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CXXC5 Plays a Role as a Transcription
Activator for Myelin Genes on

Oligodendrocyte Differentiation

Mi-Yeon Kim,1,2 Hyun-Yi Kim,1,2 Jiso Hong,3 Daesoo Kim,3 Hyojung Lee,1,2

Eunji Cheong,1,2 Yangsin Lee,4 J€urgen Roth,4 Dong Goo Kim,5 Do Sik Min,1,6 and

Kang-Yell Choi1,2

Myelination in corpus callosum plays important role for normal brain functions by transferring neurological information
between various brain regions. However, the factors controlling expression of myelin genes in myelination are poorly under-
stood. Here, CXXC5, a recently identified protein with CXXC-type zinc finger DNA binding motif, was characterized as a tran-
scriptional activator of major myelin genes. We identified expression of CXXC5 expression was increased by Wnt/b-catenin
signaling. CXXC5 specifically expressed in the white matter induced expression of myelin genes through the direct binding of
CXXC DNA-binding motif of CXXC5 on the MBP promoter. During the differentiation of neural stem cells (NSCs) of CXXC52/2

mice, the expressions of myelin genes were simultaneously reduced. The CXXC52/2 mice exhibited severely reduction of myelin
genes expression in corpus callosum as well as abnormalities in myelin structure. The disrupted structural integrity of myelin in
the CXXC52/2 mice resulted in reduced electrical conduction amplitudes at corpus callosum. These findings indicate that the
regulation of myelin genes expression by CXXC5 is important for forming myelin structure involved with axonal electrical signal
transfer in the corpus callosum.
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Introduction

Oligodendrocytes synthesize the myelin sheath which insu-

lating neural axons and supporting rapid neural action

potential propagation in the central nervous system (CNS)

(Deber and Reynolds, 1991; Inouye and Kirschner, 1991).

Myelinated axons consists white matter involved in the trans-

mission of electrical signals between different areas of the

brain. The myelination abnormalities that interrupt nerve

impulse transfer can cause neurological disorders, such as

depression, bipolar disorder (Brambilla et al., 2009; Mahon

et al., 2010), autism (Vourc’h et al., 2003), schizophrenia

(Haroutunian et al., 2014; Vourc’h et al., 2003), and neurop-

athy (Richardson et al., 2006). Thus, the identification and

characterization of the genes involved in the myelination are

important for understanding the complex processes of brain

development.

Oligodendrocytes are generated from oligodendrocyte

progenitor cells (OPCs) which are differentiated from neural

stem cells (NSCs) in the ventricular zone (VZ) of brain (Lee

et al., 2000). The myelination of oligodendrocytes is medi-

ated by the activation of various myelin genes, such as myelin

basic protein (MBP), proteolipid protein (PLP), myelin associate

protein (MAG), and myelin oligodendrocyte glycoprotein

(MOG), which are involved in myelin structural integrity

(Aggarwal et al., 2011; Rosenbluth et al., 2006; Seiwa et al.,

2000). The Wnt/b-catenin signaling is involved in myelin
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gene expression (Guo et al., 2015; Langseth et al., 2010;

Tawk et al., 2011). In peripheral nervous system (PNS), the

Wnt/b-catenin signaling directly induces expressions of mye-

lin genes such as peripheral myelin protein-22 (PMP22) or

myelin protein zero (MPZ) through binding of b-catenin/

TCF complex on promoters of PMP22 or MPZ (Makoukji

et al., 2011; Tawk et al., 2011). However transcriptional con-

trol of myelin genes in oligodendrocyte remain poorly

understood.

CXXC5 is a recently identified protein with CXXC-type

zinc finger DNA-binding motifs and nuclear localization

sequences (NLS) (Cokol et al., 2000; Pendino et al., 2009).

CXXC5 was identified as a nuclear factor activating several

genes, such as P53, COX4I2, and Flk1 (Aras et al., 2013; Kim

et al. 2014; Zhang et al., 2009), and its role in the cytosol as a

negative regulator for Wnt/b-catenin signaling was also identi-

fied (Kim et al. 2015; Kim et al. 2010a). CXXC5 was identi-

fied a potential target of BMP4 signaling in neural stem cells

functioning in brain (Andersson et al., 2009). CXXC5 was also

identified as a potential target gene of b-catenin (Bottomly

et al., 2010). In addition, CXXC5 was also identified as a

weakly expressed gene in global gene expression profile of bipo-

lar disorder patient compared with their co-twins (Matigian

et al., 2007). However, the role of CXXC5 as a transcription

factor in nervous system is not known.

In the present study, using a mouse model, we identi-

fied and characterized the CXXC5 as a transcription factor

that activated a series of genes involved in myelination and its

role in interhemispheric function. The expression of CXXC5

was increased by Wnt/b-catenin signaling in NSCs together

with the myelin genes. In addition, CXXC5 expression

increased during the differentiation of NSCs and during the

brain development of mice, correlating with the expression of

multiple myelin genes. In addition, in vitro DNA binding

analyses were used to characterize CXXC5 as a direct tran-

scriptional activator for MBP. The in vivo role of CXXC5 as

an activator for myelin genes was also demonstrated by the

severe reductions in the expression of MBP and other myelin

genes in the corpus callosum of CXXC52/2 mice. The abol-

ishment of myelin structural integrity by loss of CXXC5 was

demonstrated by electron microscopy analyses, and subse-

quent outcome was shown by a reduction in conduction

amplitudes through axon bundles. Together, these results

show that CXXC5 maintained myelin structural integrity for

transferring the electrical signal on corpus callosum in devel-

opmental stages of mice.

Materials and Methods

Animals
The CXXC52/2 mice were established in previous study (Kim et al.

