Impact of the next generation DNA sequencers

In this review, the principle of the next
generation sequencers, and their major
research areas have been described. As
shown above, the current applications are
centered on continuation of works already
started before appearance of the second-
generation sequencers, and mainly restricted
to experts in genomics. However, one of the
most important aspects of this technical
revolution should be the easy access to the
large sequence data by scientists in other
areas and doctors. For the wide spread use,
sequence data will soon be available from
outsourcing companies, but data analysis will
still remain a difficult task. Development of
software systems easily accessible to non-
experts is essential for utilization of large
sequence data.

Considering the steady increase of sequence
capacity and decrease of cost, application to
diagnosis will be realized in the near future.
Routine neonatal diagnosis will be replaced
with the routine sequence of the entire
genome or the exome. This new type of
diagnosis would reveal affected alleles of all
known genetic diseases, including genes
currently screened in postnatal diagnosis.
From the data of a couple, risks of genetic
diseases in their children can be accurately
predicted.

Application to diagnostics for genetic diseases
is easily predictable, but how to apply the next
generation sequencers to medical science is
rather difficult to predict. Large-scale data
production such as the human genome
project, the “1,000 genomes” project and “The
Cancer Genome Atlas”, are productive as far
as construction of resources. However,
utilization of large data sets to solve a specific
problem is usually difficult as exemplified by
GWAS. The obstacles are mainly statistical
problems inherent to large data sets. One is
multiplicity in statistical tests. In general, there
is no method of choice to control multiplicity,
and the method is chosen through practical
applications. For example, Bonferroni
correction is used with GWAS, and the g-value
or FDR is used for gene expression analysis.
Although the validity of each method has been
confirmed with repeated use, it should be
noted that some true positives must be
excluded. In particular, GWAS detected loci
representing only a fraction of the genetic
background of common diseases. One
possibility is that true positive loci may be
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excluded by stringent criteria set by Bonferroni
correction.

Another problem is the “curse of dimension-
nality”. The “curse of dimensionality” is the
problem caused by the exponential increase in
volume associated with adding extra
dimensions to a space. This problem results in
an increased number of samples needed for
analysis. In the cancer classification problem,
where cancer samples are classified into two
classes by means of gene expression profiling,
the “curse of dimensionality” is avoided by
dimension reduction, i.e., reduction of the
number of genes by gene selection. For
example, when the initial data set contains
10,000 genes, the problem is to classify
cancers in a 10,000 dimensional space. By
selection of differentially expressed genes,
classification is wusually performed in the
reduced dimensional space, requiring
adequate number of samples. On the contrary,
it is impractical to reduce the number of SNP
markers in GWAS. Thus, the aim of GWAS is
limited to discovery of individual loci
associated with the disease. GWAS cannot
identify association of a disease with &
combination of more than two genes. This is
due to the “curse of dimensionality”, but an
alternative explanation is as follows. When the
number of tag SNP markers is 50,000, the
number of the combination of two genes
would be 1,249,975,000. It is impractical to
perform this huge number of statistical tests,
because of requirement of far larger cohorts
and very low threshold p-value. The next-
generation sequencers do not solve these
statistical problems. Complex diseases are
most likely to be mediated by humerous loci
(both coding and non-coding) that interact with
many environmental factors. Some argue that
the whole genome sequencing would be useful
for identification of such loci, but the real
obstacle would be the statistical problem,
which suggests requirement of a huge number
of samples. This would also be the case in
cancer genome projects.

Probably the most reasonable application
would be identification of genes responsible
for familial disorders. Familial disorders with
small pedigrees, which cannot be subjected to
linkage analysis, would be good targets. The
above example of familial pancreatic cancer is
a good example.
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Abstract Recently emerging diagnostic tools such as
MammaPrint and oncotype-DX are beginning to have
impact on clinical practice of breast cancer. They are based
on gene expression profiling, i.e., gene expression analysis
of a large number of genes. Their unique characteristic is
the use of a score calculated from expression values of a
number of genes, for which the Food and Drug Adminis-
tration (FDA) created a new diagnostic category entitled
“in vitro diagnostic multivariate index assay (IVDMIA).”
In contrast to conventional biomarkers, IVDMIA requires
an algorithm to calculate the diagnostic score. The linear
classifier is the preferred algorithm, When the number of
diagnostic genes is n, each tumor is represented by a point
in an n-dimensional space made from gene expression
values. Diagnostic algorithms (linear classifier) make an
(n—1)-dimensional plane in the n-dimensional space to
separate two patient groups. Calculation of the diagnostic
score is achieved by dimension reduction. Currently,
IVDMIA is restricted to gene expression profiling, and will
also be applied to malignancies other than breast cancer.
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Introduction

Recently emerging diagnostic tools such as MammaPrint
[1, 2] and oncotype-DX [3] are beginning to have impact
on clinical practice of breast cancer. Both should be con-
sidered in the context of personalized medicine for deter-
mination of chemotherapy through genetic information.
They are based on gene expression profiling, i.e., gene
expression analysis of a large number of genes. The unique
characteristic of these tools is the use of a score calculated
from expression values of a number of genes. This is a new
feature that no previous diagnostic procedure has, for
which the FDA created a new diagnostic category entitled
“in vitro diagnostic multivariate index assay (IVDMIA).”
Currently, MammaPrint and Pathwork of Origin Test (a
microarray-based diagnostic system to determine tissue
origin of cancer whose tissue origin is unknown) have been
cleared by the FDA.

So far, when using a biomarker, for example, for
estrogen receptor or blood cholesterol, the concentration or
amount of the molecule is used as a score for diagnosis.
However, in IVDMIA, the score is calculated from a
number of measurement values, which are gene expression
values in the cases of MammaPrint and oncotype-DX.
Thus, in IVDMIA, the algorithm, i.e., the method of cal-
culating the score, is critical. However, such an algorithm
is a “black box” for clinicians. In this short review, I
present a simplified explanation of the algorithm for
IVDMIA.

Overview of the IVDMIA diagnostic system

There are two types of statistical analysis for gene
expression profiling: unsupervised analysis and supervised
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prediction [4, 5]. For diagnostic purposes, supervised pre-
diction has usually been adopted. In supervised analysis,
parameters of a diagnostic algorithm are determined with a
learning set, and the performance of the algorithm is
evaluated with a test set. With a small sample set, cross-
validation procedures are usually applied. Leave-one-out
(LOO) cross-validation is the most frequently used. In
LOO, one sample is withdrawn, and the diagnostic classi-
fier is built with the rest of the samples. The performance
of the classifier is evaluated on the withdrawn sample.
Repeating with all the samples, the overall performance of
the classifier is determined. A schematic representation of
LOO is shown in Fig. 1.

