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ARTICLE INFO ABSTRACT

Keywords: Oligodendroglial cells are a type of glial cell in the central nervous system (CNS) that wrap neuronal axons with
Claudin-11 differentiated plasma membranes known as myelin sheaths. While the physiological functions of oligodendro-
gf];’gg"z cytes, such as generating saltatory conduction and protecting neuronal axons, are well understood, the physi-
Oligodendrocyte ological and/or pathophysiological molecular mechanisms governing their differentiation before myelination

remain unclear. In this study, we describe for the first time that claudin-11, a protein associated with hypo-
myelinating leukodystrophy 22 (HLD22), interacts with shroom-2, a presumable adaptor protein containing the
PSD95, DLG1, and ZO-1 (PDZ) domain. Knockdown of claudin-11 using specific siRNA resulted in a decrease in
morphological changes and marker proteins in the FBD-102b oligodendroglial model undergoing differentiation.
Transfection of the C-terminal PDZ ligand sequence of claudin-11, which was found to interact with the PDZ
domain of shroom-2, also reduced these phenotypic changes. The HLD22-associated mutated sequence in
claudin-11 failed to interact with the PDZ domain of shroom-2. Furthermore, knockdown of shroom-2 or
transfection of the PDZ domain of shroom-2, which is involved in the interaction with claudin-11, resulted in
decreased morphological changes and marker protein expression. These changes were linked to the phosphor-
ylation states of Akt kinase, a key signaling molecule in oligodendroglial cell differentiation and myelination.
These results suggest that the interaction between claudin-11 and shroom-2 plays a key role in shaping cell
morphology, providing insights into the molecular mechanisms underlying oligodendroglial differentiation
before myelination, as well as potential pathological mechanisms associated with HLD22 at the molecular and
cellular levels.

Differentiation before myelination

Genetic hypomyelinating diseases are now referred to as hypo-
myelinating leukodystrophies (HLDs) [9-12]. The prototypic HLD is
Pelizaeus-Merzbacher disease (PMD), also known as HLD1 [9,10]. HLD1

1. Introduction

During the development of the central nervous system (CNS),

neuronal and glial cells work together, undergoing continuous
morphological changes to form mature neural tissue [1,2]. Oligoden-
droglial cells (also called oligodendrocytes) are a type of CNS glial cell
that not only provide various nutrients to neuronal cells but also wrap
neuronal axons with fully differentiated plasma membranes, known as
myelin sheaths [3,4]. These myelin sheaths are essential for saltatory
conduction, enabling rapid signal transmission [1-6]. However, failure
in myelination can lead to severe diseases, including inflammatory
demyelinating conditions like multiple sclerosis [7,8] and genetic
hypomyelinating and/or demyelinating diseases [9-14].

