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Background: The secretome of the dental pulp mesenchymal stem cells (DPMSCS-S) have an array of
regenerative potential and could aid in the rehabilitation of cancer patients post-therapeutic interven-
tions, although caution is required as DPMSC-S have shown to augment prostate cancer cells. Thus, it
is vital to assess if these pro-carcinogenic effects extend to other cancer types.
Objective: To assess if DPMSC-S has any pro-carcinogenic effect on oral cancer, breast cancer, and mela-
noma cell lines.
Materials and methods: Conditioned media obtained from the isolated and characterized DPMSC (DPMSC-
CM) were profiled using bead-based multiplex assay. AW13515 (oral cancer), MDA-MB-231 (breast can-
cer), and A-375 (melanoma) cell lines were exposed to 20%, 50%, and 100% DPMSC-CM for 24, 48, and
72 h. DPMSC-CM effect on the cancer cell properties and secretome were assessed.
Results: DPMSC-CM augmented invasion, adhesion, multi-drug resistance, DNA repair, and mitochondrial
repair in AW13516 through upregulation of growth factors Ang-2, EGF, M�CSF, PDGF-AA, PDGF-BB, pro-
inflammatory cytokines TNF-a, IL-2, downregulation of anti-inflammatory cytokine TGF-b1, and pro-
inflammatory cytokine IL-4. In MDA-MB-231, invasion, and multi-drug resistance were augmented
through upregulation of growth factors EGF, EPO, G-CSF, HGF, M�CSF, PDGF-AA, and pro-inflammatory
cytokine TNF-a, CXCL10, IL-12p70. EMT, invasion, migration, and adhesion were augmented in A-375
through upregulation of growth factors Ang-2, EGF, PDGF-BB, TGF-a, pro-inflammatory cytokines TNF-
a, and IL-17A.
Conclusion: DPMSC-CM can augment the carcinogenic properties of oral cancer, breast cancer, and mel-
anoma cells, further animal model studies are required to validate our in-vitro findings.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Mesenchymal stem cells (MSC) are emerging as an attractive
and promising therapeutic avenue in numerous disease states
including post-cancer treatment rehabilitation. The ongoing trans-
lational interest stems from some of their exclusive properties like
multipotency, expression of specific cell surface antigen (Dominici
et al., 2006), adherence to plastic surfaces, potential to differentiate
into adipo-, osteo- and chondrogenic lineages among others
(Horwitz et al., 2005). The above properties along with their role
in the inflammatory milieu and complex interaction with host
immune cells unfurled their immunomodulatory and regenerative
potential. Their capacity to migrate and home to sites of injury
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(Marofi et al., 2017) and aberration (neoplastic sites) via chemo-
kine and soluble molecular factors have rendered profound inter-
est in their potential as a carrier vehicle for drugs or genes. The
rapid advances resulting in the application of MSC in regenerative
medicine have further piqued and delineated the growth factors
and cytokines from its secretome to be the primary effector. This
has evolved into a cell-free therapy in tissue regeneration. Recent
in-vitro and in-vivo animal model studies have deciphered and uti-
lized MSC-derived secretome (MSC-S) to regenerate tissues,
enhance wound healing, and ameliorate radiation-induced fibrosis
(Aryan et al., 2018; Chen et al., 2018; Gunawardena et al., 2019; L
et al., 2019).

In-vitro and in-vivo animal model studies on MSC derived from
the oral cavity have been encouraging with gingiva MSC-S (GMSC-
S) attenuating carcinogenesis in oral cancer cell lines (Ji et al.,
2016). However, there are no studies to date investigating the role
of DPMSC in the context of carcinogenesis except Dogan et al
exploring the role of DPMSC in prostate cancer cell lines (Doğan
et al., 2017). We questioned the pragmatic nature of the previous
study as DPMSC is being actively sorted out by industry to trans-
late their niche of regenerative properties for regeneration of max-
illofacial skeleton, especially alveolar regeneration (Nakajima et al.,
2018), and dental implant osteointegration (Irastorza et al., 2019).
MSC has also shown the ability to enhance wound healing (Barbier
et al., 2018) and possess anti-fibrotic effects (Iwanaka et al., 2020)
which is a translatable application in oral fibrotic diseases such as
oral sub-mucous fibrosis (Kheur et al., 2020). If proven, it is possi-
ble to extend DPMSC application to ameliorating radiation-induced
fibrosis of cancer patients.

Hence in light of high clinical relevance and non-existent
research in the specific field, we investigated to see if DPMSCS
had any role in potentiating carcinogenesis among oral cancer,
melanoma, and breast cancer cells consistent with the practical
utility of these cell lines as described above. Our preliminary inves-
tigation indicated augmentation of several carcinogenic properties
of the cancer cell line with DPMSC and we speculated that these
effects are secondary to their secretome. Hence we performed ser-
ies of experiments that unveiled DPMSC having a dual effect and
upregulated carcinogenesis on all 3 cancer cell lines primarily
through signaling from soluble factors in the secretome. These data
suggest that there is an urgent need to investigate the in-vivo
effects of DPMSC to mitigate any untoward harm and ensure
patient safety.
2. Materials and methods