Although there have been many studies on supervised
prediction, there have been very few comparing algo-
rithms. The main obstacle is multiplicity of statistical test.
Statistical significance should be adjusted when the test is
repeated. For example, a prize could be obtained easily by
increasing the number of lots drawn. The chance estimation
of the prize should be adjusted with the number of trials.
Similarly, when a number of classifiers are tested, some
classifiers yield a good performance by chance. In addition,
such studies do not guarantee consistency of results with
other data sets. It should also be noted that many studies
lacked proper evaluation of classifiers [4]. Thus, it is
extremely difficult to determine the real performance of a
classifier.

Although only a few comparative studies have been
reported, a trend in choice of algorithm has been estab-
lished. Relatively simple algorithms, categorized as linear
classifiers, such as weighted voting [6] and nearest centroid
[71, are now preferred. Complex algorithms such as artifi-
cial neural network [8] are the minority. One reason is that
linear classifiers have sufficient performance. The other
reason is that it is difficult to control overfitting with
complex algorithms. Overfitting is a phenomenon inherent
to supervised prediction: parameters of any algorithm are
optimized with the leaming data set, and its performance
with other data sets is usually not as good as that with the
learning set. In general, prevention of overfitting is easier
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Fig. 1 Schematic representation of leave-one-out validation
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with linear classifiers. The algorithm for MammaPrint
belongs to the nearest-centroid type [1]. Oncotype-DX also
employs a linear classifier, but it has not been described in
detail.

Simplified explanation of diagnostic algorithm

When the number of diagnostic genes is n, each tumor is
represented by a point in an n-dimensional space made
from gene expression values. Diagnostic algorithms (linear
classifier) make an (n—1)-dimensional plane in the
n-dimensional space to separate two patient groups, e.g.,
high-risk and low-risk groups. As mentioned earlier, the
main feature of IVDMIA is the use of a score calculated
from expression values of all the diagnostic genes. I present
a simplified explanation for calculation of the score using
two diagnostic genes (n = 2).

When n = 2, each case is represented by a point in a
two-dimensional plane made with expression of genes 1
and 2. Two coordinates correspond to expression values of
genes 1 and 2. As shown in Fig. 2a, red cases (those
belonging to the good prognosis group) and black cases
(those belonging to the poor prognosis group) make clus-
ters, respectively, and a border line can be drawn. It should
be noted that this border line is determined by the learning
set and the algorithm used.

With the coordinates in Fig. 2a, each case is represented
by expression values of genes 1 and 2, e.g., (x;, x,). To
convert these two values into a single diagnostic score
(DS), the coordinates are rotated by the angle 6 so that one
axis (the score axis) is perpendicular to the border line
(Fig. 2b). In the new coordinates, (x;, x) in the old coor-
dinates is converted to (x;cosf — x,sinf, x;sinf + x,cos6).
Assigning the value of the score axis at the border line is b,
two groups are classified as follows.

aix; + azx; > b : good prognosis group
aix1 + azx; < b : poor prognosis group
a; = sin 6,a; = cos 0

Thus, a;x; + a,x; acts as the score of the diagnosis.
The above example is for n = 2. For greater n values,
DS can be simply extended as

n
DS = Z a;Xi.
i=1

In this formula, x; is the gene expression value for gene i,
and g; is a coefficient determined by the diagnostic algo-
rithm with the learning data set. By defining the threshold,
DS can be used to classify patients into two groups.

With oncotype-DX, a diagnostic score, named the
recurrent score, is used in Paik et al. [3]. Their recurrent
score is a sum of gene expression values multiplied by
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Fig. 2 Schematic representation of classification with a diagnostic
algorithm. Two diagnostic genes are used. a Each dot represents a
case (patient) in a two-dimensional space made from expression
gene 1 and gene 2. Axes gene 1 and gene 2 indicate the expression of
each gene. Red dot, good prognosis group; black dot, poor prognosis
group. The borderline is constructed to separate the two groups
optimally with a learning set. b New coordinates after axis rotation so
that one axis (score axis) is perpendicular to the border line

coefficients, and conforms to the above formula. The
algorithm for MammaPrint can be converted to a form of
the above formula.

Additional comments

It should be noted that the above explanation is for two
genes, and the process to yield a diagnostic score is
somewhat different with a larger », depending on the
algorithm. However, for a linear classifier, the classifica-
tion is done with an (n—1)-dimensional plane in the
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n-dimensional space made with n gene expression values.
The difference is within the process of dimension reduction
to yield diagnostic score.

From its definition, IVDMIA includes gene expression
as well as protein expression. Large-scale identification
of a protein can be achieved with mass spectrometry.
This type of analysis is called proteome analysis. Pro-
teome analysis has been mainly applied to blood samples
for detection of early cancer. In spite of early studies
reporting successes, e.g., a study on ovarian cancer [9],
this approach is now viewed skeptically. There have
been several technical advances, but more time is
required to make proteome analysis plausible [10, 11].
Thus, under the current situation, IVDMIA is limited to
gene expression.

MammaPrint and oncotype-DX are prognostic predic-
tors, and will be used to provide information for decision
on chemotherapy. On the other hand, there is another
approach, i.e., direct prediction of effects of a particular
anticancer drug. This approach has been taken with a single
drug (docetaxel) [12, 13] or combined chemotherapy [14].
However, because the life of a particular regimen is short,
it is not possible to recruit enough patients to establish
diagnostic systems. Thus, direct prediction of anticancer
drug efficacy is not a popular approach anymore.