is associated with mutations in the proteolipid protein 1 (plpl) gene,
which encodes a four-spanning membrane protein within sheaths. HLD2
results from mutations in the gap junction protein gamma 2 (GJC2, also
known as connexin 47), a four-spanning membrane protein, although
GJC2 is not considered a myelin structural protein like PLP1 [13,14].
HLD22 is caused by mutations in the claudin-11 gene [15], which is
predicted to encode a four-spanning membrane protein in the myelin
sheaths [16-18]. To date, three cases of HLD22 have been reported [15].
In brain imaging, patients with HLD22 typically exhibit hypomyelina-
tion at 3 to 4 years of age, followed by delayed myelination [15]. They
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Table 1
Key materials used in this study.
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Reagents or materials Companies or sources  Cat. Nos. Lot. Nos. Concentrations used
Key antibody
Anti-PLP1 Atlas Antibodies HPA004128 B115828 Immunoblotting (IB), 1:500
Anti-MBP BioLegends 836,504 B225469 1B, 1:500
Anti-CNPase Santa Cruz sc-166,019 2216 1B, 1:1000
Biotechnology
Anti-GSTpi MBL 312 067 1B, 1:500
Anti-actin (also called pan-beta type actin) MBL M177-3 007 1B, 1:5000
Anti-GAPDH Santa Cruz sc-32,233 2523 1B, 1:10,000
Biotechnology
Anti-phospho-pan Akt (Aktl sequence around pSer473 Cell Signaling 4060T 27 1B, 1:500
as the antigen) technology
Anti-pan Akt Cell Signaling 4691T 28 1B, 1:500
technology
Anti-FLAG tag (also called DDDDK tag) MBL 002 1B, 1:10,000
Anti-GFP tag MBL MO048-3 003 1B, 1:1000
Anti-GFP tag Nakalai Tesque 04,404-26 M4K3355 Immunoprecipitation (IP), 1 microgram per 400 microgram
of total crude proteins
Anti-Hexahis tag (also called His tag) MBL D291-3 002 IP, 1 microgram per 400 microgram of total crude proteins
Anti-Rabbit IgG (Goat) HRP-conjugated and pre- Nakalai Tesque 21,860-24 M3H6046 1B, 1:10,000
absorbed
Anti-Mouse IgG (Goat) HRP-conjugated and pre- Nakalai Tesque 21,860-61 L4B5968 1B, 1:10,000
absorbed
Peptide
NH2-MHHHHHHPTHAKSAHV-COOH (purity, 92.5 %) Genscript J470U381G0_1 PE2053 Final concentration, 1 mM
Plasmid
pcDNA3.1(+)-N-DYK-human Shroom2 PDZ domain Genscript J377 x R633123 1.25 pg of DNA per 6 cm dish
(1-100 amino acids) 912G0-6
pcDNA3.1(+)-human Cldn11 Genetated in this 1.25 pg of DNA per 6 cm dish
study
PpcDNA3.1(+)-N-eGFP-human Cldn11 (last 30 mino Genscript J377 % RG396971  1.25 pg of DNA per 6 cm dish
acids) 912G0-2
pcDNA3.1(+)-N-eGFP-human Cldn11 (last 30 mino Genscript J377 x RG396977  1.25 pg of DNA per 6 cm dish
acids) 208GInExt39 912G0-4

present with intellectual disabilities, limb spasticity, and global devel-
opmental delays. Nystagmus was observed in two patients, and fine
nystagmus in one. Characteristically, hyperopia and astigmatism are
common features in all three reported HLD22 patients [9,10,15].

Despite the known symptoms including hypomyelination (thin
myelin sheath formation) and delayed myelination, it remains unclear
whether claudin-11 is actively involved in regulating oligodendroglial
cell differentiation prior to hypomyelination and delayed myelination
phenotypes at molecular and cellular levels. Thus, it remains unclear
whether and how the loss-of-function of the claudin-11 protein is
actually related to the differentiation of oligodendroglial cells before the
onset of myelination [15]. HLD22 is specifically caused by one of two
different nucleotide mutations within the stop codon, which result in the
generation of a claudin-11 protein with 39 additional amino acids at the
carboxyl terminal [15]. As a result, it is predicted that the ability of the
carboxyl terminus of claudin-11 to bind to the PSD95, DLG1, and ZO-1
(PDZ) domains may be lost. Herein, we describe for the first time that
knockdown of claudin-11 reduces morphological changes in the
FBD-102b cell line, a model undergoing oligodendroglial differentiation
and forming widespread myelin-like plasma membranes [19-22]. Of
note, the carboxyl terminus of the wild type claudin-11 protein, but not
that of the HLD22-associated claudin-11 mutated protein, interacted
with the PDZ domain of presumable scaffold and/or adaptor protein
shroom-2 [23,24]. We further investigated the interaction between
claudin-11 and shroom-2, as well as the role of knockdown of shroom-2
itself, in influencing morphological differentiation.

2. Materials and methods
2.1. Key materials

The key materials including antibodies and plasmids are listed in
Table 1.

2.2. Cell line culture and induction of differentiation

Mouse oligodendroglial FBD-102b cells (kindly provided by Dr.
Yasuhiro Tomooka [Riken, Saitama, Japan]) were cultured on 6-cm- or
10-cm-diameter cell culture dishes (the Nunc brand of Thermo Fisher
Scientific, Waltham, MA, USA) in high-glucose Dulbecco’s modified
Eagle’s and F-12 mixed medium (DMEM/F12; Nacalai Tesque, Kyoto,
Japan or Fujifilm, Tokyo, Japan) supplemented with 10 % heat-
inactivated FBS (Thermo Fisher Scientific) and penicillin-streptomycin
solution (Nacalai Tesque) in a 5 % CO, atmosphere at 37 °C.

