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Aberrant activation of ALK kinase by a novel truncated form

ALK protein in neuroblastoma

J Okubo, J Takita'?, Y Chen', K Oki', R Nishimura', M Kato', M Sanada®, M Hiwatari', Y Hayashi®, T Igarashi' and S Ogawa®

: Anaplast:c lymphoma kinase (ALK) was orlgmally \dentiﬁed from arare subtype o) ;non Hodgkms Iymphomas carrying
1(2:5)(p23;035) translocation, where ALK was constltutlvely activated as a result of a‘fu5|on with- nucleophosmm (NPM). Aberrant

- ALK fusion proteins were also generated in mﬂammatory fibrosarcoma and a subse

non-small-cell lung cancers, and these

proteins are implicated in their pathogenesis. Recently, ALK has been demonstrate to be constltutlvely activated by gene
. _mutations and/or amphﬁcatrons in sporadlc as. well as famlha! cases of neuroblastoma Here we descnbe another mechanism
of aberrant ALK activation observed in a neuroblastoma derived cell Ime (NB- 1), in Wthh a short- form ALK protein (ALKIe'23)
having a truncated extracellular domain is overexpressed because of amphﬁca‘uon of an abnormal ALK gene that lacks exons 2
_and 3. ALKY23 was autophosphorylated in NB-1 cells as well as in ALKde/“ transduced cells and exh|b1ted enhanced in vitro
kinase activity compared with the wild-type kinase. ALKHe2: 3—transduced NIH3T3 ce!ls exhibited increased colony-forming
capacity in soft agar and tumongemc1ty in nude mice. RNAI- ‘mediated ALK knockdown resu(ted in-the growth suppression of
ALK 3-expressmg cells, arguing for the oncogenic role of this mutant. Our findings: prov1de a novel insight into the
mechanism of deregu!atlon of the ALK kmase and its roles in neuroblastoma pathogenesxs o
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INTRODUCTION

Anaplastic lymphoma kinase (ALK) (OMIM: 105590) is an orphan
receptor tyrosine kinase (RTK) that was initially characterized as a
fusion partner of the nucleophosmin (NPM)-ALK chimeric protein
associated with the t(2;5)(p23;q35) translocation in anaplastic
large-cell tymphoma."? Subsequent studies have revealed that
various ALK-containing fusion proteins with different fusion
partners are generated in various solid tumors, such as inflamma-
tory myofibroblastic tumors, non-small-cell lung cancer and
squamous cell carcinoma of the esophagus.~® Furthermore, recent
genome-wide studies have revealed that ALK is activated by gene
ampilification and nucleotide mutations and is involved in the
pathogenesis of both familial and sporadic neuroblastoma.’””

Neuroblastoma is an intractable, solid tumor of childhood
arising from the neural crest and can arise anywhere along the
sympathetic nervous system."” The overall 5-year survival rate for
neuroblastoma is <40%, despite current intensive multimodality
treatments.’>" ' Considering that ALK mutations preferentially
involve advanced neuroblastoma with a poor outcome, the more
relevant implication of these findings is that ALK inhibitors may
improve the clinical outcome of children suffering from intractable
neuroblastoma.

In this study, we demonstrated another mechanism of aberrant
ALK activation in neuroblastoma, in which an abnormal ALK
gene with a deletion of exons 2 and 3 was amplified in a
neuroblastoma-derived cell line (NB-1), leading to high-level
expression of an ALK protein variant with a truncated extracellular
domain (ALKY'Z3). Furthermore, we demonstrated that ALKY'?3
had constitutive kinase activity and showed a transforming
capacity in NIH3T3 cells. Moreover, ALK inhibition experiments

using small interfering RNA (siRNA)-mediated gene knockdown
and the low-molecular-weight compound, TAE684, also supported
the oncogenic role of ALK®23, Our results will help elucidate the
mechanism of aberrant activation of ALK kinase and the role of
activated ALK in the pathogenesis of neuroblastoma.

RESULTS
Detection of a short-form ALK protein in NB-1 cells

To examine the status of ALK in neuroblastoma, western blotting
analysis was performed with a panel of 24 neuroblastoma-derived
cell lines (Table 1). Among the 24 samples examined, the NB-1 cell
line showed high-level expression of an ALK protein having a low
molecular weight of 208 kDa compared with the molecular weight
of 220kDa for the wild-type protein (Figure 1a). Subsequent
sequencing and reverse transcription-polymerase chain reaction
(RT-PCR) analysis of ALK messages from NB-1 cells revealed the
presence of an aberrant ALK transcript with a 285-bp in-frame
deletion in the 5’ region corresponding to exons 2 and 3 (Figures
1b and c), which should result in the production of an abnormal
ALK protein with a truncated N-terminal extracellular domain.
Using a primer set for exons 2 and 3, a 166-bp product was also
detected in NB-1 cells, indicating the presence of the wild-type
ALK allele in NB-1 cells (Figures 1b and ¢). The deletion spanned
224-318 amino acids (aa), including the N-terminal end of the first
meprin A5 protein and receptor protein tyrosine phosphatase mu
(MAM) domain (aa 264-427) (Figure 1d).">'® We analyzed full-
length ALK <DNAs isolated from 71 primary neuroblastoma
samples for possible nucleotide deletions using RT-PCR (Table 2),
but no deletions were detected.
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Table 1. Neuroblastoma cell lines used in this study

Cell line MYCN amplification ALK status
CHP-134 - WT
GOTO + WT
LAN-1 + F1174L
LAN-2 + WT
LAN-5 + R1275Q
NB-1 - Amplification
NB-16 + WT
NB-19 + WT
NB-69 - WT
NH-12 + WT
SCMC-N2 + F1174L
SCMC-N4 + WT
SCMC-N5 + K1062M
SINB-1 — WT
SINB-2 + R1275Q
SINB-3 — WT
SINB-4 + F1174L
SINB-5 + WT
SINB-6 + WT
SINB-7 + WT
SINB-8 + WT
SK-N-SH — F1174L
TGW + R1275Q
UTP-N-1 + WT

Abbreviations: ALK, anaplastic lymphoma kinase; WT, wild type.

Structural abnormality of the ALK gene in NB-1 cells

As reported previously,” our single-nucleotide polymorphism
array-based copy number analysis of NB-1 cells disclosed high-
level gene amplification of the ALK-containing 2p24 segment.
This should explain the high ALK expression observed in this cell
line (Figures 1a and b). In particular, the genomic copy numbers
within the 2p23 amplicon exhibited a transient decrease at three
consecutive single-nucleotide polymorphisms (Chr2; 29911541~
29912210), which corresponded to ALK intron 3, raising the
possibility that a gene deletion involving exons 2 and 3 was
responsible for the aberrant ALK transcript (Figure 2a). To confirm
this, we performed Southern blot analysis of NB-1 genomic DNA
using fragments exons 1-4 as probes (Figure 2b). As shown in
Figures 2c-e, Southern blot analysis confirmed ALK gene
amplification in NB-1 cells, as these blots showed high-intensity
signals for each of the four ALK-specific probes in NB-1 cells
compared with those in the controls. However, a significant
difference was observed in the signal intensity between the
fragments containing exons 1/4 and exons 2/3 in the NB-1 lanes,
in which exons 1 and 4 showed 3.9- and 3.8-fold higher signals
than exons 2 and 3, respectively. This result was confirmed by
quantitative genomic PCR analysis using seven primer sets located
within ALK exons 1-4 (Figure 2f). Taken together, these results
indicate that the 2p23 amplicons were heterogeneous with regard
to the species of ALK it contained, among which the predominant
ALK allele had a deletion at exons 2 and 3, and these amplicons
were responsible for the generation of ALK,

Oncogenic potential of an aberrant short-form ALK protein

We next evaluated the oncogenic role of the truncated form of
ALK found in NB-1 cells in terms of its kinase activity. As shown in
Figure 3a, ALK®®?3 was strongly phosphorylated in NB-1 cells,
whereas the wild-type ALK expressed in NH-12 cells was unphos-
phorylated. Similar to the constitutive active F1174L ALK mutant
when expressed in NIH3T3 cells, ALK®'*3 had enhanced ALK
phosphorylation compared with wild-type ALK (Figure 3b).
Moreover, after anti-FLAG immunoprecipitation of FLAG-tagged
ALK constructs, ALK?%® and F1174L ALK mutants were strongly
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phosphorylated according to western blot analysis using a PY20
blot (Figure 3c). In addition, they exhibited enhanced kinase
activity in an in vitro kinase assay using the YFF peptide as a
substrate (Figure 3d). To confirm kinase activity of the ALK?®"23
mutant, we further examined in vitro kinase activities of wild-type
and mutant ALK-expressing NIH3T3 cells using a universal
substrate. The immunoprecipitated FLAG-tagged ALK®'?* mutant
showed significantly increased kinase activity (Supplementary
Figure S1).

