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Abstract

Mesenchymal stem cells (MSCs) are multipotent stromal cells that can dif-
ferentiate into cells of the three germ layers. MSCs exhibit immune plasticity
and this property is guided by the inflammatory tissue niche. Importantly,
MSCs can be licensed as immune suppressor cells within an inflammatory
niche. Since MSCs are approved by the food and drug administration for
particular inflammation, it is important to determine how these cells main-
tain multipotency, in particular, the fate of these cells in vivo when they
become located within a varied tissue niche. More importantly, the molecular
mechanisms by which MSCs maintain multipotency will improve clinical
applications. The focus of this study is particularly important since MSCs are
available off the shelf, indicating allogeneic differences between the recipient
and donor. We studied the transcription factor NFxB since it is a central
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regulator of inflammation. NFxB also links intrinsic stem cell signaling and
extrinsic inflammatory cues. We used in silico analyses and determined that
NFxB could regulate the major stem cell genes such as Octamer 4A (Oct4A).
We confirmed a canonical pathway using an NFxB array that dissected
the intracellular pathway. Additionally, we used specific small molecules to
inhibit NFxB subunits. Using published RNA-Seq data, we showed a poten-
tial role for the purinergic receptors with a key role for ADORA2B. Similar
to the licensing of MSCs by inflammatory mediators, ADORA2B appeared
to be regulated by growth factors, including those linked to inflammation.
In total, NFxB regulates MSC multipotency in a cell-autonomous manner,
explaining the licensing properties within an inflammatory microenviron-
ment. We also showed that the purinergic receptors could be involved in
intrinsic and extrinsic regulation of MSC multipotency.

Keywords: Mesenchymal stem cells, bone marrow, cytokines, purinergic
receptors, bone marrow, NFxB.

Introduction

Mesenchymal stem cells (MSCs) are multipotent stromal cells. MSCs can dif-
ferentiate into cells of all germ layers [1-5]. MSCs exhibit immune plasticity,
based on the differential response in a specific inflammatory microenviron-
ment [6]. The immune plasticity of MSCs is explained as follows: In the
presence of an inflammatory milieu, MSCs become licensed into immune
suppressor cells [6]. However, it remains unclear how the MSCs behave
after they have mitigated the inflammation. Thus, the question is how the
MSCs react to a niche without inflammatory mediators. The answer to this
question is important since MSCs might continue to linger in the tissue,
perhaps to differentiate, or undergo senescence and cell death. We studied
the transcription factor NF«B since it is a central regulator of inflammation,
and links intrinsic stem cell signaling and extrinsic inflammatory cues [7].

Canonical NFxB signaling involves IKK complex activation, IxB degra-
dation, and nuclear translocation of NFxB dimers [8—12]. These processes
allow direct transcriptional regulation of genes linked to inflammation and
stemness. Previous studies have associated NFxB activity with the preser-
vation of multipotency, while also suggesting that its dysregulation can drive
differentiation [7]. An understanding of how MSCs respond to a particular tis-
sue microenvironment requires studies to discern cell-autonomous regulation
and extrinsic cures with respect to MSC function.
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We and others have identified the transcription factor NFxB as an
important regulator of multipotency [13,14]. MSCs can be expanded eas-
ily in culture due to their ability to retain multipotency across multiple
passages [15]. Based on this observation, we propose that MSCs exhibit
cell-autonomous methods to maintain multipotency. This premise forms the
basis of this study to examine the mechanism by which NFxB contributes to
multipotency in a cell-autonomous manner. We report on a canonical NFxB
pathway and also show that the purinergic receptors could be involved in
intrinsic and extrinsic regulation of MSC multipotency.

Material and Methods

Reagents

DMEM, RPMI-1640, L-glutamine, penicillin-streptomycin, geneticin, a plat-
inum SYBR Green qPCR Supermix-UDG Kit, Supersignal West Femto
Maximum Sensitivity Substrate, and a High-Capacity cDNA Reverse Tran-
scription kit were purchased from Thermo Fisher Scientific (Waltham, MA);
NP-40, an EDTA-free protease inhibitor, fetal bovine sera (FBS), Ficoll
Hypaque and Triton-X100 from Millipore-Sigma (St. Louis, MO); protein
loading dye, Bradford protein reagent, and sodium dodecyl sulfate from Bio-
Rad (Hercules, CA); acryl/Bis Solution (30%) 37.5:1 from VWR (Radnor,
PA); RelA-Ser529/536 and RelA-Ser276 from Novus Biologicals (Centen-
nial, CO); BMS 345541 and TPCAlfrom Tocris (Minneapolis, MN); and
phalloidin red from Invitrogen

Antibodies

FITC conjugated rabbit anti-Ki67 (1:250 dilution), goat anti-Oct4a and rabbit
anti-Sox2 were purchased from Abcam (Waltham, MA); murine anti-Rel A
from Cell Signaling; HRP anti-/3-actin from ThermoFisher.