To induce differentiation, FBD-102b cells were cultured in DMEM/
F12 with 1 % FBS and penicillin-streptomycin solution in a 5% CO;
atmosphere at 37 °C for several days, unless otherwise specified. Under
these conditions, the percentage of cells incorporating trypan blue was
estimated to be <5 % in each experiment. Cell morphologies were
visualized using a microscope system equipped with an i-NTER lens
(Micronet, Saitama, Japan) and i-NTER SHOT 2 software (ver. 12,
Micronet). In each image (850 "™ x 1500 *™ [an i-NTER field]) captured
with the microscope, cells with membrane structures capable of
enclosing circles with diameters of 25 "™ or more were considered
differentiated using Image J software (ver. Java 8; downloaded from the
NIH image website, https://imagej.nih.gov/) [23,24]. One field from
each of the 10 culture samples was blindly selected, and the percentages
of differentiated cells were statistically plotted. The images shown in the
figures are representative of multiple captured images.

2.3. Reverse transcription and polymerase chain reaction (RT-PCR)

Total cellular RNA was prepared from cells grown on a 10-cm-diam-
eter culture dish using Isogen (Nippon Gene, Tokyo, Japan) according to
the manufacturer’s instructions. Single strand cDNAs were generated
from their RNAs (1 microgram of RNAs per one reaction) using the
PrimeScript RT Master Mix kit (Takara Bio, Kyoto, Japan) in accordance
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Fig. 1. Knockdown of claudin-11 decreases cell morphology and marker protein expression. (A, B) FBD-102b cells were transfected with control luciferase siRNA
(siControl) or claudin-11 siRNA (siClaudinl1) and cultured for O or 3 days following the induction of differentiation. Cells meeting differentiation criteria were
counted and statistically depicted in the graph (** p < 0.01; n = 10 fields). Panels a and b (lower photographs) are enlarged images of squares a and b surrounded by
black dotted lines (middle photographs). Some cells are surrounded by white dotted lines. (C and D) And, cell lysates following the induction of differentiation were
immunoblotted with the respective antibodies against differentiation marker proteins MBP and PLP1, as well as the internal control actin. The immunoreactive bands
of interest were quantified and graphed, with other immunoreactive bands set to 100 % (* p < 0.05; n = 3 blots).

with the manufacturer’s instructions. PCR amplification was performed
using 1:40 of the RT product with Gflex DNA polymerase (Takara Bio)
for 35 cycles. Each cycle consisted of a denaturation step at 98 °C (0.2
min), an annealing step at 56 to 65 °C (0.25 min), depending on the
annealing temperature, and an extension step at 68 °C (0.5 min). The
resulting PCR products were loaded onto premade agarose gels (Nacalai
Tesque).

2.4. Plasmid and small interfering (si)RNA transfection

Cells were transfected with plasmids using the ScreenFect A (for
plasmid transfection) or ScreenFect A siRNA (for siRNA transfection)
transfection kit (Fujifilm) in accordance with the manufacturer’s in-
structions. The medium was replaced 4 h after transfection and was
generally used for 48 h or more for cell biological and biochemical ex-
periments, unless otherwise specified. Using plasmids encoding GFP
(Takara Bio) and control siRNAs conjugated with HiLyte Fluor 488
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(Nippon Gene, Tokyo, Japan), transfection efficiencies in FBD-102b cells
were 85.2 % + 2.15 % and 96.5 % + 3.62 %, respectively [25]. In some
experiments, multiple sets of transfected cells were microscopically
observed using the i-NTER system (Micronet, Inc., Tokyo, Japan) and
analyzed with i-NTER SHOT 2 software (ver. 2024, Micronet, Inc.).
Under these conditions, the estimated percentage of attached cells
incorporating trypan blue was <5 % in each experiment.