In-vitro cell culture and flow cytometry analysis: Institutional
ethics review committee of Dr.D.Y.Patil Vidyapeeth, Pune, India
approved the protocol for the present study (Ref no.
DYPV/EC/101/18). Healthy pre-molar tooth extracted from 5
patients (aged 18–21 years) for orthodontic purposes was used
as the source for the DPMSC after obtaining the informed consent.
The crown of the extracted tooth was drilled under aseptic condi-
tions to expose its pulp cavity. Broach was used for extirpating the
pulp, which was then transported to the laboratory in Dulbecco’s
modified Eagle’s medium (DMEM). The phosphate-buffered saline
(PBS) was used to wash the pulp thrice in the sterile cell culture
hood. Isolation and characterization of DPSCs were carried out
using the explant culture method described previously in (Patil
et al., 2018). Briefly, Pulp tissue was minced into tiny fragments,
and the pieces were placed in 35 mm polystyrene plastic culture
dishes. A sufficient amount of fetal bovine serum (FBS) (Gibco,
Rockville, MD, USA) was added to the tissues to cover them com-
pletely. Explant tissue containing FBS was incubated at 37 �C and
5% Co2 for 24 h; DPSCs culture system was maintained in DMEM
6557
(Invitrogen, Carlsbad, CA, USA) supplemented with 20% FBS and
antibiotic–antimycotic solution at similar conditions. The culture
medium was replenished twice weekly, and cell growth, health,
and morphology were monitored regularly with an inverted
phase-contrast microscope. At 70–80% confluence, cells were
detached using 0.25% Trypsin-EDTA solution (Invitrogen, Carlsbad,
CA, USA) and transferred to a bigger 25-cm2 polystyrene culture
flask (Nunc, Rochester, NY, USA). Subsequently, the cells were sub-
ject to continuous passage in the 1:2 ratio for further experiments.
Cells from passage 3 to 5 were used in the experimentation.

Once the DPMSC were in the logarithmic phase, they were tryp-
sinized, collected, and subjected to PBS washing (twice). To the
above sample, a 500 lL fixative solution was added. Cell concentra-
tion was adjusted to 1x107 cells/ml. A fresh Eppendorf tube was
used to transfer 100 lL of the suspension. Normal goat serum
(50 lL, for 15–20 min at room temperature) was used to block
the cells. The sample was incubated for 30 min in the dark with flu-
orophore tagged anti-CD90-PE, anti-CD73-FITC, anti-CD105-FITC
(mesenchymal stem cell markers + ), anti-CD34-APC, anti-CD45-
APC, (hematopoietic markers –ve), and anti-HLA-DR-PE (MHC class
II antigen). The sample was washed with PBS (twice) after incuba-
tion to remove the excess antibody. Attune NxT (Thermo Fisher
Scientific, Waltham, MA, USA) was used to analyze and quantify
the cells. Negative controls used included the FITC, APC, or
PE-labeled immunoglobulin G-stained cells (referred to as isotype
control).

DPMSC-conditioned medium preparation: For the preparation
of DPMSC-conditioned medium (DPMSC-CM), DPMSCs were
seeded into T-75 flasks (75 cm2 surface area) (Nunc, Rochester,
NY, USA) at the seeding density of 1 X 105 cells per cm2 with
15 mL of DMEM (Invitrogen, Carlsbad, CA, USA) + 10% FBS (Gibco,
Rockville, MD, USA). After 24 h of incubation, the flasks were
observed under the microscope to make sure the cells are adhered
to the surface of the flasks. Further, the media was replaced with
15 mL of DMEM + 0.2% FBS. Cellular morphology and metabolic
activity were also observed to make sure that there is no adverse
effect of serum starvation on DPMSCs (results not shown). After
48 h of incubation, the spent medium (DPSC-CM) was aspirated,
centrifuged at 300 xg to remove debris, supernatant was taken
out in fresh tubes, again filtered by using 0.22-mm syringe filters
(Corning, NY, USA) and collected in sterile tubes. The DPMSC-CM
was stored at �80 �C until experimental utilization. For experi-
mental use, DPMSC-CM was made-up as DPMSC-CM + 10% FBS.
For experimental groups, 20%, 50%, and 100% of this composition
was mixed with appropriate amount of complete growth medium
(DMEM + 10% FBS). Control groups were incubated with only com-
plete growth medium (DMEM + 10% FBS).

Cancer cell lines: Oral cancer cell line (AW13516), was obtained
from the Advanced Centre for Treatment, Research, and Education
in Cancer, Tata Memorial Centre, Mumbai, India. Breast cancer cell
lines (MDA-MB-231), and melanoma cell lines (A-375) were
obtained from National Centre for Cell Science, Pune, India.

