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Different Forms of Tenascin-C with Tenascin-R
Regulate Neural Differentiation in Bone
Marrow-Derived Human Mesenchymal Stem Cells

Hung-Li Tsai, MS,' Wen-Ta Chiu, MD, PhD? Chia-Lang Fang, MD,®> Shiaw-Min Hwang, PhD*
Perry F. Renshaw, MD, PhD? and Wen-Fu Thomas Lai, DMSC®®

Mesenchymal stem cells (MSCs) are currently thought to transdifferentiate into neural lineages under specific
microenvironments. Studies have reported that the tenascin family members, tenascin-C (TnC) and tenascin-R
(TnR), regulate differentiation and migration, in addition to neurite outgrowth and survival in numerous types
of neurons and mesenchymal progenitor cells. However, the mechanisms by which TnC and TnR affect
neuronal differentiation are not well understood. In this study, we hypothesized that different forms of tenascin
might regulate the neural transdifferentiation of human bone marrow-derived mesenchymal stem cells. Human
MSCs were cultured in media incorporated with soluble tenascins, or on precoated tenascins. In a qualitative
polymerase chain reaction analysis, adding a soluble TnC and TnR mixture to the medium significantly
enhanced the expression of neuronal and glial markers, whereas no synaptic markers were expressed. Con-
versely, in groups of cells treated with coated TnC, hMSCs showed neurite outgrowth and synaptic marker
expression. After being treated with coated TnR, hMSCs exhibited neuronal differentiation; however, it in-
hibited neurite outgrowth and synaptic marker expression. A combination of TnC and TnR significantly
promoted hMSC differentiation in neurons or oligodendrocytes, induced neurite formation, and inhibited dif-
ferentiation into astrocytes. Furthermore, the effect of the tenascin mixture showed dose-dependent effects, and
a mixture ratio of 1:1 to 1:2 (TnC:TnR) provided the most obvious differentiation of neurons and oligoden-
drocytes. In a functional blocking study, integrin o7 and a9 1-blocking antibodies inhibited, respectively, 80%
and 20% of mRNA expression by hMSCs in the coated tenascin mixture. In summary, the coated combination
of TnC and TnR appeared to regulate neural differentiation signaling through integrin o7 and 91 in bone
marrow-derived hMSCs. Our findings demonstrate novel mechanisms by which tenascin regulates neural
differentiation, and enable the use of cell therapy to treat neurodegenerative diseases.

Introduction

TRANSPLANTATION OF DIFFERENTIATED neurons from
neural progenitors into adult brain tissue with func-
tional recovery has been reported in animal models of
Parkinson’s disease' and cerebral ischemia.’ However, a
lack of human neural stem cells or progenitors limits the
clinical application of this technique. Mesenchymal stem
cells (MSCs) provide an alternative method for generating
neurons.

MSCs have the ability to differentiate into osteocytes,
chondrocytes, and adipocytes.® In addition to cells of the
mesoderm lineage, MSCs can transdifferentiate into other
germ-layer types, including neurons.* In previous studies,
several factors including retinoic acid (RA), nerve growth
factor (NGF), brain-derived neurotropic factor (BDNF),
cAMP, and sonic hedgehog (SHH), have been used to in-
duce MSC neurogenic differentiation.””’ In addition to
morphogens and growth factors, the extracellular matrix
(ECM)S_IO is also critical for controlling cell differentiation,
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proliferation, and morphogenesis. However, interactions
between the ECM from the nervous system and neurogen-
esis have been less extensively studied regarding effects of
human mesenchymal stem cells (hMSCs).

Tenascin, an ECM glycoprotein, includes four family
members: tenascin-C (TnC), tenascin-R (TnR), tenascin-W
(TnW), and tenascin-Z (TnZ). All tenascin members are
composed of four elements: amino-terminal heptad repeats,
epidermal growth factor (EGF)-like repeats, fibronectin (FN)
type III domain repeats, and a carboxyl-terminal fibrinogen-
like globular domain. Heptad repeats assemble other tenascins
to create trimers. Each protein member has its own number of
EGF-like and FN type III repeats. FN type III repeats include
alternative splicing sites to produce isoform variants.'

TnC has been reported involved in vertebrate neural,
skeletal, and vascular morphogenesis during development.'?
TnC appears at E10 in the mouse nervous system,'* and it is
mainly expressed by astrocytes and radial glial cells.'>'*
Serial studies have demonstrated that FN type III repeats of
TnC regulate neurite outgrowth and guidance in rat cerebellar
granule cells.">™'7 Rigato et al. reported that FN type III re-
peats BD and D6 of TnC can elongate the length of axons in
hippocampal neurons through F3/contactin.!® Furthermore,
the effects of neurite outgrowth from TnC were mediated
through the actions of integrin o7, o9, and |31.19’20 These
studies indicate that TnC plays a central role in the regulation
of neuronal differentiation in the nervous system.

The expression pattern of TnR is restricted to the central
nervous system (CNS).21’22 Previous studies have demon-
strated that TnR induced and regulated the process of neurite
outgrowth in chick E6 tectal cells.*>** For stem cells, TnR-
overexpressing embryonic stem cells (ESC) have been
shown to enhance neurogenic differentiation and increase
the generation of GABAergic neurons in vitro.”> Liao
et al.*® reported that EGF-like domains and FN type III
domains 6-8 of TnR can promote mice neural stem cell
proliferation and differentiation through B1 integrin.?