When it first appeared, DNA microarray was expected to
revolutionize medical science. The expectation was exag-
gerated, and now we know its limitation. However, as
demonstrated by MammaPrint, it can be a powerful diag-
nostic tool. We are also developing IVDMIA for prognosis
prediction of glioma {15, 16], which is expected to help
clinical decision on temozolomide, a new alkylating agent.
IVDMIA will be one of the main tools for personalized
medicine.
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Article history: Mild hypothermia protects against neuronal damage after transient global ischemia in
Accepted 16 June 2009 experimental animals. The exact mechanism of this protective effect remains to be
Available online 24 June 2009 elucidated. The purpose of the present study was to investigate the molecular
mechanisms relevant to different neurologic responses to hypothermia and
Keywords: normothermia. Transient global ischemia was induced in C57BL/6 mice by bilateral
Transient global ischemia common carotid artery occlusion for 10 min. Hypothermia provided robust
Hypothermia neuroprotection in the hippocampus region and dramatically reduced the mortality rate.
ATAC-PCR Using adaptor-tagged competitive polymerase chain reaction, we obtained the relative
Arc transcription levels of 1210 genes in the hippocampal region and compared the expression
Cugbp2 patterns of these genes. Two genes, Activity-regulated cytoskeleton-associated protein
Translational inhibition (Arc) and CUG-binding protein-2 (Cugbp2), showed remarkable and persistent increases in

their expression levels in normothermic mice, compared with in both sham and
hypothermic mice. Despite the increased transcription of Arc and Cugbp2, an
immunohistochemistry analysis did not show comparable increases in the translations
of both genes. Only a transient increase in Arc protein was observed in the granule cells of
the dentate gyrus at 6 h after reperfusion. A remarkable decrease in Cugbp2 protein was
observed in the pyramidal cells of the hippocampal CA1-CA3, in accordance with the
progress of neuronal degeneration. A decrease in Cugbp2 protein was not observed in
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hypothermic mice. These results suggest that transient global ischemia induces the
translational inhibition of genes with increased expression not in hypothermic, but in
normothermic mice, Thus, translational inhibition might play an important role in the
progress of neuronal injury after transient global ischemia.

©® 2009 Elsevier B.V. All rights reserved.

1. Introduction

Mild to moderate hypothermia has been shown to decrease
neurologic damage and to improve the neurologic outcome in
patients experiencing out-of-hospital cardiac arrest (The
Hypothermia after Cardiac Arrest Study Group, 2002; Bernard
et al,, 2002). The use of therapeutic hypothermia is supported
and recommended by organizations from many areas of the
world (Nolan et al.,, 2003; Froehler and Geocadin, 2007).

Experimental models show that therapeutic hypothermia
protects the brain from cerebral injury, reduces mortality, and
improves neurologic outcome (Froehler and Geocadin, 2007).
While therapeutic hypothermia has already entered clinical
practice, further studies are required to define the detailed
mechanisms of the neuroprotective effect. Although gene
expression profiling is useful for identifying candidate genes
from among large numbers of genes, thereis only one report of
gene expression profiling in the brains of rats after the
ischemic insult under hypothermic or normothermic condi-
tions (Sugahara-Kobayashi et al., 2008).

To screen candidate genes relevant to different neurologic
responses to hypothermic and normothermic conditions, we
compared the gene expression profiles in mice brains after
transient global ischemia. We investigated the following four
points prior to performing the gene expression profile
analysis. First, we examined which animal model would be
most suitable for such an analysis. Two animal models, the
bilateral common carotid artery occlusion (BCCAO) model in
mice and the middle cerebral artery occlusion (MCAO) model
in rats, have been extensively used in the study of neuronal
damage after ischemia and reperfusion (Carmichael, 2005).
We selected the BCCAO model induced in C57BL/6 mice
because of its reproducibility (Yang et al, 1997; Wellons et
al., 2000; Yonekura et al., 2004) and because the neuroprotec-
tive effect of hypothermia has been confirmed in this model
(Yang et al., 1997; Tsuchiya et al., 2002, Olsson et al., 2003).
Second, we examined the availability of gene sequence
information and its annotation. We previously established
an in-house database of 3'-end sequences from cDNA libraries
made from several regions of mouse brain, such as the
cerebellum, hippocampus and striatum (Matoba et al., 2000).
Using the information in this database, we were able to select
genes and to construct the gene-specific oligonucleotide
primers necessary for performing an adapter-tagged compe-
titive polymerase chain reaction (ATAC-PCR) assay for gene
expression. Third, we examined the amount of RNA required
for the assay. This point is particularly important for experi-
ments using animal models. ATAC-PCR requires a relatively
small amount of RNA, and we confirmed that a sufficient
amount of RNA could be obtained from the mouse hippo-
campus region (Kato, 1997; Ooe et al,, 2007). And fourth, we
examined the cell population in the targeted tissue. Marked
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changes in the cell population of a tissue or organ can make
comparisons of gene expression profiles difficult. We studied
the time course of neurologic injury, identified a time period
during which minimal changes occurred in the hippocampus
region, and defined a suitable time period for the gene
expression profile of analysis.

2. Results
2,1,  Control of body temperature in mice

The body temperatures of the mice were monitored during
the 10 min of ischemia and 60 min of reperfusion by
continuous measurement of the rectal temperature in each
mouse. The mean rectal temperature of the surviving mice
in the hypothermia group (HT-alive) before ischemia was
24 °C, while the mean rectal temperatures of the sham mice,
the surviving mice in the normothermia group (NT-alive),
and the mice that died during ischemia in the normothermia
group (NT-dead) were each 38 °C (Fig. 1A). Thus, the mean
body temperatures of the sham, NT-alive and NT-dead
groups were not significantly different. The rectal tempera-
ture of the NT-alive group was maintained within 37-39 °C,
while that of the HT-alive group was maintained within
20-27 °C, during the 10 min of ischemia and 60 min of
reperfusion (Figs. 1B, Q).

2.2, Mortality rate and behavioral analysis

Hypothermia enabled a dramatic reduction in the mortality
rate during the 10 min of transient globzal ischemia (Table 1).
The mortality rates in the hypothermia and normothermia
groups were 6% and 51%, respectively. These rates were
significantly different (P<0.05, Chi-square test).

