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FTLD had a positive family history (Ratnavalli
et al.,, 2002). In a nationwide survey in the
Netherlands, 38% of FTLD patients had one or
more first-degree relatives with dementia before the
age of 80 years, compared with 15% of the control
participants (Stevens er al., 1998). In a hospital-
based study by the Manchester group (Snowden
etal., 1996), a family history was seen in all subtypes
of FTLD and 50 % of their bvFTD cases had a
positive family history, similar to the findings in
a Swedish series (Gustafson, 1987). On the other
hand, there are only few studies on heredity in Asian
FTLD patients. In the two clinic-based studies from
Japan, family history was either absent (Ikeda ez al.,
2004) or reported in less than 5% of FTLD patients
(Wada-Isoe er al., 2012). In a study from India, only
8.3% of bvFTD patients had a first-degree relative
affected with a FTLD spectrum disorder (Ghosh
etral.,2013). The authors of the study also suggested
that there could be distinctive behavioral patterns in
Asian patients with bvEF'TD. Most patients in that
study showed florid behavioral symptoms even in
the early stages.

As advances in genetics and molecular pathology
usher in clinical trials with biologically driven,
disease-specific therapies for individual FTLD
subtypes, it becomes essential to ensure that cross-
cultural clinical and genetic differences in FTLD
and its related disorders are clearly recognized. With
this in mind, the present study aims to look at
the family history in the different FTLD spectrum
disorders in Asian countries.

Methods

Patients were recruited for the study from
consecutive outpatients who attended the following
Asian centers between January 2010 and December
2012: (1) Cognitive Neurology Unit, Depart-
ment of Neurology, Apollo Gleneagles Hospitals
(India), (2) Hasan Sadikin Hospital, Faculty of
Medicine, Padjadjaran University (Indonesia), (3)
Department of Neuropsychiatry, Faculty of Life
Science, Kumamoto University Hospital (Japan),
(4) St. Lukes Medical Center (Philippines), and
(5) Taipei Veterans General Hospital and Cardinal
Tien Hospital (Taiwan). All patients were examined
by senior neurologists or psychiatrists and were
assessed by a combination of careful medical
history, laboratory testing, morphological imaging
of brain such as magnetic resonance imaging (MRI)
or computed tomography (CT), and functional
imaging such as single photon emission computed
tomography (SPECT), whenever possible. In some
patients with severe behavioral symptoms, it was
difficult to perform functional imaging without

sedation. Patients were diagnosed with FTLD
(bvFTD, SD, PA), FTD/MND, PSP, and CBS
according to recognized diagnostic criteria (Brooks,
1994; Litvan er al., 1996; Neary et al, 1998;
Boeve et al., 2003). The National Institute of
Neurological and Communicative Disorders and
Stroke and the Alzheimer’s Disease and Related
Disorders Association (NINCDS/ADRDA) criteria
(McKhann et al., 1984) were used to diagnose
Alzheimer’s disease. Only those patients who had
reliable informants such as their spouses, were
included in this study.

Each pedigree was investigated across five
generations (first- and second-degree relatives) for
any affected family member. Data obtained from
interviewing patients and family members were
used to make detailed family trees. The affected
family members were categorized according to
appropriate diagnostic criteria into one of the
following disorders: bvFTD, SD, PA, FTD/MND,
PSP, CBS, MND, Parkinson’s disease, and other
dementias. Age at onset and a medical history,
whenever possible, were also obtained. When
a family had more than one affected member,
only a single proband was included to avoid
overestimation.

All procedures followed the Clinical Study
Guidelines of Ethics Committee of Kumamoto
University Hospital, Apollo Gleneagles Hospitals,
Taipei Veterans General Hospital, National Yang-
Ming University Hospital, Hasan Sadikin Hospital,
St. Lukes Medical Center, and Cardinal Tien
Hospital, and were approved by the respective
internal review boards. A complete description of
the study procedures was provided to the patients
and their caregivers and written informed consent
was obtained from them.

Results

Ninety-one patients were recruited from the five
institutes. Demographic data are shown in Table 1.
Forty-two patients had a diagnosis of bvFFTD, two
patients had FTD/MND, 22 had SD, 15 had
PA, one had PA/CBS, five had CBS, and four
patients had PSP. One of the patients was clinically
diagnosed as FTD/MND, who showed FTLD-
TDP pathology by brain biopsy. This patient and
two others were found to have the C9ORF72
mutation by genetic testing. The Mini-Mental State
Examination (MMSE) scores, Clinical Dementia
Rating (CDR) scores, average age at onset, and
duration of illness at presentation are summarized
in Table 2. The MMSE scores were not available
in 13 patients because of their severe behavioral
and/or language disturbances, while in four patients
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Table 1. Demographic data for the 91 patients with frontotemporal lobar degeneration spectrum disorders

NUMBER OF THE EACH DIAGNOSTIC GROUP

MEAN AGE MEAN
AT ONSET DURATION FTD/ PA/
N  M/F (YEARS) (YEARS) BVFTD MND SD PA CBS CBS PSP

India 39 29/10 61.4 3.2 23(15) 1(1) 5 (4) 32 0 44 303
Indonesia 4 04 55.0 5.5 300 0 0 0 10) 0 0
Japan 18 1177 625 5.7 54) 0 9 (5) 22 0 1(0) 1(0)
Philippines 7  1/6  57.7 3.1 5(1) 0 0 20 0 0 0
Taiwan 23 8/15 63.2 2.7 62 1(0 8 (2) 8(4) 0 0 0
Total 91 49/42 61.5 3.7 42(22)  2(1) 22(11) 15() 1(0) 5@ 403)

Notes: The numbers within brackets denote the number of male patients.
bvEFTD = behavioural variant frontotemporal dementia; FTD/MND = frontotemporal dementia with motor neuron disease; SD =
semantic dementia; PA = progressive non-fluent aphasia; PA/CBS = progressive non-fluent dementia and corticobasal syndrome overlap;

CBS = corticobasal syndrome; PSP = progressive supranuclear palsy.

