204 Integrative Web Tool for Human Disease Mutation

conserved domain from Pfam (http://pfam.sanger.ac.
uk/)®' and predicted intrinsically disordered regions
are also displayed. When 3D structure information for
the protein is available, the positions of mutation and
SNP data can be viewed on the monomer or complex
3D structures with the jmol applet (Fig. 4B). Detailed
information about nucleotide or amino acid residues
of interest is displayed in another window after clicking
on a residue (Fig. 4C). In particular, at the protein level,
an amino acid residue becomes highlighted in the 3D
structure when clicking on it (Fig. 4B). The amino acid
sequence of human can be compared with those of
other organisms by clicking ‘Multiple Alignment’
button (Fig. 4D). The representation of the 3D structure
can be selected from two model types (ribbon or space-
filling models) and three colouring types (by rainbow,
highlighting mutation positions or residue conserva-
tion) (Fig. 4E). The ‘External Links’ button provides
links to NCBI Entrez Gene (http://www.ncbi.nlm.nih.
gov/sites/entrez?db=gene)®>* for general informa-
tion regarding the gene, Human Protein Reference
Database (http://www.hprd.org/)®® for information
about the gene product, GeneCards (http://www.
genecards.org/),>* the Reference Database of Immune
Cells (http://refdic.rcai.riken.jp/)®® for gene expression
profiling data and the KEGG pathway (http://www.
genome,jp/)°® for pathways involving this gene
(Fig. 4F). By using this visualization facility, mapping
amino acid positions of known ns substitutions on the
crystal structure of the STAT3—DNA complex (PDB
code: 1bg1)®” revealed that the disease-associated
missense mutation residue positions were spatially
located at the interface of the homodimer or at the
DNA binding site, whereas the nsSNP residue positions
were located on a surface outside of the molecular inter-
action sites (Fig. 5). This suggests that disease-causative
missense mutations in STAT3 directly affect the protein—
protein and/or protein—DNA interaction as reported
previously.*>°® This is a good demonstration how
Mutation@A Glance could help us interpret mutation
effects at the molecular level.

3.4. Evaluating the sequence variations in query
sequences

One of the issues of diagnosis of genetic diseases is
how to evaluate the pathogenicity of newly identified
sequence variations. To address this issue,
Mutation@A Glance has an interface that allows clini-
cal researchers to assess the impact of an observed
sequence variation in a given DNA sequence for a can-
didate disease-causing gene as the second query form
(Fig. 3B). When a user submits DNA sequences of a
candidate gene in question, this tool returns a list of
sequence variations found in the input DNA
sequences at both the DNA and the protein levels
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STAT3 subunit B

Figure 5. Spatial localization of disease-associated missense
mutation sites on the STAT3 protein structure. Two STAT3
subunits are represented as a space-filling model coloured
white (subunit A) and a ribbon model coloured pink (subunit
B), respectively. A double-stranded DNA is represented as a
ribbon model coloured light green. The disease-related
missense mutations and nsSNPs of STAT3 (subunit A) are
coloured magenta and green, respectively.

(Fig. 6). To identify genetic variations that occur in
input DNA sequences of a given gene, the BLAT
program®® is implemented to align the input DNA
sequences with the reference genomic DNA sequence
for the corresponding gene. Figure 6A represents the
alignment status of the query sequence to the refer-
ence sequence. If a sequence variation is found, mul-
tiple lines of detailed information about the
variation, such as the variation types (e.g. substitution,
insertion and deletion), the mutated region (e.g. exon,
intron and 5'- or 3’-splice sites constituting the GT-AG
rule), the amino acid changes (e.g. missense, non-
sense, insertion/deletion and frame-shift), the
known variation data (disease-associated mutation
and SNP) and structure/function features of the pos-
ition at the protein level, are displayed based on the
reference human genome sequence in the public
database (Fig. 6B). Sequence alignments between
the query and reference sequences are also displayed
(Fig. 6C). If a ns substitution is found in the query DNA
sequence, it was evaluated by the SIFT program?®
(incorporated in the local system), which predicts
whether amino acid substitutions in a protein will
be ‘Deleterious’ or Tolerated’ using evolutionary
information from the homologous proteins (Fig. 6B).
We tested the prediction accuracy of SIFT with
our data sets of disease-associated mutations and
non-disease-associated nsSNPs, and found that the
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Figure 6. An example of evaluating sequence variations in query STAT3 DNA sequences. (A) The mapping status of each query sequence to

the reference sequence is shown. (B) If a variation is found in the

query sequence, the detailed information is shown for each variation

(e.g. the positions on the DNA/protein sequences, the type of variation and the description as to whether or not it is known as a disease-
associated mutation or SNP). Results from the SIFT program (‘Tolerated’ or ‘Deleterious’) are also shown if the variation caused ns
substitutions. (C) The query-reference sequence alignment around the altered nucleotides is depicted. (D) The variations can be
visualized in the viewer, represented by different colours for known disease mutations or SNPs as ‘User’s Data’.

false-negative rate (falsely predicted as ‘Tolerated’ for
disease-associated mutations) and the false-positive
rate (falsely predicted as ‘Deleterious’ for nsSNPs)
were 25% and 39%, respectively. These accuracy
values were comparable to those evaluated in pre-
vious study.®® The current version of Mutation@A
Glance does not implement a method for quantitative
evaluation of mutation effects on RNA splicing, mainly
because we considered the evaluation method is not
matured enough yet. However, because the evalu-
ation of mutation effects on RNA splicing/stability is
very intriguing, we will place a high priority on the
implementation of the evaluation tool for genetic
variations affecting RNA splicing/stability in the
future development.

There are several advantages of Mutation@A Glance
over other existing web servers for evaluating the

-1

effects of mutations. First, users are only required to
have DNA sequences from a particular gene as their
input and thus do not need to pre-process their sub-
mission data; other websites for evaluating the
mutation effects require a list of genetic variations as
a query, not raw sequence data.’®3' Secondly,
Mutation@A Glance identifies and addresses multiple
types of sequence variations (e.g. insertion/deletion,
frame-shifts) from input query DNA sequences
whereas the other web servers do not. Thirdly, newly
identified genetic variations can be easily compared
with known mutation and SNP data using the graphical
visualization interface of Mutation@A Glance (Fig. 6D).

From a viewpoint of clinical use, it is obvious that any
mutation analysis platform cannot serve as a useful
one without reliable mutation data sets. However,
whereas large amounts of disease-associated mutation
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data for various genetic diseases have been reported,
most of them are dispersed and stored locally. Only a
few websites, eg. OMIM and UniProt, integrate
disease-associated mutation data and allow us to
download their contents. However, the mutation data
in such databases have a relatively low integrity in
terms of updating and coverage. Thus, we have begun
to comprehensively collect and manually curate the
disease-associated mutation data from published lit-
erature focusing on PIDs and established a resource
of PID research for clinical use, named RAPID.'”
Mutation@A Glance thus uses these manually curated
data sets for over 150 PID genes in the RAPID database,
which is solid enough for clinical use at least for PID
analysis. To make Mutation@A Glance a reliable and
general mutation analysis platform for other various
genetic diseases in the future, we consider that data
sharing with experts in particular diseases will be
highly important as in the case of PID; otherwise it
would take a long time to accumulate extensive
mutation data of all human disease genes to an accep-
table level for clinical use. In fact, similar efforts along
this direction have been being made by the research
community."®

As new technologies for determining genetic vari-
ation in humans have rapidly and continuously
emerged (such as next generation DNA sequencing),
amounts of genetic variation data of human are expo-
nentially growing.®”*? Therefore, we will continue to
update and improve the Mutation@A Glance system,
in order to cope with the larger-scale data analysis
for more comprehensive identification of disease-cau-
sative candidate genes. Implementing APl programs
into Mutation@A Glance for query submissions and
a retrieval system through command line scripts
would be more convenient for this purpose.