The frequencies of neurologic signs and the neurologic
scores were subsequently assessed in a series of behavioral
studies (Fig. 2). No neurologic signs were observed in the
sham mice. Comparable frequencies of the loss of righting
reflex and coma were observed in the HT-alive, NT-alive and
NT-dead groups. Seizure was not observed in the HT-alive
group but was observed in both the NT-alive and the NT-dead
groups (Figs. 24, B). The frequencies of seizure in the NT-alive
and NT-dead groups were 20% and 50%, respectively. A
significant difference in the frequency of seizure was
observed between the HT-alive and the NT-dead groups
(P<0.05, Kruskal-Wallis test followed by Dunn’s test) (Figs. 2A,
B). The neurologic scores of the NT-alive and NT-dead groups
were higher than that of the HT-alive group. The neurologic
scores of the HT-alive and the NT-dead groups were
significantly different (P<0.05, Kruskal-Wallis test followed
by Dunn’s test) (Fig. 2C).
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Fig. 1 - Body temperatures before ischemia (A) and over time
{8, C). NT-alive means mice that survived global ischemia for
10 min under normothermic conditions. NT-dead means
mice that died during the 10 min of ischemic insult under
normothermic conditions. In the normothermic mice
(NT-alive), the body temperature was maintained within
37-39 °C during the 10 min of ischemia and 60 min of
reperfusion. In hypothermic mice (HT-alive), the rectal
temperature was maintained within 20-27 °C during the

10 min of ischemia and 60 min of reperfusion. Comparable
results were obtained for both studies (B, Study-4; C,
Study-5). No significant difference in the rectal temperatures
before ischemia was seen among the sham, NT-alive and
NT-dead mice. The body temperatures are shown as
meanzS.D.; N=20 except for N=27 (NT-dead, Study-4), N=25
(NT-dead, Study-5) and N=19 (sham, Study-5).

2.3.  Histologic injury after transient global ischemia

Specimens of the hippocampus and striatum obtained from
mice after 10 min of global ischemia and 7 days of reperfusion
were stained using hematoxylin and eosin (HE). Neuronal
damage in the CA1-CA3 region of the hippocampus was
observed in the normothermic mice. No histologic injury was
observed in the sham (N=10) or hypothermic mice (N=9). The
histologic injury score in the normothermic mice was 0.20
+0.28 (mean+S.D., N=11) (Fig. 3A). Relatively higher histologic
injury scores and higher numbers of injury sites were seen in

Table 1-Mortality rates during 10 min of bilateral
common carotid artery occlusion in mice.

Number of dead mice/surviving mice
{mortality rate: %)

Study-1 Study-3 Study-4 Study-5

Total

Sham L 0/10(0) 0/12(0)  0/20(0) O/19(0)  0/61(0)
Hypothermia. 2/9.(18) 1/12(8) 1/20(5) . 0/20(0) 4/61 (6)'
Normothermia 7/11 (39) 9/14(39) 27/20 (57) 25/20 (55) 68/65 (51).

Mortahty rate in hypothermic mice: was sxgmﬁcant]y reduced
compared to normothermxc mice (P<0.05, Chi-square test).

the normothermic mice with seizure than in the mice without
seizure (Fig. 3B).

The time course and extent of neuronal cell death in the
normothermic mice were examined by observing propidium
iodide (PI)-stained cells in mice after transient global ische-
mia. The prevalence of positively Pl-stained cells at 18, 24, 30
and 48 h after reperfusion were 25%, 18%, 45% and 75%,
respectively. The PI staining intensity at 18 and 24 h was mild
compared with that at 30 and 48 h. Both the prevalence and
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Fig. 2 - Frequency of neurologic signs and neurologic deficit
scores under hypothermia and normothermia. C57BL/6 mice
were subjected to 10 min of bilateral common carotid artery
occlusion under conditions of hypothermia (HT) or
normothermia (NT). During the ischemic insult, neurologic
signs were observed and the frequencies of the signs

(A: Study-4, B: Study-5) and the neurologic deficit scores (C)
were obtained. Comparable and reproducible results were
obtained from two experiments. Data from the sham groups
are not shown because no neurologic signs were observed.
No seizures were observed in the HT-alive mice. The
frequencies of seizure and the neurologic deficit scores were
significantly higher in the NT-dead mice than in the HT-alive
mice (*P<0.05, Kruskal-Wallis followed by Dunn’s test). The
values of the neurologic deficit scores are mean+S.D., N=20
except for N=27 (NT-dead, Study-4), N=25 (NT-dead,
Study-5) and N=19 (sham, Study-5).
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Fig. 3 - Histologic injury scores and numbers of injury sitesin
normothermic mice. Animals that survived the ischemic
insult were sacrificed 7 days after reperfusion (N=11). An
incremental 4-point scoring system was used: 0, normal; 1,
<10%; 2, 10-49%; and 3, >50% for the C1 to C3 region in the
hippocampus. The extent of the CA1 to CA3 sector with each
grading was measured and the mean histologic score was
obtained for each mouse by dividing the integration of each
grading and its length by the total length of the CA1 to CA3
sector (A). The number of sites with neuronal injury in the
CA1 to CA3 sector was counted on both sides. Closed circles
are the data from mice with seizures, open circles are the
data from mice without seizures, and the bars are the

mean values. A relatively high histologic score and number
of injured sites were observed in mice with seizures.

No histologic injuries were observed in the sham (N=10) or
HT mice (N=9).

the degree of staining (data not presented) increased with the
extension of the reperfusion period.

The Nissl-stained hippocampal region was also assessed at
6 and 24 h after reperfusion. No changes were observed in the
hippocampal neuronal regions of the sham and hypothermic
mice (Figs. 5A, B, M, N). No change or primary nuclear pyknosis
was observed in the granule cells of the dentate gyrus, and
minor degenerative changes were observed in the pyramidal
cells of the CA1 and CA3 hippocampal regions in normother-
mic mice at 6 h (Figs. 5C, D). Advanced changes were observed
in the pyramidal cells of the CA1-CA3 region and the granule
cells of the dentate gyrus in normothermic mice at 24 h after
reperfusion (Fig. 50, P).

2.4,  Gene expression analysis using adaptor-tagged
competitive-PCR

The expression levels of 1210 genes in the hippocampus
region at 18 h after reperfusion were assayed using ATAC-
PCR. After evaluating the regression line according to a
previously described algorithm (Kita-Matsuo et al, 2005),
244 genes with a root mean square error (RMSE) of over 0.6
were discarded and 966 successfully assayed genes were
classified into 9 clusters according to their expression
patterns (Table 2). We prioritized Cluster-2 (Sham=HT<NT;
78 genes) and Cluster-8 (Sham<HT<NT; 29 genes), and 62
genes were selected for further assay.
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The quantitative performances of these 62 genes at 6 h
after reperfusion in Study-4 and at 24 h after reperfusion in
Study-5 were evaluated using a coefficient of variance (CV)
and absent data. Four genes with a CV of over 0.35 and/or at
least one absent data were discarded. Remaining 58 genes
that had a mean CV of 0.11 were classified into 9 clusters
(Table 2). The relative transcription levels of 14 genes that
had been classified into Cluster-2 at either 6 or 24 h are
shown (Fig. 4). Only two genes, Activity-regulated cytoskele-
ton-associated protein (Arc) and CUG-binding protein-2
(Cugbp?2), were classified into Cluster-2 at both 6 and 24 h
after reperfusion.