Bead-based multiplex assay: LEGENDplexTM Human Growth Fac-
tor Panel (13-plex) (Biolegend; Cat. No. 740180) was used to assess
angiopoietin-2 (Ang-2), epidermal growth factor (EGF), erythropoi-
etin (EPO), basic fibroblast growth factor (bFGF), granulocyte-
colony stimulating factor (G-CSF), granulocyte–macrophage
colony-stimulating factor (GM-CSF), hepatocyte growth factor
(HGF), macrophage colony-stimulating factor (M�CSF), platelet-
derived growth factor-AA (PDGF-AA), PDGF-BB, stem cell factor
(SCF), transforming growth factor-alpha (TGF- a), vascular
endothelial growth factor (VEGF). For cytokine analysis,
LEGENDplexTM Human Essential Immune Response Panel
(13-plex) (Biolegend; Cat. No. 740929) was used to assess pro-
inflammatory cytokines interleukin 1 beta (IL-1b), tumor necrosis
factor-alpha (TNF-a), interleukin 17 A (IL-17A), interleukin 12p70
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(IL-12p70), interferon-gamma (IFN-c), C-X-C motif chemokine
ligand 10 (CXCL10), C-C Motif Chemokine Ligand 2 (CCL2), C-C
motif chemokine ligand 8 (CXCL8), and anti-inflammatory cytoki-
nes interleukin 2 (IL-2), interleukin 4 (IL-4), interleukin 6 (IL-6),
interleukin 10 (IL-10), transforming growth factor-beta 1 (TGF-
b1). Standard protocols were used according to the manufacturer’s
instructions. Briefly, 25 lL of the CM from DPMSC-CM was incu-
bated with the microbeads for 2 h. After incubation, the detection
antibodies were introduced and incubated for 30 min. Further, the
samples were washed with wash buffer and centrifuged at
2000 rpm for 5 min. The supernatant was removed and the pellet
was resuspended in 200 lL sheath fluid. The samples were then
acquired on a flow cytometer (Attune NxT, Thermo Fisher
Scientific, Waltham, MA, USA) and analysis performed using
LEGENDplexTM Data Analysis Software (BioLegend, San Diego, CA,
USA). The same procedure was used to analyze the CM of cancer
cells pre and post-exposure to DPMSC-CM.

RT-PCR: The GeneJet purification columns (Invitrogen, Thermo
Scientific, Lithuania) method was employed to extract total RNA
from the pelleted cells. Adhering to the manufacturer’s instruction
of the cDNA synthesis kit, 1 lg RNA was reversely transcribed.
SYBR Green PCR master mix (Applied Biosystems, Austin, TX,
USA) was employed for quantitative analysis of genes on the
QuantStudio 5 Real-Time PCR system (Applied Biosystems, Foster
City, CA, USA). Using theDDCt method, the target gene expressions
were normalized to GAPDH. By referring to the mean cycle thresh-
old (CT), each gene’s CT values were corrected. 2–DDCt method was
used to quantify RT-PCR data and to provide a relative gene expres-
sion normalized to the average CT for the GAPDH gene. Primers
employed for the assessment of various gene expressions are sum-
marized in the supplementary files.

Cell Trace carboxyfluorescein succinimidyl ester (CFSE) assay:
CFSE fluorescence cell proliferation kit (Invitrogen, Waltham, MA,
USA) was used to assess cell proliferation in cancer cell lines. For
obtaining a final working solution, Cell Trace stock solution
(1 mL) in DMSO was added to cell suspension in phosphate-
buffered saline (PBS). Cells were protected from light and
maintained at 37 �C for 20 min. A large amount (6 times the initial
volume) of culture medium was added to the cells and was sub-
jected to 5-minute incubations to halt the reaction. In the freshly
prepared pre-warmed complete culture medium, the centrifuged
cell–cell pellet was resuspended. For the Cell Trace reagent to
undergo acetate hydrolysis, the cells were subjected to incubation
for at least 10 min. Following incubation, cells were seeded with
different media compositions in culture dishes, following which
flow cytometry analysis was carried out.

Annexin V/propidium iodide (PI): The supernatant was
removed from the harvested cells washed in PBS, then suspended
in 1 mL FACS buffer + 2% FBS solution and stained with annexin
V-FITC (cell apoptosis marker). Per manufactures instruction (Bio-
Legend), propidium iodide (PI) was added, and subsequently, flow
cytometric analysis of cells was carried out on the Attune NxT flow
cytometer

Cell cycle analysis: In a 12 well plate, cancer cells were placed
for a 24-hour incubation with 5 � 104 cells per well. Cells were
3

Fig. 1. DPMSC-S inhibited the proliferation of AW13516, MDA-MB-231, and A375 cell lin
lines were treated with 20%, 50%, and 100% DPMSC-CM for 24, 48, and 72 h and pro
proliferation in AW13516 cell line. (b) Com-parative analysis of proliferation in MDA-MB
MDA-MB-231, and A375 cell lines were treated with 20%, 50%, and 100% DPMSC-CM for
cytometry and gene expression analysis for cell cycle-related genes CCND1, CCNE1, CDK4
of cell cycle phase distribution in AW13516 cell line. (e) Comparative analysis of cell cyc
phase distribution in A375 cell line. (g) Comparative analysis of expression of genes regu
of genes regulating cell cycle phases in the MDA-MB-231 cell line. (i) Comparative analy
were performed in triplicates and repeated 2 times. ns not significant, *p < 0.05, **p < 0
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treated DPSC conditioned media for 48 h and subjected to PBS
washing, 70% ethanol fixation for 2 h at 20 �C. The fixed cells were
subjected to RNase treatment (10 mg/ml) and PI (Sigma-Aldrich
Corp., St. Louis, MO, USA) staining at room temperature for
30 min in the dark. Flow cytometry was used to measure the indi-
vidual nuclei PI fluorescence, based on which the cell percentages
in various cell cycle phases were estimated.