The ECM, including type I or II collagen, regulates os-

teogenesis and chondrogenesis in hMSCs,?’-2° in addition to
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facilitating the delivery of MSCs to the heart.*® However,
the mechanism by which the ECM controls hMSC neuro-
genesis is unclear. To evaluate the interaction of hMSCs
with tenascins, which are abundant ECM proteins in CNS,
we tested the neurogenic effects of TnC, TnR, and a mixture
of TnC and TnR (TCR), either dissolved in a medium or
coating a plate. Our results demonstrate that individual te-
nascin in the medium have no significant effects on neuronal
differentiation in MSCs. However, tenascin coating modu-
lated the morphology, neurogenesis, and gliogenesis within
cells. TCR greatly increased neuronal and synaptic gene
expression, both in the coatings and in the dissolved media.
Our data indicate that the combination of the ECM proteins
of TnC, TnR, and TCR are crucial for inducing neural dif-
ferentiation, and provide a more detailed picture of neuro-
genic control in hMSCs.

Materials and Methods
hMSC cultivation

The hMSCs were supplied by Cambrex. The hMSCs were
cultured in 10-cm dishes with low-glucose Dulbecco’s
modified Eagle medium (DMEMY/LG; Invitrogen), 10% fetal
bovine serum (FBS; Invitrogen), and a 1% penicillin-
streptomycin mixture (Invitrogen). This mixture was cul-
tured at 37°C in a humidified atmosphere with 5% CO,. The
medium was refreshed thrice a week, and cells were sub-
cultured until confluent. All experiments were performed
with cells from Passages 3—6.

Neuronal induction and soluble tenascin effects

To induce neuronal transdifferentiation, 1 X 10° hMSCs
were treated in six-well plates each with DMEM/LG that
contained 1% FBS, 10 ng/mL BDNF (PeproTech), 20 ng/mL
NGE-B (PeproTech), and 5puM RA (Sigma) at 37°C in a
humidified atmosphere with 5% CO, for 1 week. The me-
dium was refreshed thrice a week. The neurogenic medium
was referred to as NGF, BDNF, and RA (NBR). First,

TABLE 1. PRIMERS FOR QUALITATIVE POLYMERASE CHAIN REACTION

Gene Sequence (forward; reverse) Product length (bp)

GAPDH (glyceraldehyde 3-phosphate dehydrogenase) 5-CGACCACTTTGTCAAGCTCA-3’ 228
5’-AGGGGTCTACATGGCAACTG-3’

MAP2 (microtubule-associated protein 2) 5-TTGGTGCCGAGTGAGAAGAA-3’ 100
5’-GGTCTGGCAGTGGTTGGTTAA-3’

NFM (neurofilament M) 5-GTGTCCACTCACATAAAGGT-3’ 92
5-TCTGTCTGTTCCTCCACAAT-3’

GFAP (glial fibrillary acidic protein) 5-GATGGCGCTAGGCATAC-3’ 90
5’-AAGAGGATGAGTCACTTCCTTA-3’

MBP (myelin basic protein) 5’-GAGGACGGAGATGAGGAGTA-3’ 86
5-TAAGCCCACACGAAACATT-3’

SYN (synapsin 1) 5’-GCAAACTCCACCCATCTT-3’ 85
5’-ACACAGACACCACAGCA-3’

ITGB1 (integrin 1) 5’-GTAGCAAAGGAACAGCAGAGAA-3’ 147
5-AGTAGAGGTCAATGGGATAGTC-3’

ITGA7 (integrin o7) 5’-CAGCAACTCTTCTTCTCTGG-3’ 96
5’-GGAAACCGTGACCTCATAC-3’

ITGA9 (integrin o9) 5’-GCTGACTCGTTCTTCGGCTA-3’ 96

5-GCTGTATTTGGAATCTGCCT-3’
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hMSCs were treated using NBR for 7 days, and recombinant
human TnC (0.5 pg/mL; Millipore), recombinant human
TnR (0.5pg/mL; R&D Systems), or TCR (0.25pg/mL
TnC+0.25 pg/mL. TnR and 0.5 pg/mLTnC+0.5 pug/mLTnR)
were added to the NBR to treat the hMSCs for additional 7
days. After the 14-days treatment, we collected cells for further
analysis. To determine the effect of soluble tenascin in DMEM
without NBR, hMSCs were treated using 0.5 pg/mL TnR
(R&D Systems), 0.5 pg/mL TnC (Millipore), or TCR (0.5 pg/
mLTnC+0.5 pg/mLTnR) with DMEM 1% for 7 days before
mRNA analysis.

