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SUMMARY

Pelizacus-Merzbacher disease (PMD) is a form of X-linked leukodystrophy caused by mutations in the proteolipid protein 1 (PLP1) gene.
Although PLP1 proteins with missense mutations have been shown to accumulate in the rough endoplasmic reticulum (ER) in disease
model animals and cell lines transfected with mutant PLP1 genes, the exact pathogenetic mechanism of PMD has not previously been
clarified. In this study, we established induced pluripotent stem cells (iPSCs) from two PMD patients carrying missense mutations and
differentiated them into oligodendrocytes in vitro. In the PMD iPSC-derived oligodendrocytes, mislocalization of mutant PLP1 proteins
to the ER and an association between increased susceptibility to ER stress and increased numbers of apoptotic oligodendrocytes were
observed. Moreover, electron microscopic analysis demonstrated drastically reduced myelin formation accompanied by abnormal ER
morphology. Thus, this study demonstrates the involvement of ER stress in pathogenic dysmyelination in the oligodendrocytes of

PMD patients with the PLPI missense mutation.

INTRODUCTION

Analysis of differentiated cells from disease-specific, hu-
man induced pluripotent stem cells (iPSCs) enables the
construction of pathological models using the patients’
own cells. Such analyses are particularly useful for the
study of neurodegenerative disorders because it is difficult
to collect brain-tissue samples from these patients.
Pelizaeus-Merzbacher disease (PMD) is a dysmyelinating
disorder of the CNS that is usually observed during child-
hood. PMD is classified into two subtypes: the classical and
connatal forms. In the classical form, patients usually
show a delay in psychomotor development within the first
year of life but exhibit relatively slow disease progression
over the first decade. In contrast, in the connatal form,
patients generally show arrested congenital psychomotor
development and exhibit a progressive disease course
with severe neurological impairment. The degree of dys-
myelination has been shown to correlate well with the
clinical severity of PMD (Seitelberger, 1995). The proteolipid
protein 1 (PLP1) gene has been identified as a causative
gene for PMD. PLP1 is a transmembrane protein that is

abundantly expressed in compact myelin in oligodendro-
cytes (OLs) and plays a structural role in the formation and
maintenance of myelin sheaths (Gow et al., 1997; Mikosh-
iba et al.,, 1991). Three distinct types of PLP1 mutation
have been reported to date: point mutations, duplications,
and deletions. Missense mutations in the PLPI gene
account for 30% of the genetic abnormalities found in
PMD patients and are responsible for most of connatal
cases. Based on analyses using cell lines transfected with
mutant PLPI genes (Gow and Lazzarini, 1996) or a mouse
model of PMD (the msd mouse; Gow et al., 1998), the
underlying pathogenesis in most patients with missense
mutations is thought to involve the accumulation of mis-
folded mutant PLP1 proteins in the rough endoplasmic
reticulum (ER) (Southwood et al., 2002) and the induction
of ER stress, resulting in activation of the unfolded protein
response (UPR). Although UPR attenuates general transla-
tion to reduce the protein load into ER and increase
expression of chaperone proteins to facilitate protein
folding, excessive levels of unfolded proteins have been
shown to activate apoptotic pathway of UPR to eliminate
damaged OLs.
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However, despite the precise analyses conducted using
conventional cellular and animal PMD models, it has
not been possible to examine the actual correlation
between the known molecular pathogenesis and cell bio-
logical phenotypes, including abnormalities in OL differ-
entiation, myelination, and cell death. In addition, those
previous results were obtained through analyses using
nonhuman models, non-patient-derived cells, or nonoli-
godendrocyte models, and it is unknown whether the re-
sults obtained in those models are applicable to human
patients. Although the establishment of iPSCs from a
PMD patient with partial duplication of PLPI gene has
been reported, those iPSCs were not differentiated into
oligodendrocytes for disease modeling (Shimojima et al,,
2012). Thus, in the present study, we focused on the path-
ologic effects of PLP1 missense mutations and established
patient-specific iPSCs from two PMD patients with
different mutation sites and different levels of clinical
severity.

We differentiated the iPSCs into OL lineage cells and
examined the pathogenic changesin the PMD iPSC-derived
OLs. We confirmed the accumulation and mislocalization
of mutant PLP1 proteins to the ER, a high level of stress sus-
ceptibility, and increased apoptosis in PMD iPSC-derived
OLs. In addition, through transmission electron micro-
scopic analysis, we verified decreases in the frequency of
myelin formation and the thickness of the myelin sheath
compared with control cells. More importantly, we also
demonstrated that these pathogenic changes observed in
iPSC-derived OLs were consistent with the different levels
of clinical severity between the two PMD patients. Thus,
this report describes the modeling of human PMD with
PLPI missense mutations using patient-specific, iPSC-
derived OLs. These results have demonstrated the useful-
ness of iPSC-derived OLs for the analysis of the pathogenic
processes in human dysmyelinating neurological disorders.

RESULTS

Clinical Features of PMD Patients

We established iPSCs from two patients with point muta-
tions in the transmembrane domain (patient 1: PMD1)
and extracellular domain (patient 2: PMD2) of the PLPI1
gene (Figure 1C). PMD1 was a 1-year-old male with the con-
natal form of PMD. He was diagnosed with PMD at the age
of 4 months, when he was found to exhibit poor head con-
trol and nystagmus and was unable to follow objects. He
showed poor feeding and was fed through a gastrostomy
tube from the age of 21 months. Psychomotor develop-
ment was not observed, even at the age of 5 years. MRI of
the patient’s brain revealed mild and diffuse atrophy,
dilatation of the ventricles, and diffuse high-intensity sig-
nals in the white matter of the cerebrum and brainstem
in a T2-weighted image (T2WI) (Figure 1A). A direct
sequencing analysis of genomic DNA from the patient’s
leukocytes showed a novel missense mutation, ¢.757 T >
A (p.Ser253Thr), in exon 6 of the PLPI gene (Figure 1B).
This amino acid change has not been previously reported,
but different type of mutation at this same site, Ser253Phe,
has been reported in other patients with the connatal form
of PMD (Hodes et al., 1998). This change was not identified
in more than 200 normal individuals; thus, it was consid-
ered to be a causative mutation for PMD.

Patient 2 (PMD2) was a 20-year-old male with the clas-
sical form of PMD. He was diagnosed with PMD at the
age of 3 months, when he was found to display poor
head control and nystagmus. Spastic quadriparesis was
evident at 4 years of age, with choreoathetotic movements
beginning at the age of 8-10 years. He appeared alert and
attentive and was nonverbal but exhibited guttural vocali-
zations. A missense mutation, ¢.643 C > T (p.Pro215Ser),
was identified in exon 5 of the PLPI gene, which has
been reported previously (Gencic et al., 1989).

Figure 1. Features of the PMD Patients and Characterization of iPSCs

(A) MRI images of the brains of patient PMD1 (right) and an age-matched control (left). Mild and diffuse atrophy of the brain, dilatation of
the ventricles (arrow), and diffuse high-intensity signals in the white matter (arrowhead) are shown. TIWI, T1-weighted images; T2WI,
T2-weighted images.

(B) Direct sequencing analysis of genomic DNA from PMD1’s leukocytes showed a novel missense mutation ¢.757 T > A (p.Ser253Thr) in
exon 6 of the PLP1 gene.

(C) Schematic representation of the mutation sites in PMD1 and PMD2.

(D) Representative morphology of iPSC colonies (above) and immunochemical analysis of pluripotent markers, NANOG and OCT4 (below).
The scale bars represent 200 pum.

(E) Quantitative RT-PCR analysis of the expression of retroviral transgenes in established PMD iPSC clones. Data are presented as the mRNA
copy numbers for each transgene divided by those for g-actin.

(F) Representative H&E staining of teratomas derived from established PMD iPSC clones. Teratomas were formed via the injection of
undifferentiated iPSCs into the testes of NOD/SCID mice. Open arrow, neural rosettes. Arrowhead, pigmented epitheliums. Asterisks,
goblet cells. Arrow, bones. Open arrowhead, cartilage. The scale bars represent 200 um.

(G) Representative pyrosequencing analysis of the mutations in the PLP1 gene in fibroblasts and iPSCs. Identical mutations to those
observed in the patients’ fibroblasts (PMD1, 757 T > A; PMD2, 643 C > T) were confirmed in all the iPSC clones.