Cell Line

MDA-MB-231 breast cancer cells were obtained from the American Type
Culture Collection and expanded as per their instructions. Briefly, cells
were propagated in DMEM with 10% FBS, 2 mM L-glutamine, 100 IU/ml
penicillin, 100 pg/ml streptomycin and 1% non-essential amino acid.
MDA-MB-231 cells with stable pOct4a-GFP were described [16]. Flu-
orescence intensities correlated with the expression of the stem cell gene,
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Oct4a [16]. The transfectants were maintained with 500 pg/ml of geneticin.
Cancer stem cells (CSCs) were reported within the top 5% fluorescence,
termed Oct4a hi [16].

Human Subjects

Rutgers Institutional Review Board (IRB) approved the use of bone marrow
aspirates from healthy donors, ages 20-35 yrs.

Culture of Mesenchymal Stem Cells (MSCs)

MSCs were cultured from bone marrow aspirate healthy donors, age 20-30
yrs, as described [17, 18]. Briefly, unfractionated aspirates were diluted in
DMEM with 10% FBS, 1% P-S and 1% L-glutamine (MSC media) and then
added to vacuum gas plasma-treated plate. After 3 days, red blood cells and
granulocytes were removed by Ficoll-hypaque density gradient centrifugation
and the mononuclear fractions replaced in the plates with fresh MSC media.
At weekly intervals, fresh media replaced 50% of the culture media. The
adherent cells were serially passaged at 70-80% confluence. At passage 3,
the cells were analyzed by phenotype and function. Phenotypic analyses
were conducted by flow cytometry, which showed the cells as negative for
CD34, CD45 and CD14; and positive for CD29, CD73, CD90, CD105 and
CD44. Functionally, the MSCs differentiated into adipogenic and osteogenic
cells [19].

Adipogenic and Osteogenic Differentiation

MSCs were studied for osteogenic and adipogenic differentiation with kits
from ThermoFisher. After differentiation, cultures were washed with PBS
and then fixed with 10% formalin for 7 min. Osteogenic differentiation
was assessed with 2% silver nitrate solution followed by exposure to UV
light for 15 min. Adipogenic differentiation was determined with Oil Red
O staining. Images were captured under bright field microscopy on a Nikon
TMS microscope at 10x magnification.

Sorting of MDA-MB-231 Cell Subsets

MDA-MB-231cells with stable pOct4-GFP were sorted, based on GFP
expression, as described [16]. The top 5% GFP (Octda™) cells were deter-
mined to be CSCs [16]. This was followed by Oct4a™¢? and Oct4a'® [20].
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Array Analysis

MSCs were transfected with the reporter pNFxB-luc as described [21]. A
SureSilencing siRNA array was purchased from Qiagen and then analyzed
as per the manufacturer’s instructions. Briefly, each well of the 96-well
plate contained gene-specific siRNA (Supplemental Table 2). SureFECT
transfection reagent and media were added to the plate, followed by adding
the MSCs for reverse transfection. After 24 h, the media were evaluated for
relative luminescence as a measure of NFxB activity. Enzyme activity was
quantitated using the Dual Luciferase Reporter Assay System. The relative
Iuminescence unit (RLU) for luciferase values were normalized to its con-
trol luciferase vector (pMetLuc2). Identification and analysis of significant
cellular pathways from the dataset were performed using ingenuity pathway
analysis (IPA; fold change = 1.75, FDR = 0.05).

