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Allogeneic Adipose-Derived Mesenchymal
Stem Cell Transplantation Enhances

the Expression of Angiogenic Factors

in a Mouse Acute Hindlimb Ischemic Model

Ngoc Bich Vu, Ha Thi-Ngan Le, Thuy Thi-Thanh Dao,
Lan Thi Phi, Ngoc Kim Phan, and Van Thanh Ta

Abstract

Cell migration and molecular mechanisms during healing of damaged
vascular or muscle tissues are emerging fields of interest worldwide.
The study herein focuses on evaluating the role of allogenic adipose-
derived mesenchymal stem cells (ADMSCs) in restoring damaged tissues.
Using a hindlimb ischemic mouse model, ADMSC-mediated induction of
cell migration and gene expression related to myocyte regeneration and
angiogenesis were evaluated. ADMSCs were labeled with GFP (ADMSC-
GFP). The proximal end of the femoral blood vessel of mice (over
6 months of age) are ligated at two positions then cut between the two
ties. Hindlimb ischemic mice were randomly divided into two groups:
Group I (n = 30) which was injected with PBS (100 pL) and Group II
(n = 30) which was transplanted with ADMSC-GFP (106 cells/100 pL
PBS) at the rectus femoris muscle. The migration of ADMSC-GFP in
hindlimb was analyzed by UV-Vis system. The expression of genes
related to angiogenesis and muscle tissue repair was quantified by real-
time RT-PCR. The results showed that ADMSCs existed in the grafted
hindlimb for 7 days. Grafted cells migrated to other damaged areas such as
thigh and heel. In both groups the ischemic hindlimb showed an increased
expression of several angiogenic genes, including Fit-1, Flk-1, and Ang-2.
In particular, the expression of Ang-2 and myogenic-related gene MyoD
was significantly increased in the ADMSC-treated group compared to the
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PBS-treated (control) group; the expression increased at day 28 compared
to day 3. The other factors, such as VE-Cadherin, HGF, CD31, Myf5, and
TGF-p, were also more highly expressed in the ADMSC-treated group
than in the control group. Thus, grafted ADMSCs were able to migrate to
other areas in the injured hindlimb, persist for approximately 7 days, and
have a significantly positive impact on stimulating expression of myo-
genic- and angiogenesis-related genes.

Keywords

Adipose tissue * Angiogenesis * Hindlimb ischemia « Mesenchymal stem

cell « Myogenesis

Abbreviations

ADMSC Adipose-derived mesenchymal stem
cells

bFGF Basic fibroblast growth factor

CD Cluster of differentiation

EGF Epidermal growth factor

GFP Green fluorescent protein

HGF Hepatic growth factor

MSC Mesenchymal stem cell

PBS Phosphate buffer saline

VEGF Vascular endothelial growth factor
1 Introduction

The potential of mesenchymal stem cells
(MSCs), especially adipose-derived stem cells,
to treat a variety of diseases has bolstered interest
and popularized the study of their functions and
applications. Due to their ability to differentiate
into osteoblasts, chondrocytes, adipocytes, and
cardiomyocytes, MSCs represent an exciting
prospective cell source for the treatment of
many diseases (Pipino and Pandolfi 2015; Strem
et al. 2005; Toma et al. 2002; Zhuang et al.
2016). Moreover, MSCs are appropriate for
applications in transplantation since they have a
potent ability to regulate immune responses (Kim
and Cho 2015).

Researchers have recognized the exclusive
benefits of MSCs in healing and regenerating

tissue. Firstly, when MSCs are transplanted in
the damaged site, they can secrete cytokines
and growth factors to stimulate tissue regenera-
tion; this is called the paracrine pathway
(Baraniak and McDevitt 2010). On the other
hand, MSCs can regulate stem cell niches in the
host by mobilizing stem cells to the injured tissue
and inducing differentiation into essential cell
types. Additionally, MSCs can produce
antioxidative factors. This means MSCs can
help clean up damaged cells and prevent oxida-
tive stress (Fouraschen et al. 2015). Similarly,
MSCs can help repair injured tissues by two
mechanisms: (1) stem cells can directly differen-
tiate into functional cells or fuse with damaged
cells to replace, repair, or renew the necrotic/
damaged cell, and (2) stem cells can secrete
several factors in order to attract another specific
cell type to join in the regeneration. The secreted
factors may be paracrine or autocrine elements
and may help protect functional cells from apo-
ptosis. Moreover, they can be factors which acti-
vate and mobilize endogenous stem cells to home
to areas of tissue injury (Rennert et al. 2012). The
complex movement of stem cells is regulated by
a vast array of cytokines, adhesion molecules,
and essential growth factors (Smart and Riley
2008).

The ischemic model originally developed in
mouse was based on a previously developed rab-
bit model. The hindlimb ischemic model was
operatively induced in a mouse by disruption of
blood flow to the lower limb; this leads to the
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dysfunction and/or damage of cells/tissues under
the blood vessel cutting site. Research studies on
the capability of MSCs to recover ischemic
injury, by stimulating angiogenesis in vitro and
in vivo, have been conducted (Li et al. 2015; Sun
et al. 2015). The number of new vessels after
ischemia has been shown to be correlated with
the recovery ability of patients with ischemic
diseases.

The term “angiogenesis” was first introduced
in 1935 by Hertig to describe the formation of
new blood vessels in the placenta (Hertig 1935).
Angiogenesis is defined as the formation of new
blood vessels via the sprouting of endothelial
cells from preexisting vasculature (Ucuzian
et al. 2010). In adults, angiogenesis is relatively
rare (Gerhardt and Betsholtz 2003). This process
usually occurs after injury, during pregnancy,
and during tumor invasion (Nishida et al. 2006;
Zygmunt et al. 2003). For the sprouting of new
vessels, endothelial cells undergo a complicated
process. From the degradation of the underlying
basement membrane, endothelial progenitor cells
migrate into the neighboring tissues. At the new
site, they proliferate, differentiate, and assemble
into tubes. Finally, the tube-to-tube connection is
formed for blood flow. Overall, angiogenesis is a
process which includes an increase in vascular
permeability, degradation of the surrounding
matrix, proliferation and migration of endothelial
cells, and finally stabilization (Conway et al.
2001). To date, there has been considerable effort
invested in understanding the molecular
mechanisms of angiogenesis following tissue
injury. This is still a complex process which
requires the participation of many regulator
factors, cytokines, cell/matrix interactions, and
pertinent intracellular signaling pathways
(Buschmann and Schaper 1999).

Research studies have demonstrated that
MSCs express some pre-angiogenic factors
(Kamihata et al. 2001). Particularly, adipose-
derived mesenchymal stem cells (ADMSCs)
can secrete several angiogenic growth factors,
including vascular endothelial growth factor
(VEGF), hepatocyte growth factor (HGF), and
basic fibroblast growth factor (bFGF) (Cui et al.
2015). Soluble growth factors released by

ADMSC:s play an important role in the prolifera-
tion and migration of cells and smooth muscle
cells; in vitro studies have shown that this ability
is dependent on the number of MSCs (Iwase et al.
2005; Zentilin et al. 2006). VEGF, also known as
vascular permeability factor, is a dimeric glyco-
protein that acts as a mitogen for endothelial cells
(Dvorak et al. 1995). To date, VEGF is the best
candidate to act as a specific regulator of endo-
thelial cell growth and differentiation (Marti
et al. 2000). The formation of new vessels occurs
in parallel with an increase of VEGF mRNA and
protein expression. HGF regulates cell growth,
cell motility, and morphogenesis of different
kinds of cell types (Hayashi et al. 1999;
Nakamura et al. 2000). Similar to VEGF, HGF
is secreted by intact cells and acts as a mitogen
for endothelial cells. However, studies have
shown that HGF does not stimulate monocyte
migration through endothelial layers like VEGF
(Hayashi et al. 1999). While growth factors like
VEGF and HGF activate endothelial cells to
form new vessels, the PDGFB/PDGFR-beta sig-
naling system and angiopoietins Ang-1 and
Ang-2 and their receptor (Tie2) play a role in
the stabilization and maturation of vascular wall
formation by recruiting pericytes and smooth
muscle cells (Karamysheva 2008).

In this study, in a hindlimb ischemic mouse
model, we investigated the role of allogeneic
ADMSCs in restoring damaged tissue via migra-
tion of cells and expression of genes related to
muscle cell regeneration and angiogenesis.

2 Methods
2.1 Establishing GFP-Positive
ADMSCs

ADMSCs were extracted from adipose tissue by
a previously established protocol (Van Pham
et al. 2014). ADMSCs were cultured in MSCCult
medium (Regenmed Lab, HCM, VN) that
DMEM/F12 supplemented with 10% fetal
bovine serum, 1% antibiotic, 100x antimycotic,
10 ng/mL. EGF, and 10 ng/mL bFGF (Sigma-
Aldrich, Louis St, MO) in a humidified incubator
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with 5% CO,, at 37 °C. To generate ADMSC-
GFP, ADMSCs (passage 3 or beyond) were
transferred onto 6-well tissue culture plates.
After 24 h, polybrene (8 pg/mL) (Sigma-Aldrich)
was added, and 24 h following that, fresh
medium (without polybrene) and copGFP
Lentiviral Particles (Santa Cruz Biotechnology,
Dallas, TX) were added to transduce copGFP
into ADMSCs. The cells were cultured in
MSCCult medium supplemented with 10 pg/mL
puromycin dihydrochloride (Santa Cruz Biotech-
nology) for a week to select for GFP-positive
ADMSCs. After that, culture medium with puro-
mycin was replaced by fresh MSCCult medium.
ADMSCs positive for GFP were observed under
fluorescence microscope. The proportion of
GFP-positive ADMSCs was quantified by
FACSCalibur system (BD Biosciences, San
Jose, CA). All data were analyzed by CellQuest
Pro software at 10,000 events.

Mouse Model of Hindlimb
Ischemia

2.2

Adult mice (over 6 months of ages) were used in
our study with animal approval in the Stem Cell
Laboratory, Research and Application, Univer-
sity of Science, VNU-HCM, Vietnam. The
hindlimb ischemic mouse model was established

Fig. 1 The blood vessel
site was cut to establish the
hindlimb ischemic mouse
model

according to our published protocol (Vu et al. Vu
et al. 2013). Mice were anesthetized with keta-
mine (100 mg/kg i.m.) and xylazine (15 mg/kg i.
m.). The femoral artery and vein were ligated at
two sites and then cut between the two ties, as
described in Fig. 1.

23 Cell Transplantation

In our acute hindlimb ischemic mouse model,
mice were randomly divided into two groups:
Group A (ADMSC-GFP treatment, 30 mice)
and Group B (PBS treatment, 30 mice). Both
groups were injected with the same volume
(100 pL), at the same location, and around the
same time. The surgical protocol was as follows:
mice were anesthetized as mentioned above, then
ADMSC-GFP (10%/100 pL PBS) was prepared
for transplantation; ADMSC-GFP were injected
to the rectus femoris muscle promptly after the
blood vessel was cut; finally, the skin was closed
with a nylon suture.

The detection of ADMSC-GFP was observed
using the iBox Explorer Imaging Microscope
system (UVP, Upland, CA). Images were taken
at the site of ADMSC-GFP injection under UV
light and analyzed by Vision WorksLS Image
Acquisition and Analysis Software.




Allogeneic Adipose-Derived Mesenchymal Stem Cell Transplantation Enhances. .. 5

24 Quantitation of Transplanted
Cells in the Host

The percentage of detectable transplanted cells in
the ischemic hindlimb was assessed by flow
cytometry. Muscle tissue of ADMSC-GFP-
transplanted mice was collected from the cell-
injected site (IS) and the lateral gastrocnemius
site (LGS). The muscle tissues were processed
into single cell suspension using 0.5% trypsin/
EDTA. The percentage of GFP-positive cells was
evaluated by FACSCalibur system
(BD Biosciences, San Jose, CA) and analyzed
by CellQuest Pro software (BD Biosciences).

Table 1 Primer sequences used in this study

All data were acquired with an event acquisition
set for 10,000 events.

2.5 RNA Extraction

At 1 day, 3 days, and 28 days after ADMSC-GFP
transplantation, 100 pg of femoral muscle tissue
was collected into 2 mL tubes. Muscle tissue was
fine-cut then total RNA was extracted following
the manufacturer’s protocol using RNA-Spin
Total RNA Extraction Kit (Intron Biotechnol-
ogy, Korea).

Name of primer

Length (bp)

GAPDH 80
PGFRB 156
TGF-beta 70
MMP-2 123
Ephrin-B2 139
Ephrin-B4 140
Filk — 1 200
Flt-1 186
vWF 71
VE-cadherin 93
CD31 70
ANG-1 126
ANG-2 97
HGF 71
Myfs 177
MyoD 148

Primer sequence (5'-3') (F, forward; R, reverse)
F: ACTGAGCAAGAGAGGCCCTA
R: TATGGGGGTCTGGGATGGAA
F:ATCTTGGACCCCACCTGAAC
R:AATGCTTGTTGGAGTGTCGC
F:CATGGAGCTGGTGAAACGGA
R: GGCGAGCCTTAGTTTGGACA
F: AACGGTCGGGAATACAGCAG
R:AAACAAGGCTTCATGGGGGC
F:ATGTAACAGACGGGGGTTTGA
R:CCGCACTGCCTCATTAGGAT

F: ATGCCCAGCCAACAGCCACT
R:AATGGTGAACCACGCTTCTTG
F: CCTACCCCACACATTACATGG
R: TTTTCCTGGGCACCTTCTATT
F: GTGTCTATAGGTGCCGAGCC

R: CGGAAGAAGACCGCTTCAGT
F: CTACCTAGAACGCGAGGCTG
R: CATCGATTCTGGCCGCAAAG
F: CCTGAGGCAATCAACTGTGC
R: GGAGGAGCTGATCTTGTCCG
F: CTCCCTTGAGCCTCACCAAG

R: GACCTTCCGGATCTCACTGT

F: ATGGGCAATGTGCCTACACTTT
R: AAGAGAAATCCGGCTCCACGT
F:AGTACCAGGTCCAGAACGGA
R:ACGGCATTGGACATGTAGGG
F:CCTGTGCCTTGACTTAGCGA
R:TCCTTGTGGCTCCTATCCGA
F:AGATCCTCAGGAATGCCATCCG
R:.TGCTGTTCTTTCGGGACCAGAC
F:GCTCTGATGGCATGATGGATTACAGCG
R:ATGCTGGACAGGCAGTCGAGGC

Ref. (NCBI)
NM_001289726.1

NM_008809.2

NM_011577.2

NM_008610.2

NM_001290753.2

NM_001159571.1

NM_010612.2

NM_010228.3

NM_011708.4

NM_009868.4

NM_001305157.1

NM_001286062.1

NM_007426.4

NM_001289459.1

NM_008656.5

NM_010866.2



2.6 Real-Time Quantitative Reverse

Transcription PCR

One-step quantitative reverse transcriptase PCR
(qQRT-PCR) reactions were carried out in an
Eppendorf real-time PCR system (Eppendorf,
Germany) using 300 ng of total RNA and
SYBR Green RT-PCR Master Mix (PCR
Biosystems Ltd., London, UK). The reaction
conditions were set for 10 min at 25 °C (reverse
transcription), 5 min at 95 °C (polymerase acti-
vation), 40 cycles of 15 s at 95 °C (denaturation),
15 s at 58 °C (annealing), and 20 s at 72 °C
(extension), with fluorescent signal recording
for amplification. At the end, a final step of 15 s
at 95 °C and 15 s at 60 °C was included, followed
by fluorescence measurement at each 0.5 °C var-
iation from 58 °C to 95 °C in 20 min, to obtain
the melting curve. The primer sequences are
listed in Table 1.

2.7 Statistics

The data were analyzed by GraphPad Prism 6.0
software, and a t-test was conducted for statisti-
cal analysis; P-value less than 0.05 was consid-
ered statistically significant.

3 Results
3.1 Transgenic GFP Detection
in Adipose Tissue-Derived
Mesenchymal Stem Cells

After 24 h of transduction, some cells showed
positivity for GFP expression. The number of
ADMSC-GFP continued to increase over the
next 2 days. After treatment with medium
containing 10 pg/mL of puromycin (for selec-
tion), GFP-positive cells increased markedly.
After transduction, ADMSCs were evaluated

N.B. Vu et al.

for expression of GFP. The percentage of
ADMSC-GFP and their morphology were
recorded under white light (Fig. 2A) and green
fluorescent light (Fig. 2B). The results indicated
that 100% of the transduced cells were positive
for the GFP transgene when analyzed quantita-
tively by flow cytometry (Fig. 2C).

3.2 Detection of Allogenic ADMSCs

in the Host

The appearance of bright spots was not observed
in PBS-injected mice (Fig. 3A). Immediately
after transplantation, at the graft position, light
spots were expressed strongly (Fig. 3B). The red
spot represents a high density of cells. The other
ones (yellow and blue spots) represent decreased
cell density. After 7 days, the size and density of
cells at the sites of grafting were decreased
(Fig. 3C). After 10 days, light spots were not
observed at the cell-grafted positions.

When observed with the naked eye through
the filter of a fluorescence imaging system,
grafted cells were clearly detectable by the pre-
sentation of green spots (blue arrow, Fig. 3E)
compared to the PBS group (Fig. 3D). The move-
ment of transplanted cells was clearly observed
after approximately 1-2 h, with the separation of
the light spot from one to two spots (Fig. 3F).
This suggests that transplanted cells migrated to
other locations in the hindlimb of the host.

To evaluate if the stem cells were capable of
migrating to the heel and foot positions, which
are more vulnerable to shortage of oxygen and
nutrients in acute ischemia, we collected whole
cells from grafted thigh to detect fluorescence
signal along the thigh. The results showed that
on the date of the evaluation (day 4 after trans-
plantation), grafted cells were detected (red
arrow) and distributed along the length of the
thigh and were concentrated at the grafted
positions (heel and foot) (Fig. 4).
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3.3 Quantitation of Transplanted

Cells in the Host

One day after transplantation, the percentage of
GFP-positive cells at the IS was 8.12% =+ 1.00%
(Fig. 5A). This proportion decreased over time,
reaching 2.28% =+ 127% at day 3 and
0.38% =4 0.47% at day 7. Grafted cells were not
detectable in the hindlimb of the host after 8 days
of transplantation. There was a statistically

significant difference in the reduction of the
grafted-cell percentage in the limb after 3 days,
compared to the first day (n = 9; p < 0.05).
Meanwhile, a low survival cell rate was recorded
at the lateral gastrocnemius site after 1 day
(0.78% = 0.83%; n = 9). This ratio increased
significantly at day 4, reaching 2.29% =+ 2.26%.
At 7 days, this percentage dropped to nearly zero
(0.51% =+ 0.35%). After 7 days, there was no
detectable presence of grafted cells in the LGS
(Fig. 5B).
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Fig. 2 ADMSCs positive for green fluorescent protein
(GFP) after transfected with GFP. ADMSCs were cap-
tured in white field (A) and in fluorescent excitation for

GFP (B). The expression of GFP in ADMSCs was con-
firmed by flow cytometry (C); 100% ADMSCs were
positive
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Fig. 3 The detection of transplanted cells in the host.
Mouse hindlimb was scanned and imaged under green
fluorescence at the PBS group (A) and at the ADMSC
group immediately after (B) or 4 days after (C) cell

White light

Fig. 4 The movement of transplanted cells in the host.
Mouse hindlimb was visualized under white light (A)
and green fluorescent light (B) and merged (C) after

3.4 Expression and Characteristics

of Angiogenic Genes

The results showed that in our study, expression
of several myogenic and angiogenic genes could
be classified into four main groups (Table 2). The
groups were as follows: Group I consists of

Green fluorescence light

transplantation. Observation with the naked eye through
a fluorescence filter at the PBS group (D) and at the
ADMSC group immediately after (E) or 1 h after (F)
transplantation

4 days of ADMSC transplantation. Images show that the
cells migrated to the heel and foot (IS injected site, LGS
lateral gastrocnemius site)

angiogenic genes not expressed in the normal
mice group compared to PBS injection or
ADMSC injection group — Fit-1, Flk-1, Ang-2,
and VE-Cadherin. Group II consists of angio-
genic genes expressed in all groups — HGF,
CD31, TGF-beta, vWF, Ang-1, PGFRB, and
ephrin-B4. Group III consists of angiogenic
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Table 2 Characteristics of angiogenic and myogenic genes
Gene expression
Adult mouse
Ischemic hindlimb
PBS ADMSC
Group Gene Characteristic Embryo | Normal |injection |injection
Internal | GAPDH | Housekeeping gene; expressed in all cell types or | + + + +
control tissues at high levels
Group I | Flk-1 Regulates endothelial cell migration and + - + +
angiogenesis (Kappas et al. 2008)
Flt-1 Chemotaxis; increases the vascular permeability, |+ — + +
endothelial cells proliferation, and survival (Gille
et al. 2001)
ANG-2 Disrupts the connection between endothelial cells | + — + +
and extravascular cells (Fagiani and Christofori
2013)
VE- Controls and maintains endothelial cell contacts | + = + +
cadherin | (Vestweber 2008)
Group HGF Mitotic factors; morphology of tissue; regulates + + + +
11, the migration of endothelial cells and plays an
Group important role in angiogenesis (Ding et al. 2003)
I CD31 Important factor in the adhesion of endothelial + + + +
cells during angiogenesis (Pusztaszeri et al. 2006)
TGF- Tissue morphology; induces apoptosis and + + + +
beta angiogenesis (Ferrari et al. 2009a)
vWF Produced by endothelial cells; indicates the + + + +
presence of endothelial cell (Pusztaszeri et al.
2006)
Ang-1 Intermediates for the move, adhesion, and + + + +
survival of endothelial cells (Fagiani and
Christofori 2013)
Ephrin- | Determines the formation of veins + + + +
B4
Group MMP-2 | Essential factor in the regulation of blood vessel | + — — -
11 branching activities (Newby 2005; van Hinsbergh
et al. 2006)
Ephrin- | Important factor in the formation of new blood + — — —
B2 vessels and vascular smooth muscle cell (Shin
et al. 2001)
Group Myfs Regulates the homeostasis and regeneration of + + + +
v muscle cells; is expressed on myoblast (Gayraud-
Morel et al. 2007)
MyoD Regulates the differentiation of myoblast + - + +
(Gayraud-Morel et al. 2007)

(+) expression; (—) non-expression

genes expressed only in embryos, but not in
normal mice or acute ischemic limb mice (with
or without cell transplantation): MMP-2 and
ephrin B-2. Group IV includes the myogenic
genes: MyoD and Myf5.

For Group I, although several angiogenic
genes (such as Flt-1, Flk-1, and Ang-2) were

not expressed in normal mice, the genes were
expressed in the acute ischemic hindlimb mice,
with or without transplantation of ADMSCs
(Table 2). Strikingly, Ang-2 expression in the
ADMSC group at day 28 was significantly
increased compared to day 3 after transplantation
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Fig. 6 Gene expression of Fit-1, Flk-1, and Ang-2 after
cell transplantation. Expression of Ang-2 was signifi-
cantly increased in the ADMSC group compared to the

(p < 0.05) and compared to the PBS group
(p < 0.05) (Fig. 6).

Meanwhile, VE-cadherin expression was not
detected in normal limb but was found in acute
ischemic limb in the PBS group at day 3. How-
ever, VE-cadherin expression was not detectable
anymore at day 28. Conversely, VE-cadherin

a
&
v_(‘

PBS group and increased in the ADMSC group at day
28 compared to day 3 (*p < 0.05, Tukey’s multiple
comparisons test; n = 4)

expression in the ADMSC group was detectable
on both days 3 and 28.

For Group II (Table 3, Fig. 7), the expression
of HGF, CD31, and TGF-f3 were significantly
increased after 3 days of cell transplantation
compared to normal mice (p < 0.05) and signifi-
cantly decreased after 28 days (p < 0.05) except
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Table 3 Gene expression analysis showing an increase of HGF, CD31, TGF-f5, vWF, Ang-1, and ephrin-B4 in
ADMSC-transplanted hindlimb ischemic mice compared to normal mice

Gene expression (ADMSC group compared to normal group)
Genes PBS-3D ADMSC-3D PBS-28D ADMSC-28D
HGF 1.09 £+ 0.25 42.62 + 12.63* 0.12 = 0.09 13.77 4+ 3.28"
CD31 3.94 £+ 3.59 9.44 + 10.81* 0.41 = 0.29 0.30 + 0.28"
TGF-B 3.84 £ 1.26 9.63 £+ 5.33% 0.43 + 0.05 1.05 £ 1.11°
vWF 0.46 + 0.33 3.87 £ 1.94 0.19 + 0.26 0.86 + 0.48
Ang-1 0.66 + 0.61 0.25 + 0.09 0.23 + 0.08 0.77 £ 0.22
Eph-B4 2.15 £2.05 1.22 £ 0.62 0.34 + 0.08 1.33 £ 0.80
“Statistically significant difference compared to the normal group
PStatistically significant difference compared to the ADMSC group at day 3
Tukey’s multiple comparisons test, p < 0.05; n =4
609 —— =
554
504
o BEE BT
] # PBS 3D
S B AD-MSC 3D

Gene expression

i PBS 28D
AD-MSC 28D

X W

Fig. 7 Gene expression of HGF, CD31, TGF-beta, vWF, Ang-1, and ephrin-B4 after cell transplantation. *p < 0.05,

Tukey’s multiple comparisons test; n = 4

for HGF. Expression of HGF was significantly
higher in the ADMSC group at day 28 compared
to the normal group. Meanwhile, there were no
significant changes in expression of these genes
in the non-treated group compared to the normal
group (p > 0.05). Moreover, vWF, Ang-1, and
ephrin-b4 expression showed no significant
changes in both the cell-transplanted and
non-treated mice.