DNA fragmentation assay: The cancer cells were prepared as
instructed in the cytotoxicity assay technique and further used
for estimation of DNA fragmentation index in the control and
experimental groups. Enzyme-linked immunosorbent assay
(ELISA) was performed by using Cell Death Detection ELISA PLUS
(Roche, Indianapolis, IN, USA) for quantitative measurement of
cytoplasmic Histone-associated DNA fragments as a degree of cell
death. The absorbance values taken at 405 nm were normalized to
percentage.
3. Results

DPMSC-CM induces AW13516 apoptosis, inhibits proliferation,
migration, stemness, but augments potential for invasiveness,
adhesion, multi-drug resistance, DNA repair, and mitochondrial
repair: DPMSC-CM inhibited the proliferation of AW13516
(Fig. 1a). The inhibition could have been mediated through the
augmented p16 expression (Fig. 1g), which in turn could have
caused cyclin D1 downregulation (Fig. 1g). Despite cyclin D1 atten-
uation, it failed to arrest the cell cycle at the G1 phase (Fig. 1d).
Instead, the cell cycle arrest was noted in the cyclin E regulated S
phase, albeit cyclin E expression in itself not significantly altered
(Fig. 1d). DPMSC-CM induced apoptosis on cancer cells with con-
current caspase 9 upregulation mediated through the intrinsic
pathway (Fig. 2a, d, g). On the contrary, p21 was attenuated which
could have aided in cell cycle progression at the G2 phase, instead
paradoxically failed to inhibit proliferation nor increase apoptosis
of cancer cells as might be expected (Fig. 2a, d, g). Cancer stemness,
EMT, and migration-related gene expressions were attenuated
(Fig. 3a, d, g, 4a). The genes related to invasion, adhesion, multi-
drug resistance, DNA repair, and mitochondrial repair were signif-
icantly upregulated (Fig. 3d, g, j, 4d, g). The pro-carcinogenic effects
(increased invasion, adhesion, multi-drug resistance, DNA repair,
and mitochondrial repair) of DPMSC-CM could be largely attribu-
ted to the upregulation of growth factors Ang-2, EGF, M�CSF,
PDGF-AA, PDGF-BB, and pro-inflammatory cytokines TNF-a, IL-2,
downregulation of anti-inflammatory cytokine TGF-b1, and
pro-inflammatory cytokine IL-4 (Fig. 5a, d). DPMSC-CM
anti-carcinogenic effect (decreased proliferation, increased
apoptosis, decreased stemness, migration, and EMT) could be
largely attributed to attenuated levels of growth factors EPO,
EGF, pro-inflammatory cytokine CXCL-10, and anti-inflammatory
cytokine IL-10 (Fig. 5a, d).

DPMSC-CM induces MDA-MB-231 apoptosis, inhibits prolifera-
tion, migration, and adhesion, but augments invasion, and
multi-drug resistance: DPMSC-CM inhibited the proliferation of
MDA-MB-231 (Fig. 1b). This is likely secondary to the upregulation
es by modulating the cell cycle regulators. AW13516, MDA-MB-231, and A375 cell
liferation of cancer cells was assessed by CFSE assay. (a) Comparative analysis of
-231 cell line. (c) Comparative analysis of proliferation in A375 cell line. AW13516,
48 h, and cell cycle phases i.e. G1, S, and G2 in cancer cells were assessed by flow
, ATM, CDKN2A, and CDKN1A was per-formed by RT-qPCR. (d) Comparative analysis
le phase distribution in MDA-MB-231 cell line. (f) Comparative analysis of cell cycle
lating cell cycle phases in AW13516 cell line. (h) Comparative analysis of expression
sis of expression of genes regulating cell cycle phases in A375 cell line. Experiments
.01.



A. Thirumal Raj, S. Kheur, R. Bhonde et al. Saudi Journal of Biological Sciences 28 (2021) 6556–6567

6560



A. Thirumal Raj, S. Kheur, R. Bhonde et al. Saudi Journal of Biological Sciences 28 (2021) 6556–6567
of p21 which in turn downregulates cyclin D1 and CDK4 (Fig. 1h).
DPMSC-CM induced apoptosis on cancer cells (Fig. 2b). ATM and
p16 expression were attenuated, which could have allowed cell
cycle progression in the S and G2 phase, albeit without any signif-
icant inhibition of proliferation nor augmentation of apoptosis on
the cancer cells (Fig. 1b, e, h, 2b, e, h). Cancer migration and adhe-
sion were attenuated (Fig. 3e, h, k). The genes related to invasion
and multi-drug resistance were significantly upregulated (Fig. 4e,
h). DPMSC-CM pro-carcinogenic effects (increased invasion, and
multi-drug resistance) in our experiments are largely attributed
to augmented growth factors EGF, EPO, G-CSF, HGF, M�CSF,
PDGF-AA, and pro-inflammatory cytokine TNF-a, CXCL10, IL-
12p70. DPMSC-CM anti-carcinogenic effect (decreased prolifera-
tion, increased apoptosis, decreased migration, and adhesion) were
likely secondary to attenuated levels of growth factors EPO, pro-
inflammatory cytokines CCL2, CXCL10, CXCL8, and augmented
levels of anti-inflammatory cytokines IL-2 (Fig. 5b, e).

