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Fig. 2. Modulation of S100B expression by SOX10 in Schwann cells. (A) mRNA levels of Sox 10 (top} and
S100b {bottom) in stable lines of primary rat Schwann cells retrovirally transfected with SOX10 or control GFP.
(B} Protein level of $100B and Sox10 in stable lines of primary rat Schwann cells retrovirally transfected with
SOX10 or control GFP. (C) Modulation of S100b expression by SOX10 in ROS cells. mRNA levels of Sox10
(top} and S100b (bottom} in stable lines of rat non-neurogenic ROS cells retrovirally transfected with SOX10
or control GFP. Experiments were repeated independently three times with data shown as the mean + SEM.
*P=20.05 versus control.

doi:10.1371journal. pone.0115400.g002

Contribution of SOX10-S100B signaling to proliferation and
myelination of Schwann celis

We next examined the function of S100B in the proliferation of Schwann cells.
When Schwann cells were cultured under the proliferation or differentiation
conditions, i.c., with or without NGF and forskolin treatment, respectively | ¢},
the expression of both SoxI0 and $100b was markedly suppressed under the
proliferation condition but increased under the differentiation condition (11 o).
When we knocked down either SI00b or Sox10 with shRNA, BrdU incorporation
significantly increased ( ). In the CCK-8 assay, knocking down
either S100b or SoxI0 in the Schwann cells or non-glial cells (C3H10T1/2) also
increased cell proliferation (! Cand [ o). These results suggest that SOX10-
S100B signaling negatively regulates Schwann cell proliferation.
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Fig. 3. Suppression of S100B and Mpz expression by SOX10 insufficiency in Schwann cells. {A) mRNA
levels of Sox10 (top), S700b (middle) and Mpz (bottom} in stable lines of primary rat Schwann cells retrovirally
transfected with shRNA specific for Sox10 or GFP. All experiments were repeated independently three times
with data shown as the mean + SEM. "P-<20.05 versus GFP or sh-GFR. (B} Protein levels of SOX10 and
S100B in stable lines of primary rat Schwann cells retrovirally transfected with shRNA specific for SOX10 or
control GFP.

doi:10.1371/journal. pone.0115400.g003

Finally, we examined the involvement of S100B in myelination using
dissociated DRGs. Compared to control cocultures, knocking down S100b in
Schwann cells impaired the myelination of rat DRG neurons ( V), and we
quantified this by calculating the number of MBP-positive myelinating cells
(11, 9B This result suggests that S100B in Schwann cells plays a critical role in
myelination.

Discussion

During vertebrate development, SOX10 is first highly expressed in the emerging
neural crest and later in glial cells, where SOX10 is involved in the differentiation
of both the peripheral nervous system (PNS) and CNS [, 0], SOX10 also plays
an essential role in maturing and maintaining Schwann cells | 0] by divectly

PLOS ONE | DOI:10.137tfjournal.pone.0115400 December 23, 2014 8/17



e ®
‘G-PLOS | one
& SOX10-S100B Signaling in Schwann Cell Function

Relative luciferase activ ty Relative luciferase activity
2 2 4 [ Q 1

1 i I

T T Y t]

GFP

POU3F

[JoFp

B soxio

c S100B proemoter D Relative luciferase act vity
~334 TS +21
1 5 -2, = a 0.4 0.8
‘ A T T T T T T ™
ABC

j —334 W1 +200

Site A: ~330/ —324 bp m_zgg
He: TTARATCAATT] -]
Rn: TTARATGARTT

M TTGAATCAATT] MutA
Mutd: TTGATTTAGTT m—mﬁié
Site B: 273 ~267 bp ¥
Hs: JATCAATAITTCAT
R GECCAATHTTCAT

wim: JATCAATATTCAT MutB
MitR: CTTTAATATTCAT

Site &' -246/ -240 op
Hs: GCACAAAAL AGCT Mutc
Rn: GTGCAGAGAAGCT bt

m: GEACAEAG FAGCT
MutG: GCACAGTG-AGCT

Fig. 4. Identification of putative SOX10-response elements in S100B. (A} Luciferase activities after
transfection of putative Schwann cell-related transcription factors into Hel.a cells with a reporter construct
containing a fragment (- 1,000 fo +200 bp) of the S100B gene. *P-:0.05 versus GFP. (B) Deletion analysis
using luciferase-reporter constructs containing a series of deletion fragments of the $1008 gene in HelLa cells
transfected with SOX10 or control GFP. (C} Comparison of human (Hs), rat (Rn), and mouse (Mm) sequences
in three putative SOX motifs in the $100B promoter and mutated sequences (Mut A, Mut B, and Mut C), used
in the following mutagenesis analysis. (D) Site-directed mutagenesis analysis using luciferase-reporter
constructs containing 334 to +200 bp of the S7008 gene with mutations as in within the three SOX
motifs in the cells above, *P=0.05 versus wild-type (WT) with SOX10. All experiments were repeated
independently three times with data shown as the mean + SEM.