Table 2. Age, duration, MMSE scores, and CDR scores by diagnostic group

MEAN AGE MEAN DISTRIBUTION OF CDR
DIAGNOSIS OF AT ONSET DURATION MMSE SCORE (0/0.5/1/2/3)
PATIENTS N (YEARS) (YEARS) SCORE (NUMBERS OF PATIENTS)
bvFTD 42 59.9 3.7 15.4 0/5/14/18/5*

FTD/MND 2 63.5 4.5 21.0 0/1/1/0/0

SD 22 59.5 1.8 14.3 0/4/12/1/3

PA 15 67.1 3.3 15.5 1/4/4/3/2

PA/CBS 1 76.0 5.0 - 0/0/0/1/0

CBS 5 64.0 1.7 18.2 0/1/2/2/0

PSP 61.3 3.3 21.5 0/1/2/0/0

Total 91 61.5 3.7 15.7 1/16/35/25/10

Notes: Numeral shows the number of patients in each CDR score.

Data of 13 cases in MMSE and 4 cases in CDR were could not available.

MMSE = Mini-Mental State Examination; CDR = Clinical Dementia Rating; bvEFTD = behavioural variant frontotemporal dementia;
FTD/MND = frontotemporal dementia with motor neuron disease; SD = semantic dementia; PA = progressive non-fluent aphasia;
PA/CBS = progressive non-fluent dementia and corticobasal syndrome overlap; CBS = corticobasal syndrome; PSP = progressive

supranuclear palsy.

CDR scores were not recorded. Sixty-six patients
had information of all of their first-degree relatives.
They include 35 patients with bvFTD, 14 with
SD, seven with PA, one with PA/CBS overlap
syndrome, five with CBS and four with PSP. Data
on family history in the different FTLD spectrum
disorders are shown in Table 3. Family history of
any FTLD spectrum disorder was found in 5.5%
of all patients, 9.5% of those with bvFTD, 50% of
those with FTD/MND (out of only two patients),
but in none of those with SD, PA, PA/CBS, CBS,
and PSP. Among the four probands with bvFTD
and positive family history, two also had family
history of bvFTD, one had family history of PA,
and one had family history of MND.

One bvFTD proband had three family members
with FTD, including first-degree relatives, although
neither pathological nor genetic data were available
for any of them. Each of the other probands with
bvFTD had only one other family member with a

FTLD spectrum disorder. One of two probands
with FTD/MND had one family member with
MND. Family history of other dementias including
AD and undiagnosed dementias was found in
27.5% of all patients, 26.2% of bvFTD, 27.3% of
SD, 50% of PA, 75% of PSP, and in the only patient
with PA/CBS overlap, but in none with FTD/MND
or CBS.

Discussion

To date, family history in FTLD, reported mostly
from western European and North American
populations, has been seen in up to 40% of
patients, with roughly 10% of patients showing an
autosomal dominant inheritance pattern (Goldman
et al.,, 2005; 2007; van Swieten and Rosso, 2008).
Relevant data from Asia are sparse (Ikeda er al.,
2004; Ghosh ez al., 2013). Our study is one of the
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Table 3. Family history data in each diagnostic group

FAMILY MEMBERS
AFFECTED WITH

FAMILY MEMBERS AFFECTED OTHER OR
WITH FTLD AND UNDIAGNOSED
RELATED DISEASES DEMENTIA
DIAGNOSIS OF
PATIENTS N N % N %
bvFTD 42 4 (including 1 MND) 9.5 11 26.2
FTD/MND 2 1 (MND) 50.0 0 0.0
SD 22 0 0.0 6 27.3
PA 15 0 0.0 4 26.7
PA/CBS 1 0 0.0 1 100.0
CBS 5 0 0.0 0 0.0
PSP 4 0 0.0 3 75.0
Total 91 5 5.5 25 27.5

Notes: FTLD and related diseases included FTLD spectrum disorders and MND. One patient with MND among four affecting family
members in bvETD group: one affected family member with MND in the FTD/MND group.

bvFTD = behavioural variant frontotemporal dementia; FTD/MND = frontotemporal dementia with motor neuron disease; SD =
semantic dementia; PA = progressive non-fluent aphasia; PA/CBS = progressive non-fluent dementia and corticobasal syndrome overlap;

CBS = corticobasal syndrome; PSP = progressive supranuclear palsy.

largest reports of FTLD in an Asian population. A
positive family history of FTLD spectrum disorders
was found in 5.5% of our patients. Together with
the previous Asian studies, our findings, therefore,
support the infrequent occurrence of family history
in Asian FTLD patients. It might be due to
genetic differences between western and Asian
populations.