NFxB Inhibition

NFxB was inhibited with specific small molecules. MSCs were transfected
with RelA siRNA using Lipofectamine 3000 per the manufacturer’s instruc-
tions to inhibit RelA. IxB phosphorylation was inhibited with decoys of
the RelA-Ser529/536 phosphorylation (P1; 50 M) and RelA-Ser276 (P2;
150 M) sites per the manufacturer’s recommendations. IKK~ activity was
inhibited with an IKK~ dominant negative (P3; 100 M) according to the
manufacturer’s recommendations. Dual inhibition of IKK« and IKKj3 was
accomplished with BMS 345541 (0.4 M) and IKKS alone with TPCAI
(0.1 uM) per the manufacturer’s recommendations. Each inhibitor was
allowed to incubate overnight under normal tissue culture conditions.

Real-time PCR

Real-time PCR was performed with total RNA from MSCs. The RNA was
isolated with TRIzol as per manufacturer’s instruction. RNA was quantified
with QIAxpert and then converted to cDNA with the High-Capacity cDNA
Reverse Transcription Kit. Real time PCR used Platinum SYBR Green gPCR
SuperMix-UDG Kit and the 7300 Real-Time PCR System. All primers,
including those for the housekeeping GAPDH, were purchased from Sigma
(Supplemental Table 2).

The PCR data were analyzed by calculating the expression values of the
experimental samples, relative to the housekeeping control using the follow-
ing method (experimental sample value = 2(average of housekeeping gene value-
gene of interest value)y.  The PCR readouts that were 40 or higher were
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considered as zero and not assessed for differential expression. The fold
change in gene expression was calculated by first dividing the mean of
technical experimental replicates by the mean of the technical control. The
control biological replicates were then normalized to 1 to determine the fold
change of the biological experimental replicates.

Immunocytochemistry

MSCs transfected with RelA siRNA or scrambled siRNA were seeded in
1 mL chamber slides at 2.5 x 10*/mL in media. At adherence, the media
were aspirated and then washed with PBS. The cells were fixed with 4%
paraformaldehyde for 10 min and then permeabilized with 0.05% Triton-
X100 in PBS for 10 min at room temperature. The slides were incubated for
1 h with 0.1% BSA and 10% non-immune goat serum (blocking solution).
Next, the cells were incubated overnight with anti-Ki67 (1/500 dilution) in
blocking serum. After this, the cells were washed four times with PBS for
5 min. The cells were subjected to another 10 min incubation with blocking
solution and then incubated for 1 h with PE anti-3-actin (1/1000 dilution).
Cells were washed and then imaged immediately using the EVOS Fl imager.

Western Blot

MSC cell extracts were prepared by lysing the cells with ice-cold lysis
buffer containing the following: 50 mM Tris HCI (pH 7.4), 100 mM NaCl,
2 mM MgCly, 10% glycerol, 1% NP-40 and 1x protease inhibitor cocktail.
Immediately before cell lysis, a protease inhibitor cocktail was added at 1:100
final dilution. Total protein was determined with Bradford reagent. Extracts
(15 pg) were electrophoresed on SDS-PAGE (10-12%) at 125 'V, followed
by transfer onto PVDF membranes at 4°C using 100 V for 90 min. The
membranes were incubated overnight at 4°C with primary antibodies in 1%
non-fat milk in PBS containing 0.1% TWEEN. The primary antibodies were
used at 1:1000 final dilution. The following day, membranes were developed
with HRP-conjugated anti-IgG (1:2000) at 4°C for 2 h followed by HRP
detection with SuperSignal West Femto Maximum Sensitivity Substrate.
Bands were detected on the ChemiDoc XRS+ system. Molecular weights of
bands were compared with Kaleidoscope pre-stained standards. Membranes,
required for reprobing with other antibodies, were stripped with Restore
Western Blot Stripping Buffer followed by washing four times with PBS
containing 0.1% TWEEN. Band densities were normalized to housekeeping
protein ($3-actin) bands.
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Transcription Factor Binding Prediction (ConSite)

Potential transcription factor binding sites were analyzed using the ConSite
software. The software requires input of the regulatory region of a gene; if
the regulatory region is unknown, phylogenetic footprinting can be used to
determine the likely regulatory region. The software uses the known DNA
binding motif and binding profile model of the selected transcription factor
to identify predicted transcription factor binding sites [22].

Statistical Analysis

Statistical analyses were performed with analysis of variance and the Tukey—
Kramer multiple comparisons test. p < 0.05 was considered significant.