In an analysis of activated downstream signaling, significantly
enhanced STAT3 phosphorylation was observed in ALK®?3 and
F1174L mutants, whereas a significant increase in AKT phosphory-
lation was not detected in any samples (Figure 3e and Supple-
mentary Figure S2). Extracellular regulated kinase (ERK) was
probably phosphorylated in the F1174L mutant and wild-type
ALK, but not in ALK?"23 (Figure 3e). The results of three inde-
pendent experiments were quantified by densitometric scanning
(Supplementary Figure S2).

We investigated the oncogenic potential of the AL mutant
in NIH3T3 cells, in terms of colony formation in soft agar and
tumor generation in nude mice. As shown in Figures 4a and b,
NIH3T3 cells that were stably transduced with ALKY23 and
ALKF74 produced a significantly higher numbers of colonies in
soft agar than mock or wild-type ALK-transduced cells (Figures 4a
and b). When inoculated into nude mice, the ALK®??-transduced
NIH3T3 cells invariably developed into subcutaneous tumors (5/5),
whereas the mock and wild-type ALK-transfected cells did not
develop into tumors (0/5) (Figure 4c).

Kdei2—3

ALK was retained in the endoplasmic reticulum

Among ALK signaling pathway molecules, STAT3 was only
strongly phosphorylated by ALK%23  suggesting that the
ALKY23 muytant was exclusively involved in the STAT3 pathway.
It has been previously reported that intracellular fms-like tyrosine
kinase-internal tandem duplication activation induces an aberrant
downstream signaling outcome.'” To determine whether ALK?'?
expresses at the cell surface and mediates signals from endo-
plasmic reticulum (ER), we analyzed localization and deglycosida-
tion of ALKY®23 in NB-1 cells and wild-type ALK in NH-12 cells.
Immunofluorescence staining revealed that ALK in NB-1 cells was
almost colocalized with PDI, whereas ALK in NH-12 cells was
largely located at the plasma membrane (Figure 5a). As shown in
Supplementary Figure S4, colocalization of ALK and PDI was
quantified using the Pearson'’s correlation coefficient. Moreover, to
determine whether ALK®'2 was subjected to maturation of its
oligosaccharides, we examined the endoglycosidase H sensitivity
of ALK expressed in NB-1 and NH-12 cells. As shown in Figure 5b,
ALKY'23 jn NB-1 cells revealed the high sensitivity of endoglyco-
sidase H compared with the wild-type ALK in NH-12 cells,
suggesting that intercellular localization of ALK®'?3 was asso-
ciated with a defect in N-linked glycosylation.'® These results
indicate that ALK®?3 is mainly located at ER and aberrantly
activates the STAT3 pathway from there.

Effect of ALK inhibition on cell growth in NB-1 cells

Finally, we examined the effect of ALK inhibition on NB-1 cell
proliferation using the small-molecule ALK inhibitor TAE684 and
siRNA-mediated ALK knockdown. NB-1 cell growth was effectively
inhibited by TAE684 with a half maximal inhibitory concentration
(ICs0) of 13 nm, which was similar to the 1Csq for SK-N-SH (49 nm; an
ALK-mutated TAE684-sensitive neuroblastoma cell line), but
substantially lower than the ICso for TGW cells with the ALKR'27°9
mutant (310 nm), the glioblastoma-derived cell line H4 with wild-
type ALK (190nm) and NIH3T3 cells with no ALK expression
(380nm) (Figure 6a). Similarly, siRNA-mediated knockdown of
ALK?®23 i NB-1 cells resulted in significant suppression of cell
proliferation compared with controls transfected with nonspecific
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Figure 1. Detection of an aberrant truncated form of ALK in NB-1 cells. (a) Western blot analysis of ALK in neuroblastoma-derived cell lines.
NB-1 cells strongly expressed the truncated form with a molecular mass of 208 kDa. In contrast, wild-type ALK-expressing neuroblastoma-
derived cell lines (NH-12) revealed an ALK protein with a molecular mass of 220 kDa. o-Tubulin staining as loading control. (b) RT-PCR analysis
of ALK exons 1-5 and exons 2 and 3 in the neuroblastoma cell lines. A short PCR product with 314 bp was detected in NB-1 cells, whereas
much longer PCR products with 627 bp were detected in NB-19 cells with wild-type ALK. Wild-type ALK was detected in both NB-1 and NB-19
cells using ALK exon 2 and 3 primers. (c) Subsequent sequence analysis of ALK ¢cDNA from NB-1. In-frame deletion in exons 2 and 3 was
confirmed by direct sequencing. Sequencing of the PCR product detected by RT-PCR for ALK exons 2 and 3 confirmed the presence of wild-
type ALK in NB-1 cells. Lower panel represents DNA sequencing for ALK exon 3 in NB-1 cells. (d) Schematic representation of the truncated
form of aberrant ALK. The extracellular domain of ALK comprises two MAM domains (aa 264-427 and 480-626), one low-density lipoprotein
class A (LDLa) motif (aa 453-471) and a glycine-rich region (aa 816 -940) (Palmer et al.>°). Because exons 2 and 3 of ALK implicate 224-318 aa,
the in-frame deleted mutant led to a translational truncated form of the first MAM domain, PTK, protein tyrosine kinase.

siRNA, but the suppression apparently decreased in wild-type
ALK-expressing NH-12 cells (Figures 6b and c). As shown in
Supplementary Figure S3, significant inhibition was observed in
NB-1 cells with ALK knockdown compared with that in the
negative control (P<<0.05, Mann-Whitney U-test).

leading; to high-level expression of an N-terminal-truncated kinase,
ALK®23 and our functional studies confirmed the oncogenic role
of ALK®23 First, ALK®®23 underwent autophosphorylation in
NB-1 and NIH3T3 cells and demonstrated enhanced kinase
activity, promoting downstream signaling pathways such as the
STAT3 pathway. Second, ALK?®'?3 promoted colony formation in
soft agar and tumorigenicity when transduced into NIH3T3 cells in

DISCUSSION

Deregulated activation of ALK has been implicated in various
human cancers through either generation of fusion proteins,
overexpression or single amino-acid changes. in this study, we
described a novel mechanism of oncogenic activation of ALK that
operated in a neuroblastoma-derived cell line, NB-1. In NB-1 cells,
an aberrant form of ALK that lacks exons 2 and 3 was amplified,

© 2012 Macmillan Publishers Limited

nude mice. Finally, inhibition of cell growth was observed when
we treated NB-1 cells with TAE684, an ALK-specific kinase inhi-
bitor, and siRNA-mediated gene knockdown. Unfortunately,
screening of 71 primary neuroblastoma specimens and 23
neuroblastoma-derived cell lines did not identify a similar
mechanism of ALK oncogenic activation in neuroblastoma; there-
fore, it is not a common mechanism for ALK activation in
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Table 2. Neuroblastoma fresh tumor samples used in this study
Clinicopathological findings Samples
Age (years)

>1 41
<1 30
Stage
1 16
2 11
3 12
4 29
4S5 ) 2
ND 1
MYCN status
Amplification (+) 11
(=) 58
ND 2
ALK status
Amplification 1
Mutation 6
Wild type 64
Total 71
Abbreviations: ALK, anaplastic lymphoma kinase; ND, not determined.

neuroblastoma. Nevertheless, the discovery of this unique ALK
form will add to our knowledge with regard to the pathogenesis
of neuroblastoma and will help to elucidate the mechanism of ALK
activation.

