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Figure 6. INAM on NK cells contributes to efficient NK activation mediated by mDC. (A and B) Quantitative RT-PCR for INAM expression in WT,
TICAM1=I=, or IRF-3=/~ NK cells stimulated with 50 pg/mi polyl:C. Data shown are means of duplicate or triplicate samples from one experiment that is
representative of three. (C) IRF-3~/~ BMDCs were transfected with control lentivirus (CV) or INAM-expressing lentivirus (INAM) before treatment with

10 ug/ml polyl:C for 4 h. BMDCs in some wells were washed to remove polyl:C before WT NK cells were added (Wash). IFN-y production by NK cells was
determined by ELISA after 24 h of culture. Data show one of two similar experimental results. (D) ELISA of IFN-+y in co-culture of WT or IRF-3-/~ NK cells
and WT BMDC with/without 10 pg/ml polyl:C. (E and F) NK cells were transfected with control lentivirus or INAM-expressing lentivirus and cultured with
500 1U/ml IL-2 for 3 d. After determining transfection efficiency by GFP intensity using flow cytometry, cells were cultured with/without BMDC for 24 h
and IFN-y production in the supernatant determined by ELISA. Shaded peak, noninfected control; open peak, infected BMDC. All data are means + SD of

triplicate samples from one experiment that is representative of three.

we washed polyl:C out and cultured the cells with WT NK
cells (Fig. 6 C, right two lanes). Under these conditions,
in which polyl:C acted not on NK cells but only on
BMDGC, little NK activation was observed (Fig. 6 C). Fur-
thermore, IRF-37/" NK cells produced little IFN-y when co-
cultured with WT BMDC and polyl:C (Fig. 6 D). INAM-
overexpressing IRF-37/~ BMDC required IR F-3 in NK cells
for efficient BMDC-mediated production of IFN-y from
NK cells (Fig. 6 D). We next transduced INAM into IRF-37/~
NK cells using a lentivirus (INAM/pLenti-IRES-hrGFP) to
reconstitute NK IFN-y—producing activity. After many trials
with various setting conditions, we found that ~15% of the
DX5* NK cell population was both GFP-positive and stained
with anti-FLAG mAb when treated with high doses of
INAM-expressing lentivirus vector (Fig. S7 B). When IRF-3"/~
NK cells were infected with smaller amounts of INAM-
expressing lentiviral vector and cultured for 3 d with high con-
centrations of IL-2 (500 IU/ml), slight but significant GFP
expression was confirmed by FACS (Fig. 6 E). Then, the
INAM-transduced IRFE-37/" NK cells were co-cultured
with WT BMDC. The IRF-37/" NK cells with INAM ex-
pression secreted IFN-vy at significantly higher levels than
controls in the presence of WT BMDC (Fig. 6 F). These data
indicate that INAM is induced by polyl:C through IRF-3
activation, not only in BMDCs but also in NK cells, and
that INAM on NK cells synergistically works with INAM
on BMDC for efficient NK cell activation. Both INAMs
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on BMDC and NK cells are essential for BMDC-mediated
NK activation.

We next checked the function of the C-terminal stretch
of INAM in NK activation. Although intact INAM works in
NK cells to produce IFN-y in response to BMDC (Fig. 6 F),
introduction of C-del INAM into IRF-37/~ NK cells did
not result in high induction of IFN~vy in response to BMDC
(Fig. 4 C).Thus, INAM participates in NK activation through
its cytoplasmic regions, which has no significant role in
BMDC for NK activation.

Anti-tumor NIC activation via INAM-expressing BMDCs in vivo
mDC-mediated NK activation induces anti-tumor NK cells,
which cause regression of NK-sensitive tumors (Kalinski et al.,
2005; Akazawa et al., 2007a). We tested the in vivo function of
INAM-expressing BMDC using B16D8 tumor-bearing mice.
BMDC:s were used 24 h after transfection with either INAM/
pLenti-IRES-hrGFP or control pLenti-IRES-hrGFP and
injected twice a week s.c. around a preexisting tumor in
tumor-implanted mice, beginning 11-13 d after tumor chal-
lenge. INAM-expressing BMDC significantly retarded tumor
growth (Fig. 7 A). Tumor retardation was abrogated by depletion
of NK1.1-positive cells (Fig. 7 B). Thus, INAM expression on
BMDC contributed to anti-tumor NK activation in vivo.
When the control or INAM-expressing [RF-37/~
BMDCs were co~cultured with WT NK cells in vitro, there was
no induction of the mRINA of TRAIL and granzyme B in
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Figure 7. INAM on BMDC retarded B16D8 tumor growth in an NK-
dependent manner. (A) Tumor volume after DC therapy using BMDC ex-
pressing INAM. B16D8 cells were s.c. injected into C57BL/6 mice and, 11-13 d
later, medium only (O) or BMDC (10¢/mouse) transfected with control lenti-
virus () or those with INAM-expressing lentivirus (B} were administered
s.c. near the tumor at the time indicated by the open arrow. * P = 0.043. Data
represent mean + SD. (B) Abrogation of INAM-dependent tumor regression
by administration of NK1.1 Ab. For depletion of NK cells, antiNK1.1 mAb was
injected i.p. 1 d before treatment of BMDC (arrowheads). Tumor volume in
every mouse group was sequentially monitored. Data represent mean + SD
(n=3) and are representative of two experiments. Statistical analyses were
made with the Student's ¢ test. ™, P = 0.017.

NK cells (Fig. 8 A). TRAIL and granzyme B were induced in
NK cells by the addition of polyl:C to the mixture, and
INAM expression in BMDC up-regulated mRNA levels of
TRAIL and granzyme B (Fig. 8 A). In vivo administration
studies were performed with polyl:C-treated WT BMDC or
INAM-expressing IRF-37"" BMDC to test their ability to
up-regulate the mRNA levels of TRAIL and granzyme B in
NK cells in draining LN (Fig. 8 B). INAM-expressing IRF-37/~
BMDC showed comparable abilities to up-regulate the kill-
ing effectors with polyl:C-treated BMDC (Fig. 8 B). Collec-
tively, INAM has therapeutic potential for NK-sensitive
tumors by activating NK cells.

DISCUSSION

Previous studies demonstrated that mDC~NK interaction
leads to direct NK activation and damages NK target cells
in vitro (Gerosa et al., 2002; Sivori et al., 2004; Akazawa et al,,
2007a; Lucas et al., 2007). In addition, mIDCs initiate NK
cell-mediated innate anti-tumor immune responses in vivo
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(Kalinski et al., 2005; Akazawa et al., 2007a,b). Systemic ad-
ministration of polyl:C unequivocally results in activation of
peripheral NK cells (Lee et al., 1990; Sivori et al., 2004; Akazawa
et al., 2007a). Although the molecular mechanism by which
mDCs prime NK cells was still unclear, the TICAM-1 path-~
way and IPS-1 pathway have been reported to participate in
polyl:C-mediated mDC maturation that drives NK activa-
tion (Akazawa et al., 2007a; McCartney et al., 2009; Miyake
et al., 2009). We have shown in an earlier study that mDCs
disrupted in the TLR3~TICAM-1 pathway abrogate NK cell
activation (Akazawa et al., 2007a,b). In TICAM-1"/" mice,
NK-sensitive implant tumors grew as well as those in W'T
mice depleted of NK cells (Akazawa et al., 20072). mDCs
gain high anti-tumor potential against B16D8 implant tumors
through lentiviral transfer of TICAM-1, which is attributable
to NK activation (Akazawa et al., 20072). We further showed
that TICAM-1 is a critical molecule for mDC to induce NK cell
[FN-v, as well as [PS-1, and participates in driving NK cyto-
toxicity to a lesser extent than IPS-1. In this paper, we clari-
fied a molecular mechanism by which mDCs immediately
promote NK cell functions in vitro and in vivo.

Our findings showed that IRF-3 is the transcripton factor
that is downstream of TICAM-1 responsible for maturing mDC
to an NK-activating phenotype. We discovered that INAM, a
membrane-associated protein, is up-regulated on the surface of
mDC by polyl:C stimulation and activates NK cells via cell-cell
contact. Furthermore, we found that NK cells also express INAM
on their cell surface after polyl:C stimulation. mDC-INK activa-
tion by polyl:C can be reproduced with INAM-transduced
mDC and NK cells, and adoptive transfer experiments show that
INAM-overexpressing mDC may have therapeutic potential
against MHC-low melanoma cells in an NK-dependent manner.
These functional properties of INAM-expressing mDC fit the
model of mDC priming NK activation. Ultimately, INAM ap-
pears to be the key molecule in the previously reported mecha-
nism of mDC-NK contact activation.