2,5.  Protein expressions of Arc and Cugbp? in the
hippocampus region

We examined the protein expressions of Arc and Cugbp2 (N=3
for each group) in the hippocampus regions of normothermic,
hypothermic, and sham mice at 6 and 24 h after reperfusion
using immunohistochemistry (IHC). Two antibodies were
used for both Arc (C-7; sc-17839 and H-300; sc-15325) and
Cugbp? (AP; 12921-AP and PG; LS-C31676). Similar results for
Arc were obtained using both C-7 and H-300. Similar results for
Cugbp2 were also obtained using AP and PG. As representative
results, photographs of Arc using C-7 antibody and of Cugbp2
using PG antibody are shown (Fig. 5). The specificity of the
antibodies was confirmed by the disappearance of a positive
reaction using normal mouse IgG or normal rabbit IgG instead
of the primary antibodies for Arc or Cugbp2.

An increase in Arc protein expression was transiently
observed in the nuclei of neuronal granule cells in the dentate
gyrus of normothermic mice at 6 h after reperfusion (Figs. 5G,
H). Then, a decrease in Arc expression was observed in the

dentate gyrus of normothermic mice at 24 h after reperfusion

Table 2-Gene expression profiles classified into nine
clusters,

Cluster ~ Study-3:18h  Study-46h

Study-5:24h

0:S=HT=NT  210(17)
1:S=HT>NT 1008

. 33(s3) - 39(p3)
, e
_2:S=HT<NT %6 8(13) 70y
 3:SSHT=NT = 89() 1209 23
4 SSHTSNT  32(3) ol i
© 5:SSHT<NT 1371y 2(3) -
 6:S<HT=NT 9 (8) 00
7:S<HT>NT 195 (6) .00
8: S<HT<NT 292 00
Sub-total . 9%6(80)  58(4)
: Discarded 24420y 4)
Total . 1210(100)  62(100) .

. S: sham; HT: hypothermic; NT: normothermic, In Study-3, Study-4,
and Study-5, the genes were assayed at 18 h, 6 h and 24 h of
reperfusion following 10 min of global ischemia. In Study-3, genes.

. that had a root mean square error (RMSE) of over 0.6 were
discarded. For Study-4 and Study-5, 62 genes were selected from

- among 107 genes that were classified into Cluster-2 or Cluster-8in
Study-3. In Study-4 and Study-5, genes that had a GV of more than

. 0.35and/or atleast one absent data were discarded. Only two genes
were classified into Cluster-2 in both Study-4 and Study-5. A value
of log (NT/HT)>0.2 was regarded as NT>HT. (3:%.
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Fig. 4 - Relative transcription levels of 14 genes at 6 and

24 h after reperfusion. Fourteen out of 58 genes were
classified into Cluster-2 at either 6 or 24 h after reperfusion.
The hippocampal gene expression profiles of the 58 genes
were studied after 6 and 24 h of reperfusion following 10 min
of global ischemia. HT and NT mean hypothermic and
normothermic mice, respectively. The gene expression
levels were assayed using ATAC-PCR, and the transcription
levels relative to those in the sham control at 6 h after
reperfusion are shown. Arc and Cugbp2 were up-regulated in
normothermic mice at 6 and 24 h after reperfusion.

(Figs. 58, T). Slight or no expression of Arc protein was
observed in the hypothermic or sham mice (Figs. 5E, F, Q, R).

Cugbp?2 was localized and constitutively expressed in the
nuclei of granule cells in the dentate gyrus and of pyramidal
cells in the hippocampal CA1-CA3 region in sham and
hypothermic mice at 6 and 24 h after reperfusion (Figs. 51, J,
U, V). A decrease in Cugbp2 expression was observed in the
CA1-CA3 pyramidal cells of the hippocampus in normother-
mic mice at 6 h after reperfusion (Fig. 5K, L). The apparent
decrease coincided with the degeneration of neuronal cells in
the CA1-CA3 region of the hippocampus in normothermic
mice at 24 h after reperfusion (Figs. 5W, X). No changes in the
histology or expression level of Cugbp2 protein were observed
in the hypothermic mice (Figs. 5B, N, J, V).

3. Discussion

Before analyzing gene expression, we confirmed the adequacy
of our mouse BCCAO model and the effect of hypothermic
conditions. Our findings showed that the neurologic signs and
neurologic deficit scores as well as the histologic injury scores
in BCCAO mice were consistent with those described in a
previous report (Yang et al, 1997). HE staining and Nissl
staining showed neuronal loss in the hippocampal CA1 and
CA3 and no neuronal loss in the dentate gyrus. The neuronal
loss in the hippocampal CA1 and CA3 were protected by
hypothermia. A reduction in the mortality rate was obtained
in the hypothermic mice. These findings were also consistent
with previous reports (Yang et al., 1997; Tsuchiya et al., 2002;

Olsson et al,, 2003). Thus, we concluded that a gene expression
analysis using this animal model would be meaningful.

We screened for candidate genes relevant to different
neurologic responses to hypothermic and normothermic
conditions from among a large number of genes by compar-
ing gene expression profiles. The genomic responses follow-
ing the ischemic insult are complex and involve increases in
the expressions of both protective and detrimental genes. We
expected that a few key genes with detrimental roles might
exist among genes that were specifically up-regulated under
normothermic conditions, compared with hypothermic
conditions.

We used the ATAC-PCR method, which is an advanced
version of quantitative PCR, because this method has several
advantages. Using ATAC-PCR, we can perform a quantitative
assay for a large number of genes with a small amount of RNA
(Kato, 1997; Matoba et al., 2000). A persistent and specific
increase under normothermic conditions was only observed
for two out of the 1210 genes that were screened. We found
that the expressions of Arc and Cugbp2 were increased in
normothermic mice, compared with in hypothermic mice.