Results

Predicted NFx<B Binding Sites on Stem Cell-associated Genes

An understanding of how NFxB regulates multipotency requires examining
the interacting sites of key stem cell-associated genes. To this end, we used
in silico analyses for NFxB binding sites on Hes1, Nanog, Oct4a, and Sox2.
Using ConSite transcription factor binding predictor program, we identified
multiple binding sites for NFxB on the 5’ regulatory regions of Hes1. Nanog
and Oct4a (Figure 1). Sox2 showed one potential interacting site (Figure 1).
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Figure 1 Putative NFxB binding sites. Schematic illustration of the 5’ regulatory regions
of Hesl, Nanog, Oct4a, and Sox2. Each of these regulatory regions contains putative NFxB
binding site(s), as identified through ConSite transcription factor prediction [22].
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These predicted findings provided confidence that NF<B could be a key
regulator of multipotency.

RelA Knockdown (KD) in MSCs Decreased Stem Cell-associated
Proteins

To test the role of NFxB in multipotency, we used KD on the NFxB subunit,
RelA with siRNA. Control MSCs were transfected with scrambled siRNA.
The cell extracts of these cells were analyzed for stem cell genes using
western blots. The efficiency of RelA KD was confirmed by an undetectable
band (Figure 2A). Oct4a protein was undetectable after 24 h whereas Sox2
decrease was delayed up to 48 h (Figure 2A).

We asked if the decreased levels of Oct4a and Sox2 could affect MSC
multipotency. This was addressed by subjecting the RelA KD MSCs to
adipocyte and osteocyte differentiation. While control (scramble) siRNA
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Figure 2 Stem cell associate gene expression in RelA KD MSCs. MSCs were transfected
with RelA siRNA or scrambled control. (A) Western blot analysis confirmed RelA knockdown
and reduction of stem cell-associated proteins Oct4a and Sox2 after 48-72 h (n = 6). (B)
Multilineage differentiation capacity of MSCs was assessed by induction into adipocytes
(red) or osteocytes (dark brown/black) (n = 3). (C) Ki67 (green) expression was evalu-
ated as a marker of proliferation, counterstained with actin filaments (Phalloidin (Actin F),
red) (n = 3).
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showed greater than 90% differentiation towards both cell lineages, the RelA
KD cells failed to show lineage differentiation (Figure 2B).

If RelA KD induced differentiation of MSCs, the cells are expected to
have decreased proliferation. We addressed this by labeling the KD and
scrambled siRNA cells for Ki67. Immunocytochemical labeling indicated
decreased Ki67 relative to scrambled siRNA (Figure 2C). These findings
supported terminal differentiation and/or senescence in the MSCs that were
KD for RelA. The findings supported a requirement of RelA in stem cell
maintenance.

IKKa in RelA-mediated Multipotency

The IKK complex is composed of two catalytic subunits, IKK« and IKKf5,
which can form homodimers or heterodimers, along with its regulatory
subunit NFxB essential modulator (IKK<~) [23-25]. In canonical NFxB
signaling, activated IKK complex phosphorylates specific serine residues on
the N terminus of IxBa, leading to ubiquitin-dependent degradation of IxBa
by the 26s proteasome and subsequent nuclear translocation of the NFxB
dimer [9, 24]. Thus, to investigate how NFxB is sequestered in the cytoplasm
of MSCs, we used small molecule inhibitors to target different IKK subunits
and used an inhibitor specific for serine phosphorylation sites on IxBa.
Figure 3A shows how we used the available pharmacological agents to inhibit
NFxB at various points. We inhibited IKK to prevent IxkBa phosphorylation,
inhibited the proteasome to prevent [kBa degradation, inhibited nuclear
translocation, and inhibited DNA-binding to prevent target gene transcription.

IkBa activity was inhibited through competitive inhibition using P1
or P2 peptides, which block phosphorylation at Ser529/536 and Ser276,
respectively (Figure 3A, red arrows). Treatment was with peptide promoted
MSC differentiation into fibroblasts, as indicated by increased PH4 expres-
sion (Figure 3B). These findings suggested a key role for IkBa in MSC
multipotency.