After the submission of this manuscript, two papers were
published that found that the MDA5-IPS-1 pathway in mDC
is more important for driving NK activation, particularly in
vivo (McCartney et al., 2009; Miyake et al., 2009). Our data
also support this point using the IPS-17/" mice we estab-
lished (Fig. S1). However, polyl:C, when 1.v. administered into
mice, may stimulate other systemic cells in addition to CD8*
mDC in vivo (McCartney et al., 2009).The difference among
the two (McCartney et al., 2009; Miyake et al., 2009) and this
study may be attributed to the setting conditions, which are
not always comparable. Moreover, it remains to be settled
whether TICAM-1 and IPS-1 take the same INAM complex
as a common NK activator in mature mDC and whether
TLR3 (or MDAS5) KO is equivalent to TICAM-1 (or IPS-1)
KO in the mDC~NK activation model. In either case, how-
ever, up-regulation of mDC TICAM-1-mediated NX cyto-
toxicity and IFN-y induction are feasible with polyl:C under
three different conditions (Akazawa et al., 2007a; McCartney
et al., 2009; Miyake et al., 2009). Our results infer that INAM
participates in at least these mDC~NK interactions.
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Figure 8. INAM-mediated induction of
TRAIL and granzyme B in BMDC. (A) In vitro
induction of TRAIL (Tnfsf10) and granzyme B
(Gzmb) mRNA by INAM-expressing BMDC.
BMDCs (IRF-3/-) were infected with INAM-
expressing virus or CV as in Fig. S4. After 24 h,
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Polyl:C activates IRF-3 through the two pathways involv-
ing the adaptors IPS-1 and TICAM-1 (Yoneyama et al., 2004;
Kato et al., 2006; Matsumoto and Seya, 2008). The two path-
ways share the complex of IRF-3-activating kinase, NAP1,
IKK-g, and TBK1 that is downstream of adaptors (Sasai et al.,
2006). Nevertheless, these pathways are capable of inducing sev-
eral genes unique to each adaptor. Although IFN-a production
by in vivo administration of polyl:C is largely dependent on the
IPS-1 pathway, IL-12p40 is mainly produced by the TICAM-1
pathway (Kato et al., 2006). Therefore, it is not surprising that
INAM induction is predominant in the TICAM-1 pathway
in polyl:C-stimulated BMDC (Fig. 3 A). What happens in
IRF-77/7 BMDCs in terms of INAM induction and what
mechanism sustains BMDC IPS-1-mediated or MyD88-
mediated activation of NK cells (Azuma et al., 2010) will be
issues to be elucidated in the future.

Although IRF-3-regulated cell surface INAMs are re-
quired for efficient interaction between BMDC and NK cells,
the mechanism by which forced expression of INAM causes
signaling for BMDC maturation is still unknown. Although
the NK-activating capacity of BMDCs is usually linked to
their maturation, neither cytokines in NK activation, includ-
ing IFN-a and IL~-12p70, nor costimulators, such as CD40
and CD86, were specifically induced in mDC by INAM ex-
pression (Fig. S5). INAM has a C-terminal cytoplasmic stretch
(Fig. 4 A), and we tested the function of this region by a deletion
mutant (C-del INAM). This region in BMDC barely partici-
pates in driving NK activation because no decrease of IFN-y
induction by NK cells was observed with IRF-3~/~ BMDC
supplemented with C-del INAM compared with control
INAM. Thus far, no significant signal alteration has been de-
tected in BMDC supplemented with INAM by lentivirus.

In contrast, INAM-transduced IRF-37/~ NK cells produced
IFN-y in concert with BMDCs like WT NK cells (Fig. 6 F). So
far we have no evidence suggesting that this kind of INAM
overexpression is actually occurring in vivo. However, intro-
duction of C-del INAM into IRF-37/~ NK cells did not result
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IRF3-/- BMDC allowed to stand for 24 h and then 5 x 108
cells were injected into footpads of WT mice.
After 48 h, DX5* cells were collected from the
inguinal LN by FACS sorting. RNA of the cells
was extracted and the levels of the indicated
mRNA were determined by real time PCR. Data
show one of two experiments with similar

results. Data in A and B represent mean + SD.

in high induction
of IFN-y in re-
sponse to BMDC
(Fig. 4 C). To-
gether with the
data on INAM ex-
pression in BMDC, this infers that the INAM cytoplasmic
region signals for NK activation in NK cells. The one-way role
of the cytoplasmic tail in NK activation will be an issue for fur-
ther analysis.

In this study, IL~15 was found to be up-regulated by polyl:C
in BMDC. The remaining NK activity in the resting popu-
lation of NK cells co-cultured with TICAM-1"/~ BMDC
and polyl:C (Fig. 1 B) suggests that IL-15 has some effect in
our system, and other studies suggest this as well (Ohteki et al.,
2006; Brilot et al., 2007; Lucas et al., 2007; Huntington et al.,
2009). However, we did not observe decreased IL-15 expres-
sion in the TICAM-1"/" BMDC that could not activate NK
cells (Fig. 1 E). Several molecules, such as B7-H6/NKp30
(Brandt et al., 2009), CD48/2B4 (Kubin et al., 1999), and
NKG2D ligands/NKG2D (Cerwenka et al., 2000), have been
identified as ligand/receptor molecules in mDC-NK recip-
rocal activation by in vitro co-culture. In in vitro co-culture
systems (Fig. S1), the IPS-1 pathway in BMDC has a pivotal
role in not only type I IFN but also IL-15 induction. INAM
identified in this paper serves a unique function in the in vivo
induction of NK activation and may offer a tool to investigate
the reported mDC-mediated NK activation.

Rae-1 was reported as a molecule with MHC-like struc-~
ture (Zou et al., 1996) and later identified as a mouse NKG2D
ligand (Cerwenka et al., 2000). Although Rae-1 is a GPI-
anchored protein with no cytoplasmic sequences (Nomura et al.,
1996), it can act as an NK-activating ligand (Cerwenka et al.,
2000, 2001; Masuda et al., 2002). Mouse BaF3 cells become
NK-sensitive after forced expression of Rae-lae (Masuda et al.,
2002). Actually, mouse macrophages induce Rae-1 expression
in response to TLR stimuli (Hamerman et al., 2004). In contrast,
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INAM-expressing stable BaF3 cell lines INAM/BaF3) did
not reveal a function as an NK cell-activating ligand. NK cell
cytotoxicity is directed against Rae-l1a/BaF3 cells but not
against INAM/BaF3 cells (Fig. 5). Therefore, INAM does not
represent a typical NK cell-activating ligand. For NK activa-
tion, INAM on BMDC appears to require other molecules
that are expressed in BMDC but not in BaF3.

INAM has four transmembrane regions, similar to the cell
adhesion tetraspanins, which may support cell-cell contact
(Levy and Shoham, 2005). Tetraspanins provide a scaffold that
facilitates complex formation with associated proteins. INAM
on BMDC and NK cells may use cell—cell interaction to as-
semble in a synaptic formation to activate NK cells. Because
the protein constituents of the tetraspanin complexes are cell
specific, we are interested in finding partners for INAM that
might participate in efficient BMDC-NK interaction. TLR -
inducible cell-cell contact may occur through INAM in an
immune cell-specific manner. Gene disruption of this INAM
will facilitate clarifying this issue. The identification of INAM
defines a novel pathway in mDC-NK reciprocal interaction.
This study will lead to further research on the molecules that
form complexes on BMDC and NK cells to facilitate BMDC—
NK interaction.

MATERIALS AND METHODS

Mice. All mice were backcrossed with C57BL/6 mice more then seven
times before use. TICAM-17/~ (Akazawa et al., 2007a) and IPS-17/~ mice
were generated in our laboratory. IRF-37/~ (Sato et al., 2000) and IRF-7"/~
mice (Honda et al., 2005) were provided by T. Taniguchi (University of
Tokyo, Tokyo, Japan). All mice were maintained under specific pathogen-free
conditions in the animal facility of the Hokkaido University Graduate School
of Medicine. Animal experiments protocols and guidelines were approved by
the Animal Safety Center, Hokkaido University, Japan.

Cells. The B16D8 cell line was established in our laboratory as a subline of
B16 melanoma (Tanaka et al., 1988). This subline was characterized by its
low or virtually no metastatic properties when injected s.c. into syngeneic
C57BL/6 mice. B16D8 was cultured in RPMI 1640/10% FCS. The mouse
B cell line BaF3 was obtained from American Type Culture Collection and
cultured in RPMI 1640/10% FCS/2 pM 2ME/5 ng/ml IL-3. Mouse NK
cells (DX5* cell) were positively isolated with MACS Beads (Miltenyi
Biotec). Mouse BMDCs were prepared as previously reported (Akazawa
et al., 2007a).

For purification of cells from spleen or LN, these tissues were treated
with 400 TU MandleU/ml collagenase D (Roche) at 37°C for 25 min in
HBSS (Sigma-Aldrich). Then EDTA was added, and the cell suspension was
incubated for an additional 5 min at 37°C. After removal of RBC with ACK
lysis buffer, splenocytes and LN cells were stained with CD45-FITC, CD3g-
PE, CD19-PE, DX5-PE, CD11b-FITC (eBioscience), and CD11c-FITC
(BioLegend) and sorted by a FACSAria IT (BD). The purity of sorted cells
were >96%.

Construction and expression. Mouse INAM cDNA (A630077B13R k)
was obtained from RIKEN and placed into expression vector pEFBOS and
pLenti-IRES-hrGFP, both of which provide the specialized components
needed for expression of a recombinant C-terminal FLAG fusion (Akazawa
et al., 2007a). For construction of shRINA-expressing lentivirus vector, The
Clal-Xhol fragment of pLenti6-blockit-dest (Invitrogen) was inserted into
pLenti-IRES-hrGFP at the site of Clal and Xhol. This vector was named
pLenti-dest-IRES-hrGFP (pLDIG). INAM sequence 5'-CTTCTCTCCG-
GTTAGTTATCT-3" was targeted for INAM knockdown (shINAM/
pLDIG) and 5'-AGTCTGACATACTTATACTTA-3' was used for negative
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control (shCont/pLDIG). We used a gene-expression kit, Lentiviral system
(Invitrogen), as previously described (Akazawa et al., 2007a). Four plasmids
(one of the pLend vectors, pLP1, pLP2, and pLP/VSVG) were transfected
into 293 FT packaging cells, and the viral particles for transfection were pre-
pared according to the manufacturer’s protocol. The 100X concentrated virus
particles were produced after centrifugation of 8,000 g at 4°C for 16 h. Len-
tivirus produced by pLenti-IRES-hrGFP and pLDIBG could be tittered by
GFP expression using flow cytometry. Because the lentivirus vector pLenti-
IRES-hrGFP has the IRES-GFP region, we prepared negative control virus
by pLenti-IRES-hrGFP without construct. Infection efficiency for BMDC
was high with the control vector compared with the INAM-expressing
lentivector (Fig. S6 A).