Arc, also known as Arg3.1, was initially discovered as a
novel member of the immediate-early genes induced by
neuronal activity (Lyford et al., 1995; Link et al., 1995). Arc
mRNA and/or protein is strongly induced by synaptic activa-
tion caused by high-frequency stimulation (Messaoudi et al,,
2007; Huang et al., 2007), the administration of kainate (Palop
etal., 2005; Li et al., 2005) and behavioral experience (Guzowski
et al,, 2006; Fletcher et al, 2006). In rat studies, the gene
expression of Arc was induced by MCAO in the peri-infarct
cortex and the dentate gyrus (Kunizuka et al., 1999; Rickhag et
al.,, 2007). Persistent up-regulation was observed in the dentate
gyrus and the hippocampus CA1-CA3 from the beginning until
12 h after reperfusion (Rickhag et al., 2007). Considering those
reports, up-regulated gene expression seems to be triggered by
the ischemic insult and maintained by reperfusion.

However, the protein expression of Arc in mouse or rat
brain after the ischemic insult and reperfusion has not been
previously investigated. We investigated the protein expres-
sion of Arc using IHC with two antibodies (C-7 and H-300) to
confirm antibody performance and reproducibility. One anti-
body (H-300) was used for IHC (Li et al., 2005; Messaoudi et al.,
2007) and the other antibody was used to stain cultured cells
(Bloomer et al., 2007). The expression level in the hippocam-
pus region was low in the hypothermic and sham mice at 6
and 24 h after reperfusion. Meanwhile, the transient expres-
sion of Arc was observed in normothermic mice at 6 h after
reperfusion. Arc protein was localized to the nuclei of the
neuronal granule cells of the dentate gyrus. The localization
and subcellular localization of Arc expression were consistent
with the results of previous reports (Palop et al., 2005; Li et al,,
2005; Bloomer et al., 2007). Unexpectedly, we found that the
expression of Arc protein was reduced in normothermic mice
at 24 h after reperfusion, in spite of the increased expression of
the Arc gene. One previous report has suggested that Arc may
have an anti-apoptotic role (Irie et al., 2000). Neuronal
degeneration was observed not in the dentate gyrus but in
the CA1-CA3 of the hippocampus region. Thus, the transient
increase in Arc protein might be related to the invulnerability
of the granule cells of the dentate gyrus.
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HT (6 hr)

Fig. 5 - Immunohistochemistry findings of Arc and Gugbp2 protein expressions in mice brain after the ischemic insult. The protein
expressions of Arc (C-7; sc-17839) and Cugbp2 (PG; LS-C31676) were cbserved in the brain sections at the level of the hippocampus in
C57BL/6N mice at 6 and 24 h of reperfusion following 10 min of global ischemia. A representative photograph is shown for each group
(N=3for each treatment group), and high magnification photographs of the normothermic mice are shown (D, H, L, P, T, X). A reduction
in the Nissl-stained sections in the CA1 to CA3 sector of the hippocampus region and dentate gyrus was only observed in the
normothermic mice (O, P). Hypothermia enabled dramatic neuroprotection (B and N). Arc was up-regulated in the neuronal granule
cells of the dentate gyrus only at 6 h (G and H). Cugbp2 was spontaneously expressed in the neuronal granule cells of the hippocampus
and dentate gyrus of sham and hypothermic mice {1, J, U, V). Decreased expression was observed in the hippocampus of
normothermic mice in accordance with the progressive degeneration of the neuronal granule cells (K, L, W, X). Scale bars are 100 pum.
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CUGBP2 has several synonymous names including ETR-3
(elav-type RNA-binding protein-3), NAPOR (neuroblastoma
apoptosis-related RNA-binding protein), CELF2 (CUG-BP- and
ETR-3-like factor) and BRUNAL3 (Bruno-like protein 3). Cugbp2
was initially identified as a gene induced during the apoptosis
of human neuronal cells and named NAPOR (Choi et al., 1998).
Mouse Cugbp2 was identified as a second member of the CUG-
binding protein known as elav-type ribonucleoprotein-3 (ETR-
3) {Lu et al, 1999). In mouse and rat brains, the localized
expression of Cugbp2 mRNA has been observed in the
hippocampus (Choi et al,, 1999; Zhang et al., 2002). Here, we
report for the first time that the expression of the Cugbp2 gene
was increased in the hippocampus region after global
ischemia and reperfusion. This is also the first report to
describe the protein expression of Cugbp2 in mouse brain after
transient global ischemia. We investigated the expression of
Cugbp?2 protein using IHC with two antibodies. In sham and
hypothermic mice, Cugbp2 protein was localized to the nuclei
of the pyramidal cells in the CA1 to CA3 region of the
hippocampus and in the granule cells of the dentate gyrus
and was constitutively expressed at 6 and 24 h (Figs. 51,J, U, V).
The expression of Cugbp?2 protein was similar in the sham and
hypothermic mice. However, the expression of Cugbp2 protein
decreased in neuronal cells of the hippocampus at both 6 and
24 h (Figs. 5K, L, W, X), in spite of the increase in gene
expression at both of these time points. An apparent decrease
in Cugbp2 protein was demonstrated at 24 h after reperfusion,
and this degeneration coincided with the neuronal cellsin the
hippocampus and dentate gyrus. Although Cugbp2 has been
identified as an apoptosis-related gene, little is known
concerning its function in neuronal cell death. There is a
report of overexpressed mRNA and protein of Cugbp2inanin
vitro model of cerebral ischemia {Pacini et al.,, 2005). It was also
reported that the down regulation of Cugbp?2 gene expression
protected hippocampal cultures against oxygen-glucose
depletion induced apoptosis (Pacini et al., 2005). In contrast,
Cugbp2 is rapidly induced in mouse intestinal epithelial cells
after treatment with ionizing radiation, and the induction of
Cugbp? leads to an apoptotic response (Murmu et al,, 2004).
Before the IHC assessment, we speculated that Cugbp2 might
be involved in apoptotic cell death via an increase in the
expressions of its gene and protein.

Protein synthesis is known to be inhibited in neuronal cells
immediately after ischemia and reperfusion (DeGracia et al,,
2008). A persistent translational inhibition is correlated with
the delayed neuronal cell death of vulnerable neurons
following ischemia and reperfusion (Hossmann, 1993). The
pyramidal neurons of the CA1l in the hippocampus are
selectively vulnerable to transient global ischemia. Thus, the
decrease in the expression of Cugbp2 protein was consistent
with the degeneration of vulnerable pyramidal neurons.