Stem Cell Reports | Vol. 2 | 1-14 | May 6, 2014 | ©2014 The Authors 3
STEMCR 113



Please cite this article in press as: Numasawa-Kuroiwa et al., Involvement of ER Stress in Dysmyelination of Pelizaeus-Merzbacher Disease
with PLP1 Missense Mutations Shown by iPSC-..., Stem Cell Reports (2014), http://dx.doi.org/10.1016/j.stemcr.2014.03.007

Stem Cell Reports
Modeling PMD by iPSC-Derived Oligodendrocytes

A First NS Second N
i 23w Y
—_—>
purmorphamine Neuron , Astrocyte, Oligodendrocyte
| EB medium | Proliferation medium 1 Differentiation medium
day1 4 7 14 45~60 55~88
B sox1 c D
o — 5 = NANOG *
—~ <] 5 .
~ — = b= e Bllitubulin
a 5 e SOX1 5 A
] o S contouee: GFAP
° kk 5 2 i BRACYURY o
5 k- i SOXTT 5 —&—CNP
@ 50 2 210
© s <1
8 24 3
8 o o
2 £ E
% f_; — T:i
= ol 0 e e e ol R
DSB(-) DS(+) DSB(+) iPSC EB  1stNS 2ndNS Diffaw iPSC EB 1stNS 2ndNS Diff2w Diffaw
E
Bliltubulin / Hoechst GFAP/ Hoechst 04 | Hoechst Bliltubulin | GFAPI 04

F 404

2 ]

[}

® g

=20

g ! ;i 8 P e

S [ ] .

= i

8 ° !

Bliltubulin  GFAP 04

Figure 2. Differentiation Potential of Human iPSCs

(A) Schematic presentation of the protocols for OL differentiation from hiPSCs. DSB, dorsomorphine (D), SB431542 (S), and BIO (B); RA,
retinoic acid; NS, neurospheres.

(B) Quantitative RT-PCR analysis of SOX1 expression in EBs, suggesting a significantly higher induction efficiency of NS/PCs in EBs in our
protocol with DSB (DSB: dorsomorphin, SB431542, and BI0) compared with those in our previously established methods (control, DSB—)
or those in the previously reported method with dual Smad inhibition (DS) (n = 3, mean x SEM; independent experiments; *p <0.05; **p<
0.01; t test).

(C) Quantitative RT-PCR analysis of the expression of cell-type-specific markers at each differentiation stage. NANOG (a pluripotent marker)
was readily downregulated in the EB stage. Other lineage markers (mesodermal and endodermal markers, such as BRACHYURY and S0X17)
were not detected in any stage. SOX7 was upregulated in EB and neurosphere stage in control iPSC clones (201B7, WD39, and TIG121; n=3;
mean = SEM; independent experiments).

(D) Quantitative RT-PCR analysis of differentiated neurospheres for the markers of neurons (BIII tubulin), astrocytes (GFAP), and
oligodendrocytes (CNP) in control iPSC clones (201B7, WD39, and TIG121; n = 3; mean + SEM; independent experiments).

(legend continued on next page)
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Establishment and Characterization of iPSCs Derived
from PMD Patients

Human iPSCs were established via the retroviral transduc-
tion of four transcription factors (SOX2, OCT4, KLF4, and
¢-MYC) into dermal fibroblasts (Takahashi et al., 2007). A
total of 52 and 34 iPSC clones were cstabhshed from
PMD1 and PMD2 samples, respectively. The established
iPSC  clones were evaluated based on the typical
morphology of colonies similar to human embryonic
stem cells (ESCs), as well as the expression of pluripotent
markers via immunocytochemistry (NANOG and OCT4;
Figure 1D), silencing of retroviral transgenes through quan-
titative RT-PCR (Figure 1E), and efficient differentiation
into neural cells via embryoid body (EB) formation. We
finally selected three clones each for PMD1 (1-7, 1-15,
and 1-27) and PMD2 (2-6, 2-10, and 2-22) for further
analyses. The differentiation potentials of these selected
iPSC clones were confirmed through teratoma formation
assays (ectoderm: neural rosettes and pigmented epithe-
lium, endoderm: goblet cells, and mesoderm: bones and
cartilage; Figure 1F), Moreover, the mutations in the PLPI
gene (PMD1 [¢.757 T > A] and PMD2 [c.643 C > T]) were
confirmed in human dermal fibroblasts (HDFs) and all
of the selected iPSC clones via pyrosequencing analysis
(Figure 1G).

Regarding the control iPSCs, we used age-matched con-
trol iPSCs established from 8-month-old (T1G121) and
16-year-old (WD39) healthy individuals, corresponding
to the PMD-iPSCs established from 1-year-old and 20-
year-old patients, respectively, as well as 201B7, which is
a widely used control iPSC clone.

Both Control and PMD iPSCs Induce Oligodendrocyte
Lineage Cells In Vitro

Based on the previously reported methods for inducing
OLs from human ESCs and iPSCs (Hu et al., 2009; Izrael
etal., 2007; Kang et al., 2007), we established our own cul-
ture protocol to 1nduce OLs by modifying previously estab-
lished protocols for efficiently differentiating human ESCs
and iPSCs into neural stem/progenitor cells (NS/PCs) as
neurospheres through EB formation (Nori et al., 2011;
Okada et al., 2008). First, dorsomorphin (a bone morphoge-
netic protein signal inhibitor), SB431542 (a transforming
growth factor B [TGF-B] receptor inhibitor), and BIO (a
GSK3 inhibitor) were added during the early phase of EB
formation to facilitate differentiation into NS/PCs more
efficiently. Quantitative RT-PCR analysis of the expression
of the NS/PC marker SOX1 in EBs revealed a significantly

higher induction efficiency of NS/PCs in our protocol
with DSB (DSB: dorsomorphin, SB431542, and BIO)
compared with those in our previously established
methods (control, DSB-) or those in the previously re-
ported dual Smad inhibition with DS (Figure 2B). We also
added retinoic acid for caudalization and purmorphamine
(Sonic hedgehog agonist) for ventralization during EB for-
mation until EB dissociation. Then, the dissociated EBs
were cultured in suspension to form neurospheres in prolif-
eration medium supplemented with factors that promote
the commitment and proliferation of OL lineage cells
(Shimada et al, 2012). For adherent differentiation,
neurospheres were cultured in differentiation medium
supplemented with factors that promote the commitment
of OL lineage cells as indicated in the Experimental Proce-
dures (Figure 2A). From the quantitative RT-PCR analysis
in this protocol, the pluripotent marker (NANOG) was
notably downregulated in the EB stage, and other lineage
markers (mesodermal and endodermal markers, such as
BRACHYURY and SOX17) were not detected in any stage.
The NS/PC marker (SOX1) was upregulated in the EB and
neurosphere stages and gradually downregulated after
adherent differentiation (differentiation stage; Figure 2C).
The expression profiles were similar between the control,
PMD1, and PMD2 iPSCs (Figure S1A available online). To
reveal the differentiation potentials of neurospheres, we
performed immunocytochemistry of differentiated neuro-
spheres for markers of neurons (BIII tubulin), astrocytes
(GFAP), and oligodendrocytes (O4; Figures 2E and 2F)
and a time course analysis of the expression levels of
neuronal and glial markers through quantitative RT-PCR
(Figure 2D). The expression profiles were similar between
the control and PMD1 and PMD2 iPSCs (Figure S1B). Based
on these analyses, we confirmed the differentiation poten-
tials of the iPSCs into three neural lineage cells and the
reproducibility of our differentiation protocol. Regarding
the differentiation potentials of OL lineage cells, all PMD-
iPSCs and control iPSCs were able to induce platelet-
derived growth factor receptor o. (PDGFRe)*-OL progenitor
cells (OPCs), O4*-immature OLs (immature OLs), and
myelin basic protein (MBP)*-mature OLs (mature OLs)
with typical morphologies (Figure 3B). OPCs were also pos-
itive for NG2 (Figure 3A). In contrast, myelin protein zero
(MPZ)-positive cells, a major structural protein of periph-
eral myelin, could not be detected, indicating that these
cells were oligodendrocytes, but not schwann cells.

After 55-70 days in vitro (DIV), OPCs were observed
in 86.3% of the colonies of control cells and 95.1% and

(E) Representative low-magnification images of the immunocytochemistry of three neural lineage cells (neurons: BIII tubulin; astrocytes:

GFAP; oligodendrocytes: 04). The scale bar represents 100 pm.

(F) Quantitative analysis of the percentages of three neural lineage cells in control-iPSCs (201B7, WD39, and TIG121)-derived neuro-

spheres (n = 9; mean + SEM; independent experiments).
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Figure 3. Differentiation Potential of Human iPSCs into
Oligodendrocytes

(A) Representative image of immunocytochemistry for OPC
markers (PDGFRa and NG2). OPCs were positive for both
PDGFRa and NG2. The scale bar represents 50 pm.

(B) Representative image of immunocytochemistry of
differentiated neurospheres using markers for OL lineage
cells. Both control and PMD iPSCs differentiated into
PDGFRo"™-0OL progenitor cells (OPCs), 04"-immature OLs
(immature OLs), and MBP*-mature OLs (mature OLs). The
scale bar represents 20 pm.