In our patients, only one proband with bvFTD
showed a clear autosomal dominant inheritance
pattern, whereas none of the SD patients
gave a family history of any FTLD spectrum
disorder. Goldman ez al. (2005) reported autosomal
dominant inheritance in 18.2% of their patients with
bvEFTD and 1.9% of their SD patients, while Rohrer
et al. (2009) described this inheritance pattern in
20% of their bvFTD patients but not in their SD
patients. Goldman ez al. (2005) also showed that
familial aggregation, in which there were three or
more affected family members, occurred in 8.1%
of bvFTD patients but not in SD patients, and that
18.2% of bvFTD patients and 15.1% of SD patients
had a single affected first-degree relative. In our
study, most of the bvFTD patients had sporadic
disease and only 2.4% of patients had a single
affected relative. Therefore, in Asia, the occurrence
of familial FTLD is undoubtedly lower than that in
the western countries.

In recent years, various genetic abnormalities
in microtubule-associated protein tau (MAPT),
progranulin (GRN), and C90ORF72 have been
associated with familial FTLD. In Asia, MAPT

mutations have been reported in familial SD
(Ishizuka er al., 2011), although typically in low
frequency (Wada-Isoe ez al., 2012). These results
suggest that genetic factors for the development of
FTLD may have a less important role in the Asian
population. Rohrer ez al. (2009) demonstrated that
186 out of the 225 FTLD patients in their study
had no mutations in known genes such as MAPT,
GRN, valosin-containing protein (VCP), TARDP,
chromatin modifying protein 2B (CHMP2B), and
fused in sarcoma (FUS), and did not show strong
family history. Unknown genetic defects may be
associated with the development of many sporadic
FTLD cases.

There are several limitations in the current
study. First, although diagnosis of each proband
was based on comprehensive examination including
brain imaging, and followed recognized consensus
criteria, the information regarding family histories
were obtained by semi-structured interviews of
the proband and family members. It was thereby
difficult to confirm the diagnosis in many deceased
or distant family members. Second, for most of our
patients the diagnosis was based on clinical criteria
and was not confirmed by definite pathological or
genetic tests. However, going by the number of
patients with FTLD spectrum disorders recruited
for this study, this may be the largest research
to date focusing on the family history of these
disorders in Asia. This could, therefore, form the
basis for future neurogenetic research in Asian
countries.
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Conclusion

Previous epidemiological studies have suggested
that familial FTLD was rare in Asian countries.
The current study, by focusing on family history in
FTLD patients, demonstrated that, unlike patients
from western countries, few Asian FTLD patients
have a positive family history of dementia. Future
research could explore possible reasons underlying
these differences.
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1. demographic data of patients and referring physicians
Sex (Male : Female) 42:45
Age 66.9 (11.6)
education (year) 11.3 (2.9)
disease duration (year) 3.0 (21
MMSE score 184 (9.5)
Referring physicians’ diagnosis 55/5/9/11/7
(FTD/FTLD/temporal variant/Pick’s disease/FTD-MND)
Referring physicians’ background 53/17/9/6/2

(psychiatrist/neurologist/general physician/neurosurgeon/others)

MMSE : Mini-Mental State Examination
FTD : Frontotemporal dementia

FTLD : Frontotemporal Lobar Degeneration
FTD-MND : FTD with motor neuron disease

mean (SD) for Age, education, disease duration, and MMSE score

MREA10.3% (9 ) 12, MAKEH9.2% (8 B)
2, RATREEN L1 Q) ICBvLh T,
3.3. BEHEIIOMNE

ZECL o TR DERSR R 9L ) bR
L7 FTChEINBHEHNOLFTRTS S5,
5 i BT 13/53 (245%), MEAF T 217
(11.8%), AE Tit 2/9(22.2%) , % D1t 1/8 (12.5%)
THot:. ¥ HE (Fisher DIEFERE) I THEE
DN Lhol, — A CHEMERFHF T
26/53 (49.1%) LB SN TWDIIH L, &R
BTt 1717 (5.9%), AR TiE 209 (222%), 0
fiL i 2/8 (25.0%) & ¥R (Fisher O IEFEWR E)
WKTHE (P=0.003) ICHEARTEIAFESATY
7. PUERREILAE STV 9flnS b 8 Flid
BRI TORETHY, DX 14 BI&FIHE
METORETHo7. EHE FIFE) & 10 5
8 FIASHEME TOMFE TH o7z, MHEMEIZON
Tid, COBBEOEHTHRHARTCORE IS L
WHAERTH o7,

3.4. BAEOBHANONE
BNEDOTWBIZLANFEAIIOWTLREL
7. ¥, ChEI AL HF SN T 18 Bl Cik FTD
B LUV L W) BETAH 116 (61.1%) THRHE L,
FTLD $ & U'Evy, FTD-MND B & 2l & 7z 6y
IZIE ChEL I ENT e d o 7. HFEHEAL
HFENTWA31HTH FTD B L U421 I
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(67.7%) &b o &% <, FTLD 8 & U8\, FTD-
MND B & 2B & nc Bl ik Mg ns s n
Twiehrolz,

35. BEMEDREEBNENNLS
ERROZHIILT LIBAEOZH L —FK L%
V. BAEOBNSHI BRI ESCRF LM
Bl 5. 22T, BEMEOZHLBIEDOL
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Bliz 4B (28.6%) TdH 7245 ChEIMWFEh
TWwirho7269f0S 5, EMEIZL>TFID &
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PRFEIN TV ahro/z56 BN B BEFEICL
TFID LW anzFiz 196 (33.9%) THh,
HFEMESME ST h o B0 HHEMEI
Lo TFTD LM SN D EADBNEBIZH 72,
LH L P HEL Fisher DEHREIZL > THEE
3RO oo,