We observed a transient increase in Arc protein and a
decrease in Cugbp2 protein expression, in spite of persistent
increases in the transcriptions of both genes. These results may
indicate that ischemia and reperfusion under normothermic
conditions may induce translational inhibition. In hypothermic
mice, neither post-ischemic neuronal injury nor the decreased
expression of Cugbp2 protein was observed in the hippocampus
region. The control of body temperature might be related to the
induction of translational inhibition, and the neuroprotective

effects of hypothermia might be achieved, in part, by regulating
the systems that control protein synthesis in vulnerable cells.

4, Experimental procedures

We screened candidate genes relevant to different neurologic
responses to transient global ischemia in the presence of
hypothermia or normothermia using a series of six studies. In
Study-1, the neuroprotective effect of hypothermia on ischemic
brain injury was confirmed. In Study-2, we examined the time
course of neuronal damage after reperfusion. Minimal damage to
the hippocampal neurons was observed after 18 h of reperfusion.
In Study-3, the expression profiles of 1210 genes in the
hippocampal region were assessed after 18 h of reperfusion and
62 genes that were up-regulated in the presence of normothermia,
compared with in the sham and hypothermia groups, were
selected. In Study-4 and Study-5, the expression profiles of these
62 genes were assessed after 6 and 24 h of reperfusion and two
genes were selected. In Study-6, the expression levels of Arc and
Cugbp? in the hippocampal region at 6 and 24 h after reperfusion
were examined using immunohistochemistry.

4.1.  Surgical preparation for transient global ischemia

This study was approved by the Animal Care and Use
Committee at Taisho Pharmaceutical Co. Ltd. Male adult
C57BL/6N mice were obtained from Charles River Inc. (Atusugi,
Kanagawa, Japan). All mice were 8 weeks old, weighed 18.6-
23.6 g, and were given free access to food and water prior to
surgery and after surgery until occlusion. The surgical proce-
dures used toinduce transient global ischemia were the same as
previously reported (Himori et al., 1990). Briefly, under anesthe-
sia with sodium pentobarbital (50 mg/kg, ip.), both carotid
arteries were carefully exposed and a ligature for occlusion was
placed around them. Two snares for release were placed inside
the occlusion loop. The other ends of the loose ligature and
snares were exteriorized through the skin at the back of the
neck. Twenty hours after the surgical operation, the mice were
subjected to 10 min of ischemia by pulling the ends of the
exteriorized ligatures and snare. Global ischemia was induced
by bilateral common carotid artery occlusion under conscious
conditions. Animals that underwent the same surgical proce-
dures, except for occlusion, were used as sham controls. In each
study, the number of animals subjected to surgery was adjusted
to obtain the target number of surviving animals. For Study-1,
Study-2 and Study-3, the target number was ten animals per
group and the numbers of mice tested for these studies were
50, 100 and 52 respectively. For Study-4 and Study-5, the target
number was 20 animals per group and the numbers of mice
tested were 91 and 86. For Study-6, the target number was 3
animals per group and the number of mice tested was 42.

4.2, Control of body temperature in mice

The body temperatures of the mice were controlled by
monitoring the rectal temperature using a digital thermometer
(Omron, Japan). The body temperatures of the normothermic
mice were maintained at around 38 °C, while those of the
hypothermic mice were maintained at within 20 to 27 °C. The
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normothermic mice were placed in an incubator in which the
temperature was maintained at 35 °C. The hypothermic mice
were kept in cold water at a temperature of 10 °C for 3 to 5 min
and their rectal temperatures were then confirmed to be around
24 °C. The mice were then placed in a cooling box, the
temperature of which was controlled at 10 °C, and the mice
were kept in this box throughout the 10 min of occlusion and for
60 min of reperfusion.

4.3, Behavioral studies

During the ischemic insult, the mortality rate was evaluated
and a behavioral assessment was performed to confirm that
the occlusion had been successfully performed. For the
behavioral assessment, neurologic signs including distur-
bance of consciousness, circling, torsion of the neck and
seizure were assessed. Disturbance of consciousness was
classified into three signs: drowsiness (paucity of movement),
loss of righting reflex, and coma (Yang et al,, 1997). A minor
modification was made to the original method (Yang et al,,
1997). A score of 3 was given for coma and seizure. Higher
mortality rate and severer histologic damage were observed in
mice with seizure. The score for coma was reduced from 7 to 3,
because it seemed rather high compared with the score for
seizure. A score of 2 was given for torsion of the neck and loss
of righting reflex, and a score of 1 was given for drowsiness
and circling. For disturbance of consciousness, the maximum
score among the three scores was adopted. The total score was
calculated as the sum of neurologic sign scores. The max-
imum score for each observation period was thus 9.

4.4.  Histologic evaluation of neuronal cell death

Mice that survived the 10 min of global ischemia were
sacrificed by cervical dislocation at 7 days after reperfusion
in Study-1 and 18, 24, 30, or 48 h after reperfusion in Study-2.

In Study-1, the brains were removed and stored in 10%
formalin in phosphate buffered saline (PBS). After dehydration
with ethanol, the hippocampus and striatum regions were
embedded in paraffin, sectioned (45 pm thick), and stained
with HE. Neuronal injury in the CA1 to CA3 sector of the
hippocampus was assessed according to the grading system
reported by Kitagawa et al. (1998). Briefly, an incremental 4-
point scoring system was used: 0, normal; 1, <10%; 2, 10-49%;
and 3, >50%. The extent of the CA1 to CA3 sector with each
grading was measured and the histologic damage score was
obtained for each mouse by dividing the integration of each
grading and its length by the total length of the CA1 to CA3
sector (Kitagawa et al.,, 1998). The number of sites with neuronal
injury in the CA1 to CA3 sector was counted on both sides.

In Study-2, 0.1 ml/body of 0.1% propidium iodide (PI) in 0.9%
saline was administered via the tail vein, and this Pl injection
was repeated 4 to 6 times at 20-min intervals. Twenty minutes
after the final injection, the mice were anesthetized with
50 mg/kg of sodium pentobarbital (Nembtal®) and were sub-
jected to a thoracotomy. Before removal from the skull, the
brains were fixed by transcardiac perfusion with heparinised
saline (10 IU/ml) followed by 10% buffered formalin. The
hippocampus and striatum regions were removed and
embedded in OCT compound (Miles Inc), frozen in 100%
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acetone (~80 °C), and sectioned (10 um thick). The sections
were immersed for 1 h in propidium iodide solution (4.6 mg/mi)
diluted with serum-free medium (75% MEM, 25% HBSS, 2 mM
i-glutamine, and 6.5 g/l p-glucose). After rinsing in PBS, the
sections were assessed fluoroscopically (excitation, 450 nm;
emission, 520 nmy). The time course and extent of the neuronal
cell death were determined by observing the Pl-stained cells.