(C) Quantitative analysis of the differentiation efficiency
into OL lineage cells. The numbers of neurosphere colonies
containing more than 40 marker-positive cells (=40 cells;
oligodendrocyte [++]), those containing less than 40
marker-positive cells (1-39 cells oligodendrocyte [+]), and
those without marker-positive cells (oligodendrocyte [—])
were counted and are presented as the percentage of total
neurosphere colonies. Oligodendrocyte (++) neurosphere
colonies and oligodendrocyte (+) neurosphere colonies are
indicated by black and white bars, respectively (PDGFRe, n =
6; 04, n = 6; MBP, n = 4; mean = SEM; independent experi-
ments). No significant difference was detected among con-
trol (201B7, WD39, and TIG121) and PMD iPSCs (PMD1-7,
PMD1-15, and PMD1-27 and PMD2-6, PMD2-10, and PMD2-
22)-derived OL lineage cells (p > 0.05; Mann-Whitney's
U test).

(D) Representative image of immunocytochemistry for
OLIG2, PDGFRe, and MBP after 2 or 4 weeks differentiation of
control-iPSC-derived second neurospheres containing more
than 40 OLIG2-positive cells. The scale bar represents 50 um.
(E) Quantitative data of the percentages of PDGFRa* cells/
OLIG2" cells and MBP* cells/OLIG2" cells (after 2 or 4 weeks
of differentiation) in control-iPSC (201B7, WD39, and
TIG121)-derived neurospheres containing more than 40
OLIG2-positive cells. (n = 3; mean + SEM; independent ex-
periments). After 2 and 4 weeks of differentiation, 0LIG2*
and PDGFRe:* OPCs were abundantly observed. After 4 weeks
of differentiation, small numbers of MBP" mature OLs
appeared.
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90.5% of the colonies of PMD1 and PMD2 cells, respec-
tively. At 70-85 DIV, immature OLs were observed in
77.8% of control colonies and 93.8% and 93.8% of the col-
onies of PMD1 and PMD2 cells, respectively. At 80-95 DIV,
mature OLs were observed in 74.9% of the colonies of con-
trol cells and 93.8% and 89.2% of the colonies of PMD1
and PMD2 cells, respectively (Figure 3C). No significant dif-
ferences were detected in either control or PMD with regard
to OL lineage differentiation efficiency.

To examine the proportion of immature and mature OL
lineage cells, we performed immunocytochemistry for
OLIG2, PDGFRa, and MBP after 2 or 4 weeks differentiation
of control-iPSC-derived second neurospheres containing
more than 40 OLIG2-positive cells and counted the num-
ber of marker-positive cells (Figures 3D and 3E). After 2
and 4 weeks of differentiation, OLIG2" and PDGFRe”
OPCs were abundantly observed. After 4 weeks of differen-
tiation, small numbers of MBP™ mature OLs appeared.

Involvement of ER Stress in PMD

Previous in vitro transfection studies in nonglial cells have
indicated that various PLP1 mutants accumulate in the ER
immediately after translation, in contrast to the distribution
of wild-type PLP1 at the plasma membrane (Gow et al,,
1994; Gow and Lazzarini, 1996; Thomson et al.,, 1997).
Therefore, we next examined the expression of PLPl pro-
teins via immunocytochemistry. When stained with anti-
PLP1 and MBP antibodies, the membrane protein PLP1
was observed to be dispersed into the processes of OLs and
to colocalize with MBP in control iPSC-derived mature
OLs. However, in PMD1 and PMD2 iPSC-derived mature
OLs, PLP1 protein staining was not observed in the OL pro-
cesses; instead, PLP1 protein staining localized to the peri-
nuclear cytoplasm (Figure 4A). Thus, we also performed
staining for the ER marker KDEL and found that the mislo-
calized PLP1 proteins colocalized with KDEL (Figures 4A and
4B). All of the control iPSC-derived OLs showed staining for
PLP1 proteins in the processes of mature OLs, whereas all of
the PMD iPSC-derived mature OLs only exhibited PLP1 pro-
teinlocalization in the ER. These results suggest that mutant
PLP1 proteins accumulated in the ER and triggered ER stress
in mature OLs derived from PMD-iPSCs.

We next examined the expression of ER stress markers
in OLs. O4" cells were isolated from both the PMD and
control iPSC-derived differentiated cells 4 weeks after the
attachment of the second neurospheres via magnetic-acti-
vated cell sorting (MACS) using an anti-O4 antibody. The
purified O4* cells underwent quantitative RT-PCR to deter-
mine the expression of ER stress markers (BIP, CHOP, and
spliced XBP1I). No significant differences were detected be-
tween the control and PMD iPSC-derived OLs regarding the
expression of ER stress markers under default conditions
(Figure 4C). Therefore, we next examined the susceptibility

of the iPSC-derived OLs to the extrinsic ER stress induced
by treatment with a low concentration of tunicamycin
50 nM for 6 hr (known as an ER-stress inducer). The results
showed that the expression of all ER-stress markers was
significantly increased in tunicamycin-treated 04" cells
relative to untreated 04" cells in PMD1 (Figure 4D). This
result suggested that a higher susceptibility to ER stress
was observed in PMD1 iPSC-derived OLs than in those
derived from control and PMD?2 iPSCs.

We next treated the iPSC-derived OLs with a higher con-
centration of tunicamycin 100 nM for 6 hr and examined
the expression levels of ER stress markers. PMD2 iPSC-
derived OLs showed significantly higher expression levels
of spliced XBP1, the most sensitive ER stress marker, than
control iPSC-derived OLs (Figure 4E). No significant differ-
ences were detected in the expression levels of BIP and
CHOP between control and PMD2. Taken together, these
results suggest that ER stress is involved in the pathogenesis
of the PMD patients with PLP1 missense mutations, and a
higher susceptibility to ER stress was observed in PMD1
iPSC-derived OLs than in those derived from PMD2, which
is consistent with the more severe phenotypes of the PMD1
patient compared with the PMD2 patient.

Increased Apoptosis Is Observed in PMD iPSC-Derived
Oligodendrocytes

In addition to their susceptibility to ER stress, the PMD iPSC-
derived OLs showed significant morphological differences,
as revealed by O4 staining, such as scattered O4 staining
in their processes compared with control iPSC-derived
OLs, which exhibited uniform O4 staining in their processes
(Figure 5A). Thus, to investigate the apoptotic processes of
PMD iPSC-derived OL lineage cells, we examined the
expression of cleaved caspase-3 (apoptotic marker) in O4*-
immature OLs and MBP"-mature OLs via immunostaining.
Some of the PMD iPSC-derived OLs that showed scattered
04 staining in their processes were positive for cleaved cas-
pase-3 (Figure 5B). The numbers of cleaved caspase-3* cells
in both PMD1 and PMD2 iPSC-derived immature OLs and
mature OLs were significantly increased compared with
those derived from control iPSCs (Figure 5C). We next per-
formed immunocytochemistry for KI67 and OLIG2. We
found that the proportion of OLIG2* cells and KI67* cells
among OLIG2* cells were unchanged between PMD and
control samples, suggesting that the compensatory prolifer-
ation of OPCs for increased apoptosis in PMD iPSC-derived
OLs is unlikely (Figures S2A and S2B). Therefore, although
the differentiation efficiency into oligodendrocyte lineage
cells was unchanged between PMD and control (Figure 3C),
considering that anti-O4 and anti-MBP antibodies stain
both apoptotic and live OLs (Figures 5SA and 5C), the
increased levels of apoptosis resulted in decreased numbers
of live OLs in PMD iPSC-derived cultures.
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Figure 4. Involvement of ER Stress in
PMD-Derived Oligodendrocytes

(A) Representative immunocytochemistry
image for PLP1, the OL marker MBP, and the
ER marker KDEL. In the control iPSC-derived
mature OLs, the PLP1 protein localized to
both the ER (KDEL) and membrane, whereas
in the PMD iPSC-derived OLs, the mutant
PLP1 protein only localized to the ER. The
scale bar represents 20 pum.

(B) Three-dimensional image of mature OLs
derived from PMD1 iPSCs showing colocali-
zation of the mutant PLP1 protein and KDEL
via confocal laser scanning microscopy. The
scale bars represent 20 pm.

(C) Quantitative RT-PCR analyses of the
expression of ER stress markers in 04" cells.
The data are presented as the expression
relative to that in iPSCs. No significant dif-
ferences were observed between the control
iPSC (201B7, WD39, and TIG121) and PMD
iPSC (PMD1-7, PMD1-15, and PMD1-27 and
PMD2-6, PMD2-10, and PMD2-22)-derived
cells (n = 5; mean + SEM; independent ex-
periments; t test).

