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Fig. 2. Serum anti-Ku86 levels in patients with HCV-related chronic liver diseases, HCC, other gastrointestinal cancers and in healthy volunteers. Serum anti-Ku86 levels in
HCC patients were significantly higher than those in patients with liver cirrhosis (LC) and other gastrointestinal cancers. Significance of the differences was assessed by

Mann-Whitney U-test.

2.4. Data collection and statistical analysis

Serum levels of AFP and PIVKA-II were measured using com-
mercial enzyme immunoassay kits (Fujirebio Inc., Tokyo, Japan),
with cut-off values set at 40 ng/ml and 40 mAU/ml, respectively,
to give 90% specificity in patients with liver cirrhosis. Numerical
data are presented as the mean * SD. The significance of differences
in above analyses was examined using IBM SPSS Statistics 19 (SPSS
Inc., Chicago, IL, USA). The overall diagnostic accuracies of each
tumor marker were evaluated by receiver-operating characteristic
(ROC) analysis using R statistical software, version 2.12.1
(http://www.r-project.org/) with the pROC add-on package.
P <0.05 was considered significant in all analyses.

3. Results
3.1. Immunohistochemistry of Ku86 in HCC tissues

Although staining of Ku86 in nontumor tissues was minimal,
strong staining was noted in tumor tissues mainly in the nucleus.
In some tumor cells, weak staining was also seen in the cytoplasm
(Fig. 1A). Similar results were obtained in four other comparisons.
It was noteworthy that HCC was distinguished from adjacent non-
tumor tissue by stronger staining of Ku86 (Fig. 1B).

3.2. Serum anti-Ku86 levels in patient groups

Serum anti-Ku86 levels in patient groups and healthy subjects
are presented in Fig. 2. Serum anti-Ku86 levels were significantly
higher in patients with HCC (0.42 + 0.25) compared to those with li-
ver cirrhosis (0.18 £ 0.08) (all P < 0.001). The levels in gastric, colo-
rectal and pancreatic cancers were increased but were significantly
lower than those of HCC (P < 0.001). In 12 cases, serum anti-Ku86
levels were determined just before and 2 months after surgical
resection of the tumors. As shown in Fig. 3A, the levels significantly
decreased after surgery (0.49+0.33 vs. 0.19£0.16, P<0.001).

Preoperative serum anti-Ku86 levels as related to expression levels
of Ku86 assessed by immunohistochemistry are presented in
Fig. 3B. Anti-Ku86 level tend to be higher in patients with greater
Ku86 expression in HCC tissues.

3.3. Comparison with AFP and PIVKA-II (DCP)

There was no significant correlation of anti-Ku86 with the two
conventional HCC tumor markers, AFP and PIVKA-II (Supplemen-
tary Fig 1).

Serum levels of AFP, PIVKA-II and anti-Ku86 in HCC patients are
summarized in Table 2A. Also, serum levels of the three markers in
all the 28 Stage I cases are shown in Table 2B.

The cut-off values of the three markers were all set at levels that
gave 90% specificity compared with patients with liver cirrhosis:
0.28 Abs, 40 ng/ml, 40 mAU/ml for anti-Ku86, AFP, and PIVKA-II,
respectively. In 28 HCC patients with solitary small (<2 cm) tumor
(Stage I), serum anti-Ku86 levels were above the cut-off value in 17
cases (60.7% sensitivity). In these 28 patients, the sensitivities of
AFP and PIVKA-II at cut-off levels that gave 90% specificity were
17.8% and 21.4%, respectively (Fig. 4A). Anti-Ku86 levels were
above the cut-off level in 11 (61.1%) of 18 Stage I cases in which
the serum levels of AFP and PIVKA-II were both below their respec-
tive cut-off values. Thus, combination assays of AFP, PIVKA-II and
anti-Ku86 could detect 21 out of 28 Stage 1 HCC cases (Table 2B).

ROC curves for anti-Ku86, PIVKA-II, AFP and a combination of
AFP and PIVKA-II in Stage I and Stage I-1I HCC cases compared with
LC patients are presented in Fig. 4B . The area under the curve
(AUQ) for anti-Ku86 was significantly greater than those for
PIVKA-II, AFP and a combination of AFP and PIVKA-II (P < 0.001).

4. Discussion

The data presented in this study provides the first evidence that
anti-Ku86 could be an early indicator of HCV-related HCC. The
study is also a good example of potential HCC tumor marker
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Fig. 3. Serum anti-Ku86 before and after surgical resection of tumors. (A) Serum
anti-Ku86 levels before and 2 months after surgical resection of HCC in 12 cases.
The levels significantly decreased after surgery (P < 0.001 assessed by the Wilcoxon
signed rank sum test). (B) Preoperative serum anti-Ku86 levels as related to
expression levels of Ku86 assessed by immunohistochemistry. Anti-Ku86 level tend
to be higher in patients with greater Ku86 expression in HCC tissues.

Table 2A

Serum levels of AFP, PIVKA-II and anti-Ku86 in patients with hepatocellular
carcinoma. (A) The mean values (mean + SD) of each marker in patients with liver
cirrhosis and HCC.

Liver cirrhosis HCC
(N=137) Stage | Stage Il
(N=28) (N=30)
AFP (ng/mL) 142+145 2454475 473.9 £2010.6
PIVKA-II (mAU/ 21.6+13.3 87.8+218.6 136.7£2244
mL)
Anti-Ku86 (Abs) 0.18 £0.08 0.35+0.17 0.46+0.34

discovery originating from comprehensive proteome analysis of
HCC tissues.
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Table 2B
Serum AFP, PIVKA-II and anti-Ku86 levels in 28 patients with solitary and small
(<2 cm) HCC (Stage 1). Positive data are underlined.

No. Age Sex Noncancerous Child- Tumor AFP  PIVKA- Anti-
tissue Pugh size (ng/ I Ku86
(mm) mL) (mAU/ (Abs)
mL)

1 73 Female LC B 14 5.6 14 0.50
2 69 Female LC A 20 4.8 12 0.18
3 80 Female LC A 19 14.3 30 0.19
4 74 Female LC A 20 28.7 20 0.34
5 61 Male LC C 20 43.8 12 0.96
6 81 Female LC C 20 9.0 586 0.41
7 73 Male LC A 17 86 1041 02
8 56 Female LC B 8 14.0 13 0.22
9 56 Male LC A 12 4.6 68 0.24
10 60 Male LC C 16 145 241 0.15
11 71 Female LC A 17 5.5 19 0.46
12 70 Male LC B 10 23 12 0.25
13 67 male LC A 7 6.6 16 0.56
14 76 Female LC A 10 8.7 15 0.40
15 80 Female LC B 14 2277 50 0.60
16 79 Male LC A 15 1379 18 0.24
17 61 Male LC B 8 405 20 037
18 81 Male LC A 12 6.4 26 039
19 76 Male LC B 10 417 13 029
20 51 Male LC A 12 71 12 024
21 81 Female LC B 10 12.9 10 0.30
22 75 Female LC A 17 6.1 15 0.35
23 63 Male LC A 12 78 33 g3g
24 76 Female LC A 18 65 20 018
25 71 Female LC B 17 5.5 19 033
26 75 Male CH 14 36 37 047
27 69 Male LC A 17 24 17 0.23
28 49 Female LC A 11 89 78 029

LC, liver cirrhosis; CH, chronic hepatitis, Child-Pugh, Child-Pugh classification to
indicate the severity of liver cirrhosis.

Although direct analyses of serum or plasma by mass spectrom-
etry may provide biomarker candidates for a variety of diseases,
the spectrum of observed proteins and peptides suggests that they
are not easily applicable to early detection of solid tumors [25].
Glycomic and glycoproteomic approaches might be more promis-
ing [26,27].

We previously conducted proteome analyses to compare pro-
tein expression levels between surgically resected HCC tissues
and adjacent non-tumor tissues using agarose 2D-DIGE [23].
Expression levels of 83 proteins differed between the tumor and
non-tumor tissues, and immunoblotting showed significantly in-
creased expression of clathrin heavy chain (CHC) and Ku86 in the
tumor tissue [23]. Since autologous proteins overexpressed in tu-
mor cells can be altered in a way that renders them immunogenic,
we compared the serum anti-CHC and anti-Ku86 levels in HCV-re-
lated HCC patients with those in patients with liver cirrhosis with-
out HCC. The results of preliminary experiments showed that the
increase of serum anti-Ku86 in HCC sera was much greater than
that of anti-CHC (data not shown). Therefore, in the current study,
we focused on anti-Ku86.