2014; Kim et al. 2015). All of the mice used in this study were

treated according to protocols approved by the Institutional Animal

Care and Use Committee (IACUC) of Yonsei University, Seoul,

Korea. All mice had unlimited access to water and breeding chow

and male mice were used for every experiment.

Cell Culture
The primary NSCs were isolated from embryonic day 14.5 (E14.5)

CXXC52/2 and CXXC51/1 mice, and neurospheres were cultured as

previously described (Kim et al. 2010b; Kim et al. 2013). For neuro-

sphere culture, the cells were mechanically dissociated from brain tis-

sue and grown in N2 medium in 25 cm2 flasks (Nunc, Pittsburgh,

PA) in suspension. About 10 ng/mL human bFGF (Peprotech,

Princeton, NJ) and 20 ng/mL human EGF (Peprotech) were added

to the media to allow the cells to form neurospheres. For analyses,

NSCs were cultured as monolayer. For differentiation of NSCs, the

neurospheres were dissociated with TrypLE (Gibco, Carlsbad, CA),

plated on 15 lg/mL poly-L-ornithine- (Sigma-Aldrich, St. Louis,

MO) and 10 lg/mL fibronectin (Gibco)-coated plates, and cultured

in bFGF- and EGF-depleted N2 medium for 4 days.

The OPCs (Oli-neu cell line) were provided by Dr. Jacqueline

Trotter at The University of Mainz, Germany. OPCs were grown in

Oli-neu medium containing Sato’s ingredients and 2% horse serum

in DMEM/F12 (1:1) (Invitrogen, Carlsbad, CA) on 1 mg/mL poly-

L-lysine-coated dishes (Jung et al., 1995). For oligodendrocyte differ-

entiation, 1 mM cAMP (Sigma-Aldrich) was added for 6 days. For

transient transfection, the cells were cultured for 1 day and then

transfected with the required plasmids using the Lipofectamine Plus

transfection reagent (Invitrogen) according to the manufacturer’s

instructions.

Plasmids and Small Interfering RNA (siRNA)
The pGL3-MBP promoter was obtained from Dr. Li-Jin Chew

(Chew et al., 2010), and serially deleted MBP promoter constructs

in the pGL3 vector were provided by Dr. Robin Miskimins (Wei

et al., 2003). The pGL3-PLP1 promoter was obtained from Dr.

Charbel Massaad (Tawk et al., 2011). The pcDNA 3.1-flag-CXXC5

and pcDNA 3.1-myc-CXXC5, CXXC5 overexpression vectors, as

well as the mutant constructs [pcDNA 3.1-myc-CXXC5 (C263/

266R), pcDNA3.1-myc-CXXC5 (C275/278R), and pcDNA 3.1-

myc-CXXC5 (C263/266R, C275/278R)] were described in a previ-

ous study (Kim et al., 2010a). The sequences of b-catenin siRNA

were as follows: sense: 50-AUU ACA UCC GGU UGU GAC GUC

CC-30, anti-sense: 50-GGG ACG UUC ACA CCG GAU UGU

AU-30.

Reporter Analysis
NSCs and OPCs were cultured for 1 day and then transfected with

pGL3-MBP, pGL3-PLP1, or serially deleted MBP promoter con-

structs in pGL3, together with b-gal-pCMV, using the Lipofect-

amine Plus transfection reagent. The transfected cells were further

cultured for 1–4 days before harvesting for the reporter assay. The

harvested cells were resuspended in lysis buffer (Promega, Madison,

WI), and the luciferase activities were measured and normalized

using b-galactosidase activities as an internal control (Yang et al.,

2009).
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Immunohistochemical Analysis
The immunohistochemical analysis was performed as previously

described (Jeong et al., 2012). CXXC51/1 mice and CXXC52/2

mice brain tissues were fixed in 4% paraformaldehyde and processed

for paraffin sections using a RM2245 microtome (Leica Microsys-

tems, Wetzlar, Germany). The tissue sections were deparaffinized,

and antigen retrieval was performed in citrate buffer (pH 6.0). For

immune staining, the sections were incubated with anti-CXXC5

(Kim et al. 2015), anti-MBP, anti-c-Fos or anti-GFAP antibodies.

This step was followed by incubation with Alexa Fluor 488-

conjugated anti-goat IgG or Alexa Fluor 488-conjugated anti-rat IgG

secondary antibodies. The sections were counterstained with DAPI.

The immunofluorescent images were captured using a LSM 510

META confocal microscope. For diaminobenzidine (DAB) staining,

immunohistochemistry was performed with the peroxidase substrate

in the DAB kit (Vector Laboratories Inc., Burlingame, CA). The

samples were observed with an ECLIPSE TE2000-U microscope

(Nikon, Tokyo, Japan).

Chromatin Immunoprecipitation (ChIP) Assay
NSCs and OPCs were transfected with pcDNA3.1-myc-CXXC5,

pcDNA3.1-myc-CXXC5, pcDNA 3.1-myc-CXXC5 (C263/266R),

pcDNA3.1-myc-CXXC5 (C275/278R), or pcDNA 3.1-myc-CXXC5

(C263/266R, C275/278R), and then grown under non-differentiation

conditions for 1 day. One percent formaldehyde was used to treat cells

for 30 min at 378C. The cells were then washed twice in ice-cold

PBS containing 1 mM phenylmethanesulfonyl fluoride (PMSF) and

then collected by scraping in lysis buffer (1% SDS, 10 mM EDTA,

50 mM Tris, pH 8.0) on ice. The lysates were sonicated 53 for 30

seconds at 50% amplitude and 0.5 cycles, while keeping the samples

on ice. The samples were then diluted with ChIP dilution buffer [1%

SDS, 1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris (pH 8.0),

and 167 mM NaCl] containing 1 mM PMSF followed by incubation

overnight at 48C. The samples were then incubated with 3 lg of anti-

myc antibody (Santa Cruz Biotechnology) or anti-mouse IgG (Santa

Cruz Biotechnology) followed by incubation with 20 lL of salmon

sperm DNA/protein A agarose beads (Millipore, Billerica, MA) over-

night at 48C. The DNA–protein complex was eluted with elution

buffer (1% SDS and 0.1 M NaHCO3) and pooled. The complexes

were then reverse crosslinked at 658C for 4 h, and the DNA was puri-

fied using phenol-chloroform and subjected to PCR amplification.