(D) Quantitative RT-PCR analyses of the
expression of ER stress markers in tunica-
mycin-treated (50 nM; 6 hr) 04" cells relative
to untreated 04" cells. A higher level of stress
susceptibility was detected in PMD1 (PMD1-
7, PMD1-15, and PMD1-27) than in control
(201B7, WD39, and TIG121) and PMD2
(PMD2-6, PMD2-10, and PMD2-22; n = 5;
mean = SEM; independent experiments; *p <
0.05; **p < 0.01; Mann-Whitney's U test).
(E) Quantitative RT-PCR analyses of the
expression of ER stress markers in tunica-
mycin-treated (100 nM; 6 hr) 04" cells rela-
tive to untreated 04% cells. PMD2 iPSC
(PMD2-6, PMD2-10, and PMD2-22)-derived
OLs showed significantly higher expression
levels of spliced XBP1 than control iPSC
(201B7, WD39, and TIG121)-derived OLs (n =
3; mean + SEM; independent experiments;
*p < 0.05; t test).

Because previous reports have indicated the neurotro- cleaved caspase-3" neurons derived from either control or
phic actions of PLP1 (Griffiths et al., 1998; Yin et al, PMD iPSCs were observed (Figure S2C), suggesting that
2006), we next investigated whether apoptosis was this increased apoptosis was specific to oligodendrocyte
induced in PMD patient-derived neurons. However, no lineage cells in PMD in our iPSC-derived cultures.
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Abnormal Myelin Structures and ER Morphologies
Were Detected by Electron Microscopic Analysis
Finally, we focused on the myelinating properties of PMD
iPSC-derived OLs, which represent the most characteristic
pathogenic feature of PMD. Because different types of neu-
ral cells, including neurons and astrocytes, in addition to
OLs, were derived in our cultures, neuron-glial interactions
could be observed and neuron myelination by the iPSC-
derived OLs could be analyzed in situ. In immunocyto-
chemical analysis of MBP and NF200 (neurofilament
marker), parts of the neurofilament™ neurites were wrapped
by the MBP* process of iPSC-derived oligodendrocytes (Fig-
ure S3A). Thus, to evaluate the histological abnormality of
the myelin structures in vitro, we performed transmission

Figure 5. Enhanced Apoptosis in PMD
iPSC-Derived Oligodendrocytes

(A) Morphological differences in OLs. Immu-
nocytochemical analysis of iPSC-derived OLs
for OLs marker (04) and nuclei (Hoechst). The
OLs showed a uniform appearance in the
control iPSC-derived cells but showed scat-
tered morphologies in the PMD iPSC-derived
cells. The scale bar represents 40 pm,

(B) Representative immunocytochemical
images of apoptotic OLs using markers for
apoptosis (cleaved caspase-3) and OLs (04).
OLs (04" or MBP") that were both positive
for cleaved caspase-3 and showed nuclear
condensation or fragmentation were consid-
ered apoptotic OLs. The scale bar represents
40 pm. c-caspase-3, cleaved caspase-3.

(C) Quantitative analysis of the number of
apoptotic OLs. The number of apoptotic cells
was higher in the PMD1 (PMD1-7, PMD1-15,
and PMD1-27) and PMD2 iPSC (PMD2-6,
PMD2-10, and PMD2-22)-derived Ols than
control iPSC (201B7, WD39, and TIG121)-
derived OLs (n=9; mean + SEM; independent
experiments; *p < 0.05; **p < 0.01; Mann-
Whitney's U test).

PMD2

electron microscopy (TEM) analysis of ultrathin sections
of the differentiated cells. The results showed that myelin
structures with or without axons could be observed via
TEM. Considering the neuronal processes wrapped by
the MBP* process of iPSC-derived OLs observed through
immunocytochemistry, some of the axonal structures
could have been lost during the fixation process for TEM.
Although we stained with antibodies against NAV1.6
(nodes) and CASPER (paranodes), we could not detect
any significant staining in our cultures. This may suggest
immature myelination in the present culture conditions.
Notably, mature myelin structures with thick myelin
lamella ~30 layers were observed in the control cultures.
In contrast, in the PMD iPSC-derived cultures, a limited
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number of myelin structures with thin myelin lamella ~15
layers were observed (Figure 6A). The frequency of myelin
formation and thickness of the myelin sheath were signif-
icantly decreased in both PMD1 and PMD?2 iPSC-derived
OLs (Figures 6B and 6C).

In addition, several types of histological abnormalities
were detected in the PMD cells. Apoptotic cells exhibiting
nuclear condensation were frequently observed among
the PMD iPSC-derived cells, in contrast to that observed
in those derived from control iPSCs (Figure 6D). Moreover,
aberrant ER morphologies, such as dilation of the ER inter-
membrane space (Fan et al., 2013; Lim et al., 2011), were
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Figure 6. Electron Microscopic Analysis of
PMD iPSC-Derived Cells

(A) TEM of iPSC-derived cells. The maximum
number of normal myelin lamella was greater
than 30 in the control iPSC-derived myelin
sheaths. In contrast, a limited number of
myelin lamella was observed in the PMD iPSC-
derived myelin sheaths. High-magnification
images are also shown in the lower panel. The
scale bars represent 100 nm (upper panels)
and 20 nm (lower panels).

(B) Quantitative analysis of the numbers of
myelin structures. We counted the numbers
of myelin structures per visual field of EM
images (approximately 1.8 mm?) for the
myelination frequency. The frequency of
myelin formation was significantly decreased
in both PMD1 (PMD1-7, PMD1-15, and PMD1-
27) and PMD2 (PMD2-6, PMD2-10, and PMD2-
22) iPSC-derived OLs (n = 3; mean + SEM;
independent experiments; *p < 0.05; t test).
(C) Quantitative analysis of the numbers of
myelin lamellae. We counted the numbers of
major dense lines per myelinated fiber for the
thickness of myelin, and the average of the
numbers of myelin lamellae in the top ten
myelin sheaths are presented. The thickness
of the myelin sheath was greatly reduced in
both PMD1 (PMD1-7, PMD1-15, and PMD1-
27) and PMD2 (PMD2-6, PMD2-10, and PMD2-
22) iPSC-derived OLs (n = 3; mean + SEM;
independent experiments; **p < 0.01;
t test).

(D and E) Histological abnormalities de-
tected in PMD iPSC-derived cells via TEM.
Apoptotic cells with fragmented nuclei
(arrow in D) were frequently detected among
the PMD-iPSC-derived cells (D). The scale bar
represents 1 pm. Dilations of ER intermem-
brane spaces were also observed (E). The
scale bars represent 0.5 pum.

PMD2

PMD2

found in the PMD iPSC-derived cells (Figure 6E). These re-
sults indicate that PMD iPSC-derived OLs develop a poor
myelin structure and subsequently die, supporting the
involvement of ER stress in the pathogenesis of PMD.

DISCUSSION

In this study, we established PMD-specific human iPSCs
from two patients with different clinical severity and
different missense mutations of PLPI1. One mutation is in
the transmembrane domain (PMD1) and the other is in
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the extracellular domain (PMD2), both of which differ
from those in the previously reported PMD animal models,
And we generated patient-specific OLs, This model enables
an investigation of the correlations between the molecular
pathophysiology of PMD and various cell biological phe-
nomena, including OL differentiation, myelination, and
apoptosis in patient-derived live OLs through morpholog-
ical, biochemical, and molecular biological methods. These
analyses could not be achieved using conventional disease
models.

Although there are several reported methods for
inducing OPCs from human ESCs (Hu et al,, 2009; lzrael
et al., 2007; Kang et al,, 2007), these methods have diffi-
culties in reproducibility, making it difficult to obtain suffi-
cient amounts of mature OLs for analysis. In the present
study, we developed an improved neural differentiation
protocol for human pluripotent stem cells by utilizing an
EB-neurosphere method involving dual Smad inhibition
in combination with a GSK3 inhibitor to facilitate differen-
tiation into NS/PCs more efficiently and reproducibly. In
addition, the use of T3, ciliary neurotrophic factor
(CNTF), and leukemia inhibitory factor (LIF) was beneficial
for differentiation into OLs. Using this method, we
achieved stable differentiation of several human iPSC
clones into OLs in a similar manner to that reported in a
recent study (Wang et al., 2013). Remarkably, our culture
procedure enabled recapitulation of myelin formation in
human iPSC (hiPSC)-derived neurites and OLs in vitro in
a single-culture system without coculturing with other
cells, such as rodent hippocampal neurons, as previously
reported (Kang et al., 2007). Thus, this study reports a suc-
cessful in vitro myelination assay using human iPSC-
derived neurons and OLs.