3.6. EENERICHEES5AZ2ERRTF
ChEIDERIIHEH A5 L) 2ERETFHS
&%, ChEIOEROFEIZL > T28HIH
., BB EfTo 2z (R2)., LA Lads, 45
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2. Factors associated with ChEl use

No ChEl use (n=69)

ChEIl use (7#=18)

Sex (Male : Female) 33:36 9:9 n.s
Age 65.7 (12.1) 71.4 (8.0) n.s
education (year) 11.3 (3.0) 115 (2.8) ns
disease duration (year) 2.8 (2.1) 3.7 (1.8) n.s
MMSE score 19.0 (9.5) 16.0 (9.2) n.s
care insurance use (yes : no) 20:49 5:13 n.s

ChEl': Cholinesterase Inhibitor
MMSE : Mini-Mental State Examination

mean (standard deviation) for Age, education, disease duration, and MMSE score

£ 3. Factors associated with psychotropic drug use

No psychotropic drug use psychotropic drug use
(n=56) (n=31)
Sex (Male : Female) 26:30 16:15 n.s
Age 67.6 (11.4) 65.7 (12.0) ns
education (year) 115 (2.8) 11.1 (3.2) n.s
disease duration (year) 29 (2.1) 3.0 (2.2) n.s
MMSE score 17.7 (9.2) 19.6 (10.0) n.s
care insurance use (yes : no) 19:37 6:25 n.s

MMSE : Mini-Mental State Examination

mean (standard deviation) for Age, education, disease duration, and MMSE score
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HEBHEOHITIZ, L ¥ —/MERIZZHE (Dementia
with Lewy bodies : DLB) (234 L T ChEI D fEH
FEE ORI THERE»REN, KFD Mori b
D% IR RCT 2B\ T b, BBAEEE, &AMk,
ZLTHMERDEBLI-LHBE SN (Mori et
al, 2012). EERIZBWTS, ChELIZE { OFliC
BuwohTwa LiEfahs,

ZD—FHTFID T % ChEl D5 0HEIR
% < ¥ % v (Kertesz et al., 2008 ; Mendez et al.,
2007). ELTIZLALT, AEERO LN Eho
TolESN, BN HFEEOBALRDL
iz O#ELDH D (Mendez et al, 2007). EES
b FTD O MEIRD ChEl TEBIL L -Fl 2 H&EL
T3 (&6, 2009). A$RE T ChEl H5LF &
N7 2410 FTD #lid, fBI#EIRBE A% < ChEl
FRLTWLLIERINED, Thidi s GEIT
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ChEI A I h Tz 18 Hlic 8T, ChEI
BELIN TV ahro/ 69 BB NTH, BEME
WKE->TFID L BB SN/ 3HETH o 72,
hidoFh, FAETE - LEBEK (Behavioral
and psychological symptoms of dementia : BPSD) %
#5 ADD L) HPBAEICL>TEH FID &
BREZEh, ChEIFALAA SN TV EbIFTidawn
EEEKRTD, EHIZChEIFHAWLRT VAR
&, EITRVWHRLOMICIIEREFICEEED
HBHEHEIF%L, CREIVAVORIHRO—FED
EEiIZD b ol

FEHEIL 2010 £RE TOLETH Y, 2011 FiC
KIFRTHF & N7, Galantamine % Rivastagmine,
Memantine Z 4 HOREFICEEEFRL TV 2 W,
Memantine i 52 514 sk o & B Ay LLALIZ & BPSD (12
st LTHEREDEEND Y (Gauthier et al., 2008),
BPSD O & A MR ICHEHE C Hv S5, Meman-
tine NS EORBEOHRILETN TV ARLE, £
DEEIZEDP o2 LW, LALEDEDS,
Memantine (3R R ENIC BV TREEL EEELR
EEASATONA, TR L THEELERERE
BT LI T&RM o7 (Boxer et al, 2012a). FERE
(21X Memantine D% 5 b FH T2 WITEEED B V.
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—HT35% &\ EEMEORLFEHEIZOVT
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Off-label medication for frontotemporal dementia in Japan
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Kazuhiko Nakayama®
YDepartment of Psychiatry, Jikei University School of Medicine
PDepartment of Psychiatry and Neuropathobiology, Faculty of Life Sciences, Kumamoto University
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In order to clearly the situation of off-label medication in Japan, we investigated the medication and demographic data
of consecutive 87 subjects those were referred with the diagnosis of Frontotemporal dementia (FTD) syndrome. 60% of
referring physicians were psychiatrists, followed by were neurologists, general physician, neurosurgeon, and other
physicians. Half of the subjects were treated with some kind of medications for dementia. Cholinesterase inhibitor is
prescribed for 20% of all subjects by various physicians, while psychotropic drugs were prescribed for 35% of all subjects
mainly by psychiatrists. Antidepressant and antipsychotics are most common among them. Other background factors
such as age, sex, duration, and MMSE scores are not associated with medication use. We need to establish guideline of
pharmacological treatment for patients with FTD.