The Ku complex is composed of two subunits of 70 and 86 kDa,
which are designated as Ku70 and Ku86 (also referred to as Kug0),
respectively [28]. Ku70 and Ku86 are the regulatory region of a
DNA-dependent protein kinase that is involved in multiple biolog-
ical processes, including DNA double-strand break repair, V(D)]
recombination, telomere length maintenance, cell cycle progres-
sion, and transcriptional regulation [29]. We detected Ku86 over-
expression in HCC by direct 2-DE proteome analysis of HCC
tissues. Overexpression of Ku86 in HCC was also shown by Luk



842 F. Nomura et al./Biochemical and Biophysical Research Communications 421 (2012) 837-843

67

100 [
% AFP

80 B PIVKA-I
— @ anti-Kugé
ég
b
=
et
2
2
Q
[a T}

(N=28) N=30)
B A B
o < -
- i
o« OO- —
S S
B 9 £ o
z @ s ©
= @
:=: = (§ =
7?5 S .
e -~ AFP
o o= gt «-++ PIVKA-IL
© ! — anti-Kug$ © — anti-Kog6
o — —— AFP+PIVEA-I - e AFPHPIVRA-TL
S T T T T T T S T T T T T T

0.0 0.2 0.4 0.6 0.8 1.0
1 - Specificity

0.0 0.2 0.4 0.6 0.8 1.0
1 - Specificity

Fig. 4. Comparison of anti-Ku86 with the conventional tumor markers of HCC. (A) Sensitivity of AFP, PIVKA-II and anti-Ku86 in early (Stage I) and relatively early (Stage II)
HCC cases. Sensitivities were obtained at cut-off levels that gave 90% specificity in cirrhotic patients without HCC: 40 ng/ml for AFP, 40 mAU/ml for PIVKA-1I, and 0.28 Ab for
anti-Ku86. The sensitivity of anti-Ku86 was significantly higher than those of AFP and PIVKA-II in Stage I and Stage II cases. The differences between anti-Ku86 and AFP or
PIVKA-II in Stage | and Stage Il cases were statistically significant (P < 0.05) as assessed by Fisher's exact test. (B) ROC curves for anti-Ku86, PIVKA-II, AFP in Stage I (early) and
Stage I-Il HCC cases, compared with LC patients. The area under the curve (AUC) for anti-Ku86 was significantly greater than those for PIVKA-II, AFP and a combination of AFP

and PIVKA-II (P < 0.001).

et al. by a different approach [30}]; using a murine monoclonal anti-
body generated against HCC samples, overexpression of the het-
erodimer Ku70/Ku80 (=Ku86) in the nucleus and/or cytoplasm
was shown in HCC cell lines and in liver cancer tissues [30].
Ku70 is also present in the plasma membrane [31], which makes
this antigen more accessible to the immune system.

There are many ways in which autologous proteins become
immunogenic in tumor cells, including overexpression, mutation,
misfolding, and aberrant degradation. In addition, proteins that
are mislocalized during malignant transformation can also pro-
voke a humoral response. Overexpressed proteins appear to
increase the antigenic load in HCC, as in the case of cyclin B1
[24]. Indeed, in the present study, immunohistochemical stain-
ing of anti-Ku86 tended to be stronger in HCC cases in which
preoperative serum anti-Ku86 levels were highly elevated. The
possibility of a missense mutation of the XRCC5 gene that codes
for Ku86 should aiso be considered. The exact reasons of the
increased antigenicity of Ku86 in HCC tissues remain to be
clarified.

Autoantibodies have various characteristics and advantages as
cancer biomarkers [21,22]. First, the immune response to tumor
associated antigens (TAAs) can occur at a relatively early stage
of carcinogenesis. Second, autoantibodies are stable and remain

elevated for a relatively long period, in contrast to other biomark-
ers including TAAs themselves, which are less stable and rapidly
degraded and cleared. Serum levels of the autoantibodies are
also much higher than their respective TAAs, as a result of
amplification by the immune system in response to a single
autoantigen.

Based on a proteome analysis of HCC tissues, we have provided
the first evidence that anti-Ku86 is a promising tumor marker for
early detection of HCV-related HCC. Ku86 appears to develop anti-
genicity at a relatively early stage of tumorigenesis. Since mecha-
nisms of hepatocarcinogenesis are variable depending on the
etiology, it is possible that the antigenic potential of Ku86 differs
in HCC of other etiologies. Therefore, a larger multicenter prospec-
tive study including HCC of various etiologies including HBV and
non-alcoholic steatohepatitis (NASH) is required for further evalu-
ation of the diagnostic and pathophysiological roles of elevation of
serum anti-Ku86 in early HCC.
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Integrated Proteomics Identified Novel
Activation of Dynein IC2-GR-COX-1 Signaling
in NF1 Disease Model Cells*s
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Neurofibromatosis type 1 (NF1) tumor suppressor gene
product, neurofibromin, functions in part as a Ras-GAP,
and though its loss is implicated in the neuronal abnor-
mality of NF1 patients, its precise cellular function re-
mains unclear. To study the molecular mechanism of NF1
pathogenesis, we prepared NF1 gene knockdown (K,)
PC12 cells, as a N isease model, and analyzed their
molecular (gene at otein) expression ,,profiles with a
unique integra € '

protein set. The
ered, “dynein ;I,
ined in NF1-K,

lation patterns of dynein IC2 |somers,
accumulation of nuclear GR, and increased COX-1 ex-
pression in NGF-treated cells. Moreover, the neurite re-
traction phenotype observed in NF1-K, cells was signifi-
cantly recovered by knockdown of the dynein IC2-C
isoform and COX-1. In addition, dynein IC2 siRNA signif-
icantly inhibited nuclear translocation and accumulation
of GR and up-regulation of COX-1 expression. These

From the f£Department of Tumor Genetics and Biology, Graduate
school of Medical Sciences, Kumamoto University, 1-1-1, Honjo,
Chuo-ku, Kumamoto 860-8556, Japan; §Bioinformatics Center, Insti-
tute for Chemical Research, Kyoto University, Gokasho, Uji, Kyoto
611-0011, Japan; f|Database Center for Life Science, Research Or-
ganization of Information and Systems, 2-11-16, Yayoi, Bunkyo-ku,
Tokyo 113-0032, Japan

Received October 16, 2012, and in revised form, December 22,
2012

Published, MCP Papers in Press, January 28, 2013, DOl 10.1074/
mcp.M112.024802

be a novel therapeu c target for NF1.

: ;encodes a larg pr
up-regulation and

results suggest that dynein IC2 up-regulates GR nuclear
translocation and accumulation, and subsequently
causes increased COX-1 expression, in this NF1 disease
model. Our integrated proteomics strategy, which com-
bines multiple approaches, demonstrates that NF1-re-
lated neural abnormalities are, in part, caused by up-
regulation of dynein IC2-GR-COX-1 signaling, which may
be lecular & Cel-
1-18,

of 2818 amlno amds neuroflbromm

(2). Because the g 1ajority of NF1 gene muta’uons fre-

‘quently found in NF1 patients disturb the expression of intact

neurofibromin, functional disruption of neurofibromin is po-
tentially relevant to the expression of some or all of the ab-
normalities that occur in NF1 patients (3). A region centered
around 360 amino acid residues encoded by the NF1 gene
shows significant homology to the known catalytic domains of
mammalian Ras GTPase-activating protein (p120 GAP). This
region is also similar to yeast IRA1/2 proteins, which have

" The abbreviations used are: NF1-KD, NF1 knockdown; 2D-DIGE,
two-dimensional fluorescence difference gel electrophoresis; iTRAQ,
isobaric tagging for relative and absolute quantitation; iPEACH, Inte-
grated Protein Expression Analysis Chart; NGF, nerve growth factor;
GO, gene ontology; MANGO, Molecular Annotation by Gene Ontol-
ogy; Qg-TOF, quadrupole/quadrupole/time-of-flight mass spectrom-
eters; dynein IC, dynein intermediate chain; GR, glucocorticoid re-
ceptor; COX-1, cyclooxygenase-1; siRNA, short interfering RNA;
MPNST, malignant peripheral nerve sheath tumor; PGE2, prostaglan-
din E2.
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been shown to interact with Ras and mediate hydrolysis of
Ras-bound GTP to GDP, resulting in inactivation of Ras pro-
tein function. The GAP-related domain of the NF1 gene prod-
uct also stimulates Ras GTPase and consequently inactivates
Ras protein (4-6). In our previous report, we demonstrated a
novel role of neurofibromin in neuronal differentiation in con-
junction with regulation of Ras activity via its GAP-related
domain using nerve growth factor (NGF)-stimulated PC12
cells as a model for neuronal cells (6). We also found that a
novel neurofibromin interacting protein CRMP-2, identified
with the screening of binding proteins of neurofibromin C-ter-
minal domain by iTRAQ, up-regulates the phosphorylation
patterns in the NF1 siRNA treated PC12 cells compared with
those of control cells through two-dimensional (2D) fluores-
cence difference gel electrophoresis (DIGE) analysis coupled
with Pro-Q Diamond staining, and demonstrated that the
functional association of neurofibromin and CRMP-2 is es-
sential for neuronal cell differentiation (7). In these studies,
neurofibromin expression was suppressed using small inter-

model for analyzi
Our previous resear

integrated prot

teins, isoba
(iITRAQ) (7,

need for a mining system for data integration. Therefore, we
created the “iPEACH?” (Integrated Protein Expression Analysis
Chart, PCT/JP2011/58366) application to integrate informa-
tion from several analysis types into a useful data file that
provides comprehensive proteomic data including post-
translational modification, transcriptomic data, and functional
annotations from several databases, with a tool for quickly
organizing, enriching, and sorting these data to reveal candi-
date molecules. Using iPEACH, sample data obtained from
our transcriptomic and proteomic (iTRAQ and 2D-DIGE) anal-
yses of NF1 disease model cells were integrated and stored in
a database.