Tenascin coating effects

To determine tenascin effects on neuronal differentiation,
TnC or TnR was first coated onto 24-well trays for an im-
munocytochemistry study and onto 6-well trays for mRNA
analysis. Before cultivation, various combinations of te-
nascins (10 pg/mL of TnC, 10 ug/mL of TnR, 5 pg/mL of
TnC and 5 pg/mL of TnR, 10 ug/mL of TnC and 10 pg/mL
of TnR, 20 pg/mL of TnC and 20 pg/mL of TnR, 15 pg/mL
of TnC and 5 pg/mL of TnR, 13.3 pg/mL of TnC and 6.7 pg/
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mL of TnR, 5pg/mL of TnC and 15 pg/mL of TnR, and
6.7 pug/mL of TnC and 13.3 pg/mL of TnR) in phosphate-
buffered saline were added to the dish at 37°C for 30h.
Then, excess solution was removed; 0.5 x 10° (in 24-well) or
2.0%x10° (in 6-well) of hMSCs were cultivated in NBR
medium on noncoated culture trays for 7 days. Then, NBR-
induced cells were replated to tenascin-coated dishes with
NBR medium for an additional 7 days. At the same time, to
understand the effect of coated tenascin alone, 0.5, or
2.0x10° of hMSCs were cultivated in DMEM containing
1% FBS on noncoated culture dishes for 7 days. The cells
were subsequently replated to tenascin-coated trays for 7
subsequent days with only DMEM.

Integrin blocking

Integrin o7 function-blocking antibody (at 5 pg/mL;
Serotec) and integrin a9f1 function-blocking antibody
(Chemicon) were used to inhibit the interaction between
TCR and hMSCs. Blocking antibodies were added to the
NBR medium before transferring the experimental hMSCs
to TCR-coated six-well trays. Furthermore, the blocking
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FIG. 1. Effects of soluble tenascin-C (TnC) and tenascin-R
(TnR) in NBR-induced human mesenchymal stem cells
(hMSCs). (A) The mRNA levels of neuron markers, MAP2 and
NFM; (B) glial cell markers, GFAP and MBP; and (C) the
synapse marker, synapsin (SYN) were quantified after 7 days of
Tn treatment (0.5-1.0 pg/mL) in hMSCs that were pretreated
with NBR for 1 week. Levels were normalized to levels observed
in NBR-only treatment (set to 1.0) (presented as a dotted line).
The NBR incorporated with the TnC and TnR mixture (TCR)
promoted the expression of neuronal and glial cell genes, but not
of synaptic genes. The data are presented as the mean+ SD of an
experiment that was derived from three independent experi-
ments. *p <0.05, *¥*p <0.01 (all vs. NBR). DMEM, Dulbecco’s
modified Eagle medium; GFAP, glial fibrillary acidic protein;
MBP, myelin basic protein; NFM, neurofilament M; SD, stan-
dard deviation.
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antibodies were maintained in the NBR medium for the
next 7 days.

RNA isolation and qualitative polymerase chain reaction

All studied cells in six-well trays were analyzed by quali-
tative polymerase chain reaction (qQPCR), and the data of each
group was obtained from three independent experiments. The
total RNA from experimental hMSCs was extracted using
TRIzol reagent (Sigma). A complementary cDNA synthesis
was carried out using a RevertAid Premium First Strand
cDNA Synthesis Kit (Thermo). The qPCR was conducted
using the LightCycler 480 System (Roche Diagnostics) with
LC-FastStart DNA Master SYBR Green I mix (Roche). In
brief, 5 pL. of each cDNA was mixed with 1 pL of the forward
and reverse primers and 13 pL of the LC-FastStart DNA
Master SYBR Green I mix. The amplification profile was as
follows: enzyme activation at 95°C for 10 min, and annealing
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at 95°C for 10s, 60°C for 5s, and 72°C for 15s. The speci-
ficity of the PCR products was determined by a melting-curve
analysis. Forward and reverse primers of human genes were
designed by LightCycler Probe Design Software 2 (Roche).
Every primer pair was checked by NCBI primer-BLAST. The
RNA levels were normalized to the housekeeping gene,
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRNA
level. The data are presented as normalized RNA level divided
by normalized RNA level expressed in NBR group or DMEM
10% group. The sequences of forward and reverse primers we
used were in Table 1.