Key wards : Frontotemporal dementia, off-label medication, cholinesterase inhibitor, psychotropic drugs, phar-
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SUMMARY

Previously, we described the safety and therapeutic potential of neurospheres (NSs) derived from a human induced pluripotent stem cell
(iPSC) clone, 201B7, in a spinal cord injury (SCI) mouse model. However, several safety issues concerning iPSC-based cell therapy remain
unresolved. Here, we investigated another iPSC clone, 253G1, that we established by transducing OCT4, SOX2, and KLF4 into adult hu-
man dermal fibroblasts collected from the same donor who provided the 201B7 clone. The grafted 253G1-NSs survived, differentiated
into three neural lineages, and promoted functional recovery accompanied by stimulated synapse formation 47 days after transplanta-
tion. However, long-term observation (for up to 103 days) revealed deteriorated motor function accompanied by tumor formation. The
tumors consisted of Nestin® undifferentiated neural cells and exhibited activation of the OCT4 transgene. Transcriptome analysis re-
vealed that a heightened mesenchymal transition may have contributed to the progression of tumors derived from grafted cells.

INTRODUCTION

Advances in stem-cell-based therapies may help overcome
CNS disorders such as spinal cord injury (SCI). Transplanta-
tion of neural stem/progenitor cells (NS/PCs) has yielded
beneficial effects and improved functional recovery in
SCI animal models (Cummings et al., 2005; Hofstetter
et al., 2005; Iwanami et al., 2005; Ogawa et al., 2002; Okada
et al., 200S5; Salazar et al., 2010; Yasuda et al., 2011). Plurip-
otent stem cells (PSCs), including embryonic stem cells
(ESCs) and induced PSCs (iPSCs), can differentiate into
NS/PCs (Falk et al., 2012; Fujimoto et al., 2012a; Kumagai
et al., 2009; Miura et al., 2009; Nori et al., 2011; Okada
et al., 2004, 2008; Tsuji et al., 2010), oligodendrocyte pre-
cursor cells (OPCs) (Keirstead et al., 2005; Wang et al.,
2013), and motoneuron progenitors (Erceg et al., 2010; Lu-
kovic et al., 2014) in vitro. Previous studies demonstrated
the therapeutic potential of mouse and human iPSC-
derived NS/PCs for SCI in mice and non-human primates
(Fujimoto et al., 2012b; Kobayashi et al., 2012; Nori et al.,
2011; Tsuji et al., 2010). However, tumorigenicity remains
a major concern for clinical applications of iPSCs.
Previously, we reported the safety and therapeutic po-
tential of human iPSC-derived neurospheres (iPSC-NSs)

360 Stem Cell Reports | Vol. 4 | 360-373 | March 10,2015 | ©2015 The Authors

for SCI in non-obese diabetic-severe combined immuno-
deficient (NOD-SCID) mice (Nori et al.,, 2011) using the
iPSC clone 201B7 (Nori et al.,, 2011; Takahashi et al.,
2007). Here, we aimed to characterize novel NS/PCs
derived from a different iPSC clone, 253G1. We estab-
lished this clone from the same adult human dermal fibro-
blasts used for 201B7 by transducing three reprogram-
ming factors: OCT4, SOX2, and KLF4 (Nakagawa et al.,
2008). Grafted 253G1-derived neurospheres (253G1-NSs)
survived and differentiated into three neural lineages in
the injured spinal cord, and some of the resultant cells
formed synapses with host neurons. Motor function in
grafted mice initially recovered but then gradually
declined, and tumors emerged during long-term observa-
tion. These tumors consisted of undifferentiated Nestin®
cells, but not NANOG™ pluripotent cells. Late-onset acti-
vation of the OCT4 transgene (Tg) may be associated
with tumor formation. Transcriptome analysis revealed
altered expression of genes involved in the epithelial-
mesenchymal transition (EMT), which is related to
tumor invasion and progression. Moreover, canonical
pathway analysis revealed upregulation of the Wnt/B-cat-
enin signaling pathway after 253G1-NS transplantation,
which played a critical role in tumor development.
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Thus, although 253G1-NSs conferred temporary func-
tional recovery in mice with SCI, they later developed
into tumors and worsened the overall outcome.

RESULTS

Grafted 253G1-NSs Survive in Injured Spinal Cord and
Differentiate into Three Neural Lineages
Immunodeficient (NOD-SCID) mice were used for xeno-
graft experiments. After laminectomy, contusive SCI was
induced at the Th10 level. Nine days after injury, 5 X 10°
253G1-NS-derived cells, which were lentivirally transduced
with the fluorescent protein Venus (an altered yellow fluo-
rescent protein; Nagai et al., 2002) or ffLuc (Venus fused to
firefly luciferase; Hara-Miyauchi et al., 2012), were injected
into the lesion epicenter. Histological analyses were per-
formed 47 days (d) after transplantation. The grafted
253G1-NSs survived, migrated into the host spinal cord
(Figures 1A and 1B), and differentiated into neuronal
nuclei (NeuN)* (17.2% + 2.6%) and B-tubulin isotype III
(BIII tubulin)™ (42.2% = 3.1%) neurons, glial fibrillary acidic
protein (GFAP)" astrocytes (15.0% + 0.7%), and adenoma-
tous polyposis coli CC-1 (APC)* oligodendrocytes (2.7% =
0.3%; Figures 1C-1G). Quantitative analysis revealed that
67% of NeuN* mature neurons were GAD67* GABAergic
neurons (Figure 1H). Small numbers of grafted cells
differentiated into tyrosine hydroxylase (TH)* and choline
acetyltransferase (ChAT)" cholinergic neurons (Figures 11
and 1J).