For Group IIl, MMP-2 and ephrin-B2 expres-
sion was only observed in embryos but not in
normal or acute hindlimb ischemic adult mice
(with or without cell transplantation).

For Group IV, MyoD was expressed only in
the PBS and ADMSC groups but not in the nor-
mal group. On the other hand, gene expression
increased significantly in the ADMSC group at
day 28 (4.4 £ 2.0 fold; n = 4) compared to day
3 (1.7 £ 1.2 fold; n = 4) (p < 0.05) and com-
pared to the PBS group (p < 0.05) (Fig. 8).

Meanwhile, Myf5 was expressed in all groups.
At day 3, Myf5 expression was higher in both the
PBS and ADMSC groups compared to the nor-
mal group (3.7 £ 1.5 and 7.7 £ 6.9 fold, respec-
tively). At day 28, the expression increased to
34 4+ 2.2 fold and 4.4 + 2.3 fold for those
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Fig. 8 Expression of MyoD and Myf5 after cell transplantation (*p < 0.05, Tukey’s multiple comparisons test; n = 4)

groups, respectively. However, the differences
between the groups and among the time points
did not differ significantly (p > 0.05) (Fig. 8).

4 Discussion

The migration and/or molecular mechanisms of
cells during healing of damaged vascular or mus-
cle tissue are emerging areas of research interest
worldwide. Due to signals during injury and by
the control of autocrine and/or paracrine factors,
intrinsic stem cells or transplanted stem cells
receive specific signals to initiate the repair pro-
cess. They migrate to the damaged sites to par-
ticipate in wound healing. The complex
migration process of stem cells is driven by a
large number of cytokines, adhesion molecules,
and growth factors, all of which are necessary for
controlling functional tissue regeneration safely
and effectively (Kalka et al. 2000).

In this study, GFP-transduced ADMSCs after
transplantation were detectable along the acute
ischemic hindlimb, as evidenced by the separa-
tion of the light spots and by the reduction of
their size at the cell-transplanted position. How-
ever, the reduction of the light spot size (i.e., the
decrease in concentration of transplanted cells)
may be due to necrosis of cells in the host.

Two mechanisms may cause necrosis of cells
in vitro: cell detachment from culture surfaces
and removal of growth factors. Necrosis due to
lack of adhesion factors is known as anoikis
(Frisch and Francis 1994) and involves the acti-
vation of caspase-3 (Yuan and Yankner 2000).
Single cells prepared before transplantation can
lose their ECM-integrin interactions, and as a
result, apoptosis is triggered (Yuan and Yankner
2000). Cell survival was also limited by the envi-
ronment of the damaged region. Injury at the
graft area may be due to the needle, the removal
of nutrients, the shock caused by oxidation,
and/or a combination of these factors (Bakshi
et al. 2005).

On the other hand, the reduction of cell den-
sity could be due to graft rejection by the host. In
this study, allogeneic MSCs were used to treat
disease. The ability to reject allogeneic graft in
the host has been reported in many previous
studies (Ball and Egeler 2008). However, mesen-
chymal stem cells possess potent immunosup-
pressive factors as reported in several studies
(Lee et al. 2002; Ning et al. 2008; Vianello and
Dazzi 2008). In this study, the untreated
immunosuppressed mice before transplantation
did not show any active state of immune
response. The proportion of live mice after cell
transplantation was 100% over a 6-month period.
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This indicates that a reduction in cell density due
to destruction by the host is not the main cause.

Another possible reason for the reduction of
light-emitting cells in the grafts might be due to
the movement of cells to other locations, which
can lead to dispersed signals. At a certain degree
of dispersion, the identification of fluorescence
by the iBox system becomes inferior, and the
existence of cells with sparse gathering can
cause the system not to recognize or detect the
cells. During the injury period, host cells secrete
various factors which have a positive impact on
the resident MSCs. The migratory and resident
MSCs are dependent partly on chemokine
receptors. Like white blood cells, MSCs express
multiple receptors and cell adhesion molecules,
including selectins and integrins. These factors
induce migrant and resident transplanted cells to
move to the target tissue. At the damaged tissue
location, inflammatory reactions occur. For
instance, TNF-alpha and IL-1 (Ruster et al.
2006; Shi et al. 2007) are released and activate
endothelial cells to express VCAM-1 and acti-
vate MSCs. As a result, MSCs express integrin
B1 and/or integrin a4/p1 and CXCR4 (Krampera
et al. 2006; Ruster et al. 2006; Shi et al. 2007). At
this time, MSCs migrate to endothelial cells then
pass through the endothelium via interaction with
the extracellular matrix and cell-cell interactions.
By this process, MSCs can participate in
repairing the tissue damage. When blood flow is
interrupted, the blood supply is reduced, thereby
inducing tissue injury. Signals from damaged
tissues in response to receptors on MSCs can
trigger the migration of cells (Sohni and
Verfaillie 2013). In our study, the survival of
cells in the host was decreased over time at the
cell-transplanted area but increased at
non-transplanted areas (e.g., foot). The results
clearly show that grafted cells were capable of
migrating to the area under the cut blood vessels.

Fit-1, also known as VEGF receptor
1 (VEGFR-1), was previously known as a limited
angiogenic factor (Ferrara et al. 2003; Shibuya
2006). However, the role of flt-1 in angiogenesis
has been controversial. Several reports have
shown a positive impact of flt-1 on the migration
of endothelial cells and the formation of new

blood vessels (Gerber et al. 1997; Olofsson
et al. 1998). Kappas et al. have confirmed that
fit-1 can adjust FLK-1/KDR signal, regulate the
migration of endothelial cells, and impact angio-
genesis (Kappas et al. 2008). Other studies using
fit-1 knockout mice have shown that fit-1
stimulates the proliferation of endothelial cells.
Moreover, other studies have suggested that flt-1
is essential for forming new blood vessels (Fong
et al. 1999; Park et al. 1994). Mishi et al. have
also reported that flt-1 regulates Akt, and
together they play an important role in the main-
tenance of endothelial cell integrity and stability
of vascular structures (Nishi et al. 2008). Flt-1 is
associated not only with chemotaxis and increase
of vascular permeability but also with the prolif-
eration and survival of endothelial cells (Gille
et al. 2001).

Fagiani et al. have shown that Ang-2, on the
other hand, interrupts the interactions between
endothelial cells and pericytes and induces apo-
ptosis of pericytes. This leads to loose or degen-
erative  vascular structures and triggers
angiogenesis. When combined with VEGF,
Ang-2 induces the formation of new blood
vessels (Fagiani and Christofori 2013). In this
study, Flt-1 and Flk-I were not expressed in
normal mice but were activated in hindlimb
ischemic mice, with or without stem cell treat-
ment. This suggests that VEGF is expressed. The
presence of VEGF in combination with the Ang-
2 expression showed that there is induction of
new blood vessel formation.

In addition, VE-cadherin is a specific adhe-
sion molecule for endothelial cells and is located
at intercellular junctions between them.
VE-cadherin is an important factor for
controlling and maintaining the interactions
between endothelial cells. It also regulates
many different processes, such as cell prolifera-
tion, apoptosis, and mediation of VEGF
receptors (Vestweber 2008).

CD31 (or PECAM-1) is a transmembrane gly-
coprotein present on white blood cells,
macrophages, platelets, endothelial cells, and
stem cells. Recently, CD31 has been recognized
as an essential factor in angiogenesis (DeLisser
et al. 1997; Matsumura et al. 1997; Zhou et al.
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1999). In a study by Hellingman et al., CD31
expression was significantly higher in acute
hindlimb ischemic mouse than in normal
mouse. Meanwhile, the capillary density
increased in proportion to CD3/ expression on
cells (Hellingman et al. 2010). In our study, the
expression of CD3/ increased, similar to the
studies by Hellingman et al.

Other angiogenic genes (HGF, TGF-f3, vWF,
Ang-1, and ephrin-B4) were assessed in our
study. HGF is identified as a member of the
vascular growth factor family (Morishita et al.
2004). TGF- is regulated by tissue morphology;
half of TGF-f-deficient mice died in utero in
mothers due to lack of new blood vessel forma-
tion (Ferrari et al. 2009). In this study, the expres-
sion of HGF and TGF-p was significantly
increased in the ADMSC group compared to
the PBS and normal groups. This shows that
stem cells and endothelial cells might be more
strongly activated in those groups. This also
implies that the damage repair process was stron-
ger in the cell-transplanted group. In our study,
vWF, Ang-1, and ephrin-B4 did not differ signif-
icantly among the groups. However, Fik-1, Fit-1,
Ang-2, CD31, HGF, and TGF-f; are all essential
for the process of angiogenesis.

Myf5 and MyoD are genes identified to be
myogenic and promote the fate of skeletal mus-
cle cells after birth. As well, they are associated
with repair of tissue damage. In adult, MyoD
regulates myoblast differentiation, while Myf5
regulates homeostasis and regeneration of mus-
cle cells (Gayraud-Morel et al. 2007). Our study
showed that activation of these genes in muscle
regeneration is triggered after acute ischemia.
Moreover, after cell transplantation, MyoD was
strongly expressed at day 28, which indicates that
ADMSC transplantation had a positive impact on
repairing ischemic tissue.

5 Conclusion

The results from our preliminary study show that
ADMSC:s participate in the healing and treatment
of acute ischemic hindlimb. Several mechanisms
are used by ADMSCs, including movement of

N.B. Vu et al.

transplanted cells to affected positions (foot,
heel, and lower thigh) where blockage of blood
vessels often occurs. The ADMSCs can persist at
these locations for about 7 days. In our study, the
ADMSC:s can repair tissue damage by increasing
the expression of several angiogenesis-related
genes, including VE-cadherin, HGF, CD3l,
TGF- 3, Ang-2, Flt-1, Flk-1, and MyoD.
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Abstract

Stem cell therapy is the administration of stem cells to a patient to treat or
prevent a disease. Since stem cells possess the long-term self-renewal
capacity and provide daughter cells that differentiate into the specialized
cells of each tissue, stem cell therapy will theoretically improve the
disease condition for the lifetime of the patient. As the most widely used
stem cell therapy, bone marrow transplantation is the treatment of choice
for many kinds of blood disorders, including anemias, leukemias,
lymphomas, and rare immunodeficiency diseases. For the fatal genetic
blood disorder Fanconi anemia, allogeneic bone marrow transplantation
has remained the only curative treatment. But the recent advances in stem
cell and gene therapy fields may provide promising opportunities for an
alternative or even better management of Fanconi anemia. Many of these
new ideas and opportunities are also useful for treating other blood
diseases that affect hematopoietic stem cells, such as sickle cell anemia,
severe combined immunodeficiencies, and beta-thalassemias. In this
chapter, these advances along with their challenges and limitations will
be thoroughly discussed.

Keywords
Fanconi anemia « Hematopoietic stem cell ¢ Stem cell therapy

Oregon Stem Cell Center, Department of Pediatrics,
Oregon Health & Science University, 3181 SW Sam
Jackson Park Road, Portland, OR 97239, USA

e-mail: zhangqi@ohsu.edu


http://crossmark.crossref.org/dialog/?doi=10.1007/5584_2017_67&domain=pdf
mailto:zhangqi@ohsu.edu

20

Abbreviations

AAV Adeno-associated virus

FA Fanconi anemia

GVHD  Graft-versus-host disease

HLA Human leukocyte antigens

HSCT  Hematopoietic stem cell
transplantation

HSPC  Hematopoietic stem and progenitor
cell

iPS Induced pluripotent stem cell

1 Introduction

Fanconi anemia (FA) is a rare genetic disorder
characterized by birth defects, bone marrow fail-
ure, and cancer susceptibility (Auerbach 2009).
Recent research studies have revealed that FA is
caused by an inherited defect in the ability to
repair interstrand DNA crosslinks in cells.
Bi-allelic mutations in any one of 21 causative
genes (FANCA, FANCB, FANCC, FANCD1/
BRCA2, FANCD2, FANCE, FANCF, FANCG/
XRCC9, FANCI, FANCL/PHF9/Pog, FANCIJ/
BRIP1/BACHI, FANCM/Hef, FANCN/
PALB2, FANCO/RAD5IC, FANCP/SLX4,
FANCQ/XPF/ERCC4, FANCR/RADSI1,
FANCS/BRCA1, FANCT/UBE2T, FANCU/
XRCC2, and FANCV/MAD2L2/REV7) can
cause this disease (Dong et al. 2015). All of
these 21 FA genes are believed to function in a
common cellular signaling pathway that
responds to DNA damage and maintains genome
stability (Kim and D’ Andrea 2012).

The primary cause of morbidity and mortality
in FA patients is progressive bone marrow fail-
ure, which shortens the average life span of the
patients (Kutler et al. 2003). FA patients have
fewer hematopoietic stem/progenitor cells
(HSPCs) in their bone marrow and suffer from
additional progressive loss of HSPCs due to an
exacerbated p53/p21 DNA damage response
(Ceccaldi et al. 2011, 2012; Kelly et al. 2007).
Most patients develop marrow dysfunction
within the first decade of life. The symptoms
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range from mild cytopenia in any lineage, with
thrombocytopenia as the most common type, to
severe aplastic anemia (Shimamura and Alter
2010).

Pharmacological therapy to manage hemato-
logic abnormalities for FA patients is limited and
has remained largely unchanged for over
30 years. Androgen therapy normalizes blood
counts in ~50-70% of FA patients and also
works for other forms of aplastic anemia (Dokal
2003). The most commonly used androgen is
oxymetholone, which is an anabolic-androgenic
steroid and a synthetic derivative of testosterone
(Shimamura and Alter 2010). The beneficial
effects of androgens are most pronounced in
platelets and red blood cells. Androgens also
improve neutrophil counts in some patients.
However, androgen therapy is not a permanent
rescue of hematopoiesis. Many FA patients even-
tually become refractory to androgen therapy
even if their initial response was good. It has
been proposed that hematopoietic stem cells in
these patients may have been completely
depleted at later stages of androgen therapy
(Zhang et al. 2015).

Stem cell therapy can be especially useful for
treating blood diseases. In the hematopoietic sys-
tem, self-renewing hematopoietic stem cells
reside at the top of hierarchy, giving rise to
various types of specialized blood cells (Seita
and Weissman 2010). If healthy, long-term
repopulating hematopoietic stem cells can be
delivered to a patient’s body, the production of
healthy blood cells can last for the rest of the life
for the patient. Particularly for FA, it has been
known for long time that wild-type
hematopoietic stem cells have a selective expan-
sion and repopulating advantage over FA patient
hematopoietic stem cells (Battaile et al. 1999).
This will allow a small number of corrected
hematopoietic stem cells to outgrow the patient’s
hematopoietic stem cells. It has been reported
that only a few corrected hematopoietic stem
cells can eventually repopulate the entire blood
system in FA patients (Mankad et al. 2006;
Waisfisz et al. 1999; Gross et al. 2002). Given
these advantages of stem cell therapy, it is not
surprising that allogeneic hematopoietic stem
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cell transplantation, the most commonly used
stem cell therapy, is currently the only curative
treatment to manage bone marrow failure for FA
patients.

2 Allogeneic Hematopoietic
Stem Cell Transplantation

Hematopoietic stem cells were the first tissue-
specific stem cells to be isolated (Spangrude
et al. 1988), and are so far the only type of stem
cells used routinely in clinics to treat a variety of
blood cell diseases (Bryder et al. 2006). After
decades of practice, allogeneic hematopoietic
stem cell transplantation (HSCT) has become a
well-established treatment of many blood
diseases, especially those that involve
malfunctioning blood cells. In this process,
multipotent hematopoietic stem cells are isolated
from the bone marrow of an “immunologically
matched” healthy donor and transplanted into the
patient. Once inside of a patient’s body, these
hematopoietic stem cells colonize in the patient’s
bone marrow and give rise to all types of healthy
mature blood cells.

In early days, donor hematopoietic cells were
obtained by bone marrow harvest, a rather inva-
sive procedure in which a large needle is used to
remove bone marrow from the hipbone of the
donor. Nowadays, most of allotransplants are
obtained from mobilized peripheral blood. Treat-
ment with mobilizing agents such as granulocyte
colony-stimulating factor or plerixafor releases
hematopoietic stem cells from the donor’s bone
marrow to peripheral blood (Lemoli and
D’Addio 2008). Studies show that hematopoietic
stem cell yield from mobilized peripheral blood
is superior to that from a bone marrow harvest
(Singhal et al. 2000).

For successful bone marrow transplantation,
the key is to identify an “immunologically
matched” healthy donor, often a sibling or a
close relative. Human leukocyte antigens
(HLA) are cell surface proteins responsible for
the regulation of the immune system in humans
and are used as markers to match a patient with a
donor for transplantation. When a patient’s HLA
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and the donor’s HLA closely match, it is less
likely that the patient’s immune system will
reject the donor cells. For patients without a
perfect donor, partially mismatched donor can
be used.

To facilitate the engraftment of the donor
hematopoietic stem cells, the patient’s bone mar-
row cells are usually destroyed by chemotherapy
or radiation. The standard transplant condition-
ing regimens include fludarabine, cyclophospha-
mide, and total body irradiation. However, due to
the underlying DNA repair deficiency in FA
patients, these standard transplant conditioning
regimens are particularly toxic to FA patients.
Eliane Gluckman pioneered a reduced condition-
ing regimen (low-dose cyclophosphamide and
thoracoabdominal irradiation) for FA patients
and significantly improved the outcomes after
allogeneic stem cell transplantation (Cavazzana
2014; Socie et al. 1998). This strategy has been
further progressively optimized by other
researchers in the field and significantly
improved the survival rates of FA patients
(Gluckman and Wagner 2008; MacMillan et al.
2009, 2011, 2015).

Currently, HSCT with HLA-identical sibling
donors yields an excellent survival rate. Despite
significant improvement in recent years, HSCT
from HLA-mismatched donors is still challeng-
ing, with a higher risk of complications and
lower survival rates.

Although allogeneic HSCT is the only cure
available to most FA patients, this procedure
carries significant risks. Because the recipient’s
immune system is destroyed before the trans-
plantation, the patients have a higher risk for
opportunistic infection. Also, graft failure occurs
in as many as one third of the patients. In addi-
tion, one of the most common late complications
after HSCT is graft-versus-host disease (GVHD),
an illness in which the donor’s immune cells
attack the patient’s own body and causes misera-
ble side effects. About two thirds of all bone
marrow recipients develop GVHD. For FA
patients, the threat of GVHD can be more
devastating: Due to the long-term immunosup-
pressive treatment for GVHD, HSCT patients
have a higher risk of developing solid tumors
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such as oral squamous cell carcinoma (Demarosi
et al. 2005; Kruse et al. 2009), a type of cancer to
which FA patients are especially prone
(Rosenberg et al. 2008).

3 Stem Cell Gene Therapy

To overcome the aforementioned complications
and to find a cure for the FA patient who doesn’t
have a HLA-matched donor, a new therapy has
emerged, in which autologous, gene-modified
hematopoietic stem cells are used for transplan-
tation. Instead of performing an allogeneic (the
stem cells come from a donor) transplantation,
the patient’s own stem cells can be collected,
corrected for the genetic defects, and returned
to the patient via an autologous hematopoietic
stem cell transplantation (Cavazzana 2014). This
gene therapy approach will result in patient-
specific genetic correction that fixes the underly-
ing defect and thus provides an ultimate cure.
Because the patient’s own cells are used, this
will eliminate the need for matched donors and
the risk of graft-versus-host disease commonly
associated with the conventional hematopoietic
stem cell transplantation (Cavazzana 2014). A
group of around 70 patients with either severe
combined immunodeficiency conditions or aden-
osine deaminase deficiency have successfully
undergone this type of gene therapy and
validated this approach (Gaspar et al. 2011;
Hacein-Bey-Abina et al. 2010).

Gene therapy is an experimental approach that
modifies the expression of an individual’s genes
or that corrects abnormal genes. Gene therapy is
a way to fix a genetic defect at its source. By
adding a corrected copy of a defective gene, gene
therapy restores the gene’s function and helps
diseased tissues and organs work properly.
Most commonly, a healthy version of the gene
is introduced into the body as an extra copy. This
is called “gene addition” approach. Alterna-
tively, the defected gene can be fixed by a
“gene correction” approach through homologous
recombination-mediated genome editing.

Generally speaking, genetic diseases caused
by mutations in one gene are good candidates for
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gene therapy, while diseases associated with
mutations in many genes or environmental
factors are poor candidates. Gene therapy is par-
ticularly suitable for FA for a couple of other
reasons. It has been repeatedly demonstrated
that the defects of FA cells can be corrected by
simply adding back a healthy copy of the defec-
tive gene. Genetic complementation has been
shown to functionally correct the hematopoietic
defects in FA mouse models and in FA patients
with somatic mosaicism arising from spontane-
ous reversion of the genetic mutations (natural
gene therapy) (Mankad et al. 2006; Waisfisz
et al. 1999; Gross et al. 2002). Also, the 21 caus-
ative genes for the vast majority of FA patients
are already cloned, and the disease-causing
mutations are well-documented in Fanconi ane-
mia mutation database (www.rockefeller.edu/
fanconi/).

The first approved gene therapy in the United
States took place in 1990. However, after a
patient died from a massive immune response
triggered by the use of the adenoviral vector in
1999, the Food and Drug Administration (FDA)
suspended several clinical gene therapy trials. On
the flipside, this incident has forced researchers
to take a step back to more critically evaluate the
safety and efficacy of a variety of gene therapy
approaches. After decades of research, scientists
can now design safer and more effective vectors,
target different types of cells, and minimize del-
eterious immune responses in patients. Today,
hundreds of gene therapy clinical trials are
underway. Although the FDA hasn’t approved
any gene therapy products for commercial use
in the United States yet, European regulators
have approved Glybera for treating a pancreatic
disorder and Strimvelis for treating children with
genetic adenosine deaminase deficiency in recent
years. Gene therapy is finally beginning to real-
ize its long-sought promise.

Part of the challenge in gene therapy is to
choose the most suitable vector for treating the
disease of interest. Viral vectors are often used to
carry altered genes into patients’ cells. This is
because they can easily enter cells, and they can
also target specific types of cells. But sometimes
they can cause immune responses in patients.
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Also, in the case of retrovirus and lentivirus, the
insertion of the genetic material can sometimes
disrupt a tumor-suppressing gene or activate a
pro-oncogene. This will potentially induce a
tumor over time through a process called inser-
tional oncogenesis. For this reason, non-viral
vectors such as liposomes are also studied in
clinical trials. Specifically for FA gene therapy,
scientists have found that both retroviral (y-ret-
rovirus and foamy virus) and lentiviral vectors
can successfully transduce FA patient cells and
deliver a wild-type copy of the gene of interest
into the cells (Becker et al. 2010; Galimi et al.
2002; Liu et al. 1997; Fu et al. 1997; Gush et al.
2000; Si et al. 2008).

There is one other challenge specific to FA
patients. Clinical gene therapy targets CD34"
cells, which are highly heterogeneous. The
majority of these cells are multipotent
progenitors and lineage-restricted cells, not
hematopoietic stem cells. In order to achieve
successful hematopoietic stem cell-based gene
therapy, a sufficient amount of CD34" cells
must be transduced to guarantee that
hematopoietic stem cells are corrected. Prior
clinical experience with autologous and alloge-
neic bone marrow transplantation suggests that a
minimum of three million non-manipulated
CD34" cells per kg body weight are necessary
to restore hematopoiesis (Cavazzana 2014).
However, patients with FA often have poor mar-
row cellularity. Thus, meeting this cell number
requirement can be a major obstacle for gene
therapy with FA patients (Kelly et al. 2007).

A potential solution is to expand
hematopoietic stem cells from FA patients. In
the past 20 years, numerous efforts have been
made toward the ex vivo expansion of
hematopoietic stem cells (Kiem et al. 2012).
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Among the many hematopoietic growth factors
tested so far, the most successful expansion
reagent identified is probably the aryl hydrocar-
bon receptor antagonist StemRegenin 1 (Kiem
et al. 2012; Boitano et al. 2010). Additionally,
some regents can specifically benefit FA cells,
which are often more fragile in cell culture (Habi
et al. 2005). For example, N-acetylcysteine has
been proven to improve the survival of FA
peripheral blood mononuclear cells in an
ex vivo study (Monti et al. 1997).