In this study, we constructed an iPEACH database for neu-
rofibromin-deficient PC12 cells compared with normal cells
after NGF stimulation, and used Gene Ontology (GO) and
knowledge-based network analyses targeting up-regulated
signals in the NF1 model cells, which lost their normal differ-

fering RNA (siRNA) directed against NF1, and the inhibition of

voluminous data arlsmg from each analysis hlghllghted the for 15 min at 4 °C, and the protem concentrations of the supematants

entiation activity, to extract a novel candidate signal network
for NF1-related phenotype, termed “dynein 1C2-GR-COX1”
signaling. Statistical analysis of the expression or modification
of these proteins in NF1-knockdown (NF1-K,) cells and sub-
sequent biological validation by sequential analyses using
siRNAs and the glucocorticoid receptor (GR) antagonist led to
the successful identification of protein targets of the network
most likely to be involved in the abnormal PC12 differentiation
caused by neurofibromin deficiency. In addition, this network
involved the alternative splicing and specific phosphorylation
of cytoplasmic dynein 1 intermediate chain 2 isoform B (dy-
nein IC2-B) and isoform C (dynein 1C2-C) via NGF stimulation
in NF1-K; PC12 cells.

Here, we demonstrate that the function of neurofibromin for
neurite outgrowth in PC12 cells may involve the regulation of
cyclooxygenase-1 (COX-1) via glucocorticoid receptor (GR)
and dynein IC2 splicing and phosphorylation. We also discuss
the implications of a functional association between neurofi-
bromin and COX-1 for neuronal regulation in relation to NF1
athogenesns This re ort is the flrst to ldent|fy a signal net-

were determined using Protein Assay Dye Reagent Concentrate (Bio-
Rad, Hercules, CA). Cellular phenotypic changes were monitored on
a time-lapse microscope equipped with a CO, incubation chamber
system (IX81, Olympus) using MetaMorph software ver. 7.5.5.0 (Mo-
lecular Devices, Sunnyvale, CA).

RNA Isolation and Microarray Analysis—Total RNA was extracted
and purified with the RNeasy Mini Kit (Qiagen, Valencia, CA) accord-
ing to the manufacturer’s instructions. Isolated RNA was assessed for
quantity and quality using a NanoDrop ND1000 spectrophotometer
(Thermo Scientific) and a 2100 Bioanalyzer (Agilent, Santa Clara, CA).
Double-stranded complementary DNA (cDNA) and labeled comple-
mentary RNA (cRNA) were synthesized from the total RNA using the
3’ IVT Express Kit and hybridized to Affymetrix Rat 230 2.0 gene chips
(Affymetrix, Santa Clara, CA). The chips were scanned with a Gene
Chip Scanner 3000. The probe-level raw data and CEL files were
obtained using GeneChip Operating Software. The raw expression
data from CEL files was normalized by MASS5 algorism and analyzed
by Subio Platform software (ver. 1.12, Subio, Japan).

2D-DIGE and Image Analysis—PC12 cell lysates were desalted
using a 2D Clean-up kit (GE Healthcare) and dissolved in lysis buffer
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containing 8 m urea, 2% (w/v) CHAPS, and 30 mm Tris-HCI (pH 8.5).
Each sample (50 ug) was minimally labeled with 400 pmol of either
Cy3 or Cy5 for comparison on the same gel. To facilitate image
matching and cross-gel statistical comparison, a pool of all samples
was prepared and labeled with Cy2 (400 pmol/50 ng) as an internal
standard for all gels. The labeling mixture was incubated on ice in the
dark for 30 min, and the reaction was terminated by addition of 10
nmol lysine. The differentially Cy3- and Cy5-labeled samples were
mixed with Cy2-labeled internal standard and incubated with equal
volumes of 2X sample buffer containing 8 m urea, 2% (w/v) CHAPS,
2.4% (v/v) Destreak Reagent (GE Healthcare), and 1% (v/v) IPG buffer
(pH 3~11 or pH 4-7, GE Healthcare) for 10 min on ice. The mixed
samples were supplemented with 1X sample buffer containing 8 m
urea, 2% (w/v) CHAPS, 1.2% (v/v) Destreak Reagent, and 0.5% (v/v)
IPG buffer to reach a final volume of 450 ul and loaded into strip
holders for first-dimension isoelectric focusing (IEF). IPG strips (pH
3-11 NL or pH 4-7, 24 cm, GE Healthcare) were rehydrated with the
Cy-labeled samples in the dark at room temperature overnight. IEF
was performed using a Multiphor Il apparatus (GE Healthcare) under
the following conditions: held at 100 V for 2 h, held at 500 V for 2 h,
ramped to 1000 V in 5 h, ramped to 8000 V in 3 h, and held at 800 V
for 9 h for pH 3-11 NL strips; held at 100 V for 2 h, held at 500 V for
4 h, ramped to 1000 V in 5 h, ramped to 8000 V in 3 h, and held at
8000 V for 9.5 h for pH 4
containing 2% (w/v) SDS
glycerol, 0.002% (w
and then in the sa
amide for 20 min.

TI’IS HCI (pH 8.8); 6 M ,urea, 30% (v/v

scanned with a Typhoon 9400
at 100 um resolution usmg excn

differential in-gel a
volume quantificat

ule was used to mato rotem spots across -
pressed spots were determined statistically using two-way analysis of
variance (condition 1: p < 0.05 for the treatment of NF1 siRNA and
condition 2: p < 0.05 for the period of NGF treatment).

Staining of 2D Gels with Pro-Q Diamond Phosphoprotein Gel
Stain—Two-dimensional gels were fixed in 50% methanol containing
10% acetic acid once for 1 h and again overnight. Gels were washed
three times in water for 15 min, stained with Pro-Q Diamond phos-
phoprotein gel stain (Invitrogen) in the dark for 4 h, and then washed
with destain solution (5% 1 M sodium acetate, pH 4.0, in 20% ace-
tonitrile (ACN) three times for 60 min. Gels were washed twice with
deionized water for 5 min and scanned with a Typhoon9400 variable
mode imager (GE Healthcare). For SYPRO Ruby gel staining, gels
were fixed in 10% methanol containing 7.5% acetic acid for 30 min,
stained with SYPRO Ruby protein gel stain (Invitrogen) overnight, and
washed with 10% methanol containing 7.5% acetic acid for 1 h and
scanned with a Typhoon9400 imager (GE Healthcare). Fluorescent
images stained with Pro-Q Diamond and SyproRuby were overlaid
using Multi Gauge software (Fujifilm).

In-gel Digestion of Proteins Identified in 2D-DIGE—To identify pro-
teins detected in 2D-DIGE, 150 ug of proteins was separated onto 2D

ps. Strips were equilibrated in solution _

rehydrated with solu
“samples were desalted

fferent gels and to
identify spots demonstratlng SIgnlflcant differences. Differentially ex-

gels. The gels were fixed with 10% methanol and 7.5% acetic acid
and then stained with Deep Purple total protein stain (GE Healthcare)
according to the manufacturer’s instructions. After scanning the gel
image with a Typhoon 9400 imager (GE Healthcare), protein spots of
interests were selected with DeCyder software and picked by an
Ettan spot picker (GE Healthcare). The gel pieces were washed three
times with 50 mm ammonium bicarbonate in 50% (v/v) ACN, dehy-
drated in 100% (v/v) ACN, and vacuum-dried. Sequencing grade
modified trypsin (Promega, Madison, WI) was added to the gel pieces
at a concentration of 50 ng/ml in 10% ACN including 50 mm ammo-
nium bicarbonate, and the mixture was incubated at 37 °C overnight.
The trypsinized peptides were sequentially extracted from the gels
with 0.1% (v/v) trifluoroacetic acid (TFA) in 30% (v/v) ACN, 0.1% (v/v)
TFA in 50% (v/v) ACN, and 0.1% (v/v) TFA in 80% (v/v) ACN, for 5 min
each. The extracted peptides were vacuum-dried and dissolved in 20
ulof 0.1% (v/v) TFA in 2% (v/v) ACN. These samples were desalted
with a ZipTip C18 pipette tip (Millipore) and subjected to MALDI-
MS/MS analysis using the 4700 Proteomics analyzer (Applied Biosys-
tems/AB SCIEX) or LC-ESI-MS/MS analysis using the APl QSTAR
Pulsar i time-of-flight mass spectrometer (Applied Biosystems/AB
SCIEX) coupled with the UltiMate NanoLC system (Thermo Scientific
Dionex).