Abnormal activation of RTK through a deletion in its extra-
cellular domain has been documented in several cancers.'®™?'
A common example of abnormal RTK activation is the epidermal
growth factor receptor class Il variant, which is present in a
substantial proportion of malignant gliomas and other human
cancers, but completely absent in normal tissues.**** This variant
results from a transcript having an 801-bp in-frame deletion of
EGFR that corresponds to exons 2-7, which leads to the
generation of a protein with a truncated extracellular domain.*"**
Several molecular mechanisms have been implicated in the
oncogenic pathway with epidermal growth factor receptor class il
variant downstream signaling.?’?* For example, in addition to
ligand-independent self-dimerization, epidermal growth factor
receptor class lll variant has been shown to constitutively interact
with adaptor proteins SHC and GRB2, which are involved in the
recruitment of the RAS pathway.?> The recepteur d'origine nantais
(RON) RTK variant with a deletion in the first immunoglobulin-
plexin transcription domain (RONA160) has also been considered
as a constitutively activated kinase in several human cancers.?*?
RON belongs to the MET proto-oncogene family, which plays a
critical role in epithelial cell homeostasis and tumorigenic
development.?” RONA160 is derived from a RON mRNA transcript
by alternative splicing that eliminates 109aa residues from the
extracellular domain of RON B-chain and is expressed in >50% of
primary colon cancers and 90% of brain tumors, but not in any
normal tissues.?®?® The deleted 109aa residues are encoded by
exons 5/6, which constitute the first immunoglobulin-plexin
transcription domain in the RON B-chain.’®® The mechanism
for the oncogenic activation of RONA160 is believed to be one in
which the deletion in the extracellular domain causes conforma-
tional changes in the kinase and leads to spontaneous dimeriza-
tion, which in turn causes constitutive receptor phosphorylation
and increased intracellular signaling activation.?®#%2°

The ALK®?2 variant consists of a 282-bp in-frame deletion of
ALK that corresponds to 224-318aa in the first MAM domain
(Figure 1d). ALK is the sole RTK that contains MAM domains in its

Oncogene (2012) 4667 -4676

extracellular region3® Although MAM domains are thought to
participate in cell-cell interactions, their significance in ALK
function remains unclear.”>'® Thus, the functional significance of
MAM deletion in the truncated ALK is still elusive. As the deleted
region of ALK detected in NB-1 cells is in close proximity to a ligand-
binding domain (391-401 aa), this deletion may structurally alter
the ligand-binding domain. Similar to epidermal growth factor
receptor class lll variant and RONA160, the ALK™? variant may be
constitutively activated in a ligand-independent manner and/or
through spontaneous dimerization, although the exact mechanism
of constitutive activation of ALK®%3 is yet to be elucidated.

Oncogenic ALK transformation is mediated by interactions with
downstream molecules that trigger a substantial intercellular
signaling cascade.®’ The most relevant and best-characterized ALK
downstream pathways are the RAS-ERK, JAK3-STAT3 and PI3K-AKT
pathways3' Among ALK signaling molecules, STAT3 is only
strongly phosphorylated by ALK®'?3, suggesting that besides
F1174L or K1062M ALK mutants,” ALK?23 would be exclusively
involved in the STAT3 pathway. Recently, it has been reported that
the oncogenic mutant of fms-like tyrosine kinase-internal tandem
duplication aberrantly activates STAT5 when localized at ER, but
fails to activate MAPK and AKT signaling.'” Thus, this raises the
possibility that involvement of theé STAT3 pathway in ALK?3.
expressing cells resembles the fms-like tyrosine kinase-internal
tandem duplication mutant.'”” Immunofluorescence staining and
the endoglycosidase H sensitivity assay revealed that ALK#'*3 is
mainly located at ER and aberrantly activates the STAT3 pathway
from' ER. Taken together, our results suggest that intracellular
activation of ALK?®23 switches downstream signaling to the ALK
pathway.'®

Furthermore, ERK phosphorylation was similarly elevated in cells
expressing wild-type or F1174L ALK. This may have been because
of enhanced expression of exogenous wild-type ALK by retrovirus-
mediated gene transfer. Schulte et al3? reported that the high
level of wild-type ALK and mutant ALK expression has similar
effects on the neuroblastoma biological phenotype, which may be
related to tumor growth. Taken together, the results from our
study and from the study by Schulte et al?? suggest that in
addition to the ALK mutants, elevated wild-type ALK expression
also mediates similar molecular functions that contribute to the
malignant phenotype in neuroblastoma.

In summary, we found that an N-terminal-truncated ALK protein
observed in a neuroblastoma-derived cell line (NB-1) is a novel
oncogenic isoform of ALK. This study provides a better under-
standing of the molecular mechanism of pathogenesis of
neuroblastoma as well as oncogenic roles of ALK pathway.

MATERIALS AND METHODS

Specimens

In all, 24 neuroblastoma cell lines were used in this study (Table 1). The
SCMC-N series was established in our laboratory.®® The SINB series and UTP-
N-1 cells were provided by Dr AT Look and Dr A Inoue, respectively. Other
cell lines were obtained from the Japanese Cancer Resource Cell Bank
(http://cellbank.nibio.go.jp/wwwijcrbj.htm). All cells were maintained in RPMI
1640 medium (Gibco, Grand Island, NY, USA) supplemented with 10% fetal
bovine serum in a humidified atmosphere containing 5% CO, at 37°C.
Primary neuroblastoma specimens were obtained through surgery or biopsy
from patients who were diagnosed with neuroblastoma and who were
admitted to Tokyo University Hospital, Saitama Children’s Medical Center or
various other hospitals between November 1993 and October 2006. The
patients were staged according to the International Neuroblastoma Staging
System,** and the clinicopathological findings are listed in Table 2.

ALK expression analyses

Total cellular proteins were resolved on a 5-10% gradient sodium dodecyl
sulfate-polyacrylamide gel and electrophoretically transferred onto
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Genetic characteristics of the N-terminal-truncated form of ALK. (a) High-grade amplification of the ALK locus detected in NB-1 cells

by single-nucleotide polymorphism array analysis (Affymetrix GeneChip 250k Nspl). Among the single-nucleotide polymorphism probes
located within the ALK amplicon, three consecutive single-nucleotide polymorphism probes (Chr2: 29911 541 and 29912 210) located within
ALK intron 3 showed relatively low signal intensities. The red line indicates the focal deletion within ALK intron 3. (b) Physical maps of ALK
exons 1-4, The restriction sites and probe maps for ALK exons 1-4 are indicated. E: EcoR1. Arrows indicate probe positions. {c, d) Southern blot
analysis using ALK exon 1-4 probes (c: exons 1 and 2; d: exons 3 and 4). Normal peripheral blood DNA was used as a germline control.
Densitometric analysis was performed using the ImageQuant 400 and ImageQuant TL software version 7. (e) The TUBA4A probe was used as a
loading control. (f) Quantitative genomic PCR analysis of ALK using seven primer sets located within ALK exons 1-4. The signal intensities of
ALK introns 1 and 2 and exons 2 and 3 were lower compared with those of ALK exons 1 and 4 in NB-1 cells.

polyvinylidene difluoride membranes. After blocking with 5% milk in Tris-
buffered saline containing 0.1% Tween (10 mm Tris-HCl (pH 7.4), 150 mm
NaCl and 0.1% Tween-20), membranes were incubated for 1 h with primary
antibody in TBS-T, washed and incubated for 12 h with primary antibody in
3% bovine serum albumin. The membranes were then washed again and
incubated with anti-rabbit immunoglobulin G at room temperature for 1 h.
Subsequently, they were extensively washed, and the proteins were
visualized by enhanced chemiluminescence (Millipore, Bedford, MA, USA).
Total RNA was extracted from the 24 cell lines and 71 frozen stocked
tumors using Isogen reagent (Nippon Gene, Osaka, Japan) according to the
manufacturer’s instructions; the total RNA was analyzed by RT-PCR to

© 2012 Macmillan Publishers Limited

synthesize ¢cDNA using the SuperScript Preamplification System for first-
strand cDNA synthesis (Life Technologies Inc., Rockville, MD, USA). RT~PCR
analysis for ALK expression was performed as described previously,” using
the primer sets listed in Table 3. cDNA concentration was equalized using
B-actin expression as a control.