So far there have been five registered clinical
trials for gene therapy in FA (Table 1; also see
details in clinicaltrials.gov). Three of them used
retroviral vectors and had been completed. How-
ever, none of them generated clinical benefits
related to the gene therapy procedures (Kelly
et al. 2007; Liu et al. 1999). The international
FA Gene Therapy Working Group has proposed
the use of self-inactivating lentiviral vectors with
phosphoglycerate kinase promoter and wood-
chuck hepatitis virus posttranscriptional regu-
latory element for a better balance between
transgene expression and genotoxicity (Tolar
et al. 2011, 2012). A proof-of-concept study
using a similar strategy has demonstrated the
efficacy of this design in a Fanca knockout
mouse model (Molina-Estevez et al. 2015). The
two ongoing FA gene therapy clinical trials
(NCTO01331018 and NCTO02931071; see also
Table 1) use a lentiviral vector with this design
scheme to deliver a functional Fanca gene.

It is worth noting that all of these FA gene
therapy clinical trials so far use the “gene addi-
tion” approach with viral vectors. Therefore,
insertional oncogenesis can’t be neglected before
the safety of this approach is carefully
established. Recent advances in genome engi-
neering have expanded gene therapy options for

Table 1 Clinical trials of gene therapy for Fanconi anemia patients

Identifier Genetic defect
NCT00001399 Fancc
NCTO00005896 Fancc
NCT00272857 Fanca
NCT01331018 | Fanca
NCT02931071 | Fanca

Vector Start Status
Retrovirus 1999 Completed
Retrovirus 2000 Unknown
Retrovirus 2006 Completed
| Lentivirus | 2011 ‘ Recruiting
| Lentivirus | 2013 ‘ Recruiting
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hematopoietic diseases. Unlike the “gene addi-
tion” strategy, “gene correction” approach uses a
transient ex vivo intervention and does not cause
permanent insertion of foreign DNA into the
genome. A disadvantage of the “gene correction”
approach, however, is its low efficiency because
homologous recombination is a rare event. How-
ever, targeted nucleases, such as zinc-finger
nucleases, transcription activator like effector
nucleases (TALENSs), and CRISPR (clustered,
regularly  interspaced, short palindromic
repeats)-associated RNA-guided nuclease Cas9,
can induce site-specific double-strand breaks into
the human genome and boost homologous
recombination by up to 1000-fold (Hockemeyer
et al. 2009, 2011; Zou et al. 2009).

As a first step toward FA gene correction
using CRISPR/Cas9 system (Hsu et al. 2014),
researchers have recently achieved precise
genome editing of cultured FA patient-derived
fibroblasts in vitro (Osborn et al. 2015). Moving
forward, the challenge is how to efficiently
deliver these targeted nucleases in vivo while
avoiding the viral vectors associated with poten-
tial risk for insertional mutagenesis. One of the
options is nanoparticles, which have recently
successfully employed to deliver Cas9 in a
mouse model of genetic liver disease (Yin et al.
2016). Alternatively, these nucleases can be
delivered by the newer  generation,
nonintegrating adeno-associated virus (AAV)
vectors. AAV is a particularly attractive tool for
gene transfer, as it is non-pathogenic; can infect a
broad host range of cells, including non-dividing
cells; and rarely integrates into the genome.
Compared with retroviral or lentiviral vectors,
AAV carries low immunogenic potential and
reduced oncogenic risk from host genome inte-
gration. Nonetheless, further research is
warranted to explore these state-of-art gene-
editing tools for FA stem cell gene therapy.

4 Alternative Sources
of Hematopoietic Stem Cells

Donor stem cell material for hematopoietic trans-
plantation is a limited resource. For the patients
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who lack an HLA-matched unrelated bone mar-
row donor, alternative sources of transplantable
allogeneic or patient-specific hematopoietic stem
cells are badly needed. In recent years, advances
have been made to develop stem cells from vari-
ous sources, including umbilical cord blood and
induced pluripotent stem cells.

Umbilical cord blood is rich in hematopoietic
stem cells, similar to those found in bone mar-
row. Therefore, cord blood donated to public
blood banks provides another source of
hematopoietic stem cells. Cord blood is being
used increasingly on an experimental basis for
stem cell transplantation as an alternative
resource to bone marrow. Cord blood collection
is relatively effortless and carries no health risk
to the donors. Also, studies have shown that,
unlike the traditional bone marrow transplanta-
tion, cord blood transplantation only requires the
donor and the recipient to be partially matched.
In recent years, stem cell therapy using cord
blood-derived hematopoietic stem cells has
been used to cure blood and immunological
diseases (Wagner and Gluckman 2010). A subset
of FA patients has been treated with cord blood
transplantation (Gluckman et al. 2007). A formal
comparison of patient outcomes between this
strategy and the traditional bone marrow trans-
plantation is not available yet. In general, unre-
lated cord blood transplantation has a low
incidence of GVHD and may be advantageous
for FA patients. However, the progress in
expanding cord blood usage is very slow
(Rosemann 2014). The main problem is that the
quantity of hematopoietic stem cells from cord
blood is much smaller than that in peripheral
blood or bone marrow, due to the small volume
of collected cord blood. As a consequence, bone
marrow engraftment is slower with cord blood
transplantation. Patients, therefore, may be more
vulnerable to opportunistic infection. This prob-
lem is more pronounced for adolescent and adult
recipients, as they often need more stem cells for
transplantation.

Another resource is pluripotent stem cells.
Induced pluripotent stem cells (iPS) were first
described in 2006 and soon showed immense
promise (Takahashi and Yamanaka 2006). By



Stem Cell Therapy for Fanconi Anemia

overexpressing four factors (Oct4, Sox2, c-Myc,
and KIf4), Takahashi and Yamanaka
reprogramed specialized somatic cells, such as
skin cells, to functionally pluripotent stem cells.
Using this technique, somatic cells from a patient
with a genetic disease can be reprogrammed to
iPS cells, genetically corrected, and used for
regenerative medicine. This approach holds the
prospect of generating an abundant supply of
customized, patient-specific pluripotent stem
cells that are immune-compatible for stem cell
therapy.

It has been discovered that the DNA repair
defects in FA cells hinder the reprogramming
process and make these cells relatively resistant
to reprogramming (Raya et al. 2009). To over-
come this obstacle, FA patient cells can be first
corrected for the genetic defect before
reprogramming (Raya et al. 2009; Muller et al.
2012). Further efforts are also being made to
improve the current reprogramming methods
(Muller et al. 2012).

Patient-specific pluripotent stem cells can be
turned to hematopoietic stem cells and used for
autologous transplantation to treat a blood dis-
ease (Robinton and Daley 2012). In a proof-of-
concept experiment, researchers used gene-
targeting technique to correct the genetic defect
in iPS cells derived from a humanized sickle cell
anemia mouse model. They then differentiated
these repaired iPS cells into hematopoietic
progenitors and delivered them back to the
mice. This approach successfully corrected the
genetic disease in the mice (Hanna et al. 2007).

One obstacle remains before this approach
can be generally applied to the clinic. Despite
some progress, the attempts to turn human iPS
cells to functional mature HSPCs have been
largely unsuccessful (Daniel et al. 2016).
Encouragingly, there has been one successful
attempt to re-differentiate corrected FA patient-
derived iPS cells into blood progenitors in vitro
(Raya et al. 2009).

Overall, the use of reprogrammed pluripotent
stem cells for regenerative medicine is still being
tested in experimental labs. There is no indica-
tion that the patient-specific cell reprogramming
approach will become a viable option for
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autologous hematopoietic stem cell transplanta-
tion in the near future. However, once the
problems described above are solved, this strat-
egy holds an unlimited therapeutic potential.

5 Conclusions

Allogeneic hematopoietic stem cell transplanta-
tion is currently the only curative treatment to
manage bone marrow failure for FA patients.
Despite recent advances that have significantly
improved FA patients’ survival rate, this proce-
dure still has its limitations and complications.
But FA patients can benefit more from treatments
that combine the technologies of gene and cell
therapy. In recent years, new developments in
gene therapy may finally make autologous,
gene-modified stem cell therapy a viable option
for patients with FA and other blood diseases.
Numerous ongoing clinical trials will establish
the safety and efficacy of this approach. The
rapidly evolving gene engineering tools will
greatly facilitate achieving this goal in the com-
ing years. In addition, patient-specific pluripotent
stem cells might be harnessed to generate
hematopoietic stem cells and expand the cur-
rently limited source material available for
transplantation.
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Abstract

In regenerative therapy, in vitro expansion of stem cells is critical to
obtain a significantly higher number of cells for successful engraftment
after transplantation. However, stem cells lose its regenerative potential
and enter senescence during in vitro expansion. In this study, the influence
of foetal bovine serum (FBS) and pooled human serum (pHS) on the
proliferation, morphology and migration of stem cells from human
extracted deciduous teeth (SHED) was compared. SHED (n = 3) was
expanded in KnockOut DMEM supplemented with either pHS (pHS-SM)
or FBS (FBS-SM). pHS was prepared using peripheral blood serum of six
healthy male adults, aged between 21 and 35 years old. The number of live
SHED was significantly higher, from passage 5 to 7, when cultured in
pHS-SM compared to those cultured in FBS-SM (p < 0.05). Number of
cells having flattened morphology, characteristics of partially
differentiated and senescent cells, was significantly lower (p < 0.05) in
pHS-SM (3%) compared to those in FBS-SM (7%). Furthermore, migra-
tion of SHED in pHS-SM was found to be more directional. The presence
of selected ten paracrine factors known for their proliferation and migra-
tion potential was detected in all six individual human sera, used to
produce pHS, none of which were detected in FBS. Ingenuity Pathway
Analysis showed the possible involvement of the ‘ephrin receptor signal-
ling pathway’ to regulate the proliferation and migration of SHED in
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pHS-SM. In conclusion, pHS-SM showed significantly higher prolifera-
tion rate and could maintain significantly lower number of senescent cells
and support directional migration of cells.

Engraftment « Foetal bovine serum ¢ Morphology ¢ Paracrine factors ¢
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Abbreviations
BM bone marrow
EGF epidermal growth factor
FBS foetal bovine serum
FC flattened
FGF-2 fibroblast growth factor-2
FSS flat spindle-shaped
G-CSF  granulocyte colony-stimulating factor
GM- granulocyte macrophage colony-
CSF stimulating factor
HGF hepatocyte growth factor
LIF leukaemia inhibitory factor
MSCs mesenchymal stem cells
PDGF-  platelet-derived growth factor BB
BB
pHS pooled human serum
RS rapidly self-renewing
SCF stem cell factor
SDF-1la  stromal cell-derived factor-1a
SHED stem cells from human extracted
deciduous teeth
SS spindle-shaped
VEGF vascular endothelial growth factor
1 Introduction

In vitro expansion of mesenchymal stem cells
(MSCs) is critical to yield adequate number of
cells (200400 million) needed for transplanta-
tion for each regenerative therapy (Pittenger
et al. 1999). During in vitro expansion, MSCs
are likely to enter senescence (Bonab et al. 2006;
Estrada et al. 2012) and lose migration potential
(Honczarenko et al. 2006), which are considered

as the major causes for poor engraftment upon
transplantation, while rapid proliferation poten-
tial necessary to maintain the stemness (Saller
et al. 2012; Lee et al. 2006) and site-specific
migration and homing are vital for the successful
engraftment (Eggenhofer et al. 2014).

On the basis of morphology and proliferation
potential, MSCs are divided into the four groups,
namely, rapidly self-renewing (RS), flat spindle-
shaped (FSS), spindle-shaped (SS) and flattened
(FC) (Haasters et al. 2009; Saller et al. 2012;
Colter et al. 2001). Use of in vitro expanded
MSCs with a higher number of RSs having the
highest self-renewal potential and stemness (Lee
et al. 2006; Haasters et al. 2009) and lower num-
ber of FCs having the lowest self-renewable
capacity (Colter et al. 2001) might be more effi-
cient in engraftment.

A number of paracrine factors, namely, vas-
cular endothelial growth factor (VEGF), platelet-
derived growth factor (PDGF) BB, fibroblast
growth factor-2 (FGF-2), hepatocyte growth fac-
tor (HGF) and epidermal growth factor (EGF),
can boost MSC proliferation (Rodrigues et al.
2010). However, use of these paracrine factors
during in vitro expansion may cause priming and
influence differentiation potential of MSCs
(Handorf and Li 2011; Prasanna et al. 2010).
During in vitro expansion, MSCs lose their site-
specific migration potential (Honczarenko et al.
2006) consequently the regenerative outcomes.
Hence, the combination of paracrine factors in
the serum supplement during in vitro expansion
determines the stemness as well as the prolifera-
tion and migration potential of MSCs. Earlier it
was reported that pooled human serum (pHS)
from adult AB blood donors and pooled cord
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blood serum maintain the differentiation poten-
tial, motility and immunosuppressive properties
of MSCs (Kobayashi et al. 2005; Phadnis et al.
2006; Poloni et al. 2009; Tateishi et al. 2008;
Eubanks et al. 2014; Li et al. 2014). However,
similar studies on pHS using blood from donors
irrespective of their blood groups are yet to be
conducted. Again, the composition of the para-
crine factors of xenogeneic serum such as foetal
bovine serum (FBS) varies from that in the
HS. Hence, it is expected that MSCs might
respond  differently  when cultured in
pHS-supplemented media (pHS-SM) compared
to the FBS-supplemented media (FBS-SM),
especially when targeted for in vitro expansion
for regenerative therapy. Therefore, in this study
we have compared the influence of pHS and FBS
on the proliferation, morphology and migration
of stem cells from human extracted deciduous
teeth (SHED). Indeed, SHED have been
investigated as a suitable source of MSCs for
potential regenerative therapy because of their
easy accessibility, pose no risk to the donor and
have competitive self-renewal capability (Wang
et al. 2012; Nakamura et al. 2009).

2 Materials and Methods
2.1 Ethics Approval
for the Collection of SHED
and Blood

Sample collection procedure for the current
research was approved by the Medical Ethics
Committee, Faculty of Dentistry, University of
Malaya (reference: DFRD1301/0012[L] for
blood collection; DFCO1107/0066[L] for teeth
collection). Samples were collected following
written consent from the donors or their
guardians.

2.2 Isolation and Expansion of SHED
Sound intact deciduous molars were extracted
from children (n = 3; aged 5-9 years) who
were undergoing a planned serial extraction for
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management of occlusion at the Department of
Paediatric Dentistry and Orthodontics, Faculty of
Dentistry, University of Malaya. SHED were
isolated according to the established procedure
described before (Govindasamy et al. 2010).

In brief, following extraction, the root
surfaces of teeth were cleaned with povidone-
iodine (Sigma-Aldrich, St Louis, MO, USA),
and the teeth were then placed into sterile solu-
tion prior to sectioning. Teeth were sectioned at
the cement-enamel junction using a diamond
rotary disc, and the dental pulp was removed
with a sterile endodontic broach and kept in
transportation medium. Following three times
washing with washing buffer prepared by mixing
equal volume of DPBS (Gibco, Grand Island,
NY, USA) and penicillin-streptomycin (Gibco),
the dental pulp was minced by using sterile scal-
pel followed by enzymatic digestion in 1% (w/v)
collagenase type I (Gibco) for 40 min at 37 °C.
After that collagenase was neutralized using
medium containing 10% FBS (Gibco) and was
centrifuged at 1250 rpm for 6 min. Following
centrifugation pellet was resuspended in Knock-
Out™ DMEM (Gibco) with 10% FBS (Gibco),
1% GlutaMAX (Gibco) and 0.5% penicillin-
streptomycin antibiotics (Gibco) and seeded in
T25 flasks (BD Bioscience, Franklin Lakes, NJ,
USA). Flasks were left at 37 °C and 5% CO, in
humidified chambers.

Between day 3 and day 5 of incubation,
growth of stem cells from primary tissue was
seen under inverted microscope (Primo Vert,
Carl Zeiss, Jena, Germany). On day 14, the first
subculture of the SHED from primary dental
pulp tissues was done.

2.3 Identification of MSC
According to the International Society for Cellu-
lar Therapy (ISCT), MSCs should have adher-
ence to plastic, specific surface antigen
(Ag) expression and multipotent differentiation
potential (Dominici et al. 2006).

Plastic adherence of SHED was confirmed by
viewing the culture flask under inverted micro-
scope (Primo Vert, Carl Zeiss). Expression of
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specific surface antigen on SHED was deter-
mined by staining cells with human MSC
phenotyping kit (Miltenyi Biotec, Bergisch
Gladbach, Germany) and using MACSQuant®™
Analyzer 10 flow cytometer (Miltenyi Biotec).
In brief, after reaching 70% confluency, SHED
were dissociated using TrypLE™ Express
(Gibco). A number of nucleated cells were
counted using trypan blue (Gibco) and aliquoted
(1 x 10° cells each) into seven pre-labelled
(i.e. 1, 2, PerCP, PE, APC, FITC and blank)
microcentrifuge tubes. Cells were centrifuged at
300 x g for 10 min and supernatants were
aspirated completely. Cells in the tube labelled
‘blank’ were resuspended into 500 pl of buffer
(2% FBS containing DPBS) and kept in a con-
tainer containing ice. Cells in the other six tubes
were resuspended into 100 pl buffer. After that,
10 pl of the MSC phenotyping cocktail (antihu-
man: CD14-PerCP, CD20-PerCP, CD34-PerCP,
CD45-PerCP, CD73-APC, CD90-FITC, CD105-
PE), 10 pl of the isotype control cocktail (antihu-
man: mouse IgG1-FITC, mouse IgG1-PE, mouse
IgG1-APC, mouse IgG1-PerCP, mouse IgG2a-
PerCP), 10 pl of antihuman CD73-Biotin, 10 pl
of antihuman CDI105-PE, 10 pl of antihuman
CD73-APC and 10 pl of antihuman CD90-FITC
were added into tubes labelled 1, 2, PerCP, PE,
APC and FITC, respectively. Cells were mixed
gently and incubated for 10 min in the dark at
4 °C.

Cells were washed by adding 1 ml of buffer
and centrifuged at 300x g for 10 min.
Supernatants were aspirated completely. Except
for the tube labelled PerCP, cell pellet in all other
tubes were resuspended into 500 pl of buffer and
kept in a container filled with ice. 10 pl of anti-
Biotin-PerCP was added to the tube labelled
PerCP and cells were mixed gently. Following
incubation for 10 min in the dark at 4 °C, cells
were washed by adding 1 ml of buffer and
centrifuged at 300x g for 10 min. Supernatant
was aspirated completely and cells were
resuspended in 500 pl buffer. Tubes labelled
1 and 2 were used to analyse the expression of
specific antigen on SHED, and other five tubes
were used to compensate the instrument.
Multipotent (adipogenic, chondrogenic and
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osteogenic)  differentiation  potential  was
assessed by inducing the differentiation of
SHED in StemPro® Adipogenesis Differentia-
tion Kit (Gibco), StemPro® Osteogenesis Differ-
entiation  Kit  (Gibco) and StemPro®
Chondrogenesis Differentiation Kit (Gibco). For
adipogenic and chondrogenic differentiation,
cells were maintained in differentiation medium
until day 14, and for osteogenic differentiation,
cells were maintained until day 21. On every
3-day interval, cells were fed with fresh differen-
tiation medium. Adipogenic, chondrogenic and
osteogenic differentiation was confirmed by
staining cells with Oil Red O (Sigma) solution,
Safranin O (Sigma) solution and Alizarin Red S
(Sigma) solution, respectively. For all differenti-
ation assays, SHED cultured in complete prolif-
eration medium were used as negative control.

2.4 Preparation of pHS

Venous blood was collected without any antico-
agulant from healthy male donors aged
21-35 years (n = 6). Blood was collected from
the donors having no record of smoking, alcohol
consumption, drug and/narcotics addiction,
inflammatory  diseases either chronic or
diagnosed within the past 4 weeks of blood col-
lection, major surgical treatment in the last 1 year
and immunotherapy. 20 ml of blood from each
donor was coagulated separately in room temper-
ature in sterile 50 ml centrifuge tube
(BD Bioscience). The crude serum was separated
from the coagulated blood by centrifugation
initially at 400x g for 15 min and then at
1800 g for 15 min. The final serum was heat
treated at 57 £ 2 °C for 30 min for complement
inactivation. Individual heat-treated sera (n = 6)

was pooled to prepare pHS for further
experiments.
25 In Vitro Maintenance of SHED

Initial isolation and expansion of SHED (n = 3)
were maintained in 10% FBS-supplemented
KnockOut™ DMEM (Gibco) until passage
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3. Subsequent cultures (from passage 4 to 7)
were maintained in KnockOut™ DMEM
(Gibco) supplemented with either 10% FBS or
10% pHS.

2.6 Effect of FBS and pHS

on Proliferation of SHED

Live cell counts of SHED (n = 3) from passage
5 to passage 7 were taken in consideration to
determine the effect of pHS-SM and FBS-SM
on proliferation. Cells were counted by using
trypan blue (Gibco) dye exclusion method.
Three independent replications were performed
to determine the population doubling (PD) of
SHED from each donor (n = 3) at every passage.
Data were analysed and plotted using Microsoft
Excel. PD at each passage was calculated from
the cell count by using the following equation:

_ logo(Ny) — log;o(N1)
10g10(2)

where X = population doublings, N; = inoculum
number and Ny = cell harvest number. To obtain
the cumulative population doubling (CPD), the
PD increase at current passage was added to the
PD of previous passages (Cristofalo et al. 1998;
Li et al. 2015). Cumulative cell number was
calculated by multiplying the initial seeding cell
number (100,000 cells) at passage 4 by the CPD
at subsequent passages (Dolley-Sonneville et al.
2013).

X

2.7 Effect of FBS and pHS

on the Morphology of SHED

Photomicrographs of SHED (n = 3) were taken
randomly at passage 5 on day 2 using inverted
microscope (Primo Vert, Carl Zeiss) and
analysed using ImageJ. In order to minimize the
error and bias, all the cells present in one photo-
micrograph were counted. Clumped cells or cells
without clear edge were excluded for this mor-
phological study. After manually marking the
surroundings of each cell’s area, length and
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maximum Feret’s diameter were measured
using ImageJ (Haasters et al. 2009). Aspect
ratio of each cell was determined by dividing
Feret’s diameter by the length of the cell.

2.8 Effect of FBS and pHS

on Migration of SHED

Confluent SHED (n = 3) cultures at passage
5 were used for scratch assay. Pictures of the
scratches were taken for 48 h at a 12-h interval
under an inverted microscope (CKX41, Olym-
pus, Centre Valley, USA). Average gap width
of randomly selected three different points
along the scratch was measured. Both gap width
and the surface area of the gap were computed
using Infinity Analyze (Lumenera Corporation,
Ottawa, ON, Canada).

29 Paracrine Factor Analysis
Luminex-based ProcartaPlex human cytokine/
chemokine 10plex immunoassay kit from
eBioscience (Affymetrix, eBioscience, Vienna,
Austria) was used to analyse the presence of the
ten selected paracrine factors in each collected
HS and FBS. These paracrine factors were
selected on the basis of their involvement in
regulating proliferation, migration and stemness
of MSCs (Table S1).

2.10 Molecular Network Analysis

Ingenuity Pathway Analysis (IPA) (Ingenuity
Systems; www.ingeniuty.com) was used to iden-
tify the role of the ten paracrine factors (using
corresponding Entrez Gene IDs) in regulating
biological functions and pathways.

2.11 Data Analysis

Data were analysed using SPSS version 22. The
significant level was set at p < 0.05.