To determine which IKK family members were responsible for seques-
tering NFxB in the cytoplasm, experiments employed a dominant negative
IKK~ (P3) and pharmacological inhibitors of IKK3 (TPCAT1) or both IKK«
and IKK/ (BMS 345541). An inhibitor targeting IKK« alone was excluded
due to its toxicity to MSCs. Inhibition of IKK~ was insufficient to dis-
rupt MSC multipotency, as indicated by the continued low expression of
the fibroblastic marker PH4, and other differentiation markers (Figure 3B).
In contrast, treatment with the dual IKKa/IKK/ inhibitor blocked MSC
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Figure 3 Canonical signaling and cytoplasmic sequestration of NFxB by IKKa. (A) Small
molecule inhibitors P1 and P2 were used to block phosphorylation of IxBa, characteristic of
canonical NFxB signaling. P3 was employed as a dominant negative control for inhibition
of IKK~. (B) Following treatment with P1, P2, or P3, MSCs were assessed by qPCR for
differentiation markers including PH4, NeuroD, and Runx2. These markers are typically
expressed at low levels in MSCs but increase during lineage differentiation. (C,D) MSCs were
treated with either a dual IKKa/IKK /3 inhibitor (BMS 345541) or an IKK3-specific inhibitor
(TPCA1). Proliferation was monitored over 5 days (C) and morphology was evaluated follow-
ing overnight exposure (D) (n = 5).

proliferation after 5 days, whereas inhibition of IKK/S alone produced only
a mild decrease in proliferation (Figure 3C). The reduced proliferation with
the dual inhibitors correlated with the loss of symmetry with the morphology
of the fibroblast, suggesting MSC differentiation (Figure 3D). Collectively,
these findings identify a central role for IKKa in sequestering NFxB in the
cytoplasm.
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NFxB Signaling Pathway in MSCs

The network among RelA, IxkBa, and IKK« supported canonical NFxB
signaling in MSC multipotency (Figure 3). We verified a canonical pathway
to include other molecules involved in NFxB activation. We used an siRNA
array with the final readout of luciferase activity. The MSCs were transfected
with a plasmid containing tandem repeats of RelA (pRelA-luc). Control
MSCs were transfected with the empty vector. Thus, if the siRNA was
important to NFxB activity, this would be reflected in luciferase activity.

The changes in NFxB activity are summarized in Supplemental Table 1
and Figure 4A. The latter depicts the genes with significant changes in
NFkB activity. The genes identified in the array were confirmed by PCR
(Figure 4B). The significant genes, both upregulated and downregulated,
were analyzed on IPA to determine how the genes were linked to NFxB
signaling (Figure 4C). The results showed a network of the genes identified
within the NFxB pathway, including MyD88, which is associated with the
Toll receptors and the IL-1 receptor. In total, these findings confirmed a
canonical NFxB pathway.

Role of ADORA2B in Cell Autonomous Regulation of MSC
Multipotency

The role of NFxB in maintaining multipotency indicated that MSCs could
be regulated autonomously and by extrinsic factors (Figure 3). Extrinsic
mechanisms could explain how MSCs behave in an inflammatory niche.
However, studies require expanding MSCs in culture without exogenous fac-
tors. We therefore investigated whether the cultured cells could employ a cell
autonomous method to maintain multipotency. An autonomous system could
occur with energy utilization. Specifically, cells import ATP, ADP, and adeno-
sine, which can bind to the purinoreceptors to regulate cellular processes,
including those related to stem cell function and inflammation [26, 27].

The purinoreceptor ADORA2B was of particular interest because of
its association with MSC differentiation, and its roles in pro- and anti-
inflammatory functions [28-33]. MSCs express CD73, which is an ectonu-
cleotidase responsible for converting AMP to adenosine, the substrate for
ADORAZ2B [34-37]. Although the precise role of CD73 in maintaining MSC
multipotency remains unclear, evidence suggests that CD73 contributes to
anti-inflammatory functions. Specifically, CD73Meh MSCs display greater
anti-inflammatory function relative to CD73% MSCs [38]. Furthermore,
increased CD73 expression has been correlated with elevated NFxB levels
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Figure 4 Upstream activators and inhibitors of NFxB signaling in MSCs. MSCs were
transfected with pRelA-luc as an indicator of NFxB activity. Following this, cells were trans-
fected with individual members of an siRNA array according to the manufacturer’s protocol
(Supplemental Table 1) or with a vector control. NFxB activity was quantified as a percentage
relative to the negative control vector. (A) Genes producing the most significant effects on
NF«B activity were identified. Genes with activity greater than 100% were classified as NFxB
inhibitors, whereas those with activity less than 100% were considered NFxB activators. For
each gene shown, p < 0.05 versus negative control siRNA. The horizontal line represents
the transfection control (n = 2). (B) Semi-quantitative PCR confirmed the expression of all
genes identified in panel A within MSCs. (C) The genes shown in A and B were analyzed by
IPA. (D) To determine how these pathways regulate NFxB in maintaining MSC multipotency,
the data were compared with established canonical NFxB activation pathways.

in MSCs from patients with myeloproliferative neoplasms [39, 40]. Based
on the reports cited, we proposed dual roles for CD73 in MSC multipotency
(Figure 5A).