Real-time PCR. BMDCs were harvested after 4 h of stimulation by 100 ng/ml
LPS, 50 pg/ml polyl:C, 1 pg/ml Pam,CSK, (Pam3), 100 nM mycoplasmal
macrophage-activating lipopeptide-2 (Malp-2), 10 pg/ml CpG, and 2,000
IU/ml IFN-« (Ebihara etal., 2007). Mouse tissues (heart, stomach, small intes-
tine, large intestine, lung, brain, muscle, liver, kidney, thymus, and spleen) were
collected from C37BL/6. Splenocytes were stained with CD3-PE, CD19-
PE, DX5-PE, CD11b-PE, CD11¢-FITC, and PDCA1-PE (eBioscience) and
sorted by FACSAria (BD). Purity was >98% in each population. For RNA
extraction, we used the RINeasy kit (Invitrogen). After removal of genomic
DNA by treatment with DNase, randomly primed ¢cDNA strands were gen-
erated with Moloney mouse leukemia virus reverse transcription (Promega).
RNA expression was quantified by quantitative RT-PCR with gene-
specific primers (IL-15 forward, 5'-TTAACTGAGGCTGGCATTCATG-3';
IL-15 reverse, 5'-ACCTACACTGACACAGCCCAAA-3"; INAM forward,
5'-CAACTGCAATGCCACGCTA-3'; INAM reverse, 5'-TCCAACC-
GAACACCTGAGACT-3'; B-actin forward, 5'-TTTGCAGCTCCTTC-
GTTGC-3'; B-actin reverse, 5'-TCGTCATCCATGGCGAACT-3'; HPRT
forward, 5'-GTTGGATACAGGCCAGACTTTGTTG-3'; and HPRT re-
verse, 5 -GAAGGGTAGGCTGGCCTATAGGCT-3") and values were nor-
malized to the expression of B-actin mRINA or HPRT mRNA.

Other primers for PCR. were designed using Primer Express software
(Applied Biosystems) for another experiment. The following primers
were used for PCR: B-actin forward, 5'-CCTGGCACCCAGCACAAT-3'
and reverse, 5'-GCCGATCCACACGGAGTACT-3’; granzyme B forward,
5'-TCCTGCTACTGCTGACCTTGTC-3’ and reverse, 5'-ATGATCTC-
CCCTGCCTTTGTC-3"; IFN-04 forward, 5'-CTGCTGGCTGTGAG-
GACATACT-3" and reverse, 5'-~AGGCACAGAGGCTGTGTTTCTT-3/;
TRAIL (Tnfsf10) forward, 5'-CTTCACCAACGAGATGAAGCAG-3’
and reverse, 5-TCCGTCTTTGAGAAGCAAGCTA-3’; and I[L-12p40
(1l12b), forward, 5-AATGTCTGCGTGCAAGCTCA-3' and reverse,
5'-ATGCCCACTTGCTGCATGA-3'.

Anti-INAM pAb. C-terminal INAM (cINAM; 191-314 aa) was subcloned
between the Ndel and Sall sites of pColdl vector (Takara Bio Inc.). 6X His-
tagged cINAM protein was expressed in BL21 by manufacturer’s methods. The
cells were sonicated in 20 mM Tris-HC], 150 mM NaCL, 1 mM PMSEand 7 M
Urea, pH 7.4, on ice. Expression products of cINAM were purified using the
HisTrap HP kit (GE Healthcare). The extracted proteins were refolded by step-
wise dialysis against decreasing amounts of urea. Rabbit anti-cINAM polyclonal
Ab was produced with the cINAM proteins by standard protocol. IgG was puri-
fied by precipitation with 33% ammonium sulfate, dialyzed against PBS,

Surface labeling with biotin. Biotinylation of cell surface proteins was per-
formed according to the reported method (Tsuji et al., 2001). In brief, ~108 cells
were suspended in 1 ml Hepes-buffered saline (HBS), pH 8.5, and incubated
with 10 ml of 10 mg/ml NHS-sulfobiotin (Vector Laboratories) for 1 h at room
temperature. Cells were washed in HBS three times and then solubilized with
lysis buffer containing 1% NP-40, pH 7.4. The cell lysate was immunoprecipi-
tated with avidin-labeled Abs as described previously (Tsuji et al., 2001).

Immunoblot analysis. Lysates were harvested 24 h after transfection of
Flag-tagged INAM/pEFBOS into 293FT cells and treated with N-glycosidase F
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(PNGaseF; New England Biolabs, Inc.) by the manufacturer’s method in some
experiments. Protein samples were separated on SDS-PAGE and immunoblot-
ted by anti-Flag M2 Ab (Sigma-Aldrich). In some experiments, we used highly
purified rabbit anti-mouse INAM polyclonal Ab for immunoblotting. The
anti-INAM IgG was further purified with protein A—Sepharose and absorbed
with BL21 bacterial lysate (where the INAM immunogen was produced) that
contained no INAM peptide.

Confocal microscopy. BMDCs and NK cells were infected with control or
INAM-expressing lentivirus as described previously (Akazawa et al., 2007a).
24 h later, cells were fixed with 4% paraformaldehyde for 30 min and permea-
bilized with PBS containing 0.5% saponin for 30 min at room temperature.
Fixed cells were stained with anti-FLAG mAD and Alexa Fluor 568—conjugated
secondary Ab. Stable Ba/F3 transfectants expressing INAM were treated with
Cytofix/Cytoperm (BD) according to the manufacturer. Then cells were
stained with PE-phalloidin and rabbit ant-INAM pAb followed by Alexa
Fluor 488~conjugated secondary Ab. Cells were analyzed on a confocal micro-
scope (LSM. 510 META; Carl Zeiss, Inc.) for the detection of INAM.

BMDC-NK interaction. BMDCs were co-cultured with freshly isolated NK
cells (BMDC/NK = ~1:2-1:5) with or without 10 pg/ml polyl:C for 24 h
(Akazawa et al., 20072). In some experiments, function of BMDCs and NK cells
was modified by lentivirus vector before BMDC/NK co-culture, IRF-37/~
BMDCs were transfected by control lentivirus and INAM-expressing lentivirus
(INAM/pLenti-IRES-hrGFP) and incubated with 6 pg/ml polybrene for 24 h
before co-culture. WT BMDCs were transfected with shRNA-expressing len-
tivirus (shCont/pLDIG or shINAM/pLDIG) and incubated with 6 pg/ml
polybrene for 48 h before co-culture. Freshly isolated NK cells were transfected
with control lentivirus and INAM-expressing lentivirus (INAM/pLenti-IR ES-
hrGFP) and cultured with 6 pg/ml polybrene in the presence of 500 TU/ml
IL-2 for 72 h before co-culture, Activation of NK cells was assessed by concen-
tration of IFN-y (ELISA; GE Healthcare) in the medium and by NK cytotoxic-
ity against B16DD8, Cytotoxicity was determined by standard 51Cr release assay
as described previously (Akazawa et al., 20072).

Ex vivo NK activation. Mice were i.p. injected with 250 pg polyl:C. After
24 h, spleen cells were harvested and then NK cells (DX5* cells) were posi-
tively isolated with the MACS system (Miltenyi Biotec). The DX5" NK cells
were suspended in RPMI1640 with 10% FCS and mixed with 3'Cr-labeled
B16D8 cells at indicated E/T ratios. After 4 h, supernatants were harvested
and %'Cr release was measured. Specific lysis was calculated by (specific re-
lease — spontaneous release)/(max release — spontaneous release). In some
experiments, blood was drawn from the eyes of mice 8 h after polyl:C ad-
ministration for cytokine measurement.

Test for in vivo NK activation in LN. 5 X 10° WT BMDCs incubated
with or without 10 pg/ml polyl:C for 24 h or 5 X 10° IRF-3~/~ BMDCs in-
fected with control virus or INAM-expressing lentivirus and allowed to stand
for 24 h were injected into the footpads of WT C57BL/6 mice. 48 h later,
cells in their inguinal LN were harvested, stained with PE-DX5, and sorted by
FACSAria II. RNA was extracted from the DX5-positive cells with TRIzol.

DC therapy. DC therapy against mice with B16D8 tumor burden was de-
scribed previously (Akazawa et al., 2007a). C57BL/6 mice (1 = 3) were shaved
at the flank and injected s.c. with 6 X 10° syngeneic B16D8 melanoma cells
(indicated as day 0). For DC therapy, BMDCs were prepared by transfecting
control lentivirus or INAM-expressing lentivirus (INAM/pLenti-IRES-
hrGFP) and cultured for 24 h. At the time point indicated in the figures, 106
BMDCs were injected s.c. near the tumor. To deplete NK cells in vivo, mice
were 1.p. injected with hybridoma ascites of anti-NK1.1 mAb (PK136;
Akazawa et al., 2007a). Tumor volumes were measured using a caliper every
1 or 2 d. Tumor volume was calculated using the formula: tumor volume
(cm®) = (long diameter) X (short diameter) X (short diameter) X 0.4.