Another important finding of this study was that the dif-
ferentiation of PMD iPSCs into OLs well-recapitulated the
progression of PMD pathogenesis in vitro. Although the
PMD-specific iPSCs induced abundant MBP* mature OLs,
myelination was substantially less frequent and limited
lamella formation was observed. These results suggest
that incomplete maturation and limited survival of OLs
rather than a failure to differentiate into OLs is responsible
for PMD pathogenesis. However, the cause of OL degener-
ation and dysmyelination observed in PMD is unclear.
Some previous reports have demonstrated the involvement
of ER stress in the pathogenesis of PMD associated with
missense mutations in the PLPI gene. Analyses using
cell lines, such as cos7 cells transfected with wild-type or
mutant PLPI genes, have shown that wild-type PLP1 pro-
tein is synthesized in the ER and transported to the cell sur-
face, whereas mutant PLP1 proteins are arrested in the
secretory pathway at an early stage and accumulate in the
ER (Gow et al,, 1994). In the CNS of PMD model mice,
such as msd and rsh mice, mutant PLP1 proteins are largely

confined to the perinuclear region of OLs and involved in
the UPR (Gow et al, 1998). These reports suggest the
involvement of ER stress in PMD pathogenesis. In the pre-
sent study, accumulation of misfolded mutant PLP1 pro-
teins in the ER and high susceptibility to ER stresses in
the PMD1 and PMD2 cells were observed. This increased
susceptibility to ER stresses or other cellular response could
have resulted in the apoptosis of PMD iPSC-derived OLs
and immature/incomplete myelination.

In addition, we detected differences between PMD1 and
PMD2 cells. The differences of susceptibility to ER stresses
and the thickness of the myelin sheath were consistent
with the different levels of clinical severity of the two pa-
tients. The correlations between different clinical severity,
different missense mutations, and different pathogenic
changes have not previously been reported by conven-
tional disease models. These results suggest that this PMD
model accurately recapitulates disease pathophysiology
not only qualitatively but also in terms of the degree of
disease progression, although how the different point
mutations affect the degree of the observed phenotype
must be clarified. Accordingly, we propose models for a
“proof-of-concept” of PMD pathogenesis based on the
endogenous mutations found in PMD iPSC-derived OLs.
The present findings cannot be generalized to PMD as a
whole because the more common PLPI duplication was
not included; therefore, we will investigate the pathogen-
esis of PMD with PLPI1 duplications in the future.

The current study represents the a demonstration of
pathogenic changes in PMD patients with PLPI missense
mutations using disease-specific, human iPSC-derived
OLs. This model faithfully reproduces the pathophysiology
observed in the CNS of PMD patients, which is difficult to
identify through conventional experiments. Moreover, our
results demonstrate the usefulness of iPSC-derived OLs for
the analysis of the pathogenic processes of dysmyelinating
human neurological disorders and the development of
novel therapeutic agents for their treatment.

EXPERIMENTAL PROCEDURES

Isolation of Human Skin Fibroblasts and Generation of
iPSCs

HDFs from the dermis of a 1-year-old Japanese male patient and
HDFs from the dermis of a 20-year-old Caucasian male patient
(Coriell Institute) were used to establish PMD1-iPSCs (PMD1-7,
1-15, and 1-27) and PMD2-iPSCs (PMD2-6, 2-10, and 2-22), respec-
tively. Additional control cell lines used in this study included
201B7 (control A, established from HDFs [Cell Applications]
from the dermis of a 36-year-old Caucasian female; Takahashi
et al,, 2007), WD39 (control B, established from HDFs from the
dermis of a 16-year-old Japanese female; Imaizumi et al., 2012),
and TIG121 (control C, established from HDFs from the dermis
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of an 8-month-old Japanese male [Japan Health Sciences Founda-
tion]). All of the human iPSC clones were established through
the retroviral transduction of four transcription factors (SOX2,
OCT4, KLF4, and ¢-MYC) into HDFs as described previously (Taka-
hashi et al., 2007) and evaluated based on the expression of plurip-
otent markers, the silencing of retroviral transgenes, and teratoma
formation assays as described previously (Ohta et al., 2011). We
used three clones for each group for further analysis: control
(201B7, WD39, and TIG121), PMD1 (1-7, 1-15, and 1-27), and
PMD?2 (2-6, 2-10, and 2-22). The data from the three clones were
combined in each figure, and the data are shown as the average
of the three clones. All of the experimental procedures for iPSC
production were approved by the ethics committee of the Keio
University School of Medicine (approval number: 20-16-18).

Culture and In Vitro Differentiation of Human iPSCs
hiPSCs were grown on mitomycin-C-treated SNL murine fibroblast
feeder cells in gelatin-coated (0.1%) tissue culture dishes. The
hiPSCs were maintained in standard hESC medium (Dulbecco’s
modified Eagle’s medium [DMEM]/F12 [Sigma] containing 20%
KnockOut serum replacement [KSR; Life Technologies], nonessen-
tial amino acids [NEAA], 0.1 mM 2-mercaptoethanol [Sigma], and
4 ng/ml fibroblast growth factor 2 [FGF-2] [PeproTech]) at 37°Cin a
humidified atmosphere of 3% CO,.

For in vitro differentiation, iPSC colonies were detached from the
feeder layers en bloc using a dissociation solution (0.25% trypsin,
100 pg/ml collagenase IV [Invitrogen], 1 mM CaCly,, and 20% KSR;
day 0) and cultured in suspension in bacteriological dishes to form
EBs in a humidified atmosphere of 3% CO,. From day 1 to 4 of EB
formation, 3 pM dorsomorphin (Sigma), 3 pM SB431542 (Tocris
Bioscience), and 3 uM BIO ((2'Z, 3'E)-6-bromoindirubin-3'-oxime;
Sigma) were added. In addition, 1 pM retinoic acid (Sigma) and
1 pM purmorphamine (Calbiochem) were added on days 4 and
7, respectively, and maintained thereafter until day 16 (EB dissoci-
ation). The medium was changed every 2 days. On day 16, the EBs
were enzymatically dissociated into single cells using TrypLE Select
(Life Technologies), and the dissociated cells were cultured in sus-
pension at a density of 1 x 10° cells/ml in proliferation medium
consisting of serum-free medium (media hormone mix [MHMJ;
Okada et al.,, 2008) supplemented with 2% B27 supplement
(Invitrogen), NEAA, 1 uM purmorphamine, 60 ng/ml T3 (Sigma),
10 ng/ml PDGF-AA (PeproTech), 20 ng/ml FGF, 10 ng/ml
epidermal growth factor (PeproTech), 10 ng/ml insulin growth fac-
tor 1, and 10 ng/ml neurotrophin-3 (R&D Systems) in a humidified
atmosphere of 5% CO,. The medium was changed every 4~6 days
for approximately 15~20 days to form the first neurospheres. To
passage neurospheres, the first neurospheres were dissociated in
the same manner as described above and cultured at a density of
1 x 10° cells/ml in proliferation medium without purmorphamine
for approximately 15~20 days. To assay neurosphere differentia-
tion, undissociated 5-7 neurospheres were plated onto coverslips
10 mm in diameter coated with poly-L-ornithine (Sigma) and
growth-factor-reduced Matrigel (50x dilution, thin coated; Invi-
trogen), and cultured in differentiation medium that consisted of
MHM supplemented with 2% B27 supplement, NEAA, 60 ng/ml
T3, 10 ng/ml hLIF (Millipore), and 25 ng/ml CNTF (R&D Systems)
for 2-6 weeks in a humidified atmosphere of 5% CO,. Half of the
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medium was changed every 2 or 3 days. For the quantitative
analysis of the differentiation efficiency into OL lineage cells,
the numbers of neurosphere colonies containing more than 40
marker-positive cells (=40 cells, oligodendrocyte [++]), those con-
taining less than 40 marker-positive cells (1-39 cells, oligodendro-
cyte [+]), and those without marker-positive cells (oligodendrocyte
[-]) were counted and are presented as the percentage of total neu-
rosphere colonies. To examine the expression of ER-stress markers,
04" differentiated cells were purified 4 weeks after the attachment
of the neurospheres using MACS technology with an anti-O4
antibody.