2.5. Cell lysis and immunoprecipitation

Cells were lysed in buffer (50 mM HEPES-NaOH pH 7.5, 150 mM
NaCl, 5 mM MgCl,, and 1 mM dithiothreitol) containing protease in-
hibitors (1 mM phenylmethanesulfonylfluoride, 2 mM leupeptin, and 1
mM EDTA), protein phosphatase inhibitors (1 mM Na3gVO4 and 10 mM
NaF), and mild detergents (0.1 % NP-40 and 1 % CHAPS) [22]. For
immunoprecipitation, centrifuged collected cell supernatants (200
microgram per sample) were mixed and gently rotated with protein G
resin (GE Healthcare, Chicago, IL, USA) conjugated to the respective
antibodies for 1 hour at 4 °C. The complexes containing protein G resin
were washed with lysis buffer and were denatured in sample buffers
(Fujifilm).

2.6. Polyacrylamide electrophoresis and immunoblotting

The samples (20 microgram per sample) from the supernatants or
immnoprecipitated samples were separated on pre-made sodium dode-
cylsulfate Tis polyacrylamide gels (Nacalai Tesque). The electropho-
retically separated proteins were transferred to a polyvinylidene
fluoride membrane (Fujifilm), blocked with Blocking One (Nacalai
Tesque), and immunoblotted using primary antibodies, followed by
peroxidase enzyme-conjugated secondary antibodies. Peroxidase-
reactive bands, which were detected using Chemilumi One (Nacalai
Tesque) or TMB Easy kit (Nacalai Tesque), were captured using a Can-
oScan system (Canon, Tokyo, Japan) and scanned with CanoScan soft-
ware (ver. 2023; downloaded from the Canon website). The blots shown
in the figures are representative of multiple blots. We performed mul-
tiple sets of experiments in immunoblotting studies, and immunoreac-
tive bands were quantified using Image J software.

2.7. Purification of recombinant protein

Recombinant FLAG-tagged shroom-2 PDZ domain (1st-110th amino
acid) were expressed in 293 cell-derived G3Thi cells (Takara Bio) [21].
The cell precipitates harvested by centrifugation were extracted with
extraction buffer A (50 mM tris-HCl pH 7.5, 5 mM MgCly, 0.1 mM
dithiothreitol, 1 mM phenylmethylsulfonylfluoride, 2 mM leupeptin, 1
mM EDTA, and 0.5 % NP-40). Unless otherwise indicated, all
biochemical experimental steps were performed at 4 °C. Supernatants
cleared by centrifugation were mixed with a DDDDK tagged protein
purification kit (MBL, Tokyo, Japan). The bound proteins were washed
with extraction buffer A and eluted with extraction buffer A containing
elution solution in the purification kit. The buffer contained in the
elution fractions was exchanged with reaction buffer A (50 mM tris-HCl
pH 7.5, 3 mM MgCly, 0.1 mM MnCly, 150 mM NacCl, 0.1 mM DTT, 1 mM
PMSF, and 1 mM EDTA) by dialysis. They were stored at —80 °C until
use.

2.8. 3D complex structure prediction

The amino acid sequences of human shroom-2 (Acc. No. Q13796)
and Claudin-11 (Acc. No. 075508) were obtained from the UniProt
website (https://www.uniprot.org/). Using available Colab Fold ver.
1.5.5 based on AlphaFold2 (https://alphafold.ebi.ac.uk/), the complex
structures of the minimum PDZ domain (RLVEVQLSGGAPWGFTLKG-
GREHGEPLVITKIEEGSKAAAVDKLLAGDEIVGINDIGLSGFR-
QEAICLVKGSHKTLKLVVK) of shroom-2 and the last 8 amino acids
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(THAKSAHV) of claudin-11 were simulated. The PyMOL molecular
graphics system ver. 3.0 (Schrodinger, Inc., Broadway, NY, USA) was
used to create the cartoon models.