Immunocytochemistry

The studied cells were fixed with 4% paraformaldehyde
for 10 min, and then permeabilized with 0.02% Triton X-
100 for 10 min, followed by blocking with 5% FBS for 1h
and incubation with primary antibodies for at least 1h.
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FIG. 2. Effects of soluble TnC and TnR on hMSCs
without NBR induction. (A) The mRNA levels of neuronal
markers, MAP2 and NFM; (B) glial cell markers, GFAP and
MBP; and (C) the synapse marker, synapsin (SYN) were
quantified after 7 days of Tn treatment (0.5-1.0 pg/mL) in
hMSCs. Levels were normalized to levels observed in
DMEM with 10% FBS-only treatment (set to 1.0) (presented
as a dotted line). The TnC and TnR mixture (TCR) en-
hanced the expression of neuronal and glial cell genes, but
not of synaptic genes. TnC and TnR individually inhibited
neuronal and glial marker gene expressions. The data are
presented as the mean+SD of one experiment that was
derived from three independent experiments. *p<0.05,
*#p<0.01 (all vs. DMEM and 1% FBS). DMEM, Dulbec-
co’s modified Eagle medium; FBS, fetal bovine serum.
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Primary antibodies were as follows: rabbit anti-microtubule-
associated protein-2 (MAP2) polyclonal antibody (pAb, 1:500;
Chemicon); rabbit anti-synapsin-1 (SYN) pAb (1:500; Che-
micon); mouse anti-neurofilament M (NFM) monoclonal an-
tibody (mAb, 1:250; Chemicon); mouse anti-myelin basic
protein (MBP) mAb (1:250; Chemicon); mouse anti-glial fi-
brillary acidic protein (GFAP) mAb (1:250; Chemicon); and
mouse anti-B-catenin mAb (1:250; Chemicon). Cells were then
incubated for 1h with the secondary antibodies, goat anti-
mouse immunoglobulin G (IgG): DyLight 488 (1:100; Ser-
otec), or sheep anti-rabbit IgG: DyLight 488 (1:100; Serotec).
Nuclear staining used 4’, 6-diamidino-2-phenylindole (DAPI;
Chemicon). Images were obtained using fluorescent micros-
copy (Olympus). At least 1000 cells from 10 to 15 viewing
fields per group were used to calculate percentages of cells. In
B-catenin staining, cells with projections exceeding 30 pum
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were considered neurite-positive cells. The cell area and
neurite length were calculated using Imagel] software. The
human neuroblastoma cell line SH-SYSY was used as the
positive control, and the human osteosarcoma cell line MG63
was used as the negative control. Mouse IgG1 antibodies
(Chemicon) were used as the isotype control. All control re-
sults are shown in Supplementary Figure S1 (Supplementary
Data are available online at www.liebertpub.com/tea).

Statistical analysis

Statistical analysis of qPCR and the immunoreactivity was
assessed by using the Student #-test. Values were expressed as
mean * standard deviation. Significance was accepted for
p<0.05 (* or #) and p<0.01 (** or ##). All statistical analyses
were calculated using SigmaPlot 9.0 (Systat Software, Inc.).
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FIG. 3. Effects of TnC and TnR Coating on NBR-induced
hMSCs. (A) The mRNA levels of neuronal markers, MAP2
and NFM; (B) glial cell markers, GFAP and MBP; and (C)
the synapse marker, synapsin (SYN) were quantified after 7
days of cultivation on surfaces coated with Tns (20 pg/mL)
in hMSCs pretreated with NBR for 1 week. Levels were
normalized to levels observed in NBR-only treatment (set to
1.0) (presented as a dotted line). NBR-treated hMSCs on
TCR-coated dishes promoted neuronal and synaptic gene
expression; however, it inhibited GFAP gene expression.
Data are presented as the mean £ SD of one experiment that
was derived from three independent experiments. **p <0.01
(all vs. NBR). nd, not determined.
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FIG. 4. Immunofluorescence of TnC and TnR coating on NBR-induced hMSCs. NBR-stimulated hMSCs cultured on Tn-
coated surfaces is shown as (A) MAP2 and NFM; (B) glial cell markers, GFAP and MBP; (C) the synaptic marker, synapsin
(SYN) and the cytoskeletal marker, B-catenin. The immunoreaction was examined after 7 days of cultivation on Tn-coated
surfaces (20 pg/mL) in hMSCs pretreated with NBR for 1 week. DAPI (blue) was used as a counterstain. The DMEM group
served as a control. When cells were cultivated on TnC- and TCR-coated surfaces, hMSCs exhibited neurite outgrowth. The
white bar represents 50 pum. (D) Percentages of MAP2-positive cells and NFM-positive cells within all DAPI-positive cells;
(E) percentages of GFAP-positive cells and MBP-positive cells within all DAPI-positive cells; (F) percentages of SYN-
positive cells and neurite-positive cells within all DAPI-positive cells. All data are presented as the mean®SD. *p<0.05,
*¥p<0.01 (all vs. NBR). (G) The cell areas, calculated by the B-catenin-positive cells. DAPI, 4’, 6-diamidino-2-phenylindole.
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Results

Regulatory effects of soluble tenascins on neural
differentiation in hMSCs

We first analyzed the qPCR for the mature neuronal
markers MAP2 and NFM; the astrocyte marker GFAP; the
oligodendrocyte marker MBP; and the synaptic marker
SYN in tenascin-treated cells. TnC and TnR alone were
not found to induce significant inhibitory effects on the
mRNA expression of MAP2 or NFM. However, TCR
significantly increased NFM expression over 1.36-fold,
and MAP2 expression over 4.58-fold (Fig. 1A). The
analysis of the oligodendrocyte marker revealed that the
expression of MBP was inhibited by 15-28% when in-
corporated with TnC or TnR alone. Incorporation with
0.5 pg/mL TCR hMSCs did not increase GFAP expression,
but enhanced MBP expression over 2.38-fold. Further-
more, incorporation with 1.0 pg/mL TCR upregulated the
GFAP gene expression 1.65-fold and MBP expression
4.42-fold (Fig. 1B). The analysis of the synaptic marker
revealed that soluble tenascins in the NBR medium did not
change SYN expression (Fig. 1C).