Direct Sequencing and Pyrosequencing Analysis of the
PLP1 Gene

Genomic DNA was extracted from peripheral blood samples (leu-
kocytes) from PMD1 and from HDFs and iPSCs from both PMD1
and PMD2. For direct sequencing of the mutations in the PLPI
gene in PMDI1, fragments of the promoter regions (5 UTR)
and all seven exons of the PLPI gene were amplified via PCR.
The PCR primers and cycling conditions employed for direct
sequencing are listed in Table S1. For pyrosequencing analysis of
the mutations in the PLPI gene in HDFs and iPSCs, fragments con-
taining the PMD1 mutation (¢.757 T> A in exon 6) and PMD2 mu-
tation (c.643 C>Tin exon 5) were amplified via PCR using forward
primers and biotinylated reverse primers. Pyrosequencing analyses
were performed following the manufacturer’s instructions (Pyro-
mark Q24; QIAGEN). The PCR primers and cycling conditions
applied for pyrosequencing analysis are listed in Table S2.

RNA Isolation and RT-PCR

RNA isolation and real-time quantitative RT-PCR were performed
as previously described using SYBR Premix ExTaq II and the
MX3000P Real-Time PCR system (Stratagene; Okada et al., 2004,
2008). The amount of cDNA was normalized to that of human-spe-
cific 8-ACTIN mRNA.

For the analysis of the expression of retroviral transgene in iPSCs,
HDFs 7 days after the retroviral introduction (day 11 of the proto-
col) of four genes (SOX2, OCT4, KLF4, and c-MYC) were used as the
positive control (SOX2 tg, OCT4 tg, KLF4 tg, and ¢-MYC tg). The
data are presented as the copy numbers of mRNA for each trans-
gene. As for the analyses of NANOG, SOX1, BRACHYURY, SOX17,
BIII tubulin, GFAP, CNP, and ER stress marker (BIF, CHOP, and spliced
XBP1), data are presented as the relative expression to that in con-
trol. The applied primer sequences and PCR cycling conditions are
listed in Table S3.

Immunocytochemical Analysis

For immunocytochemical analysis, cells were fixed with 4% para-
formaldehyde for 30 min at room temperature. After blocking in
blocking buffer (PBS containing 10% normal goat or donkey serum
and 0.3% Triton X-100) for 1 hr at room temperature, the cells were
incubated with primary antibodies at 4°C overnight. For O4 stain-
ing, we used blocking buffer without Triton X-100. After three
washes with PBS, the cells were incubated with Alexa 488-, Alexa
555-, or Alexa 647-conjugated secondary antibodies (Life Technol-
ogies) for 1 hr at RT. Nuclei were stained with 10 pg/ml Hoechst
33258 (Sigma). After washing with PBS, the cells were mounted
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on slides and examined with a universal fluorescence microscope
(Axiophoto; Carl Zeiss) or confocal laser scanning microscope
(LSM700; Carl Zeiss), The primary antibodies used in these ana-
lyses were as follows: NANOG (1:100; ReproCELL), OCT4 (1:500;
Santa Cruz Biotechnology), OLIG2 (1:1,000; R&D Systems),
PDGFRa (1:2,000; Santa Cruz Biotechnology), NG2 (1:2,000; Milli-
pore), 04 (1:5,000; Millipore), MBP (1:1,000; Serotec), f-11I-tubulin
(1:1,000; Sigma), NF200 (1:1,000, Millipore), GFAP (1:4,000,
Dako), KDEL (Abcam), PLPT (1:30,000; gifted from Inoue; recog-
nizes PLP1, but not DM20), KI67 (1:10,000, Abcam), and cleaved
caspase 3 (1:1,000, Cell Signaling Technology).

Teratoma Assay

Undifferentiated iPSCs (5 x 10° cells) were injected into the testes
of 8-week-old male nonobese diabetic (NOD)/severe combined
immunodeficiency (SCID) mice (Charles River Laboratories) as
described previously (Ohta et al.,, 2011). Eight weeks after injec-
tion, the resultant tumors were dissected and fixed with 4% para-
formaldehyde. Paraffin-embedded tissue sections were produced,
and hematoxylin and eosin (H&E) staining was performed. Images
were obtained using a BZ-2000 microscope (Keyence).

Transmission Electron Microscopy

For TEM analysis, neurospheres and cells in dishes were fixed with
2.5% glutaraldehyde in 50 mM phosphate buffer (PB) overnight at
4°C. After washing twice in 0.1 M PB, these samples fixed with 1%
osmium tetroxide for 90 min, dehydrated through ethanol, and
embedded in Epon. The neurospheres were dissected and fixed
on the stage, followed by the preparation of ultrathin sections
with a thickness of 70 nm using an ultramicrotome (Leica Micro-
systems). The sections were subsequently stained with uranyl
acetate and lead citrate for 10 and 12 min, respectively. Finally,
the sections were observed under a transmission electron micro-
scope (JEOL model 1230), and images were captured with Digital
Micrograph 3.3 (Gatan). For the quantitative analysis of myelina-
tion, the number of myelin lamellae, which is the number of major
dense lines per myelinated fibers, was counted to assess myelin
thickness and the number of myelinated fibers per visual field of
electron microscopy (EM) images (approximately 1.8 mm?) was
counted to assess myelination frequency.

SUPPLEMENTAL INFORMATION

Supplemental Information includes three figures and three tables
and can be found with this article online at http://dx.doi.org/10.
1016/j.stemcr.2014.03.007.
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I'UBB4A-associated hypomyelinating
leukoencephalopathies

ABSTRACT

Objective: We performed whole-exome sequencing analysis of patients with genetically unsolved
hypomyelinating leukoencephalopathies, identifying 8 patients with TUBB4A mutations and al-
lowing the phenotypic spectrum of TUBB4A mutations to be investigated.

Methods: Fourteen patients with hypomyelinating leukoencephalopathies, 7 clinically diagnosed
with hypomyelination with atrophy of the basal ganglia and cerebellum (H-ABC), and 7 with
unclassified hypomyelinating leukoencephalopathy, were analyzed by whole-exome sequencing.
The effect of the mutations on microtubule assembly was examined by mapping altered amino
acids onto 3-dimensional models of the ap-tubulin heterodimer.

Results: Six heterozygous missense mutations in TUBB4A, 5 of which are novel, were identified in
8 patients (6/7 patients with H-ABC [the remaining patient is an atypical case] and 2/7 patients
with unclassified hypomyelinating leukoencephalopathy). In 4 cases with parental samples avail-
able, the mutations occurred de novo. Analysis of 3-dimensional models revealed that the
p.Glu410Lys mutation, identified in patients with unclassified hypomyelinating leukoencephalop-
athy, directly impairs motor protein and/or microtubule-associated protein interactions with
microtubules, whereas the other mutations affect longitudinal interactions for maintaining
ap-tubulin structure, suggesting different mechanisms in tubulin function impairment. In patients
with the p.Glu410Lys mutation, basal ganglia atrophy was unobserved or minimal although extra-
pyramidal features were detected, suggesting its functional impairment.

Conclusions: TUBB4A mutations cause typical H-ABC. Furthermore, TUBB4A mutations associ-
ate cases of unclassified hypomyelinating leukoencephalopathies with morphologically retained
but functionally impaired basal ganglia, suggesting that TUBB4A-related hypomyelinating leu-
koencephalopathies encompass a broader clinical spectrum than previously expected. Extrapy-
ramidal findings may be a key for consideration of TUBB4A mutations in hypomyelinating
leukoencephalopathies. Neurology® 2014;82:2230-2237

GLOSSARY

4H = hypomyelination, hypodontia, and hypogonadotropic hypogonadism; H-ABC = hypomyelination with atrophy of the
basal ganglia and cerebellum; MAP = microtubule-associated protein; MREI = Met-Arg-Glu-lle; TUBB4A = tubulin, beta 4A
class IVa.

Leukoencephalopathies are a heterogencous group of disorders affecting the white matter of the
brain. It is estimated that approximately 30% to 40% of patients with leukoencephalopathy
remain without a specific diagnosis despite extensive investigations. Brain MRI aids diagnosis
because distinct MRI patterns enable easier detection of white matter abnormalities and suc-
cessful categorization.* Moreover, recent advances in whole-exome sequencing have improved
understanding of these clinically defined/undefined discase entities by identifying genetic causes
and their phenotypic spectrum. For example, the majority of cases with hypomyelination,

From the Departments of Human Genetics (S.M., M.N,, Y.T., N, Miyake, N. Matsumoro, H.S.) and Biochemistry (M. Shiina, K.O.), Yokohama
City University Graduate School of Medicine; Division of Neurology (H.0O.), Clinical Research Institure, Kanagawa Children’s Medical Center,
Yokohama; Department of Pediatrics (H.O.), Jichi Medical School, Tochigi; Department of Child Neurology (M. Sasaki), National Center of
Neurology and Psychiatry, Tokyo; Department of Pediatrics (J.-i.T.), Kameda Medical Center, Chiba; Department of Pediatric Neurology (K.H.),
Takuto Rehabilitation Center for Children, Sendai; Genetic Counselling and Clinical Research Unit (T.W.), Kyoto University School of Public
Health; Department of Pediatrics (M.M.), Graduate School of Medical Science, Kyoto Prefectural University of Medicine; Department of
Neonatology and Pediatrics (N.A.), Nagoya City University Graduate School of Medical Sciences; and Deparment of Neurology (Y.1.), Tokyo
Metropolitan Children’s Medical Center, Japan.