DPMSC-CM induces A-375 apoptosis, inhibits proliferation, but
augments invasion, migration, adhesion, stemness, and EMT:
DPMSC-CM inhibited the proliferation of A-375 by augmenting
ATM which in turn downregulated CDK4 (Fig. 1c, i). DPMSC-CM
induced apoptosis on the cancer cells (Fig. 2c, f). p16 was attenu-
ated, resulting in cell cycle progression at the S phase, despite
not inhibiting proliferation nor augmenting apoptosis (Fig. 1c, f, i,
2c, f). Stemness showed differential effect (augmented OCT-4 and
attenuated SOX-2), while the genes related to EMT, invasion,
migration, adhesion were significantly upregulated (Fig. 3c, f, i, l,
4c, f). DPMSC-CM pro-carcinogenic effects (increased EMT, inva-
sion, migration, and adhesion) can be largely attributed to upregu-
lation of growth factors Ang-2, EGF, PDGF-BB, TGF-a, pro-
inflammatory cytokines TNF-a, and IL-17A (Fig. 5c, f). DPMSC-CM
anti-carcinogenic effect (decreased proliferation) can be largely
attributed to attenuated levels of growth factors EGF, EPO, FGF-
basic, PDGF-AA, PDGF-BB, pro-inflammatory cytokine CXCL8, aug-
mented levels of growth factor SCF, anti-inflammatory cytokine IL-
2, and pro-inflammatory cytokine CXCL10 (Fig. 5c, f).

DPMSC-CM has shown dual effects in our experiments by
exhibiting both pro-tumorigenic and anti-tumorigenic properties
at varying levels. While it has the potential to inhibit cancer cell
proliferation, it paradoxically augmented key carcinogenic proper-
ties including invasion in all 3 cancer lines.
4. Discussion

The global cancer incidence is on a steady rise at 19.3 million
with resultant 10 million deaths annually as of 2020 (Sung et al.,
2021), this translates into a tremendous economic impact sprawl-
ing around US$161.2 and €57.3 billion in the United States and
European Union alone (‘‘The Economic Burden of Cancer | The
Cancer Atlas, xxxx” n.d.).
3

Fig. 2. DPMSC-S induced apoptosis in AW13516, MDA-MB-231, and A375 cell lines. AW
DPMSC-CM for 24, 48, and 72 h and apoptosis of cancer cells was assessed by Annexin V
analysis of apoptosis in MDA-MB-231 cell line. (c) Comparative analysis of apoptosis in
50%, and 100% DPMSC-CM for 48 h, and DNA fragmentation index in cancer cells was asse
AW13516 cell line. (e) Comparative analysis of DNA fragmentation index in the MDA-MB
AW13516, MDA-MB-231, and A375 cell lines were treated with 20%, 50%, and 100% DP
CASP9, BAX, BCL2, BAX/BCL2 ratio, and BCL2/BAX ratio was performed by RT-qPCR. (g
Comparative analysis of expression of apoptotic genes in the MDA-MB-231 cell line. (i) Co
BCL2/BAX ratios were calculated and correlated with the DPMSC-CM concentrations. (j
AW13516 cell line. (k) Correlation between BAX/BCL2 and DPMSC-CM and BCL2/BAX
DPMSC-CM and BCL2/BAX and DPMSC-CM in A375 cell line. Experiments were perform
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There is a massive outpouring of resources to help mitigate this
ongoing modern-day health care crisis on basic science, transla-
tional and clinical research fronts with support from government
to major institutions and the highly incentivized pharmaceutical
industry. This has helped several groundbreaking innovations into
the molecular understanding of cancer and its therapy. Breast can-
cer ranks 1st among women with an annual incidence of 2.3 mil-
lion (11.7%), there have been significant advances in treatment
leading to long overall and disease-free survival rates compared
to other cancers (Sung et al., 2021). Melanoma survival rates vary
widely based on the stage with > 90% to < 30% 5-year survival
for localized and distant disease (Costa Svedman et al., 2016). Oral
cancer has a 5-year overall survival rate of 64.4% and a disease-
specific survival rate of 79.3% (Zanoni et al., 2019).

The premise of our study is based on the multi-modal targeted
approach in cancer management and its subsequent advances.
These include surgery, chemotherapy, and radiotherapy ultimately
requiring some form of reconstruction based on the specific cancer
sub-type, anatomical location, and treatment-related morbidity.

Cancer patient’s post-treatment rehabilitation includes tissue
regeneration and/ or amelioration of radiation-induced fibrosis.
Mesenchymal stem cells and their secretome as detailed in our
introduction has had a major surge in industry-wide cancer-
related regeneration and reconstructive applications. While this
is encouraging, it is imperative to understand that all cancers
declared to have R0 resection (Microscopically margin-negative
resection) can still harbor islands of micrometastasis and in-
transit lesions, presence of synchronous and metachronous lesions,
or in the case of breast cancer, multi-centric or multi-focal lesions
that could be missed while targeting the primary lesion. These fac-
tor towards metastasis in oral cancer (Warshavsky et al., 2019),
breast cancer (Pérez-González et al., 2017; Wang et al., 2020),
and melanoma (Rajaee et al., 2021), and recurrence associated with
cancers of the oral cavity (Lenze et al., 2020), breast (Wang et al.,
2020), and melanoma (Costa Svedman et al., 2016). In light of this,
our study questioned the safety profile using mesenchymal stem
cells and their secretome for reconstruction and tissue regenera-
tion post-cancer treatment as discussed. Based on a systematic
review of the literature published in 2021 by our research team
(Raj et al., 2021), it is apparent that MSC-derived conditioned
media have shown potential for pro-carcinogenic effect against
specific cancer cell lines, including DPMSC-CM pro-carcinogenic
effect on the prostate cancer lines (Doğan et al., 2017). Thus, intro-
ducing them to cancer patients could increase the risk of disease
progression which could potentially be mediated through augmen-
tation of one or more carcinogenic properties