Southern blot analysis

High-molecular-weight DNA was prepared from cells according to
standard procedures using the QlAamp DNA Mini kit (Qiagen, Valencia,
CA, USA) and a madification of the protocol provided by the manufacturer.
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Figure 3. Kinase activities of ALK mutants and their downstream
status. (a) Western blot analysis of ALK and phosphorylated ALK in
NB-1 and NH-12 cells. NB-1 cells strongly expressed the truncated
form of ALK and phosphorylated ALK compared with that in NH-12
cells. TL: Total cell lysates. (b) Western blot analysis of NIH3T3 cells
stably expressing ALK mutants (ALK“?3 and ALKT"V%Y) and wild-
type ALK. (c) Stably expressed ALK mutants and wild-type ALK were
immunoprecipitated with an anti-FLAG antibody and subjected to
western blot analysis with anti-PY20. (d) In vitro kinase assay for wild-
type ALK and its mutants using the synthetic YFF peptide as a
substrate. (e) Western blot analysis of NIH3T3 cells stably expressing
ALK mutants and wild-type ALK for their downstream effectors,
STAT3 (pSTAT3), AKT (pAKT) and ERK (pERK). The total amount of
each molecule is also shown together with an a-tubulin blot.

DNA was extracted from NB-1 cells and peripheral normal blood cells. For -
Southern blot analysis, 10 g genomic DNA was restricted with EcoR! and
loaded onto an agarose gel® After electrophoresis, the DNA was
transferred to polyvinylidene difluoride membranes and hybridized with
radiolabeled probes for ALK exons 1-4 listed in Table 3. The signal
intensity of each band was quantified and calculated using the
ImageQuant 400 and ImageQuant TL software version 7 (GE Healthcare,
Piscataway, NJ, USA).

Quantitative genomic PCR analysis

" Quantitative genomic real-time PCR was performed using SYBR Green-

based quantification (Bio-Rad Laboratories, Hercules, CA, USA). The
standard curve method was used to calculate the target genome numbers
in the NB-1 cell line. The relative target copy number was normalized to
normal human genomic DNA as a calibrator. The primer sequences used
for quantitative genomic PCR are shown in Table 3.

Transforming potential of ALK mutants

ALKVT-FLAG and ALKT"7*“-FLAG were FLAG-tagged cDNAs for wild-type
ALK and its F1174L mutant, respectively. FLAG-tagged cDNA for the
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deletion mutant (ALKde'B-FLAG) was isolated from total RNA of NB-1 cells performed with stable clones in these constructs. For western blot analysis
by high-fidelity PCR. After re-sequencing, each cDNA was constructed into of mutant ALK and colony formation assays, NIH3T3 cells were stably
the pcDNA3 expression plasmid and transfected into NIH3T3 cells using transduced with wild-type and mutant ALK by retrovirus-mediated gene
Effectene Transfection Reagents (Qiagen, Tokyo, Japan). Kinase assays were transfer. FLAG-tagged cDNA for wild-type and mutated ALK were then

NB-1

NH-12

kDa kDa| -
] 1.0
170 170—
125 125—|
ALK ALK

Figure 5. ER retention in the NB-1 neuroblastoma cell line and glycoprotein maturation. (a) Immunofluorescence confocal microscopy analysis
of ALK ER localization in the neuroblastoma cell lines. The NB-1 and NH12 neuroblastoma cell lines were immunostained with the indicated
antibodies and imaged using immunofluorescence microscopy to demonstrate ALK and PDI (ER-specific marker) colocalization. Cells were
immunostained for ALK (red) and PDI (green), respectively. (b) The band of ALKY'? protein of NB-1 cells is endoglycosidase H sensitive. Cell
lysates from the NB-1 and NH12 neuroblastoma cell lines were incubated with N-glycosidase F (lane 2, F) and endoglycosidase H (lane 3, H).
Deglycosidation profiles were compared with untreated cell lysates (lane 1). Digestion products were analyzed by western blot analysis using
monoclonal anti-ALK. Signal intensities of bands in the lane endoglycosidase H were quantified by densitometric scanning using the
ImageQuant 400 and imageQuant TL software version 7. Signal intensity of approximate190 kDa band that revealed sensitivity to
endoglycosidase H in NB-1 cells showed 3.1-fold higher than that of upper band.

<
Figure 4 Oncogenic role of the aberrant truncated form of ALK. (a) NIH3T3 cells stably expressing mutant kinases (ALK? and ALK™'74
showed increased colony formation in soft agar compared with cells expressing wild-type kinase. (b) The average numbers of colonies in
triplicate experiments are plotted. Standard deviation is indicated. Results showing significant differences compared with experiments using
wild-type ALK are indicated by asterisks with P-values. (c) In vivo tumorigenicity assay in nude mice. Tumor formation assay in nude mice in
which 1.0 x 107 NIH3T3 cells expressed wild-type ALK and the ALK®"?* mutant by the calcium phosphate method. Tumor formation was
evaluated 21 days after inoculation.
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Figure 6. Effect of ALK inhibition on NB-1 cell proliferation using the ALK inhibitor TAE684 and siRNA-mediated ALK knockdown. {a) NB-1 cell
growth was effectively inhibited by TAE684, with an ICs, similar to that for SK-N-SH (an ALK-mutated TAE684-sensitive neuroblastoma cell line),
but substantially lower than that for NIH3T3 cells with no ALK expression. (b, ¢) Effect of RNAi-mediated ALK knockdown on cell proliferation
in neuroblastoma cell lines expressing either the ALKY®'?> mutant (NB-1) or wild-type ALK (NH-12). Cell growth was measured using the
Cell Counting kit-8 after knockdown experiments using ALK-specific siRNAs, negative control siRNAs or mock experiments, in which
absorbance was measured in triplicate and averaged for each assay. The mean * s.d. of the average absorbance in three independent
knockdown experiments was plotted to draw the growth curves. Successful knock down of the ALK protein was confirmed by anti-ALK blots

using o-tubulin blots as controls.

constructed in the pGCDNsamIRESKO retrovirus vector. Vector plasmids
were co-transfected with vesicular stomatitis virus-G cDNA into 293GP cells
to obtain a retrovirus-containing supernatant, which was then transduced
into 293GPG cells to stable cell lines capable of producing vesicular
stomatitis virus-G-pseudotyped retroviral particles on induction.

Functional analyses of a short-form ALK

To evaluate the phosphorylation status of the ALK mutants, stable clone
cell lysates were subjected to western blot analysis with anti-ALK and the
antibody-specific pTyr1604 (Cell Signaling Technology, Danvers, MA, USA)
of ALK. Immunoprecipitation with antibodies to FLAG (Sigma, St Louis, MO,
USA) were subjected to western blot analysis with a generic antiphos-
photyrosine antibody (PY20). Western blot analyses were also performed
using anti-ERK1/2, anti-phospho-ERK1/2, anti-AKT, anti-phospho-AKT, anti-
STAT3 and anti-phospho-STAT3 antibodies (Cell Signaling Technology).
AKT and STAT3 phosphorylation signals were quantitated by densitometric
scanning using the ImageQuant 400 and ImageQuant TL software version
7 (GE Healthcare). The in vitro kinase assay was performed with the

Oncogene (2012) 4667 -4676

synthetic YFF peptide (Operon Biotechnologies, Reutlingen, Germany), as
described previously,* using stable clones in pcDNA vector constructs. We
also used the in vitro kinase assay for wild-type and mutant ALK expression
in NIH3T3 celis by retrovirus-mediated gene transfer using the poly-GluTyr
peptide. Cell extracts were immunoprecipitated with anti-Flag antibody,
and the expression was subjected to immunoblotting using anti-ALK
antibody. ALK mutant kinase activity was measured using a non-
radioactive isotope solid-phase enzyme-linked immunosorbent assay in
the Universal Tyrosine Kinase Assay kit (Takara Bio, Osaka, Japan). Assays
were performed in 40 mm Tris (pH 7.4), 20 mm MgCly, 2 mm dithiothreitol
and 0.1 mg/ml bovine serum albumin buffer.