Go 10 Neurology.org for full disclosures. Funding information and disclosures deemed relevant by the authors, if any, are provided ar the end of the article.

2230 © 2014 American Academy of Neurology
© 2014 American Academy of Neurology, Unauthorized reproduction of this article is prohibit




hypodontia, and hypogonadotropic hypogonad-
ism (4H syndrome),>” tremor-ataxia with cen-
tral hypomyelination leukodystrophy (TACH),*
leukodystrophy with oligodontia (LO),”® or
hypomyelination with cerebellar atrophy and
hypoplasia of the corpus callosum (HCAHC),?
which was described in Japan, share some clin-
ical overlap and have POLR34 or POLR3B mu-

tations in common.'®"4

Hypomyelination with atrophy of the basal
ganglia and cerebellum (H-ABC)'>?® is char-
acterized by eatly-onset motor regression and/
or delay followed by extrapyramidal symp-
toms, distinguishing H-ABC from other hypo-
myelinating leukoencephalopathies caused by
POLR3A or POLR3B mutations. A recurrent
de novo 7UBB4A mutation was recently re-
ported in 11 patients with H-ABC.'7 Of note,
TUBB4A mutations also cause autosomal
dominant DYT4 dystonia,’®" a condition
that presents with normal brain MRI findings.
This suggests that in addition to H-ABC,
TUBB4A mutations may be widely related to
other hypomyelinating leukoencephalopathies.
Herein, we describe 8 patients with 7UBB4A4
mutations identified by whole-exome sequenc-
ing, clarifying their phenotypic spectrum.

METHODS Study subjects. Fourteen parients with molecu-
larly undiagnosed hypomyelinating leukoencephalopathy were
included in the study. Patients were diagnosed based on clinical
symptoms and brain MRI findings. Among the 14 parients, 7
were clinically diagnosed with H-ABC and 7 with hypomyelinat-
ing leukoencephalopathy that did not meet the criteria for H-
ABC, 4H syndrome, or Pelizaeus-Merzbacher disease. Patients
with POLR3A or POLR3B mutations were excluded from this
cohort. When available, parental samples were also tested in
mutarion-positive patients.

Standard protocol approvals, registrations, and patient
consents. Experimental protocols were approved by the Com-
mittee for Ethical Issues at Yokohama City University School
of Medicine. Written informed consent was obtained from all pa-
tients or their parents.

Mutation analysis. We performed whole-exome sequencing in
14 patients. Genomic DNA was caprured using the SureSelect™
Human All Exon 50 Mb (v3) or 51 Mb (v4) Kit (Agilent
Technologies, Santa Clara, CA) and sequenced on either the
GAIIx platform (Illumina, San Diego, CA) with 108-base pair
paired-end reads or HiSeq2000 (Illumina) with 101-base pair
paired-end reads. After filtering against dbSNP135 and 91 in-
house normal control exomes, rare protein-altering and splice-site
variant calls were obtained for each patient. We identified
TUBB4A mutation calls and confirmed these mutations by
Sanger sequencing. In 4 of 8 patients with TUBB4A mutations,
parental samples were analyzed by Sanger sequencing to

determine the mode of inheritance.

Three-dimensional structure modeling. To determine the
effect of TUBB4A mutations on microtubule assembly, we map-
ped mutation positions onto the 3-dimensional structure of the
af-tubulin heterodimer (Protein Data Bank code 1JFF)* and
examined their interaction with surrounding molecules.

RESULTS Identification of 7UBB44 mutations.
Whole-exome sequencing identified 6 heterozygous
missense mutations in TUBB44, in 6 of 7 patients
with H-ABC (85.7%) and 2 of 7 patients with unclas-
sified hypomyelinating leukoencephalopathy (28.6%)
(see table 1 and tables e-1 and e-2 on the Neurology®
Web site at Neurology.org). Two mutations,
c.1228G>A (p.Glu410Lys) and c.745G>A
(p-Asp249Asn), were identified in 2 unrelated
patients. Two hypomyelinating patients with similar
clinical features as those previously reported,” carried
the ¢.1228G>A mutation. The ¢.745G>A mutation
was a recurrent mutation reported in patients with
H-ABC." The other 5 mutations were novel. None
of the mutations were registered in the National
Heart, Lung, and Blood Institute Exome Sequencing
Project (ESP6500), 1000 Genomes, or our 575 in-
house control exomes. The ¢.5G>A (p.Arg2Gln)
missense mutation, identified in a patient with
H-ABGC, alters Arg2 to Gln. Arg?2 is located within
the highly conserved, amino-terminal B-tubulin
tetrapeptide Met-Arg-Glu-Ile (MREI) motif and is
involved in autoregulatory mechanisms for B-tubulin
stability. Notably, Arg2 is altered to Gly in a large
family with DYT4.'%"° All of the mutations occur
within highly conserved residues, from yeast to
human, and among human B-tubulins (figure 1).
GERP (Genomic Evolutionary Rate Profiling)
scores were high for all mutated residues, and
Web-based prediction programs identified all
mutations as pathogenic (table e-1). In 4 patients
with parental samples available, the mutations
occurred de novo (table e-1). In 2 patients, only
the mother’s sample was available and confirmed as
mutation-negative.

Three-dimensional structural modeling analysis.
Tubulin heterodimers polymerize longitudinally
in a head-to-tail manner, forming protofilaments,
which then laterally interact with each other to
form microtubules (figure 2). Some mutations fall
within longitudinal interaction interfaces, whereas others
are near interaction regions for motor proteins and
microtubule-associated proteins (MAPs).'* Thr178 of
B-tubulin is located at a longjtudinal interheterodimer
interface, in proximity to the guanine nucleotide—
binding pocket of B-tubulin (figure 2). This residue
is reportedly important for regulation of af-tubulin
heterodimer polymerization with GTP?2% therefore,
the Thrl78Arg mutation may affect the poly-
merization process. Arg2 and Asp249 of B-tubulin are
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{ Table 1 Clinical features of the patients

Current age, y, sex

Protein alteration

Ag at onset, mo i2 12

18 3 19~ 6 2

Onset of motor 10y 20y ND 18 mo . - - 3mo 19 mo - ND ND

deterioration

Motor signs

i
1
+
+
+
+
+
+

Atrophy of the
basal ganglia

Atrophy of the + + + + + + + -
corpus callosum :

Abbreviations: H-ABC = hypomyelination with atrophy of the basal ganglia and cerebellum; ND = not determined.

Symbols: + = present; — = absent: + = minimally detected.

2Unclassified hypomyelinating leukoencephalopathy: did not meet the criteria for H-ABC, 4H syndrome (hypomyelination, hypodontia, and hypogonad-
otropic hypogonadism), or Pelizaeus-Merzbacher disease.

2232

located at an intraheterodimer interface (figures 2 and
e-1A). These residues stabilize the B-tubulin T7
loop region, which interacts with a-tubulin within
a heterodimer (figure e-1A), indicating that the
p-Arg2Gln and p.Asp249Asn mutations may affect
tubulin heterodimerization. Glu410 is located on the
exposed outer surface that mediates interactions with
motor proteins and/or MAPs (figures 2 and e-1B).**
This residue is crucial for the kinesin-microtubule
interaction, and thus the p.Glu410Lys mutation may
directly impair motor protein and/or MAP interactions
with microtubules. Arg262 and Met388 are located near
the intra- and interheterodimer interfaces, respectively,
and both are also near the interaction region for motor
proteins and/or MAPs (figures 2 and e-1, B and C).
Arg262 is involved in the hydrophobic core with
residues from a loop that interacts with the a-tubulin
subunit within the heterodimer, and from helix H12,

Neurology 82 June 17, 2014

which interacts with motor proteins and/or MAPs
(figures 2 and e-1B). Met388 is involved in the
hydrophobic core with residues from helix H11, which
interacts with the a-tubulin subunit in the neighboring
heterodimer, and from helix H12 (figures 2 and e-1C).»
Thus, the pArg262His and the p.Me388Val
mutatons may destabilize the hydrophobic core and
potentally affect the terdary stucture, resulting in
impairment of longitudinal intra- and intetheterodimer
tubulin interactions, respectively, and/or interaction with
motor proteins and/or MAPs.

Clinical features. Clinical information on patients
with TUBB4A mutations is presented in tables 1 and
e-2, and brain MRIs are shown in figures 3 and e-2.
The mean age at onset was 9.2 months, although
the age at onset was varied. Initial motor development
also varied, with some acquiring unsupported but

© 2014 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.