In summary, Mutation@A Glance provides a highly
integrated bioinformatics tool for mutation analysis
not only for facilitating visualization of sequence vari-
ation data along with various types of information,
including primary and tertiary structures of the gene
products, but also for evaluating the effects of novel
sequence variations in a query input DNA sequence.
This tool works solely on a web browser through
Internet and is open to the public. Hence, Mutation@A
Glance can be used as a ‘one-stop’ integrated bioinfor-
matics platform for analysing genotype—phenotype
relationships of genetic diseases from molecular as
well as clinical perspectives.
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IkB( regulates Ty17 development by cooperating with

ROR nuclear receptors

Kazuo Okamoto™*?, Yoshiko Iwai*, Masatsugu Oh-hora'?, Masahiro Yamamoto®, Tomohiro Morio®,
Kazuhiro Aoki’, Keiichi Ohya’, Anton M. Jetten®, Shizuo Akira®, Tatsushi Muta'® & Hiroshi Takayanagi®>>

Interleukin (IL)-17-producing helper T (Ty17) cells are a distinct
T-cell subset characterized by its pathological role in autoimmune
diseases'. IL-6 and transforming growth factor-§ (TGF-) induce
Tx17 development, in which the orphan nuclear receptors, RORyt
and RORa, have an indispensable role*. However, in the absence
of IL-6 and TGF-B, the ectopic expression of RORyt or RORa leads
to only a modest IL-17 production>”*, Here we identify a nuclear
IxB family member, IxB (encoded by the Nfkbiz gene), as a tran-
scription factor required for Ty17 development in mice. The
ectopic expression of IkB( in naive CD4™ T cells together with
RORyt or RORa potently induces Ty17 development, even in the
absence of IL-6 and TGE-J. Notably, Nfkbiz ™/~ mice have a defect
in Tyl7 development and a resistance to experimental auto-
immune encephalomyelitis (EAE). The T-cell-intrinsic function
of IxB( was clearly demonstrated by the resistance to EAE of the
Rag2™'~ mice into which Nfkbiz”'~ CD4" T cells were trans-
ferred. In cooperation with RORyt and RORo, IxkB( enhances
Il17a expression by binding directly to the regulatory region of
the I117a gene. This study provides evidence for the transcriptional
mechanisms underlying Tyl7 development and points to a
molecular basis for a novel therapeutic strategy against auto-
immune disease. ‘

IxB{ is a nuclear protein homologous to Bcl3, which interacts with
the NF-kB subunit via the ankyrin repeat domain (ARD)*', In
macrophages, IkB{ induced by Toll-like receptor (TLR) stimulation
is essential for the induction of a subset of secondary response genes,
including II6 (refs 11, 12). However, the function of IxB{ in other cell
types has not been elucidated.

We explored the expression of IkB( in helper T-cell subsets and
found that IxB{ was most highly expressed in Ty17 cells (Fig. 1a).
Thus, we evaluated the involvement of IkB{ in EAE, which is a model
of Tyl7 cell-mediated autoimmune disease’. After myelin oligoden-
drocyte glycoprotein (MOG) immunization, wild-type mice developed
severe paralytic symptoms, whereas Nfkbiz ™'~ mice exhibited almost
no neuronal deficit (Fig. 1b). Histopathological analyses showed
inflammatory cell infiltration and demyelination in the spinal cord of
the wild-type mice, but not the Nfkbiz ™'~ mice (Fig. 1c). IL-17
production was reduced in the spleen and lymph node cells from
immunized Nfkbiz~/~ mice, but interferon-y (IFN-y) production
was normal (Fig. 1d and Supplementary Fig. 1). These results indicate
that Nfkbiz "'~ mice have a defect in Ty17 development.

IxBC expression was also detected in dendritic cells (Fig. 1a), which
produce the inflammatory cytokines required for Ty17 develop-
ment"*?, To exclude the possibility that impaired Ty;17 development
in Nfkbiz™/~ mice is caused by a defect in dendritic cells, we evaluated
inflammatory cytokine expression in dendritic cells. We confirmed
normal production of tumour necrosis factor-o. (TNF-o) and
expression of CD40 and CD86 in Nfkbiz '~ dendritic cells after
TLR stimulation (Supplementary Fig. 2 and data not shown). TLR
ligand-induced production of IL-6 was partially suppressed in
Nfkbiz ™'~ dendritic cells (Supplementary Fig. 2), but a co-culture’
of naive CD4™ T cells and dendritic cells indicated that Nfkbiz ™/~
dendritic cells were able to support Tyl7 development normally
(Fig. le, f). However, Tyl7 development from Nfkbiz '~ naive
CD4" T cells was markedly impaired regardless of the origin of the
co-cultured dendritic cells (Fig. 1e, f).

To demonstrate the CD4™ T-cell-intrinsic function of IkB(, in vivo,
we transferred wild-type or Nfkbiz™/~ CD4™ T cells into Rag2™/~
mice (Supplementary Fig. 3), and immunized them with MOG pep-
tide. The mice transferred with wild-type CD4" T cells developed
severe EAE, whereas the mice transferred with Nfkbiz '~ CD4*
T cells had only minimal symptoms (Fig. 1g, h). We observed no
significant difference in proliferation between wild-type and
Nfkbiz ™'~ CD4™ T cells (Supplementary Fig. 4). The frequencies of
IFN-y"IL-17* and IFN-y*IL-17" T cells, but not IFN-y*IL-17"~
T cells, were much lower in the mice that received Nfkbiz™/~
CD4™ T cells than wild-type CD4* T cells, even at early time points
after MOG immunization (Fig. 1i). Collectively, Nfkbiz™'~ CD4™"
T cells have an intrinsic defect in their ability to differentiate into
Tyl7 cells, resulting in a low sensitivity to EAE.

When activated with anti-CD3 and anti-CD28 under Tyl- and
Ty2-polarizing conditions, Nfkbiz '~ naive CD4" T cells normally
produced IFN-y and IL-4, respectively (Fig. 2a). On activation by
the combination of IL-6 and TGF-B (the Ty 17-polarizing conditions),
IL-17 production in Nfkbiz ™'~ T cells was significantly reduced com-
pared with wild-type T cells, even when we added IL-23, IL- 1o, TNF-ot
or replaced IL-6 with IL-21 (Fig. 2a, b). The expression of Il17f, 1121,
1123r and 1122 messenger RNA was much lower in Nfkbiz '~ T cells
than in wild-type T cells (Fig. 2c). The expression of Rorc (encoding
RORY) and Rora (encoding RORo) mRNA was comparable between
wild-type and Nfkbiz™'~ T cells (Fig. 2d). The mRNA expression of
Runxl, the aryl hydrocarbon receptor (Ahr), Irf4, Socs3 and Batf,
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Figure 1| Nfkbiz ™/~ mice are resistant to EAE owing to a CD4" T-cell-
intrinsic defect in T417 development. a, Nfkbiz mRNA expression in Ty-cell
subsets, inducible T (iT ) cells, naive CD4™ T cells (Naive), conventional
dendritic cells (¢<DCs) and plasmacytoid DCs (pDCs). b, Disease course of
EAE in wild-type (WT; n=15) or kabiz'/— mice (n = 5). c, Pathology
analysis of the spinal cord sections. Arrowheads indicate inflammatory
cellular infiltrate (haematoxylin and eosin, HE) and demyelinated areas
(Luxol fast blue, LFB). d, IFN-y and IL-17 production in splenocytes and

which are related to Ty;17 development”**%, was normal in Nfkbiz ™/~
T cells (Supplementary Fig. 5). The expression of genes related to the
migration of Ty17 cells (Cer6, Ccl20 and S1pr1)*? and Ty17-related
cytokine receptors (ll6ra, 16st, I121r, 112rg, Il1r1 and Illrap), and IL-6-
induced STAT3 phosphorylation, were also normal in Nfkbiz ™'~ T cells
(Supglementary Figs 5 and 6). There was no defect in the generatlon of
CD4 CD25+F0xp3+ natural regulatory T (Tyg) cells in Nfkbiz ™
mice or the in vitro development of Foxp3-expressing Tr.g cells from
Nfkbiz™'~ naive CD4™ T cells (Supplementary Fig. 7). Taken together,
IkBC actively contributes to T;17 development without affecting Tieg
cell development.

IxBC has three alternative splicing variants'®: IxB( (L) is the major
splicing variant in macrophages, and IkB( (S) lacks the amino-
terminal 99 amino acids of IxBZ (L). Unlike these two variants, the
minor splicing variant IxB{ (D) lacks transactivation activity™.
Immunoblot and PCR with reverse transcription (RT-PCR) analyses
showed that Tyl7 cells predominantly expressed IxB{ (L) and
slightly IxB( (S), but not IkB{ (D) (Fig. 2e and Supplementary
Figs 8 and 9).

IxBC expression was upregulated by the combination of IL-6 and
TGF-B, whereas IL-6 or TGF-§ alone had no effect (Fig. 2f and
Supplementary Figs 8 and 9). Addition of IL-23 did not have any
effect on IxB( expression (Fig. 2f and Supplementary Fig. 9b). IxkB(
expression is regulated by the MyD88-mediated pathway in macro-
phages'’, and its mRNA is stabilized by the IL-17R-mediated signal in
fibroblasts*. However, IkB{ is normally induced by the combination
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Days after immunization

lymph node cells after restimulation with MOG peptide. ND, not detected.
e, f, TLR-induced IL-17 production in CD4™* T cells in co-culture with cDCs
(e) or pDCs (f) isolated from WT or Nﬂcbzz mice. g, Disease course of
EAE in RagZ mice reconstituted with WT (n = 8) or Nﬂcbiz" " (n=5)
CD4* T cells. h, Pathology analysis of the spinal cord sections from the
reconstituted mice. i, Frequency of IEN-y "IL-17", IEN-y"IL-17" and IFN-
'y+IL~17‘ CD4" T cells in the reconstituted mice. Error bars (a, b, d, gand
i), mean * s.e.m.; *P < 0.05; **P < 0.01; ***P < 0.005; NS, not significant.

of IL-6 and TGF- in Myd88_’ T CD4Y T cells, as well as in 1174/~
CD4" T cells (Fig. 2g and Su;)plementary Fig. 9d). Notably, IxB(
induction was normal in Rorc™'~ CD4™ T cells, but severely impaired
in Stat3-deficient CD4" T cells during Ty17 development (Fig. 2g
and Supplementary Fig. 9d). Therefore, IkB( induction is mediated
by Stat3, but not by RORyt, in Ty17 cells.