doir10.1371journal. pone.0115400.g004

regulating MPZ, c-Ret, ciliary neurotrophic factor (CNTF), dopachrome
tautomerase (DCT), microphthalmia-associated transcription factor (MITF),
connexin32, connexind?, EGR2, SP1, and SP3 | [. In the present study, we
demonstrated that during Schwann cell differentiation, SOX10 is involved in the
transcriptional induction of S100B. SOX10 belongs to the SOX transcription

PLOS ONE | DOL10.1371/ournal.pone.0115400 December 23, 2014 g/17
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Fig. 5. Identification of putative response elements in S100B intron 1 by SOX10 and direct binding of
SOX10 to the response elements. (A) Comparison of human (Hs), rat (Rn) and mouse (Mm) sequences in
the putative SOX motif of the S100B infron 1 and mutated sequence (Mut D), used in the following
mutagenesis analysis. (B} Deletion and site-directed mutagenesis analysis using luciferase-reporter
constructs containing 334 to +200 bp of the S1008 gene in HeLa cells transfected with SOX 10 or control
GFP. *P=0.05 versus wild-type {WT) with SOX10. All experiments were repeated independently three times
with data shown as the mean + SEM. (C) ChiIP assay performed using cell lysates of Schwann cells that
were amplified by a primer set spanning the identified regions; sites A & B (top), site A (second row), site B
(third row), and site D (fourth row), or not spanning the region (bottom} before {input) and after
immunoprecipitation with antibodies to Sox10 (»-Sox10} or non-immune IgG (IgG). Genomic DNA was
amplified as a positive control.

doi:10.1371/journal. pone.0115400.9005

factor family that contains high-mobility group (HMG) domain(s) |10, 11]. The
SoxE family contains SOX10, SOX9, and SOX8. The family members are
structurally similar and are known to have functional redundancies [, 13]. We
previously reported that SOX9 regulates S100B expression in chondrocytes
through direct binding to the S100b promoter(s) [ 17]. Here, we found that Soxi0
is predominantly expressed in Schwann cells as compared to Sox9 {110 14}, and

the expression levels of SOX8 and SOX9 are lower than that of SOX10 in

PLOS ONE | DOI:10.1371/journal.pone.0115400 December 23, 2014 10/ 17
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Fig. 6. Suppressed Schwann cell proliferation by SOX10-S100B signaling. Comparison of Sox10 and
S100b mRNA levels between conditions of proliferation and differentiation in rat sciatic nerve Schwann cells.

All experiments were repeated independently three times with data shown as the mean + SEM. "P<0.05
versus proliferation condition.

doi:10.1371Journal.pone.0115400.9006

differentiated glial cells [ 0], In addition, previous reports showed that the
expression of S100B as well as MZP and MBP is suppressed in SOX10-deficient
sciatic nerves | 0], Therefore, in the present study, we focused on the role of
SOX10 in Schwann cell differentiation.

It has been reported that SOX transcription (actors determine cell fate by
enhancing transcriptional activity through interaction with their co-factors;
several factors such as PAX3 | 2], SP1, SP3, heterogencous nuclear ribonucleo-
protein K, pur-alpha [ 0], MITE |34, EGR2 [31, 30], and POU3FE | 44] have
alrcady been shown to function as co-factors of SOX10. In addition, because
Sox10 has several known targets, such as Krox20/Egr2 and ErbB3, we could not
exclude the possibility that these molecules also play a role in the regulation of
proliferation and differentiation together with S100B. The cooperation of SOX10
with other factors should be analyzed o elucidate the mechanism of S100B
induction in Schwann cells in further detail.

Although S100B is involved in energy metabolism, cell cycling, apoptosis,
extracellular signaling, and regulating the cytoskeleton |11, 15, 10], its function in
Schwann cells has not been fully clarified. We found that the expression of SOX10
and S100B was decreased under the proliferation condition, while it was increased
under the dilferentiation condition (1. i. Moreover, knockdown of SOX10 or
S100B increased the proliferation of Schwann cells (100 o6, 7 A-71). A previous
report showed a significant increase in the number of proliferating cells in the
sciatic nerve from Schwann cell-specific SexI0-ablated mice | 0], By analyzing
cyclin-dependent kinase (Cdk)-deficient mice, it was discovered that Cdk4
controls postnatal Schwann cell proliferation [ 7], although the exact role of
SOX10 or S100B as a regulator of cell cycle-related molecules in Schwann cells has
not been established. Interestingly, S100B promotes cell cycling in the CNS [V}
and S100B levels are high in neuronal tumor cells as compared to normal parental
cells. Nevertheless, other studies demonstrated that the Cdk inhibitor p?_l“"‘“:'
was induced by S100B via AKT activation in PC12 neuronal cells 1] and that
another Cdk inhibitor, p27"%°" activated the MBP promoter in cooperation with
SOX10 in oligodendrocytes | 10]. Therefore, SOX10-S100B signaling may