Grafted 253G1-NS-Derived Neurons Form Synaptic
Connections with Host Neurons

We performed triple immunostaining for human nu-
clear protein (HNu) and two neuronal markers, BIII
tubulin and the presynaptic protein Bassoon (Bsn).
Because the anti-Bsn antibody selectively recognized
the mouse and rat epitopes, but not the human epitopes
(Figure S1), we were able to evaluate the ability of
253G1-NS-derived neurons to integrate with the host
neural circuitry using this approach. Grafted BIII
tubulin®/HNu* cells in parenchymal locations were
contacted by synaptic boutons of host neurons (Fig-
ure 1K). Moreover, triple immunostaining for HNu,
BII tubulin, and human-specific synaptophysin (hSyn)
revealed dense terminal fields of human-derived bou-
tons apposed to host neurons (Figure 1L). Host ChAT*
neurons in the ventral gray matter were contacted by
the hSyn* graft-specific terminals (Figure 1M). Im-
muno-electron microscopy also revealed Venus® human
pre- and post-synaptic structures, as well as synapse for-
mation between host neurons and Venus* 253G1-NS-
derived neurons (Figure 1N).

Grafted 253G1-NSs Promote Motor Function Recovery
after SCI

We assessed motor function recovery using the Basso
mouse scale (BMS) score, Rotarod test, and DigiGait system.
According to the BMS score, the 253G1-NS-grafted group
exhibited significantly better functional recovery than
the PBS-injected control group >12 days after transplanta-
tion (BMS score = 3.2 + 0.1 at 12 days post-transplantation
and 3.3 + 0.2 at 47 days post-transplantation; Nori et al.,
2011; Figure 10). In the Rotarod test, 253G1-NS-grafted
mice remained on the rod significantly longer (61.1 + 7.1
s) than the control group (33.0 + 7.3 s; Nori et al., 2011)
at 47 days post-transplantation (Figure 1P). Gait perfor-
mance was evaluated using the DigiGait image analysis
system. All 253G1-NS-grafted mice could walk on the
treadmill at 8 cm/s, whereas some control mice (4/16)
could not. Stride length was significantly longer in the
253G1-NS-grafted group (4.2 + 0.1 cm) than in the control
group (2.2 + 0.1 cm; Nori et al., 2011; Figure 1Q).

Tumors Form after 253G1-NS Transplantation,
Resulting in Deteriorated Motor Function

We extended the follow-up period to 103 days post-trans-
plantation to investigate the long-term safety of the grafted
253G1-NSs. Although recovery of motor function persisted
for up to 47 days post-transplantation, 253G1-NS-grafted
mice exhibited gradual deterioration of hind limb motor
function thereafter (Figure 2A). To monitor the survival
and growth of the grafted cells in the mouse spinal cord,
we lentivirally transduced 253G1-NSs with ffLuc, which
allowed us to identify grafted cells by their bioluminescent
luciferase signals and fluorescent Venus signals. The
photon count of grafted 253G1-NSs decreased within the
first week post-transplantation, but gradually increased at
14 days post-transplantation and thereafter, demon-
strating the survival and growth of the grafted cells. Be-
tween 42 and 70 days post-transplantation, the photon
counts sharply increased (Figures 2B and 2C), consistent
with the deterioration of the BMS score shown in Figure 2A.
At 103 days post-transplantation, the photon count of the
grafted 253G1-NSs increased more than 10-fold from its
initial value (Figure 2C).

Histological analyses revealed tumors in 253GI1-NS-
grafted spinal cords. These tumors were divided into three
groups based on the diameter of the lesion (small-tumor
group, ¢ < 200 pm; medium-tumor group, 200 < ¢ <
700 pum; large-tumor group, 700 pm < ¢). Some of the tu-
mors (12/22) exhibited microcystic masses consisting of
HNu/Nestin double-positive human-derived bipolar cells
with hair-like processes. These masses were observed in
all tumors from the large-tumor group (7/7; Figures 2D
and 2E show representative images of microcystic masses
from the large-tumor group). Such masses were also present
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Figure 1. Grafted 253G1-NSs Mainly Differentiate into Neurons and Form Synapses with Host Spinal Cord Neurons

(A and B) Venus* 253G1-NSs integrated into the mouse spinal cord. Arrowheads indicate the lesion epicenter.

(C-F) Representative images of Venus™ grafted cells immunostained for the markers NeuN (mature neurons) (C), BIII tubulin (all neurons)
(D), GFAP (astrocytes) (E), and APC (oligodendrocytes) (F).

(G) Percentages of cell-type-specific marker-positive cells among Venus® grafted cells at 47 days post-transplantation. Values are
expressed as the mean + SEM (n = 4 mice).

(H) Most 253G1-derived neurons differentiated into GAD67" (GABAergic) neurons.

(I and J) TH*/HNu* neurons and ChAT*/HNu" neurons were observed, but were rare.

(K) Sections were triple stained for HNu (green), BIII tubulin (red), and the presynaptic marker Bassoon (Bsn, white). The Bsn antibody
recognized the mouse, but not the human, protein.

(L) Sections triple stained for HNu (green), BIII tubulin (red), and the human-specific presynaptic marker hSyn (white). BIII tubulin®/
HNu™ neurons represented host mouse neurons. The hSyn antibody recognized the human, but not the mouse, protein.

(M) Large numbers of somatic and dendritic terminals from graft-derived nerve cells were present on host ChAT* motor neurons at the
ventral horns.