Subsequently, we determined whether soluble tenascins
in DMEM medium without NBR induced neurogenic effects
on hMSCs. The results showed that among TnC, TnR, or
TCR, none upregulated hMSC neuronal or neuro-glial dif-
ferentiation. To the contrary, tenascins inhibited MAP2,
NFM, GFAP, and MBP expression by 50-99% (Fig. 2A, B).
No significant change in SYN expression was found when
hMSCs were treated with tenascins only (Fig. 2C). Taken
together, neither a medium with a combination of soluble
TnC and TnR, nor TCR alone, upregulated neurogenesis or
gliogenesis in hMSCs. However, adding tenascins to the
NBR medium induced regulatory effects on neuronal or
neuro-glial markers with the exception of synapse expres-
sion in the hMSCs.

Regulatory effects of tenascin coating on NBR-induced
neural differentiation in the hMSCs

To mimic the ECM-—cell interaction in the physiological
environment of people, we coated tenascins onto dishes. The
hMSCs were treated with NBR for 1 week, and then cul-
tured on coated dishes for one more week. Coating TnC
alone had no effect on mRNA expression of MAP2, whereas
TnR-coated group increased MAP expression 2.2-fold.
More significantly, in the TCR-coated groups, MSCs in-
creased MAP2 expression 3.3-fold. Similarly, MSCs coated
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with TnR and TCR enhanced NFM expression 2.5-fold and
2.8-fold, respectively. TnC alone had no significant effect
on neural gene expression. However, it increased neural
differentiation in the combination with TnR (Fig. 3A).
Furthermore, the immunocytochemical reaction of MAP2
and NFM Abs was correlated with mRNA expression (Fig.
4A). In the NBR group, the percentages of positive cells of
MAP2 and NFM were 6.0% and 22.6%, respectively, and
the addition of TnC did not significantly alter these per-
centages (5.3% and 22.8%). However, the percentages of
MAP2- and NFM-positive cells increased in groups treated
with TnR (13.9% and 35.7%, respectively) and TCR (17.0%
and 38.9%, respectively) (Fig. 4D). To confirm the speci-
ficity of the antibodies, control tests were conducted, and the
results are shown in Supplementary Figure S1.

The following determination of tenascin-coating effects on
neuro-glial and oligodendrocytic differentiation was shown in
Figure 3B. The TnC, TnR, and TCR groups decreased GFAP
expression from 86% to ~98%. However, the oligodendro-
cyte marker MBP increased 1.6-fold in response to TCR
coating, although neither TnC nor TnR coating alone altered
MBP expression. Immunocytochemical evaluation revealed
that NBR increased GFAP-positive cells by 29.5%, but TnC
coating only increased GFAP-positive cells by 1.4%, and
TnR coating and TCR coating only decreased GFAP-positive
cells by 0.8% and 0.6%, respectively (Fig. 4B, E). Interest-
ingly, compared with the NBR (20.0%) group, TnC (2.0%)
and TnR (3.7%) decreased the percentage of MBP-positive
cells, but TCR (27.4%) increased the numbers of MBP-
positive cells (Fig. 4B, E). The immunocytochemical reac-
tion of GFAP and MBP exhibited parallel mRNA expression
effects in all of the groups—NBR, TnC, TnR, and TCR.

Subsequently, we observed the expression of the synaptic
maker, synapsin. The hMSCs cultured with the combined
TnC and TCR coating increased SYN expression 1.7- and
2.5-fold, respectively, in contrast to the complete inhibition
observed in response to TnR coating (Fig. 3C). This finding
further indicates that TnC acts to trigger the MSC toward
mature neuronal differentiation. No immunoreactivity of
SYN was found in the NBR and TnR groups, but TnC and
TCR induced an increase of ~10% in SYN-positive cells
(Fig. 4C, F).

To understand and quantify the effects of tenascin-coating
on morphological changes in NBR-treated hMSCs, we used
the cytoskeleton protein, B-catenin, as an antitarget to cal-
culate cell areas and numbers of neurite-positive cells (Fig.
4C, F, E). When left untreated, the hMSCs displayed a
typical shape. When NBR was added to the medium on

>

FIG. 6. Effects of varied doses and ratios of TnC and TnR mixture (TCR) coating on NBR-induced hMSCs. (A) The
mRNA levels of neuronal markers, MAP2 and NFM; (B) glial cell markers, GFAP and MBP; and (C) the synapse marker,
synapsin (SYN), were quantified after 7 days of cultivation on TCR-coated surfaces (10-40 pg/mL) in hMSCs pretreated
with NBR for 1 week. Levels were normalized to levels observed in NBR-only treatment (set to 1.0) (presented as a dotted
line). NBR-treated hMSCs on TCR-coated dishes promoted neuronal and synaptic gene expressions, but inhibited GFAP
gene expression in a dose-dependent manner. Data are presented as the mean £ SD of one experiment that was derived from
three independent experiments. *p <0.05, **p <0.01 (all vs. NBR). (D) The mRNA levels of neuronal markers, MAP2 and
NFM; (E) glial cell markers, GFAP and MBP; and (F) the synaptic marker, synapsin (SYN), were quantified after 7 days’
cultivation on TCR-coated dishes (different ratios: 3:1, 2:1, 1:1, 1:2, and 1:3, total 20 pg/mL) in NBR-induced hMSCs.
Levels were normalized to levels observed in NBR-only treatment (set to 1.0) (presented as a dotted line). Data are
presented as the mean+ SD of one experiment that was derived from three independent experiments. *p <0.05, **p <0.01
(all vs. NBR). *p<0.05, #p<0.01 (all vs. TCR 1:1).
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noncoated dishes, hMSCs increased in cell area, and became
extended in shape, without any neurites (Fig. 4C, E). In the
coated groups, NBR-treated cells on TnC-coated plates de-
veloped neurites and exhibited increased numbers of neurite-
positive cells, but also exhibited enlarged cell bodies (Fig.
4C, F, E). TnR showed no neurite-positive cells, and highly
decreased the cell area (Fig. 4C, F, E). The hMSCs cultured
on TCR-coated plates showed neurites and a relatively small
cell morphology, and the response to TCR combined the
effects of TnC and TnR (Fig. 4C, F, E). The immunocyto-
chemical reaction of neural markers was consistent with
mRNA expression. These indicate that TCR enhances neu-
ronal differentiation and induces a neuron-like morphology.