The primer sets are shown in Supporting Information Table 5. The

quantitative ChIP assay was performed as previously described (Jeon

et al., 2008).

Transmission Electron Microscopy
The mice were euthanized using CO2 gas. The brains were quickly

removed, and thin slices (�1 mm thickness) containing the corpus

callosum were cut. The slices were then fixed in 2% formaldehyde

(freshly prepared from paraformaldehyde) and 0.5% glutaraldehyde

in 0.1 M cacodylate buffer (pH 7.4), initially at 378C for 4 h, and

then rinsed in buffer. Pieces of the corpus callosum (�1 mm3) were

post-fixed in 1% osmium tetroxide in 0.1 M cacodylate buffer (pH

7.4) for 1 h. Following rinses with buffer, the tissue pieces were

dehydrated in a graded series of ethanol and embedded in Epon-

Araldite according to standard protocols.

Ultrathin sections (80 nm) were cut with a diamond knife

(Diatome, Biel, Switzerland) using a Leica EM UC6 ultramicrotome

(Leica Microsystems, Wetzlar, Germany) and stained with lead

citrate and uranyl acetate. Ultrathin sections were observed with a

Hitachi H-7650 electron microscope at 80 kV. The images were

recorded using an 11-megapixel CCD XR611-M digital camera

(Advanced Microscopy Techniques, Woburn, MA). The figures were

generated using Photoshop (Adobe Systems, Inc. Mountain View,

CA). The myelin thickness was estimated by the g-ratio (Paus and

Toro, 2009), which is the ratio of individual axon diameters to

myelinated fiber diameters.

Statistical Methods
All experiments were performed independently three times at least.

The results are expressed as the mean 6 standard error of the mean

(SEM) of three different experiments for each condition. The each

data was statistically analyzed using Student’s t-test or one-way

ANOVA test. *P< 0.05, **P< 0.01, ***P< 0.005.

Results

CXXC5 Expression Was Increased by
Wnt/b-Catenin, and Myelin Genes Were
Increased Together with the CXXC5 in
Differentiation Induced NSCs
Both protein and transcription (mRNA and promoter activ-

ity) levels of CXXC5 increased by activated Wnt/b-catenin

signaling (Fig. 1A,B). The Wnt3a-dependent increments of

the expression CXXC5 was abolished by siRNA mediated b-

catenin knock down (Fig. 1C,D). During the differentiation

of NSCs, both mRNA and protein levels of CXXC5 were

increased in differentiation condition by time-dependently

(Fig. 1E,F). In addition, CXXC5 was accumulated in the

nuclei of NSCs, whose differentiation was induced by the

depletion of growth factors and differentiated into oligoden-

drocyte monitored by MBP expression (Fig. 1G).

The role of CXXC5 in oligodendrocyte differentiation,

not the other lineages, was confirmed by immunocytochemi-

cal analysis in NSCs, derived from CXXC51/1 or CXXC52/2

mice, grown under differentiation conditions (Fig. 1H). The

expression of MBP, oligodendrocyte marker, was reduced in

CXXC52/2 NSCs compared with CXXC51/1 NSCs. How-

ever, the expression of neural marker, Tuj1, and astrocyte

marker, GFAP, were not changed (Fig. 1I).

CXXC5 is Involved in the Oligodendrocyte
Differentiation of NSCs
To identify genes regulated by CXXC5 during the differentia-

tion of NSCs, we performed microarray analyses using

differentiation-induced NSCs isolated from the CXXC51/1

and CXXC52/2 mice, with the differentiation performed via

the depletion of growth factors. We found that 38 genes were
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down-regulated with a 1.50-fold maximum in differentiated

NSCs derived from CXXC52/2 compared with differentiated

cells from the CXXC51/1 mice (Supp. Info. Table 1). Among

these down-regulated genes, nine (23%) oligodendrocyte

marker genes, including MBP, MAG, and PLP, were identified

(Supp. Info. Table 2). However, the expression of the neural

marker genes, Camk2b and Tuj1 (Lemetre and Zhang, 2013),

and of the astrocyte markers, Gfap and Bmpr1b (Cahoy

et al., 2008) were not significantly different in the CXXC52/2

and the CXXC51/1 NSCs (Supp. Info. Table 2).

The specific reductions of oligodendrocyte marker genes

in differentiated NSCs from CXXC52/2 mice, such as MBP,
PLP1, MAG, and MOG, but not Tuj1, the neural marker,