Statistical analysis. Statistical analyses were made with the Student’s ¢ test.
The p-value of significant differences is reported.
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Online supplemental material. TICAM-1-inducible genes encoding pu-
tative membrane proteins relevant for this study are summarized in Table S1.
Fig. $1 shows KO mice results suggesting that both IPS-1 and TICAM-1
in BMDC participate in polyl: C-driven NK activation. Data presented in
Fig. S2 characterizes the in vivo polyl:C response of INAM in LN cells.
Figs. 53 and S4 demonstrate the properties of surface-expressed INAM ana-
lyzed by immunoprecipitation/blotting and confocal microscopy, respectively.
Fig. S5 mentions the cytokine expression and maturation profiles of INAM-
overexpressing BMDC. Fig. S6 shows the effect of gene silencing of INAM
on the polyl:C-mediated cytokine-inducing profile in BMDC. Two pieces
of data presented in Fig, 7 confirm the presence of the INAM protein in INAM
lentivirus-transduced BMDCs and NK cells. Online supplemental material is
available at http://www.jem.org/cgi/content/full/jem.20091573/DC1.
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DISCORDANT CLINICOPATHOLOGIC
PHENOTYPES IN A JAPANESE KINDRED

OF FATAL FAMILIAL INSOMNIA

The GAC—AAC mutation at codon 178 (D178N)
of prion protein (PrP) gene (PRNP) results in 2 dis-
tinct clinicopathologic phenotypes dependent on
codon 129 polymorphism of the mutant allele: fatal
familial insomnia (FFI) with methionine encoded in
codon 129 and familial Creutzfeldt-Jakob disease
(CJD) with valine.»? However, some D178N pa-
tients who had homozygosity for methionine at

codon 129 (D178N-129MM) were reported re-

Neurology 74 January 5, 2010

cently to have the CJD phenotype.>* The cause for
these clinicopathologic diversities is unclear. We re-
port a Japanese son-mother pair who presented with
FFI and CJD phenotypes.

Case reports. Patient 1 (proband). A 54-year-old
man, born to nonconsanguineous parents, developed
dysphagia and loss of appetite. Later, he showed pe-
culiar movement in sleep, followed by insomnia and
hypersomnolence. Diplopia, intention tremor, ataxic
gait, sleep apnea, fluctuant low-grade fever, tachycar-
dia, hyperhidrosis, constipation, and impotence also

Copyright © by AAN Enterprises, Ino. Unauthorized reprodugction of this article is prohibited,
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{' Figure Histopathologic analysis and Western blot analysis }
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{A-H) Histopathologic findings of patient 1 (A, D, and G} and patient 2 (B, C, E, F, and H); hematoxylin and eosin staining of
the frontal cortex (A and B), immunohistochemistry using anti-prion antibody (3F4; Signet Laboratories, Dedham, MA)} of the
frontal cortex (C) and thalamus {F), Kitiver-Barrera staining of the thalamus (D and E) and inferior olivary nucleus (G and H).
No spongiform changes were detected in the frontal cortex of patient 1 (or at best partial changes; not shown). In compari-
son, severe and fine spongiform changes and neuronal loss were detected in patient 2. Patient 1 showed severe neuronal
loss and gliosis in the thalamus (D) and inferior olivary nucleus (G). In contrast, patient 2 showed neuronal loss and gliosis,
which were mild in the thalamus (E} and moderate in the inferior olivary nucleus {H). Immunohistochemistry in patient 2
showed punctate and coarse granular deposits of pathologic prion protein (PrP®<) (C) and of the thalamus {F). There also was
perivacuolar staining of PrPSe in places of the cerebral cortex. Coarse granular deposits of PrPS® in the thalamus were more
prominent than that of the cerebral cortex in patient 2. However, immunohistochemistry did not show any PrP® deposit
throughout the brain in patient 1 (not shown). PrP¢ plaques were not found in either patient. Bar = 50 um (A, B, D, E, G, and
H), 20 pm (C and F). (I) Western blot analysis of patient 1, patient 2, and 2 sporadic Creutzfeldt-Jakob disease (sCJD)
patients as disease control was performed with 3F4. Samples of the left two lanes, sCJD-MM1 and sCJD-MM2, were
extracted from the sCJD patients who were homozygous for methionine at codon 129 and the types of PrPSc were type 1
and type 2. The applied amount of frontal cortex tissue was 1.667 mg wet weight in patient 1 and 0.025 mg wet weight in
patient 2. Note that both patients 1 and 2 had type 2 PrPS® as sCJD-MM2. The smallest fragment of PrP®¢, which repre-
sents unglycosylated fragment, is weaker than the other 2 fragments in both patients. The PrPS¢ glycoform ratio, quanti-
fied with Quantity One software using an imaging device, Vasa Doc 5000 (BioRad Laboratories), clarifies that the
glycosylation pattern of patient 1 and patient 2 is different from that of sCJD-MM1 and sCJD-MM2. Note the strong band
of PrP®¢ in patient 2 although a smaller amount of brain tissue was applied than that of patient 1.
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followed. He was admitted to hospital 7 months after
the onset of symptoms.

Neurologic examination showed mild memory
disturbance, cerebellar ataxia, myoclonus, brisk deep
tendon reflexes, sleep apnea, and dysautonomia. He
did not show akinetic mutism. He moved continu-
ously during sleep. EEG showed no periodic syn-
chronous discharge (PSD), and polysomnography
showed loss of deep sleep and marked reduction of
REM sleep. Brain MRI showed only mild atrophy.
In the cerebral cortex and thalamus, hypoperfusion
and hypometabolism were detected by SPECT with
99mTe.ECD and PET with *F-2-fluorodeoxy-D-
glucose. He died 13 months after the onset of symp-
toms. PRNP analysis, with informed consent, on
leukocyte DNA showed D178N-129MM. Histologic
examination showed spongiform changes limited to the
cingulate gyrus and subiculum, and severe neuronal loss
and fibrillary gliosis in the centromedian and dorsome-
dial nucleus of the thalamus and in the inferior olivary
nucleus (figure, A, D, and G). Immunohistochemical
analysis showed no pathologic PP (PrP*¢) deposition in
the cerebral cortex, thalamus, or inferior olivary nu-
cleus, Western blot analysis (WB) showed very small
amount of type 2 PrP*° and the same glycosylation pat-
tern of PrP%° as FFI (figure, I).5

Patient 2 (mother). A 60-year-old woman showed
rapidly progressive dementia. She became mute 5
months later. Neurologic examination showed rigid-
ity and brisk deep tendon reflexes, but no ataxia.
EEG showed no PSD. She developed akinetic mut-
ism and died in 1987, 14 months after the onset of
symptoms. Histopathologic examination showed
spongiform changes throughout the cerebral cortex,
and mild neuronal loss and fibrillary gliosis in the
dorsomedial nucleus of the thalamus and moderate
neuronal loss in the inferior olivary nucleus (figure,
B, E, and H). Immunohistochemical analysis of
PrP¢ visualized punctate and coarse granular depos-
its throughout the cerebral cortex (figure, C), and
coarse granular deposits in thalamus (figure, F). Al-
though the clinical course and histopathologic find-
ings of patient 2 were compatible with CJD
phenotype, the type and glycosylation pattern, in-
cluding glycoform ratio, of PrP* analyzed by WB
were the same as patient 1, who presented as typical
FFI (figure, I). However, 2 larger amount of PrPSe
was detected than that of patient 1. PRNP analysis on
preserved frozen brain tissue, performed with in-
formed consent, revealed exactly the same as patient

1, D178N-129MM.

Discussion. A few reports describe the CJD pheno-
type in a genetically confirmed D178N-129MM
kindred,>* although one kindred showed both FFI and
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CJD phenotypes within the same family.> Thart kindred
and ours indicate that certain factors other than codon
129 polymorphism in the normal allele determine the
clinicopathologic phenotype of D178N-129MM.

Our WB suggests the causes of this clinicopatho-
logic diversity. The detection of the larger amount of
PrP5¢ in patient 2 than in patient 1 may indicate that
the amount of PrP° is related to the clinicopatho-
logic D178N-129MM phenotype. However, the
mechanism by which there is an increased amount of
PrP*® in this kindred is unknown. In addition, that
both patients have the same type 2 PrP*® indicates
that the type of PrP5® may not be related to the
D178N-129MM phenotype, unlike sporadic CJD.¢
Finally, the result that the both patients have the
same glycosylation pattern of PrP*, including glyco-
form ratio, also indicates that the D178N-129MM
phenotype may not be influenced by glycosylation
pattern. However, because the glycosylation pattern
reflects both the degree of glycosylation and location
at which the PrP is cleaved by protease, careful inves-
tigation of the glycosylation of PrP is necessary to
interpret the clinicopathologic diversity of this
D178N-129MM kindred.