Transforming potential of short-form ALK

For colony assays, 1 x 10° stably transfected NIH3T3 cells were mixed in
0.4% agarose with 10% fetal bovine serum-Dulbecco’s modified Eagle’s
medium and plated on 0.6% agarose-coated 35-mm dishes. After culturing
for 14 days, colonies measuring 0.1mm in diameter were counted.
Colonies were quantified during triplicate experiments. Tumor formation
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Table 3. Primer sets used in this study

Primer sequence (5' —3')

Annealing temperature (°C)

Forward Reverse

RT-PCR analyses - i
ALK exon 1/5 CTTCTCTTCCAGATCTTCGG ATTCAGGGCAAAGAAGTCCAC 55
Exon 1/2 AAGCAGTTGGTGCTGGAGCT TTTGACTTCCCCTGTGAGCT 55
Exon 2/4 CATAGCTCCTTGGAATCACC ATGAGGAGCAGCAGTGAGCA 55
Exon 4/5-6 TTCTCAACACCTCAGCTGAC ACTGCAGTGAAGGAACATCC 55
Exon 5/8-9 GAAACCGCAGCTTGTCTGCA CGATCAAGAGCTCTCCATGT 55
Exon 8/12 AAGTGCTACAGTGACCAGTG TAGCGGAGAGGACAAGATC 55
Exon 11/14 ATATCTCCATCAGCCTGGAC AAGAACACCATGATGCGGTC 55
Exon 13/15-16 CCTGAAAGGCATCCAGATCT AAGATGAAGGATGGAGTGCC 55
Exon 15/17 AATCCGTGTGAACAGAAGCG TGGAGGAGGCGGAGGATATA 55
Exon 17/19-20 AAATCTTTGCAGGAGGGTGC GCGTCTCCTGCATTGTGTCA 55
Exon 20/23 TTTCTCCGGCATCATGATTG CTCATGGAAGCCCTGATCAT 55
Exon 23/26 TGCCTGAAGTGTGCTCTGAA GATTGGAGACTTCGGGATGG 55
Exon 26/30 AGAAACTGCCTCTTGACCTG GGACCCGGATGTAATCAACA 55
Exon 29/30 GGAGAGGATTGAATACTGCA GTTGCACAAGGTCCACGGAT 55
Exon 30/30 TGCAGAGATCTCTGTTCGAG GTTGCACAAGGTCCACGGAT 55
Exon 30/30 TAACGTTGCAACTGGGAGAC GTTGCACAAGGTCCACGGAT 55
B-Actin CTTCTACAATGAGCTGCGTG TCATGAGGTAGTCAGTCAGC 55

Southern blot analyses
ALK exon 1 AGAGTCTGGCAGTTGACTTC TGCTCACAAACAGTCCCGAAG 60
Exon 2 TCAACTCAGTCTACTGGTGG GGATATGGCAGACACAAAGC 60
Exon 3 AGCCCTGTGGTATTGACAAC AGATGGGACTTGTCTTCCTC 60
Exon 4 AGAATGGAGGAAGAAGGCTG GTAATTGCTCAACCTGGACC 60
TUBA4A CTCTCACACTCTGGTATCTC CTGACCATTAGCACAGTCTC 60

Quantitative genomic PCR analyses
ALK exon 1 CTCAGCGAGCTGTTCAGTTG CAGTCCCGAAGATCTGGAAG 55
Intron 1 CTGCTTGGTTCCTCACATCC GTCTGAGTCATTGGCTAATCTCA 55
Exon 2 ACCCAAGCACATGGATCAG GATGAGACAGGAAAGGGAAGG 55
Intron 2 GGTATACACGTGCCATGGTG CCAAATACGGCATGTTCTCA 55
Exon 3 GGAGTGCAGCTTTGACTTCC CTGGGCATCTCCTTAGAACG 55
Intron 3 TGGCATGATTGATTACCCAAG CTGGAGATCACCCTTTGAGG 55
Exon 4 CAACACCTCAGCTGACTCCA CTCTCTTGCAGCCTCGTTG 55

Abbreviations: ALK, anaplastic lymphoma kinase; RT-PCR, reverse transcription - polymerase chain reaction.

assay was performed in nude mice, in which 1.0 x 107 NIH3T3 cells
expressing wild-type ALK and ALK®23 mutant were injected by the
calcium phosphate method. Tumor formation was evaluated 21 days after
inoculation as described previously.®

Immunofluorescence

Cells were fixed for 10min with 4% paraformaldehyde and washed three
times with phosphate-buffered saline. After 1h of blocking in phosphate-
buffered saline containing 4% donkey serum and 0.1% Triton X-100/
phosphate-buffered saline, the cells were incubated for 2h in the same
buffer with polyclonal anti-ALK (Santa Cruz Biotechnology, Santa Cruz, CA,
USA) and monoclonal anti-PDI (Abcam, Cambridge, MA, USA), respectively.
The cells were then washed three times with phosphate-buffered saline
before and after incubation with anti-mouse IgG Alexa Fluor 488 and anti-
rabbit IgG Alexa Fluor 594-conjugated secondary antibodies, respectively,
(Invitrogen, Carlsbad, CA, USA). The cells were then mounted in Prolong Gold
(Invitrogen). Confocal laser microscopy was performed using a Fluoview
10000 confocal microscope (Olympus, Tokyo, Japan). Colocalization of ALK
and PDI was quantified using the Pearson’s correlation coefficient and
determined through correlation analysis with a Fluoview 1000 software >’

Deglycosylation of ALK with N-glycosidase F, N-glycosidase H and
O-glycosidase

Proteins from cell lysates obtained from neuroblastoma cell lines NB-1 and
NH-12 were incubated with N-glycosidase F and endoglycosidase H for

© 2012 Macmillan Publishers Limited

deglycosylation (New England Biolabs, Ipswich, MA, USA), following the
manufacturer's instructions.'® The samples were then used for immuno-
blotting with anti-ALK antibody. Signal intensities of bands in the lane
endoglycosidase H were quantified by densitometric scanning using the
ImageQuant 400 and ImageQuant TL software version 7.

ALK inhibition by an ALK inhibitor and siRNA-mediated
knockdown in neuroblastoma cells

A partial ALK-deleted neuroblastoma-derived cell line (NB-1), ALK-mutated
neuroblastoma-derived cell lines (SK-N-SH and TGW) and a glioblastoma-
derived cell line (H4) were cultured with varying concentrations of the ALK
inhibitor TAE684,2 and cell growth was measured using the CellTiter-Glo
Luminescent Cell Viability Assay (Promega, Tokyo, Japan). NIH3T3 cells
were used as a control. The ICs, value of TAE684 against NB-1 cells was
calculated by nonlinear regression (variable slope) using the GraphPad
Prism 5 software (GraphPad, La Jolla, CA, USA). NB-1 and NH-12 cells with
wild-type ALK were transfected with either an ALK-specific siRNA or a
nonspecific siRNA, as described previously.” To assess the effect of ALK
knockdown on cell growth, cells were seeded in 96-well plates at a
concentration of 1.0 x 10* cells per well 24h before transfection and
assayed using the Cell Counting kit-8 (Dojindo, Kumamoto, Japan). We also
performed an siRNA-mediated ALK knockdown cell proliferation assay
using a cell counter and 6-well plates. These cells were seeded in 6-well
plates at a concentration of 2.0 x 10° cells per well 24 h before transfection.
The number of cells was counted after 72 h using cytorecon (ECI, Tokyo,
Japan).
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Statistical analyses