iTRAQ Sample Preparation, Fractionation, and Desalting—Protein
samples (100 ng) were precipitated using a 2-D Clean-Up kit (GE

ere dried in a um centrlfuge and
ntaining 2% ACN;and 0.1% TFA. The
h ZipTip u-C18 pipette tips (Millipore). The
desalted peptides were divided into two fractions to analyze the same
samples by LC-MALDI-MS/MS and LC-ESI-MS/MS analyses.
LC-MALDI-MS/MS Analysis—Samples were separated by C18 na-
no-LC using a DiNa MaP system (KYA Tech Corp.) equipped with a
device spotting eluted fractions onto a MALDI plate. Sample was
injected onto a C18 column (0.5-mm inner diameter X 1-mm length,
KYA Tech Corp.) equilibrated with solvent A (2% ACN and 0.1% TFA)
and resolved on a C18 nanocolumn (0.15-mm inner diameter X
50-mm length; KYA Tech Corp.) at a flow rate of 300 nl/min with a
113-min gradient of solvent B (70% ACN and 0.1% TFA) as follows:
0-22% B from 0 to 10 min, to 39% B at 53 min, to 45% B at 83 min,
and to 100% B at 93 min. Column effluent was mixed with matrix (3
mg/mi alpha-cyano-4-hydroxycinnamic acid in 50% ACN and 0.1%
TFA) at a flow rate of 1.4 ul/min. Fractions were spotted at 30-s
intervals onto a stainless steel MALDI target plate (384 wells/plate;
Applied Biosystems). Mass spectra of the peptides were acquired on
an AB SCIEX TOF/TOF 5800 system (AB SCIEX) using TOF/TOF
Series Explorer software (Version 4.0.0). Mass spectra from m/z 800
to 4,000 were acquired for each fraction with 1500 laser shots. To
analyze the less abundant peptides, all peaks with a signal-to-noise
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ratio threshold from 25 to 50, from 50 to 100, and more than 100 in
each MS spectrum were sequentially selected for MS/MS analysis.
Fragmentation of the labeled peptides was induced by the use of
atmosphere as a collision gas with a pressure of 1 X 107 Torr and a
collision energy of 1 kV.

LC-ESI-MS/MS Analysis—Samples were analyzed by nano-LC-
ESI-MS/MS using the LC Packings Ultimate instrument fitted with a
20-ul sample loop. Samples were loaded onto a 5-mm RP C18
precolumn (Thermo Scientific Dionex) at 25 ul/min and washed for 10
min before switching the precolumn in line with the separation col-
umn, which was a 75-um internal diameter X 150-mm length PepMap
RP column (Thermo Scientific Dionex) packed with 3-um C18 beads
with 100-A pores. The flow rate used for separation on the RP column
was 200 nl/min with a 120-min gradient of solvent B (85% ACN and
0.1% formic acid) as follows: 0-3% B from 0-5 min, to 15% B at 10
min, to 40% B at 95 min, to 100% B at 100 min. Sample analysis was
performed using a QSTAR Elite mass spectrometer (Applied Biosys-
tems/AB SCIEX), and Analyst QS 2.0 software (Applied Biosys-
tems/AB SCIEX) was used for data acquisition with the scan cycles
set to perform a 1-s MS scan followed by three MS/MS scans of the
three most abundant peaks for 2 s each. Data acquisition was per-
formed with an exclusion of 60 s for previous target ions. The labeled
peptides were fragmented under CID conditions designed to yield
iTRAQ reporter ions.

Protein Identificatio
and ESI analysis o
using MASCOT s
UniProt database
following searc
enzyme trypsm variable m

ment mass toleral
or +2, +3, and -

(release2012_0:
were grouped b
six user-defined or
ane thiosulfate in iT
trypsin digestion; (3) sp:
tion emphasis in 2D- DIGE;
biological modifications, am:no acid substitutions; and (6) search
effort, thorough identification search. The ProteinPilot cutoff score
used was 1.3, which corresponds to a confidence limit of 95%. The
protein identification confidence for the data set employing the iTRAQ
method was further evaluated by false discovery rate in the concom-
itant search of the UniProt Rat proteome database for the reverse
sequences.

Protein Quantification for iTRAQ Analysis —Quantitation of proteins
was carried out based on the relative intensities of iTRAQ reporter
ions released during MS/MS fragmentation of peptides according to
the Paragon™ algorithm of ProteinPilot Version 4.1 (AB SCIEX). The
data analysis parameters were set as follows: Sample type: iTRAQ
(peptide labeled); Bias Correction: Auto; Background Correction: Yes.

Data Processing of Integrated Proteomics and Network Analysis—
All the data obtained by transcriptomic and proteomic analysis were
integrated into one chart by iPEACH. The iPEACH tool has following
function such as, mutual conversions of probe ID, UniProt ID, and
Entrez ID, calculations and outputs of iPEACH indices from DNA
microarray, iTRAQ, and 2D-DIGE data, and annotations of UniProt
descriptions (Organism, Amino Acid_Seqgence_Length, Theoreti-

'spec:es none; (5) identification focus :

cal_MW, Keyword, GO_Biological_Process, GO_Molecular_Function,
GO_Cellular_Component, SwissProt:[CC]) and original data informa-
tion (Post-Translational Modification, Cleavage sites, Theoretical_pl,
Observed_MW, Observed_pl) obtained from iTRAQ, and 2D-DIGE
analysis. Input multi types of files for iPEACH are CEL files (DNA
microarray), peptide summary and protein summary files from Pro-
teinPilot (iTRAQ experiments using ESI and MALDI), and xml output
files from Decyder 2D software (2D-DIGE experiment using pH3-11
and pH4-7 gels). First, iPEACH integrates genes and proteins iden-
tified in the different experiments using Entrez ID. Then, iPEACH calls
R/Bioconductor with affy package to normalize the gene expression
data with MAS5 algorithm. iTRAQ and 2D-DIGE data are already
normalized by data processing software. And then fold changes
(control versus treated samples at each time point: O h, 24 h, 48 h,
72 h) are calculated within each experiment. Finally, iPEACH inte-
grates the calculated fold changes and outputs iPEACH_sum (sum of
fold changes at same time points), IPEACH_log?2 (sum of logarithmical
fold changes at same time points), and iIPEACH_Index (sum of abso-
lute value of logarithmical fold changes at same time points) followed
by the sorting of iIPEACH_Index descending order (supplemental
Table S1). iPEACH indices (z) were calculated as follows:

z= E{“‘ng(xo” + |/ng (X24)I + “092()(48)! + |/092(X72)|}-

in the NF1

'IC2 and COX-1 siRNA were de3|gned as follows: a 2'1 -oligonucleo-

tide siRNA duplex was designed as recommended elsewhere (10) and
synthesized by Nippon EGT to target the rat NF1 sequences 5'-
249CAAGGAGTGTCTGATCAACTT-3' (for NF1 249 siRNA) and 5'-
611GGTTACAGGAGTTGACTGTTT-3' (for NF1 611 siRNA), the rat
dynein IC2-C sequences 5’-329-GATCTAGACGAGGACCTATTT-3’
(for dynein 1C2-C 329 siRNA) and 5’-331-TCTAGACGAGGACCTAT-
TATT-3' (for dynein IC2-C 331 siRNA), and the rat COX-1 sequences
5’-1023-CCATCGAGATTATCATCGATT-3' (for COX-1 1023 siRNA)
and 5'-2618-CAGGTGGACTCATCTACGATT-3’ (for COX-1 2618
siRNA). A 25-oligonucieotide siRNA duplex was synthesized by Nip-
pon EGT to target the rat dynein IC2 sequence 5'-CCCTTTGCTTTG-
GATTGGTGTCATT-3’ (11). Silencer Negative Control siRNA 1 (Am-
bion) was used as a control.

Immunoblotting—Cell lysate samples were electrophoresed on
SDS-polyacrylamide gels, transferred onto a PVDF membrane by
electroblotting, and subjected to immunoblotting with the indicated
antibody. Membranes were probed with different primary antibodies
followed by horseradish peroxidase-conjugated mouse or rabbit sec-
ondary antibodies or ECL-Plex rabbit IgG-Cy2 and ECL-Plex mouse
1gG-Cy5 (GE Healthcare). The blot images were developed with ECL
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Prime reagent and exposed to Hyperfilm ECL (GE Healthcare). Fluo-
rescent images visualized with CyDye patterns were processed with
a Typhoon 9400 imager (GE Healthcare). The following primary anti-
bodies were used: NF1, dynein IC, TCPe1 (Santa Cruz Biotechnol-
ogy), COX-1, GR, Lamin B1 (Abcam, Cambridge, MA), and beta-actin
(Sigma). The intensities were measured using an ImageQuant system
(GE Healthcare) with background subtraction and normalization by
total spot volume. For 2D-immunoblotting, the intensities were mea-
sured using ProGenesis Work station version 2005 (PerkinElmer Life
Sciences). The intensity of each spot was recorded as digital data and
processed with Microsoft Office Excel. Experimental values are ex-
pressed as mean *= S.E.

Two-dimensional Immunoblotting Using Auto-2D—PC12 cell ly-
sates were desalted using a 2D clean-up kit (GE Healthcare) and
dissolved in lysis buffer (8 M urea, 2% (w/v) CHAPS). Samples (5 ug)
were mixed with rehydration solution (8 M urea, 2% (w/v) CHAPS,
1.0% (v/v) Destreak Reagent, 0.4% (v/v) IPG buffer (pH 4-7)) and
loaded into strip holders for first-dimension IEF. IEF was performed
using Auto-2D (Sharp Manufacturing Systems) with the following
conditions: held at 200 V for 15 min, ramped to 1000 V in 15 min,
ramped to 3000 V in 15 min, ramped to 6000 V in 15 min, and held at
6000 V for 15 min. Strips were equilibrated in solution (45% (v/v)
NuPAGE (Invitrogen), 50 mm DTT) for 5 min and transferred to 8% gels

(5 X 7.5 cm) for second-dimension electrophoresis. After electropho-

and subjected to in
immunoblotting, ’th,

PC12 cells, cells transfected
coated culture dlshes (Iwak|

(Moleoular Devnceé) The total
‘nted to represent the number of

number of tip endé”Was maikjually
neurites from individual cells. Fo

secondary antibody ¢ jugated with a fluoresce for1hatroo
temperature and observ ﬁxth a fluorescence
IX81 at 20X magnification).