Effects of individual tenascin coating on neural
differentiation in the hMSCs

Determining the effect of NBR and each individual te-
nascin coating on transdifferentiation in the MSCs was our
next step. TnC coating alone did not change neuronal,
neuro-glial, oligodendrocytic, or synaptic differentiation
(Fig. 5A—C). TnR or TCR alone increased MAP2 expression
1.55-fold and 1.84-fold, respectively. However, NFM ex-
pression showed a 3.53-fold increase in response to TnR and
a 5.24-fold increase in response to TCR (Fig. 5A). TnR
increased GFAP only 1.39-fold and MBP 1.74-fold. TCR
dramatically triggered MBP expression (a 4.57-fold in-
crease), but inhibited GFAP expression by 84% (Fig. 5B).
We further examined the synaptic marker and found no
significant change in response to TnR and TCR. However,
TnR coating exhibited complete inhibition of SYN expres-
sion (Fig. 5C). TnC can trigger SYN expression with NBR
treatment. TnR increases neuronal differentiation with or
without NBR, but it completely inhibits neurite formation.
TnR can inhibit synapse formation with or without NBR
treatment. The combination of TnC and TnR not only pro-
motes neuronal differentiation but also induces SYN ex-
pression and neurite outgrowth. Either TnC or TnR alone
inhibits astrocyte or oligodendrocyte differentiation when
incorporated with NBR. When TnC is combined with TnR,
it significantly promotes oligodendrocyte differentiation,
even while blocking astrocyte differentiation (Fig. 5D).

Dose effect of TCR-coating on neural differentiation
in the hMSCs

In our analysis, we determined the dose-dependent effect
of TCR on neural differentiation in NBR-induced hMSCs.
Compared to the NBR group, the results demonstrated that
TCR promoted neuronal, synaptic, and oligodendrocyte
marker expression in a dose-dependent manner (Fig. 6A—C).
TCR-coating inhibited hMSC differentiation into astrocytes
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(Fig. 6B). The dosage effect suggests that TCR specifically
induces neuronal transdifferentiation in hMSCs.

Effects of different ratios of TnC and TnR-coating
on neurogenic differentiation

We continued to determine five different ratios of TnC
and TnR-coating (3:1, 2:1, 1:1, 1:2 and 1:3) in NBR-induced
hMSCs to understand how TCR controls neurogenesis. The
mRNA expressions of MAP2, NFM, MBP, and SYN
showed an increase with the ratio of TnC to TnR 1:1 or 1:2
(Fig. 6D, F). In contrast, 1:3 ratios of TnC to TnR inhibited
differentiation of oligodendrocytes (Fig. 6E). These results
indicated that TCR-coating inhibited hMSC differentiation
into astrocytes (Fig. 6E). hMSCs may differentiate into
neurons or oligodendrocytes in an environment with a ratio
of TnC to TnR between 1:1 to 1:2.

Effects of TCR coating mediated by integrins

To understand how TCR regulates transdifferentiation,
we investigated integrin signaling. TnC and TnR have been
reported to control cell physiology through three integrins:
o7, 09, and Bl.lg’zo’26 We examined mRNA expression of
integrins o7, o9, and 1 in a hMSC culture incorporated
with the tenascin coatings. When TCR was added to the
NBR medium, the hMSCs increased the expression of o7
by1.38-fold, a9 by 3.9-fold, and B1 by 4.45-fold (Fig. 7A).
TCR-coating effects on neural differentiation might also be
achieved through the signaling of these three integrins.
Consequently, we used the integrin function-blocking anti-
bodies to examine the signaling roles of TCR-coating ef-
fects. The qPCR results showed that o7 and o931 antibodies
inhibited the expression of MAP2, NFM (Fig. 7B), MBP
(Fig. 7C), and SYN (Fig. 7D). Furthermore, the o7 antibody
level reduced to a greater extent (by ~80%) than the 91
antibody did (~30%) (Fig. 7E). Conversely, when cells
were treated with the antibodies, the GFAP levels were re-
stored to excess (Fig. 7C). The results demonstrated that the
interaction of TCR with the o7 and 91 integrins is crucial
for hMSC differentiation into neurons and oligodendrocytes.
Furthermore, interfering with the integrin function pro-
moted hMSC differentiation into astrocytes. Integrin o7
might act as a dominant receptor in neuronal differentiation
of the MSC.