The Mann-Whitney U-test was used to compare the differences in colony
formation as well as the effects of ALK knockdown on cell growth between
wild-type and ALK mutants. Phosphorylation signals of downstream
molecules were evaluated by Student's t-test.
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The derivation of induced pluripotent stem (iPS) cells from indi-
viduals of genetic disorders offers new opportunities for basic
research into these diseases and the development of therapeutic
compounds. Severe congenital neutropenia (SCN) is a serious
disorder characterized by severe neutropenia at birth. SCN is
associated with heterozygous mutations in the neutrophil elastase
[elastase, neutrophil-expressed (ELANE)] gene, but the mecha-
nisms that disrupt neutrophil development have not yet been clar-
ified because of the current lack of an appropriate disease model.
Here, we generated iPS cells from an individual with SCN (SCN-iPS
cells). Granulopoiesis from SCN-iPS cells revealed neutrophil mat-
uration arrest and little sensitivity to granulocyte-colony stimulat-
ing factor, reflecting a disease status of SCN. Molecular analysis of
the granulopoiesis from the SCN-iPS cells vs. control iPS cells
showed reduced expression of genes related to the wingless-type
mmtv integration site family, member 3a (Wnt3a)/g-catenin path-
way [e.g., lymphoid enhancer-binding factor 1], whereas Wnt3a
administration induced elevation lymphoid enhancer-binding factor
1-expression and the maturation of SCN-iPS cell-derived neutrophils.
These results indicate that SCN-iPS cells provide a useful disease
model for SCN, and the activation of the Wnt3a/g-catenin pathway
may offer a novel therapy for SCN with ELANE mutation.

apoptosis | unfolded protein response | SCN disease model

Severe congenital neutropenia (SCN) is a heterogeneous bone
marrow (BM) failure syndrome characterized by severe
neutropenia at birth, leading to recurrent infections by bacteria
or fungi (1). SCN patients reveal an arrest in neutrophil differ-
entiation in the BM at the promyelocyte or myelocyte stage (1),
as well as a propensity to develop myelodysplastic syndrome and
acute myeloid leukemia (2). Current treatment by high-dose
granulocyte-colony stimulating factor (G-CSF) administration
induces an increase in the number of mature neutrophils in the
peripheral blood of most SCN patients (3). Although this treat-
ment is curative for the severe infections, there is a concern that
high-dose G-CSF may increase the risk of hematologic malignancy
in these individuals (4).

Several genetic mutations have been identified in SCN patients.
Approximately 50% of autosomal-dominant SCN cases were
shown to have various heterozygous mutations in the gene encod-
ing neutrophil elastase [elastase, neutrophil-expressed (ELANE)]
(5, 6), a monomeric, 218-amino acid (25 kDa) chymotryptic serine
protease (7) that is synthesized during the early stages of primary
granule production in promyelocytes (8, 9). However, the mech-
anism(s) causing impaired neutrophil maturation in SCN patients
remains unclear due to the current lack of an appropriate
disease model.

www.pnas.org/cgi/doi/10.1073/pnas.1217039110

Results and Discussion

In the present study, we generated induced pluripotent stem
(iPS) cells from the BM cells obtained from an SCN patient with
a heterologous ELANE gene mutation (exon 5, 707 region,
C194X) (SCN-iPS cells) to provide the basis for an SCN disease
model. The patient who donated BM cells recurrently suffered
from severe infections without exogenous G-CSF administration,
but the G-CSF administration once a week prevented his repe-
ated infection. The SCN-iPS cells continued to show embryonic
stem cell morphology after >20 passages and also expressed
pluripotent markers (Fig. $14). The silencing of exogenous
genes and the capability to differentiate into three germ layers by
teratoma formation were confirmed for each of the three SCN-
iPS cell clones (Fig. 81 B and C). Furthermore, the same
ELANE gene mutation that was present in the patient persisted
in the SCN-iPS cells (Fig. S1D). The SCN-iPS cells, as well as
control iPS cells that were generated from healthy donors, had
the normal karyotype (Fig. S1E) (10, 11) and no mutations in the
mutation-sensitive region of the G-CSF receptor gene (12).

We first compared the hematopoietic differentiation from
SCN-iPS cells with that from control iPS cells that were gener-
ated from healthy donors. SCN-iPS and control iPS cells were
cocultured with a 15-Gy-irradiated murine stromal cell line (the
AGM-S3 cell line), as reported (13). After 12 d, the cocultured
cells were harvested, and the CD34" cells separated from these
cells (SCN-iPS-CD34* and control iPS-CD34" cells, respec-
tively) were cultured in a hematopoietic colony assay by using
a cytokine mixture (Materials and Methods). The number and size
of the erythroid (E) and mixed-lineage (Mix) colonies derived
from SCN-iPS-CD34™ cells (1 x 10* cells) were nearly identical
to those of the corresponding colonies derived from control iPS—
CD347" cells (E colonies: SCN-iPS cells, 11.0 + 3.0, and control
iPS cells, 11.4 + 3.9; Mix colonies: SCN-iPS cells, 25.1 + 7.2,
and control iPS cells, 17.4 + 4.0) (Fig. 1 B and C and Fig. 2.4
and B). However, the number of myeloid colonies derived from
SCN-iPS-CD34* vs. control iPS-CD34* cells was significantly
lower (SCN-iPS cells, 47.4 + 19.5; control iPS cells, 127.8 + 17.9;
P < 0.01), and the size of the colonies was also smaller (Fig. 1.4
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Fig. 1. Impaired neutrophil development from SCN-iPS cells. (A-C) A hematopoietic colony assay was performed by using 1 x 10* CD34™ cells derived from

three SCN-iPS cell clones (SPN0101, SPNO102, and SPN0103) and three control iPS cell clones (controls 1, 2, and 3) in the presence of a cytokine mixture.
Colonies were sorted as myeloid (A), erythroid (8), and mixed-lineage (Mix) (C). Data are shown as mean =+ SD. (D) Photographs of colonies (Left; 100x) and
cells in a GM colony (Right; 400x; May-Grlinwald-Giemsa staining). (E) A hematopoietic colony assay with dose escalation of G-CSF was performed by using
1 x 10° CD34* cells derived from SCN-iPS and control iPS cells. Filled and open bars indicate small colonies consisting of <100 cells and large colonies consisting
of >100 cells, respectively. Data are shown as the average of three independent experiments. (F) Photographs of a small colony derived from SCN-iPS cells
(SPN0102) in the presence of 10 ng/mL G-CSF, large colonies derived from SCN-iPS cells in the presence of 1,000 ng/mL G-CSF, and large colonies derived from

control iPS cells (control 1) in the presence of 10 ng/mL G-CSF. (Scale bars, 200 ym.)

and D). In particular, only a few SCN-iPS cell-derived granulocyte
(G) colonies—myeloid colonies consisting of only granulocytes—
were detected (Fig. 14). SCN-iPS cell-derived granulocyte—
macrophage (GM) colonies—myeloid colonies consisting of
macrophages/monocytes with/without granulocytes—contained a
few immature myeloid cells in addition to macrophages/monocytes,
whereas control iPS cell-derived GM colonies included a substantial
number of mature, segmented, and band neutrophils (Fig. 1D).

We also found that Mix colonies derived from SCN-iPS cells,
but not control iPS cells, contained immature myeloid cells and
few mature neutrophils (Fig. 82 C and D). Next, we conducted
a hematopoietic colony assay using various concentrations of
G-CSF alone instead of the cytokine mixture to examine the
G-CSF dose dependency of neutrophil differentiation from SCN-
iPS and control iPS-CD34™ cells. For all concentrations of G-CSF
used (1-1,000 ng/mL), the SCN-iPS cell-derived myeloid colonies
were significantly lower in number and smaller in size than the
control iPS cell-derived myeloid colonies (Fig. 1E). Myeloid col-
ony formation from control iPS cells reached a plateau at ~1-10
ng/mL G-CSF, whereas the number and size of those from SCN-
iPS cells gradually increased with increasing concentrations of
G-CSF. However, the values observed for SCN-iPS cells did not
reach those for the control iPS cells, even at the highest dose of

2of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1217039110

G-CSF used (1,000 ng/mL). Furthermore, large colonies consist-
ing of >100 cells derived from SCN-iPS cells were only found with
higher concentrations of G-CSF (Fig. 1F). Thus, granulopoiesis
initiated from SCN-iPS cells was relatively insensitive to G-CSF,
reflecting the inadequate in vivo response of neutrophils to G-CSF
in SCN patients (14, 15). Therefore, these results support the
applicability of the SCN-iPS cells established herein as a disease
model for SCN.