Preparation of Nuclear and Cytoplasmic Protein Extracts—PC12
cells were collected, and the nuclear and cytoplasmic proteins were
obtained using the 2-D Sample Prep for Nuclear Proteins kit (Thermo

Fisher scientific) according to the manufacturer’s instructions.

RESULTS

Integrated Proteomics Using iPEACH to Identify Specific
Molecules Related to the Phenotypic Change Caused by NF1
Knockdown in PC12 Cells—According to our previous study
(7), we prepared NF1-K, PC12 cells using NF1 siRNA. PC12
cells were transfected with control siRNA or NF1 (249) siRNA
and stimulated with NGF, and morphological changes were
observed at the indicated time points (0 h, NGF-; 24 h, 48 h,
and 72 h; NGF+). We confirmed the suppression of the NF1
gene product, neurofibromin, by immunoblot analysis and
immunocytochemistry in PC12 cells (Fig. 1A, supplemental
Figs. S1A- 1C). PC12 cells that express neurofibromin nor-

mally extend neurites on NGF treatment, whereas NF1-K,
PC12 cells consistently adopted spindle bipolar shapes and
inhibited neurite outgrowth (Fig. 1A, supplemental Fig. S1C).
Cells were then subjected to integrated proteomics analyses
as shown in Fig. 1B. PC12 cells were transfected with control
siRNA or NF1 (249) siRNA and stimulated with NGF, and
protein and mRNA samples were prepared from the cells at
the indicated time points (0 h, NGF-; 24 h, 48 h, and 72 h;
NGF+). The protein and mRNA samples were subjected to
2D-DIGE and iTRAQ-8plex methods and DNA microarray
analysis using Rat 230 2.0 gene chips (Affymetrix). All the
results were then integrated using iPEACH (Fig. 1B).

Results of 2D-DIGE—PC12 cells were transfected with con-
trol siRNA or NF1 (249) siRNA and stimulated with NGF for
0 h, 24 h, 48 h, or 72 h. Proteins were extracted from the cells
at each time point (n = 3), desalted, and subjected to 2D-
DIGE. To obtain as much protein information as possible,
each sample was separated into two fractions and subjected
to |EF using both strip ranges of pH 3-11 and pH 4-7. An
average of 4,157 + 160 spots in pH 3-11 gels and an average

: ,;dlgested with trypsm after reduced alkylatlon and labeled with

iTRAQ reagents. The labeled samples were mixed together,
fractionated into 44 fractions with cation exchange column
chromatography, and analyzed by nanoLC-MALD-TOF/TOF
MS and nanoESI-Qg-TOF MS. Total spectral data (MALDI:
141533, ESI: 286025) were analyzed with ProteinPilot 4.1
software using the UniProt Rat proteome database. In LC-
MALDI-TOF/TOF analysis, 3024 proteins were identified from
46,766 peptide sequences; in LC-ESI-MS/MS analysis, 3582
proteins were identified from 68,790 peptide sequences with
the criterion of unused protein score = 1.3 (95% confidence)
(Fig. 1B, supplemental Fig. S2B). The iTRAQ data is shown in
supplemental Table S2 and S3 and integrated into the
iPEACH Table (supplemental Table S1).

DNA Array Results—Total RNAs extracted from cells pre-
pared in the same manner described for proteome analyses at
each time points were subjected to GeneChip Rat Genome
230 2.0 Array analyses. After obtaining normalized signal
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data, 10,868 ge
31,099 total pro
analysis.

Integration of All Data Obtained from Proteomics and Tran~'

scriptomics—Data obtained from four time-course samples
with or without NF1 knockdown using two differential pro-
teome analyses and a transcriptomic analysis (123 proteins
from 2D-DIGE, 3239 proteins from 8-plex iTRAQ, and 10,868
genes from DNA array) were combined by iPEACH (Fig. 1B,
supplemental Table S1). The iPEACH list contains all molec-
ular information, including molecular ID (Entrez gene 1D, Uni-
Prot), GO, post-translational modifications, expression ratios,
and analysis methods in an integrated chart (international
patent PCT/JP2011/58366). The integrated total data from the
original iIPEACH in this study consisted of 16,421 lines of
comprehensive molecular information. After obtaining this
chart, the integrated data were reprocessed for GO analysis
or knowledge-based network analysis by KeyMolnet, and the
specific signal networks mediated by up-regulated molecules
in NF1-K, samples were extracted.

pH3-11 145/ 4157spots
pH4-7__ 187/ 4007spots
iTRAQ

MALDI 3024 proteins
LES! 3582 proteins

21349 probes B
- {1 0868 genes}

48 h 72h

Differential
analysis

l

GO analysis/
Network analysis

|

Biological
Validation

iPEACH

‘ ased on the ratio of molecular
expression (NF1-K,/control), and groups of up- or down-
regulated molecules were extracted. In total, 3193 molecules
were identified by both proteomics (2D-DIGE or iTRAQ) and
transcriptomics (Fig. 2A). On NGF stimulation, proteins that
were identified by iTRAQ as continuously (from 24-48 h, from
48-72 h, or from 2472 h) up-regulated (62 proteins) or down-
regulated (35 proteins) in NF1-K, cells compared with control
cells were selected as the differentially expressed core pro-
teins (Fig. 2B). The expression patterns of these 97 proteins
and mRNA sequences were subjected to hierarchical cluster-
ing analysis using uncentered correlation (Fig. 2C). In the heat
map, we observed that a cluster of 24 h mRNA and 24-72 h
protein expression patterns were closely related, suggesting
that protein expression was affected by mRNA expression at
24 h.

GO Analysis—GO analysis was performed by an analysis
with “pathway based on molecule” (based on the GO crite-
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A. DNA array

2D-DIGE
Z0-DIGE

Down

72h

Selected proteins for
clustering analysis

teomics. A, Venn'
confidence limi f95% by MALDI and

ESI. The fold change of each prbtem express ted by verage iTRAQ ratlo in MALDI and ESI

ratio (NF1 S|RNA/control S|RNA) was cal
analyses at each time pomt Protems quantified with a fold change more than 20% (average iTRAQ ratio >1.20 or <0. 83) were identified as
differentially expressed proteins. For cluster analysis, continuously up/down-regulated proteins were selected by Venn diagrams (yellow area,
62 up-regulated proteins; 35 down-regulated proteins). C, Hierarchical clustering of the 97 continuously up/down-regulated proteins. Each
vertical column represents a sample map, whereas each horizontal row represents an individual protein, with relative expression values
displayed as an expression matrix (heat map) using a standardized log abundance scale ranging from 0.5 (blue) to +0.5 (red). Blue and red
colors indicate decreased and increased expression, respectively: the brighter the color, the stronger the change.

rion) in KeyMolnet. Up-regulated molecules comprised 62 (p = 1.118 X 1074, and “Intermediate filament signaling
continuously up-regulated proteins identified in iTRAQ, 32 pathway” (p = 1.789 X 10™%) as up-regulated in NF1-K, cells

up-regulated proteins identified in 2D-DIGE, 185 genes se-
lected based on fold-change analysis of DNA array data (24
h > 1.2 and 48 h > 1.5). Down-regulated molecules com-
prised 35 proteins continuously down-regulated in iTRAQ, 20
proteins down-regulated in 2D-DIGE, and 186 genes selected
based on fold-change analysis of DNA arrays (24 h < 0.83 and
48 h < 0.67). GO analysis identified “Calcium signaling” (p =
1.380 x 107°), “Transcriptional regulation by GR” (p =
4.963 X 107°), “Granzyme signaling pathway” (p = 8.112 X
1075, “MMP (matrix metalloproteinase) signaling pathway”

(Table IA), and “Serotonin signaling pathway” (o = 6.580 X
107%), “CaSR (calcium-sensing receptor) signaling pathway”
(o = 8.507 x 107%), "AMPAR (alpha-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid receptor) signaling path-
way” (p = 5.266 X 107%), “Calcium signaling pathway” (p =
6.266 x 107%), and “GABA (gamma-aminobutyric acid) sig-
naling pathway” (o = 9.489 x 107°) as down-regulated in
NF1-K,, cells (Table 1B). In addition, cell communication, ep-
idermis development, and apoptotic process were noted as
significant biological events in the up-regulated group,
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TaBLE |
Pathway-based characterization of up- and down-regulated genes and proteins in PC12 cells identified with 2D-DIGE, iTRAQ, and DNA array
analysis. KeyMolnet software was used to determine statistically overrepresented pathway categories among the up- or down-regulated
molecules in NF1-K, PC12 cells. The list contained 263 up-regulated genes and proteins (iTRAQ, 62 proteins; 2D-DIGE, 32 proteins; DNA array,
185 genes) and 239 down-regulated genes and proteins (iTRAQ, 35 proteins; 2D-DIGE, 20 proteins; DNA array, 186 genes) (Fig. 2A, 2B,
supplemental Table S6). The top 10 KeyMolnet pathways showing a significant association with up- or down-regulated genes or proteins are
listed with rank, KeyMolnet pathway, score, and p value of the score. Bold molecules were identified by proteome analysis