The majority of D178N-129 M kindred follows
the genetic pattern? however, there are a few
D178N-129MM kindred who presented with both
FFI and CJD phenotypes. Therefore, our kindred
may be an exception, suggesting the importance of
WB to investigate this rare syndrome.
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Abstract Neural stem cells (NSC) with self-renewal and
multipotent properties serve as an ideal cell source for
transplantation to treat spinal cord injury, stroke, and
neurodegenerative diseases. To efficiently induce neuronal
lineage cells from NSC for neuron replacement therapy, we
should clarify the intrinsic genetic programs involved in a
time- and place-specific regulation of human NSC differ-
entiation. Recently, we established an immortalized human
NSC clone HB1.F3 to provide an unlimited NSC source
applicable to genetic manipulation for cell-based therapy.
To investigate a role of neurogenin 1 (Ngnl), a proneural
basic helix-loop-helix (bHILH) transcription factor, in
human NSC differentiation, we established a clone derived
from F3 stably overexpressing Ngnl. Genome-wide gene
expression profiling identified 250 upregulated genes and
338 downregulated genes in Ngnl-overexpressing F3 cells
(F3-Ngnl) versus wild-type F3 cells (F3-WT). Notably,
leucine-rich repeat-containing G protein-coupled receptor
5 (LGRS5), a novel stem cell marker, showed an 167-fold
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increase in F3-Ngnl, although transient overexpression of
Ngnl did not induce upregulation of LGRS, suggesting that
LGRS is not a direct transcriptional target of Ngnl. Key-
Molnet, a bioinformatics tool for analyzing molecular
relations on a comprehensive knowledgebase, suggests that
the molecular network of differentially expressed genes
involves the complex interaction of networks regulated by
multiple transcription factors. Gene ontology (GO) terms
of development and morphogenesis are enriched in
upregulated genes, while those of extracellular matrix and
adhesion are enriched in downregulated genes. These
results suggest that stable expression of a single gene Ngnl
in F3 cells induces not simply neurogenic but multifunc-
tional changes that potentially affect the differentiation of
human NSC via a reorganization of complex gene regula-
tory networks.

Keywords HB1.F3 - KeyMolnet - LGRS - Microarray -
Neural stem cells - Neurogenin 1

Abbreviations
bHLH Basic helix-loop-helix

CNS Central nervous system

DAVID Database for annotation visualization and
integrated discovery

DEG Differentially expressed genes

FBS Fetal bovine serum

GAS2 Growth arrest-specific 2

GO Gene ontology

HAS2 Hyaluronan synthase 2

LGRS Leucine-rich repeat-containing G protein-
coupled receptor 5

MMP9 Matrix metallopeptidase 9

Ngnl Neurogenin 1
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NPC Neural progenitor cells

NSC Neural stem cells

ORF Open-reading frame

RMA Robust multiarray average

RT-PCR Reverse transcription-polymerase chain
reaction

SHH Sonic hedgehog homolog

Wnt Wingless-type MMTYV integration site family

Introduction

Neural stem cells (NSC) with self-renewal and multipotent
properties serve as an ideal cell source for transplantation
to treat spinal cord injury, stroke, and neurodegenerative
diseases (Kim 2004; Kim and de Vellis 2009). To effi-
ciently induce neuronal lineage cells from NSC for neuron
replacement therapy, we should clarify the intrinsic genetic
programs involved in a time- and place-specific regulation
of human NSC differentiation. Previously, we found that
primary cultures of human neural progenitor cells (NPC)
exhibit an intrinsic capacity to differentiate into astrocytes
in response to bone morphogenic protein 4 (BMP4)
included in the serum (Obayashi et al. 2009). This might be
a major hindrance against the proper commitment to neu-
ronal linage cells following transplantation of NSC in vivo.
Recently, we established an immortalized human NSC
clone HB1.F3 by retroviral vector-mediated v-myc gene
transfer into fetal human telencephalon cell cultures (Kim
2004). HB1.F3 cells could provide an unlimited NSC
source applicable to genetic manipulation ex vivo for cell-
based therapy. Actually, F3 cells stably expressing thera-
peutic genes migrate and integrate into target brain tissues
upon transplantation in animal models of Parkinson dis-
ease, Huntington disease, and amyotrophic lateral sclerosis,
and they differentiate into neurons, followed by an
enhanced functional recovery (Kim et al. 2006; Kim and de
Vellis 2009).

Neurogenin-1 (NEUROG1, Ngnl) is a member of pro-
neural basic helix-loop-helix (bHLH) transcription factors
that promote neurogenesis by activating a battery of target
genes, including the NeuroD family of bHLH transcription
factors (Morrison 2001). During embryogenesis, Ngnl is
expressed in NPC distributed in dorsal root ganglia (DRG),
dorsal and veniral regions of the neural tube, dorsal tel-
encephalon, and specific regions within the midbrain and
hindbrain (Sommer et al. 1996). Although there exists a
functional redundancy among Ngnl, Ngn2, and Ngn3,
Ngnl-deficient mice failed to generate a TrkA™ subset of
cervical DRG neurons (Ma et al. 1999). Overexpression of
Ngn1 induces neurite outgrowth in F11 rat DRG and mouse
neuroblastoma hybrid cells (Kim et al. 2002). Stable
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expression of Ngnl induces neuronal differentiation of
pluripotent mouse embryonal carcinoma P19 cells (Kim
et al. 2004). Ngnl inhibits differentiation of rat NSC into
astrocytes by sequestering a transcriptional coactivator
complex composed of CBP and SMADI1 and blocking
activation of STAT transcription factors (Sun et al. 2001).
In the present study, to investigate the role of Ngnl in
human NSC differentiation, we established a clonal cell
line stably overexpressing Ngnl by retroviral vector-med-
iated gene transfer into HB1.F3 cells. Then, we studied
genome-wide gene expression profiles of Ngnl-over-
expressing F3 cells (F3-Ngn1) and wild-type F3 cells (F3-
WT) by using whole genome DNA microarrays. As a
result, we unexpectedly found that stable expression of a
single gene Ngnl in F3 cells induced a robust upregulation
of leucine-rich repeat-containing G protein-coupled
receptor 5 (LGRS), a recently identified marker for intes-
tine and hair follicle stem cells (Barker et al. 2007; Jaks
et al. 2008; Sato et al. 2009). Our results suggested that
stable expression of Ngnl in human NSC cells induces not
only simply neurogenic but also multifunctional changes
that potentially affect the differentiation of NSC via a
reorganization of complex gene regulatory networks.

Methods

Human Neural Stem Cell Clone HB1.F3
and Its Derivative HB1.F3-Ngnl

Primary cultures of fetal human telencephalon cells were
transformed with a retroviral vector pLSNmyc carrying the
v-myc oncogene and the neomycin resistance gene. Fol-
lowing selection with G418, a single continuously dividing
clone with a capacity to self-renew and differentiate into
neurons and glial cells both in vitro and in vive was isolated
and designated HB1.F3 (Kim 2004). It carried normal human
karyotype of 46 XX. After transducing a retroviral vector
pBabePNgnl carrying the open-reading frame (ORF) of the
human Ngnl gene and the puromycin resistance gene into
HB1.F3 cells, a single puromycin-resistant clone was
selected, expanded, and designated HB1.F3-Ngnl. In the
present study, the wild-type HB1.F3 cells and the HB1.F3-
Ngnl cells are abbreviated as F3-WT and F3-Ngnl. They
were incubated in the feeding medium composed of Dul-
becco’s modified Eagle’s medium (DMEM) (Invitrogen,
Carlsbad, CA, USA) supplemented with 10% fetal bovine
serum (FBS), 100 U/ml penicillin and 100 pg/ml strepto-
mycin. The medium was renewed every 3 days.

Microasray Analysis

Total RNA was isolated from subconfluent cells by using
the TRIZOL Plus RNA Purification kit (Invitrogen). The
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quality of total RNA was evaluated on Agilent 2100 Bio-
analyzer (Agilent Technologies, Palo Alto, CA, USA). One
hundred nanograms of total RNA was processed for cRNA
synthesis, fragmentation, and terminal labeling with the
GeneChip Whole Transcript Sense Target Labeling and
Control Reagents (Affymetrix, Santa Clara, CA, USA).
Then, it was processed for hybridization at 45°C for 17 h
with Human Gene 1.0 ST Asray (Affymetrix) containing
28,869 genes with approximately 26 probes per each gene
that spread across the full length of the gene. The arrays
were washed in the GeneChip Fluidic Station 450 (Af-
fymetrix), and scanned by the GeneChip Scanner 3000 7G
(Affymetrix). The data expressed as CEL files were nor-
malized by the robust multiarray average (RMA) method
with the Expression Console software version 1.1 (Af-
fymetrix). By comparing the signal intensity levels
between F3-WT and F3-Ngnl, the genes exhibiting either
greater than twofold upregulation or smaller than 0.5-fold
downregulation are considered as differentially expressed
genes (DEG). To perform unsupervised clustering analysis
of gene expression profiles, the CEL file-based data were
imported to GeneSpring GX10 (Agilent).