2.9. Statistical analyses

Values are presented as means + standard deviation (SD) from in-
dependent experiments. Intergroup comparisons were conducted using
the unpaired Student’s or Welch’s t-test in Excel (ver. 2024, Microsoft,
Redmond, WA, USA). For multiple comparisons, a one-way analysis of
variance (ANOVA) was performed, followed by Fisher’s comparison test
using StatPlus plug-in software (ver. 2021, Alexandria, VA, USA). Dif-
ferences were considered statistically significant at p < 0.05.

2. 10. Ethics statement

Techniques using genetically modified techniques were performed in
accordance with a protocol approved by the Tokyo University of Phar-
macy and Life Sciences Gene and Animal Care Committee (Approval
Nos. LS28-20 and LSR3-011).

3. Results

3.1. Knockdown of claudin-11 decreases morphological changes with
decreased oligodendroglial differentiation marker proteins

We investigated the role of claudin-11 [23,24] in morphological
differentiation in oligodendroglial cells. Mouse FBD-102b cells were
transfected with siRNA specific to claudin-11, with the PDZ ligand at the
carboxyl terminal position, or with a control siRNA, and allowed to
differentiate for 0 or 3 days. Knockdown of claudin-11 (Figure S1)
resulted in decreased morphological changes (Fig. 1, A and B;
Figure S2). Knockdown of claudin-11 also reduced the expression levels
of oligodendroglial differentiation marker proteins, myelin basic protein
(MBP), and myelin proteolipid protein 1 (PLP1), while the levels of the
internal control actin protein remained comparable (Fig. 1, C and D),
indicating the key role of claudin-11 in oligodendroglial cell
differentiation.

In cells knocked down with siRNA specific to claudin-11, re-intro-
duction of the plasmid encoding full-length human claudin-11 led to
morphological changes. In contrast, transfection of the plasmid encod-
ing only the carboxy terminal region of claudin-11 failed to recover the
cellular phenotypes knocked down with claudin-11 siRNA (Figure S3),
suggesting that differentiation requires both claudin-11 itself and a
molecule that interacts with the claudin-11 PDZ ligand sequence.

We further examined the effect of claudin-11 knockdown on the
expression levels of other differentiation marker proteins using three
sets of cell lysates. Immunoblotting experiments for each antibody were
performed using the same cell lysates. Knockdown of claudin-11 resul-
ted in decreased expression levels of 2/, 3-cyclic nucleotide 3'-phos-
phodiesterase (CNPase) and glutathione S-transferase pi (GSTpi), while
the levels of the control protein glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) remained comparable (Figure S4, A and B), as sup-
ported by immunoblotting data using antibodies against MBP or PLP1.

3.2. Claudin-11 interacts with shroom-2 to mediate morphological
changes

Since claudin family proteins contain a PDZ ligand at their carboxy
terminus, we searched for proteins with a PDZ domain in the gene data
present in differentiating oligodendroglial cells (Ref. 21, GEO Acc. No.
GSE114957). We identified the possible scaffold and/or adaptor protein
shroom-2, which contains a PDZ domain [23,24], as a gene highly
upregulated following differentiation induction in oligodendroglial
precursor cells. Shroom-2 has a typical PDZ domain in its protein
structure. We then isolated this PDZ domain and performed an
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Fig. 2. Transfection of the PDZ domain of shroom-2 decreases cell morphology and marker protein expression. (A, B) Cells were transfected with a control vector
(Control) or the plasmid encoding the FLAG-tagged PDZ domain of shroom-2 (shroom-2 [PDZ]) and cultured for 0 or 3 days following the induction of differentiation.
Cells meeting differentiation criteria were counted and statistically depicted in the graph (*** p < 0.001; n = 10 fields). Panels a and b (lower photographs) are
enlarged images of squares a and b surrounded by black dotted lines (middle photographs). Some cells are surrounded by white dotted lines. (C and D) And, cell
lysates following the induction of differentiation were immunoblotted with the respective antibodies against differentiation marker proteins, tagged protein (FLAG-
PDZ), and actin. The immunoreactive bands of interest were quantified and graphed, with other immunoreactive bands set to 100 % (** p < 0.01; n = 3 blots).