( Figure 1 TUBB4A mutations in patients with hypomyelinating leukoencephalopathy ]

1 2 3 4
_Patient 3 Patient 7 Patients 4.6  _Patient 8 Patient5  Patients 1.2
c.5G>A ¢.533C>G ¢.745G>A c.785G>A ¢ 1162A>G  c.1228G>A
p.Arg2GIn  p.Thr178Arg p.Asp249Asn p.Arg262His p.Met388Val p.Glu410Lys

ol iy bl ol ooy ol

TGCGGGA ACACGGT GCCGACC CTCGCCT GCCATGT ACCGAGG
A
de novo de novo (172) de novo de novo (1/2)
Amino acid change Q R N H \ K
H. sapiens_TUBB4A MREIVHL  VSDTVVE LNADLRK PFPRLHF  FTAMFRR  EFTEAES
M. musculus_TUBB4A MREIVHL  VSDTVVE LNADLRK PFPRLHF  FTAMFRR  EFTEAES
B. Taurus_TUBB4A  MREIVHL  VSDTVVE LNADLRK PFPRLHF  FTAMFRR  EFTEAES
X. fropicalis_TUBB4A MREIVHL  VSDTVVE LNADLRK PFPRLHF  FTAMFRR  EFTEAES
D. rerio_TUBB2C MREIVHL  VSDTVVE LNADLRK PFPRLHF  FTAMFRR  EFTEAES
TUBB4B_Human MREIVHL  VSDTVVE LNADLRK PFPRLHF  FTAMFRR  EFTEAES
TUBB2B_Human MREIVHI  VSDTVVE LNADLRK PFPRLHF  FTAMFRR  EFTEAES
TBB1_Human MREIVHI  VSDTVVE LNADLRK PFPRLHF  FSAMFRR  EFGEAES
TBB_YEAST MREIVHI  TSDTVVE LNADLRK PFPRLHF  FSAMFRR  EFSEAES

TUBBA4A schematic with the 6 mutations is presented. Untranslated regions and coding regions are shown in white and
black rectangles, respectively. All mutations occur at evolutionarily conserved amino acids. Homologous sequences were
aligned using CLUSTALW (http://www.genome jp/tools/clustalw/).

unsteady walking and others never acquiring head
control. The maximum motor milestone of these pa-
tients was unstable short walking. The clinical course
appeared milder in patients with an older age at onset.
This tendency was most prominent in patients ini-
tially diagnosed with unclassified hypomyelinating
leukoencephalopathy. For example, the onset of
motor deterioration started in the first or second dec-
ades in these patients but was between 0 and 3 years
old in patients with typical H-ABC. Intellectual disa-
bility was mild to moderate in the former but mostly
severe in the latter patients.

All clinically evaluated patients with TUBB4A
mutations demonstrated cerebellar ataxia and spastic-
ity. Except for patient 8, all demonstrated extrapy-
ramidal features such as rigidity, dystonia, or
choreoathetosis. In patient 1, dystonia was prominent
compared with other hypomyelination patients with
either POLR3A or POLR3B mutations.>'! Patient 8
was 1 year old at the time of the study, and brain MRI
showed a relatively small but still well-retained puta-
men compared with healthy subjects of the same age,
suggesting that extrapyramidal features may not yet
have developed but would likely express as the basal
ganglia atrophy progressed. Notably, both hypomye-
linating patients with either very mild basal ganglia
atrophy (patient 2) or none identifiable (patient 1)
demonstrated extrapyramidal signs, suggesting that

the basal ganglia may be impaired functionally in

these patients as well as other patients with typical
H-ABC. Case reports are available in appendix e-1.
Patients 1 and 2,° 4, and 5% were previously
described. Retrospectively, patient 2 might be diag-
nosed with atypical H-ABC because minimal basal
ganglia atrophy cannot be excluded. In the patient
with H-ABC with no TUBB4A mutation, the atro-
phy of basal ganglia was very mild compared with that
of patients with typical H-ABC. However, clinical
symptoms are very severe with neither head control
nor sitting at 12 years, suggesting that the patient has

atypical H-ABC.

DISCUSSION The B- and a-tubulins are major com-
ponents of microtubules. Microtubules have essential
roles in many cellular processes including mitosis, intra-
cellular transport, asymmetric neuronal morphology,
and ciliary and flagellar motility.”® Muldple B-tubulin
isotypes are present, with high homology (differing pri-
marily at 15-20 amino acids within the C terminus),
and expressed differentially in a tssue-dependent
manner.?® Certain isotypes, namely, B-tubulin isotypes
2A, 2B, 3, and 4A, are neuron-specific proteins and
highly expressed in brain”® In the nervous system,
microtubules  provide  structure, generate  force
necessary for neuronal migration, and serve as scaffolds
for motor proteins and/or MAPs to transport cargo.*® In
addition to TUBB4A-associated leukoencephalopathies'”

and dystonia,'®"® TUBAIA, TUBB2B, and TUBB3
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( Figure 2 Structural prediction of TUBB4A mutations in the «f~tubulin heterodimer ]
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Mapping of disease-causing amino acid mutations on the «fi-tubulin heterodimer (Protein Data Bank code 1JFF) crystal
structure, with schematic representation of a tubulin dimer (left) and microtubule segment (right). The «- and p-tubulins are
colored gray and green, respectively. Left: The longitudinal interheterodimer interface of g-tubulin {which interacts with
a-tubulin in a neighboring «f heterodimer) is colored pink,?* and the B-tubulin microtubule-associated protein and motor
protein interaction region is colored cyan 2 Side chains of residues altered by the mutations are shown in space-filling
representation in red. Helices, p-sheets, and loops are shown as ribbons, arrows, and threads, respectively, and nucleotides
are blue sticks. Right: Tubulin heterodimers polymerize longitudinally to form protofilaments (longitudinal interaction),
then laterally interact with each other to form microtubules (lateral interaction). Blue circles represent guanine

nucleotide-binding pockets of «- and p-tubulins.

mutations are reported to cause the specuum  of
neurologic disorders resulting from neural migration,
differentiation, and axon guidance and maintenance
abnormalities,”  demonstrating the importance  of
af-tubulin heterodimers in the nervous system.

In this study, we identified 6 missense TUBB4A
mutations, 5 of which are novel, in 6 of 7 patients
with H-ABC and 2 of 7 patents initally diagnosed
with unclassified hypomyelinating leukoencephalop-
athy. Of the patients with H-ABC, all 6 patients with
TUBB4A mutations showed typical H-ABC, sup-
porting that H-ABC is a distinct disease entity caused
by TUBB4A abnormality. We did not detect any
TUBB4A mutations in one patient with atypical
H-ABC. This may be because this patient has a clin-
ically similar, burt different disease, possibly caused by
a different murated gene.

We report a TUBB4A mutation in 2 patients with
preserved basal ganglia. Their brain MRI findings are
similar to patients with POLR3A or POLR3B muta-
tions, rather than H-ABC. However, it is notable
that both patients showed apparent extrapyramidal
signs, to suggest functional impairment. Accompanying
extrapyramidal features are extremely atypical in pa-
tients with either POLR3A or POLR3B murations.”"!
Furthermore, comparing these 2 patients with other
typical H-ABC padents with TUBB4A mutations,
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patients with minimal basal ganglia atrophy tend o
have a milder dlinical course. Both patients have a recur-
rent missense mutation, ¢.1228G>A (p.Glu410Lys).
Based on our 3-dimensional modeling analysis, the
Glu410Lys mutation is predicted to directly impair
motor protein and/or MAP interactions with microtu-
bules, while the other mutations identified in patients
with typical H-ABC may affect longitudinal interac-
tions for maintaining aB-tubulin heterodimerization/
polymerizadion. Different effects of the TUBB4A mu-
tations on tubulin function may lead to this phenotypic
variation. Supporting this hypothesis, the p.Glu410Lys
mutation in 7UBB3, which also direcdy alters a kinesin
motor protein binding site in B-tubulin isotype 3, dem-
onstrates clinically distinct features compared with the
other mutations.*® Therefore, the p.Glu410Lys muta-
tion in TUBB4A may contribure to the milder end of
the phenotypic spectrum of TUBB4A mutations. Addi-
tional patients with 7UBB4A mutations are needed to
clinically confirm mutational consequences.

Another important finding is that one of the pa-
tients with H-ABC had a p.Arg2Gln mutation, since
the p.Arg2Gly mutation has recently been identified
in patients from a large DYT4 family.’®"? DYT4
was described in 1985 in an Australian family that
had emigrated from England as whispering dysphonia

and generalized dystonia. To date, no other pedigrees