Molecular Network Analysis

KeyMolnet is a comprehensive knowledgebase, originally
established by the Institute of Medicinal Molecular Design
(IMMD), Tokyo, Japan (Sato et al. 2005). It contains
numerous contents of human genes, molecules and
molecular relations, diseases, pathways, and drugs, all of
which are manually collected, carefully curated, and reg-
ularly updated by expert biologists. The database is cate-
gorized into the core contents collected from selected
review articles with the highest reliability or the secondary
contents extracted from abstracts of PubMed database and
Human Protein Reference database (HPRD). By importing
the list of Entrez Gene ID and signal intensity data, Key-
Molnet automatically provides corresponding molecules as
a node on networks. Among various network-searching
algorithms, the “N-points to N-points” search extracts the
molecular network with the shortest route connecting the
starting point molecules and the end point molecules. The
generated network was compared side by side with 403
human canonical pathways of the KeyMolnet library. The
algorithm counting the number of overlapping molecular
relations between the extracted network and the canonical
pathway makes it possible to identify the canonical path-
way showing the most significant contribution to the
extracted network. The significance in the similarity
between both is scored following the formula, where
O = the number of overlapping molecular relations
between the extracted network and the canonical pathway,
V = the number of molecular relations located in the

extracted network, C = the number of molecular relations
located in the canonical pathway, T = the number of
total molecular relations composed of approximately
110,000 sets, and the X = the sigma variable that defines
coincidence. ‘
Min(C,V)
Score = —log,(Score (p)) Score(p) = Z fx)
x=0

f(x) = ¢Cs 'r—c Cy—x/ Cy

Gene Annotation Analysis

Functional annotation of differentially expressed genes was
searched by the web-accessible program named Database
for Annotation, Visualization, and Integrated Discovery
(DAVID) version 2008, National Institute of Allergy and
Infectious Diseases (NIAID), NIH (david.abce.ncifcrf.gov)
(Huang da et al. 2009). It covers more than 40 annotation
categories, including Gene ontology (GO) terms, protein—
protein interactions, protein functional domains, disease
associations, biological pathways, sequence general fea-
tures, homologies, gene functional summaries, and tissue
expressions. By importing the list of Entrez Gene ID, this
program creates the functional annotation chart, an anno-
tation-term-focused view that lists annotation terms and
their associated genes under study. To avoid excessive
counting of duplicated genes, the Fisher Exact statistics is
calculated based on corresponding DAVID gene IDs by
which all redundancies in original IDs are removed.

Real-Time RT-PCR Analysis

DNase-treated total cellular RNA was processed for cDNA
synthesis using oligo(dT);, ;g primers and SuperScript I
reverse transcriptase (Invitrogen). Then, cDNA was
amplified by PCR in LightCycler ST300 (Roche Diag-
nostics, Tokyo, Japan) using SYBR Green I and primer sets
listed in Table 1. The expression levels of target genes
were standardized against those of the glyceraldehyde-3-
phosphate dehydrogenase (G3PDH) gene detected in par-
allel in identical ¢cDNA samples. All the assays were
performed in triplicate.

In some experiments, the ORF of Ngnl was amplified
by PCR using PfuTurbo DNA polymerase (Stratagene, La
Jolla, CA, USA) and primer sets listed in Table 1. It was
then cloned into the mammalian expression vector
P3XFLAG-CMV7.1 (Sigma, St. Louis, MO, USA) to
express a fusion protein with an N-terminal Flag tag. At
48 h after transfection of the vector in F3-WT cells by
Lipofectamine 2000 reagent (Invitrogen), the cells were
processed for real-time RT-PCR analysis of LGRS and
Western blot analysis of a Flag-fusion protein with anti-
Flag M2 antibody (Sigma).
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Table 1 Primers for RT-PCR and cloning utilized in the present study

Genes GenBank accession no. Sense primers Antisense primers

NES NM_006617 5'ctgetcaggageageactcitaac3’ S'cttagcctatgagatggageagge3’
LGRS NM_003667 S'aacagtcctgtgacicaacicaag3’ S'ttagagacatgggacaaatgccac3’
GAS2 NM_005256 5'acaaacatgtcatggtccgtgteg3d’ S'aactggcagagaccaccaagtagt3’
HAS2 NM_005328 5'gccagetgecttagaggaaatatc3’ Satggttttcettectgatgtgece3’

MMP9 NM_004994 5'tettccagtaccgagagaaageet3’ 5'ctgcaggatgtcataggtcacgta3d’
NEUROGI1 NM_006161 S'ttcctcaccgacgaggaagactgtd’ S'tcaagttgtgcatgeggtigeget3’
NEUROG! for cloning NM_006161 5’cggaaticcccageccegecttgagaccetge3’ 5'cgggatcccgetagtggtaaggaatgasac3’
G3PDH NM_002046 S'ccatgttcgtcatgggtgtgaacca3’ 5’'gccagtagaggeagggatgatgtic3’

NES Nestin, LGRS leucine-rich repeat-containing G protein-coupled receptor 5, GAS2 growth arrest-specific 2, HAS2 hyaluronan synthase 2,
MMP9 matrix metallopeptidase 9, NEUROGI neurogenin 1, and G3PDH glyceraldehyde-3-phosphate dehydrogenase

Western Blot Analysis

To prepare total protein extract, the cells were homoge-
nized in RIPA buffer containing a cocktail of protease
inhibitors (Sigma). After separation on a 12% SDS-PAGE
gel, the protein was transferred onto a nitrocellulose
membrane, and the blot was incubated with rabbit poly-
clonal anti-LGR5 antibody (AP2745d) (ABGENT, Flan-
ders Court, San Diego, CA, USA). Then, it was labeled
with HRP-conjugated anti-rabbit IgG (Santa Cruz Bio-
technology, Santa Cruz, CA, USA). The specific reaction
was visualized by exposing of the blot to a chemilumi-
nescence substrate (Pierce, Rockford, IL, USA). After the
antibodies were stripped by incubating the membrane at
50°C for 30 min in stripping buffer, composed of 62.5 mM
Tris-HCI, pH 6.7, 2% SDS, and 100 mM 2-mercap-
toethanol, it was processed for relabeling with anti-Hsp60
antibody (N-20; Santa Cruz Biotechnology), an internal
control for protein loading.

Results
Overexpression of Neurogenin 1 in F3-Ngnl Cells

‘When incubated in the feeding medium, both F3-WT and
F3-Ngnl cells proliferated continuously with a doubling
time ranging from 3 to 7 days. Although they were mor-
phologically different, i.e. F3-WT exhibited a fusiform
morphology, while F3-Ngnl exhibited a cuboidal appear-
ance (Fig. 1A, panels a and b), both of them expressed
nestin but did not form a neurosphere when cultured in the
feeding medium. The levels of expression of nestin mRNA
were higher in F3-Ngnl than F3-WT (Fig. 1B, panel a,
lanes 1 and 2). Importantly, only F3-Ngnl expressed Ngnl
mRNA (Fig. 1B, panel b, lanes 1 and 2).

We conducted genome-wide gene expression profiling
of F3-WT and F3-Ngn1 by using two sets of Human Gene
1.0 ST Array for each, followed by two comparisons
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composed of F3-WT array-1 (WT-1) versus F3-Ngnl
array-1 (NGN-1) and F3-WT array-2 (WT-2) versus F3-
Ngnl array-2 (NGN-2). Unsupervised clustering analysis
of these data clearly separated the cluster of F3-Ngnl from
that of F3-WT, based on gene expression profiles of 59
genes differentially expressed between both cell types
(Fig. 2). The gene expression profile of WT-1 was similar
to that of WT-2, while the gene expression profiles of
NGN-1 and NGN-2 were almost identical, supporting the
reproducibility among the results of repeated microarray
analysis (Fig. 2). The analysis of individual probe data
identified significant upregulation of Ngnl ORF expression

(A) (B)
: : (a) NES

- (b) NEUROGI
(¢) LGRS
(d) Gas2
(e) HAS2

£y Mnvp9

LMEA ==
UBN-€ B

Fig. 1 Characterization of phenotypes of F3-WT and F3-Ngnl cells.
A Phase contrast photomicrograph. Both F3-WT cells (panel @) and
F3-Ngnl cells (panel b) were incubated in the feeding medium at a
subconfluent density. B RT-PCR analysis. cDNA prepared from F3-
WT cells (lane 1) and F3-Ngnl1 cells (lane 2) was amplified by PCR
for 30 cycles using primer sets listed in Table 1. The panels (a—f)
represent (a) nestin (NES), (b) neuwrogenin 1 (NEUROG1), (c)
leucine-rich repeat-containing G protein-coupled receptor 5 (LGRS5),
(d) growth arrest-specific 2 (GAS2), (e¢) hyaluronan synthase 2
(HAS2), and (f) matrix metallopeptidase 9 (MMP9)
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Fig. 2 Clustering analysis of gene expression profiles of F3-WT and
F3-Ngnl cells. Genome-wide gene expression profiling of F3-WT and
F3-Ngnl was performed by using two sets of Human Gene 1.0 ST
Array for each, followed by two comparisons composed of WT array-
1 (WT1) versus Ngnl array-1 (NGN1) and WT array-2 (WT2) versus
Ngnl array-2 (NGN2). The microarray data are processed for
unsupervised clustering analysis on GeneSpring GX10. A set of 59
differentially expressed genes between both cell types separated the
cluster of F3-Ngnl from that of F3-WT. The heat map represents
upregulated genes (orange) and downregulated genes (blue)

in F3-Ngnl cells (Supplementary Fig. 1). However, the
Affymetrix GeneChip Command Console (AGCC) algo-
rithm that calculates the cumulative gene expression levels
excluded Ngnl from the group of upregulated genes in F3-
Ngnl owing to low baseline expression of Ngn1 in the set
of probes distributed outside its ORF on Human Gene 1.0
ST Array.