34

N. Haque and N.H. Abu Kasim

Table S1 List of selected ten paracrine factors that were analysed using ProcartaPlex human cytokine/chemokine

10plex immunoassay kit

Name of the paracrine factor [GenBank ID]

Epidermal growth factor (EGF)
[NM_001178130]

Fibroblast growth factor-2 (FGF-2)
[NM_002006]

Granulocyte colony-stimulating factor
(G-CSF) [NM_000759]

Granulocyte macrophage colony-stimulating
factor (GM-CSF) [NM_000758]

Hepatocyte growth factor (HGF)
[NM_001010932]

Leukaemia inhibitory factor (LIF)
[NM_002309]

Platelet-derived growth factor BB (PDGF-
BB) [NM_033016]

Stem cell factor (SCF) [NM_000899]

Stromal cell-derived factor-1o (SDF-1a)
[NM_199168]

Vascular endothelial growth factor (VEGF)
[NM_00117162]

Function (References)

Regulates proliferation of MSCs isolated from different origins while
maintaining their regenerative potential (Tamama et al. 2006, 2010;
Hu et al. 2013)

Stimulates the in vitro expansion of human BM-MSCs by activation
of JNK signalling (Ahn et al. 2009)

Slows down the ageing process of MSCs by decreasing the gradual
loss of telomere sequences (Yanada et al. 2006; Bianchi et al. 2003)

Cytoprotective role of FGFs have also been acknowledged by
researchers (Werner and Grose 2003)

Promotes cellular proliferation and migration, and prevents apoptosis
(Murakami et al. 2013)

Mobilizes HSC and MSCs from bone marrow (Kawada et al. 2004)
Improves chemotactic property of MSCs in vitro (Murakami et al.
2013)

Acts as chemoattractant and induces mobilization of progenitors in
the circulation (Rojas et al. 2005)

Promotes proliferation and survival of various cell types (Forte et al.
2006)

Induces migration and site-specific homing of various cell types
including MSCs from different origins (Son et al. 2006)

Helps to maintain self-renewal and multidifferentiation potential of
various stem cells including MSCs (Metcalf 2003; Kolf et al. 2007)

Induces both expansion and migration of MSCs (Fierro et al. 2007;
Tamama et al. 2006)

Helps survival of MSCs as well (Krausgrill et al. 2009)

Regulates the migration, differentiation and proliferation of several
cell types (Lennartsson and Ronnstrand 2012)

Induces the migration and homing of MSCs (Pan et al. 2013)

Helps site-specific migration and homing of MSCs through its
receptor CXCR4 (He et al. 2010; Yu et al. 2015)

Increases proliferation and survival of MSCs (Pons et al. 2008)

adipocytes, chondrocytes and osteocytes of the

3 Results cultured SHED was observed with induced dif-
3.1 SHED Share the Characteristics  [crcntiation kit (Gibco) (Fig. le-g).
of MSCs
Homogenous monolayers of adherent and 3.2 The pHS-SM Generates
: . Adequate Number of SHED
spindle-shaped SHED at different passages .
. . for Transplantation at Early
were detected under inverted microscope P
(Primo Vert, Carl Zeiss) (Fig. la—c). Flow assage
cytometry data showed that 95% of the cultured . . L
Proliferation of SHED was significantly

SHED expressed the MSC positive markers
(CD73, CD90, CD105) and 3% of the cultured
SHED expressed the MSC negative markers
(CD14, CD20, CD34, CD45) (Fig. 1d).
Multipotent differentiation capability towards

(p < 0.05) higher in pHS-SM compared to that
in FBS-SM. Cumulative cell number showed that
1 x 10° viable SHED seeded at passage 4 could
yield about 200 x 10° viable SHED at passage
7. Meanwhile, FBS-SM could yield 65 x 10°
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Fig. 1 Identification of SHED. (a—¢) Plastic adherence
of SHED. (a) SHED growing from primary dental pulp
tissue on day 7. (b) Confluent homogenous monolayer of
spindle-shaped SHED, passage 3. (¢) Spindle-shaped
SHED after 72 h of incubation, passage 5. (d) Expression
of specific surface antigen on SHED. (e-g) Tri-lineage
differentiation of SHED. SHED were cultured in
chondrogenic and adipogenic differentiation medium for

SHED only. The cumulative number of viable
SHED from passage 5 to passage 7 in the
pHS-SM found to be significantly higher com-
pared to that in FBS-SM (p < 0.01) (Fig. 2a).

3.3 pHS Increase Homogeneity

of SHED by Reducing Flat Cell

The morphological homogeneity was evaluated
by measuring the number of cells having differ-
ent morphology, cell surface area and aspect
ratio. Number of FCs which appear to be par-
tially differentiated and entered senescence was

14 days, and in osteogenic differentiation medium for
21 days. (e) After 14 days adipogenic differentiation,
checked by staining with ‘Oil red O’. (f) After 14 days
chondrogenic differentiation, checked by staining the
cells with ‘Safranin-O’. (g) After 21 days osteogenic
differentiation, checked by staining with ‘Alizarin Red’.
Photomicrographs (a—c, e-g) were taken using inverted
microscope (Primo Vert, Carl Zeiss).

significantly lower (p < 0.05) in the pHS-SM
(3%) compared to that in the FBS-SM (7%).
However, no significant difference was observed
between the proportion of RS cells in the
FBS-SM and the pHS-SM (Fig. 2b). Surface
area of FC subpopulations was in the range of
3018-12,499 me (Fig. 2c, d). Surface areas of
other three subpopulations, i.e. RS, SS and FSS,
were in the range of 202-2899, 5662721 and
807-2939 yum?, respectively. Notable, the aver-
age surface area (£SE) of the cell cultured in
FBS-SM (1639 + 63.66 um?) was significantly
higher (p = 0.023) compared to that cultured in
the pHS-SM (1354 + 51.69 pm?).
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Fig. 2 Effect of FBS and pHS on the size and morphol-
ogy of SHED. (a) Comparative growth of SHED cultured
in FBS-SM and pHS-SM. (b) Percent distribution of
SHED observed with different morphology in FBS and
pHS-SM. (¢) Dot plot graph shows the morphometric
results of SHED in FBS-SM as area vs. aspect ratio. (d)
Dot plot graph shows the morphometric results of SHED
in pHS-SM as area vs. aspect ratio. (e) RS cell

subpopulation of SHED with different morphology, (f)
triangular spindle-shaped morphology of FSS cells, (g)
elongated and spindle-shaped morphology of SS cells and
(h) large and flattened morphology of FC cells (n = 3; **
significant at p < 0.01, * significant at p < 0.05;
photomicrographs (e—h) were taken using inverted micro-
scope, Primo Vert, Carl Zeiss). Scale bars: E, 20 pm; F
and G, 50 pm; H, 100 pm
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34 Migration of SHED in pHS Media

Is More Directional

Migration of SHED during in vitro expansion
was measured using the scratch assay. No signif-
icant difference in the closure of the gap width
and surface area was observed when cultured
either in FBS-SM or pHS-SM (Fig. 3a, b). How-
ever, migration of the SHED in pHS-SM
appeared to be more directional (Fig. 3c).

3.5 Presence of Selected Paracrine

Factors in HS

Presence of selected ten paracrine factors,
namely, EGF, FGF-2, G-CSF, GM-CSF, HGF,
LIF, PDGF-BB, SCF, SDF-1A and VEGF, was
detected in the individual HS (n = 6) that were
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Fig.3 Migration of SHED cultured in FBS and pHS-SM.
(a) Closure of gap area by SHED that are cultured in FBS
and pHS-SM. (b) Closure of gap width by SHED that are
cultured in FBS and pHS-SM. (c¢) Representative

24h 36h 48h

used to prepare pHS-SM (Table 1). However,
none of these paracrine factors were detected in
the FBS used to prepare FBS-SM.

3.6 Paracrine Factors Present in pHS
Support Proliferation, Viability

and Migration of SHED

IPA was performed to identify the possible signal
transduction pathway that might have influenced
the observed morphology, viability and migra-
tion of the SHED during the in vitro expansion in
the pHS-SM. IPA predicted pathway analysis
showed that the ‘ephrin receptor signalling path-
way’ might have the influence on the higher
proliferation and more directional migration of
SHED cultured in pHS-SM (Fig. 4).

B

100

#@FBS

=2 ®pHS
= 80 4
£
Z 60
=
o
o
3 40 4 _

N ﬁ

0+ . ' :

12 hours 24 hours 36 hours 48 hours

photomicrographs of scratch assay (n = 3). White arrows
indicate the directional migration of SHED. Scale bars: C,
100 pm
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Table 1 Demographic profile and amount of selected paracrine factors in HS (n = 6) of each blood donor.

N. Haque and N.H. Abu Kasim

Variable Donor 1 |Donor2 |Donor3 |Donor4 | Donor5 |Donor6 |Range Average
Blood group A (+)ve B (+)ve B (+)ve O (+)ve O (+)ve B (+)ve NA NA
Age (year) 32 29 25 28 28 30 25-32 28.7
Height (cm) 164 175 174 162 163 167 162-175 167.5
Weight (kg) 76 91 80 79 69 68 68-91 77.2
EGF (pg/ml) 55.7 20.9 14.0 40.6 81.1 32.0 14.0-81.1 40.7
FGF-2 (pg/ml) 0.0 0.0 0.0 0.0 56.8 0.0 0.0-56.8 9.5
G-CSF (pg/ml) 39.7 0.0 44.2 0.0 241.1 50.0 0.0-241.1 62.5
GM-CSF 11.5 0.0 18.0 136.4 4.7 21.2 0.0-136 32.0
(pg/ml)

HGF (pg/ml) 422 135.2 64.6 442 254.4 19.4 19.4-254.4 93.4
LIF (pg/ml) 0.0 0.0 0.0 1.2 9.3 0.0 0.0-9.3 1.7
PDGF-BB 507.1 265.1 167.2 284.5 127.8 107.0 107.0-507.1 |243.1
(pg/ml)

SCF (pg/ml) 18.0 0.0 11.7 0.0 80.4 35 0.0-80.4 18.9
SDF-1A (pg/ml) |227.9 140.6 153.7 91.9 195.3 0.0 0.0-227.9 134.9
VEGF-A 464.7 43.6 93.0 102.5 726.3 162.1 43.6-726.3 265.4
(pg/ml)

4 Discussion 2008; Blazquez-Prunera et al. 2017; Chase et al.

It is practically critical to isolate a significantly
higher number of stem cells, in the range of
200400 million, from a single donor for trans-
plantation (Pittenger et al. 1999). Hence, an
in vitro expansion is inevitable prior to the trans-
plantation of the isolated target stem cells, as the
initially isolated number is far less than that is
required (Pittenger et al. 1999; Haque et al.
2015). Routinely, in vitro culture media with
FBS supplement is used for such in vitro expan-
sion. However, a number of factors such as early
cellular senescence and loss of migratory poten-
tial are common during the expansion of the stem
cells in the FBS-SM (Estrada et al. 2012;
Honczarenko et al. 2006; Bonab et al. 2006).
Platelet lysate, plasma and ABO blood group-
specific serum supplement have been used as an
alternative to the FBS supplement during in vitro
expansion (Kobayashi et al. 2005; Phadnis et al.
2006; Poloni et al. 2009; Tateishi et al. 2008;
Blazquez-Prunera et al. 2017; Chase et al. 2010;
Oikonomopoulos et al. 2015). Though prolifera-
tion potential varied with different media supple-
ment, no significant differences in the
differentiation potential and expression of MSC
phenotypic markers were reported (Tateishi et al.

2010; Oikonomopoulos et al. 2015). Hence, in
this study, the potential of pHS in supporting the
proliferation, homogeneity and migration of
SHED was analysed. Successful isolation of
MSCs from the bone marrow (Bieback et al.
2009) and adipose tissue (Paula et al. 2015)
using AB blood group-specific pHS (AB-pHS)
has been reported by several researchers. How-
ever, isolation of dental pulp-derived stem cells
(DPSC) was not successful when the concentra-
tion of AB-pHS was below 20% (Khanna-Jain
et al. 2012). Moreover, the volume of pulp within
the deciduous teeth is not sufficient to culture in
multiple media for isolation of SHED. Hence, to
minimize donor to donor variations, all the
SHED (n = 3) were first isolated and expanded
(till passage 3) in FBS-supplemented media to
yield enough cells needed for the subsequent
in vitro experiments. It is noteworthy to mention
that the xeno-contamination due to isolation and
expansion in FBS media could be extremely
reduced by subsequently culturing them in
FBS-free medium only for 2 weeks (Komoda
et al. 2010; Heiskanen et al. 2007).

Collection of blood irrespective of donors’
blood group creates a larger donor pool com-
pared to when the collection of blood is confined
to a particular group. In search for a more
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Fig. 4 Ephrin receptor signalling pathway. Paracrine
factors analysed in the current study (EGF, PDGF-BB,
SDF-1A and VEGF, shown in black rectangle) which
were present in the pHS were predicted to regulate the

convenient alternative to FBS, in this study, we
analysed the potential of pHS prepared using
adult human serum of the donors, irrespective
of the ABO blood grouping. However, the com-
position of individual HS differed markedly from
individual to individual (Table 1). Therefore,
sera from the six donors were pooled to prepare
the pHS, as pooling the sera from a large number
donors could help to minimize the batch to batch
variation (Diez et al. 2015). Several techniques
such as hypoxic culture conditions (1-2% O,)
and purified cytokines or growth factor

Axon

guidance proliferation

proliferation, viability, migration and morphology of
SHED through ephrin receptor signalling pathway (Inge-
nuity Systems; www.ingeniuty.com)

supplement were attempted (Estrada et al. 2012;
Saller et al. 2012; Bianchi et al. 2003; Strojny
et al. 2015) to minimize ageing and loss of
migratory properties of MSCs during in vitro
expansion that are known to compromise their
regenerative potential (Bonab et al. 2006). Hyp-
oxic culture conditions provide better support for
proliferation, yet the final outcome can be
compromised due to the presence of xeno-
antigen in FBS-SM (Haque et al. 2015). Use of
a number of purified paracrine factors instead of
FBS resulted in priming of MSCs in culture that
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might negatively affect the stemness, hence the
regenerative potential (Prasanna et al. 2010;
Handorf and Li 2011). A significantly higher
number of live SHED were observed in
pHS-SM compared to that in the FBS-SM
(Fig. 2a). This might be due to either the
increased proliferation or a better chance of sur-
vival of the SHED in the pHS-SM.

Again, ageing of MSCs is often characterized
by its proliferation potential and morphology
(Sethe et al. 2006; Haasters et al. 2009; Saller
et al. 2012; Colter et al. 2001). Among the four
different MSC subpopulations, FC and RS
subpopulations showed the lowest and highest
self-renewal capability, respectively (Docheva
et al. 2008; Prockop et al. 2001). FC subpopula-
tion from bone marrow (BM)-derived MSCs
showed loss of differentiation potential as they
were differentiated only to osteogenic
progenitors or entered early phase of senescence
(Matsuoka et al. 2013; Colter et al. 2001). In
FBS-SM, BM-derived MSCs produced signifi-
cantly higher number of RS cells in hypoxic
condition (77%) compared to normoxic condi-
tion (67%) and lower number FC cells in hypoxia
(1%) compared to that in normoxia (10%) (Saller
et al. 2012).

The current study attests that the pHS-SM
supports a higher morphological homogeneity
of SHED with higher number of RS and lower
number of FC in normoxic condition (Fig. 2b).
During subculturing, the percentage of FC sub-
population was significantly lower, while the
percentage of RS subpopulation was markedly
higher in pHS-SM (Fig. 2b). Higher number of
RS subpopulation and lower number of FC sub-
population in pHS-SM might be the clue behind
the increased number of live SHED in this
medium (Fig. 2a). Notably, for higher self-
renewal capability and plasticity, cell population
with higher number of RS cells is more prefera-
ble for regenerative therapy (Saller et al. 2012).
Thus a more homogenous population of SHED in
pHS-SM in adequate number, i.e. ~200 million at
passage 7, denotes the suitability of using
pHS-SM for in vitro expansion of MSCs before
transplantation. However, further experiments

N. Haque and N.H. Abu Kasim

are required to compare the effect of pHS and
FBS on the morphological homogeneity in hyp-
oxic condition.

The rate of in vitro migration, evaluated using
the scratch assay, did not show any significant
difference in relation to the FBS-SM or pHS-SM
(Fig. 3a, b). However, cells in the pHS-SM
showed a directional pattern of migration
(Fig. 3c). Average cell surface area (+SE) in
FBS-SM (1639 + 63.66 pm?) was significantly
higher (p = 0.026) compared to that in pHS-SM
(1354 + 51.69 pmz). The significant difference
in the cell surface area might be related to the
insignificant difference in scratch assay using
SHED expanded in the FBS-SM and the
pHS-SM.

Since proliferation, morphology and migra-
tion of SHED were found to be more favourable
in pHS-SM, we compared the composition of
paracrine factors in the serum used to prepare
the pHS. Individual human serum that was used
to prepare pHS as well as FBS was analysed for
ten selected paracrine factors that are known to
be involved in those biological actions
(Table S1). All the selected paracrine factors
were detected in individual human serum, while
none of them were detected in the FBS (Table 1).
Among the selected paracrine factors, EGF,
FGF-2, G-CSF, GM-CSF, HGF, LIF, PDGF-BB
and VEGF have proliferative effect on MSCs
(Table S1), while FGF-2, G-CSF, GM-CSF,
HGF, SCF, PDGF-BB and SDF-1A are known
to enhance migration of MSCs (Table S1). Thus,
the presence of paracrine factors in the pHS
could be linked to the differences in biological
functions such as proliferation, diversity in mor-
phology and migration of SHED.

Biological functions and possible
corresponding  regulatory  pathways  were
analysed by IPA in relation to the involvement
of the selected paracrine factors. Among the IPA
predicted pathways, ‘ephrin receptor signalling
pathway’ was found to be involved in the regula-
tion of proliferation, morphology and directional
migration of SHED (Fig. 4). Notably the para-
crine factors, namely, EGF, PDGF-BB, SDF-1A
and VEGF, present in the pHS are known
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regulators in the ephrin receptor signalling path-
way (Arvanitis and Davy 2008; Boyd et al.
2014). This predicted pathway also supports the
hypothesis that the presence of these paracrine
factors in pHS might be the cause behind the
higher proliferation, homogeneity and migration
of the SHED.

5 Conclusions

pHS has shown better effect on maintaining self-
renewal capability and homogeneity of SHED.
The effect of pHS on the other markers of ageing
and migration could be studied for further confir-
mation. As it is not practical to use pHS through-
out the process from isolation to transplantation
of SHED or MSCs from other sources, we sug-
gest that isolation can be done in the FBS-SM,
and further expansion can be done in the
pHS-SM. Furthermore, in vitro expansion in the
pHS-SM before transplantation would minimize
xeno-contamination from FBS, thus reducing
chances of immune rejection. This novel finding
though preliminary warrants further studies to
confirm the effect of pHS in minimizing xeno-
contamination during expansion of cells.
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Abstract

Stem cells have the ability to perpetuate themselves through self-renewal
and generate mature cells of a particular tissue through differentiation.
Mesenchymal stem cells (MSCs) play an important role in tissue homeo-
stasis — supporting tissue regeneration. MSCs are rare pluripotent cells
supporting hematopoietic and mesenchymal cell lineages. MSCs have a
great therapeutic potential in cancer therapy, as well as stem cell exosome
and/or microvesicle-mediated tissue regeneration. In this review, the use
of hMSCs in stem cell-mediated cancer therapy is discussed.
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cell division, cell proliferation, stem cell
divisions and fate determination, and stem cell
migration to specific niches and apoptosis. In
adults, division and differentiation of a small
number of stem cells in healthy tissues ensure a
continuous turnover and optimal function of
cells.

Stem cells have the ability to perpetuate them-
selves through self-renewal and generate mature
cells of a particular tissue through differentiation.
One of the distinct characteristics of stem cells is
their asymmetric cell division in which one
daughter cell remains to be undifferentiated,
while the other has the ability to differentiate.
The fate of stem cells is regulated with a balance
between self-renewal and differentiation by both
intrinsic and extrinsic signals from both the cell
itself and the environment (Fig. 1) (Soltysova
et al. 2005; Korbling et al. 2003). Stem cell
pluripotency and self-renewal depend on multi-
ple factors including the stem cell niche (Honoki
et al. 2011; Morrison and Spradling 2008) and
signaling pathways, such as Hedgehog, Notch,
and Wnt/b-catenin (Soltysova et al. 2005). Any
dysregulation or aberrant activation of these key
pathways may result in the formation of cancer
stem cells (CSCs) inducing tumorigenesis
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(Table 1) (Soltysova et al. 2005; Kitamura et al.
2009).

Stem cells have the capacity to divide for long
periods of time in an environment where most of
the cells are quiescent (Soltysova et al. 2005).
The ability of adult human stem cells existence
throughout the life of the organism is attributed
to telomerase activity, and therefore, they
actively maintain their telomere length to some
degree (Kitamura et al. 2009). The ability to
maintain telomere length allows them to have
an extended proliferative capacity compared to
other somatic cells (Kitamura et al. 2009). How-
ever, maintaining the telomeres of some adult
stem cells may be limited, and therefore, it may
not be sufficient to prevent their senescence. This
may possess an increased risk of malignant trans-
formation (Soltysova et al. 2005).

Stem cells can be classified into three
categories: embryonic, germinal, and progenitor
somatic stem cells. Embryonic stem (ES) cells
are derived from the inner cell mass of the blas-
tocyst, and they are the precursors of all cells of
the organism with omnipotent stem cell
characteristics. These cells are able to produce
derivatives of all three germ layers (endoderm,
mesoderm, and ectoderm) (Burdon et al. 2002).
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ES cells have an indefinite replicative life span,
which is attributable to expression of telomerase,
like majority of cancer cells. ES cells differenti-
ate to all cell lineages in vivo and can differenti-
ate into many cell types in vitro (Soltysova et al.
2005; Hanna et al. 2010). Germ line stem cells
(GSCs) can only produce gametes for reproduc-
tion. Since GSCs are responsible for passing on
their genetic information from one generation to
the next, sustaining their self-renewal ability is
important to evolution and genetic continuity
(Li and Xie 2005; Lin 2002). Somatic stem
cells are multipotent and play essential roles in
organogenesis and tissue maintenance. These
cells are differentiated forms of ES cells. These
cells are multipotent, and they are capable of
self-renewal of a specific tissue or organ. One
of the examples of a somatic stem cell is bone
marrow. Adult bone marrow involves
hematopoietic stem cells and other primitive pro-
genitor cells often referred to as mesenchymal
stem cells (MSCs).

MSCs play an important role in tissue homeo-
stasis — supporting tissue regeneration. MSCs are
rare pluripotent cells supporting hematopoietic
and mesenchymal cell lineages including the
bone, cartilage, fat, muscle, tendon, and marrow
stroma (Soltysova et al. 2005; Van’t Hof et al.
2007; Ji et al. 2009). These stem cells are consid-
ered to reside in a special microenvironment and
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are able to differentiate indefinitely. In recent
years, histone modifications and other
chromatin-based mechanisms are shown to be
important for MSC differentiation capacity
(Teven et al. 2011).

This chapter is focused on the double-faced
characteristics of MSCs in cancer development
and cancer therapy. The underlying mechanisms
of double-faced characteristics of MSCs that is
partly based on telomerase activity and mainte-
nance of telomere homeostasis and thereby the
cell’s ability to be expanded in vitro are
discussed; at the same time, potential use of
MSC:s in cancer therapeutics is evaluated in this
chapter.

2 Mesenchymal Stem Cells

2.1 Characteristics of Mesenchymal
Stem Cells

MSCs were first described by Friedenstein in
1968 (Friedenstein 1968). They were initially
defined as fibroblast-like cells residing in the
bone marrow. However, since there are a wide
variety of sources for MSCs, different culture
conditions including media and plating density
introduce difficulties in establishing a solid-cut
phenotype classification. Despite all these

Table 1 Comparison between somatic and cancer stem cell

Characteristics

Origin of cellular pedigree
Organ generation

Tissue regeneration

Cancer initiation

Self-renew

Pluripotency

Tissue reconstruction

Tumor formation

Long-lived

Resistant to damaging agents
Anchorage-independent survival

Radioresistance chemoresistance

Somatic stem cells

+
+
+

Cancer stem cells
+

+
+

The table summarizes the common and different characteristics of somatic and cancer stem cells. The characteristic of

each stem cell type is shown with ‘+’
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complexities, recent reports define the phenotype
of MSCs as large cells with prominent nucleoli
and cells that are bleb-like and fibroblast-like,
spindle-shaped, and flattened (Pevsner-Fischer
et al. 2011).

MSCs have distinct characteristics and they
can undergo self-renewing divisions, giving rise
to progenitor cells. MSCs have the ability to
differentiate into diverse tissue types of other
lineages within or across germ lines including
the mesodermal lineage, such as adipocytes,
osteocytes, chondrocytes, and cells of other
embryonic lineages (Jiang et al. 2002). MSCs
secrete several paracrine factors including
chemo-attractants for endothelial lineage cells,
monocytes, and macrophages, and inflammatory
factors, such as various chemokines and
interleukins. Through the chemokine signaling,
MSCs interact with the extracellular matrix that
results in the transcription of target genes in
cancer cells and macrophages and lymphocytes.

One of the main characteristics of hMSCs is
their homing abilities to the primary tumor site
and metastatic sites. Chemokines and their
receptors were proposed to be involved in
hMSC migration and homing (Kortesidis et al.
2005; Wynn et al. 2004). Moreover, recent stud-
ies have shown that hMSCs have antiapoptotic
characteristics (Yang et al. 2014; Bhang et al.
2012) and bone marrow-derived MSCs
(BM-MSCs) were shown to decrease oxidative
stress, apoptosis and hippocampal damage in
brain (Calio et al. 2014). Similar to the
BM-MSCs, MSC-derived exosomes were
shown to suppress inflammatory responses that
repair tissue damage and modulate the immune
system; however these findings remain contro-
versial (Yu et al. 2014).

MSCs may interact with tumor cells to pro-
mote tumor growth directly or indirectly through
autocrine/paracrine mechanisms. MSCs are con-
sidered to be the source of tumor-associated
fibroblasts (TAFs) that are important components
of tumor stroma. Therefore, MSCs play an
important role in orchestrating the tumor micro-
environment through angiogenesis and modula-
tion of both immune system and tumor stromal
architecture (Honoki et al. 2011). It is possible
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that MSCs provide a specific microenvironment
or a niche for cancer stem cells. Therefore, inves-
tigation of interaction between stem cells and
their specific microenvironment/niche cells will
enhance the understanding of cancer develop-
ment, especially metastasis (Sohni and Verfaillie
2013; Honoki et al. 2011; D’souza et al. 2012;
Serakinci et al. 2004, 2011).