We nextinvestigated the mechanism by which IxBC regulates Ty 17
development. Overexpression of IxB{ in CD4" T cells induced Tg17
development only when stimulated with IL-6 and TGF-B (Fig. 3a, b
and Supplementary Fig. 10), indicating that IxB{ does not act alone,
but rather, cooperates with other factor(s) in Tyl7 development.
Among the Ty;17-related cytokines, 1122 expression was not upregu-
lated by the overexpression of IxB( without the addition of IL-23
(data not shown). We next determined which domain is responsible
for IxB( function in Tyl7 development using IkB{ variants and
deletion mutants" (Fig. 3c). IxB{ (L) and IkB{ (S) augmented
Tyl7 development significantly (Fig. 3d), but this augmentation
was abolished in IxB( (D) and IxkB( (L) 457-728, both of which lack
the transcriptional activation domain (TAD), as well as in IxkB( (L)
1-456, which lacks the ARD (Fig. 3d). These results indicate that the
function of IkBC in Ty17 cells is dependent on both its transcrip-
tional activity and ARD-mediated interaction with NF-xB.

The interaction between NF-xB p50 (encoded by the NfkbI gene)
and IkB( is necessary for TLR-mediated induction of the inflammatory
genes in macrophages''. This led us to examine whether p50 is required
for IxB{-mediated Ty17 development. p50 and RelA, but not cRel,
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Figure 2 | Targeted disruption of the Nfkbiz gene results in impaired T,,17
development. a, IFN-v, IL-4 and IL-17 production in WT or kabiz‘/*
CD4™" T cells activated under Ty0-, Ty 1-, Tyy2- or Tyl7-polarizing
conditions. b, Intracellular expression of IFN-y and IL-17 in WT or
Nfkbiz™'~ CD4™ T cells activated under Ty0- or Tyl7-polarizing
conditions. ¢, I117f, 1121, I123r and 1122 mRNA expression in WT or
Nfkbiz™'~ CD4™" T cells. d, Rorc and Rora mRNA expression in WT or

enhanced the ability of IkBC to induce IL-17 production under Ty17-
polarizing conditions (Supplementary Fig. 11). However, Nfkbl ™/~
naive CD4™ T cells normally differentiated into Ty17 cells (Sup-
plementary Fig. 12), and ectopic expression of IkB( enhanced Ty17
development even in Nfkbl™'~ T cells (Supplementary Fig. 13).
Therefore, p50 is not essential for IkB(-mediated regulation of Ty 17
development. In the absence of IL-6 and TGF-p, co-expression of IkB{
and an NF-«B subunit did not induce T¢;17 development (Supplemen-
tary Fig. 11), indicating that a factor(s) other than NF-kB is required
for IxB{-mediated regulation of Ty17 development.

These results prompted us to test whether IkB(, functions in coopera-
tion with RORyt or RORo.in Tyy17 development. In the absence of IL-6
and TGF-B, neither the ROR nuclear receptors nor IxB{ induced Ty;17
development efficiently (Figs 3a and 4a), but when IxB(, (L) or (S) was
overexpressed, either RORyt or RORa strongly induced IL-17 produc-
tion, even in the absence of exogenous polarizing cytokines (Fig. 4a and
Supplementary Fig. 14). These findings indicate that the ROR nuclear
receptors and IxB( synergistically promote Ty17 development. Under
Tul17-polarizing conditions, RORYt or ROR« alone strikingly induced

(IL-6 + TGF-p + IL-23)

Nfkbiz ™'~ CD4™" T cells cultured for 1,2 or 3 days. e, Protein expression level
of the IxB( splicing variants IxB( (L) (79 kDa), IkB, (S) (69 kDa) and IxB(
(D) (57kDa) in Ty0 or Ty417 cells. ns, non-specific band. f, Effects of the
cytokines on Nfkbiz mRNA expression in CD4™ T cells. g, Nfkbiz mRNA
expression in CD4" T cells derived from Myd88™'~, I117a™"", Stat3"*'~
Lck-Cre or Rorc™’™ mice. Error bars (a and ¢-g), mean * s.e.m.; *P < 0.05;
**P < 0.01; ***P < 0.005.

IL-17 production (Fig. 4a), to which IxB( induced by the combination
of IL-6 and TGF- may contribute (Fig. 2f and Supplementary Figs 8
and 9). IL-17 production induced by RORyt or RORx overexpression
was significantly decreased in Nfkbiz '~ T cells under Ty;17-polarizing
conditions (Fig. 4b), the decrease of which was not restored by the
addition of exogenous IL-21 or IL-9 (Supplementary Fig. 15). IL-17
induction was severely impaired when IkB{ was overexpressed in
Rorc™'™ or homozygous Staggerer mutation (Rora®%) cells®' (Fig, 4c
and Supplementary Fig. 16). Taken together, the cooperation of IxB{
with RORyt or ROR« is clearly essential for Tyz17 development.

Does IkB( directly regulate the Il17a promoter? Seven IkB{ res-
ponse elements* were found within the 6.6-kilobase-pair promoter
region of the mouse I117a gene (Fig. 4d). The reporter assay showed
that IxB( (L) and (S) moderately activated the Il17a promoter as well
as RORyt and RORa (Fig. 4e). When RORYt or RORa was expressed,
IxBC (L) and (), but not (D), activated the Il17a promoter to a much
larger extent (Fig. 4e). An evolutionarily conserved non-coding
sequences (CNS) 2 region in the Il17a locus was reported to be
associated with histone H3 acetylation in a Ty17 lineage-specific
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Figure 3 | Ectopic expression of IxB{ facilitates Ty17 development.

a, Effects of retroviral expression of IxB( (L) on IL-17 production. b, Effects
of retroviral expression of IkBC (L) on I117f, 1121 and II23r mRNA expression
in CD4™ T cells activated in the presence of IL-6 and TGF-B. Error bars,
mean * s.e.m. ¢, Schematic of IxB{ variants and truncated mutants of IxB(
(L). d, Effects of retroviral expression of the Myc-tagged IkB( variants and

mutants on Ty17 development (right). Immunoblot analysis of IkB{ protein
levels in Myc-tagged IxB( variants-expressing CD4™ T cells (left). IxB( (L)
153-728 and IxB( (L) 188-728 had a more potent activity to induce IL-17
production than IxB( (L), which may be correlated to their high expression
levels.
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Figure 4 | IxB and ROR nuclear receptors cooperatively activate the l/17a
promoter and facilitate T,17 development. a, IL-17 production in CD4* T
cells transduced with IxB{ (IRES-hCD2) and RORYt or RORa
(IRES-EGFP) after activation under Ty0- or Ty17-polarizing conditions.
FSC, forward scatter. b, Effects of retroviral expression of RORyt or RORa
on IL-17 production in WT or Nfkbiz '~ CD4" T cells. ¢, Effects of
retroviral expression of IxB{ on IL-17 production in WT, Rorc '~ or
Rora®€ CD4™ T cells. d, Putative IxBC and ROR response elements™”? in
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WT  Rorc™ Nfkbiz" WT  Rorc™ Nfkbiz"

the mouse I117a promoter and the I117-Luc construct. Three IxB( response
elements were located in the CNS2 region (ISE1, —6350 to —6339; ISE2,
—4795 to —4786; ISE3, —4454 to —4445). The transcriptional initiation site
was designated as +1. e, Effects of IxB{ on RORyt and/or RORo-mediated
activation of the Il17a promoter. f, Recruitment of IkB( to the ISE1 region or
the region outside CNS2 (—3978 to —3969) in WT, Rorc™'~, Nfkbiz '~
CD4™" T cells. Error bars (e and f), mean = s.e.m. ***P < 0.005.
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manner and with ROR nuclear receptor-directed IL-17 produc-
tion™>!"?*, IxB( facilitated the CNS2 enhancer activity in combination
with RORyt and RORa (Supplementary Fig. 17a, b). However, the
Il17a promoter region lacking the CNS2 region was not activated
by the co-expression of IkB{ and RORyt or ROR (Supplementary
Fig. 17a, ¢, d). IxB( induced the CNS2 enhancer activity mainly
through the distal IxB( response element (ISE1: —6350 to —6339)
(Fig. 4d) among the three IkB( response elements in the CNS2 region
(Supplementary Fig. 18). Chromatin immunoprecipitation (ChIP)
experiments showed that IxB( was recruited to the ISE1 region in
Ty17 cells, but not in Ty0 cells (Fig. 4f). We observed no physical
interaction between IxB{ and RORyt or RORa by immunoprecipi-
tation assay (data not shown), but recruitment of IkB( to the ISE1
region was dependent on RORyt (Fig. 4f). These results indicate that
Ty 17 development entails IxB( recruitment to the regulatory region
of the Il17a gene, a process in which ROR nuclear receptors have a
critical role.