PLOS ONE | DOL10.1371/journal.pone.0115400 December 23, 2014 11717
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Fig. 7. Enhanced proliferation by knockdown of Sox10 or §700b in Schwann cells. (A, B} BrdU labeling of stable lines of Schwann cells retrovirally
transfected with SOX10 or shRNA specific for SOX10 and GFP (A). Ratio of BrdU-positive cells to total cells was quantified after 3 d culture of stable lines of
Schwann cells transfected with Sox 10 expressing vector, shRNA vector specific for Sox70, and control GFP vector (B). (C) Growth curves using the CCK-8
assay of stable lines of Schwann cells retrovirally transfected with sh-Sox 10 or control GFP. Experiments were repeated independently three times with data
shown as the mean + SEM. *P-:0.05 versus control. (D, E) BrdU labeling of stable lines of Schwann cells retrovirally transfected with S700b or shRNA
specific for S100b and GFP (D). Ratio of BrdU-positive cells to total cells were quantified after 3-day-old cultures of stable lines of Schwann cells were
transfected with ST00b expressing vector, shRNA vector specific for S100b, and control GFP vector (E). Experiments were repeated independently three
times with data shown as the mean + SEM. "P-0.05 versus control.

doit10. 1371:’journal.pone.d’. 15400.9007

negatively regulate cell-cycle progression in Schwann cells by activating inhibitors
of Cdks.

We also show that 1008 is involved in Schwann cell myelination { ). Qur
findings confirm a previous study that found that myclination is delayed in S100b-
deficient mice |50}, How S100B {unctions to stimulate Schwann cell myelination

PLOS ONE | DOI:10.1371/journal.pone.0115400 December 23, 2014 12117
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Fig. 8. Enhanced proliferation by knockdown of $700b or Sox10 in C3H10T1/2 cells. {A) mRNA levels of S100b determined by realtime RT-PCR in
stable lines of mouse mesenchymal C3H10T1/2 cells retrovirally transfected with S100b. shRNA for S700b, or control GFP. (BY mRNA levels of Sox10
determined by realdime RT-PCR in stable lines of mouse mesenchymal C3H10T1/2 cells retrovirally transfected with Sox 70, shRNA for Sox10, or control
GFF. (C and D) Growth curves using the CCK-8 assay of stable lines of C3H10T1/2 cells as mentioned above. All experiments were repeated independently
three times with data shown as the mean + SEM. *P-:0.05 versus control.

doi: 10, 137 1journal.pone.01 15400.9008

is still unclear. Recent work suggests that because S100B is a Ca™ binding protein,
S100B controls intracellular Ca™ concentration crucial for myelination induced
by neuregulin-dependent phosphorylation of calcineurin. Neuregulin signaling
controls myelination by increasing Ca*" levels in Schwann cells in order to activate
the phosphatase calcineurin |51, 5], Thus, because Ca*™* levels regulate
myelination, as a Ca®* binding protein, S100B may also influence myelination in
Schwann cells.

We conclude that SOX10 directly transactivates S100B to inhibit proliferation
and to promote myelination during Schwann cell differentiation. It has been
reported that the function of S100B changes depending on its expression levels.
While at nanomolar levels S100B promotes axon extension via RAGE receptors, at
millimolar levels S100B triggers apoptosis in neurons. Furthermore, S100B
expression levels can indicate the malignant grade of malignant tumors |11, -]
Together, these lines of evidence suggest that modulating the SOX10-S100B axis
may be a viable therapeutic target for various neuronal disorders including
demyelinating discase, neuropathy, and nerve injury.

PLOS ONE | DOL10.1371fournal.pone.0115400 December 23, 2014 13717
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Fig. 9. Impaired myelination by knockdown of S700b. (A) Immunocytochemistry of neurons and stable
lines of Schwann cells retrovirally transfected with shRNA specific for S100b or control GFP in DRG
dissociated cultures. Staining of Tuj1 {red}, MBF (green) and Hoechst (blue) in neurons, Schwann cells, and
nuclei, respectively. (B} The number of MBP-positive Schwann cells in a high-power field of the
immunocytochemistry as in Fig. 9A. Experiments were repeated independently three times with data shown
as the mean + SEM. *P-0.05 versus control.

doiz10.1371journal. pone.0115400.g009
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