and GFAP and Bmpr1b, astrocyte marker genes were further

confirmed using quantitative real-time polymerase chain reac-

tion (qRT-PCR) analysis (Fig. 2A). The mRNA expression of

FIGURE 1: CXXC5 is induced by Wnt/b-catenin signaling, and its level is increased during the oligodendrocyte differentiation. A, B: NSCs
were cultured on poly-L-ornithine- and fibronectin-coated cover slides and grown in non-differentiation condition with 50 ng/ml of
Wnt3a for 4 days. A: The indicated proteins and mRNAs were detected using immunoblotting (IB) and RT-PCR, respectively. B: NSCs
were transfected with pGL3-CXXC5 and the promoter activities were analyzed as described in “Materials and Methods.” C, D: NSCs
were transfected with 100 nM of b-catenin siRNA. After 24 h, 50 ng/mL of Wnt3a were treated for 4 days. C: The indicated proteins
were detected using immunoblotting. D: NSCs were transfected with pGL3-CXXC5 and the promoter activities were analyzed. P values
were obtained by Student’s t-test (control vs. Wnt3a treated group, Wnt3a treated group vs. Vwt3a and sib-catenin treated group). E,
F: The mRNAs and proteins were isolated from differentiated NSCs isolated from E14.5 mice. The indicated mRNAs and proteins were
detected using RT-PCR (E) and immunoblotting (IB) (F), respectively. G: NSCs were cultured on poly-L-ornithine- and fibronectin-coated
cover slides and grown in N2 medium with or without bFGF and EGF for 4 days. The cells were subjected to immunofluorescent staining
to detect MBP (red), and CXXC5 (green). Scale bar, 20 lm. H: NSCs from CXXC51/1 or CXXC52/2 were cultured in differentiation condi-
tion for 4 days. Immunofluorescent staining was performed with an anti-MBP, anti-Tuj1 or anti-GFAP antibody. Scale bar, 50 lm. I: The
quantified graphs were determined using confocal microscopy. P values were obtained by Student’s t-test (WT vs. KO). The data are
shown as the mean 6 standard error from three independent experiments. ***P < 0.005, **P < 0.01, *P < 0.05 or n.s., no significance.
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nestin, a NSC marker, was decreased during differentiation;

however, its level was not significantly altered during the dif-

ferentiation of CXXC51/1 cells compared with CXXC52/2

cells (Fig. 2A). CXXC5 and MBP mRNAs were not detected

in undifferentiated NSCs. However, they were detected in the

Oli-neu cell line (oligodendrocyte precursor cells [OPCs]),

and levels were further increased by inducing oligodendrocyte

differentiation (Fig. 2B). The role of CXXC5 in oligodendro-

cyte differentiation was confirmed by a dose-dependent

induction of MBP by CXXC5 overexpression in NSCs grown

under non-differentiation conditions (Fig. 2C). The mRNA

levels of MBP, PLP1, and MAG were also increased by

CXXC5 overexpression in NSCs, regardless of the induction

of differentiation (Fig. 2D). In vivo, the MBP expression was

significantly reduced in corpus callosum of CXXC52/2 mice

at PN14. However, astrocytic differentiation was unaltered

the loss of CXXC5 in the corpus callosum in both the PN14

mice as determined by GFAP detection (Fig. 2E).

CXXC5 is a Transcriptional Activator of MBP
Given the nuclear localization of CXXC5 and the down-

regulation of myelin gene transcription in differentiated

FIGURE 2: CXXC5 specifically regulates genes involved in oligodendrocyte differentiation and myelination. A: The mRNAs were isolated
from NSCs grown under non-differentiation and differentiation conditions. The indicated mRNAs were detected using qRT-PCR using
each primer set for the genes. Each sample was normalized to the expression of GAPDH. P values were obtained by Student’s t-test
(WT vs. KO). B: The mRNAs were isolated from the NSCs grown in non-differentiation medium and Oli-neu cells grown in non-
differentiation or differentiation media. RT-PCR analyses were performed with primer sets for each gene. GAPDH was included as a
loading control. C: NSCs were transfected with pcDNA3.1-flag-CXXC5, and cultured for 4 more days in non-differentiation medium
before the cells were harvested for analyses. The indicated proteins were detected using immunoblotting. D: NSCs were transfected
with pcDNA 3.1 or pcDNA 3.1-flag-CXXC5. The cells were further cultured in non-differentiation or differentiation media for 4 days
before analyses. The indicated mRNAs were detected using qRT-PCR. P values were obtained by Student’s t-test (control group vs.
CXXC5 overexpression group). E: Coronal sections from the corpus callosum at PN14 CXXC51/1 mice and CXXC52/2 mice were stained
with an anti-GFAP and anti-MBP antibody. Scale bar, 50 lm. The data represent the mean 6 error of three different experiments. P val-
ues were obtained by Student’s t-test. *P < 0.05, ***P < 0.005, n.s., no significance.
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CXXC52/2 NSCs, we assessed the role(s) of CXXC5 as a

transcriptional activator for myelin genes. The nuclear accu-

mulation of CXXC5 in differentiated NSCs was confirmed

by cell fractionation assays (Fig. 3A). The promoter activities

of MBP and PLP1, as determined by individual reporters,

were increased by CXXC5 overexpression in NSCs (Fig.

FIGURE 3: CXXC5 is a transcription factor for MBP. A: The whole cell extracted from NSCs was separated into nuclear and cytosolic fractions
and were then subjected to immunoblot analyses to detect CXXC5 and lamin A/C. B–G: The promoter activities were analyzed by measuring
luciferase activities. B, C: NSCs were transfected with pGL3-MBP (B) or pGL3-PLP1 (C) together with pcDNA 3.1-flag or pcDNA 3.1-flag-
CXXC5 for 1 day, under non-differentiation conditions. P values were obtained by Student’s t-test (control group vs. CXXC5 overexpression
group). D: NSCs were transfected with pGL3-MBP together with pcDNA 3.1-flag or pcDNA 3.1-flag-CXXC5. The cells were further cultured
under non-differentiation or differentiation conditions for 4 days before analyses. P values were obtained by Student’s t-test (control group
vs. CXXC5 overexpression group). E: The CXXC51/1 or CXXC52/2 NSCs were transfected with pGL3-MBP and further cultured under differ-
entiation conditions for 4 days. P values were obtained by Student’s t-test (WT vs. KO). F: NSCs isolated from CXXC51/1 mice and CXXC52/