This study demonstrates that IkB{, which has a key role in the
innate immune response, regulates T;17 development in a T-cell-
intrinsic manner. IkB(, like Runx1 and Batf™, does not act alone,
but in cooperation with ROR nuclear receptors. This does not reduce
the importance of IxB as the therapeutic target, because disruption
of IxB( alone leads to a complete resistance to EAE (Fig. 1). Runxl,
Batf and IRF4 function upstream of RORyt”**”, but it is unlikely that
ROR nuclear receptors function downstream of IkB{ or vice versa
(Fig. 2d, g and Supplementary Fig. 9d). We speculate that the binding
of both IxB{ and ROR nuclear receptors to the Il17 promoter leads to
an efficient recruitment of transcriptional coactivators with histone
acetylase activity>*. Moreover, RORYt may be involved in the regu-
lation of the accessibility of IxB( to the specific transcriptional regu-
latory regions (Fig. 4f). Interestin%ly, I17f, 1121 and II23r mRNA
expression was impaired in Nfkbiz™'~ T cells (Fig. 2c). ChIP analyses
showed recruitment of IkB(, to the promoter or the enhancer region
of these Ty17-related cytokine genes (Supplementary Fig. 19), indi-
cating that IkB( directly regulates these genes. Nfkbiz ™/~ mice
develop atopic dermatitis-like skin lesions''*'. However, as the
dermatitis was not observed in the Rag2™’~ mice reconstituted with
Nfkbiz'~ CD4" T cells or Nfkbiz '~ fetal liver cells (data not
shown), it is not likely that the dermatitis was caused by T-cell-
intrinsic abnormalities, including impaired Tyl7 development.
Thus, the present study demonstrates the T-cell-specific function
of IxB(, which is important for understanding the transcriptional
program in Ty17 cell lineage commitment.

METHODS SUMMARY

T-cell differentiation in vitro. Naive CD4™ T cells were purified from spleen
using the CD4"CD62L* T Cell Isolation Kit (Miltenyi Biotec) (purity was
>95%) and activated with plate-bound 2 pgml™! anti-CD3 (145-2C11, BD
Biosciences) and 2 pg ml ™! anti-CD28 (37.51, BD-Biosciences) for 3 days under
various polarizing conditions (see Methods for details).

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS

Mice. We used Nfkbiz '~ mice on a mixed 129Sv-C57BL/6 background at 5 weeks
after birth'' because of the almost complete embryonic lethality of the inbred
C57BL/6 genetic background. Rorc '~ (ref. 25), Myd88 ™'~ (ref. 26), and I117a~'~
(ref. 27) mice on a C57BL/6 background were described previously. Nfkbl™~
(ref. 28) and Rora®™ (ref. 29) mice on a C57BL/6 background were obtained from
The Jackson Laboratory. Rag2 '~ mice on a C57BL/6 background were purchased
from Taconic Farms. For the generation of mice with T-cell-specific disruption of
Stat3, Lck-Cre transgenic mice (The Jackson Laboratory) were bred with Stat: oxd =
mice®*. We used wild-type littermates as controls in all experiments. All of the
animals were maintained in a specific pathogen-free environment, and all animal
experiments were performed with the approval of the institutional committee.
T-cell differentiation in vitro. The conditions for different Ty cell subsets were:
10ugml™" anti-IL-4 (11B11, BD Biosciences) and 10pgml~' anti-IFN-y
(XMG1.2, BD Biosciences) for Ty0 (neutral conditions); 10 pg ml™? anti-IL-4
and 10ngml™' IL-12 (PeproTech) for Tyl; 10ugml™' anti-IFN-y and
10ngml™" IL-4 (PeproTech) for Tyy2; 10 pgml~ " anti-IL-4, 10 pgml™" anti-
IFN-y and 2.5 ngml™' TGF-B (PeproTech) for inducible Treg 101g ml™! anti-
IFN-y, 10 ngmf1 IL-4 and Ing ml™! TGF-B for Ty9; 10pug ml™! anti-IL-4,
10pgml™ anti-IFN-y, 30ngml™" IL-6 (PeproTech), 2.5ngml™' TGE-B,
50 ng ml ™! IL-23 (R&D Systems), 80 ngml ™! IL-21 (R&D Systems), 10 ngml '
IL-1o (PeproTech), 10ng ml ™} TNF-a (R&D Systems) or a combination of these
stimuli for Tyy17. Activated cells were restimulated with 40 ng ml™" phorbol-12-
myristate-13-acetate (PMA) (Calbiochem) and 0.5 pug ml™! ionomycin (Sigma-
Aldrich) in the presence of GolgiPlug (BD Biosciences) for 4 h before intracellular
staining, or restimulated with 2 pgml ™" anti-CD3 and 2 pgml ™" anti-CD28 for
3 days before enzyme-linked immunosorbent assay (ELISA). We cultured cells in
RPMI 1640 medium (Invitrogen) unless otherwise indicated, or in IMDM
medium (Sigma-Aldrich) in Supplementary Figs 8a, ¢ and 9c.

Induction of EAE. The MOG35-55 peptide (MEVGWYRSPFSRVVHLYRNGK)
was synthesized by Biologica. For the induction of EAE, we used 5-week-old
Nfkbiz ™'~ mice in which no apparent symptoms of dermatitis were observed.
Age-matched wild-type and Nfkbiz™'~ mice were immunized subcutaneously
with the MOG peptide (250 pg per mouse) emulsified in complete Freund’s
adjuvant (CFA) containing 40ngml ™ Mycobacterium tuberculosis H37RA
(Difco Laboratories) (day 0). After immunization, the mice were intraperitoneally
injected with pertussis toxin (200 ng per mouse, Sigma-Aldrich) on days 0 and 2.
On day 23, lymphoid cells were prepared from the spleens and lymph nodes of the
immunized mice, and were then stimulated with 25 pgml™ MOG peptide, or
2pgml™! anti-CD3 and 2 pgml™" anti-CD28 for 48 h, after which IFN-y and
IL-17 production was analysed by ELISA.

For the induction of EAE in the reconstituted Rag2™'~ mice, MOG peptide
(150 pg per mouse) emulsified in CFA was injected on days 0 and 7. Pertussis
toxin (400 ng per mouse) was injected on days 1 and 8. On day 3, 5 or 10,
splenocytes isolated from the recipients were stimulated with 2 pgml™" anti-
CD3 and 2 pg ml™* anti-CD28 for 24 h. GolgiPlug was added for the final 4 h of
culture, and then intracellular IL-17 and IEN-y expression in CD4" T cells was
analysed by flow cytometry. For the 5-bromo-2’-deoxyuridine (BrdU) incor-
poration assay, the mice were intraperitoneally injected with BrdU (1 mg per
mouse, Sigma-Aldrich) on day 10. Eighteen hours later, CD4™ T cells isolated
from the spleen were analysed by flow cytometry using fluorescein isothiocya-
nate (FITC)-conjugated anti-BrdU (3D4, BD Biosciences).

Animals were scored for clinical signs of EAE for 23 days using the following
criteria: 0, no clinical signs; 1, limp tail (tail paralysis); 2, complete loss of tail
tonicity or abnormal gait; 3, partial hind limb paralysis; 4, complete hind limb
paralysis; 5, forelimb paralysis or moribund; and 6, death. Histological analyses
were performed as described®’.

CD4* T-cell transfer. CD4™ T cells were prepared from the spleens of wild-type
and Nfkbiz~'~ mice using the CD4* T Cell Isolation Kit (Miltenyi Biotec)
(purity was >95%). CD4™ T cells (7 X 10° per mouse) were injected intrave-
nously into Rag2™/~ mice. One day later, the recipient mice were subjected to
EAE induction.

Purification of dendritic cells and dendritic cell-T cell co-culture. PDCA1™
cells and PDCA1™CD11c" cells were used as plasmacytoid and conventional
dendritic cells, respectively, which were isolated from the spleen using anti-
PDCA1 microbeads and anti-CD11c microbeads (Miltenyi Biotec) (purity was
>95%). In the presence of either 100 ng ml ™" lipopolysaccharide (LPS; Sigma-
Aldrich) or 100nM endotoxin-free phosphorothioate-stabilized CpG oligo-
deoxynucleotides (5'-TCCATGACGTTCCTGATGCT-3') (Hokkaido System
Science), naive CD4* T cells were co-cultured with dendritic cells in the presence
of 1 ngml ™! soluble anti-CD3, 2.5 ngml™" TGF-B, 10 pgml ™" anti-IFN-y and
10pg ml ™! anti-IL-4. Three days later, cells were restimulated with 40 ng ml™?!
PMA plus 0.5pgml™" ionomycin in the presence of GolgiPlug for 4h, after

which CD4™ T cells were analysed for intracellular IL-17 and IFN-y. For analysis
of cytokine production and surface marker expression, dendritic cells were
cultured with 100 ngml™" LPS or 100 nM CpG DNA for 24 h.

Quantitative RT-PCR. Total RNA was extracted with ISOGEN (Wako).
Quantitative RT-PCR was performed with a LightCycler (Roche) using SYBR
Green (Toyobo) as described”. The primer sequences are described in
Supplementary Table 1. The level of mRNA expression was normalized to that
of Gapdh mRNA expression.