To assess if DPMSC pro-carcinogenic potential extended on to
other cancer types especially those which could be encountered
by DPMSC-CM clinical application in oral rehabilitation, wound
healing, and anti-fibrotic effect. The results elicit a differential
effect on the cancer cell lines which was both time and dose-
dependent. The differential effect in the present study represents
13516, MDA-MB-231, and A375 cell lines were treated with 20%, 50%, and 100%
assay. (a) Comparative analysis of apoptosis in AW13516 cell line. (b) Comparative
A375 cell line. AW13516, MDA-MB-231, and A375 cell lines were treated with 20%,
ssed by spectrophotometry. (d) Comparative analysis of DNA fragmentation index in
-231 cell line. (f) Comparative analysis of DNA fragmentation index in A375 cell line.
MSC-CM for 48 h, and gene expression analysis for apoptosis-related genes CASP3,
) Comparative analysis of expression of apoptotic genes in AW13516 cell line. (h)
mparative analysis of expression of apoptotic genes in A375 cell line. BAX/BCL2 and
) Correlation between BAX/BCL2 and DPMSC-CM and BCL2/BAX and DPMSC-CM in
and DPMSC-CM in MDA-MB-231 cell line. (j) Correlation between BAX/BCL2 and
ed in triplicates and repeated 2 times. ns not significant, *p < 0.05, **p < 0.01.
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Fig. 3. DPMSC-S upregulated genes related to invasion, and adhesion in AW-13516; invasion in MDA-MB-231; EMT, invasion, migration, and adhesion in A-375, while
downregulating gene related to migration, and EMT in AW13516; migration, and adhesion in MDA-MB-231. AW13516, MDA-MB-231, and A375 cell lines were treated with
20%, 50%, and 100% DPMSC-CM for 48 h, and EMT markers E-cadherin and N-cadherin in cancer cells was assessed by flow cytometry. (a) Comparative analysis of EMT
markers in AW13516 cell line. (b) Comparative analysis of EMT markers in the MDA-MB-231 cell line. (c) Comparative analysis of EMT markers in A375 cell line. AW13516,
MDA-MB-231, and A375 cell lines were treated with 20%, 50%, and 100% DPMSC-CM for 48 h and gene expression analysis for invasion related genes MMP1, MMP2, MMP3,
MMP7, and MMP9 and metastasis-related genes TIMP1, TIMP2, and CD147 were performed by RT-qPCR. (d) Comparative analysis of expression of invasion and metastasis-
related genes in AW13516 cell line. (e) Comparative analysis of expression of invasion and metastasis-related genes in the MDA-MB-231 cell line. (f) Comparative analysis of
expression of invasion and metastasis-related genes in A375 cell line. Wound healing scratch assay was performed to assess migration of AW13516, MDA-MB-231, and A375
cell lines treated with 20%, 50%, and 100% DPMSC-CM for 24 h and gene expression analysis for adhesion-related genes ITGB4, FN1, and EPCAM and migration-related gene
LAMP2 was performed by RT-qPCR. (g) Comparative analysis of migration in AW13516 cell line. (h) Comparative analysis of migration in MDA-MB-231 cell line. (i)
Comparative analysis of migration in A375 cell line. (j) Comparative analysis of expression of adhesion and migration-related genes in AW13516 cell line. (k) Comparative
analysis of expression of adhesion and migration-related genes in the MDA-MB-231 cell line. (l) Comparative analysis of expression of adhesion and migration-related genes
in A375 cell line. Experiments were performed in triplicates and repeated 2 times. ns not significant, *p < 0.05, **p < 0.01.

Fig. 4. DPMSC-S upregulated genes related to multi-drug resistance, DNA repair, and mitochondrial repair in AW-13516; multi-drug resistance in MDA-MB-231, while
downregulating gene related to stemness in AW13516. AW13516, MDA-MB-231, and A375 cell lines were treated with 20%, 50%, and 100% DPMSC-CM for 24, 48, and 72 h
and gene expression analysis for stemness related genes OCT4 and SOX2 was performed by RT-qPCR. (a) Comparative analysis of expression of stemness-related genes in
AW13516 cell line. (b) Comparative analysis of expression of stemness-related genes in the MDA-MB-231 cell line. (c) Comparative analysis of expression of stemness-related
genes in A375 cell line. AW13516, MDA-MB-231, and A375 cell lines were treated with 20%, 50%, and 100% DPMSC-CM for 48 h, and gene expression analysis for DNA repair
genes PARP and PINK1 was performed by RT-qPCR. (d) Comparative analysis of expression of DNA repair genes in AW13516 cell line. (e) Comparative analysis of expression of
DNA repair genes in the MDA-MB-231 cell line. (f) Comparative analysis of expression of DNA repair genes in A375 cell line. AW13516, MDA-MB-231, and A375 cell lines
were treated with 20%, 50%, and 100% DPMSC-CM for 48 h, and gene expression analysis for multidrug resistance genes ABCB1 and ABCG2 were performed by RT-qPCR. (g)
Comparative analysis of expression of multidrug resistance genes in AW13516 cell line. (h) Comparative analysis of expression of multidrug resistance genes in the MDA-MB-
231 cell line. (i) Comparative analysis of expression of multidrug resistance genes in A375 cell line. Experiments were performed in triplicates and repeated 2 times. ns not
significant, *p < 0.05, **p < 0.01.
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the varying degree of inhibition or augmentation of one or more
carcinogenic properties of each cell line. Although DPMSC-CM
did show significant anti-carcinogenic effects on all the 3 cancer
cell lines including inhibition of cell proliferation, augmentation
of apoptosis, there were significant pro-carcinogenic effects -
potential for invasion, migration, stemness, multidrug resistance,
and adhesion. Our primary objective was to assess pro-
carcinogenic effects mediated by DPMSC-CM and hence will focus
primarily on it in our discussion.