A. Upregulated pathways.

Rank Keymolnet pathway Score Score (p value) Protein

1 Calcium signaling pathway 16.145 1.38 X 10~° 14-3-3, Annexin, cadherin, Crm1, DGK, Importin,
Kinesin, nAChR, $100, VILIP1, vinculin

2 Transcriptional regulation by GR 14.298 4.96 X 107° 14-3-3h, ANXA1, AP-1, CGA, collagenase, CRF,
GR, GRb, HSP70, IBAT, RGS2

3 Whnt signaling pathway 13.59 8.11 x 107° b-TRCP, cadherin, CRMP, MAP, MAP1B, tub,
Whnt

3 Granzyme signaling pathway 13.59 8.11 x 107° a2M, COLIV, HSP70, lamin, Laminin, PI-9, tub

5 MMP signaling pathway 13.127 1.12 x 1074 a2M, COLIV, Laminin, laminin5, LRP, MMP, MMP-
10, MMP-13, MMP-19, MMP-3, PAI-2

6 Intermediate filament signaling pathway 12.449 1.79 x 107¢ 14-3-3, 14-3-3z, AP3-C, dynein, IF-1i, K8, Kinesin,
lamin, laminA, laminC, tub

7 Inflammasome signaling pathway 11.866 2.68 x 1074 AIM2, caspase-1, inflammasome, IPAF, NALP1,
NALP3, PI-9

8 CD44 sugnalln thway 11.135 4.45%x.107* COLIV, collagen, ERMP, ezrin, Laminin, MMP, tub

GABA signaling pat,hWay

Calpain signa lkngfpétkhway

hway ' 13.1

114 %107

'AC11 HSP90, IV-HDAC

7 HDAC signaling |

8 Melanopsin signaling pathway 11.955 252 x 107* Ga(g/11), Ga(q/ﬁ)bg, melanopsin

9 JAM family signaling pathway 11.769 2.87 x107* Actin, int-al/b2, int-aM/b2, int-aX/b2, int-b2

10 Guanylate cyclase(receptor type) 10.916 5.18 X 1074 CNGC, HSP70, HSP90, phospholamban, PMCA,

signaling pathway

Tyr3mMOX

whereas those of the down-regulated group were localization,
transport, and response to wounding (data not shown). These
gene ontologies identified in NF1-K, cells may relate to the
tumorigenesis and abnormal neuronal differentiation in NF1
pathology.

Network Analysis—To extract abnormal signaling patterns
in NF1-K, PC12 cells, we conducted a precise network anal-
ysis focused on up-regulated proteins. We performed the
“start points and end points” network search algorithm using
the start points of mRNA at 24 h > 1.2 and at 48 h > 1.5 and
end points of up-regulated proteins identified by iTRAQ and
2D-DIGE. Fig. 3A shows the up-regulated total network in

NF1-K cells illustrated by KeyMolnet. We focused on a highly
clustered area consisting of up-regulated proteins in this net-
work (Fig. 3A, red circle), and particularly a specific network
consisting of COX-1, which was continuously up-regulated at
all time points in iTRAQ analysis, dynein IC2, which was highly
differentially expressed by 2D-DIGE (listed as a top molecule
in the IPEACH index), and GR, which was detected as an
up-regulated gene in DNA array and a significant key mole-
cule in the GO-based pathway analysis. We named this sig-
naling pathway “dynein 1C2-GR-COX-1” (Fig. 3B).

This in silico network analysis by KeyMolnet indicated that
dynein is associated with GR via cargo proteins such as heat
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Fic. 3. Molecular network analysis of up-regulated genes and proteins in NF1-K, PC12 cells. A, The list of genes/proteins up-regulated
by the NF1 siRNA treatment in PC12 cells (supplemental Table S7) was imported into KeyMolnet. Using the “start points and end points”
network search algorithm, KeyMolnet illustrated a highly complex network of targets with the most statistically significant relationships. Orange
nodes represent up-regulated genes, pink nodes represent up-regulated proteins, and red nodes represent up-regulated genes and proteins.
White nodes indicate additional nodes extracted automatically from the core contents of KeyMolnet to establish molecular connections. B,
Extraction of the abnormal molecular network including dynein 1C2, GR, and COX-1 from the molecular network shown in A. Color marks
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shock protein 90 and FK506-binding protein, and that the
dynein complex can transport GR into the nucleus, where this
GR signal may function as a transcriptional factor to up-
regulate COX-1 expression. This network was strongly sug-
gested to be up-regulated and related to the abnormal neu-
ronal differentiation of NF1-K, cells.

Biological Validation of a Unique Pathway of Dynein IC2
Regulation, COX-1 Expression, and GR Nuclear Translocation
in NF1-K, PC12 Cells—Cytoplasmic dynein 1 intermediate
chain 2 (dynein IC2) was the most significantly altered protein
in 2D-DIGE analysis. Dynein IC2 was identified in 5 spots, and
each spot was differentially expressed on NF1 knockdown
(Fig. 4A). Each spot was defined as spots 1, 2, 3, 4, and 5 from
the lower pl on the 2D-DIGE, and the alteration of sequential
expression levels in each spot is shown in Fig. 4B. Interest-
ingly, spots 1-3 were continuously down-regulated, whereas
spots 4 and 5 were up-regulated in NF1-K, cells. After NGF
stimulation in control cells, the temporal expression of spots 1
and 2 increased, and that of spots 3 and 5 decreased. Spot 4
was also decreased _control condition but increased in
NF1-K, cells. Rat
splicing sites, a
IC2-B, and 1G2-(

spots as IC2-B
To confxrm

translationally moc . We analyzed
ing, using a phospho- specn‘lc protein stain, Pro-Q Diamond
(supplemental Fig. S3A). Dynein IC2 spots 1, 2, and 4 were
responsive to the Pro-Q Diamond staining (yellow), indicating
that these spots were phosphorylated. The phosphorylation
of spots 2 and 4 was demonstrated on Ser 87/81/81 (dynein
IC2-A/-B/-C) by MS/MS analyses (supplemental Table 5, sup-
plemental Fig. S3A and S3C).

To observe the sequential alternation of dynein IC2 isoform
expression patterns, we next analyzed them by 2D-immuno-
blotting using a specific dynein IC antibody. Cell lysates were
prepared identically to the method used for 2D-DIGE analyses

TRAQ Inthe r
‘sumed as an e
expression was u

1 sphorylatlony k'
patterns, which may- reflect dynein IC2-related cellular s:gnal-"

with NF1 siRNA-treated or control siRNA-treated PC12 cells
and subjected to 2D-immunoblotting analysis. Six spots were
identified by the anti-dynein IC antibody (Fig. 4C, left upper
and lower panel), and the ratios of the intensity of each spot
relative to total spot intensity were calculated (Fig. 4C, right
panel). Similar results to those of 2D-DIGE, except for an
additional spot 1’, were obtained. Spots 1/, 1, 2, and 3 were
down-regulated, and spots 4 and 5 were up-regulated in
NF1-K,, cells compared with control cells. In response to NGF
stimulation, phospho-staining-positive spots 1’, 1, and 2 were
increased, and phospho-staining-negative spots 3, 4, and 5
were decreased in control siRNA-treated cells (Fig. 4C, right
panel blue column), whereas, in NF1 siRNA-treated cells,
spots 3, 4, and 5 were increased and spots 1, 1, and 2 were
decreased. Notably, the expression ratio of spot 4 (phosphor-
ylated IC-2C) was increased in NF1-K, PC12 cells. These
results suggest that suppression of NF1 causes dynamic
changes of the regulation pattern of dynein IC2 alternative
splicing and phosphorylation in NGF-treated PC12 cells,
ich may aﬁect the abnormal neuronal differentiation related

regulated 2-fold in 'NF1-Kj5 cells com-
pared with that of control cells after 48-h NGF stimulation,
suggesting that GR activation causes the elevation of COX-1
expression.