ELISA. Concentrations of cytokines in the culture supernatant were determined
by ELISA kits (IFN-y, IL-4 and IL-17, BD Biosciences; IL-6 and TNF-a,
eBioscience), according to the manufacturers’ instructions.

Retroviral transduction. pMX-IRES-EGFP and pMX-IRES-hCD2 are bicistronic
retroviral vectors containing enhanced green fluorescence protein (EGFP) and
human CD2 lacking the cytoplasmic domain, respectively, under the control of
an internal ribosome entry site (IRES)*%. The cDNA fragments of CD2, RORyt,
RORa, RelA, cRel and p50 were amplified by PCR. ¢cDNA fragments of IkB{
splicing variants and truncated mutants'® were cloned into pMX-IRES-EGFP or
pMX-IRES-hCD?2 with a Myc tag added at its 5" end. cDNA fragments of RORYt,
RORa, RelA, cRel and p50 were cloned into pMX-IRES-EGFP. Retroviral pack-
aging was performed by transfecting Plat-E cells with the plasmids as described
previously®. Naive CD4" T cells were plated in wells pre-coated with 100 ug ml ™"
goatanti-hamster IgG (Cappel) followed by 0.5 pg ml ™ anti-CD3 and 0.5 pg ml™?
anti-CD28 for 3 days in the presence of 5ngml™" IL-2 (PeproTech) under the
following conditions: anti-IL-4, anti-IFN-y for T;0 (neutral conditions); anti-1L-4,
anti-IFN-y, IL-6 and TGE-B for Ty17. In Supplementary Fig. 14, 10 ygml™*
anti-TGF-f (1D11, R&D Systems) were added into the cultures. On days 1 and
2, cells were infected with fresh retroviral supernatant by centrifugation for 2h at
780g in the presence of 10 pgml ™" polybrene (Sigma-Aldrich). Cells were further
cultured for 3 days. For intracellular cytokine staining, cells were restimulated for
4h with 40 ng ml ™! PMA plus 0.5 pg ml ™" ionomycin in the presence of GolgiPlug.
For quantitative RT-PCR and immunoblot analyses, EGFP™ cells were sorted by
MoFlo (Beckman Coulter).

Flow cytometry and antibodies. For the analysis of natural T, cells, single-cell
suspensions prepared from the thymus, spleen and lymph nodes were stained with
fluorophore-conjugated monoclonal antibodies: FITC-conjugated anti-CD4
(RM4-5, BD Biosciences), phycoerythrin-cyanine 7-conjugated anti-CD25
(PC61, BD Biosciences) and allophycocyanin-conjugated anti-Foxp3 (FJK-16 s,
eBioscience). For intracellular cytokine staining, phycoerythrin-conjugated anti-
mouse IL-17 (TC11-18H10, BD Biosciences), allophycocyanin-conjugated anti-
mouse IFN-y (XMG1.2, BD Biosciences) and allophycocyanin-conjugated
anti-human CD2 (LFA-2, eBioscience) were used. For the analysis of the phos-
phorylation of STAT3, cells were stained with anti-phospho-STAT3 (D3A7, Cell
Signaling Technology) followed by FITC-conjugated goat anti-rabbit IgG
(BioSource). Flow cytometric analysis was performed by FACSCanto II with
Diva software (BD Biosciences).

Reporter gene assay. The reporter plasmid I117-Luc, 1117 4371-Luc and 1117
1547-Luc were constructed by subcloning a 6,647-base-pair (bp) fragment, a
4,371-bp fragment and a 1,547-bp fragment of the 5’ flanking region of the mouse
Il17a gene, respectively, into the pGL3-basic vector (Promega). 1117 CNS2-Luc
was constructed by subcloning the CNS2 region of the I/17a gene into the pTAL-
Luc (Clontech). The mutations introduced into 1117 CNS2-Luc were as follows:
5'-AGGGACTGTCCC-3' (ISE) to 5'-AAATACTGTCCC-3'; 5'-GGGAAAA
CACT-3' (ISE2) to 5'-AATAAAACACT-3"; 5'-GGAAGCGCCT-3' (ISE3) to
5'-ATAAGCGCCT-3'. The expression plasmids of IxB{ (L), (S) and (D) have
been described". cDNA fragments of RORyt and RORo amplified by PCR were
subcloned into the expression vector. The reporter plasmids and the expression
plasmids were transfected into HEK293T cells using FuGENE 6 (Roche). After
36h, dual luciferase assay was performed according to the manufacturer’s pro-
tocol (Promega).

Immunoblot analysis. Immunoblot analysis was performed using antibodies
against B-actin (Sigma-Aldrich), Myc (MBL) or IkB{ (C-15, Santa Cruz) as
described®. ‘

Chromatin immunoprecipitation assay. Naive CD4™ T cells were activated
with plate-bound 2 pg ml™" anti-CD3 and 2 pgml ™" anti-CD28 for 3 days in the
presence of anti-IL-4 and anti-IFN-v for the development of Ty0, or anti-IL-4, anti-
IFN-y, IL-6, TGF- and IL-23 for the development of Ty17. ChIP assay was per-
formed using antibodies against IxB( (C-15, Santa Cruz) and normal goat IgG
(Santa Cruz) as described with minor modifications*. Quantitative PCR was per-
formed with a LightCycler using the primers described in Supplementary Table 2.
The data are presented as the relative binding based on normalization to input
DNA. The evolutionarily conserved regions were identified as regions sharing at
least 70% sequence identity across at least 100 bp using the rVista 2.0 web tool®.
Statistical analysis. All data are expressed as the mean * s.e.m. (n = 3 or more).
Statistical analysis was performed using the unpaired two-tailed Student’s t-test
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(*P<0.05; **P<0.01; ***P<0.005; NS, not significant, throughout the
paper). Results are representative examples of more than three independent
experiments.
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We found adult human stem cells that can generate, from a single
cell, cells with the characteristics of the three germ layers. The cells
are stress-tolerant and can be isolated from cultured skin fibroblasts
or bone marrow stromal cells, or directly from bone marrow
aspirates. These cells can self-renew; form characteristic cell clusters
in suspension culture that express a set of genes associated with
pluripotency; and can differentiate into endodermal, ectodermal,
and mesodermal cells both in vitro and in vivo. When transplanted
into immunodeficient mice by local or i.v. injection, the cells
integrated into damaged skin, muscle, or liver and differentiated
into cytokeratin 14-, dystrophin-, or albumin-positive cells in the
respective tissues. Furthermore, they can be efficiently isolated as
SSEA-3(+) cells. Unlike authentic ES cells, their proliferation activity
is not very high and they do not form teratomas in immunodeficient
mouse testes. Thus, nontumorigenic stem cells with the ability to
generate the multiple cell types of the three germ layers can be
obtained through easily accessible adult human mesenchymal cells
without introducing exogenous genes. These unique cells will be
beneficial for cell-based therapy and biomedical research.

bone marrow | differentiation | fibroblasts | mesenchymal stem cell |
pluripotency

Recent advances in stem cell research have revealed the exis-
tence of various types of tissue stem cells that contribute to the
functional maintenance of organs and to cell renewal, tissue
remodeling, and repair (1, 2). These stem cells are expected to
contribute to regenerative medicine, but this will require elucida-
tion of their stem cell properties to control their proliferation and
differentiation. Among the many kinds of tissue stem cells, hema-
topoietic stem cells and neural stem cells have been characterized
most extensively (i.e., their ability to self-renew and differentiate
into tissue-specific cell types has been clearly demonstrated at the
single-cell level) (3, 4). In contrast, some of the properties of
mesenchymal stem cells remain obscure. For example, one mes-
enchymal cell type, the bone marrow stromal cell (MSC), differ-
entiates into cells of the same mesenchymal lineage, such as
osteocytes, cartilage, and adipocytes, but also differentiates into
cells of other lineages, such as neuronal cells and liver cells, sug-
gesting that their differentiation is not tissue-specific, and that they
are thus qualified as multipotent cells (5-8). In most cases, how-
ever, the differentiation was demonstrated in a heterogeneous
population comprising MSCs and not at the single-cell level.
Therefore, it remains under debate whether different subsets of
cells are responsible for differentiation into cell types of different
lineages, such as osteocytes and neuronal cells, or whether a dis-
tinctly multipotent stem cell type exists that is responsible for dif-
ferentiation across all the oligo-lineage boundaries. Furthermore,
hair follicle stem cells and dermal stem cells of the skin differentiate
into cells positive for neuronal and smooth muscle cell markers, but
their differentiation into cells of all three germ layers has not been
demonstrated at the single-cell level (9-11).

www.pnas.org/cgi/doi/10.1073/pnas.0911647107

In the present study, we demonstrate, at the single-cell level,
that adult human skin fibroblasts, MSCs, and native bone marrow

“aspirates contain a distinct type of stem cell that is capable of

generating cells with characteristics of all three germ layers. These
cells are indistinguishable from other major mesenchymal cells in
adherent culture, but when they are transferred to suspension
culture, they form characteristic cell clusters that are positive for
pluripotency markers and exhibit self-renewal and differentiation.
Furthermore, they can be efficiently isolated as cells positive for
both SSEA-3, a human pluripotency marker, and CD105, a mes-
enchymal cell marker. The cells exhibit multipotency, but their
proliferation activity is not very high. Furthermore, although
retaining their differentiation ability in vivo, these cells, unlike
authentic ES cells, do not form teratomas in testes of immuno-
deficient mice. Our findings thus suggest that adult human mes-
enchymal cell populations, such as skin fibroblasts and MSCs,
contain distinctly multipotent stem cells and that further studies of
these cells will promote a better understanding of mesenchymal
stem cell properties. Collection and enrichment of these cells
should contribute to improved differentiation efficiency in mes-
enchymal cell populations. Finally, because these cells are easily
accessible, they will be a realistic source of adult human multi-
potent stem cells that are capable of differentiation into cells with
characteristics of all three germ layers without the need to in-
troduce exogenous genes. These cells thus hold great promise for
cell-based therapy and biomedical research.