Several studies including animal models and
preclinical investigations use MSCs in cancer
treatments. BM-MSCs are mainly used for these
studies; however these MSCs are not a very
practical source since harvesting bone marrow
is an invasive procedure that yields a small num-
ber of cells and differentiation potential and
finally the lifespan of BM-MSCs reduces with
the donors’ age (Vellasamy et al. 2012; Bentzon
et al. 2005; Kern et al. 2006; Mueller and
Glowacki 2001; Serakinci et al. 2004, 2007).
Although BM-MSCs are the gold standard for
the in vitro experiments as well as clinical
applications (Batsali et al. 2013), other alterna-
tive sources of MSCs, such as adipose tissue and
umbilical cord blood, have gained more impor-
tance in the recent years. Adipose tissue-derived
MSCs are obtained from the subcutaneous tissue
and have similar expansion potential, differenti-
ation capacity, and MSC immunophenotype as
the MSCs derived from bone marrow (Kern et al.
2006). Umbilical cord, obtained after the
removal of placenta, is rich in hematopoietic
stem cells (Rubinstein et al. 1995; Wyrsch et al.
1999) and MSCs (Prindull et al. 1987). One of
the differences between the MSCs obtained from
bone marrow and umbilical cord is that umbilical
cord-derived MSCs have a higher expansion rate
compared to both bone marrow- and adipose
tissue-derived MSCs (Kern et al. 2006; Goodwin
et al. 2001), which could be due to the higher
telomerase activity of the umbilical cord-derived
MSCs (Chang et al. 2006).

2.2 Isolation of Mesenchymal Stem

Cells

MSCs are present in several different types of
tissues including adult and fetal tissues, the heart
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(Chen et al. 2008), skeletal muscle (Peault et al.
2007), adipose tissue (Zuk et al. 2002), synovial
tissue (De Bari et al. 2001), pancreas (Di Rocco
et al. 2008), bone marrow (Friedenstein et al.
1970), umbilical cord blood (Erices et al. 2000),
peripheral blood (Villaron et al. 2004; Fukuchi
et al. 2004), and amniotic fluid (Tsai et al. 2004).
MSCs have also been isolated from pathological
tissues including rheumatoid arthritic joints
(Marinova-Mutafchieva et al. 2000), and cells
with similar characteristics as MSCs are present
in most of the postnatal organs as well as tissues
(Chamberlain et al. 2007). The isolation and
enrichment of human MSCs (hMSCs) depend
on culture media selection, their adhesion, and
proliferation ability on tissue culture plastic in
the presence of 10% fetal calf serum. The best
way of isolation is immunopanning and combin-
ing several methods. One of the most widely
used chemicals in the initial MSC isolation is
the Ficoll™. Pre-enrichment strategies involve
negative selection using different cell separation
methodologies including the use of antibody
cocktails to reduce the bone marrow-specific
cell populations (Louis et al. 2001; Reyes et al.
2001) or via flow cytometry based on MSC sur-
face proteins followed by confirmation of the
cells under microscope (Campagnoli et al.
2001; Quirici et al. 2002; Li et al. 2006). During
culturing, MSCs may experience a lag phase
followed by rapid division. The in vitro doubling
time of MSCs depend on the donor and the origi-
nal plating density (Chamberlain et al. 2007).
MSCs derived from bone marrow have been
attributed to have the highest degree of lineage
plasticity, and following implantation into the
early blastocysts, they have the capacity to give
rise to all cell types (Jiang et al. 2002; Orlic et al.
2001). The aspirated bone marrow from the
trabeculae of the bone is manipulated to remove
the red blood cells, macrophages, and other
extraneous materials (Boiret et al. 2005; Dennis
et al. 2004; Pittenger et al. 1999; Terskikh et al.
2006; Serakinci et al. 2004). There is not an
optimal antibody to define the MSCs. Therefore,
MSC populations are isolated from human bone
marrow using a range of composite cell surface
phenotypes including STRO-1 monoclonal

antibody in conjunction with antibodies against
VCAM-1/CD106 (Simmons and Torok-Storb
1991), CD271 (Quirici et al. 2002), D7-Fib30,
and CD49a.31 (Serakinci et al. 2004).

It is widely accepted that MSCs, especially
BM-MSCs, are heterogeneous group of cells.
This leads to difficulties in the identification of
MSCs. The International Society for Cellular
Therapy proposed the following minimal criteria
for the correct characterization of hMSCs: adhe-
sion of cells to plastic in standard culture
conditions; differentiation of these cells into
adipocytes, osteoblasts, and chondrocytes under
standard in vitro differentiation conditions; and
expression of prototypic hematopoietic antigens
including SH2 (CD105), SH3/SH4 (CD73),
CD29, CD44, CD90, CD71, CD106, CD166,
STRO-1, GD2, and CD146 (Martinez et al.
2007; Pittenger et al. 1999; Shi and Gronthos
2003; Simmons and Torok-Storb 1991; Sordi
et al. 2005) by more than 95% of the cells’
population. On the other hand, cells must lack
the expression of CD45, CD34, CD14 or CD11b,
CD79a or CD19, and HLA class II markers
(Dominici et al. 2006; Madrigal et al. 2014).

3 Proliferation Capacity of hMSC

After a limited number of cellular divisions,
human somatic cells enter senescence, which is
the phenomenon known as the Hayflick limit. Rb
and p53 pathways play a significant role in senes-
cence, and it is activated via the telomere signal-
ing that has been strongly linked to this
phenomenon. In the absence of Rb and p53
pathways, primary cells that continue cellular
growth beyond Hayflick limit show severe telo-
mere shortening, genetic instability, and cell
death (Counter et al. 1992; Shay et al. 1991).
With each cell division, telomeres shorten, and
once they are critically shortened, the cell enters
mortality stage 1 and goes into senescence (Kim
et al. 1994). Cells that escape senescence and
continue to proliferate enter either crises or mor-
tality stage 2. If mutational changes occur and
cells skip mortality stages 1 and 2, they may
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become immortal, which may lead to cancer.
Telomerase reactivation in these cells plays a
significant role in maintaining the telomeres at a
constant length. Telomerase enzyme plays the
most important role in the progressive shortening
of telomeres and therefore has a vital role in
cellular senescence.

hMSCs have stem cell characteristics; how-
ever, when they are forced to proliferate exten-
sively, primary hMSC cultures quickly undergo
replicative senescence with loss of proliferative
potential with critically short telomeres (Bischoff
et al. 2012). The replicative capacity of primary
stem cells is limited, and the population doubling
(PD) is around ten. This limited capacity restricts
the use of stem cells in therapeutics. However,
the limitation of proliferation capacity can be
overcome by introduction of specific genes to
enhance proliferation. One of these genes is the
human telomerase reverse transcriptase
(hTERT); in such hMSCs transduced with a len-
tivirus, expressing hTERT extends the
proliferative capacity of stem cells and
immortalizes the stem cells or progenitor cells
(Bischoff et al. 2012; Serakinci et al. 2004, 2007,
Simonsen et al. 2002). The telomerase-
immortalized MSCs are cultured for 205 PDs,
and the characteristic fibroblastic hMSC pheno-
type is maintained, suggesting a very low degree
of random fluctuation in the telomere dynamics
(Serakinci et al. 2007). Therefore, telomere
dynamics have gained a great importance in
stem cell function, especially in the expansion
of stem cell populations.

Recent studies demonstrated that a prolonged
culture of MSCs under low chronic stress
increased the shortening rate of the mean telo-
mere length, and they also showed that short-
term, sublethal doses of the oxygen radical
hydrogen peroxide caused significantly short-
ened telomeres (Harbo et al. 2012). When
MSCs were exposed to hypoxic conditions, they
exhibit greater colony-forming potential with
faster and prolonged proliferation and differenti-
ation and presented greater chemotaxis
properties (Zeng et al. 2011). Hypoxia helps in
maintaining the tumor stemlike cells in specific
niches in which the self-renewal and
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differentiation activity is well balanced. Further-
more, recent studies showed that stemlike cells
are localized in hypoxic zones of solid tumors
in vivo (Das et al. 2008). Hypoxia also triggers
the production of growth factors from MSC and
allows the MSC to retain an undifferentiated
phenotype, allowing for self-renewal without dif-
ferentiation. This may be partially due to the fact
that anatomically, MSCs tend to be found in
hypoxic areas of the body (i.e., adipose tissue
and bone marrow) and are relatively poorly per-
fused by the circulatory system (Madrigal et al.
2014).

4 Double-Faced Characteristics
of MSCs: MSCs in Cancer
Development and Therapeutic
Applications

Several factors ranging from mitogens, extracel-
lular matrix proteins, to angiogenic and inflam-
matory mediators can be produced directly by
BM-MSC:s or by other cells in the tumor micro-
environment (Barcellos-De-Souza et al. 2013).
This complex signaling cross talk may cause
MSCs to have both stimulatory and inhibitory
effects on tumor progression.

Recent advances showed that hMSC adminis-
tration contributed to tumor development in ani-
mal models by promoting angiogenesis, creating
a niche to support cancer stem cell survival, or
having immunosuppressive ability (Momin et al.
2010; Sharma et al. 2009). On the contrary, it is
widely acknowledged that hMSCs play an
important role in cancer therapy due to their
homing abilities to migrate to sites of injury,
ischemia, and tumor microenvironments making
them a good vehicle to be used in cancer therapy
(Chamberlain et al. 2007; Brooke et al. 2007;
Serakinci et al. 2011, 2014; Studeny et al.
2004). These controversies create double-faced
characteristics of hMSCs in cancer.
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4.1 MSCs in Cancer Development
and Potential Neoplastic
Transformation of hMSCs During

Expansion

The interaction of MSCs with the stromal cells of
the tumor might lead to MSC transformation. It is
well acknowledged that cancer-associated
stroma plays a role as much as the alterations of
cancer cells in the tumor progression (Hanahan
and Weinberg 2011). The tumor stroma consists
of a compilation of cells and matrices, including
fibroblasts/myofibroblasts, immune/inflamma-
tory cells, blood vessels, connective tissues, and
extracellular matrix. Tumor-associated stromal
cells like fibroblasts/myofibroblasts, immune/
inflammatory cells, and vascular endothelial
cells are considered to be recruited from the
surrounding normal tissue or from circulation
and contribute to diverse aspects of tumor devel-
opment and progression. Specialized MSCs in
tumor stroma play an important role in the for-
mation of tumor vessels.

The migration of MSCs toward the tumor
microenvironment has been observed in many
cancer types including lung (Loebinger et al.
2009), brain (Sasportas et al. 2009), breast
(Patel et al. 2010), colon (Menon et al. 2007),
pancreatic (Zischek et al. 2009), skin (Studeny
et al. 2002), and ovarian (Kidd et al. 2009)
cancers. Although the full mechanisms of how
the MSCs migrate across endothelium and home
to the target tissue are not well established, it is
known that migration of MSCs depends on the
different cytokine-receptor pairs, such as SDF-1/
CXCR4, SCF-c-Kit, HGF/c-Met, VEGF/
VEGFR, PDGF/PDGFr, MCP-1/CCR2, and
HMGB1/RAGE (Momin et al. 2010). The potent
pro-inflammatory cytokine, macrophage migra-
tion inhibitory factor (MIF), also plays a role in
the migration of MSCs that is known to be pro-
duced by the tumor cells after the stimulation of
MSCs (Barrilleaux et al. 2010). Additionally,
MSCs stimulate tumor cells to produce a variety
of cytokines and other growth factors (Yagi and
Kitagawa 2013).

In the tumor microenvironment, BM-MSCs
and their differentiated cells were shown to inter-
act with the tumor cell as well as stromal cells
through signaling molecules, such as autocrine/
paracrine as well as angiogenesis, creating a
complex cross talk (Sohni and Verfaillie 2013;
Honoki et al. 2011; D’souza et al. 2012). It is
possible that MSCs have a potential to provide a
specific microenvironment or a niche for cancer
stem cells. In addition, MSCs could be the origin
of tumor-associated fibroblasts or myofibroblasts
contributing to the formation of tumor microen-
vironment that eventually leads to the expansion
and progression of tumors (Momin et al. 2010).

The pro-tumor behavior of BM-MSC may be
caused by a combined effect of tumor prolifera-
tion, tumor dissemination, and vessel distribution
(Spaeth et al. 2009; Coffelt et al. 2009; Zhu et al.
2006). The biological context including tumor
histotypes or their local microenvironments
may play an essential role in the balance between
pro- and anti-survival effects for the tumor
growth of BM-MSCs. By producing
pro-angiogenic factors, such as VEGF-AA,
IL-6, TGF-p, IL-8, leukemia inhibitory factor,
macrophage-colony stimulating factor, and mac-
rophage inflammatory protein-2, that activate
angiogenesis, BM-MSCs may lead to tumor
neo-angiogenesis by transdifferentiation into
endothelial and/or pericytes-like cells (Suzuki
et al. 2011; Spaeth et al. 2009).

The animal models play a major role in under-
standing the complex function of hMSC in can-
cer. The models generally rely on harvesting and
culturing human tumor cells in vitro prior to
grafting in animals. However these cells are not
cultured with the tumor stroma and the epithelial
cells. Therefore, even when these cells are
injected into animals, the stroma is formed from
the animals’ own cells that may lead to the
development of chimeric tumor. These
interactions between MSCs and the tumor stroma
may be investigated using various immunocom-
promised mice, such as NOG mice (Hahn and
Weinberg 2002; Ito et al. 2002; Kim et al. 2004;
Rangarajan and Weinberg 2003; Rosen and
Jordan 2009). Mouse model of C57BL/6 infected
by Helicobacter felis has shown that the
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development of gastric cancer was due to bone
marrow stem cells tagged with beta galactosidase
or GFP (Lazennec and Jorgensen 2008; Sarosi
et al. 2008; Momin et al. 2010; Correa and
Houghton 2007). Similar results of cancer devel-
opment due to bone marrow stem cells were also
reported in a rat model of Barrett’s metaplasia
(Sarosi et al. 2008). In glioma models, it was
shown that BM-MSCs can integrate into tumor
neovasculature, consequently forming as
pericyte-like phenotype and acting as pericytes
in tumor stroma (Bexell et al. 2009). The injec-
tion of BM-MSCs with cancer cells in immuno-
compromised animals led to increased tumor
growth in models of B16 melanoma (Djouad
et al. 2003), colon cancer (Shinagawa et al.
2010; Zhu et al. 2006), breast cancer (Karnoub
et al. 2007; Liu et al. 2011), osteosarcoma (Bian
et al. 2010), ovarian cancer (Spaeth et al. 2009),
colorectal cancer (Tsai et al. 2011; De Boeck
et al. 2013; Forbes et al. 2014), lung cancer
(Suzuki et al. 2011), gastric cancer (Quante
et al. 2011), and prostate carcinomas (Ye et al.
2012; Jung et al. 2013).

4.2 Applications of hMSCs in Cancer

Therapy

To date, cancer therapy still remains to be one of
the most challenging treatments. One of the
reasons of this is that cancer has a dysregulated
cellular self-renewal capacity. Gene and viral
cancer therapies have shown improved
outcomes; however, there is still a great need
for development. Cancer therapy directed to
tumor cells is very difficult, though the funda-
mental issue in cancer research is the identifica-
tion of the cell type capable of sustaining the
outgrowth of the neoplastic clone within solid
tumors. Therefore therapies specifically directed
to the cancer stem cells have gained importance
to reduce and stop the metastatic tumors. Recent
studies have shown that the use of stem cells
obtained from adult tissue may be a novel vehicle
for stem cell-mediated cancer therapy with
improved antitumor effects.
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Up to date, various agents have been used
with stem cells as vehicles to reduce the tumor
size or extend the survival of the organism. All
these vehicles and agents showed different suc-
cess rates (Momin et al. 2010; Aboody et al.
2008). In the last decade hMSCs have been pro-
posed as a great tool in different therapeutic
applications. MSCs serve as a powerful cell-
based delivery vehicle for the site-specific
release of therapeutic delivery of anticancer
drugs due to their homing abilities, easy acquisi-
tion, hypoimmunogenic properties, fast ex vivo
expansion, and feasibility of autologous trans-
plantation properties (Gao et al. 2013). The use
of hMSCs has an advantage over using other
vehicles for delivery since the biological agents
delivered within the patient’s own bone marrow
would not have a risk of being rejected as foreign
objects by the immune system. Once these stem
cells carrying biological agents are injected into
the patient’s bloodstream, they can migrate to the
tumor site and release the anticarcinogenic agent.

The use of MSCs transduced with TRAIL
showed induction of apoptosis and a subsequent
reduction of tumor cell viability in colorectal
carcinoma, gliomas, squamous cell carcinoma,
and lung, breast, and cervical cancers (Shah
2013; Menon et al. 2009). Targeted delivery
was also proven to be successful using hMSCs
in xenogenic mouse model. The growth of malig-
nant cells in the lungs of mice was inhibited both
in vivo and in vitro following local delivery of
MSCs transduced with IFN-f. However, inhibi-
tion has not been observed when the cells were
administered systemically or directly to the
tumor site (Studeny et al. 2002, 2004). In the
prostate stroma of a castrate-resistant mouse
model, MSCs were used to deliver frizzled
related protein-2 (SFRP2) to antagonize the
Wnt-mediated cancer progression by reducing
tumor growth, increasing apoptosis, and poten-
tially causing tumor necrosis (Placencio et al.
2010). In mice with both solid and metastatic
tumors, it was shown that intratumoral injection
of MSCs expressing modified interleukin-12
(MSCs/IL-12 M) caused strong tumor-specific
T cell responses and antimetastatic effects as
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well as inhibitory effects of solid tumor growth.
These effects were proven to be stronger than
interleukin-12 expressing adenovirus (Seo et al.
2011). In 2011, Serakinci and colleagues showed
the homing, engrafting, and proliferation abilities
of hMSCs in a human xenograft model by
transplanting an ovarian cancer cell line into
immunocompromised mice (Serakinci et al.
2011). Human BM-MSCs were shown to secrete
interferon-b (IFNb) and diminish melanoma,
breast carcinoma, and lung metastases (Shah
2013). Similarly, MSCs derived from amniotic
fluid were capable of transporting IFNb to the
site of neoplasia of a bladder tumor model and
inhibiting the tumor growth as well as prolonging
the survival of mice (Shah 2013).

In addition to cancer treatments, MSCs have
been used in many therapeutic applications
including spinal cord injury (Kim et al. 2013a);
bone disorders, such as osteogenesis imperfecta
(OD) and hypophosphatasia (Kim and Cho 2013);
cardiovascular diseases (Carvalho et al. 2013;
Kim and Cho 2013; Hoogduijn et al. 2010);
immune diseases (Cipriani et al. 2013); bone
(Di Bella et al. 2008) and cartilage (Bulman
et al. 2013) injury; and graft-versus-host disease
due to bone marrow translation (Kim et al.
2013b). Additionally, intravenous allogeneic
hMSCs home to the site of injury in human
lung that was injured by Escherichia
coli endotoxin (Serakinci et al. 2014). MSCs
were successfully used to deliver prodrug-
converting enzymes. One of the examples of
this is the administration of ganciclovir via
MSC:s transduced with herpes simplex virus thy-
midine kinase (HSV-tk). This therapeutic regi-
men has been successfully employed in glioma
and pancreatic cancer experimental models (Sun
et al. 2011).

As mentioned earlier, one of other important
factors of MSC relevant to therapeutic develop-
ment relies on their anti-inflammatory and
immunosuppressive properties. MSCs suppress
T cell proliferation, B cell functions, natural
killer cell proliferation, and cytokine production
and prevent the differentiation, maturation, and
activation of dendritic cells. MSCs can suppress
cells independently of the major

histocompatibility complex (MHC) identity
between donor and recipient due to their low
expression of MHC-II and other co-stimulatory
molecules. MSCs can exert immunosuppressive
effects by direct cell to cell contact; their primary
mechanism is the production of soluble factors,
such as transforming growth factor-3, hepatocyte
growth factor (HGF), nitric oxide, and
indoleamine 2,3-dioxygenase (IDO) (Kim and
Cho 2013). Rheumatoid arthritis (RA) is a T
cell-mediated autoimmune disease characterized
by cartilage and bone destruction. Anti-
inflammatory properties and regenerative poten-
tial of MSCs could offer a novel therapeutic
approach to treat RA (Kim and Cho 2013).

4.3 Difficulties and Limiting Factors

of MSC Use in Cancer Therapy

There are controversial issues of MSC use in
cancer therapy. Difficulties starts already
durring isolation process such as only 1 in
every 10° cells obtained for the isolation
constitutes of MSCs. Additionally, MSCs have
low grafting efficiency as well as potency. The
limited mitotic potential of hMSCs restrains their
therapeutic applications especially since a high
number of cells are required for therapy in
humans. This raises the need for large-scale
MSC expansion (Momin et al. 2010; Ma 2010).
Telomere dynamics play an important role in
stem cell function particularly in the expansion
of stem cell population. Telomere homeostasis
and telomerase play a critical role in tumor pro-
gression, and it is well known that the cancer
cells rely on telomerase for its survival. One of
the main functions of telomeres is to protect the
chromosome ends as being detected as DNA
double-strand breaks by DNA repair machinery.

Serakinci et al. (2007) have successfully
introduced a retrovirus carrying hTERT gene
and obtained an immortalized human MSCs
(hMSC-telol) cell line, which maintains the
stem cell characteristics and has an expanded
life span (Serakinci et al. 2007). This manipula-
tion bypasses the naturally built-in controls of the
cell that govern the delicate balance between cell
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proliferation, senescence, and carcinogenesis.
Although this is very promising in the use of
MSC:s for therapeutic applications, manipulation
of telomere-telomerase activity in order to
extend the proliferative capacity of stem cell
populations may increase the risk for stem cell
susceptibility to carcinogenesis. The transduced
cell line presented variations indicative of neo-
plastic development, such as contact inhibition,
anchorage independence, and in vivo tumor for-
mation in severe combined immunodeficiency
(SCID) mice (Serakinci et al. 2004). These can
be due to critically shortened telomeres leading
to senescence that can be considered as a barrier
against cancer formation via telomere-mediated
checkpoint. Dysfunctional telomeres have the
ability to disturb the genomic stability via
Break-Fusion-Break cycles causing excessive
genomic instability and aberrations, rapid cell
proliferation, loss of contact inhibition, and grad-
ual increase in telomerase activity (Serakinci
et al. 2008; Furlani et al. 2009). These pheno-
typic and genotypic alterations were also
reported in adipose-derived hMSCs (Rubio
et al. 2005) and bone marrow-derived mouse
MSCs (Miura et al. 2006; Tolar et al. 2007,
Zhou et al. 2006). One of the options to resolve
the issue of this neoplastic transformation of
hMSCs after drug delivery could possibly be
the self-destruction of the vehicle. This kind of
treatment has been applied in tumor-selective
viruses that mediate oncolytic effects on tumors
and destroy targeted cancer cells. These kinds of
viruses have been engineered based on telome-
rase promoter sequence with tumor-specific tran-
scriptional response elements. These therapies
target the telomerase-positive cells and combine
the genetically engineered vehicle stem cell and
suicide gene therapies (Abdul-Ghani et al. 2000;
Bilsland et al. 2005; Komata et al. 2001; Plumb
et al. 2001). Besides, Serakinci et al. (2008) have
reported that hMSC-telol cells do not necessarily
give rise to spontaneous transformation
(Christensen et al. 2008). Neoplastic transforma-
tion was observed in the telomerase introduced
hMSCs when they were subjected to 2.5Gy of
gamma irradiation followed by long-term cultur-
ing. Thus the neoplastic transformation was
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suggested to occur due to DNA damage caused
by irradiation and telomere damage leading to
temporary cell cycle arrest (Serakinci et al. 2007;
Christensen et al. 2008). Telomerase may help in
the production of large number of cells, but it
may have an impact on neoplastic transforma-
tion. Therefore these cells require close monitor-
ing before and after the application and
treatment.

In addition to the malignant transformations
observed in cells with manipulated telomere-
telomerase activity, unmanipulated BM-MSCs
were also shown to produce a subpopulation of
cells with high levels of telomerase activity,
chromosomal aneuploidy, translocations, and
capacity in the formation of tumors in multiple
organs of NOD/SCID mice (Momin et al. 2010;
Wang et al. 2005). Malignant transformations
were also reported in rodent models, in mouse,
and in hMSC populations (Rubio et al. 2008;
Rubio et al. 2005; Zhou et al. 2006; Momin
et al. 2010; Serakinci et al. 2004; Wang et al.
2005). The underlying molecular mechanism in
this spontaneous transformation was suggested to
occur after hMSC bypassed the senescence by
repressing p16 levels followed by acquisition of
telomerase activity, deletion at the Ink4a/Arf
locus, and hyperphosphorylation of Rb (Rubio
et al. 2008). This raised concerns that hMSCs
can lead to spontaneous transformation when
forced to extensive expansion. Contrary to these
studies, the analysis of hMSCs with comparative
genomic  hybridization, karyotyping, and
subtelomeric fluorescence in situ hybridization
showed that there is no evidence of spontaneous
hMSCs during long-term culture (Bernardo et al.
2007; Meza-Zepeda et al. 2008). However,
maintaining a normal karyotype will not elimi-
nate epigenetic changes, and telomerase-
immortalized hMSCs were shown to accumulate
genetic and epigenetic variations leading to
spontaneous transformation (Serakinci et al.
2004; Burns et al. 2005). Exogenous administra-
tion of hMSCs may get engaged to developing
tumors when infused systemically in animal
models for glioma, colon carcinoma, gastric can-
cer, ovarian carcinoma, Kaposi’s sarcoma, and
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melanoma (Correa and Houghton 2007;
Lazennec and Jorgensen 2008). Although these
studies supported the possibility of neoplastic
transformation of hMSCs during in vitro expan-
sion, it is still controversial, and the molecular
pathogenesis underlying such mechanism is not
fully established yet.