2 mice were transfected with pGL3-MBP together with pcDNA 3.1-flag or pcDNA 3.1-flag-CXXC5. The cells were further cultured under non-
differentiation or differentiation conditions for 4 days before analyses. P values were obtained by Student’s t-test (control group vs. CXXC5
overexpression group). G: NSCs were transfected with serially deleted pGL3-MBP together with pcDNA 3.1-flag-CXXC5. The cells were fur-
ther cultured under non-differentiation or differentiation conditions for 4 days. H: NSCs were transfected with different amount of pcDNA
3.1-myc-CXXC5. The ChIP assay was performed with an anti-myc antibody using a 2511 ~ 2720 specific primer for the MBP promoter from
immunoprecipitated lysates of NSCs. I-K: NSCs were transfected with pcDNA 3.1-myc-CXXC5, pcDNA 3.1-myc-CXXC5 (m1), pcDNA 3.1-myc-
CXXC5 (m2), or pcDNA 3.1-myc-CXXC5 (m1/m2) for 1 day under non-differentiation conditions. I: qRT-PCR was performed for MBP and
CXXC5. GAPDH was used as a loading control. J: NSCs were transfected with pGL3-MBP. Luciferase activity was performed. K: The ChIP
assay was performed using 2511 ~ 2720-specific primers for the MBP promoter from immunoprecipitated lysates of NSCs overexpressing
pcDNA 3.1-myc-CXXC5, pcDNA 3.1-myc-CXXC5 (m1), pcDNA 3.1-myc-CXXC5 (m2), or pcDNA 3.1-myc-CXXC5 (m1/m2) and further cultured
for 1 day under non-differentiation conditions with an anti-myc antibody. The binding was observed by qRT-PCR. P values were obtained by
ANOVA followed by Tukey HSD post hoc test [control group vs. CXXC5 overexpression group, CXXC5 vs. CXXC5(m2) or CXXC5 vs.
CXXC5(m1/m2)]. The data are expressed as the mean 6 standard error of three different experiments. *P < 0.05, and ***P < 0.005.
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3B,C). Among the myelin related proteins, MBP is the most

abundant in the myelin sheath (Husted, 2006; Nawaz et al.,

2013). Therefore, we investigated the function of CXXC5 as

a transcription factor on MBP transcription. The MBP pro-

moter activity, which was increased by inducing differentia-

tion, was further enhanced by CXXC5 overexpression in

NSCs and it was reduced in differentiated in CXXC52/2

NSCs (Fig. 3D,E). In addition, the role of CXXC5 as an

activator of MBP transcription was confirmed by rescue of

the CXXC5 knockout effect on MBP promoter activity by

CXXC5 overexpression (Fig. 3F). To identify CXXC5 bind-

ing site(s) on the MBP promoter, we used serially deleted

MBP promoters and measured the effects of CXXC5 overex-

pression. MBP promoter activity did not significantly change

after deletion of the promoter up to position 2717, regard-

less of the differentiation condition of the NSCs (Fig. 3G).

However, promoter activity was significantly reduced, espe-

cially in differentiation-induced NSCs, when the sequence

was deleted up to position 2206, and activity was almost

completely abolished when the promoter sequence was

deleted up to position 252 (Fig. 3G).

To test for direct binding of CXXC5 to the MBP pro-

moter, we divided the 2720 to 2191 region of the pro-

moter, which contains the potential CXXC5 binding site,

into three overlapping fragments and subjected the fragments

to chromatin immunoprecipitation (ChIP) analyses. CXXC5

interacted with the 2720 � 2511 fragment and interacted

weakly with the 2550 � 2370 fragment; however, no inter-

action was observed for the 2410 � 2191 fragment (Supp.

Info. Fig. 1A). The binding of CXXC5 to the 2720 �
2511 promoter fragment, where CXXC5 showed higher

affinity, was further confirmed by the dose-dependent interac-

tion of CXXC5 with the DNA fragment in NSCs (Fig. 3H,

Supp. Info. Fig. 1B).

To identify the CXXC motif(s) of CXXC5 involving

MBP transcription, we used several mutants in which cys-

teines were replaced with arginines in the potential DNA-

binding motifs (Supp. Info. Fig. 2A; C263/266R; CXXC5

(m1), C275/278R; CXXC5 (m2), and C263/266R, 275/

278R; CXXC5 (m1/m2)). The mRNA level and promoter

activity of MBP were increased when CXXC5 or CXXC5 (m1)

were overexpressed, but not when CXXC5 (m2) or CXXC5

(m1/m2) were overexpressed in the NSCs (Fig. 3I,J, Supp.

Info. Fig. 2B). Moreover, the CXXC5 (m2) or CXXC5 (m1/

m2) mutants did not bind to the 2720 � 2511 MBP pro-

moter fragment (Fig. 3K, Supp. Info. Fig. 2C). In NSCs

grown under both non-differentiation and differentiation con-

ditions, the increments of MBP promoter activity due to

CXXC5 overexpression decreased when CXXC5 (m1/m2)

was transfected (Supp. Info. Fig. 2D).

Using primary OPCs and Oli-neu cell lines, we further

confirmed the function of CXXC5 as a transcriptional activa-

tor of MBP in oligodendrocyte precursor cell system. The

expression of CXXC5 was increased in differentiation-

induced primary OPCs and Oli-neu cells (Supp. Info. Fig.

3A,B). Both MBP mRNA and protein levels, as well as MBP

promoter activity, were increased by CXXC5 overexpression

in Oli-neu cells grown under non-differentiation conditions

(Supp. Info. Fig. 3C–E). In addition, the binding of CXXC5

to the MBP promoter was increased in the 2720 to 2191

region of the promoter in Oli-neu cells (Supp. Info. Fig. 3F).

Furthermore, when Oli-neu cells were grown under both

non-differentiation and differentiation conditions, the incre-

ments of MBP promoter activity regulation by CXXC5 over-

expression was not observed increment when CXXC5 (m1/

m2) was overexpressed (Supp. Info. Fig. 3G).