Results

Analysis of Cell Clusters Generated from Human Mesenchymal Cells.
We found that naive human MSCs (H-MSCs) grown in adherent
culture spontaneously formed characteristic cell clusters at a very
low frequency that appeared similar to clusters formed by human
ES cells at an early stage (Fig. 14) (12), suggesting that naive H-
MSCs might contain multipotent cells. At a certain size, these
cell clusters stopped growing and had a heterogeneous appear-
ance (Fig.1B).

Dormant tissue stem cells are activated when tissues are exposed
to stress, burdens, or damage (13-16). We therefore explored the
possibility of whether stress conditions could be exploited for
a method to enrich the putative stem cells in adult human mes-
enchymal cell populations. We subjected two strains of human
skin fibroblasts (H-fibroblasts) and four strains of H-MSCs to six
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Fig. 1. Characterization of M-clusters. (A and B) Characteristic cell clusters
that occur spontaneously in adherent cultures of naive H-MSCs. (C and D) MC
culture of H-fibroblasts on day 7 showing an M-cluster (C, arrow). Immu-
nocytochemical localization of Nanog (E and F), Oct3/4 (G), Sox2 (H), PAR4
(), and SSEA-3 (J) in M-clusters formed by H-fibroblasts (€, /, and J) and H-
MSCs (F, G, and H). ALP(+) human ES cells (K), M-cluster (H-fibroblast) (L), and
naive H-fibroblasts (M). (N) Schematic diagram of the self-renewal of Muse
cells. (Scale bars: A-C, 100 pm; D-M, 50 pm.)

different stress conditions, including long-term trypsin incubation
(LTT) for 8 or 16 hr (Table S1 and SI Materials and Methods).
Stem cells are often grown in suspension culture, which is an ef-
ficient and convenient method to maintain their stem cell properties
(17, 18). H-fibroblasts or H-MSCs that survived the stress treat-
ments were therefore suspended in methylcellulose (MC) medium
(19) at a density of 8,000 cells per millititer (MC culture; ST Materials
and Methods) and grown for 7 days (Fig. 1C). Each condition gave
rise to cell clusters with sizes of up to 50-150 pm in diameter (Fig.
1D). Using different filters, we separated the cell clusters according
to their size and characterized them by immunocytochemistry. Most
of the clusters with a diameter larger than 25 pm contained cells
positive for the pluripotency markers Nanog, Oct3/4, SSEA-3,
PAR-4, and Sox2 and were positive for alkaline phosphatase (ALP)
staining (Fig. S1). We therefore only counted cell clusters larger
than 25 pm. Among the stress conditions tested, 16-hr LTT was most
potent in the formation of cell clusters in H-fibroblasts, and 8-hr

8640 | www.pnas.org/cgi/doi/10.1073/pnas.0911647107

LTT was most potent in the formation of cell clusters in H-MSCs
(Table S1 and ST Resuits). As expected, the formed clusters con-
tained cells positive for the above pluripotency markers (Fig. 1 E-J)
and ALP staining (Fig. 1 K-M). We called these cells multilineage
differentiating stress enduring (Muse) cells because they express
pluripotency markers; as described below, they differentiate into
ectodermal, endodermal, and mesodermal cells; and they endure
through stress conditions. We refer to H-fibroblasts and H-MSCs
treated with 16-hr and 8-hr LTT, respectively, as “Muse-enriched
cell populations” (MEC populations).

To calculate the frequency of Muse-cell-derived cell cluster
(M-cluster; SI Results) formation accurately, MEC populations
derived from both H-fibroblasts and H-MSCs were subjected to
single-cell suspension culture after limiting dilution (Fig. S2 and
SI Materials and Methods), showing that 11.6 + 1.6% of the cells
in the H-fibroblast-MEC population and 8.1 + 0.2% of the cells
in the H-MSC-MEC population proceeded to form M-clusters
after 7 days. Naive populations (without LTT) were also exam-
ined and showed that 1.3 + 0.1% (H-fibroblasts) and 1.1 + 0.1%
(H-MSCs) of the cells formed M-clusters in single-cell suspen-
sion culture after limiting dilution.

Self-Renewal and Expansion of Muse Cells. After L'TT, Muse cells
began to divide after 1-2 days in MC culture and continued to
divide at a rate of ~1.3 days per cell division until day 8, forming
cell clusters. Cell proliferation gradually slowed by days 11-12
and ceased around day 14, with cell clusters reaching a maximum
size of 150 pm (Fig. S3 and ST Materials and Methods).

When M-clusters formed in single-cell suspension culture after
limiting dilution (day 12) were dissociated into single cells by a 5-min
trypsin treatment and returned to single-cell suspension culture, the
cells survived but divided very slowly (5-7 days per cell division) or
sometimes not at all (Fig. 1N1). However, transfer of single M-
clusters to adherent culture reinitiated cell proliferation and pro-
duced expanded cells. When cultures that had expanded to ~3,000—
5,000 cells were dissociated and subjected to single-cell suspension
culture without LTT, 48.0 + 5.8% (H-fibroblasts) and 40.3 + 9.1%
(H-MSCs) of the cells formed M-clusters (Fig. 1N2). When cultures
were allowed to expand to 5-10 x 10* cells and were then subjected to
LTT to produce MEC populations (Fig. 1N3), 12.3 + 1.3% (H-
fibroblasts) and 8.5 + 0.5% (H-MSCs) of these cells formed second
generation M-clusters. We repeated this culture cycle, consisting of
LTT - suspension culture — adherent culture, five times, and every
cell generation showed similar behavior and a similar frequency of
M-cluster formation. We also confirmed that the fifth generation M-
clusters were still positive for pluripotency markers and ALP stain-
ing. Furthermore, karyotypes of cells expanded from M-clusters did
not show detectable abnormalities (Fig. S4 and ST Resulis). In con-
clusion, the proliferation activity of Muse cells is not very high, and
proliferation stops in suspension culture when the cell clusters reach
a defined size. Nevertheless, the proliferation of Muse cells can be
reinitiated by transfer to adherent culture, which is followed by the
formation of next-generation M-clusters, demonstrating the capacity
of Muse cells for self-renewal and proliferation.

Differentiation of M-Clusters. To analyze their differentiation ability,
single M-clusters formed in single-cell suspension culture after
limiting dilution were transferred onto gelatin-coated dishes. After
7 days of culture, immunocytochemistry revealed cells positive for
neurofilament-M [an ectodermal marker; the ratio of positive
cells was 3.5 + 0.5% (H-fibroblasts) and 3.7 + 0.6% (H-MSCs)],
a-smooth muscle actin [@-SMA; mesodermal, 12.2 + 1.8% (H-
fibroblasts) and 8.0 + 0.6% (H-MSCs)], a-fetoprotein [endodermal,
2.7+ 0.1% (H-fibroblasts) and 3.2 +- 0.3% (H-MSCs)], cytokeratin 7
[endodermal, 5.5 + 0.1% (H-fibroblasts) and 3.4 + 0.6% (H-
MSCs)], or desmin [mesodermal, 14.2 + 0.4% (H-fibroblasts) and
10.1+0.5% (H-MSCs)] (Fig. 24-E). RT-PCR of cells derived from
first- and third-generation M-clusters confirmed that these cells
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expressed o-fetoprotein (endodermal) and GATAG6 (endodermal),
microtubule-associated protein-2 (MAP-2; ectodermal), and Nkx2.5
(mesodermal), whereas these markers were not clearly detected
in naive fibroblasts and MSC populations (Fig. 2F).

We injected MEC populations or M-clusters into the testes of
immunodeficient mice to test whether they form teratomas. None
of the testes injected with MEC populations or M-clusters formed
teratomas for up to 6 months, and most of the testes were not
significantly larger than control testes (Fig. 2G and S7 Resuits). In
the MEC- or M-cluster-injected testes, cells positive for human
mitochondria and for ectodermal (neurofilament), endodermal
(a-fetoprotein), and mesodermal (SMA) lineage markers were
detected (Fig. 2 H-M and Fig. S5).