Moreover, a number of studies investigating
the use of MSCs for graft-versus-host disease
showed no signs of tumor formation (Correa
and Houghton 2007; Barkholt et al. 2013;
Resnick et al. 2013). A recent small-size phase
2 clinical study was reported for the use of MSCs
for the treatment of Crohn’s disease that showed
promising results (Forbes et al. 2014). Although
all these results are promising, in order to estab-
lish a definite role of MSC in tumorigenicity,
comprehension of information on adult stem
cells, regulation of their growth, and monitoring
of the outcome of clinical applications are
mandatory.

5 Conclusions and Future
Directions

In the last decade, hMSCs have become a great
therapeutic target for many diseases due to their
homing abilities once reconstructed to inflamma-
tory or tumor site. MSCs can be acquired from
the patients’ own body, and the use of these cells
lowers the risks of rejection. In addition to their
tumor-homing properties, MSCs are also easily
transduced by integrating vectors due to their
high levels of amphotropic receptors and offer
long-term gene expression without alteration of
phenotype. Gene- and viral-based therapies have
shown enhancements in cancer treatment, and a
number of anticancer genes have been success-
fully engineered into MSCs, which then pro-
moted anticancer effects in various carcinoma
models. However, since one of the most apparent
characteristics of cancer is the continued cell
growth that is associated with telomerase activ-
ity, there may be an increased risk of cancer
development with the use of genetically modified

cells in cancer therapies. Although one approach
may be the use of telomerase inhibitors to acti-
vate cell death, these cells may still escape the
cell death and cause genomic instability. There-
fore, the use of targeted treatment with self-
suicide vehicles may be a better approach to
improve cancer therapy and reduce the risk of
secondary tumors.

In all the studies using MSCs in delivery of
therapeutic genes with lentivirus-mediated, ret-
rovirus-mediated, plasmid-mediated and adeno-
virus to treat multiple diseases including cancer
showed promising results in animal trials
prolonging life of the animal, reducing
complications, and/or tumor volume (Nguyen
et al. 2014). The potential of MSCs for cell-
based therapy has received tremendous attention.
Transplantation of these cells has proven to be
effective in treating a variety of genetic or
acquired diseases due to their ability to engraft
in various tissue types and differentiate into
tissue-specific cells and release trophic factors
to induce the tissue’s own endogenous repair.
However, the risk of MSC transformation that
may lead to cancer development still remains
ambiguous and needs to be further evaluated.
Furthermore, poor engraftment and limited dif-
ferentiation under in vivo conditions are major
obstacles for efficient therapeutic use of MSCs.
Therefore, although the use of MSCs holds a
great promise in cancer therapies, the risk of
not getting a treatment should be weighed against
the risk of MSC transformation, and in vivo data
supporting the true differentiation and regenera-
tive potential of MSCs are still lacking. The
success of these treatments depends on selecting
an appropriate method for gene delivery to the
cells, and the future treatment planning should be
based on gene therapy and stem cell therapy
combinations. Genetic modification of MSCs
with beneficial genes of interest is a prerequisite
for a successful use of stem cell-based therapeu-
tic applications in the future.

In conclusion, the use of hMSCs is a
promising approach for cancer therapy. The use
of hMSCs in association with the conventional
treatments may result in better prognosis of the
patients. The use of hMSCs with suicidal gene
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therapies is a hopeful approach, and the combi-
natory effect of gene therapy with stem cell ther-
apy may be the strategy forward; however the
double-faced characteristics of hMSCs should
always be kept in consideration.
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Abstract

Recent advances in regenerative medicine and cell-based therapy are
bringing promising perspectives for the use of stem cells in clinical trials.
Stem cells are undifferentiated cells capable of multilineage differentia-
tion and available in numerous sources in the human body. Dental pulp
constitutes an attractive source of these cells since collecting mesenchy-
mal stem cells from this site is a noninvasive procedure which can be done
following a common surgical extraction of supernumerary or wisdom
teeth. Thus tissue sacrifice is very low and several cytotypes can be
obtained owing to these cells’ multipotency, in addition to the fact that
they can be cryopreserved and stored for long periods. Mesenchymal stem
cells have high proliferation rates making them favorable for clinical
application. These multipotent cells present in a biological waste consti-
tute an appropriate support in the management of many neurological
disorders. After a brief overview on the different types of dental stem
cells, this chapter will focus on the characteristics of dental pulp stem
cells, their handling and applications in neural tissue engineering, as well
as neural induction protocols leading to their potential therapeutic use in
the management of neurological diseases.
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Abbreviations

a-MEM Minimum essential medium, alpha
modification

ATRA All-trans retinoic acid

BMMSCs Bone marrow mesenchymal stem
cells

DFPCs Dental follicle progenitor cells

DFSCs Dental follicle stem cells

DMEM Dulbecco’s  modified  Eagle’s
medium

DMSO Dimethyl sulfoxide

DSCs Dental stem cells

ECM Extracellular matrix

EGF Epidermal growth factor

MAP 2 Microtubule-associated protein 2

MSCs Mesenchymal stem cells

NSE Neuron-specific enolase

PDLSCs  Periodontal ligament stem cells

rMSCs Rat bone marrow mesenchymal
stem cells

SCAP Stem cells from apical papilla

SHED Stem cells from human exfoliated
deciduous teeth

TNC Tenascin C

1 Introduction

In recent years, regenerative medicine has
evolved rapidly with the discovery of multiple
sources of mesenchymal stem cells (MSCs)
(Hemmat et al. 2010). After the bone marrow
and the adipose tissue, the oral cavity constitutes
an important source of MSCs that exist in various
areas such as the periodontal ligament, the dental
follicle and mainly the dental pulp (Xiao and
Nasu 2014). Dental stem cells (DSCs) are mainly
characterized by their ease of availability since
they are extracted from erupting primary teeth or
extracted teeth. This makes their isolation much
simpler and less invasive than aspiration of bone
marrow mesenchymal stem cells (BMMSCs), for
instance. Some studies even demonstrated the
DSCs express-specific pluripotency markers
(MYC, SOX2) which are absent in other
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mesenchymal stem cells (Yalvac et al. 2010).
The absence of ethical considerations related to
their use when compared to the use of totipotent
and pluripotent cells and the absence of any
history of cancer formation after their transplan-
tation increase the interest in the DSCs.

The dental pulp constitutes the best source of
oral stem cells. Under specific conditions, dental
pulp stem cells (DPSCs) are capable of
multilineage differentiation, among which is the
neural differentiation (Gronthos et al. 2000).
Extensive research focusing on DPSC-derived
neural lineages showed that these cells have a
characteristic innate neurogenic potential since
they are originally issued from the embryonic
neural crest (La Noce et al. 2014). The ability
of DPSCs to generate neurons and glial cells
makes them an exciting source in the manage-
ment of neurodegenerative diseases. For this
review, the focus is on the DPSCs, their
characteristics, isolation, and their neural induc-
tion protocols.

2 Dental Stem Cells (DSCs)

As previously mentioned, teeth constitute a
promising source of multipotent stem cells. Dif-
ferent populations of MSCs reside in teeth and
they are nominated according to their harvest site
(Racz et al. 2014; Ding et al. 2015). They present
some variations related to their differentiation
potential, cell surface receptors, and proliferative
capacity although they share the same elongated
fibroblast-like morphology that is characteristic
to their mesenchymal character (Ding et al.
2015; Xiao and Nasu 2014; Zhao and Chai
2015). Figure 1 highlights the dental and
associated tissues from which different
populations of DSCs can be isolated.
Several types of DSCs were described.

2.1 Dental Pulp Stem Cells (DPSCs)

DPSCs were initially isolated from wisdom teeth
by Gronthos et al. They were reported to have a
high proliferation capacity and the potential to
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Dental Pulp Stem Cells (DPSCs)

Stem Cell from Apical Papilla (SCAP)

Dental Follicule Stem Cell (DFSCs)

Peridontal Ligament Stem Cells (PDLSCs)

Fig. 1 Tissues of origin of the different populations of
DSCs. DPSCs can be extracted from the inner tooth pulp
of adult molars (green); SHED can be extracted from the
pulp of deciduous exfoliated teeth (yellow); SCAP can

produce mineralized colonies (Gronthos et al.
2002). DPSCs are located in the dental crown,
specifically in the pulp chamber (Baume 1980).
The existing cells belong to heterogeneous
populations of fibroblasts, osteoprogenitors neu-
ral, vascular, and immune cells (Goldberg and
Smith 2004). The dental pulp has a high regener-
ative capacity and helps in the periodontal tissue
repair (Dimitrova-Nakov et al. 2014; About
2013).

2.2 Stem Cells from Human
Exfoliated Deciduous Teeth

(SHED)

These progenitor cells were obtained for the first
time from deciduous incisors in 2003. They
express various embryonic markers (NANOG
and OCT4) and MSCs markers (CD146 and
STRO-1) (Sakai et al. 2012). Interestingly, they
showed higher capability for differentiation and
more proliferation rate than BMMSCs and even
DPSCs. They can differentiate into different cell

be extracted from the apical papilla (orange); PDLSCs
can be extracted from the periodontal ligament (gray);
DFSCs can be extracted from the dental follicle (blue)

types, such as adipocytes, neural cells, and endo-
thelial cells (Tatullo et al. 2015).

23 Periodontal Ligament Stem Cells

(PDLSCs)

PDLSCs present similar characteristics to MSCs
although they are derived from the neural crest
cells (Chai et al. 2000). Those residing in the
perivascular wall have similar cell morphology,
differentiation  potentials, and phenotype
(Iwasaki et al. 2013). They resemble BMMSCs
in their immunomodulatory ability and can dif-
ferentiate into osteoblast, cementoblasts, and
adipocytes (Wada et al. 2009).

24 Stem Cells from Apical Papilla

(SCAP)

During dental root formation, SCAP are isolated
from the apex. They have similar characteristics
to MSCs and can be induced into chondrocytes,
adipocytes, and neurons (Guo et al. 2013).



66

2.5 Dental Follicle Stem Cells

(DFSCs)

During the early stages of tooth formation,
DFSCs are isolated from dental follicle
surrounding tooth germ (Silvério et al. 2012).
The dental follicle is an ectomesenchymal con-
densation of cells. They can differentiate into
neurons, osteoblasts, and chondrocytes (Saito
et al. 2015).

3 Dental Pulp Stem Cells (DPSCs)
3.1 Dental Pulp as a Source
of Multipotent Cells

Teeth are divided into two distinct anatomical
entities, the crown and the root, connected to
the supporting bone by the periodontal ligament.
The crown comprises ameloblasts-generated
enamel and odontoblasts-generated dentin in
addition to the pulp. After tooth eruption, enamel
formation stops occurring naturally due to the
disappearance of ameloblasts from the surface.
On the other hand, odontoblasts, which are pres-
ent inside the pulp facing the dentin’s inner sur-
face, continue to deposit secondary dentin
throughout life. They also form reparative or
tertiary dentin in response to various chemical,
mechanical, or bacterial stimuli. Interestingly,
odontoblasts damage doesn’t prohibit tertiary
dentin formation in the presence of pulpal dis-
ruption. This reparative dentinogenesis was con-
sidered to be orchestrated by newly formed
odontoblasts emerging from the pulp. Such
findings were the starting point to the exploration
of stem cell niches that might exist inside the
dental pulp (Sonoyama et al. 2007).

DPSC were the first type of isolated DSCs
(Gronthos et al. 2000).The pulp is a soft tissue
enclosed within mineralized structures, the
enamel, the dentin, and the cementum (Nanci
2007). It contains blood vessels, lymphatics, con-
nective tissue, neural fibers (Liu et al. 2006), as
well as DPSCs that continuously divide and
undergo differentiation into different cell types
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(Gronthos et al. 2000). Functionally, the pulp
detects unhealthy stimuli and assures the homeo-
stasis of the tooth organ (Nanci 2007). It can be
divided into four different layers. The external
layer contains odontoblasts, the second layer
contains mainly collagen fibers, and the third
layer comprises undifferentiated cells and pro-
genitor cells including the DPSCs. Undifferenti-
ated cells migrate from this layer to various areas
of the body where they can differentiate under
specific conditions and various stimulations to
give rise to specific cells. The deepest layer of
the pulp comprises nerves and blood vessels
(Goldberg and Smith 2004).

Dental pulp tissues from third molars, super-
numerary teeth, or deciduous teeth constitute an
easily accessible origin of MSCs without causing
any morbidity to the patient as these teeth are
often discarded. DPSCs express embryonic
markers of stem cells and display multipotency
markers indicating their possible spontaneous
neural differentiation. They have higher prolifer-
ation rates and are more readily available than
BMMSCs. Their multipotential capability and
their distinct plasticity are not surprising since
these cells come from both mesenchymal and
ectodermic components, and they contain cells
derived from the neural crest (Alge et al. 2010;
D’aquino et al. 2009). The negative immunore-
activity for CD45 antibodies confirms that this
cell line is not hematopoietic (D’aquino et al.
2007).

3.2 Neural Markers Expression by

DPSCs

Foudah et al. confirmed that DPSCs spontane-
ously express the neural markers Nestin, NeuN,
and p-III-tubulin (Foudah et al. 2014). Feng et al.
demonstrated that they spontaneously express
Nestin, B-III-tubulin, tyrosine hydroxylase, and
microtubule-associated protein 2 (MAP2 (Feng
et al. 2013). Govindasamy et al. confirmed that
DPSCs exhibit higher spontaneous expression of
the neural markers than SHED (PAX6 and
Nestin) (Govindasamy et al. 2010). Martens
et al. reported that DPSCs express
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synaptophysin, p-III-tubulin, and S100 protein
with the presence of an eventual positive
immunoreaction for galactocerebroside and
NGF receptor p75 (Martens et al. 2012). Tamaki
et al. confirmed that these undifferentiated mes-
enchymal stem cells exhibit a positive immune
reactivity to antibodies against some neural
markers like neurofilament (NF)-200, Nestin,
and class p-III-tubulin (Tamaki et al. 2013).
Karaoz et al. verified that DPSCs spontaneously
express several neural markers associated with
both neural stem cells and mature neural lineages
of which NES, tenascin C (TNC), GFAP,
connexin-43, MAP2ab, c-FOS, NEF-H, NEF-L
and TUBB3, SOX2, ENO2 (Karaoz et al. 2010).

The amount of serum used in the medium
seems to have an influence on the level of expres-
sion of neural markers in undifferentiated
DPSCs. A high level of Nestin expression and
an absence of f-IlI-tubulin and S100 are
associated with a low serum level of around
2%. However, in high levels of serum of 10%,
Nestin  expression is relatively reduced
(Ranganathan and Lakshminarayanan 2012).

On the other hand, tetrodotoxin, a potent neu-
rotoxin, is quite specific in blocking the sodium
ion channel and therefore the flow of sodium ions
while having no effect on potassium ions. There-
fore it blocks the conduction of nerve impulses
along nerve fibers and axons. The patch-clamp
recording technique detected a voltage-gated
tetrodotoxin-sensitive inward current in undiffer-
entiated DPSCs, which suggests a neural-like
sodium conductance. This finding underlines
the ability of these cells to exhibit some functions
related to mature neurons (Davidson 1994).

4 Handling of Dental Pulp Stem
Cells
4.1 Identification

Several techniques are used to identify adult stem
cells:

— Identifying their specific surface markers
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— Labeling the cells in the living organ with
markers and then determining the
differentiated cell types to which they give
rise

— Removing stem cells from a living animal,
labeling them, and transplanting them into a
different animal to find out if they would
migrate to their original tissue

— Isolating somatic stem cells, culturing them
(adding growth factors, introducing genes)

— Infecting adult stem cells with a virus to iden-
tify them among others

— Testing their clonogenicity which means their
“stemness” capability

4.2 Isolation

The isolation of DPSCs is usually achieved fol-
lowing two methods: the explants method and
the enzymatic digestion of pulp tissue method.
In the first method, the pulp is surgically
removed and the cells are grown from tissue
fragments (Roozafzoon et al. 2015), while in
the second method, collagenase and dispase
digest the dental pulp (Sun et al. 2014;
Paschalidis et al. 2014), after which the cells
are seeded. Cell proliferation is observed and
the MSCs are characterized using flow cytometry
based on staining with specific markers (Raoof
et al. 2014). Furthermore, other studies noted that
the isolation of more immature stem cells
necessitates tissue explants in a multistage pro-
cess in which the progenitor cells are first grown
in culture, then enzymatically digested, followed
by the expansion of isolated cells (Jung et al.
2012).

In the original protocol of DPSC isolation
using impacted wisdom teeth as the harvesting
source (Jung et al. 2012), the pulp was extirpated
from the tooth, then an enzymatic digestion was
performed. The obtained cells formed more
colonies and had a higher rate of proliferation
when compared to BMMSC:s. Since then, numer-
ous studies have explored alternative techniques
and improved methods for isolation and culture
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of DPSCs (Kawashima 2012). Hilkens et al.
(Hilkens et al. 2013) compared the enzymatic
digestion and the cell outgrowth methods of iso-
lation of stem cells from wisdom teeth. Results
revealed no significant difference in differentia-
tion potentials and markers expression. To date, a
specific technique which is superior in terms of
karyotypic stability, proliferative ability, or ther-
apeutic use of DPSCs couldn’t be reached; how-
ever, enzymatic digestion is more frequently
employed than outgrowth explants (Ledesma-
Martinez et al. 2016).

The type of tooth employed as a donor site of
pulp tissue to be isolated was extensively
investigated. Impacted third molars are fre-
quently used, although exfoliated deciduous
teeth are considered another excellent source of
stem cells. Kerkis and Caplan (2012) isolated
three distinct stem cell populations from decidu-
ous teeth pulp. Govindasamy et al. (2011)
reported higher proliferation rates and higher
pluripotent and neuroectodermal markers in the
cells isolated from deciduous teeth when com-
pared to those issued from permanent teeth. Iso-
lation of DPSCs derived from supernumerary
teeth was also reported in the literature (Huang
et al. 2008).

On the other hand, composition of the culture
medium is of particular importance especially

Fig. 2 Expanded cells in
culture at day 15. They are
spindle-shaped and
comprise a homogenous
cell population when
viewed under the phase-
contrast microscope
(400x)

with the increasing tendency for clinical applica-
tion of DPSC technologies (Ferro et al. 2012).
For instance, bovine serum presents an eventual
risk of bovine spongiforme encephalopathy if
used in clinical therapy. In order to reduce this
risk, a chemically defined medium with
decreased levels of human serum can be used
(Lizier et al. 2012).

43 Culture and Expansion

During their initial growth, self-renewal capacity
of MSCs leads to colonies propagating from a
unique cell on a plastic surface. These cells have
an increased potential of expansion; therefore,
the colonies formed in the first culture can be
subcultured by several passages (Bakopoulou
et al. 2011). Studies reported that DPSCs can be
cultured for extended periods of time (6 months)
without affecting their markers, their plasticity,
or their morphology (Suchanek et al. 2010). In
culture, cells were adherent and elongated in
shape, with thin expansions (see Fig. 2). After
reaching the maximum number of passages prior
to entering senescence, these cells still had a
normal karyotype and doubling period at up to
40 doublings. The capacity of DPSCs to be
expanded to high numbers suggests an important
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advantage for the use of these cells in several
therapeutic applications (Laino et al. 2005).

Stem cells are seeded in specific conditions
for the purpose of inducing their differentiation
into the desired cell type. Growth factors, cell
adhesion molecules, and other molecular signals
are involved in the initiation and the supporting
of the differentiation process.

4.4 Cryopreservation

Cryopreservation allows teeth banking and stor-
age of DPSCs for future use. Cryopreserving
cells for clinical use is a very important idea to
consider. Studies showed no changes in markers
and cell viability when using controlled cooling
rates for cryopreservation (Lee et al. 2011). The
use of liquid nitrogen allows cells to be cooled.
Freezing in the presence of cryopreservative,
such as dimethyl sulfoxide (DMSO), is required
to inhibit the ice formation inside and around the
cells and to prevent cell dehydration that would
naturally lead to cell damage and death.

5 In Vitro Applications of DPSCs
in Neural Tissue Engineering

5.1 Regulation of Differentiation

DPSCs exhibit a transcriptional change giving
rise to progenitor cells without any obvious
changes in self-renewal ability. This progression
is the first step in the commitment process. At
this stage, the progenitor cell has a more limited
developmental program. The exit of tooth-
derived MSCs from stemness into commitment
occurs when the progenitor cell continues its
division and acquires distinguishable features of
fully committed mature cells with characteristic
phenotypes. The differentiation of tooth-derived
MSCs and their commitment to mature cell
types, for example, neurons, is a well-established
process that involves influence of chemical
stimuli (forskolin, B-mercaptoethanol) and the
activities of cytokines, transcription factors,
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extracellular matrix molecules,
factors (Doi et al. 2004).

and growth

5.2 Role of Chemicals

5.2.1 All-Trans Retinoic Acid (ATRA)
ATRA is a preinduction agent used before
adding growth factors and a potent differentia-
tion agent in various cells such as neuronal cells.
It induces pluripotent cells differentiation into
specific lineages among which are neural cell
types in a time- and concentration-dependent
manner (Kadar et al. 2009).

5.2.2 Dimethyl Sulfoxide (DMSO)

DMSO is a cell-differentiating agent and cryo-
protectant. It is also used in the management of
brain edema, amyloidosis, and schizophrenia
(Santos et al. 2003). DMSO has a major role in
the neural differentiation of stem cells, although
the mechanism is still unknown. Compared to
ATRA, DMSO has lower price and faster action;
thus it is recommended as a preinduction factor
for the neural differentiation of DPSCs.

Role of the Extracellular Matrix
(ECM)
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Differentiation is a well-controlled process
highly influenced by the interaction between the
cell and its microenvironment. This interaction
constitutes the main element that will help con-
serve the stability of commitment genes. The
ECM is in the heart of the cell microenviron-
ment. Its main components are proteoglycans,
glycosaminoglycans, and glycoproteins (Blau
and Baltimore 1991). One type of interaction
between ECM and growth factors is the binding
of the basic amino acids of growth factors to
heparan sulfate, the negatively charged chain of
proteoglycans. Another example of interactions
is the important role played by growth factors to
regulate the production of the matrix proteins and
their respective receptors leading to an
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appropriate  gene  expression  regulation
(Frescaline et al. 2013).

5.4 Role of Growth Factors
Neurotrophins have an important role in

stimulating stem cell neural differentiation. It is
therefore necessary to assess the specific role of
each of these factors. Stable neural differentia-
tion of stem cells can be achieved by combining
chemicals with some growth factors, including
NGF, bFGF, PDGF, and BDNF. Osathanon et al.
investigated the possible implication of Notch
signaling during DPSC neural differentiation
induced by growth factor protocol (Osathanon
et al. 2014). The authors detected a remarkable
increase in mRNA expression level of Notch
signaling target gene, HEYI, in growth factor-
induced DPSC-derived neuronal-like cells. In
fact, it was previously demonstrated that Notch
signaling target genes, HEY family, regulates
neural differentiation (Jalali et al. 2011;
Mukhopadhyay et al. 2009). In addition, Notch
signaling was found to be involved in neurogenic
differentiation of PDLSCs (Osathanon et al.
2013). Furthermore, it was found that transfec-
tion with Notch intracellular domain and
subsequent neurotrophic factors administration
was associated with differentiation of mesenchy-
mal stromal cells into neuronal cells (Dezawa
et al. 2004). Therefore, current evidence implies
the participation of Notch signaling pathway in
growth factor-derived DPSC neural differentia-
tion; however, further studies are warranted to
elucidate the molecular mechanism of Notch sig-
naling which regulates DPSC fate determination
and neurogenic commitment.

We will briefly discuss the characteristics of
the neurotrophins.