Microarray Analysis Identifies a Robust Induction
of LGRS in F3-Ngnl Cells

Microarray analysis identified total 588 differentially
expressed genes (DEG), composed of 250 upregulated
genes and 338 downregulated genes in F3-Ngn1 versus F3-
WT (see Supplementary Tables 1 and 2 for the complete
lists). Top 20 upregulated genes are shown in Table 2.
Notably, LGRS, a novel stem cell marker (Barker et al.
2007; Jaks et al. 2008; Sato et al. 2009), showed an 167-
fold increase in F3-Ngnl (Table 2; Fig. 3).

In view of cell type-specific markers for NSC, neurons,
and glial cells, nestin (NES) exhibited a 3.1-fold increase in
F3-Ngnl (Supplementary Table 1; Fig. 3), consistent with
RT-PCR results (Fig. 1B, panel a, lanes 1 and 2). However,
the expression of other NSC-specific markers, such as
musashi homolog 1 (MSI1) and ATP-binding cassette sub-
family G member 2 (ABCG2), was not elevated in F3-
Ngnl (Fig. 3). Although neurofilament medium polypep-
tide (NEFM) showed a 2.1-fold increase, the expression of
other neuron-specific markers, such as nevrofilament heavy
polypeptide (NEFH), enolase 2 (ENO2), and tubulin beta 3
(TUBB3), was not substantially upregulated in F3-Ngnl
(Fig. 3). The expression of astroglial (GFAP), oligoden-
droglial (MBP, MOG, and CNP), and microglial (CD68)
markers remained unaltered (Fig. 3). Furthermore, NEU-
ROD1, a putative Ngn-1 target gene,”'® was not upregu-
lated in F3-Ngnl (Fig. 3).

Top 20 downregulated genes are shown in Table 3. It is
worthy to note that the great majority of top 20 downreg-
ulated genes are categorized as exiracellular matrix-asso-
ciated proteins.

RT-PCR and Western Blot Analysis Validated
the Results of Microarray Analysis

Both the conventional RT-PCR and real-time RT-PCR
analysis validated marked upregulation of LGRS and
GAS2, and remarkable downregulation of HAS2 and
MMP9 in F3-Ngnl (Fig. 1B, panels c-f, lanes 1 and 2;
Fig. 4, panels a—d). Western blot analysis verified LGRS
protein expression exclusively in F3-Ngnl (Fig. 4, panel ¢,
lane 2).

To address the question whether LGRS is a direct target
for Ngnl, an expression vector of either Ngnl or green
fluorescent protein (GFP) was transfected in F3-WT cells
(Fig. 5a, upper panel, lanes 1 and 2). At 48 h after trans-
fection, the cells were processed for real-time RT-PCR
analysis. Transient overexpression of Ngnl did not induce
LGRS expression in F3-WT, suggesting that LGRS is not a
direct transcriptional target of Ngnl (Fig. 5b).

An Involvement of the Complex Interaction
of Networks Regulated by Multiple Transcription
Factors in Development of F3-Ngn1 Cells

To clarify the molecular network of the genes differentially
expressed between F3-WT and F3-Ngnl, we imported
microarray data into KeyMolnet, a bicinformatics tool for
analyzing molecular relations on a comprehensive knowl-
edgebase. When Entrez Gene ID and expression levels of
588 DEG were imported, KeyMolnet recognized a set of 51
non-annotated genes to be removed. Then, it extracted 787
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Table 2 Top 20 upregulated genes in F3 cells following stable expression of neurogenin 1

No. Gene Fold Entrez  Gene name Putative function
symbol change gene ID
1 LGRS 166.623 8549 Leucine-rich repeat-containing An orphan G protein-coupled receptor of the glycoprotein
G protein-coupled receptor 5 hormone receptor subfamily
2 GAS2 32.861 2620 Growth amrest-specific 2 A caspase-3 substrate that plays a role in regulating cell shape
changes during apoptosis
3  FABP3 32739 2170 Fatty acid-binding protein 3, muscle A protein involved in intracellular metabolism of long-chain fatty
and heart (mammary-derived growth  acids and modulation of cell growth and proliferation
inhibitor)
4  TMEFF2 28.233 23671 Transmembrane protein with EGF-like A secreted protein with a EGF-like domain that promotes survival
and two follistatin-like domains 2 of hippocampal and mesencephalic neurons
5 LRRN3 24.284 54674 Leucine-rich repeat neuronal 3 An integral membrane protein of unknown function
6 SCG2 13.841 7837 Secretogranin II (chromogranin C) A secretory protein involved in regulation of neurogenesis and
angiogenesis
7  MFAP4 13.429 4239 Microfibrillar-associated protein 4 An extracellular matrix protein binding to both collagen and
carbohydrate involved in cell adhesion
8  HISTIH4F 11.875 §361 H4 histone, family 2 A member of the histone H4 family that constitutes the
nucleosome structure
9 TACR1 11.35 6869 Tachykinin receptor 1 A peurokinin receptor selective for substance P
10 COL3A1 10.828 1281 Collagen, type III, alpha 1 The pro-alpha 1 chains of type III collagen that constitutes a
major component of the extracellular matrix
11 SDPR 9975 8436 Serum deprivation response A calcium-independent phospholipid-binding protein that serves
(phosphatidylserine-binding protein)  as a substrate of protein kinase C
12 T™MTC2 9.744 160335 Transmembrane and tetratricopeptide  An integral membrane protein of unknown function
repeat containing 2
13 FGF9 9.38 2254 Fibroblast growth factor 9 A member of the FGF family whose expression is dependent
(glia-activating factor) on Sonic hedgehog signaling
i4  ASS1 8.813 445 Argininosuccinate synthetase 1 - The enzyme that catalyzes the penultimate step of the arginine
biosynthetic pathway
15 8100A4 8.555 6275 $100 calcium binding protein A4 A member of the $100 family of proteins involved in motility,
invasion, and tubulin polymerization
16 LIX1 799 167410 Lixl homolog (chicken) A protein involved in RNA metabolism that has an essential
function for motor neuron survival
17 FAMG65B 7974 9750 Family with sequence similarity 65, a protein involved in myogenic cell differentiation
member B
18 NOG 7.65 9241 Noggin A secreted protein that plays a principal role in creating
morphogenic gradients by antagonizing bone morphogenetic
proteins
19  Clorfll5 7.571 79762 Chromosome 1 open reading frame 115 An integral membrane protein of unknown function

20 CYSLTR2 723 57105 Cysteinyl leukotriene receptor 2

A G protein-coupled receptor for cysteinyl leukotrienes

Genome-wide gene expression profiling of F3-WT and F3-Ngnl was performed by using two sets of Human Gene 1.0 ST Array for each,
followed by two comparisons composed of WT array-1 (F3-WT-1) versus Ngnl array-1 (F3-Ngnl-1) and WT array-2 (F3-WT-2) versus Ngnl
array-2 (F3-Ngn1-2). Top 20 upregulated genes in F3-Ngn1 cells are shown with fold change derived from the comparison between F3-WT-2

and F3-Ngn1-2

genes directly linked to the 537 genes. Subsequently, we
performed the “N-points to N-points” search by starting
from Ngnl and ending with the set of 787 genes via the
shortest route connecting starting and ending points. It
generated a highly complex molecular network composed of
1,816 fundamental nodes and 7,238 molecular relations
(Fig. 6). When the network was referred to the canonical
pathways of the KeyMolnet library, the generated network
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has the most significant relationship with transcriptional
regulation by nuclear factor kappa-B (NF-xB) with the score
of 59.9 and score (p) = 9.467E—019. This was followed by
transcriptional regulation by cyclic AMP-response element-
binding protein (CREB) in the second rank with the score of
52.3 and score (p) = 1.771E—016, transcriptional regula-
tion by vitamin D receptor (VDR) in the third rank with the
score of 45.8 and score (p) = 1.582E—014, transcriptional
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Fig. 3 Gene expression profiles of NSC, neuronal and glial markers.
Genome-wide gene expression profiling of F3-WT and F3-Ngnl was
performed by using two sets of Human Gene 1.0 ST Array for each,
followed by two comparisons composed of WT array-1 (F3-WT-1;
the first column) versus Ngnl array-1 (F3-Ngnl-1; the second
column) and WT array-2 (F3-WT-2; the third column) versus Ngnl
array-2 (F3-Ngnl-2; the fourth column). Signal intensities of NSC,
neurcnal and glial marker genes are expressed as log 2 after
normalization. NES nestin, MSI] musashi homolog 1, ABCG2 ATP-
binding cassette, subfamily G member 2, LGRS leucine-rich repeat-
containing G protein-coupled receptor 5, GFAP glial fibrillary acidic

regulation by hypoxia-inducible factor (HIF) in the fourth
rank with the score of 35.7 and score (p) = 1.781E—011,
transcriptional regulation by glucocorticoid receptor (GR) in
the fifth rank with the score of 31.0 and score
(p) = 4.779E—010, and the complement activation path-
way in the sixth rank with the score of 20.5 and score
(p) = 6.589E—007. Thus, the molecular network of the
genes differentially expressed between F3-WT and F3-Ngn1
involves the complex interaction of networks regulated by
multiple transcription factors.

Gene Annotation Analysis Suggested Multifunctional
Changes in F3-Ngnl Cells

We studied functional annotation terms overrepresented in
588 DEG by using the web-accessible program named
DAVID. By importing the list of Entrez Gene ID, DAVID
identified top 20 enriched gene ontology (GO) terms in the
list of 250 upregulated genes, most of which are related to
development and morphogenesis (Table 4). In contrast, top
20 enriched GO terms in the list of 338 downregulated
genes were chiefly composed of the molecules closely
associated with extracellular matrix and adhesion
(Table 4). Thus, gene annotation analysis suggested that
stable expression of a single gene Ngnl in F3 cells induces
multifunctional changes that potentially affect the differ-
entiation of human NSC.