We next tested the differentiation of MEC populations in vivo by
transplanting the cells into damaged tissues of the back skin (bylocal
injection of GFP-labeled H-MSC-MEC population), gastrocne-
mius muscle (i.v. injection of GFP-H-fibroblast-MEC population),
or liver (iv. injection of GFP-H-fibroblast-MEC population) of
immunodeficient mice. In regenerating skin, after 2 weeks, 79.5 +
2.0% of the transplanted cells in the epidermis also expressed
cytokeratin 14 (Fig. 34). GFP(+) cells were also incorporated into
regenerating muscle. After 2 weeks, the nuclei of these cells were
centrally located, but after 4 weeks, 96.1 +2.2% of the GFP(+) cells
had the appearance of mature myofibers with peripheral nuclei and
expressed human dystrophin (Fig. 3 B and C). Some of the trans-
planted cells expressed satellite cell marker Pax7 (Fig. 3B). In the
regenerating liver, after 4 weeks, most of the cells positive for human
Golgi complex expressed human albumin (84.9 + 5.3%) and human
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Fig. 2. Differentiation of Muse cells in vitro and in testes. Immunocyto-
chemistry of neurofilament-M (NF) (4), a-SMA (B), a-fetoprotein (a-FP) (C),
cytokeratin 7 (CK7) (D), and desmin (E) in cells derived from a single M-
cluster (H-fibroblasts). (F) RT-PCR analysis of naive cells and first- and third-
generation M-clusters (first and third clusters) derived from H-fibroblasts.
Positive controls were human fetus liver (Liver) for a-FP and whole human
embryo (Embryo) for GATA6, MAP-2, and Nkx2.5. (G-M) Testes of immu-
nodeficient mice injected with cells. (G) Uninjected testes (intact) and testes
injected with mouse ES cells (8 weeks), mouse embryonic fibroblast (MEF)
cells (8 weeks), and M-clusters (6 months). Immunohistochemistry of NF (H),
a-FP (/), and SMA (J) in testes injected with MEC populations and M-clusters.
(K) Double-labeling of human mitochondria (green) and SMA (red). The
tube-like structure (L) was positive for human mitochondria in the adjacent
section (M; red). (Scale bars: A—F and H-L, 50 pm; M, 20 pm.)
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Fig. 3. Transplantation of Muse cells and M-cluster formation from bone
marrow. (A-E) Differentiation of GFP-labeled MEC population (H-fibroblasts) in
damaged tissues ofimmunodeficient mice. (A) Cells locally injected into the edge
of the excised region. Transplanted GFP(+) cells expressed cytokeratin 14 (red) in
the regenerating epidermis (2 weeks). (B) Two weeks after i.v. injection, GFP(+)
cells with central nuclei were seen in cardiotoxin-injected cutaneous muscle.
Transplanted GFP(+) cells (arrow) and host cells [GFP(~), arrowhead] that
expressed Pax7 were seen. (C) After 4 weeks, the GFP(+) muscle fibers expressed
human dystrophin (h-Dystrophin; red). Four weeks after i.v. injection, most of
the transplanted GFP(+) cells in liver with CCls-induced damage were positive for
human Golgi complex (D and E, white); some of them expressed human albumin
(D, red) or human antitrypsin (E, red). (F-H) Formation of M-clusters from bone
marrow-derived mononucleated cells. (F) M-clusters formed with 8-hr LTT (8-hr
hBM-MC, day 7). (G) ALP(+) cells in 8-hr hBM-MC (day 7). (H) RT-PCR of naive H-
MSCs (Naive 1 and Naive 2); M-clusters formed with 8-hr LTT (8-hr hBM) or
without LTT [Naive hBM (N-hBM)]. Positive controls were human fetus liver
(Liver) for a-fetoprotein (a-FP) and whole human embryo (Embryo) for GATAS,
MAP-2, and Nkx2.5. (Scale bars: A, B, E, F, and G, 50 pm; C and D, 100 pm.)

antitrypsin (87.6 + 3.0%; Fig. 3 D and E). These data suggest that
MEC populations can differentiate into ectodermal, endodermal,
and mesodermal lineage cells in vivo.

M-Cluster Formation Directly from Native Bone Marrow Aspirate. The
experiments described so far were performed with Muse cells and
M-clusters derived from cell cultures, which may have acquired
characteristics that differ from those of cells in situ. Mesenchymal
cells are known to reside in the mononucleated cell fraction of bone
marrow, which can be collected directly from native tissue without
culturing. We therefore tested whether cells directly collected from
human bone marrow (hBM) would also be able to form M-clusters.
Isolated mononucleated cells were either subjected directly to MC
culture (naive hBM-MC) or to 8-hr LTT before MC culture (8-hr
hBM-MC). After 7 days, 8-hr hBM-MC formed M-clusters at
a frequency of 0.3 + 0.04%, ~60-75 times higher than that of naive
hBM-MC (0.004 + 0.001%) (Fig. 3F). M-clusters from both naive
hBM-MC and 8-hr hBM-MCwere ALP(+) (Fig. 3G), and RT-PCR
of cells expanded from single M-clusters on gelatin-coated dishes
showed expression of o-fetoprotein, GATA6, MAP-2, and Nkx2.5
(Fig. 3H). These results suggest that M-clusters can be formed di-
rectly from hBM and that they can be enriched by 8-hr LTT.
Naive hBM-MCformed M-clusters at an extremely low frequency.
Because culturing can change the composition of cell populations,
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cells in stable culture may have a different propensity to form M-
clusters than cells from native tissues. To test this possibility, we grew
hBM aspirate in adherent culture to collect primary MSCs and
subjected the cells directly to MC culture without 8-hr LTT. This
protocol resulted in a much higher frequency of M-cluster formation
of 0.3 + 0.08%. When primary MSCs were further cultured to the
second and fifth passages, the frequency of M-cluster formation
without LTT increased up to 0.5 + 0.04% and 0.9 + 0.1%, re-
spectively. Consistent with this finding, 1.3 + 0.1% of naive H-
fibroblasts and 1.1 + 0.1% of naive H-MSCs formed M-clusters in
single-cell suspension culture as described above. These results
suggest that Muse cells have a high stress tolerance and can endure in
vitro culture and the subculture procedures.

Bone marrow contains many cell types, including MSCs, he-
matopoietic lineage cells, and endothelial cells (19). To determine
which fraction contains the Muse cells, we isolated mononucleated
cells from hBM aspirate and subjected them to magnetic affinity
cell sorting (MACS) using antibodies against CD34 and CD117
[markers for hematopoietic cells (20)] and CD105 [marker for
MSCs (5, 7)]. We then subjected the cells to 8-hr LTT and allowed
them to grow in MC culture for 7 days. The CD34*/117+/105™ cell
fraction produced few M-clusters, but the CD347/1177/105%
fraction produced 50 times more M-clusters than the CD347/1177/
1057 fraction (S1 Results). This result suggests that the majority of
Muse cells belong to the CD105(+) mesenchymal cell population.

Characteristic Features of Muse Cells. FACS analysis revealed that
among tested surface markers, MEC populations showed a sub-
stantially increased number of cells that were SSEA-3(+) [a human
pluripotency marker (12)] compared with naive populations (Fig. 44
and S7 Resuits). The percentage of SSEA-3(+) cells detected by
FACS[1.1 +0.05% (H-MSCs) and 1.8 + 0.22% (H-fibroblasts); Fig.
44] and immunocytochemistry [0.7 + 0.1% (H-fibroblasts); Fig. 48]
in naive cells approached the previously determined frequency of M-
cluster formation in single-cell suspension culture (~1%), as de-
scribed above. For MEC populations, the percentage of SSEA-3(4)
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Fig. 4. Characterization of Muse cells. (A) FACS analysis for SSEA-3 expression
in naive cells (Naive) and MEC populations (Muse) derived from H-fibroblasts
and H-MSCs. SSEA-3(+) cells (red) in a naive population (B) and in cells ex-
panded from a single M-cluster derived from a FACS-sorted SSEA-3(+) cell (C),
both from H-fibroblasts. Immunocytochemistry of Oct3/4 (D, green, Sox2 (E,
green), and SSEA-3 (D and E, red) in Muse cells derived from H-fibroblasts. (F)
RT-PCR of Oct3/4, Sox2, and Nanog in directly isolated SSEA-3*/CD105* cells
from bone marrow, human ES cells for a positive control, and the template
without reverse transcription for a negative control [Control(-)]. (G) RT-PCR of
second-generation M-clusters (2nd M-cluster) from bone marrow-derived
mononucleated cells. Positive controls were human fetus liver (Liver) for
a-fetoprotein («-FP) and whole human embryo (Embryo) for GATA6, MAP-2,
and Nkx2.5. (Scale bars: B and C, 100 pm; D, 10 pm; E-G, 5 pm.)
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cells detected by FACS [11.6 + 0.15% (H-MSCs) and 8.6 + 0.0.32%
(H-fibroblasts); Fig. 44] was also comparable to the frequency of M-
cluster formation in single-cell suspension culture [11.6 + 1.6% (H-
fibroblasts) and 8.1 + 0.2% (H-MSCs)] as stated. Furthermore, the
expression of Oct3/4 and Sox2 in SSEA-3(+) cells was demonstrated
in cultured H-fibroblasts using immunocytochemistry (Fig. 4 D and
E). We therefore used FACS to separate SSEA-3(+) and (~) cells
from MEC populations of both H-fibroblasts and H-MSCs and
subjected each fraction to single-cell suspension culture after limiting
dilution. The result showed that 56.5 + 3.2% (H-MSCs) and 60.0 +
4.5% (H-fibroblasts) of the SSEA-3(+) cells generated M-clusters,
whereas only a few M-clusters developed in the SSEA-3(—) fraction.