NGF is an influential factor and has a major role
in the development and preservation of the sen-
sory and sympathetic nervous systems. It
promotes in vivo and in vitro neurites outgrowth,
as well as nerve cell recovery following surgical,
ischemic, or chemical injuries. By supporting
survival and growth of neural cells, it is able to
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promote neural differentiation and regulate cell
growth. In clinical therapy, NGF exhibits the
ability to heal nerve injury. It has an
antiapoptotic role in premature neurons and
protects axons and myelin from inflammatory
damage in order to modulate the immune system.
NGF was also found to induce BMMSC differ-
entiation into neural cells, through the generation
of neuropeptide signals and receptors. Therefore,
NGF is essential for stem cell neural differentia-
tion, and eventually, it could help in treating
injured nerves (Aloe et al. 2015; Hu et al. 2016).

bFGF mediates cell proliferation and mitosis
and intensifies spinal cord repair and neuronal
axon regeneration via the expression of nerve-
specific proteins. It is expressed in both embry-
onic and adult central and peripheral nervous
systems, promotes sympathetic and parasympa-
thetic nervous axon growth, maintains neuronal
cell survival, and induces damaged nerve repair
and neurites outgrowth. Moreover, bFGF can
promote differentiation of adrenal pheochromo-
cytoma cells-12. It is a potent growth factor in
the neural differentiation of DPSCs by DPSCs-
stimulating  colony-forming units and
upregulation of embryonic stem cell markers
Oct4, Nanog, and Rex-1. Increased DPSC
neurosphere size and upregulation of neurogenic
markers were seen in the presence of bFGF. Hu
et al. showed that pretreatment with bFGF
promotes neural specification (Hu et al. 2016).

PDGF-BB is an important mitogen for connec-
tive tissue cells and is implicated in hyperplasia
and embryonic neuron development. PDGF
promotes stem cell proliferation and protects
them against senescence, apoptosis, and immu-
nomodulatory defects (Hata et al. 2010).

BDNF promotes neuronal differentiation, sur-
vival during early development, neural plasticity,
and adult neurogenesis. It stimulates and controls
oligodendrocyte progenitor cells development
in vitro and in vivo (Tsiperson et al. 2015). This
signaling molecule regulates neuronal plasticity,
proliferation, cell growth, and survival. The
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combination of stem cells with BDNF promotes
differentiation of primitive cells originating from
the bone marrow into the glial lineage. Park et al.
used a retroviral vector carrying rats’ BDNF
cDNA to transduce rat bone marrow mesenchy-
mal stem cells (rMSCs). Following their
intravitreal or subretinal injection, these tMSCs
were incorporated into the retina, with further
production of BDNF (Park et al. 2012).

6 DPSCs: Overview of Protocols
for Neural Induction
6.1 Preinduction
DPSCs vary in their differentiation potential. For
instance, subpopulations that express the p75
neurotrophin receptor are considered to have
superior neural differentiation ability (Dai et al.
2013). To date, a wide variety of protocols lead-
ing to in vitro neural differentiation of DPSCs are
described in the literature. Many variations exist
among these protocols related to the culture
medium (basal medium, growth factors, and
supplements) but also to the employed surface
coating, the culture duration, as well as the exis-
tence of a single or multiple culture stages.
Spontaneous neural induction demonstrated
by the expression of neural markers was reported
in the literature (Gervois et al. 2015; Osathanon
et al. 2014). Xiao et al. found that DPSCs
cultured in suspension under serum-free
conditions could spontaneously differentiate
into the neural cells (Xiao and Tsutsui 2013).

6.2 Multistage Culture

Currently, in vitro DPSC neurogenic induction
protocols are shifting toward multistage and
more complex culture protocols. These are con-
sidered to more accurately reproduce the
dynamic environment of DPSC niche during
neural differentiation.  Pretreatment  with
f-mercaptoethanol was shown to enhance neural
progenitors’ survival in addition to promoting
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Nestin expression as shown by Ni et al.
(Ni et al. 2001). Lu et al. noted that a 5-h expo-
sure to B-mercaptoethanol (5 mM of concentra-
tion) led to the expression of neuron-specific
enolase (NSE) and NF-200 by multipotent
adipose-derived cells (Lu et al. 2012).
5-azacytidine is a demethylation agent that
would consequently erase the epigenetic memory
and make DPSCs more pliable to neural lineage
differentiation. This agent was also used for the
stem cells’ preinduction treatment before their
exposition to neural cultures (Kiraly et al. 2011).

6.3 Surface Coating

The use of surface coating for cell culture is
another variable in the in vitro protocols, and it
has an important influence on the neurogenic
outcome. The culture of neurosphere suspension
occurs in nonadherent culture dishes (Gervois
et al. 2015). However, most of the adherent cul-
ture occurs on bare tissue culture-treated polysty-
rene (TCPS). A considerable number of studies
reported the culture of DPSCs on different sur-
face coatings such as polyornithine with laminin
(Gervois et al. 2015), collagen type IV (Gervois
et al. 2015; Lu et al. 2012) and collagen type I
(Van Kooten et al. 2004), and chitosan
(Osathanon et al. 2014).

Importantly, these surface coatings were cho-
sen for DPSC neural induction based on trial and
error of commonly utilized surface coatings for
cell culture (Feng et al. 2014). To date, there is no
systematic comparison of the various surface
coatings used for the neural induction of DPSCs.

6.4 Culture Medium (Basal Medium,
Growth Factors, Culture
Supplements, and Small

Molecules)

The great majority of studies used either
Dulbecco’s  modified  Eagle’s  medium
(DMEM)/F12 medium or the neurobasal
medium. Few studies used the Eagle’s minimum
essential medium, alpha modification (a-MEM).
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Brewer et al. (Brewer et al. 1993) developed the
neurobasal medium. Its formulation was
optimized for the survival of in vitro cultured
neural cell types. This improvement is best
exemplified by its lower osmolarity compared
to DMEM and the decrease of glutamine and
cysteine concentrations in addition to the
removal of toxic ferrous sulfate present in
DMEM/F12. An extensive variation exists
among the growth factors utilized in the neuro-
genic induction culture medium. The basic fibro-
blast growth factor (bFGF) and the epidermal
growth factor (EGF) are the two most commonly
supplemented growth factors. Research has
shown that both bFGF and EGF are potent in
stimulating the proliferation of neural stem cells
(Santa-Olalla and Covarrubias 1995). The
concentrations of bFGF and EGF used for
DPSC neurogenic differentiation range from
10 to 50 mg/ml. The last component of the neural
induction medium includes a large diversity of
small molecules. They include small molecules
without any neural inductive effects such as

antibiotics (penicillin, streptomycin),
antimycotics ~ (amphotericin ~ B),  energy
supplements  (I-glutamine), forskolin, and
vitamins such as ascorbic acid. Many

combinations of these molecules were utilized
in the various published neural inductive
protocols of DPSCs, although the optimal com-
bination for inducing neurogenesis is still cur-
rently unclear (Kim et al. 2011).

7 Conclusion

The concluding remarks, conceived after a thor-
ough review of published literature, point to an
important role for DPSCs in neurogenesis and
the advancement of regenerative medicine. The
selection of appropriate healthy teeth extracted
from young patients with a good medical history,
the adoption of ameliorated techniques of stem
cell isolation and culture, as well as the employ-
ment of the best neural induction protocols con-
stitute the mainstay of a very promising
revolution in this field. However, the long-term
side effects associated with the use of DPSCs and

I. Mortada et al.

their potential to transform into tumors over time
have not been sufficiently studied thus far. More
studies are warranted to clarify possible long-
term risks related to the use of these cells, as
well as their interactions with the immune system
of the host.
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Spermatogonial Stem Cells, Adult Germ
Stem Cells, and Oocytes
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Abstract

The mammalian germ cells, cell assemblies, tissues, and organs during
development and maturation have been extensively studied at the tissue
level. However, to investigate and understand the fundamental insights at
the molecular basis of germ and stem cells, their cell fate plasticity, and
determination, it is of most importance to analyze at the large scale on the
single-cell level through different biological windows. Here, modern
molecular techniques optimized for single-cell analysis, including single
fluorescence-activated cell sorting (FACS) and single-cell RNA sequenc-
ing (scRNA-seq) or microfluidic high-throughput quantitative real-time
polymerase chain reaction (QRT-PCR) for single-cell gene expression and
liquid chromatography coupled to tandem mass spectrometry
(LC-MSMS) for protein profiling, have been established and are still

getting optimized.

This review aims on describing and discussing recent single-cell
expression profiling and proteomics of different types of human germ
cells, including primordial germ cells (PGCs), spermatogonial stem cells
(SSCs), human adult germ stem cells (haGSCs), and oocytes.
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Abbreviations

FACS Fluorescence-activated cell sorting
haGSC Human adult germ stem cell

hESC Human embryonic stem cells

hFib Human fibroblast

hPSC Human pluripotent stem cell

hSSC Human spermatogonial stem cell
LC- Liquid chromatography mass
MSMS spectrometry

MACS Magnetic activated cell sorting
MSCs Mesenchymal stem cells

hPGC Human primordial germ cell

gqRT- Quantitative real-time polymerase
PCR chain reaction

scRNA-  Single-cell RNA sequencing

seq

hSSC Human spermatogonial stem cell

1 Introduction into Single-Cell

Analysis

The biology of single cells and its variability can
be examined with advanced technologies in cell
sciences like the newly developed single-cell
genomic and proteomic platforms (Huang et al.
2015). They can be employed for genome-wide
scale analyses that link pheno- and genotypes at
cellular and subcellular levels at different cell
biological stages or conditions (Gerovska and
Arauzo-Bravo 2016; Grindberg et al. 2013;
Nakamura et al. 2015; Saliba et al. 2014; Shapiro
et al. 2013; Tang et al. 2011). Based on single-
cell transcriptional profiling and characteriza-
tion, cells can not only be utilized to display
accurate images of cellular stages but also for
bulk studies of embryogenesis, maturation, and
pathological conditions or regeneration.
Important information can be achieved by
single-cell transcriptomic and proteomic analysis
concerning cell populations and their variability,
for example, uniform gene expressions in one
population or high variability and its dynamic
variations with time. The analysis of a cell pool
or tissue versus single cells provides only
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average expression values, while certain impor-
tant information on variability and differential
cell regulation is completely lost. Since all cell
systems are built up of cellular heterogeneity
with diverging expression profiles and weak and
strong signals, and even more in in vivo systems,
the development of techniques to study heteroge-
neity mechanisms is essential. Single-cell analy-
sis can be justified, when there are
heterogeneities, except strong signals outstand
over background noise. Thus, various
bifurcations and stable points could be found.
Bulk data for finding weak signals are also sub-
ject to masking effects, which are related to the
timing of the event provoking signals. At the
beginning of certain processes, often weak
signals that are permanently amended during
these progresses are sent out by single cells.
Studying bulk samples for the examination of a
dynamic event, its regulation on the
transcriptomic and proteomic level might not be
found, since it requires a sufficient amplitude
differing from the background. Contradictory, a
sooner discovery of an event could be achieved
when utilizing single-cell measurements in a
related context, because the background does
not mask weaker event-related signals.

In recent times, scRNAseq and computational
analysis tools gave access to the whole
transcriptome and thus supply a useful tool for
research studies to investigate transcription
factors more consistently (Tanay and Regev
2017; Wagner et al. 2016). Due to single-cell
technology in particular, developmental and
germ cell biologists can now perform
non-masked and concomitant assays of cell
stage, lineage relationships, and genes
controlling the underlying processes. Various
factors influence the characteristics of each cell
stage. While several factors are only temporary,
like those during the cell cycle stages, others
have long-lasting responsibilities, like transcrip-
tion factor networks and signaling cascades in
stem cell development (Graf and Enver 2009;
Novershtern et al. 2011).

Consequently, the important questions can be
raised in which temporary, long-lasting, or final
cell stages are processes of interest. The



Single-Cell Expression Profiling and Proteomics of Primordial Germ Cells. . . 79

transitional phases between those stages should
be examined, as well as the factors that trigger
these passages.

In accordance with former studies about cell
differentiation, single-cell analysis results also
demonstrate that the quiescence of specific tran-
scription factors is triggered selectively (Graf
and Enver 2009; Novershtern et al. 2011). More-
over, it is reported that in the developmental
stage, a ‘“single-pulse” pattern can be found in
transcriptional profiles (Yosef and Regev 2011).

Single-cell studies on different stages of
embryonic development provided insight in tran-
scription factor networks involved in develop-
ment and differentiation (Choi et al. 2012;
Giritharan et al. 2010; Maekawa et al. 2007). In
mouse embryos, nine cell stages were detected
by Jang et al. when employing this method. They
first examined ESCs during differentiation into
progenitor cells for various germ layers, and,
second, they arranged the determined nine stages
in a lineage tree (Jang et al. 2017). The research
followed the task to examine the system for
influence of transcriptional regulation on the
development of cells. The employed flow
cytometry and live-cell microscopy, to observe
several biomarkers for cells stages, revealed the
relative stability of cell stages, whereas the pas-
sage from one stage to another took place rather
quickly. This outcome was the cause to concen-
trate more on cell stages than on their passages.
Specifically, Jang et al. investigated thoroughly
for interdependencies between certain transcrip-
tion factors that could adjust into several stages
of stability, which again could depict a certain
cell stage (Huang et al. 2009). They projected
and proved that, during the epiblast-like stage,
the Oct4 expression is strongly influenced by
Sox2 overexpression, whereas during the embry-
onic stem cell-like stage, it is less affected.

Insights into the single-cell chromatin stage
were quite helpful for the categorization into
cell stages and for the identification of highly
active transcription factors (Tanay and Regev
2017; Wagner et al. 2016). The transition
between different cell stages can be directly
monitored by lineage tracking technologies
(Woodworth et al. 2017).

The self-renewing, pluripotent and lineage
primed stages of human pluripotent stem cells
(hPSCs) are clearly characterized by single-cell
expression profiles (Hough et al. 2014). For a
clear distinction on the single-cell level, these
cell subpopulations need to be analyzed via
single-cell gene expression by Quantitative real-
time polymerase chain reaction (QRT-PCR) with
Fluidigm microfluidics system. This system
provided a practicable solution for parallel high-
throughput analysis in nanoliter volume wells.
Growth factors and their receptors and transcrip-
tion factors were encoded by the examined gene
panel, which all played a role in pluripotency
maintenance; this gene roster also contained tran-
scription factors that trigger an early specification
into somatic and extraembryonic lineages. The
surface antigen expression clarified the single-
cell gene expression analysis in cell subsets,
which made obvious that hESC cultures abound
as constant cell stages, actually under certain
conditions inducing self-renewal. Canonical
pluripotency transcription factors were expressed
by large population parts, which could also trans-
form into derivatives of all three germ layers.
Smaller cell subpopulation parts were highly capa-
ble of self-renewing, as they continually showed
no lineage priming and high transcripts of all
examined pluripotency-related genes. The
findings of Hough et al. suggest an inherent het-
erogeneity of pluripotent cells, which can readily
become specified into extraembryonic or somatic
lineages. Although epigenetic or genetic factors
induce sustained self-renewal and repress differen-
tiation, hPSCs can only depart from the
pluripotency state undergoing successions of inter-
mediary stages with the specific characteristic of
lineage priming, instead of transforming to a new
cell stage by quantum transition. These outcomes
signal as well the difficulty of distinguishing naive
or primed pluripotency stages solely based on
population data (Hough et al. 2014).

1.1 Human Primordial Germ Cells

In 2015, Guo et al. analyzed for the first time the
transcriptome and DNA methylome landscapes
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of hPGC:s at a single-cell and single-base resolu-
tion (Guo et al. 2015). The single-cell sequencing
analysis displayed that specific transcription
patterns were displayed by PGCs that include a
synchronous expression of pluripotency genes as
well as germline-specific genes, while a subset of
them showed characteristics that were specific
for their developmental stage. The single-cell
transcriptomes of hPGCs were relatively homog-
enous between the migrating and gonadal stage.
But it became obvious that individual female
PGCs exhibited strong heterogeneous gene
expression patterns, which were not observed
before. An interesting observation was also
made in so far that hPGCs were found with
strong enrichment of the base excision repair
pathway, which is a part of the local DNA meth-
ylation processing PGCs (Ooi and Bestor 2008).
Moreover, by examining the DNA methylome
of hPGCs in parallel, Guo et al. reported a
global demethylation of their genomes. About
10-11 weeks of post-gestation, the PGCs have
almost no DNA methylation; the median methyl-
ation levels in male and female PGCs were only
7.8% and 6.0%, respectively. Thus, Guo et al.
made it feasible to decipher the complex epige-
netic germline reprogramming in order to restore
the totipotency in fertilized oocytes. The expres-
sion of CD117 (also known as KIT) by human
gonadal PGCs in general has been demonstrated
at the surface area of the cell, although hPGCs do
not express SOX2 (Perrett et al. 2008; Robinson
et al. 2001). Lately, FACS was employed to iso-
late human PGCs in the gonads, so that their
transcriptome at the 16-week gestation stage
could be analyzed (Gkountela et al. 2013).
Pluripotency marker genes such as POUSF1
(also known as OCT4), NANOG (Nanog homeo-
box), ZFP42 (also known as REX1), DPPA3 (also
known as STELLA), SALLA4 (spalt like transcrip-
tion factor 4), and LIN28A (lin-28 homolog A)
were clearly expressed by human mitotic PGCs.
However, they did not express SOX2 (SRY (sex
determining region Y)-box 2), as previously
reported (Hayashi et al. 2011; Magnusdottir
et al. 2013; Ohinata et al. 2009). The germline-
specific marker genes like KIT, ALPL (also
known as TNAP), TFAP2C (also known as
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AP2g), DNDI (DND microRNA-mediated
repression inhibitor 1), NANOS3 (nanos C2HC-
type zinc finger 3), and TCL1A (T-cell leukemia/
lymphoma 1A) were also expressed by hPGCs.
Recently, Li et al. (2017) tried to identify the
developmental trajectories and heterogeneity of
fetal female germ cells (Li et al. 2017). The
authors conducted scRNA-seq analysis of more
than 2000 germ cells and their gonadal niche
cells at several developmental stages. The main
observations from this study include the descrip-
tion of distinct transcriptomic profiles of tran-
scription factor networks at the different
developmental stages. The single-cell expression
profiling showed that female embryos contain at
least four stages of fetal germ cells. Further, it
could be observed that bidirectional bone mor-
phogenetic protein (BMP) and notch signaling is
present between female germ cells and their
niche. This work presents a detailed roadmap
for human germ cell development, which
provides a guideline for the production of female
germ cells from PSCs in vitro, and also helps to
understand germ cell-related diseases.

1.2 Human Spermatogonial Stem

Cells

von Kopylow et al. (2016) reported of the isola-
tion and quantitative real-time PCR gene expres-
sion analysis of single potential human
spermatogonial stem cells (hSSCs), which were
defined by the combined expression of the cell
surface protein fibroblast growth factor receptor
3 (FGFR3), a human undifferentiated type A
spermatogonia marker, as well as the undifferen-
tiated embryonic cell transcription factor
1 (UTF1), a spermatogonial nuclear marker
(Kooistra et al. 2009; Kristensen et al. 2008;
Okuda et al. 1998; Valli et al. 2014; von
Kopylow et al. 2010). From 37 patients with
full spermatogenesis and three patients with mei-
otic arrest, von Kopylow et al. utilized two 30 mg
biopsies per patient to specifically select the
FGFR3-positive spermatogonial subpopulation.
In more detail, cell selection with magnetic
beads in combination with a fluorescence-
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activated cell sorter antibody directed against
human FGFR3 was applied to mark and visually
detect the human FGFR3-positive spermato-
gonia. In a next step a micromanipulator was
used to pick positively selected and bead-labeled
cells and to avoid the contamination with more
differentiated spermatogonia and of surrounding
somatic cells. von Kopylow et al. found that the
FGFR3 expression in the human testis is limited
to a small subpopulation of nonproliferating,
non-differentiating type A spermatogonia,
which accumulate only in small cell clusters of
two or four cells (von Kopylow et al. 2012a, b)
and co-express FGFR3 and UTF1.

In conclusion, the authors consider that a sub-
classification of stemness based on transcript
abundance is caused by the transcriptional het-
erogeneity of the SSC population. Thus, the
development of new isolation protocols for
selecting hSSCs, which show a high expression
of specific stem cell markers found in the mem-
brane, is of utmost importance.

Neuhaus et al. reported of single-cell gene
expression analysis with RT-PCR that revealed
diversity among human spermatogonia (Neuhaus
et al. 2017). Further two single OCT4 positive
cells from a patient with qualitatively normal
spermatogenesis were selected for shallow
RNA-seq.

Contrary to expectations, there were hetero-
geneous expression profiles found in the single-
cell expression data from the patients with arrest
of spermatogenesis (20 cells). Moreover, patients
with normal spermatogenesis showed heteroge-
neous expression patterns of known undifferenti-
ated as well as differentiated marker genes
(OCT4, UTF1, and MAGE (MAGE family mem-
ber A3) A4). The differentiated marker genes
BOLL (boule homolog, RNA binding protein)
and PRM2 (protamine 2) were found in each
spermatogonia cluster (13 clusters with
85 cells). It was demonstrated that selected can-
didate markers (DDXS5 (DEAD-box helicase 5),
TSPY1 (testis specific protein, Y-linked 1),
EEF1A1 (eukaryotic translation elongation fac-
tor 1 alpha 1), and NGN3 (neurogenin 3)) that are
characteristic for spermatogonia have a hetero-
geneous protein expression. The BOLL and

PRM2 expression was missing in the single-cell
data from patients with arrest of spermatogene-
sis. The histological findings also conformed the
lack of meiotic cells displayed (Grassetti et al.
2012; Luetjens et al. 2004).

Out of 105 selected cells that were analyzed
for single-cell qRT-PCR expression, 101 cells
displayed germ cell marker expression. Addi-
tionally, highly expressed spermatogonial
markers could be identified by RNA-seq analysis
of two individual cells, although a high hetero-
geneity of spermatogonia at the RNA and the
protein level could be detected, instead of finding
a specific molecular fingerprint.

Intriguingly, out of 105 single analyzed cells,
only two (1.9%) expressed OCT4 in combination
with germ cell-specific marker genes. The
RNA-seq data generated from these two cells
could not be used to compare differential gene
expression from cell to cell, as coverage of the
whole transcriptome was too low. However, the
authors concluded that the OCT4 expression at
the RNA level could prove distinct undifferenti-
ated germ cell features, although they did not use
primers for the stem cell-specific OCT4a. The
authors did also not analyze OCT4 with antibody
staining at the protein level, probably due to low
abundance of the OCT4 protein in single human
cells.

In many cases, Neuhaus et al. (2017) observed
that cells with a differentiated profile expressed
the meiotic and spermatid marker genes BOLL
and PRM2, which is a characteristic of germ cell
clusters, also expressed undifferentiated marker
genes. Moreover, the expression variance of
diverse cells from the same patient was higher
than that of cells from different individual
patients (Neuhaus et al. 2017).

In a recent study with neonatal mice,
Hermann et al. also proved the transcriptional
heterogeneity of spermatogonia (Hermann et al.
2015). Here, the microfluidic Fluidigm system
for sc qRT-PCR analysis was utilized to examine
172 genes in spermatogonia and displayed pres-
ent spermatogonia subtypes that also might func-
tion specifically (Hermann et al. 2015).

It is feasible that technical progress in the area
of single-cell transcriptional analyses (Grindberg
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et al. 2013; Saliba et al. 2014) one day enables
the identification of SSC markers yet unknown.
On top of that, this approach could assist to
expose the differential gene expression patterns
involved with the symmetric or asymmetric
divisions of human spermatogonia and moreover
evaluate the cell response on characteristic
growth factors or culture conditions in general.
It is most important to define specific features of
the hSSC system, thus determining further steps
to find out the necessary conditions for efficient
hSSC culture and in vitro spermatogenesis.
Moreover, the underlying molecular mechanisms
causing male infertility could be analyzed by
single-cell approaches.

The reported snapshots from the studies of
Kopylow et al. (2016) and Neuhaus et al.
(2017) display the heterogeneity of human
spermatogonia at the RNA and protein levels.
For further analysis of the functional meaning
of this heterogeneity and the stem cell
populations’ dynamics, it is necessary to design
new approaches to simplify a repeated individual
cell analysis. These outcomes imply that hetero-
geneous expression profiles could be a specific
key for human spermatogonia, and they support
the idea of a model heterogeneous stem cell
population. Prospective research studies with fer-
tile and infertile patients will help to evaluate the
dynamics of spermatogonial populations.

1.3 Human Adult Germ Stem Cells

haGSCs and haGSC colonies that are developing
out of CD49f magnetic activated cell sorting
(MACS)- and the -collagen-/laminin-binding
matrix-selected fraction of enriched human
adult spermatogonia were examined and reported
by Conrad et al. (Conrad et al. 2016). In this
research, a Fluidigm BioMark system for
single-cell transcriptional profiling of long-term
haGSCs was employed. When comparing human
embryonic stem cells (hESCs) and human fibro-
blast cells (hFibs), hESCs showed their charac-
teristic pluripotency profile. In contrast to hFibs,
haGSCs revealed a characteristic germ- and
pluripotency-associated gene expression profile.
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Genome-wide comparisons with microarray
analysis revealed that haGSC colonies provide a
heterogeneous gene expression and pluripotency
profile and are in a greater or lesser extent
unequal. Findings proved that in vitro, haGSCs
have a particular molecular gene expression
profile and are adult stem cells. Although they
occur similar to genuine PSCs, they are not
equivalent. At the molecular level, which reflects
the cell plasticity and differentiation of haGSC
colonies, they maintain their partial stage of
pluripotency.