Discussion

In this study, we found that tenascins regulate the neural
differentiation in hMSCs, both in solution and in coated
forms. Co-coating with TCR triggered hMSC synaptic
marker expression and neurite outgrowth. These regulatory
effects were mediated by the signaling of the o7 and a9f1

>

FIG. 7. Effects of a TnC and TnR mixture (TCR) coating on NBR-induced hMSCs through the integrins, o7 and a9B1.
The mRNA levels of integrins (A) were analyzed after 7 days of cultivation on TCR-coated surfaces (20 pg/mL) in hMSCs
pretreated with NBR for 1 week. After adding integrin-blocking antibodies (5 pg/mL), mRNA levels of neuronal markers,
(B) MAP2 and NFM; glial cell markers, (C) GFAP and MBP; and the synapse marker, (D) synapsin (SYN), were quantified
after 7 days of cultivation on Tn-coated surfaces (20 pg/mL) in hMSCs pretreated with NBR for 1 week. Levels were
normalized to levels observed in NBR only treatment (set to 1.0) (presented as a dotted line). Data are presented as the
mean £ SD of one experiment that was derived from three independent experiments. *p <0.05, **p <0.01 (all vs. NBR).
#p<0.05, ##p<0.01 (all vs. NBR+TCR). (E) Inhibition percentages were calculated from (B-D).



1918

A 45 1| mmm ITGB1 -
4.0 1| == ITGAT
o 3.5 1) mmm ITGA9
E 157 I
-
o
@ 101
o
[= X
|r| *E
0.5 .
0.0 4 —
DMEM  Ngr  NBR
10%FBS
2
= TCR
o
B 25
== MAP2 n
= NFM -
2.0 1 - .
-9 el
E ok l
1.5 1
-E ? *k
@ i
o
>
w
0.5 - -
Ef *h
oo L M1 il |
NBR NBR
D"}"EM NBR NBR Anti-  Anti-
10%FBS integrin integrin
5 o a9p1
TCR TCR TCR
4
C 20 | | === GFAP ¥
—= MBP
o #
E 15 ” -
(4 x W
s " r
g
o
i
0.5 - o
ﬁ e
0.0 =—Iﬁ : : d
E NER NER
S 13;“5;"3 NBR NBR Anti- Anti-
= " integrin integrin
gg a7 a9p1
§ TCR TCR TCR

O

Expression Ratio

Inhibition %

4 4

100

80

60 A

40 1

20 A

oating|[Medium||

Lid

TSAI ET AL.

10%FBS

DMEM NBR NBR Anti-

NBR
+
Anti-
integrin integrin
a7 a9p1

NBR

TCR TCR TCR

9

7
5

-
Yo%

S
Yo

>
Yol

B o e P W
Vo0 % %% %% %

{ >

P
Ye%e%%%>

—= NF

EXXa SY

m MAP2

== MBP

N




TENASCIN-C AND -R COREGULATE NEURAL DIFFERENTIATION IN HMSCs

integrins. Two studies have revealed interactions between
tenascin and neuronal differentiation in the stem (or pro-
genitor) cell. Liao er al.*® showed that the EGF-like domain
of TnR promoted mouse neuron stem cell (NSC) differen-
tiation in neurons and oligodendrocyte progenitors, and also
reduced the differentiation in astrocytes. FN6—8 inhibited
NSC proliferation, whereas it promoted NSC differentiation
in astrocytes and, to a lesser extent, in oligodendrocytes and
neurons. TnR-overexpressing mouse ESCs also showed in-
creased neuronal and reduced astrocytic differentiation after
transplantation into the quinolinic acid-lesioned mouse
striatum.?

Our data indicate that TnR-coating promoted NBR-
induced neuron differentiation, but not neurite outgrowth.
By itself, NBR showed upregulatory effects on neuro-glial
differentiation; however, the effect was significantly in-
hibited in response to the addition of TnR. The regulatory
functions of complete tenascin and each domain of tenascin
appear to be different.>! Our results indicate that NBR might
affect the different domains of TnR through unknown
mechanisms, and shift the cell to an alternative differenti-
ation outcome. We consider TnC to be significant in synapse
formation and neurite outgrowth. TnC-knockout mice de-
velop cerebral cortices that have a higher neuronal density
than controls and pyramidal cells that have an abnormal
dendritic morphology.**** Compared with wild-type mice,
the CNS stem or precursor cells from TnC ™'~ mice ex-
hibited accelerated differentiation into neurons and glial
cells.**° These results suggest that TnC may not directly
affect neuronal or glial differentiation, but that it may play a
key role in neurite outgrowth.16’17’20 Hence, our results
demonstrate the function of TnC in neuronal and glial dif-
ferentiation from hMSCs.