(N) Electron microscopy (EM) images show synapse formation between host mouse neurons and graft-derived Venus® (black) human
neurons. Pre- and post-synaptic structures indicate transmission from a graft-derived neuron to a host neuron, and from a host neuron to a
graft-derived neuron. H, host neuron; G, graft-derived neuron; arrowheads, post-synaptic density.

(0) Motor function in the hind limbs was assessed weekly using the BMS score until 47 days post-transplantation. Values are expressed as
the mean = SEM (n = 32 mice).

(P) Rotarod test 47 days after transplantation. Graph shows total run time. Values are expressed as the means + SEM (n = 10 mice).
(Q) Treadmill gait analysis using the DigiGait system 47 days post-transplantation. Graph shows stride length. Values are expressed as the
means + SEM (n = 19 mice). Behavioral analyses were performed by two observers who were blinded to the treatment conditions.

Scale bars, 1,000 pm in (A); 100 um in (B); 50 pum in (J-1); 20 pum in (F-3), (F-4), (H-1), (3-2), (K-1), (L-1), and (M-1); 10 pmin (H-2),
(3-3), (K-2), (L-2), and (M-2); 0.5 pm in (N). See also Figure S1.
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Figure 2. Tumor Formation during Long-Term Observation after 253G1-NS Transplantation

(A) Up to 103 days post-transplantation, motor function in the hind limbs was assessed weekly using the BMS score. Values are expressed
as the means + SEM (n = 32 mice up to 47 days post-transplantation; thereafter, n = 22 mice until 103 days post-transplantation).

(B) Representative in vivo images of mice at 0, 14, 42, 70, and 103 days after 253G1-NS transplantation.

(C) Quantitative analysis of photon counts derived from grafted cells. Values are expressed as the means + SEM (n = 20 mice up to 42 days
post-transplantation; thereafter, n = 14 mice until 103 days post-transplantation).

(D) Representative hematoxylin and eosin (H&E) image of a large tumor (700 pum < ¢).

(E) Boxed area in (D).

(E1-E3) Immunohistochemistry showing that most grafted cells in the microcystic area were Nestin®.

(F) Representative H&E image of a medium tumor (200 < ¢ < 700 pm).

(G) Boxed area in (F). Immunohistochemistry shows that some grafted cells exhibited normal neural differentiation.

(H and I) Boxed area in (F). Some grafted cells formed microcystic masses that were positive for Nestin.

(J) Percentages of cell-type-specific, marker-positive cells among HNu® grafted cells at 103 days post-transplantation. Values represent
the means + SEM (n = 4 and 10 mice for 47 and 103 days post-transplantation, respectively). *p < 0.05, **p < 0.01.

Scale bars, 500 pum in (D) and (F), 50 um in (E) and (G-I). See also Figure S2.
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Figure 3. Histological and Gene-Expression Analyses of Tumors
(A) Schematic of histological analyses of tumors.
(B) Correlation between tumor diameter and the proportion of grafted cells that were Nestin* at 47 and 103 days post-transplantation (TP).
(C) Correlation between tumor diameter and the proportion of grafted cells that were Ki-67%.
(D) Correlation between tumor diameter and the proportion of grafted cells that were 0CT4™.
(E) Correlation between the tumor diameter and the proportion of grafted cells that were OCT4*/HNu™ at 103 days after TP.

(F) Correlation between the number of days after TP (47 or 103 days after TP) and the proportion of grafted cells that were 0CT4". In
(B)-(F), n indicates the number of mice.

(G) Schematic of mRNA expression analyses of tumors.
(H-M) The expression of human 0CT4-Tg, 0CT4-Endo, S0X2-Tg, SOX2-Endo, KLF4-Tg, KLF4-Endo, c-MY(-Tg, and ¢c-MYC-Endo mRNA in 253G1
cells, 253G1-NSs, 103-day post-transplant 253G1-NSs (TP 103d), and adult human dermal fibroblasts (HDFs) was analyzed by RT-PCR. Data

(legend continued on next page)
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in the majority of the medium tumors (5/7), whereas none
were found in the small-tumor group (0/8). In medium tu-
mors that exhibited microcystic masses, some grafted cells
underwent normal neural differentiation (Figures 2F and
2G). However, a portion of the grafted cells formed micro-
cystic masses positive for Nestin (Figures 2H and 2I), and
Nestin® cells were also observed outside the microcystic
mass. Significantly higher percentages of Nestin® cells
(34.2% = 7.3%) and APC* oligodendrocytes (5.4% =
0.7%), as well as significantly lower percentages of BIII
tubulin® neurons (32.1% =+ 5.1%), were observed at
103 days relative to 47 days (Figure 2J). In addition,
15.8% + 2.7% of grafted cells had differentiated into astro-
cytes at 103 days. Taken together, these data indicate that
approximately 87.5% of grafted cells differentiated toward
neural lineages. We observed no NANOG™ pluripotent cells
in grafted 253G1-NSs at 103 days post-transplantation
(Figure S2).

Next, we examined the correlation between tumor diam-
eter and the percentages of Nestin™, Ki-67%, or OCT4" cells
among HNu* grafted cells (Figure 3A). Statistical analysis
revealed a significant correlation between tumor diameter
and the percentage of Nestin®/HNu* cells (Figure 3B).
Compared with the small-tumor group, the large- and
medium-tumor groups contained significantly higher
percentages of Ki-67"/HNu" cells and OCT4*/HNu" cells
(Figures 3C and 3D). However, there was no significant cor-
relation between tumor diameter and the percentage of
OCT4*/HNu* cells at 103 days post-transplantation (Fig-
ure 3E). Meanwhile, significantly more OCT4*/HNu" cells
were observed at 103 days than at 47 days (Figure 3F);
thus, the percentage of OCT4"/HNu* cells correlated posi-
tively with post-transplant duration.