Thus, we next analyzed the GR activation pattern in NF1-K,
cells. Usually, GR exists in cytoplasm in an inactive state, and
on activation, it is transported to the nucleus (13, 14). We
prepared both cytoplasmic and nuclear protein fractions from
NGF-stimulated NF1-K, or control cells and subjected these
fractions to immunoblot analysis using an anti-GR antibody.
No difference in GR expression between NF1-K, cells and
control cells was observed in the cytoplasmic fraction,

represent numerical data for each method as follows: color mark 1: 24 h mRNA, 2: 24 h iTRAQ, 3: 48 h iTRAQ, 4: 72 h iTRAQ, 5: 2D-DIGE.
Color set point is described in right panel of (B). The cluster of up-regulated proteins including dynein IC2, GR, and COX-1 is highlighted by
a red circle. The molecular relationships are indicated by a solid line with arrow (direct binding or activation), solid line with arrow and stop
(direct inactivation), solid line without arrow (complex formation), dashed line with arrow (transcriptional activation), and dashed line with arrow
and stop (transcriptional repression).
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Fic. 4. Validation of dynein IC2, GR, and COX-1 from the results of integrated proteomics. A and B, Cytoplasmic dynein 1 intermediate
chain 2 (dynein IC2) in 2D-DIGE. Cellular proteins prepared from PC12 cells transfected with NF1 (249) siRNA and control siRNA were labeled
with Cy3 (red) and Cy5 (green), respectively. A, Representative images of the dynein IC2 spot pattern in 2D-DIGE analysis. Dynein IC2 was
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D. 0h 24 h 48 h 72 h regulation of COX-1, supporting the involvement of dynein
NF1 siRNA -+ e % - 4 -+ IC2-GR-COX-1 network activation in NF1-K cells.
COXA Regulation of Dynein IC2 Splicing and Phosphorylation by
NF1 is Related to NGF-Induced Neurite Outgrowth in PC12
. Cells—This study demonstrated that the up-regulation of dy-
actin . . . . . aps
nein 1C2-C expression and phosphorylation is a significant
E 08 event in NF1-K,, cells. To investigate the function of dynein

IC2-C in NF1-K cells, the effects of the dynein IC2-C siRNA
knockdown on cellular phenotype were analyzed. PC12 cells
were cotransfected with NF1 and dynein 1C2-C siRNAs for
] 24 h. Then, after 48-h NGF treatment, dynein expression in
i cells was analyzed by 2D-immunoblotting using anti-dynein
] IC antibody, confirming that expression of spots 4 and 5
. . (corresponding to dynein 1C2-C) were reproducibly sup-
| i : pressed (Fig. 5A). We observed PC12 phenotypes using time-
oh 2k h lapse microscopy and found that knockdown of cytoplasmic
dynein IC2-C effectively recovered the inhibition of neurite

F. NGF stimulation after 48 h outgrowth observed in NF1-K, PC12 cells (Fig. 58). We
measured the total length of neurites in siRNA-treated cells
and found that neurite.extension in cotransfected cells signif-
recovere he same level as t ontrol siRNA-

g control siRNA
& siNF1

4 48 72h

cytosol nucleus

NF1 siRNA . + . +

GR

faminB1

cantly highet jéom ared with control cells (Fig.
i =d nucl nslocation of GR

phorylation of d'yn,eln‘
nuclear translocation

activation of GR followed by up-

identified as differentially expressed protein spots 1-5 between control and NF1 siRNA-treated PC12 cells. Arrows indicate the dynein IC2
spots (right panel). B, Time-course expression analysis of dynein IC2 by DeCyder 2D software (2-way ANOVA analysis). Suppression of NF1
expression by siRNA leads to alteration of the 2D-DIGE pattern in PC12 cells. The average normalized intensities of spots 1,2, 3,4, and 5 (n =
3) are shown in the graphs. Blue circle: control siRNA, red circle: NF1 siRNA, x axis: period of NGF stimulation, y axis: normalized spot intensity.
C, Identification and quantification of dynein IC2 protein spots by 2D-immunoblot analysis. Left panel shows the representative dynein IC2
protein spot pattern in 2D-immunoblotting with anti-dynein IC antibodies (lower: NF1 siRNA-treated cells, upper: control siRNA-treated cells,
after 48-h NGF treatment). Protein spots corresponding to spots 1/, 1, 2, 3, 4, and 5. PC12 cells were transfected with NF1 (249) siRNA or
control siRNA, stimulated with NGF, and harvested after 24 h, 48 h, or 72 h. Each cell lysate sample was subjected to 2D-immunobilot analysis
(7 X 5 cm) using anti-dynein IC antibodies. Percentage ratios of the intensity of each spot to total spot intensity are indicated in each histogram.
The data were obtained from three separate identical experiments; error bars represent S.E. D and E, Immunoblot images and quantification
of COX-1in PC12 cells transfected with NF1 siRNA or control siRNA. D, Representative image of COX-1 immunoblot analysis. The expression
of COX-1 was analyzed by immunobilotting using anti-COX-1 antibody. E, The intensity of the COX-1 band was quantified with ImageQuant
software and normalized to that of actin to calculate the ratio. Data were obtained from three separate identical experiments. Error bars
represent S.E. F, Analysis of GR nuclear localization by immunoblotting using anti-GR antibody. PC12 cells were transfected with NF1 (249)
siRNA or control siRNA, stimulated with NGF, and harvested after 48-h NGF treatment. The cytoplasmic and nuclear proteins enriched in the
cells were subjected to immunoblot analysis using anti-GR antibody. Lamin B1 was used as a marker of the nuclear fraction. Representative
images of three reproducible experiments are shown.
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Fic. 5. siRNA knockdown of dynein IC2-C recovered the inhibition of neurite outgrowth in NF1-K, PC12 cells. PC12 cells were
transfected for 24 h with control siRNA, NF1 (249) siRNA, both NF1 (249) and dynein IC2-C (329) siRNAs, or both NF1 (249) and dynein IC2-C
(331) siRNAs before treatment with NGF. After 48-h NGF treatment, dynein expression in the cells was analyzed by 2-D immunobilotting using
anti-dynein IC antibody, and the neurite length of the cells was measured. A, Representative spot patterns of dynein IC2 in 2D immunoblotting
of PC12 cells treated with controi siRNA [a], NF1 (249) siRNA [b], NF1 (249) siRNA, and dynein IC2-C (329) siRNA [c], and NF1 (249) siRNA and
dynein IC2-C (331) siRNA [d]. B, Differential interference contrast images of PC12 cells treated with control siRNA [a], NF1 (249) siRNA [b], NF1
(249) siRNA and dynein IC2-C (329) siRNA [c], and NF1 (249) siRNA and dynein IC2-C (331) siRNA [d]. C, Measurement of neurite length of
PC12 cells treated with the siRNAs. The average of the total length of PC12 neurites are shown on the y axis. Data are expressed as means
and S.E. of three independent experiments. For each experiment, more than 50 cells were counted. D, Comparison of the intensity of each
dynein IC2 spot after transfection with NF1 siRNA and dynein IC2-C (329) siRNA. The histogram shows the percentage ratio of the intensity
of each spot to the total spot intensity of dynein IC2 in individual samples. The intensity of each sample was obtained by 2D-immunoblotting
using anti-dynein IC antibody followed by Cy5-labeled secondary antibody. The data were obtained from the average values of three separate
identical experiments. Error bars represent S.E. of each set of three experiments.
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ings suggest that phosphorylation of dynein IC2-B is pro-
moted by suppression of dynein IC2-C in NF1-K cells and is
an important process underlying neurite extension in PC12
cells. This observation was also validated by the use of pan-
dynein IC siRNA, which inhibits both dynein IC2-B and -C.
Because neurite retraction by NF1 siRNA was not recovered
by pan-dynein siRNA (supplemental Fig. S4A), increased ex-
pression and phosphorylation of dynein 1G2-B may be impor-
tant for the recovery of neurite outgrowth.

Validation of the Dynein IC2-GR-COX-1 Network—Having
demonstrated the potential for GR up-regulation in NF1-K,
cells to directly affect COX-1 up-regulation (Figs. 3B and 4F),
we next analyzed the effect of treatment with a GR antagonist,
mifepristone, on COX1 expression to investigate the interac-
tion between GR and COX-1 in more detail. After 24-h NF1 or
control siRNA transfection, PC12 cells were treated with 10
um mifepristone for 30 min before treatment with NGF. After
48-h NGF treatment, cells were harvested for measurement of
COX-1 expression by immunoblotting analysis. Up-regulation
of COX-1 by NF1 siR as significantly deoreased by mife-
pristone treatment
cells (Fig. 6A, 6B
regulated by G
in NF1-K, c

5-17). Not 1
an Important role in thls

nein IC2 siRNA and siRNA and fractionated into cyto-
plasmic and nuclear pro’téins, which were subjected to immu-
noblot analysis using anti-GR antibody. Nuclear translocation
of GR by NF1 knockdown was greatly decreased by cotrans-
fection of both NF1 and dynein IC2 siRNAs (Fig. 6C).

Next, we analyzed the effects of double-knockdown of NF1
and dynein IC2 on COX-1 expression in NGF-stimulated PC12
cells. Up-regulation of COX-1 by NF1 knockdown was signif-
icantly decreased by cotransfection with NF1 and dynein IC2
siRNAs to the level of control siRNA-treated cells (Figs. 6D, 6E),
whereas no effects on COX-1 expression in cells cotransfected
with NF1 siRNA and dynein IC2-C siRNA were observed (sup-
plemental Fig. S4C). From these experimental results, we spec-
ulate that dynein IC2-B function or the mutual interaction of both
dynein IC2-B and -C may play an important role in the trans-
portation of GR that affects the expression of COX-1.