To examine neutrophil development from SCN-iPS cells in
more detail, SCN-iPS and control iPS-CD34* cells (1 x 10* cells
each) were cocultured in suspension with AGM-S3 cells in the
presence of neutrophil differentiation medium (S Materials and
Methods). The number of nonadherent cells derived from SCN-
iPS-CD34™ cells was lower than that from control iPS-CD34™*
cells on day 14 of culture (SCN-iPS cells, 9.77 x 10* + 1.65 x 10*
cells; control iPS cells, 52.48 x 10* + 23.13 x 10* cells; P < 0.05)
(Fig. 24). The proportion of mature neutrophils among the
nonadherent cells was also significantly lower for SCN-iPS cells
relative to control iPS cells on day 14 (SPN-iPS cells, 15.53% +
4.33%; control iPS cells, 71.285 x 3.30%; P < 0.05) (Fig. 2 B and
C), indicating that myeloid cells derived from SCN-iPS cells
revealed the maturation arrest in the neutrophil development.
We then examined a possibility that the maturation arrest in SCN-
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Fig. 2. Analysis of impaired neutrophil development from SCN-iPS cells. (A) Total number of nonadherent cells in the suspension culture of 1 x 10* CD34*
cells derived from SCN-iPS and control iPS cells. Data are shown as mean + SD. *P < 0.01. (B) Photographs of nonadherent cells derived from SCN-iPS (SPN0103)
and control iPS cells (control 1) on day 14 of culture (400x; May-Grinwald-Giemsa staining; scale bars, 50 pm.) (C) Filled and open bars show the proportion of
mature neutrophils among the cells derived from SCN-iPS (filled bars) and control iPS (open bars) cells on day 14 of suspension culture. Data are shown as
mean + SD. *P < 0.05. (D) Flow cytometric analysis of annexin V expression on cultured cells from SCN-iPS cells (SPN0102) or control iPS cells (control 1) on day 7.
(E) Sequential qRT-PCR analysis of the relative expression of ELANE mRNA [ELANE/hypoxanthine—guanine phosphoribosyltransferase (HPRT) expression]. Data
obtained from independent experiments using three SCN-iPS cell clones (SPN0101, SPN0102, and SPN0103) and three control iPS cell clones are shown as mean +
SD. **P < 0.01. (F and G) CD34* cells derived from SCN-iPS or control iPS cells were cultured in neutrophil differentiation medium (see text). On day 7, non-
adherent cells were collected and analyzed. (F) Representative gel showing spliced (S) and unspliced (US) XBP-1 bands on day 7. (G) qRT-PCR analysis of the
relative mRNA expression (target/HPRT expression) of BiP on day 7. Data are shown as mean + SD. *P < 0.05; different from control 1). (H) gRT-PCR analysis
of the relative mRNA expression (target / HPRT expression) of C(/EBP-o, CJEBP-B, C/EBP-¢, SPI1, and BCL2 genes in non-adherent cells derived from SCN-iPS cells
(filled bars, SPN0103) and control iPS cells (open bars, control 1) on day 2 of suspension culture. Data are shown as the mean = the s.d. (**P < 0.01, *P < 0.05).

iPS cell-derived myeloid cells might be caused by their apoptosis.
In flow cytometric analysis, SCN-iPS cell-derived myeloid cells
contained a significantly higher proportion of annexin V-positive
cells than control iPS-derived myeloid cells on day 7 of culture,
suggesting that the maturation arrest in myeloid cells derived from
SCN-iPS cells might be caused by their apoptosis (Fig. 2D).

We next examined ELANE mRNA expression levels in
nonadherent cells derived from SCN-iPS vs. control iPS cells
(Fig. 2E). ELANE expression was significantly lower in non-
adherent cells derived from SCN-iPS vs. control iPS cells on
days 2 and 4 of culture (P < 0.01), as reported (16, 17).
However, the former was a little higher than the latter on day 7
(P < 0.01). This result may be explained by the existence of
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SCN-iPS cell-derived myeloid cells arrested at an early stage
along the neutrophil differentiation pathway even on day 7 of
culture. We also examined the expression of proteinase 3 and
azurocidin, which comprise a family of closely related genes
encoding neutrophil granule proteins along with ELANE, and
found these genes were more highly expressed on day 4 (Fig. S3).

It has been reported that induction of the endoplasmic re-
ticulum stress (ER) response and the unfolded protein response
(UPR) has been advanced as a potential explanation for the
molecular pathogenesis of SCN (18, 19). Thus, we examined ac-
tivation of the UPR by X-box binding protein 1 (XBP-1) mRNA
splicing on day 7. As shown in Fig. 2F, SPN-iPS cells induced
XBP-1 mRNA splicing. We also found the up-regulation of BiP
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(also known as GRP78 or HSPAS) (Fig. 2G). These results sug-
gested that ER stress response and UPR might be involved in the
pathogenesis in SCN.

To examine further the differences in gene expression between
the two cell types, a microarray analysis was carried out by using
CD34* cells derived from SCN-iPS and control iPS cells (three
clones of each) in suspension culture on day 2. At this early time
point, differences in cell number and morphology were not yet
readily discernible between SCN-iPS and control iPS cells, as
shown in Fig. 24. However, the microarray analysis revealed
a differential expression of various genes between the two cell
types. Transcription factor genes, which were related to neu-
trophil development [e.g., CCAAT/enhancer-binding protein
(C/EBP)-a (20), C/EBP-p (21), C/EBP-¢ (22), and SPI1 (also
known as PU.1) (23)], were all down-regulated in SCN-iPS cells.
B-cell chronic lymphocytic leukemia/lymphoma 2, which regu-
lates cell death under ER stress through the core mitochondrial
apoptosis pathway (24), was also down-regulated (Fig. 34).
These findings were confirmed by quantitative reverse-tran-
scriptional PCR (qRT-PCR), as shown in Fig. 2H.

Notably, the down-regulation of the genes in SCN-iPS cells
related to and regulated by the wingless-type mmtv integration
site family, member 3a (Wnt3a)/B-catenin pathway [e.g., Wnt3a,
lymphoid enhance-binding factor (LEF)-1, BIRC5 (also known
as survivin), and cyclin D1] was also uncovered by microarray
analysis and qRT-PCR (Fig. 3 A-C and Fig. S4). Therefore, we

examined the effect of enhancement of Wnt3a/B-catenin signal-
ing by exogenous Wnt3a addition on the neutrophil development
of CD34" cells derived from SCN-iPS and control iPS cells.
Although Wnt3a did not stimulate the survival, proliferation, and
differentiation of CD34" cells derived from both iPS cells in the
absence of cytokines stimulating myelopoiesis including G-CSF,
the addition of Wnt3a to the neutrophil differentiation medium
induced a dose-dependent increase in the percentage of mature
neutrophils among the cultured cells, as shown in Fig. 3 D and
E. Furthermore, when Wnt3a was added concurrently with
1,000ng/mL G-CSF, the proportion of mature neutrophils in-
creased more than it did with Wnt3a or 1,000 ng/mL G-CSF alone,
reaching a value comparable with that observed for control iPS
cells (Fig. 4 A and B).

