > 13 comet assay version, obtained results in which the increase in the number of passages
coincided with increased frequency of DNA damage.

Froelich et al. (2013) also detected chromosomal aberrations by means of the chromo-
somal aberration test, even when the comet assay did not detect damage. This same finding is
also reported by Nikitina et al. (2011) and Bochkov et al. (2006).

The results from the experiments in this paper indicate the need for genetic tests that
support the clonal expansion safety procedures for stem cell-based therapy, and they must be
implemented as part of the safety evaluation. Furthermore, the results show that if the comet
assay is the technique chosen for assessing genome integrity, the pH = 12 version would be
indicated for use rather than the pH > 13 protocol, because it has been found that the latter is
able to induce genomic damage. Thus, the standardization and establishment of a battery of
tests are required, even before proceeding to promote MSC transplantation as a therapeutic
modality in the era of regenerative medicine.
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