immunoprecipitation with the carboxy terminal region of claudin-11
(Figure S5). FLAG-tagged PDZ domain formed an immune-complex
with GFP-tagged wild type PDZ ligand but not with HLD22 type. The
result is consistent with a predicted complex structure of minimum PDZ

domain of shroom-2 and wild type PDZ ligand of claudin-11. We then
tried to measure the binding value of the minimum PDZ domain (re-
combinant protein) of shroom-2 and the minimum carboxy terminal 8
amino acids (immobilized peptide) of claudin-11 using
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Fig. 3. Transfection of the PDZ ligand sequence of claudin-11 decreases cell morphology and marker protein expression. (A, B) Cells were transfected with a control
vector (Control) or the plasmid encoding the GFP-tagged PDZ ligand sequence of claudin-11 (claudin-11 [C]) and cultured for 0 or 3 days following the induction of
differentiation. Cells meeting differentiation criteria were counted and statistically depicted in the graph (*** p < 0.001; n = 10 fields). Panels a and b (lower
photographs) are enlarged images of squares a and b surrounded by black dotted lines (middle photographs). Some cells are surrounded by white dotted lines. (C and
D) And, cell lysates following the induction of differentiation were immunoblotted with the respective antibodies against differentiation marker proteins, tagged
protein (GFP-claudin [C]), and actin. The immunoreactive bands of interest were quantified and graphed, with other immunoreactive bands set to 100 % (** p <
0.01, * p < 0.05; n = 3 blots).
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Fig. 4. Knockdown of shroom-2 decreases cell morphology and marker protein expression. (A, B) Cells were transfected with control luciferase siRNA (siControl) or
shroom-2 siRNA (siShroom2) and cultured for 0 or 3 days following the induction of differentiation. Cells meeting differentiation criteria were counted and sta-
tistically depicted in the graph (** p < 0.01; n = 10 fields). Panels a and b (lower photographs) are enlarged images of squares a and b surrounded by black dotted
lines (middle photographs). Some cells are surrounded by white dotted lines. (C and D) And, cell lysates following the induction of differentiation were immuno-
blotted with the respective antibodies against differentiation marker proteins MBP and PLP1, as well as the internal control actin. The immunoreactive bands of
interest were quantified and graphed, with other immunoreactive bands set to 100 % (** p < 0.01; n = 3 blots).

co-immunoprecipitation (Figure S6). The Kd value is 3.36 + 0.18
micromolar, indicating probable direct binding.

Next, we investigated whether the isolated PDZ domain of shroom-2
affects morphological changes. We transfected FBD-102b cells with a
plasmid encoding the PDZ domain. The result demonstrated that its
transfection led to decreased morphological changes (Fig. 2, A and B).
These results were consistent with decreased expression levels of MBP
and PLP1 in cells transfected with the PDZ domain (Fig. 2, C and D).
Similar results in cell morphogenesis were obtained when the carboxy

terminal region of claudin-11 was transfected (Fig. 3, A and B). Also,
transfection with the carboxy terminal region of claudin-11 resulted in
decreased expression levels of MBP and PLP1 (Fig. 3, C and D).

These results suggest that the interaction between claudin-11 and
shroom-2 plays an important role in oligodendroglial cell
differentiation.
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Fig. 5. Knockdown of claudin-11 decreases the phosphorylation level of Akt kinase. (A, B) Cells were transfected with control luciferase siRNA (siControl) or claudin-
11 siRNA (siClaudin11) and allowed to differentiate for 2 days. Cell lysates were immunoblotted with the respective antibodies against phosphorylated Akt kinase
(pAkt) and total Akt kinase (Akt). The immunoreactive bands of interest were quantified and graphed, with other immunoreactive bands set to 100 % (** p < 0.01; n

= 3 blots).

3.3. Knockdown of shroom-2 decreases morphological changes with
decreased differentiation marker proteins

We explored whether shroom-2 itself is involved in the regulation of
oligodendroglial cell morphological differentiation by transfecting cells
with siRNA specific for shroom-2. Knockdown of shroom-2 (Figure S7)
resulted in decreased morphological changes (Fig. 4, A and B) and
decreased expression levels of MBP and PLP1 (Fig. 4, C and D) as well as
of CNPase and GSTpi (Figure S4, C and D), indicating the key role of
shroom-2 in differentiation.