The importance of SSEA-3(+) cells was also seen in the trans-
plantation experiments. In contrast to the integration and differ-
entiation of MEC populations in damaged skin, muscle, and liver
(Fig. 34-E), transplantation of SSEA-3(~) populations resulted in
asignificantly smaller number of integrated cells and fewer cells that
were positive for the tissue markers (Fig. S6 and ST Results).

Of note, at the scale of 3,000-5,000 cells, only ~45.0 + 3.2%
(H-fibroblasts) of the cells that expanded from a single FACS-
sorted SSEA-3(+) cell were SSEA-3(+) (Fig. 4C). This result
suggests that proliferation of Muse cells may give rise to Muse
cells and non-Muse cells.

The possibility remains that Muse cells are artificially induced by
LTT. As described above, the majority of Muse cells exist in the
bone marrow’s CD105(+) cell fraction. Furthermore, SSEA-3(+)
cells showed Muse cell properties. We therefore attempted to collect
Muse cells directly from adult hBM aspirates by isolating them as
SSEA-3/CD105 double-positive cells. Double-positive cells, which
constituted 0.04 + 0.008% of bone marrow-derived mononucleated
cells, were directly subjected to RT-PCR, which showed the expres-
sion of Nanog, Oct3/4, and Sox2 in these cells (Fig. 4F). Isolated
SSEA-3*/CD105™ cells were further subjected to single-cell sus-
pension culture after limiting dilution without LTT. At 7 days, 11.4 +
1.2% of the cells (corresponding to 0.003-0.005% of the mono-
nucleated cells) formed M-clusters that were ALP(+). Single M-
clusters were then again expanded in adherent culture to 3,000 cells
and subsequently subjected to single-cell suspension culture. Of these
cells, 33.5 + 3.1% formed second-generation M-clusters, and RT-
PCR of the cells that expanded from a single M-cluster on gelatin-
coated dishes indicated that the cells expressed a-fetoprotein,
GATAG6, MAP-2, and Nkx2.5 (Fig. 4G), suggesting that cells with
properties consistent with those of Muse cells reside in adult hBM.

Discussion

We isolated a specific type of human mesenchymal stem cell (i.e.,
Muse cell) that is capable of generating cells with the characteristics
of all three germ layers from a single cell. Muse cells are (i) stress
tolerant; (i) indistinguishable from general mesenchymal cells in
adhesion culture; (jii) able to form M-clusters in suspension culture
that are positive for pluripotency markers and ALP staining; (iv)
able to self-renew; (v) not very high in their proliferation activity and
not shown to form teratomas in immunodeficient mouse testes; (vi)
able to differentiate into endodermal, ectodermal, and mesodermal
cells both in vitro and in vivo; and (vii) efficiently isolated from naive
tissues as cells positive for both CD105 and SSEA-3.

To investigate whether Muse cells exist in native tissues or
whether LTT induces cells to acquire properties of multipotent
stem cells, we isolated SSEA-3/CD105 double-positive cells di-
rectly from hBM aspirates and subjected them to single-cell sus-
pension culture without LTT. The formation of M-clusters showed
that Muse cells or potential Muse cells already exist in adult native
hBM. LTT is thus not necessary for collecting Muse cells but is
a method to enrich them.

The properties of several kinds of stem cells present in mes-
enchymal tissue, such as neural crest-derived stem cells (NCSCs)
that exist both in the bone marrow and skin, MSCs, skin-derived
precursors (SKPs), perivascular cells, and adipose-derived stem
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cells, were recently analyzed and described (11, 21-24). Of note,
SKPs can be clonally expanded and serve as dermal stem cells for
use in skin homeostasis and repair (11). NCSCs can also be
clonally expanded, and they may contribute to nerve repair (22).
Although, these stem cells can differentiate into ectodermal
(e.g., neural marker-positive cells) and mesodermal (e.g., SMA-
positive cells, osteocytes, chondrocytes) lineage cells (11, 21-24),
their differentiation into representatives of all three germ layers
has not been reported. Muse cells are unique among mesen-
chymal stem cells in that they are able to differentiate not only
into ectodermal and mesodermal cells but into endodermal cells.
That is, a single Muse cell can generate cells representative of
each of the three germ layers. Considering that multilineage
differentiation of MSCs, such as into neuronal cells, muscle cells,
and liver cells, has been reported (5-8), it is possible that Muse
cells contribute to such multilineage differentiation of MSCs.

Muse cells may have practical advantages for regenerative medi-
cine, such as their easy accessibility and differentiation potential.
They are not tumorigenic but retain differentiation ability in vivo
after transplantation. In fact, they expressed endodermal, ectoder-
mal, and mesodermal lineage markers after injection into mouse
testes; integrated into damaged skin, muscle, and liver tissue; and
differentiated into cells expressing the respective tissue markers
cytokeratin 14 (ectodermal), dystrophin (mesodermal), and albumin
(endodermal). Moreover, the multipotency of Muse cells does not
need to be induced by the introduction of exogenous genes, and they
can be isolated from skin and bone marrow, which are accessible
from an individual or from a cell bank. Typically, each tissue contains
a very small number of stem cells, and like other stem cells, the
proportion of Muse cells in bone marrow-derived mononucleated
cells is very small. However, large numbers of Muse cells can be
obtained from mesenchymal cell populations by simply cycling the
cells through a series of culturing steps, namely, Muse-cell selection
followed by formation of M-clusters in suspension culture and ex-
pansion of the cells in adherent culture.

Muse cells did not show characteristics of tumorigenic pro-
liferation, and, consistently, they did not develop into teratomas
in mice testes. It has recently been reported that epiblast stem
cells cultured under certain conditions also did not form ter-
atomas in testes, even though they showed pluripotency in vitro
(25). This finding suggests that even pluripotent cells do not al-
ways show the formation of teratomas in testes. Furthermore, if
Muse cells are normally maintained in adult human tissues, such
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as in skin fibroblasts, their proliferation must be strictly regu-
lated; otherwise, they would easily form tumors in virtually every
part of the body.

Questions regarding the origin, location, and physiological roles
of Muse cells in fibroblasts and MSCs will require further study.

Materials and Methods

Culture Cells. Two strains of human skin fibroblasts and four strains of H-MSCs
were maintained at 37 °C in a-minimum essential medium («-MEM) con-
taining 10% (vol/vol) FBS and 0.1 mg/mL kanamycin. Mononucleated cells
were collected from six hBM aspirates using Lymphoprep Tubes (Axis-Shield
PoC AS). For selection of FBS, an H-MSC clone was plated onto a 24-well dish
at a density of 1.5 x 10* cells per cm?. Serum lots (ES cell grade; HyClone)
were checked by adding a sample from each lot to a well at a concentration
of 10% (volivol) in a-MEM and cultured for 1-2 weeks. The serum in the well
that showed the highest frequency of spontaneous cell cluster formation, as
shown in Fig. 1 A and B, was chosen for further experiments.

Generation of MEC Populations and M-Clusters. MEC populations were pro-
duced by treating cells with LTT (16 hr for H-fibroblasts and 8 hr for H-MSCs),
followed by vortexing at 1,800-2,200 rpm for 3 min (MS1 Minishaker, IKA
Works, Staufen, Germany) and centrifugation at 740 x g for 15 min. To
produce M-clusters, individual cells were cultured in MC or in single-cell
suspension culture. For MC culture, culture dishes were first coated with
polyHEMA (P3932; Sigma) to avoid attachment of cells to the bottom of the
dish. MC (MethoCult H4100; StemCell Technologies) was diluted in 20% (vol/
vol) FBS in a-MEM to a final concentration of 0.9%. The cell concentration in
the semisolid MC medium was adjusted to be 8 x 10° cells per milliliter. Cells
and MC were mixed thoroughly by gentle pipetting, and the mixture was
transferred to a polyHEMA-coated dish. At this concentration, the cell-to-cell
distance was sufficiently large to minimize cell aggregation. For single-cell
suspension culture, MEC populations were subjected to a limiting dilution
with 10% (vol/vol) FBS in a-MEM and single cells were plated into each well
coated with polyHEMA. The frequency of M-cluster formation was calcu-
lated from three experiments for each strain, with a minimum of 250 wells
per experiment.

Detailed protocols for cell culture, stress conditions, ALP staining, im-
munocytochemistry, immunohistochemistry, transplantation experiments,
RT-PCR, karyotyping, MACS sorting, and FACS analysis are provided in
St Text.
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