DPMSC-CM induced pro-carcinogenic effects noted in the pre-
sent study are in par with Dogan et al who observed that DPMS-
CM increased cell viability, inhibited apoptosis in the PC-3 (pros-
tate cancer cell line), by increasing the expression of anti-
apoptotic marker (Bcl-2) and decreasing the expression of pro-
apoptotic marker (BAX). DPMSC-CM also caused upregulation of
Col 1, fibronectin, and laminin 2 in PC-3 indicating an enhanced
migratory potential. Dogan et al attributed the pro-carcinogenic
effect of DPMSC-CM to its growth factors, although the secretome
profile was not delineated to identify the involved secretory fac-
tors. Rizvanov et al [10] in 2010 co-cultured human third molar
tooth germ stem cells (TGMSCs) with SH-SY5Y cells (neuroblas-
toma cell lines). The cancer cells were subjected to hydrogen
peroxide-induced stress. They observed that despite the toxicity
of the hydrogen peroxide, TGMSCs significantly increased the via-
bility of SH-SY5Y cells. Based on the results they suggested TGSCs
possess a neuroprotective effect, which in turn was largely attrib-
uted to the secretome of the stem cells, which again was not pro-
filed in the study. In 2011, Yalvac et al demonstrated that MSC-CM
from TGSCs significantly reduced doxorubicin/hydrogen peroxide-
induced neurotoxicity and increased cell viability in SH-SY5Y [11].
Yalvac et al study provided further evidence that the secretome/
CM derived from the stem cell could be the primary effector of
the changes induced in the cancer cell. Based on the results from
their co-culture study [11] and Rizvanov et al [10] assessment, Yal-
vac et al in 2013 [12] assessed various growth factors and cytoki-
nes present in the TGSC-CM. ELISA-based cytokines, chemokines,
and growth factors analysis revealed the presence of TGF-b1, IL-
8, VEGF, IL-5, IL-6, FGF2, BMP-2, and IL-10. These factors were sug-
gested to be the primary effectors for the pro-carcinogenic effects
noted in the cancer cell lines.

Based on the understanding of the critical role of the DPMSC
CM, the present study initially profiled DPMSC-CM and identified
levels of growth factors, pro-and anti-inflammatory cytokines.
Also, the cancer cell line secretome was profiled before and after
exposure to the DPMSC-CM. The cancer cell secretome post-
DPMSC-CM exposure showed significant changes in the levels of
growth factors, pro-inflammatory cytokines, and anti-
inflammatory cytokines. These cancer cell secretome changes cor-
related with changes imparted in various carcinogenic properties
of the cancer cells.

The significantly augmented growth factors implicated in the
progression of AW13516 in the present study were Ang-2, EGF,
M�CSF, PDGF-AA, PDGF-BB. In oral cancer, Ang-2 has been shown
to have an inverse association with a patient’s survival and is
3

Fig. 5. DPMSC-S induced significant alterations in the growth factor, pro-inflammatory
lines: AW13516, MDA-MB-231, and A375 cell lines were treated with 20%, 50%, and 100
48 h of treatment to perform flow cytometry-based growth factor analysis in the secreto
PDGF-BB, SCF, TGF-a, VEGF. (a) Comparative analysis of growth factors in AW13516 cell
secretome. (c) Comparative analysis of growth factors in A375 cell line secretome. AW
DPMSC-CM for 48 h, and conditioned media from these cells were collected post 48 h of t
4, IL-2, CXCL10, IL-1b, TNF-a, CCL2, IL-17A, IL-6, IL-10, IFN-c, IL-12p70, CXCL8, TGF-b1. (d)
analysis of cytokines in MDA-MB-231 cell line secretome. (f) Comparative analysis of cy
repeated 2 times. ns not significant, *p < 0.05, **p < 0.01.
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implicated in augmenting the angiogenesis and vessel maturation
of the cancerous tissue, and is significantly correlated with a posi-
tive nodal stage (Chien et al., 2008; Li et al., 2013). An augmented
EGF level is also closely associated with a positive nodal metasta-
sis, advanced stage, culminating in overall poor survival in oral
cancer (Lin et al., 2018). An augmented M�CSF is associated with
increased infiltration of tumor-associated macrophages and
reduces survival rate in oral cancer (Guo et al., 2020). PDGA-AA
has shown to be a VEGF regulator augmenting angiogenesis in oral
cancer tissue, potentiating metastasis (Obayashi-Ishii et al., 2018).
PDGA-BB has also been shown to have a strong correlation with
nodal metastasis and poor survival outcome in oral cancer (Lin
et al., 2020).