We analyzed the RNA-Seq data from unstimulated expanded bone
marrow-derived MSCs [17]. The data indicated an increase in ADORA2B
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Figure 5 CD73-NFkB correlation. (A) CD73 converts AMP to adenosine, thereby gen-
erating the adenosine substrate required to bind the ADORA2B receptor. CD73 expression
has been reported to correlate with NFxB activation in MSCs derived from the bone marrow
of patients with myeloproliferative neoplasms [40]. (B) The transcripts per million (TPM) of
purinoreceptors in MSCs were obtained from RNA sequencing data (GEO. GSE138435) [17].
(C) The findings in B were verified by qPCR. The results are presented as the mean = SD of
three biological replicates. (D) Influence of BCC secretome (model of inflammation) on the
expression of purinoreceptors. Data were taken from RNA-Seq results in which MSCs were
cultured alone or in a Transwell culture with MDA-MB-231 breast cancer cells.

(Figure 5B). We validated the RNA-Seq data by qPCR (Figure 5B). In partic-
ular, the results confirmed ADORAZ2B as the highest purinergic receptor on
MSCs.

Decrease of ADORA2B within an Inflammatory
Microenvironment

To investigate if ADORAB is regulated by extrinsic factors, we accessed
the GEO database of MSCs within an inflammatory microenvironment [41].
The MSCs were exposed to the secretome of breast cancer cells (MDA-
MB-231) in a Transwell system [41]. Since MDA-MB-231 cells produce
several inflammatory mediators, these factors crossed the membrane to the
MSCs [17]. There was a decrease in ADORA2B in the activated MSCs
(Figure 5D). Other changes included increases in P2X1, 2, 5, 6, and 7; P2Y1,
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2,4, 6, 11, and 12; and ADORA2A. In contrast, P2X3, P2Y13, P2Y 14,
as well as ADORA1, ADORA2B, and ADORA3 were decreased, while
P2X4 remained unchanged (Figure 5D). Together, these studies suggested
that while ADORA2B could be involved in cell autonomous regulation of
MSC:s, this could be expanded to extrinsic influence when MSCs are within
an inflammatory niche. In the latter scenario, ARORS2B was decreased.
This led us to ask if cells with high levels of inflammatory mediators could
decrease ADORA2B (next section).

ADORAZ2B on Breast Cancer Cell Subsets

In this set of studies, we used a breast cancer cell line (MDA-MB-231)
to determine if subsets of the breast cancer cells show varied expression
of ADORA2B. This question was relevant because it might determine if
ADORAZ2B is involved in differentiation and dedifferentiation of cells. The
selected MDA-MB-231 was relevant to address this question because this
cell line has been shown to dedifferentiate from progenitors to cancer stem
cells [41].

To demarcate subsets of MDA-MB-231, we applied a reported hierarchy
of breast cancer cells in which subsets were sorted based on Oct4a expression.
The three major subsets were designated Oct4a hi, Oct4a med and Octda
lo [16]. The cancer stem cells are mostly in the Oct4a hi subset [16]. We
analyzed each cell subset for ADORA2B using qPCR and western blot. The
results showed the least level of ADORA2B in CSCs with the highest level in
the Oct4a lo subset, which is the relatively differentiated subset (Figures 6A
and 6B). The results of these findings are discussed in the next section.