LAOUNIN =,

protein, MBP myelin basic protein, MOG myelin oligodendrocyte
glycoprotein, CNP, 2'3'-cyclic nucleotide 3’ phosphodiesterase,
CSPG4 chondroitin sulfate proteoglycan 4 (NG2), NEFH neurofila-
ment heavy polypeptide, NEFM neurofilament medinm polypeptide,
NEFL neurofilament light polypeptide, ENO2 enolase 2 (NSE),
TUBB3 tubulin beta 3, GAPDH glyceraldehyde-3-phosphate dehy-
drogenase (G3PDH), NEUROG! neurogenin 1, BMP4 bone morpho-
genic protein 4, NOTCHI notch homolog 1, SHH sonic hedgehog
homolog, WNT! wingless-type MMTV integration site family
member 1, and NEURODI neurogenic differentiation 1. A robust
upregulation of LGRS is evident in both F3-Ngnl-1 and F3-Ngnl-2

Discussion

Recently, we established an immortalized human NSC
clone named HB1.F3, which could serve as an unlimited
source for cell replacement therapy of various neurclogical
diseases (Kim 2004; Kim and de Vellis 2009). Ngnl is a
proneural bHLH transcription factor that promotes neuro-
nal differentiation but inhibits glial differentiation of rodent
NSC and NPC (Morrison 2001; Sun et al. 2001). In the
present study, to investigate a role of Ngnl in human NSC
differentiation, we established a clone derived from F3
stably overexpressing Ngnl. Genome-wide gene expres-
sion profiling identified 250 upregulated genes and 338
downregulated genes in F3-Ngnl versus F3-WT cells.
Notably, the expression of LGRS, a recently identified
marker for intestine and hair follicle stem cells (Barker
et al. 2007; Jaks et al. 2008; Sato et al. 2009), was greatly
elevated in F3-Ngnl cells at both mRNA and protein
levels. However, transient overexpression of Ngnl did not
induce upregulation of LGR5 in F3-WT cells, suggesting
that LGRS is not a direct transcriptional target of Ngnl.
KeyMolnet, a bioinformatics tool for analyzing molecular
relations on a comprehensive knowledgebase, indicated
that the molecular network of differentially expressed
genes involves the complex interaction of networks regu-
lated by multiple transcription factors, such as NF-«B,
CREB, VDR, HIF, and GR. Gene annotation analysis
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Table 3 Top 20 downregulated genes in F3 cells following stable expression of neurogenin 1

No. Gene Fold Entrez Gene name Putative function
symbol  change gene ID
1 HAS2 0.024 3037 Hyaluronan synthase 2 The enzyme involved in synthesis and transport of hyaluronic
acid
2  MMP9  0.044 4318 Matrix metallopeptidase 9 (gelatinase B, The enzyme that degrades type IV and V collagens involved in
92 kDa gelatinase, 92 kDa type IV embryonic development and tissue remodeling
collagenase)
3 C3 0.05 718 Complement component 3 A protein that plays a central role in the activation of
complement system
4 LCP1 0.05 3936 Lymphocyte cytosolic protein 1 An actin-binding protein that plays a role in cell adhesion-
(L-plastin) dependent signaling
5 PAPPA  0.068 5069 Pregnancy-associated plasma protein A, A secreted metalloproteinase which cleaves insulin-like growth
pappalysin 1 factor binding proteins
6 DSP 0.072 1832 Desmoplakin A component of functional desmosomes that anchors
intermediate filaments to desmosomal plaques
7 SPOCK1 0.075 6695 Sparc/osteonectin, cwev and kazal-like A chondroitin sulfate/heparan sulfate proteoglycan expressed
domains proteoglycan (testican) 1 in the postsynaptic region of hippocampal pyramidal neurons
8 TRIM22 0.076 10346 Tripartite motif-containing 22 A member of the tripartite motif family induced by interferon
and mediates interferon’s antiviral effects
9 CCND2 0.087 894 Cyclin D2 A protein that forms a complex with CDK kinases involved in
‘ cell cycle G1/S transition
10 1L6 0.088 3569 Interleukin 6 (interferon, beta 2) An immunoregulatory cytokine that functions in inflammation
and the maturation of B cells
11 CD82 0.092 3732 CD82 molecule A membrane glycoprotein activated by p53 involved in
suppression of metastasis
12 SLC43A3 0.093 29015 Solute carrier family 43, member 3 An integral membrane protein of the SLC43A transporter
family
13 GREMI1 0.093 26585 Gremlin 1, cysteine knot superfamily, A member of bone morphogenic protein antagonist family
homolog (Xenopus laevis) expressed in the neural crest
14 INHBA  0.095 3624 Inhibin, beta A A growth/differentiation factor for various cell types by acting
as a homodimer (activin A) or a heterodimer (activin A-B)
15 ITGB3 0.095 3690 Integrin, beta 3 (platelet glycoprotein Ilfa, A subunit of integrins involved in cell adhesion and cell-
antigen CD61) surface-mediated signaling
16 FAP 0.097 2191 Fibroblast activation protein, alpha A homodimeric integral membrane gelatinase involved in
epithelial-mesenchymal interactions during development
17 Ci18 0.101 716 Complement component 1, s A major constituent of the human complement subcomponent
subcomponent C1 that associates with Clr and Clq to yield the first
component of the serum complement system
18 PXDN 0.103 7837 Peroxidasin homolog (Drosophila) An extracellular matrix-associated peroxidase involved in
exiracellular matrix consolidation
19 Cdorfl8 0.103 51313 Chromosome 4 open reading frame 18 A Golgi apparatus membrane of unknown function
20 CFH 0.104 3075 Complement factor H Q serum glycoproiein that regulates the function of the

alternative complement pathway

Genome-wide gene expression profiling of F3-WT and F3-Ngnl was performed by using two sets of Human Gene 1.0 ST Array for each,
followed by two comparisons composed of WT array-1 (F3-WT-1) versus Ngnl array-1 (F3-Ngnl-1) and WT array-2 (F3-WT-2) versus Ngnl
array-2 (F3-Ngnl-2). Top 20 downregulated genes in F3-Ngnl cells are shown with fold change derived from the comparison between F3-WT-2

and F3-Ngnl-2

suggested that GO terms of development and morphogen-
esis are enriched in upregulated genes, while those of
extracellular matrix and adhesion are enriched in down-
regulated genes. These results suggest that stable expres-
sion of a single gene Ngnl in F3 cells induces not simply
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neurogenic but multifunctional changes that potentially
affect the differentiation of human NSC via a reorganiza-
tion of complex gene regulatory networks.

LGRS, an orphan G protein-coupled receptor alterna-
tively named GRP49 with structural similarity to the
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(a) (b) LGRS is also identified in the adult human spinal cord and brain at
45— 560 least at mRNA levels (Hsu et al. 1998). At present, the
= precise physiological function of LGRS and downstream
Flng o 400 signaling pathways remain unknown owing to the lack of
Y an identified natural ligand. LGR gene knockout mice
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E caused by ankyloglossia, suggesting an involvement of
By 200 LGRS in craniofacial development (Morita et al. 2004). A
Hsp60 S more recent study showed that LGRS deficiency induces
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Fig. 5 Transient overexpression of Ngnl did not induce upregulation
of LGRS in F3-WT cells. Expression vectors of Flag-tagged Ngnl or
GFP were transfected in F3-WT cells. At 48 h after transfection, the
cells were processed for Wesiern blot analysis of Flag and real-time
RT-PCR analysis of LGRS. a Western blot analysis. The lanes (1, 2)
represent I Flag-tagged GFP and 2 Flag-tagged Ngnl. The upper
panel indicates Flag-tagged proteins, while the lower panel indicates
Hsp60, an internal control for protein loading. b Real-time RT-PCR
analysis. The left bar represents F3-WT cells with transient overex-
pression of Flag-iagged GFP, while the right bar represents those
with transient overexpression of Flag-tagged Ngnl

glycoprotein hormone receptor family, is recently identi-
fied as a marker of adult intestinal stem cells and hair
follicle stem cells by lineage-tracing studies (Barker et al.
2007; Jaks et al. 2008; Sato et al. 2009). LGRS expression

pathway, indicating that LGRS acis as a negative regulator
of Wnt (Garcia et al. 2009). A different study revealed that
LGRS is a marker for the sublineage of intestinal stem cells
that are responsive to Wnt signals derived from stem cell
niche (Ootani et al. 2009). In the populations of intestinal
stem cells, LGRS labels cycling cells, while doublecortin-
like kinase-1 (DCLK1) marks quiescent cells (May et al.
2009). Interestingly, the expression of DCLK2, a putative
paralog of DCLK1, is elevated with a 3.38-fold increase in
F3-Ngnl cells (Supplementary Table 1).

The interaction between Wnt proteins and Frizzled
receptors on the cell surface transduces the signals to
f-catenin by inactivating glycogen synthase kinase 38
(GSK3p), and stabilized f-catenin is translocated into the
nucleus and forms a complex with T-cell factor (TCF)
transcription factors to activaie transcription of Wnt target
genes. Importantly, LGRS is identified as one of Wnt target
genes (Yamamoto et al. 2003), suggesting a key role of
LGRS in establishment of a negative feedback loop in the
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