The significantly augmented growth factors implicated in the
progression of MDA-MB-231 in the present study were EGF, EPO,
G-CSF, HGF, M�CSF, and PDGF-AA. EGF has been shown to aug-
ment the migratory potential of breast cancer cells (González-Gon
zález et al., 2019). EPO augments microvessel formation and atten-
uates apoptosis, aiding in breast cancer progression (Jin et al.,
2015). G-CSF is associated with a poor overall survival rate in
breast cancer (Hollmén et al., 2016). HGF has shown the ability
to augment the invasive potential of breast cancer cells (Kuang
et al., 2017). M�CSF was shown to be closely associated with
metastasis and disease-specific mortality in breast cancer
(Richardsen et al., 2015). PDGA-AA is associated with promoting
breast cancer cell growth (Yu et al., 2015).

The significantly augmented growth factors implicated in the
progression of A-375 in the present study were Ang-2, EGF,
PDGF-BB, TGF-a. Ang-2 has been shown to augment metastatic
potential in melanoma (Abdul Pari et al., 2020). Augmented EGF
levels have been shown to increase the risk of metastasis in mela-
noma (Bracher et al., 2013). PDGA-BB is shown to augment the pro-
liferation of melanoma cell lines by enhancing its vascular supply
(BARNHILL et al., 1996). TGF-a has been shown to aid in the pro-
gression of melanoma cells (Krasagakis et al., 1995).

The significantly augmented pro-inflammatory cytokines impli-
cated in the progression of AW-13516 are TNF-a and IL-2. TNF-a
has been reported to augment the proliferation of the oral cancer
cells aiding in disease progression (Qiu et al., 2018). The signifi-
cantly attenuated anti-inflammatory cytokine implicated in the
progression of AW-13516 is TGF-b1. Increased TGF-b1 is associated
with increased overall survival in oral cancer (Elahi and Rakhshan,
2020), thus a reduced TGF- b1 as seen in the present study could
have augmented one or more of the carcinogenic properties.

The significantly augmented pro-inflammatory cytokines impli-
cated in the progression of MDA-MB-231 are TNF-a, CXCL10, and
IL-12p70. TNF-a was associated with an increased risk of metasta-
sis in breast cancer cells (Ma et al., 2017). CXCL10 has been shown
to augment proliferation and chemoresistance in breast cancer
cells (Wu et al., 2020). IL-12 has also been closely associated with
breast cancer progression (Hussein et al., 2004).

The significantly augmented pro-inflammatory cytokines impli-
cated in the progression of A-375 are TNF-a and IL-17A. TNF-a has
been shown to augment the invasive potential of melanoma cells
and anti-inflammatory cytokine levels of AW13516, MDA-MB-231, and A375 cell
% DPMSC-CM for 48 h, and conditioned media from these cells were collected post
me for Angiopoietin-2, EGF, EPO, FGF basic, G-CSF, GM-CSF, HGF, M�CSF, PDGF-AA,
line secretome. (b) Comparative analysis of growth factors in MDA-MB-231 cell line
13516, MDA-MB-231, and A375 cell lines were treated with 20%, 50%, and 100%
reatment to perform flow cytometry-based cytokine analysis in the secretome for IL-
Comparative analysis of cytokines in AW13516 cell line secretome. (e) Comparative
tokines in A375 cell line secretome. Experiments were performed in triplicates and
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by upregulating MMP-2 (Rossi et al., 2018). IL-17 has also been
shown to aid in the progression of melanoma (Li et al., 2014).
The clinical implication of the present study was to emphasize
the need for assessing the safety of applying MSCS-S on cancer
patients. Before the clinical application of either the MSCs or the
MSCs derived products, it is essential to confirm if they do not pos-
sess any pro-carcinogenic effect in cancer patients.

5. Conclusions

Our study reflects the dual effects of DPMSC-CM capable of
mediating pro and anti-tumorigenesis. The premise of our study
is to ensure patient safety by delineating carcinogenic potentiat-
ing by mesenchymal stem cell secretome if the microenviron-
ment would harbor tumor cells. The pro-carcinogenic effect of
AW13516 could be attributed to augmented levels of Ang-2,
EGF, M�CSF, PDGF-AA, PDGF-BB, TNF-a, IL-2, and attenuated
level of TGF-b1. The pro-carcinogenic effect of MDA-MB-231
could be attributed to augmented levels of EGF, EPO, G-CSF,
HGF, M�CSF, PDGF-AA, TNF-a, CXCL10, and IL-12p70. The pro-
carcinogenic effect of A-375 could be attributed to augmented
levels of Ang-2, EGF, PDGF-BB, TGF-a, TNF-a, and IL-17A. The lim-
itations of the present study are inherent limitations of clinical
applicability stemming from the in-vitro nature of the study
devoid of host tumor microenvironment and immunogenicity.
Animal model-based molecular delineation would be the next
step to validate the in-vitro findings and ensure the long-term
durability of the proposed clinical applications with DPMSC-CM.
Readers must infer the results of our study accounting for its lim-
itations and the need for further understanding into our findings.
We believe it is quintessential to perform animal model studies to
ensure safety and devise mechanistic to mitigate any pro-
carcinogenic effects by DPMSC-CM before full-fledged human
application.
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