Laminin (LM), an ECM molecule, has been shown to in-
duce MSC neurogenesis and neurite outgrowth.>’ ™' The
hMSCs cultured on LMI1 showed an increase of MAP2 and
NFM expression by immunohistochemistry and reverse
transcription polymerase chain reaction.>® However, as those
studies did not investigate synaptic markers or quantitative
synaptic marker expression. In addition, LM is relatively
lower in content within the brain** and is absent in the
perineuronal net that surrounds the cell body of various nerve
cells and extends along their dendrites.*> Understanding the
complete neurogenic mechanisms of ECM in hMSC differ-
entiation is required in the clinic. Our data might link the
varied differentiation signaling of ECM tenascins with the
cytokines of NBR. Our qPCR results demonstrate neuronal
differentiation in hMSCs. We identified morphologic changes
and examined the expression of the synaptic marker, SYN.
However, the signaling pathway remains unclear and identi-
fying the signal cascades in the future is necessary.

In our study, soluble tenascin had no effect on SYN
expression, but the coated form of TnC or TCR induced its
expression. Conversely, the expression of the astrocyte
marker, GFAP, was strongly inhibited in the tenascin-
coated groups. This suggests that synapse formation and
astrocyte differentiation are significantly modified by the
microenvironment changes and adhesive protein interac-
tions within the tenascin-coated plates. In a recent study,
hMSCs displayed an elongated shape when cultured on
nanopatterned poly(dimethylsiloxan) (PDMS), and sy-
naptophysin was induced with or without RA.** Jian er al.
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reported that aligned poly(e-caprolactone) (PCL) nanofi-
bers encapsulating 0.3 wt% RA also induced synaptic
marker expression in hMSCs accompanied by an aligned
and elongated cell morphology.*® These results indicate
that cell morphologic changes occurring because of to-
pography greatly modulate stem cell synapse formation.
However, astrocyte differentiation appears to be uninhib-
ited by these two artificial materials. Regardless, the nano
materials increased GFAP expression by hMSCs.***
Among natural ECM materials, tenascin, not LM, exhibits
a reduction in astrocyte differentiation.

TnC and TnR appeared to be anti-adhesive ECM proteins.*®
Another study showed that TnC inhibits the focal adhesion
kinase (FAK) and RhoA signaling pathways through interac-
tions between FN and syndecan-4.*” Compared with LM, TnC
also displayed weak binding in neurons.*® Similarly, TnR
inhibits FN-mediated adhesion in L cells and ganglion neu-
rons.*’ Tenascin inhibits cell adhesion and causes hMSCs to
detach from the hard plastic surface and form neurites.
Therefore, cell size appears smaller or maintains a cubic shape
in our study. We assume that the modulation of adhesiveness
plays a key role for neuronal differentiation in hMSCs.

Our results showed that the total inhibition rate of the o7
and o9 integrin antibodies was >100%. This indicates that
the roles of these two integrins are more essential for MSC
differentiation than NBR. Without tenascins, integrins cannot
signal outward, which provides mechanical strength. Con-
versely, the effect of NBR may be reduced during hMSC
neuronal differentiation. Blocking the o7 and o9 integrins the
hMSC promotes astrocyte marker expression during differ-
entiation into astrocytes. This further demonstrates that in-
tegrin is essential for neuronal differentiation in hMSC.

Regardless of whether it is in a soluble or in a coated form,
compared to TnC or TnR only, TCR positively regulated
neuronal differentiation in hMSCs. During development, TnC
is expressed earlier in the morphogenesis stage of nervous
system. TnR has a delayed and limited expression in the
nervous system throughout the development to adulthood.™®
Thus, to develop a mature neuron, neuronal stem cells and
progenitor cells must grow in an environment that contains
both TnC and TnR during development. As our study shows,
cell cultures with TnC and TnR together appear to mimic
natural physiology. Studies of tenascin-knockout mice support
this point. Other studies have shown that both TnC- and TnR-
knockout mice have normal lifespans and fertility without
gross anatomical or histological abnormalities. However, TnC
and TnR double-gene deletion might severely disrupt the
nerve system morphogenesis process during development.’'~?
Confirming this speculation requires further investigation.

Compared to tenascin coating on the dish, soluble te-
nascin had an opposite effect on hMSC neurogenesis. The
difference might have been caused by a lack of support and
mechanical strength when tenascin was dissolved in the
medium. When tenascins were dissolved in the medium,
they became soluble factors, comparable to cytokines. In
other studies, TnC was reported to have an EGF-like domain
binding affinity with the EGF receptor.”>>* Another study
proposed TnC as an activator of Toll-like receptor 4 in ar-
thritic joints.> Hence, soluble tenascins trigger a different
adhesive-independent pathway than that triggered by coated
tenascins. Furthermore, tenascin dissolved in the medium
might form an inhibitor that prevents integrin from binding
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to other constituents of the ECM. In addition, it affects
neuronal differentiation in hMSCs. However, further in-
vestigation is necessary to determine whether TCR in the
medium can significantly promote gene expression in a
manner similar to TCR coating.

Conclusion

Together, soluble or coated forms of TnC, TnR, or TCR
can facilitate neuronal or neuro-glial differentiation in
hMSCs. This study provides evidence of the novel biopro-
cessing of MSCs. Precise control of tenascins in a cellular
milieu could potentiate stem cell therapy for neurodegen-
erative diseases.
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