We also evaluated the expression of human OCT4-Tg,
OCT4-endogenous (Endo), SOX2-Tg, SOX2-Endo, KLF4-
Tg, and KLF4-Endo mRNAs in 253G1 cells, 253G1-NSs,
and spinal cord tissues of the 253G1-NS-grafted group,
which were harvested at 103 days post-transplantation
(253G1-NS/transplantation [TP]-103d group; Figures 3G-
3M). Compared with 253G1-NSs, OCT4-Tg expression
was significantly higher in 253G1-NS/TP-103d spinal cords
(Figure 3H), whereas OCT4-Endo expression was only
observed in the 253G1 iPSCs (Figure 3I). SOX2-Endo was
expressed in both 253G1-NSs and the 253G1-NS/TP-103d
group, and levels of SOX2-Endo slightly increased after
transplantation (Figure 3K). KLF4-Tg expression was also
elevated in 253G1-NSs and the 253G1-NS/TP-103d group
(Figure 3L).

Transcriptomic Differences between 253G1-NSs and
201B7-NSs Post-Transplantation

Comparative transcriptome analyses of grafted cells and
surrounding host cells can reveal information regarding
the differentiation status of the grafted cells and the effects
of the graft on the host tissue. mRNA sequencing (mRNA-
seq) enables one to analyze the global expression of individ-
ual human and mouse genes from a mixture of human and
mouse cells (Bradford et al., 2013). Here, we sought to mea-
sure expression in mouse spinal cord tissue containing hu-
man cells derived from grafted human iPSC-NSs. To analyze
mRNA expression in both grafted human iPSC-NSs and
host spinal cord tissue, we analyzed the mRNA from NSs
of 253G1 and 201B7 cells, as well as mouse spinal cord tis-
sues containing grafted 253G1-NSs and 201B7-NSs, which
were harvested at 5 and 103 days post-transplantation
(PBS-5d and 103d, 253G1-NS/TP-5d and 103d, and
201B7-NS/TP-5d and 103d). The ratio of human and mouse
mRNA-seq reads derived from epicenter segments (8 mm in
length) of iPSC-NS-grafted spinal cord tissue was considered
toreflect the ratio of human and mouse cells (Table S1). The
global gene-expression patterns of these tissues were hierar-
chically clustered into 5-day (PBS-5d, 253G1-NS/TP-5d, and
201B7-NS/TP-5d) and 103-day groups (PBS-103d, 253G1-
NS/TP-103d, and 201B7-NS/TP-103d), which may reflect
time-dependent changes in the spinal cord microenviron-
ment following SCI (Figure 4A). Similarly, the gene-expres-
sion profiles of the grafted iPSC-NSs clustered on the basis of
time post-transplantation (NS, 5 and 103 days) rather than
clonal (253G1 and 201B7) origin (Figure 4B). However, the
profiles of the two clones diverged at 103 days post-trans-
plantation. Furthermore, the gene-expression profiles of
253G1-NS/TP-103d and 201B7-NS/TP-103d differed signif-
icantly (Figures 4C and 4D).

Next, we identified human genes that were upregulated
in the mouse spinal cord at 103 days post-transplantation
relative to iPSC-NSs before transplantation (fold change >
5.0). As shown in the Venn diagram in Figure 4E, we iden-
tified 692 genes in the 253G1-NS/TP-103d group, 335
genes in the 201B7-NS/TP-103d group, and 1,023 genes
in both the 253G1-NS/TP-103d and 201B7-NS/TP-103d
groups that were expressed at higher levels than in
253G1-NSs and 201B7-NSs. Gene Ontology (GO) analysis
of the 335- and 1,023-gene groups indicated that synapto-
genesis was occurring in both the 253G1- and 201B7-NS/
TP-103d groups (Tables 1 and S2). GO analysis of the 692
genes that were exclusively activated in 253G1-derived
cells at 103 days post-transplantation identified a

are presented as expression levels relative to the control (HDFs) 11 days after retroviral transduction of 0CT4, SOX2, KLF4, and c-MYC. Values

represent the means + SEM (n = 3 independent experiments).

The p values shown in (B)-(F) were calculated using Scheffe’s test, and p values to determine significance were calculated using the
Kruskal-Wallis non-parametric test: (B) 5.00E-06, (C) 7.20E-06, (D) 0.01, and (F) 1.33E-04. *p < 0.05, **p < 0.01. ns, non-significant.
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Figure 4. Global Human Gene-Expression Analysis

(A) Hierarchical clustering analysis of mouse gene-expression data from spinal cord tissues of the PBS-5d and -103d, 253G1-NS/TP-5d and
-103d, and 201B7-NS/TP-5d and -103d groups.

(B) Hierarchical clustering analysis of human gene-expression data: 253G1-NSs and 201B7-NSs, as well as spinal cord tissues of the 253G1-
NS/TP-5d and -103d, and 201B7-NS/TP-5d and -103d groups. In (A) and (B), the signal intensity of each gene is displayed as a heatmap
colored according to the expression level.

(legend continued on next page)
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