Discussion

This study presents a framework for understanding how MSCs maintain
multipotency. We reported on extrinsic and intrinsic factors. The results
showed a critical role for NFxB signaling to maintain MSC multipotency
(Figures 1 and 2). Rel A siRNA was able to KD Oct4a within 24 h but showed
a delay in reducing Sox2 (Figure 2). This delay is in line with the single Rel
A predicted sited on the Sox2 regulatory region (Figure 1). Although in silico
analysis showed potential binding sites for Rel A on stem cell-linked genes,
other experiments confirmed the validity of the predicted outcome (Figures 1
and 2A). Specifically, the delayed decrease in Sox2 could be due to the single
Rel A site on the regulatory region (Figure 1). Additionally, the decrease in
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Figure 6 Expression of ADORA2B in BCC subsets. Breast cancer cells were sorted based
on Oct4a expression [16]. ADORA2B levels were quantified in each subset by (A) gPCR and
(B) western blot (n = 3). The data in B and C were normalized with housekeeping control.
(C) Shown is the graphical representation of a role of ADORA2B in dedifferentiation, after
which NFxB maintains multipotency.

the stem cell genes in Rel A KD MSCs correlated with loss of MSCs to
differentiate into osteogenic and adipogenic cells, indicating loss of multi-
potency (Figure 2B). While control siRNA did not affect MSC proliferation,
as determined by immunocytochemistry for Ki67, Rel A KD MSCs showed
undetectable Ki67 (Figure 2C). The latter confirms differentiation when Rel
A was decreased.

Canonical signaling emerged to be relevant to NF«xB signaling in MSCs.
Using pharmacological inhibition of NFxB associated molecules, the studies
showed that IKK« activity, in cooperation with IKK 3, was required for Rel
A function and maintenance of multipotency (Figure 3). The information was
determined at the level of gene transcript using real time PCR. Due to the lack
of protein data, we were confident that the findings affected multipotency
due to the change in morphology of the MSCs (Figure 3D). Overall, the data
indicated that MSC stemness depends on the canonical NFxB pathway.

Equally important is the influence of the inflammatory niche. Our
unpublished studies showed that exposure to pro-inflammatory environments
restored survival and promoted a more primitive phenotype. In an inflamma-
tory environment there is a survival advantage of the MSCs with respect to
viability and multipotency. This paradoxical support of stemness by inflam-
mation highlights the importance of considering the host tissue environment
when evaluating MSC behavior. This study showing a critical role for canon-
ical NFxB supports our unpublished studies since this transcription factor is
activated by several inflammatory mediators (Figure 4).
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Data from RNA-Seq of unstimulated MSCs showed an increase in
ADRAZ2B, which was validated by real time PCR (Figures 5B and 5C). This
contrasted with a decrease of ADORA2B in activated MSCs (Figure 5D).
This was an interesting observation since ADORAZ2B is associated with the
family of purinergic receptors that can be activated by energy. The extrinsic
factors that regulate MSCs multipotency have been studied, especially by
cytokines. The findings of ADORA2B were important since MSCs have paths
to the clinic. This finding has implication for intrinsic regulation of MSCs.
This finding is impactful for expansion of MSCs to the clinic because these
stem cells will need to be available for off-the-shelf application. Since MSCs
are provided with minimal growth promoting factors in cultures, we propose
that ADORA2B could be a mechanism for self-autonomous regulation of
multipotency.

The study expands to CSCs and its differentiated form. We premised
that ADORA2B might be across all stem cells, including the CSCs. The
results interestingly showed that Oct4a lo breast cancer cells show the
highest level of ADORAB2 (Figures 6A and 6B). This was an insightful
finding since Oct4a lo breast cancer cells have been shown to dedifferenti-
ate into CSCs [17]. Thus, in healthy MSCs, ADOR2B could be linked to
cell autonomous regulation to maintain multipotency and breast cancer, and
ADORAB?2 might be involved in dedifferentiation to CSCs. This finding is
important to understand CSCS and therefore requires follow-up studies. We
propose that ADOR2B might mediate dedifferentiation to CSCs and, at this
time, stemness is maintained through NFxB signaling (Figure 6C). Although
we did not link NFxB to ADORAZ2B, they could be linked since both were
shown to be increased in MSCs.

Taken together, the insights of the study highlight NFxB as a central
integrator of stem cell biology, balancing internal signaling with external
cues to ensure both survival and plasticity. Clinically, this dual regulation
offers opportunities and risks; while it enhances the therapeutic utility of
MSCs in inflammatory conditions, it also raises important questions about
their long-term fate, including potential senescence, immune activation, or
unintended differentiation. Future studies should focus on dissecting these
long-term outcomes to ensure safe and effective clinical applications.
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