Taken together, these data indicated that CXXC5 was a

transcriptional activator for MBP that directly interacted with

the MBP promoter in the 2720 � 2511 region. Further-

more, the second CXXC DNA binding motif containing cys-

275 and cys-278 residues was important for transcriptional

activation of the MBP promoter.

CXXC5 is Involved in the MBP Expression in the
Corpus Callosum at PN14 Mice
To investigate the CXXC5 function in vivo, we performed

CXXC5 expression level in various tissues. The CXXC5

mRNA is expressed at especially high levels in components

of the CNS, such as the cerebrum, cerebellum, and spinal

cord (Fig. 4A). Both the mRNA and protein of CXXC5

were highly expressed in white matter, including the corpus

callosum and pyramidal tract, but not in cortex (Fig. 4B,C).

The mRNA levels of CXXC5 and myelin-related genes, such

as MBP, PLP1, MAG, and MOG, all increased in the brain

from postnatal (PN) 14 day up to adult. The protein levels

of CXXC5 and MBP also increased in a stepwise manner up

to 12 weeks of age (Fig. 4D). Expression of CXXC5 was

also high in regions of the brain where MBP expression

is especially high such as corpus callosum (Supp. Info.

Fig. 4A).

At PN14, abnormal dyscallosal (arrow) phenotype was

observed together with the reduction of expressions of

CXXC5 and myelin genes in the CXXC52/2 mice (Fig.

4E,F). The expression of CXXC5 observed in nuclei of cells

in the corpus callosum at PN14 of CXXC51/1. The MBP

expression was greatly reduced in CXXC52/2 mice (Fig. 4G).

Importantly, MBP expression significantly decreased in the

corpus callosum but was not significantly altered in the cortex

or striatum in the CXXC52/2 mice at PN14 (Supp. Info. Fig.

4B). The expression of other myelin genes, including PLP1,

MAG, and MOG, were also significantly decreased in the
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corpus callosum at PN14 (Supp. Info. Fig. 4B). However,

both immunohistochemical and immunoblot analyses showed

that the expression level of MBP in the corpus callosum

recovered to the approximate levels of the CXXC51/1 adult

mice (Fig. 4H, Supp. Info. Fig. 4C). The expression of other

myelin genes, including MAG and PLP1, in the corpus cal-

losum also recovered in the adult mice (Fig. 4H).

CXXC5 is Important for Axon Myelination and
Structural Integrity of Myelin Sheath Structure
MBP and other myelin proteins involved in myelination main-

tain the structure and stability of the myelin sheath by holding

the myelin bilayers together (Min et al., 2009). To characterize

the myelination defect in the CXXC52/2 mice in detail, we ana-

lyzed the myelin structure in the corpus callosum of the mice at

FIGURE 4: Expressions of CXXC5 and myelin genes in the white matter during the brain development, and effects of CXXC5 knock out
in myelin gene expression in the corpus callosum at PN14. A: Various tissues of 12-week-old mice were isolated, and mRNA levels of
CXXC5 in each tissue were analyzed using qRT-PCR. Each sample was normalized to the expression of GAPDH. The data represent the
mean 6 standard error (n 5 3). B: In situ hybridization was performed for CXXC5 in sagittal brain sections from 12-week-old mice. Scale
bar, 2.5 mm. The boxes represent magnified images of the corpus callosum. Scale bar, 200 lm. C: Double immunofluorescent staining
was performed for CXXC5 (red) and MBP (green) in the corpus callosum, pyramidal tract, and cortex from 12-week-old mouse sagittal
brain sections. CTX, cortex. CC, corpus callosum. Scale bar, 50 lm. D: The mRNAs and proteins were isolated from the brains of mice at
different ages. The indicated mRNAs and proteins were detected using RT-PCR and immunoblotting (IB), respectively. E, F: Coronal sec-
tions of the CXXC51/1 and CXXC52/2 mice brains at PN14 were subjected to H&E (E) and diaminobenzidine (DAB) staining with an anti-
MBP antibody (F). Arrow indicate disrupted corpus callosum in CXXC52/2 mice brain. E: Corpus callosum is marked by dotted box and
right panel showed enlarged image from dotted box. F: Left panel showed H&E stained image. Right panel showed DAB stained image
from dotted box. CTX, cortex. CC, corpus callosum. STR, striatum. Scale bar, 100 lm. G: Coronal sections of CXXC51/1 mice and
CXXC52/2 mice corpus callosum at PN14 were subjected to immunofluorescent staining with anti-MBP and anti-CXXC5 antibodies. scale
bar, 50 lm. H: mRNAs and proteins were isolated from the corpus callosum of PN14 or adult mice, respectively. The indicated mRNAs
and proteins were detected using RT-PCR and immunoblotting analyses.
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PN14 and 12 weeks of age via electron microscopy. At PN14,

several abnormalities were observed in the CXX52/2 mice, such

as thinning of axonal myelin sheaths, undulating myelin layers,

and split myelin lamellae associated with myelin outfolding (Fig.

5A). We also observed that the g-ratio, which is the ratio of the

inner axonal diameter to the total outer diameter, was increased

in the PN14 CXXC52/2 mice compared with the CXXC51/1

mice (Fig. 5B,C). The average g-ratio of 0.80 6 0.006

(n 5 1110) of the wild-type mice increased to 0.87 6 0.003

(n 5 1211) in the CXXC2/2 mice (Fig. 5C; P 5 0.00035).

Moreover, a slight reduction of axonal diameter was observed in

the CXXC2/2 mice (1.09 6 0.047 lm, n 5 1211) compared

with the CXXC51/1 mice (1.24 6 0.034 lm, n 5 1110), (Fig.

5D, P 5 0.0053). Furthermore, the CXXC2/2 mice had a signif-

icantly higher percentage of aberrantly myelinated axons

(48.3% 6 1.9%, n 5 90 micrographs) than did the CXXC1/1

mice (20.0% 6 1.5%, n 5 90 micrographs) (Fig. 5E).