3.4. Knockdown of claudin-11 or shroom-2 leads to decreased Akt kinase
phosphorylation

Finally, we examined whether claudin-11 or shroom-2 affects the
phosphorylation of Akt kinase, which is essential for oligodendroglial
cell differentiation and myelination [26-28]. Knockdown of claudin-11
resulted in decreased phosphorylation of Akt kinase, whereas the

expression levels of Akt kinase remained comparable (Fig. 5, A and B;
Figure S4, A and B). Similarly, knockdown of shroom-2 also led to
decreased phosphorylation of Akt kinase (Fig. 6, A and B; Figure S4, C
and D), suggesting that both claudin-11 and shroom-2 positively regu-
late differentiation.

4. Discussion

Patients with HLDs, including PMD, typically present with head
shaking or eye shaking. Parkinsonism symptoms, such as tremor, ri-
gidity, and slowness of movement, are often observed in HLD patients.
Leg spasticity, followed by arm spasticity, cerebellar ataxia, and de-
mentia, are common features that appear during the first one or two
decades of life. It is believed that many of these severe symptoms result
from impaired electrical conduction efficiency through axons due to
oligodendroglial cell hypomyelination and/or demyelination. Addi-
tionally, since myelin sheaths protect axons, abnormal myelination can
result in causing axonal retraction or breakdown. Hypomyelination
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Fig. 6. Knockdown of shroom-2 decreases the phosphorylation level of Akt kinase. (A, B) Cells were transfected with control luciferase siRNA (siControl) or shroom-2
siRNA (siShroom2) and allowed to differentiate for 2 days. Cell lysates were immunoblotted with the respective antibodies against phosphorylated Akt kinase (pAkt)
and total Akt kinase (Akt). The immunoreactive bands of interest were quantified and graphed, with other immunoreactive bands set to 100 % (** p < 0.01; n =

3 blots).

and/or demyelination are thought to result from delayed or defective
differentiation of oligodendroglial cells. Therefore, understanding why
and how each responsible gene mutation in HLDs leads to impaired
oligodendroglial cell differentiation could provide insights for potential
molecular and cellular therapeutic procedures.

HLD22 is associated with a carboxyl terminal amino acid sequence
elongation generated by a stop codon mutation in the claudin-11 gene
[15], whose gene product is involved in compact myelin formation [16,
17]. Although this elongated sequence on the cytoplasmic side is un-
likely to resemble any known peptide sequences in humans, it is pre-
dicted to form a typical alpha-helical structure [15]. Since isolated
helical structures typically interact with other proteins, this elongated
sequence may cause different protein localization through binding to its
helical structure. Alternatively, the added sequence could inhibit the
formation of normal protein complexes involving claudin-11 on the
cytoplasmic side of the plasma membrane. In either case, the additional
sequence may disrupt adhesion signaling in both directions, possibly
leading to the loss-of-function of claudin-11. In this study, we find that

knockdown of claudin-11 decreases morphological changes and reduces
the expression levels of oligodendroglial cell differentiation marker
proteins. The HLD22-associated mutant claudin-11 (claudin-11 protein
with 39 additional amino acids at the carboxyl terminal) fails to interact
with the PDZ domain of shroom-2, a newly identified partner of
claudin-11. On the other hand, claudin family proteins interact homo-
philically or heterophilically to form tight junctional complexes [29,30].
It remains unclear whether claudin-11 is involved in tight junction
formation between myelin sheaths or between myelin sheaths and
axons. However, the deficiency of claudin-11 and its partner shroom-2
interactive ability may affect oligodendroglial cell differentiation and
subsequent myelination.