Single-cell expression profiling demonstrated
that haGSCs are a heterogeneous cell population
distinguishable from somatic cells such as hFibs
or mesenchymal stem cells (MSCs), which do
not display the typical germ and pluripotency
expression. During cell culture, haGSCs were
selected from matrix-selected spermatogonia
and the enhanced CD49f MACS population.
haGSCs can never be selected from patients
without spermatogonia, like those suffering
from sertoli-cell-only syndrome. In recurring
experiments with sertoli-cell-only syndrome
patients, the generation of haGSC colonies was
virtually impossible. Due to the similar features
of haGSC colonies and early hESC colonies, it
was not difficult to find the morphological
differences in haGSC colonies which typify a
pivotal cluster with overgrowing epithelial
cells. In primary cultures, first small haGSC
colonies and islands developed 4-6 weeks after
culturing enriched spermatogonia in hGSC
mediums. Succeeding, denser haGSC
aggregations were manually selected for further
propagation and characterization. Characteristic
for haGSC colonies was their surrounding of
inner colony parts and exuberant epithelial
cells that were close to early hESC colonies.
Single-cell Fluidigm analysis revealed the sub-
stantial contrast between haGSCs and hFibs,
regarding the germ cell- and pluripotency-
associated gene expression. Merely in a few
outliner hESCs and haGSCs, prevalent properties
of hFibs could be detected; however, most of
them had not many resemblances. Comparing
hESC with haGSC showed an enhanced expres-
sion of pluripotency-related genes, like SOX2,
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NANOG, LIN28, LIN28B, GDF3 (growth differ-
entiation factor 3), CDHI1 (cadherin 1), OCT4a,
TDGF]1 (teratocarcinoma-derived growth factor
1), and UTFI1, by hESCs. Simultaneously, the
expression of the germ cell-related genes CD9
(CD9 molecule), GFRA1 (GDNF family recep-
tor alpha 1), NANOS1, STAT3 (signal trans-
ducer and activator of transcription 3), TSPYL,
ADGRA3 (adhesion G protein-coupled receptor
A3), and MYC (MYC proto-oncogene, bHLH
transcription factor) by haGSCs was higher. The
assessment of all haGSCs showed a similar pro-
file with decreased expression levels, which
means that haGSCs  expressed  basic
pluripotency-related genes including OCT4a,
NANOG, SOX2, and LIN28. In some measures,
these genes still sustained their germ cell-related
gene expression profile. The core pluripotency-
related genes were less expressed in haGSCs as
against hESCs, but they were substantially higher
as against hFibs. Colonies proved to be heteroge-
neous and had similar properties like an ESC-like
pluripotency stage. Moreover, in a microarray
study, haGSC colonies were quite heterogeneous
in their genes associated with expression of germ
and pluripotency. As proven by Mizrak et al.
(Mizrak et al. 2010), Chikovskaya et al.
(Chikhovskaya et al. 2012), and Gonzalez et al.
(Gonzalez et al. 2009), the separation of different
testicular stem cell populations from tissue and
their culture in vitro was practicable. Eventually,
the existence of various stem cell types in adult
human testicles is feasible.

In future single-cell studies with haGSCs, it
may be interesting to analyze the release of the
molecular block that inhibits haGSCs from fully
converting to molecular PSCs in order to
advance culture conditions.

1.4 Single-Cell Analysis of Human

Oocytes

Our initial work about single human oocyte
expression profiling with the BioMark scRT-
PCR system (Fluidigm) demonstrated the capac-
ity of this methodology to practice quantitative

single-cell analyses with various genes being
analyzed simultaneously (Virant-Klun et al.
2013). In the preceding study, Virant-Klun et al.
analyzed 19 single human oocytes at various
maturation stages (6 germinal vesicle (GV), 4
metaphase I (MI), 5 in vitro matured (IVM),
and 4 mature metaphase II (MII) oocytes). After
the pre-amplification procedure, the Fluidigm
system was employed to analyze 56 genes related
to PSCs and oocytes. The outcomes
demonstrated that a small amount of only three
outstanding oocytes (two immature MI oocytes
and one in vitro matured oocyte IVM) were dis-
tinguishable from other oocytes at the molecular
level. The heat map, the hierarchical clusters, and
the principal component analysis showed that
they did not cluster with other oocytes. No statis-
tical differences in gene expression could be
detected among them. Nevertheless, Virant-
Klun et al. implied that large amounts of single
oocytes at respective maturation stages would
have to be analyzed in order to apply this meth-
odology in the future.

Liu et al. (2016) provided a single-cell analy-
sis in transcriptomic profiles of human oocytes
and cumulus cells from different stages of oocyte
development, including immature GV, MI, and
MII cell stage from polycystic ovary syndrome
(PCOS) patients. Transcriptional gene expres-
sion of oocytes and cumulus cells was deter-
mined via RNA sequencing. The authors could
demonstrate that the sensitivity of the RNA
sequencing technique is higher as it covered
more data than conventional microarray
methods. Different stages of oocytes, cumulus
cells (CCs), and other heterogeneous single
cells could be distinguished via single-cell RNA
sequencing (Liu et al. 2016).

It has been observed that during assisted
reproductive techniques, PCOS patients show
higher amounts of proliferation and fertilization
than those of non-PCOS patients and they pro-
duced the same amount of high-quality embryos,
but the molecular basis was unclear.

Comprising, the meiosis maturation of PCOS
oocytes is dysfunctional, as well as their gap
junction, hormone response, DNA damaging,
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and secreted factors in the early GV phase. Thus,
oocyte meiosis at the GV stage is delayed by
malfunctioning genes, which may also hinder
the fertilization and other processes. Possible
causes for PCOS oocytes and CCs disorder at
early stages could be identified after examining
differentially expressed genes such as PPP2R1A
(protein phosphatase 2 scaffold subunit Aalpha),
PDGFRA (platelet derived growth factor recep-
tor alpha), EGFR (epidermal growth factor
receptor), GJA1 (gap junction protein alpha 1),
PTGS2 (prostaglandin-endoperoxide synthase
2), TNFAIP6 (TNF alpha induced protein 6),
TGF-B1 (latent transforming growth factor beta
binding protein 1), CAV1 (caveolin 1), INHBB
(inhibin beta B subunit), and others.

However, at MII stage induced by assisted
reproductive techniques, these genes were nor-
mally expressed. These findings suggest that the
quality of cumulus-oocyte complex (COC) can
be enhanced by assisted reproductive techniques,
which also augment fertilization and prolifera-
tion ratios in PCOS women.

In an attempt to better comprehend the com-
position and diversity of the proteome in the
course of human oocyte maturation, Virant-
Klun et al. (Virant-Klun et al. 2016) were able
to generate initial proteome and also secretome
maps of single human oocytes. In an initial
attempt to establish the methodological platform
for the single oocyte proteomic analysis, they
employed a new serum-free hanging drop culture
system to collect first 100 oocytes and finally
detected 2.154 different proteins in this pooled
cell population. Examining these proteins
revealed that oocytes are mostly resting cells; it
was suggested that their proteome is mainly
customized for homeostasis, attachment to cells,
and secretory factors (vesicle-mediated trans-
port, extracellular region, and extracellular
matrix proteins) to interact with the ovarian
cells and tissue, while proteins involved in
growth and proliferation, and processes like
chromatin organization, transcription, splicing,
and translation are under-expressed.

The gene ontology (GO) classes “sexual repro-
duction” and “fertilization” were distinguished to
sort 32 oocyte-enriched proteins, which included
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7ZP1-7P4 (originating the zona pellucida), CD9
(important for sperm-egg recognition and fusion),
BMP15 (bone morphogenetic protein 15) and
GDF9 (oocyte-specific growth factors needed for
follicle development), HENMT1 (methyltransfe-
rase stabilizing piRNAs, necessary for gametogen-
esis), BCL2L10 (apoptosis suppressor), CHEK1
(essential for cell cycle arrest), and PTTG1 (hinder-
ing segregation of chromosomes). The majority of
the proteins are prominent for functioning in the
development and maturation of gametes. Moreover,
the oocyte-enriched proteins KHDC3L (KH
domain containing 3 like, subcortical maternal com-
plex member), PIWIL3 (piwi like RNA-mediated
gene silencing 3), and NLRP7 (NLR family pyrin
domain containing 7) could be detected, which
were found lacking in high coverage proteomic
studies about certain human cell lines and tissues.
A new technology for proteomic sample prep-
aration with magnetic beads was employed to a
novel protocol for sample preparation, SP3,
which was introduced recently for low-input pro-
teomics (Hughes et al. 2014), and thus the analy-
sis of proteomes could be narrowed by
successive approximation to the single-cell
level. Although the protein content was low
with merely ~100 ng per cell, ~450 proteins
from single oocytes could be recognized conse-
quently. The comparison of individual oocytes of
GV and MII stage revealed that the tudor and
KH domain-containing protein (TDRKH) is
preferentially expressed in immature oocytes.
However, Wee2 (WEEl homolog 2), PCNA
(proliferating cell nuclear antigen), and
DNMT1 (DNA methyltransferase 1) were
enriched in mature cells. Overall, this fact
suggests that during oocyte maturation, sustain-
ing the genome integrity is especially important.
This research proves that an innovative
proteomic workflow makes single human oocyte
analysis approachable, although only a relatively
low number of ~450 proteins were detectable
from single cells with the techniques applied.
Both studies in general prove that single
human oocyte biology and preimplantation
development can be further examined at the
transcriptomic and proteomic level. Furthermore,
the way for quantitative proteomics in other
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quantity-limited tissues and cell types might be
established through this research study.

One drawback of this study is the quality of
the oocytes obtained in the in vitro fertilization
program. Oocytes included in this study would
otherwise be discarded in daily medical practice,
like immature (GV or MI) oocytes that cannot be
fertilized and mature (MII) oocytes that did not
fertilize in vitro.

2 Outlook

Future aspects might include the possibility to
gather various kinds of single-cell data from all
different kinds of female and male germ cells at
different kinds of development and maturation
stages. Together with an accessible integrative
interpretation system for sharing these informa-
tion, this will certainly produce new findings
about cell development, conversion, and fate in
the germline both in vivo and in vitro. Heteroge-
neity in single-cell expression profiling of human
germ cells will definitely define important cellu-
lar subpopulations. Important lineage-specific
genes, intracellular signaling molecules, and
transcription factor networks will be classified
to build up a more comprehensive molecular
roadmap of the human germline both under nor-
mal and pathological conditions.
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Abstract

The recurrence and/or lack of response of certain tumors to radio- and
chemotherapy has been attributed to a small subpopulation of cells termed
cancer stem cells (CSCs). CSCs have been identified in many tumors
(including solid and hematological tumors). CSCs are characterized by
their capacity for self-renewal, their ability to introduce heterogeneity
within a tumor mass and its metastases, genomic instability, and their
insensitivity to both radiation and chemotherapy. The latter highlights the
clinical importance of studying this subpopulation since their resistance to
traditional treatments may lead to metastatic disease and/or tumor relapse.
Head and neck squamous cell carcinomas (HNSCCs) are the sixth most
common malignancy worldwide with the highest incidence occurring in
East Asia and eastern and southern Africa. Several cellular subpopulations
believed to have CSC properties have been isolated from HNSCCs, but at
present, identification and characterization of CSCs remains an experi-
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Abbreviations

ABC ATP-binding cassette

AKT Protein kinase B

ALCAM Activated leukocyte cell adhesion
molecule

ALDH Aldehyde dehydrogenase

ATP Adenosine triphosphate

BCRP Breast cancer resistant protein

BMII Moloney murine leukemia virus
insertion site 1

CDh44 Cluster of differentiation

CSC Cancer stem cell

EMT Epithelial-mesenchymal transition

ESCC Esophageal squamous cell
carcinoma

FACS Fluorescence-activated cell sorting

HIF Hypoxia-inducible factors

HNC Head and neck carcinoma

HNSCC Head and neck squamous cell
carcinoma

HPV Human papillomavirus

HSA Heat stable antigen

ICAM1 Intercellular adhesion molecule 1

MAPK Mitogen-activated protein kinases

NOD Nonobese diabetic

Oct3/4 Octamer-binding transcription factor
3/4

OSCC Oral squamous cell carcinoma

P-gp P-glycoprotein

PI3K Phosphatidylinositol-3-kinase

POU Pit-Oct-Unc

SCC Squamous cell carcinoma

SCID Severe combined immunodeficiency

SOX2 Sex-determining region Y-box2

SP Side population

1 Introduction

Head and neck carcinomas (HNCs) comprise a
group of malignant epithelial tumors originating

at various anatomical sites with a variety of both
known and uncertain etiologies. Anatomical
areas affected include the oral cavity, orophar-
ynx, pharynx, upper respiratory track, and lar-
ynx. Of all malignancies that affect the head
and neck, about 90% are histological variants of
squamous cell carcinoma (SCC) (Jemal et al.
2011). Based on 2012 global cancer statistics,
head and neck squamous cell carcinomas
(HNSCCs) are classified as the sixth most com-
mon malignancy worldwide with the highest
incidence occurring in East Asia and eastern
and southern Africa (Torre et al. 2015).

The majority of HNSCCs are strongly
associated with environmental and lifestyle risk
factors such as obesity, poor nutrition, high
tobacco usage, and alcohol consumption (Bruni
et al. 2017; Torre et al. 2015; Vigneswaran and
Williams 2014). However, an increasing incidence
of HNSCCs at specific sites suggests that other
etiological factors may be involved. Human papil-
lomavirus (HPV) infection is now a well-
established cause of cervical cancer, and there is
growing evidence that HPV is an important causa-
tive factor in HNSCCs (Bruni et al. 2017; Torre
etal. 2015). The pathogenic role of HPV in subsets
of head and neck tumors has been recognized by
the World Health Organization through reclassifi-
cation of SCC of the oropharynx (base of the
tongue, tonsils, and adenoids) into HPV-positive
and HPV-negative SCC (El-Naggar et al. 2017).

Despite ongoing advances in treatment
regimes, the prognosis for HNSCCs has
improved only marginally over the past 30 year,
with the 5-year survival rate ranging from 10% to
50% depending on a number of factors including
the clinical stage of the tumor at the time of
diagnosis (Karimnejad et al. 2016; Yan et al.
2013). Standard therapy for HNSCCs includes a
combination of surgery, chemotherapy, and
radiotherapy, which is determined by the histo-
logical variety, grade, and clinical staging of the
tumor (Zhu et al. 2015). However, irrespective of
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the treatment regime, patients exhibit relatively
high rates of local recurrence as well as regional
cervical lymph node and distant tumor
metastases, which contribute to significant mor-
bidity and mortality (Karimnejad et al. 2016; Zhu
et al. 2015). Recurrent tumor and metastatic
deposits are frequently resistant to the original
treatment modalities utilized (Karimnejad et al.
2016; Zhu et al. 2015).

The recurrence and lack of response to further
radio- and chemotherapy in these tumors has
been attributed to a small subpopulation of
tumor-initiating cells known as cancer stem
cells (CSCs). This subpopulation is believed to
(a) have unlimited capacity for self-renewal,
(b) introduce heterogeneity into tumors as a
result of genomic instability, and (c) show resis-
tance to traditional anticancer treatments with the
exception of surgery (Fabian et al. 2013; Gil et al.
2008; Qian et al. 2016).

Traditional approaches to treating HNSCCs
are based on a stochastic model of cancer.
According to this model, HNSCCs result from
the accumulation of genetic changes via succes-
sive mutations in different cells and gradual
selection of malignant clones (Gil et al. 2008).
Cells in the dominant clonal population
(s) possess similar tumorigenic potential
(Karimnejad et al. 2016), and current therapies
mainly target these cells which form the bulk of
the tumor.

The CSC model suggests a unidirectional
hierarchical organization of cells starting with a
progenitor cell endowed with stem cell-like
properties (the CSC) (Valent et al. 2012;
Visvader and Lindeman 2012; Allegra and
Trapasso 2012). The CSC model accommodates
the heterogeneity seen in human tumors and
postulates that this heterogeneity is due to dis-
tinctive characteristics of different CSCs present
in the primary tumor. CSCs share similar features
to normal stem cells, including the ability to
selectively self-renew, proliferate, and differen-
tiate into the cell mass that compromises the bulk
of the tumor (Valent et al. 2012; Visvader and
Lindeman 2012; Allegra and Trapasso 2012).

More importantly, it is believed that their stem
cell-like features provide CSCs with a measure
of protection against traditional anticancer
therapies compared to the rest of the cells in the
tumor (Fabian et al. 2013), thereby providing one
possible explanation for treatment resistance
and/or tumor relapse. This highlights the clinical
importance of identifying and defining these
subpopulations of cells.

Much effort has been invested into
characterizing and identifying CSCs in various
tumor types and exploring the mechanisms of
their involvement in the unique reaction of cer-
tain tumors to different treatment regimes. At
present, characterization and identification of
CSCs is largely limited to the experimental
setting, in which CSCs demonstrate (retrospec-
tively) the capability of generating and
propagating a malignant cell population. In this
review we discuss current approaches to the
identification and study of CSCs in HNSCCs,
particularly from a therapeutic perspective.

2 Identification of CSCs

Three main strategies are used to isolate putative
CSCs from solid tumors: (i) tumorsphere forma-
tion assays performed under nonattached culture
conditions, (ii) side population assays aimed at
identifying cells with greater efflux potential, and
(iii) fluorescence-activated cell sorting (FACS)
where subpopulations are sorted based on known
cell surface markers. The subpopulations
identified and isolated are then subjected to fur-
ther testing that assesses their tumorigenic ability
and self-renewal properties in vitro and/or
in vivo.

2.1 Sphere Formation Assays
for the Identification of Putative

CSCs Populations in HNSCC

For solid tumors, the most accessible method for
studying self-renewal in vitro is tumorsphere
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formation under nonattached culture conditions
(Valent et al. 2012; Zhang et al. 2012a; Fabian
et al. 2013). Primary spheres are generally
assessed for their ability to form secondary
spheres and their ability to form colonies once
plated onto adherent plates (Harper et al. 2007).
This method relies on the theory that isolated
cancer cells that form tumorspheres are capable
of proliferation, self-renewal, and greater tumor-
igenic capacity (Zhang et al. 2012a). Sphere cul-
turing is thus used to isolate, enrich, and expand
putative CSC populations.

The tumorsphere formation assay has been
used with both HNSCC cell lines and primary
tumor tissue to identify and study various
subpopulations (Chiou et al. 2008; Harper et al.
2007; Zscheppang et al. 2016; Yu et al. 2010).
Tumorspheres have a higher proliferative and
self-renewal capacity than their parent
populations in vitro (Chiou et al. 2008; Harper
et al. 2007). They also have distinctive
phenotypes compared to the parent populations,
showing high positivity for markers such as clus-
ter of differentiation (CD) 44, CD133, aldehyde
dehydrogenase 1 (ALDHI), and breast cancer
resistant protein (BCRP/ABCG2) (Chiou et al.
2008; Harper et al. 2007; Yu et al. 2010; Chen
et al. 2009). When compared to the parent cell
population, these spheres have also been shown
to have greater survival abilities against ionizing
radiation in vitro (Chiou et al. 2008; Zscheppang
et al. 2016) and greater tumorigenic capacity
following xenotransplantation (Chiou et al.
2008; Zscheppang et al. 2016).

Advantages of this method include lower cost
and quicker results but several shortcomings have
been identified. The in vitro system is unable to
replicate the three-dimensional structure and
environment of a tumor in vivo. Factors impor-
tant for in vivo growth and self-renewal of some
or all CSCs may not be provided by the in vitro
conditions. Additionally, the growth of the cells
in vitro is usually limited to several weeks or
months, during which time cells may differenti-
ate, die, or transform (Valent et al. 2012).
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2.2 Side Population Discrimination
Assays for the Identification

of CSC in HNSCC

Another strategy used to identify putative CSC
populations is based on the ability of these cells
to efflux a fluorescent dye that can bind to DNA.
One possible mechanism whereby CSCs remain
resistant to traditional anticancer chemother-
apeutics lies in their cell surface expression of
adenosine triphosphate (ATP)-binding cassette
(ABC) transporter proteins. These proteins
actively translocate or efflux cytotoxic chemicals
out of cells (Dean 2009). In the assay, the cells
are stained with a fluorescent dye such as
Hoechst 33,342, followed by incubation for a
period of time. When analyzed via flow
cytometry, the subpopulation of cells with efflux
capability, believed to be CSCs, will have lower
fluorescence than the more differentiated tumor
and stromal cells. This subpopulation is termed
the side population (SP).

The SP assay was first described by Goodell
et al. when it was used to isolate a subpopulation
highly enriched in hematopoietic stem cells
(Goodell et al. 1996). Since then, the SP assay
has been used in many human tissues in an
attempt to identify somatic stem cells, as well as
in a variety of cancers in an attempt to identify a
subpopulation of cells with CSC characteristics.

The SP assay has also been used to identify
putative CSC populations in HNSCCs using pri-
mary tumor cell isolates as well as established
cell lines. Zhang et al. tested for the presence of
the SP in nine oral squamous cell carcinoma
(OSCC) cell lines including Tca8113, NTRC,
and TSCC and 11 primary OSCC specimens.
They found the SP to be present in all cell lines
and primary tumors (Zhang et al. 2009). Various
other studies have further shown that SP cells are
resistant to chemotherapeutic drugs and have
greater colony formation abilities than non-SP
cells in vitro, as well as greater clonogenicity
and tumorigenicity following xenotransplanta-
tion (Zhang et al. 2009, 2012a; Li et al. 2011).
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There are, however, limitations to the SP
assay. It is a highly technical assay which
requires modification for each cell type studied
(Golebiewska et al. 2011). Results show poor
reproducibility due to high interindividual
variability between samples and laboratory
protocols (Golebiewska et al. 2011). Even
though Zang et al. found the SP in all OSCC
cell lines and primary tumors tested, the authors
reported variable percentages of SP cells within
the samples ranging from 0.1% to 10% (Zhang
et al. 2009). It is also important to emphasize that
the ABC transporters and the SP phenotype are
not exclusive to stem cells (Golebiewska et al.
2011). Since all tumors are heterogeneous in
nature, there is no guarantee that the SP only
represents CSCs and may in all likelihood con-
tain both CSCs and normal stromal cells with
efflux capabilities. The SP assay, similar to the
sphere formation assay, may however be useful
as an enrichment step in order to obtain a more
homogeneous subpopulation to investigate for
stemlike properties.

2.3 Identification of CSC in HNSCCs

Using Specific Markers

The third method of CSC isolation consists of
sorting cells based on either phenotypic and/or
transcriptional profiles. However, a consensus on
unequivocal and specific markers for the identi-
fication of CSCs in all cancers types has not yet
been achieved (Visvader and Lindeman 2012;
Allegra and Trapasso 2012; Yan et al. 2013).
An extensive list of possible CSC markers has
been studied in HNSCCs. Below we discuss data
from the more promising markers described in
the literature. Table 1 provides a summary of the
markers discussed.
2.3.1 ABC Transporters
ABC transporters form one of the largest families
of membrane transporter proteins (Falasca and
Linton 2012; Huls et al. 2009; Lin et al. 2006).
The human ABC transporter protein family
consists of 49 members, which are divided into

seven subfamilies (A to G) based on similarities
in gene structure, order of domains, and sequence
homology (Huls et al. 2009; Falasca and Linton
2012; Dean et al. 2001; Leonard et al. 2003).
This diverse family plays an important role in
the maintenance of cellular homeostasis through
the transport of lipids and organic anions, iron
metabolism, and providing tissue protection via
drug resistance and metabolism (Huls et al. 2009;
Erdei et al. 2014; Leonard et al. 2003; Lin et al.
2006). Expression of the transporters is tightly
regulated, and their classification is based on
their ability to recognize various toxic agents.
They are able to functionally substitute for each
other, thereby emphasizing the importance of
their protective role (Huls et al. 2009; Erdei
et al. 2014).

BCRP/ABCG?2 is expressed by many tumors
and has been linked to tumor initiation and pro-
motion as well as tumor cell proliferation (Qian
et al. 2016; Ding et al. 2010). It is also an impor-
tant multidrug resistance protein shown to confer
cross-resistance on several classes of cancer che-
motherapeutic agents (Mao and Unadkat 2015).
Because of this function, ABCG2 expression has
been linked to the SP assay and is believed to be
one of the main mediators of the SP phenotype
along with other members of this family such as
P-glycoprotein (P-gp/ABCB1).

BCRP/ABCG2  expression has  been
demonstrated in putative HNSCC CSC
subpopulations (Hang et al. 2012; Li et al.
2011; Tsai et al. 2011) along with other members
of the family such as ABCA3 (Li et al. 2011),
P-gp/ABCBI1 (Zhang et al. 2009, 2012a; Li et al.
2011), ABCC1 (Li et al. 2011), and ABCBS5
(Grimm et al. 2012).

The expression of these proteins has also been
associated with poor patient prognosis. High
levels of expression of both ABCG2 and
ABCBS are associated with tumor progression
and recurrence (Grimm et al. 2012; Hang et al.