At 12 weeks of age, when MBP expression levels recovered

to the levels of the wild-type mice (Fig. 4H), abnormalities in

myelin the sheet structure and thickness, as observed at PN14,

persisted in the CXX52/2 mice (Fig. 5F). Furthermore, the g-

ratio remained abnormally high regardless of axonal diameter in

the CXXC52/2 mice compared with the CXXC51/1 mice (Fig.

5G,H). The g-ratios were 0.76 6 0.007 (n 5 3171) and

0.82 6 0.011 (n 5 3070) for the CXXC51/1 mice and the

CXXC52/2 mice, respectively (Fig. 5H, P 5 0.0002). There

FIGURE 5: CXXC5 knockout impairs myelin structure in the corpus callosum. A–J: Electron microscopy of corpus callosum of CXXC51/1

and CXXC52/2 mice. The analysis was performed on PN14 (A-E) and 12-week-old mice (F-J). Representative electron micrographs from
CXXC51/1 and CXXC52/2 mice at PN14 (A) and 12 weeks (F), respectively (scale bar, 1 lm). The right panels are higher magnification
images (scale bar, 500 nm). The arrows and arrowheads point to aberrantly loosened, bulged regions of myelin sheets. B, G: Scatter
plot of g-ratio values for the CXXC51/1 (black dots) and CXXC52/2 (red dots) corpus callosum. C, H: The bar graphs show the average
g-ratio. D, I: The average diameter of myelinated axons. E, J: The percentage of abnormally myelinated axons. For each genotype, we
measured >1000 axons and >3000 axons in three mice each of PN14 and 12-week-old animals, respectively. P values were obtained by
Student’s t-test (WT vs. KO). The data represent the mean 6 standard error. *P < 0.05, **P < 0.01, ***P < 0.005, n.s., no significance.
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were no significant differences in axonal diameter between the

CXXC51/1 mice (0.91 6 0.037 lm, n 5 3171) and the

CXXC52/2 mice (0.93 6 0.033 lm, n 5 3071), (Fig. 5I,

P 5 0.252). However, the CXXC2/2 mice (36.7% 6 0.8%,

n 5 170 micrographs) had a higher percentage of aberrantly

myelinated axons than did the CXXC1/1 mice (10.5% 6 0.4%,

n 5 170 micrographs) (Fig. 5J).

Electric Conduction in the Corpus Callosum is
Reduced in CXXC52/2 Mice
The integrity of the myelin sheath in normal myelination is

essential for normal information transfer in the brain, and

demyelination in the corpus callosum can result in a delay

and decrease in amplitude of the compound action potential

(CAP) (Crawford et al., 2009a; Ruff et al., 2013). We there-

fore addressed the question of whether anatomically abnormal

myelination in CXXC52/2 mice (Fig. 5) can lead to impaired

callosal conduction. To this end, CAP, which is widely used

for characterizing conduction properties of axons (Golden

et al., 2011), was measured from mouse brain slices. The

CAP response in acutely dissociated brain slices was recorded

using an electrophysiological measurement by placing two

electrodes in the corpus callosum, as illustrated in Fig. 6A.

We observed an evoked CAP response in the corpus callosum

FIGURE 6: CXXC5 knockout decreases conduction amplitude in the corpus callosum. A: Positions of two electrodes in coronal brain slices
of 12-week-old mouse are illustrated. B: Representative traces of CAP amplitudes of CXXC51/1 and CXXC52/2 mice in corpus callous for
1.0 mm distance between two electrodes. C: Representative trace of evoked CAPs in corpus callosum for different distances between two
electrodes (0.6, 0.8, 1.0, or 1.2 mm) in CXXC51/1 (n 5 14; from 5 animals) and CXXC52/2 (n 5 12; from 4 animals) brain slices. The arrows
represent peaks of N1 and N2. D, E: The bar graphs show the CAP response amplitudes of N1 (D) and N2 (E) in CXXC51/1 (n 5 13; from 6
animals) and CXXC52/2 (n 5 12; from 7 animals) mice. F: Schematic representation of a proposed model for the role of CXXC5 in myelina-
tion. In CXXC51/1 mice, transcriptionally induced myelin proteins (MBP, PLP, MAG, and MOG) in early brain developmental play roles in
the integration of normal myelin structure in the corpus callosum. In CXXC52/2 mice, reduced expressions of the myelin proteins by
CXXC5 loss leads to the formation of abnormal myelin structure such as undulating myelin layers and outfolding of myelin lamellae. The
persistent of the abnormal myelin structure in adulthood hampers interhemispheric information transfer at corpus callosum. The data rep-
resent the mean 6 standard error. P values were obtained by Student’s t-test. *P < 0.05, n.s., no significance.
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consisting of two negative peak components reflecting two differ-

ent populations of axons; fast (N1) and slow (N2) conducting

axons (Fig. 6B). At each position, the amplitudes of two negative

peak components in CXXC51/1 and CXXC52/2 mice were signif-

icantly changed (Fig. 6B,C). The CAP response amplitudes of N1

and N2 were significantly reduced for a given stimuli in the

CXXC52/2 mice compared with that of the CXXC51/1 mice

[(N1–4 mA; 0.796 6 0.1448 mV vs. 1.333 6 0.1455 mV, 8 mA;

1.085 6 0.1620 mV vs. 1.564 6 0.2192 mV) and (N2–4 mA;

0.524 6 0.1113 mV vs. 1.092 6 0.2188 mV, 8 mA;

0.672 6 0.1228 mV vs. 1.340 6 0.2754 mV)] (Fig. 6D,E). How-

ever, there were no significant differences in the latencies to reach

the negative peaks (N1 and N2) or in the conduction velocities

(Supp. Info. Fig.5A,B) and in the refractoriness of callosal conduc-

tion between the CXXC51/1 and CXXC52/2 mice (N1;

0.625 6 0.0398 m/s vs. 0.699 6 0.0577 m/s and N2;

0.279 6 0.0087 m/s vs. 0.280 6 0.0116 m/s) (Supp. Info.