The reduced expression of LEF-1 (as regulated by the Wnt3a/
B-catenin pathway) reportedly plays a critical role in the defective
maturation of neutrophils in SCN patients (25). Therefore, we
next examined LEF-1 mRNA expression in SCN-iPS-CD34*
cells cultured in the presence of Wnt3a, G-CSF (1,000 ng/mL),
or both. Wnt3a and G-CSF both enhanced LEF-1 mRNA ex-
pression, but the most significant increase was observed in the
presence of Wnt3a plus G-CSF. LEF-1 expression in SCN-iPS~
CD34™" cells in response to Wnt3a plus G-CSF was almost the
same as that in control iPS-CD34% cells (Fig. 4C). These results
substantiate the importance of LEF-1 in neutrophil development
and the pathogenesis of SCN, as shown (25). Moreover the
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Fig. 3. Effects of Wnt3a on neutrophil development from SCN-iPS cells. (4) Heat map showing differential gene expression among SCN-iPS and control iPS
cells on day 2. Red, high gene expression; blue, low gene expression compared with gene expression in control 3. (B) gRT-PCR analysis of the relative mRNA
expression (target/HPRT expression) of Wnt3a on day 2. Filled and open bars indicate experiments using SCN-iPS cells (SPN0101, SPN0102, and SPN0103) and
control iPS cells (controls 1, 2, and 3), respectively. Data are shown as mean + SD. *P < 0.05. (C) gRT-PCR analysis of the relative expression (target/HPRT
expression) of genes regulated by the Wnt3a/p-catenin pathway (LEF-1, survivin, and cyclin D1) in SCN-iPS cells (filled bars, SPN0103) vs. control iPS cells (open
bars, control 1) on day 2 of suspension culture. Data are shown as mean + SD. **P < 0.01; *P < 0.05. (D) Proportion of mature neutrophils among the cells
derived from SCN-iPS cells (SPN0102) on day 14 of suspension culture with dose escalation of Wnt3a. Data are shown as mean = SD. **P < 0.01. (E) Pho-
tographs of nonadherent cells on day 7 of suspension culture with or without Wnt3a (500 ng/mL) (400x; May-Griinwald-Giemsa staining).
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Fig. 4. Effects of Wnt3a in combination with high-dose G-CSF. (A) Filled and open bars show the proportion of mature neutrophils among the cells derived
from SCN-iPS cells (SPN0101) on day 14 of suspension culture in the presence of neutrophil differentiation medium containing 10 ng/mL G-CSF (GCSF 10 ng/mL);
500 ng/mL Wnt3a and 10 ng/mL G-CSF (Wnt3a+GCSF 10 ng/mL); 1,000 ng/mL G-CSF (GCSF 1,000 ng/mL); or 500 ng/mL Wnt3a and 1,000 ng/mL G-CSF (Wnt3a +
GCSF 1,000 ng/mL); and that from control iPS cells (controls 1 and 2) cultured in the neutrophil differentiation medium containing 10 ng/mL G-CSF, respectively.
Data are shown as mean + SD. **P < 0.01; *P < 0.05. (B) The proportion of mature neutrophils among the cells derived from three SCN-iPS cell clones (SPN0101,
SPNO0102, and SPN0103) on day 14 of suspension culture in the presence of neutrophil differentiation medium containing 10 ng/mL G-CSF (GCSF 10 ng/mL);
500 ng/mL Wnt3a and 10 ng/mL G-CSF (Wnt3a+GCSF 10 ng/mL); or 500 ng/mL Wnt3a and 1,000 ng/mL G-CSF (Wnt3a + GCSF 1,000 ng/mL). Data are shown
as mean + SD. **P < 0.01; *P < 0.05. (C) Filled and open bars show the relative expression (target/HPRT expression) of LEF-1 mRNA in SCN-iPS cells (SPN0101)
on day 2 of suspension culture in the presence of differentiation medium containing the same combinations of Wnt3a and G-CSF as shown in A and that from
control iPS cells (control 2), respectively. Data are shown as mean + SD. **P < 0.01; *P < 0.05. (D) Filled and open bars show the relative expression (target/HPRT
expression) of CJEBP-a, BIRCS, or cyclin D1 mRNA in SCN-iPS cells (SPN0101) on day 2 of suspension culture in the presence of differentiation medium containing
the same combinations of Wnt3a and G-CSF as shown in A and that from control iPS cells (control 2), respectively. Data are shown as mean =+ SD. **p < 0.01;
*P < 0.05. (F) Total cell numbers of nonadherent cells in suspension cultures of 1 x 10* CD34* cells derived from control iPS cells (control 2; red broken line)
and SCN-iPS cells (SPN0101) in the presence of neutrophil differentiation medium (black line) and those from SCN-iPS cells in the presence of neutrophil
differentiation medium containing 500 ng/mL Wnt3a (yellow line) or 1,000 ng/mL G-CSF (black line). Data are shown as mean + SD. **P < 0.05.

administration of Wnt3a led to up-regulate C/EBP-q, cyclin D1,
and BIRCS5/survivin in addition to LEF-1 in the presence of G-
CSF (Fig. 4D). These results suggested that the up-regulation of
LEF-1 expression might promote granulopoiesis by increasing
the expressions of cyclin D1, BIRCS/survivin, and C/EBP-a and
its binding to LEF-1 in accordance with the previous report (25).
Interestingly, Wnt3a did not stimulate the proliferation of mye-
loid cells, whereas 1,000 ng/mL G-CSF did to a certain extent
(Fig. 4F). Hence, Wnt3a was capable of stimulating the maturation
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of impaired neutrophils in the presence of G-CSF, but not the
proliferation of myeloid cells from SCN-iPS cells.

Importantly, aside from providing new insights into the mech-
anisms behind impaired neutrophil development in SCN patients,
the present study demonstrates that agents activating the Wnt3a/
B-catenin pathway are potential candidates for new drugs for SCN
with mutations in the ELANE gene. Because endogenous G-CSF
is readily increased in SCN patients (26), these activating agents
may be viable alternatives to exogenous G-CSF treatment.
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Materia: and Methods
Additiondinformation is available in S/ Materials and Methods.

Generatioof Human iPS Cells. BM fibroblasts from a patient with SCN and
skin dermmifibroblasts from a healthy donor were acquired after obtaining
inform edonsent after getting the approval by the Ethics Committee of the
Institute ¢ Medical Science, University of Tokyo, in accordance with the
Declaratia of Helsinki. The SCN patient presented with a heterozygous
mutationiithe ELANE gene in the 707 region of exon 5. SCN-iPS cells were
establisheifrom the SCN-BM fibroblasts by transfection with the pMX ret-
roviral vefor, as described (10). This vector expressed the human tran-
scription fictors OCT3/4, SOX2, KLF4, and ¢-MYC. Control iPS cell clones,
control 1 [kDN4-M) and control 3 (201B7), were gifts from K. Eto and
S. Yamanka (Kyoto University, Kyoto), respectively (10, 11). Control 2
(SPHO1 01)was newly generated from another healthy donor’s skin dermal
fibroblastiby using the same methods.

Hematop ditic Colony Assay. A hematopoietic colony assay was performed
in an aligot of culture mixture, which contained 1.2% methylcellulose
(Shin-Etsu(hemical), 30% (vol/vol) FBS, 1% (volivol) deionized fraction V
BSA, 0.1 nit 2-mercaptoethanol (2-ME), a-minimum essential medium, and
a cytokinemixture consisting of 100 ng/mL human stem cell factor (hSCF)
(Wako), 1l ng/mL fusion protein 6 [FP6; a fusion protein of interleukin (IL)-
6 and |L-6rceptor] (a gift from Tosoh), 10 ng/mL human IL-3 (hIL-3) (a gift
from Kiringrewery), 10 ng/mL human thrombopoietin (hTPO) (a gift from
Kirin Brewvwy), 10 ng/mL human G-CSF (a gift from Chugai Pharmaceutical),
and 5 U/rm human erythropoietin (a gift from Kirin Brewery). For dose es-
calatiorn exyeriments, various concentrations (0, 1, 10, 100, and 1,000 ng/mL)
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of G-CSF were used instead of the cytokine mixture described above.
Colony types were determined according to established criteria on day 14
of culture by in situ observations under an inverted microscope (IX70;
Olympus) (27).

Suspension Culture and Neutrophil Differentiation Assay. CD34* cells (1 x 10*
cells) were cocultured with irradiate confluent AGM-S3 cells in neutrophil
differentiation medium containing Iscove’s modified Dulbecco’s medium,
10% FBS, 3 mM L-glutamine, 1 x 107* M 2-ME, 1 x 10™* M nonessential amino
acids solution, 100 ng/mL hSCF, 100 ng/mL FP6, 10 ng/mL hiL-3, 10 ng/mL
hTPO, and 10 or 1,000 ng/mL human G-CSF. Wnt3a (10, 100, or 500 ng/mL)
(R&D) was then added. The medium was replaced with an equivalent volume
of fresh medium every 4 d. Living, nonadherent cells were counted following
0.4% trypan blue staining.

PCR primer. All primer sets used in this study are shown in Table 51.

Statistical Analysis. All data are presented as mean =+ SD. P < 0.05 was con-
sidered significant. Statistical analyses were performed by using Prism soft-
ware (GraphPad).
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