Finally, we analyzed the effect of COX-1 knockdown on the
cellular phenotypes of NF1-K, cells. COX-1 up-regulation in

‘ulated proteins induci

NF1-K, cells was suppressed by the cotransfection of COX-1
siRNA (Fig. 6F), and, interestingly, the neurite retraction and
spindle-like alteration observed in NF1-K, cells were recov-
ered by treatment with COX-1 siRNA (Fig. 6G). We calculated
the total length of neurites in the double-knockdown PC12
celis and observed significant extension up to 1.8-times lon-
ger than those of NF1-K;, cells (Fig. 6H, n = 3). The number of
neurites demonstrated no difference between NF1 siRNA-
treated cells and NF1 siRNA- and COX-1 siRNA-treated cells
(data not shown). These results suggest that the inhibition of
COX-1 up-regulation in NF1-K, cells recovers the cellular
phenotypes that are abnormally altered in NF1-K, PC12 cells.

DISCUSSION

In this study, we clarified global alterations of the molecular
network in NF1-disease model PC12 cells, which demonstrate
abnormal phenotypes caused by NF1 knockdown. Using an
integrated proteomics approach followed by network analysis in
silico, we extracted key molecules that were validated after
sequential cellular functlonal analysns usnng SIRNA and found

by the NGF stimulation‘in the normal
PC12 cells, the specific down-regulated proteins in NF1-Kj
cells were found 1o be related to the neuronal differentiation
and the stress responses. On the other hand, the up-regu-
lated proteins in NF1-K, cells were related to cell morphology,
motility, and cell survival. It was suggested that these specific
proteins found commonly in the previous study and the pres-
ent study regulate cellular differentiation, motility, and apo-
ptosis. Here, in addition to MANGO, we performed a unique
comprehensive assessment using integrated proteomics with
iPEACH software, a sophisticated new strategy that combines
the technology of proteomic techniques, such as 2D-DIGE
and iTRAQ, and transcriptomic methods, such as DNA array,
and tried to identify more specific signaling in NF1-K,, cells.
This study is the first to report the global molecular alteration
in NF1 disease mode! PC12 cells, and is the largest study to
comprehensively identify both proteins and mRNAs in neuro-
nal disease model cells.

14
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A and B, Up-i regulatxon of COX~1 is'suppressed by GR antagonist mlfepnstone ‘After 24-h N
treated with 10 um mnfepnstone for 30 min before treatment with NGF. After 48-h NGF treatm Is were harvested for measurements of
COX1 by immunoblot analysis. A, representative immunoblot image of COX1. Actin was used as the internal loading control. B, Quantification
of COX1 expression. The normalized intensities of COX1 obtained from three separate identical experiments are shown in the histogram. Error
bars represent S.E. of each sets of three experiments. C, Nuclear translocation of GR was decreased by the knockdown of dynein IC2. PC12
cells were transfected for 24 h with control siRNA, NF1 (249) siRNA, both NF1 (249) and dynein I1C2 siRNAs before treatment with NGF. After
48-h NGF treatment, cells were harvested, and the cytoplasmic and nuclear proteins were extracted. Both cytoplasmic and nuclear fractions
were subjected to immunoblot analysis using anti-GR antibody. TCPe1 and Lamin B1 were used as markers of the cytoplasmic and nuclear
fraction, respectively. Representative images of three reproducible experiments are shown. D and E, COX-1 expression is down-regulated by
dynein IC2 siRNA treatment. PC12 cells were transfected for 24 h with control siRNA, NF1 (249) siRNA, or both NF1 (249) and dynein IC siRNAs
before treatment with NGF. After 48-h NGF treatment, COX-1 expression in the cells was analyzed by immunoblotting using anti-COX-1
antibody. D, Representative immunoblot images of COX1. Actin was used as the internal loading control. Representative images of three
reproducible experiments are shown. E, Quantification of COX-1 expression. The normalized COX-1 intensities obtained from three separate
identical experiments are shown in the histogram. Error bars represent S.E. of each set of three experiments. F, G, and H, COX-1 knockdown
recovered the inhibition of neurite outgrowth in NF1-K, PC12 cells. PC12 cells were transfected for 24 h with control siRNA, NF1 (249) siRNA,
both NF1 (249) and COX-1 (1023) siRNAs, or both NF1 (249) and COX-1 (2618) siRNAs before treatment with NGF. After 48-h NGF treatment,
COX-1 expression in cells was analyzed by immunoblotting with anti-COX-1 antibody, and the neurite length were measured. F, Representative
immunoblot images of COX-1. Actin was used as the internal loading control. G, Differential interference contrast images of PC12 cells treated
with control siRNA [a], NF1 (249) siRNA [b], NF1 (249) and COX-1 (1023) siRNAs [c], and NF1 (249) and COX-1 (2618) siRNAs [d]. H,
Measurement of neurite length of PC12 cells treated with the siRNAs. The average of the total length of PC12 neurites are shown on the y axis.
The data are expressed as means and S.E. of three independent experiments. For each experiment, more than 50 cells were counted.
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Neurofibromin, the gene product of NF1, has a region ho-
mologous to the Ras-GAP domain, a negative regular of Ras,
whose precise cellular signals related to NF1 disease pheno-
types have yet to be clarified. We previously reported NF1-K,
PC12 cells as useful NF1 disease model cells (7) to elucidate
the function of clinical therapies and drug development for
NF1 patients. In that study, we identified CRMP-2, which was
also identified as a differentially expressed protein in this
study (in the 2D-DIGE result; pH-4-7, spot no. 2389, supple-
mental Table S4), as a functionally related protein to the neural
differentiation in NF1 model cells, and demonstrated that
several inhibitors for the CRMP-2 phosphorylation responsi-
ble kinases could be useful for improving NF1 disease phe-
notypes (7). Using this model system, we performed inte-
grated proteomics, which enabled us to obtain global
differential information on proteins and mRNAs. The advan-
tage of this integrated proteomics approach is that a global
alteration of molecules, linked with information concerning
both protein and mRNA expression levels as well as post-
translational modificati
sets of sample so
normal cells. |
analyzed the m
alternative spl

action, we spe
to the nucleus,

to transport vanousprotelns and organel!es' to appropnate'“

cellular positions (19, 20), and, especially in neuronal cells, the
complex associates with kinesin to transport and import neu-
rotransmitters (21). The dynein subunit is constituted of heavy
and light chains, as well as intermediate chains, which asso-
ciate with cargo proteins (22) and mediate their cellular trans-
port function (18). Three splicing isoforms of dynein IC2, dy-
nein IC2-A, -B, and -C, have been reported (12), with dynein
IC2-B and -C predominantly expressed in PC12 cells (23).
Our study clearly demonstrated that NF1 knockdown
caused the up-regulation of the alternative splicing of dynein
IC2-C isoform even before and after NGF stimulation as
shown in Fig. 4C. Decreased dynein IC2-C isoform and in-
creased IC2-B isoform were observed in NGF stimulated
PC12 cells (as suggested in the previous report (23)), how-
ever, in NF1-Kj cells, dynein IC2-C isoform was increased
and further up-regulates its phosphorylation in response to
NGF stimulation. Simultaneously, the phosphorylation of dy-

an be obtained using the same
h as model cells.compared w:th '

nein IC2-B splice form was suppressed in the NF1-K, cells,
suggesting that neurofibromin deficiency caused the up-reg-
ulation of alternative splicing/phosphorylation of dynein
IC2-C, and down-regulation of that of IC2-B. We further con-
firmed that dynein IC2-C knockdown using siRNA significantly
recovered the inhibition of neurite outgrowth in NF1-K, PC12
cells as well as the phosphorylation of dynein IC2-B. This
abnormal regulation of splicing and phosphorylation of dynein
IC2 found in NF1-K, cells, may be caused by the functionally
associated proteins of neurofibromin and/or other factors al-
tered in NF1-K cells which are under our investigation.

The enzyme responsible for phosphorylation in this system
has not been identified; however, polo-like kinase (24) and
casein kinase (25, 26) have been reported to phosphorylate
dynein IC in vitro and in Xenopus melanophores (26), and also
activations of MAPK, CDK5, GSK3, and ROCK in NF1-K,
PC12 cells were found in our previous study (7). Thus, these
enzymes may be involved in the regulation of neurite out-
growth in NF1-K cells.

_GR up-regulation in NF1 -K, cells was detected by DNA

4—3 3 eta
- protem (28);

knockdown can be speculated to contribute fto GR accumu-

lation and activation as a transcription factor, in addition to
the association of the dynein complex transporting GR into
the nucleus.

COX-1, a prostaglandin synthase that synthesizes prosta-
glandin G/H from arachidonic acid (29, 30), was one of the
most highly up-regulated proteins identified among the down-
stream targets of GR (31) using our integrated proteomics
approach. The COX family has two isoforms, COX-1 and
COX-2, which are independently regulated in different man-
ners. COX-2 expression is mediated by inflammatory re-
sponse, whereas COX-1 is expressed constitutively (32). Up-
regulation of COX-2 expression has been reported in cancer
cells including malignant neural cancer and malignant periph-
eral nerve sheath tumor, and in response to inflammation and
cell proliferation, it up-regulates prostaglandin synthases (33—
35). Thus, many studies on COX-2 as a target of drug devel-
opment have been conducted (36, 37). However, limited in-
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