Fig.5C-E). Overall, abnormal myelination in the corpus callosum

in the CXXC52/2 mice decreases the amplitude of the CAP

response.

Discussion

Because the myelin sheath is essential for proper functioning of

the nervous system, oligodendrocyte differentiation and myelina-

tion are important processes during brain development. Myeli-

nation during early brain development is responsible for the

structural integrity of the myelin sheath. Multiple genes, includ-

ing MBP, PLP, MAG, and MOG, are important for structural

integrity, including the compactness of myelin, which involves

the binding of proteins with the lipids of the myelin membrane.

Abnormalities in the gene expression or composition of differen-

tiating oligodendrocytes can result in neurologic diseases, such as

multiple sclerosis (Caprariello et al., 2012; Prineas and Parratt,

2012), leukodystrophy (Webber et al., 2009), and psychiatric

disorders (Edgar et al., 2011; Gutierrez-Fernandez et al., 2010;

Hayashi et al., 2011; Shimizu et al., 2014). Therefore, the iden-

tification and characterization of the genes for regulatory factors

involved in myelination are important for understanding the

mechanisms of neurological disorders, as well as for the develop-

ment of therapeutic strategies for these disorders.

Wnt/b-catenin signaling is important for brain develop-

ment. Ligands and signaling components of Wnt/b-catenin

pathway such as Wnt1, Wnt3, Wnt3a, Fzd1, Fzd2, or Fzd3

are expressed in the telencephalon development (Fischer et al.,

2007; Parr et al., 1993), and those are involved in the fore-

brain patterning or fate decision of radial glia and intermedi-

ated progenitor cells (Harrison-Uy and Pleasure, 2012;

Takebayashi and Ikenaka, 2015). In addition, a role of the

Wnt/b-catenin signaling in the myelination was identified that

the number of PLP-positive differentiated oligodendrocytes was

significantly decreased in Olig1-Cre/b-catenin signaling KO

spinal cord (Dai et al., 2014). Expressions of the myelin genes

such as PLP and MBP were increased by lithium chloride-

induced activation of Wnt/b-catenin signaling in oligoden-

droyctes (Meffre et al., 2015). However, a mechanism for the

transcriptional activation of myelin genes was not illustrated.

In the present study, we demonstrated that CXXC5 is an

important transcription factor that controlled MBP expression

during oligodendrocyte differentiation. In addition, using both in
vitro and in vivo analyses, we further demonstrated that CXXC5

was an important myelination factor, controlling multiple genes

involved in myelination. The most prominent abnormal feature

with respect to myelin-related proteins in the CXXC52/2 mice

was the abnormal myelin structure. Supporting the importance

of activating myelin gene expression in the structural integrity of

myelin, structural defects of the myelin sheath were found in the

MBP deficient shiverer mice (Popko et al., 1987) and PLP knock-

out mice (Baumann and Pham-Dinh, 2001) such as CXXC52/2

mice. The timing of myelin gene expression is also important in

the integrity of myelin (Kuronen et al., 2012). The recovery of

myelin gene expression without restoration of myelin structure

also occurred in the adult brain of Cln8-deficient mice, which

also revealed a loss of myelin gene expression in early develop-

ment (Kuronen et al., 2012). The loss of MBP expression and

other myelin genes, including MAG, PLP, and MOG, in the early

developmental stages of the CXXC52/2 mice were recovered in

adulthood. However, the structural defects of myelin were not

restored. Therefore, the regulation of myelin gene expression by

CXXC5 in early brain development is important for forming nor-

mal myelin structure. But, a mechanism for the recovery of mye-

lin gene expression in adult CXXC52/2 mice is unclear but may

involve an adaptive mechanism occurring independently of

CXXC5.

Corpus callosum is important for transferring the electrical

signal of neuron through myelinated axons (Tomasch, 1954).

The defect or abnormal myelin structure of corpus callosum is

associated with reduction of electrical properties and it causes

mental or physical impairment in neurological disorders such as

schizophrenia, autism or bipolar disorder (Bakiri et al., 2011;

Paul et al., 2007). Although the functional interhemispheric

connectivity was found to be important for controlling callosal

signal transfer and complex brain function (van der Knaap and

van der Ham, 2011), the regulation factors of myelination on

the corpus callosum is poorly understood. We found that the

decreased conduction amplitude in the CXXC52/2 corpus cal-

losum, which exhibited aberrant myelin structure, indicated that

the structural integrity of myelin in the corpus callosum is

important for normal interhemispheric information transfer.

The conduction velocity of CAP is reflected by the

diameter of nerve fibers (De Luca et al., 1987; Morita et al.,

2002) and the amplitude of CAP is dependent on the dura-

tion of stimuli of single nerve fiber action potential and
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myelination (Olney et al., 1987). In CXXC52/2 adult mice,

did not show any change on axon diameter and expression of

myelin genes, but still showed disruption of myelin structure,

differently with P14 mice. These data provides reasons that

the conduction velocity was not changed even though the

electrical amplitude was changed in CXXC52/2mice. Similar

to our CXXC52/2 mice phenotypes, several previous studies

also showed the changes in electrical amplitude with major

deficits in myelination (Crawford et al., 2009a,b).

Overall, control of the expression of myelin genes by

CXXC5 in early brain development was important for struc-

tural integrity which is involving the transfer of electrical sig-

nals in the corpus callosum (Fig. 6F). Together, we identified

a key regulatory factor controlling multiple myelin genes. In

addition, as far as we know, this is the first study to report a

role of CXXC5 on myelination at corpus callosum.
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