The findings that knockdown of either claudin-11 or shroom-2 de-
creases morphological changes, and that the carboxyl terminal PDZ of
claudin-11 interacts with the PDZ domain of shroom-2, suggest the key
role of a claudin-11 and shroom-2 complex in morphological changes.
However, overexpression of either the carboxyl terminal PDZ of claudin-
11 or the PDZ domain of shroom-2 in cells leads to decreased
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morphological changes, even though claudin-11 or shroom-2 can posi-
tively contribute to their processes. This is likely because the carboxyl
terminal sequence of claudin-11 and the PDZ domain of shroom-2
interact with shroom-2 and claudin-11, respectively, inhibiting the
formation of a claudin-11 and shroom-2 complex in cells. In other
words, the carboxyl terminal sequence of claudin-11 and the PDZ
domain of shroom-2 may act as dominant-negative mutants in cells.
Alternatively, these regions could inhibit potential interactions with
other partner molecule(s), although it is clear that the interaction be-
tween claudin-11 and shroom-2 plays a crucial role in morphological
changes.

It has been proposed that shroom-2 not only binds to filamentous
actin but also functions as a scaffold protein, acting as an adaptor for
cytoskeletal proteins through Rho-kinases (also called Rho-associated
coiled-coil containing protein kinase 1/2 [Rock1/2]) inside the plasma
membrane [31]. Shroom-2 recruits Rho-kinase to cortical actin, where it
activates the myosin regulatory light chain. This signaling mechanism
establishes cellular contractility, contributing to the initiation of cell
morphological changes in epithelial cell lines [32]. However, it remains
unclear what molecules, including claudin family proteins, bind to the
PDZ domain. If this protein complex is preserved in oligodendroglial
cells, claudin-11 may interact with the PDZ domain to regulate actin
cytoskeletal changes. In the tight junction structure, shroom-2 also binds
to the scaffold protein ZO-1 to re-arrange actin networks in epithelial
cell lines. This interaction between scaffold proteins could expand the
variety of cell-cell adhesion signaling. Importantly, specific signaling
through cell adhesion complexes in epithelial cells has the potential to
promote epithelial differentiation [33], which may be analogous to the
molecular events involved in oligodendroglial morphological differen-
tiation. Mutations in shroom-2 among the shroom family proteins are
likely associated with neurodevelopmental disorder [34]. Scaffold pro-
teins and their associated complexes inside the plasma membrane may
differ depending on cell types; however, claudin-11 may also act up-
stream of shroom-2 in CNS developmental signaling, including myeli-
nation, following oligodendroglial cell morphological differentiation.

The genes responsible for HLD1, HLD2, and HLD22 all encode tet-
raspan membrane proteins [35-38]. Disease-associated missense mu-
tations and/or amplification of genes encoding HLD1, HLD2, and HLD22
lead to abnormal protein folding of their translational products, result-
ing in organelle stress in oligodendroglial cells [35,36]. It is likely that
this stress signaling leads to insufficient differentiation of oligoden-
droglial cells and, consequently, hypomyelination [11,12]. Further
genomic analyses in HLD22 patients could help clarify the relationship
between disease-associated mutations and organelle stress. In fact, the
ClinVar website (https://www.ncbi.nlm.nih.gov/clinvar/) identifies
several cases of claudin-11 gene amplification, suggesting that HLD22
may also share the same cause as HLD1. Detailed studies to date have
shown that HLD22 is caused by a functional loss due to a point mutation
in the stop codon of claudin-11.

In the present study, we demonstrate that knockdown of claudin-11,
an HLD22-associated protein, leads to a decrease in the expression levels
of oligodendroglial cell differentiation markers and reduced -cell
morphological changes. Claudin-11 interacts with the PDZ domain of
shroom-2, and knockdown of shroom-2 also results in decreased
morphological changes. Expression of the respective interactive regions
in cells similarly leads to reduced morphological changes, illustrating
the key role of the claudin-11 and shroom-2 interaction in cell
morphological changes. Of interest, HLD22-associated claudin-11
sequence fails to interact with the PDZ domain of shromm-2. Further
studies could promote our understanding of the detailed molecular
mechanisms by which claudin-11 promotes differentiation before the
onset of myelination in primary and induced oligodendroglial cells [39,
40] and in mice, as well as how shroom-2 intracellularly connects the
signal from claudin-11. These studies could help identify potential drug
targets to effectively promote oligodendroglial myelination and, in turn,
lead to the development of therapeutic medicines for HLD22 and related
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diseases.
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