4.5.  Adaptor-tagged competitive-PCR

The ATAC-PCR protocol, including the primer sequences and
the 6 sets of adapters, was the same as previously described
(Kato, 1997; Matoba et al., 2000). Genes for the ATAC-PCR assay
were selected from an in-house brain-expressed sequence
tags database (BED, accessible from http://genome.mc.pref.
osaka.jp/data_download.html). BED is based on a collection of
3’-end sequences from cDNA libraries made from mouse
cerebellum, hippocampus and other brain regions (Matoba et
al., unpublished). A total of 1210 genes were selected in order
of abundance, with priority given to known genes.

In Study-3, total RNA from the cerebrum of a 6-week-old
mouse was used as a control. The relative expression levels of
the three treatment groups versus the control sample were
calculated. RNA samples were obtained from the hippocampus
region of ischemic mice with normothermia (NT) or hypother-
mia (HT) after 18 h of reperfusion and from a sham control
(sham). The root mean square error (RMSE) was calculated
according to a previously described algorithm and was used to
evaluate the regression lines (Kita-Matsuo et al., 2005). Data with
an RMSE of over 0.6 were discarded. The expression patterns of
the genes were classified into 9 clusters. When log (NT/HT) was
greater than 0.2, the expression level was recognized as NT>HT.
The pattem for each cluster is shown in Table 2. Among the up-
regulated genes in the NT group, compared with the sham and
HT groups, 62 genes were selected and the expression profiles of
these genes were further investigated in Study-4 and Study-5.

In Study-4 and Study-5, the procedure for the ATAC-PCR
was almost the same as in Study-3 except that the three
control cDNA samples were replaced with three treatment
samples. Three samples at 6 h after reperfusion (Study-4) and
three samples at 24 h after reperfusion (Study-5) were used for
the assay. This modification enabled the direct comparison of
six samples. ATAC-PCR was repeated twice. The quantitative
performance of each gene was assessed as follows. The
relative expression level of each sample to the mean of the
six samples was obtained separately for the first and second
assays. The difference in the relative expression levels
between the two assays was calculated as the coefficient of
variance (CV) for each gene, and the mean of the CV was
calculated for each gene. Data, for which the mean of the CV
was over 0.35 or for which a value was missing were discarded.
The resulting genes, classified into Cluster-2 and Cluster-8,
were recognized as specifically up-regulated in normothermic
mice after global ischemia and reperfusion.

4.6.  Immunohistochemical analysis of Arc/Arg3.1 and
Cugbp2 protein

In Study-6, mice were anesthetized with 50 mg/kg of sodium
pentobarbital (Nembtal®) and subjected to a thoracotomy. The
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brains were removed from the skulls after transcardiac
perfusion with PBS (0.1 M, pH 7.2) and fixed with 10% neutral
buffered formalin at room temperature. The brains were then
immersed in the same fixative for 2-3 days and embedded in
paraffin. The hippocampal regions were sectioned at a
thickness of 3 um and a portion of the sections were stained
with 0.1% cresyl violet (Nissl) for conventional microscopy.

Por IHC, deparaffinized sections were pre-incubated with
1% bovine serum albumin-PBS for 1 h at room temperature
{(R.T.). The sections were then rinsed with PBS and boiled in
0.01 M citrate buffer solution at pH 6.0 (00-5000; Zymed
Laboratories, Inc., San Francisco, CA) for 30 min for antigen
retrieval. The sections were allowed to cool to R.T. and
were then incubated with mouse anti-Arc (C-7) antibody
(sc-17839, x1280, 0.15 pg/ml; Santa Cruz Biotechnology, Inc.,
Santa Cruz, CA), rabbit anti-Arc (H-300) antibody (sc-15325,
x320, 0.625 pg/ml; Santa Cruz Biotechnology), rabbit anti-
CUGBP2 (ETR-3) antibody (LS-C31676, x200, 5 pg/ml; Life-
Span BioSciences, Inc., Seattle, WA), or rabbit anti-CUGBP2
antibody (12921-1-AP, x200, 5 upg/ml; ProteinTech Group,
Inc., Chicago, IL) overnight at 4 °C. Next, the sections were
incubated with biotinylated horse anti-mouse IgG (BA-2001,
10 pg/ml; Vector Laboratories, Burlingame, CA) or biotiny-
lated goat anti-rabbit IgG (BA-1000, 10 pg/ml; Vector
Laboratories) for 1 h at RT. and immersed in 0.3% H;0y-
methanol solution for 30 min to quench endogenous
peroxidase activity. The sections were washed with PBS
and then incubated with Avidin Biotin Peroxidase Complex
(PK-6100, Vector Laboratories) for 1 h at RT, then washed
again with PBS. Finally, peroxidase activity was visualized
using an AEC staining kit (AEC-101; Sigma, St. Louis, MO)
and was observed using an Axioplan 2 microscope (Carl
Zeiss, Jena, Germany). Controlled sections were incubated
with normal mouse IgG (17314, IBL, Gunma Japan) or normal
rabbit IgG (20304, IMGENEX, San Diego, CA) instead of the
primary antibodies.

4.7.  Statistical analysis

All data are presented as mean+S.D. Comparisons between
two groups were performed using the Chi-square test or the
Fisher exact test. Comparisons among three groups were
performed using Kruskal-Wallis test (one-way ANOVA by
ranks) followed by Dunn’s test for pairwise comparisons. The
significance level was set at P<0.05.
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An Integrated Approach of Differential Mass
Spectrometry and Gene Ontology Analysis
Identified Novel Proteins Regulating Neuronal
Differentiation and Survival*s

Daiki Kobayashit, Jiro Kumagai§, Takashi Morikawat, Masayo Wilson-Morifujit,
Anthony Wilsong, Atsushi Irie], and Norie Arakit||

MS-based quantitative proteomics is widely used for large
scale identification of proteins. However, an integrated
approach that offers comprehensive proteome coverage,
a tool for the quick categorization of the identified pro-
teins, and a standardized biological study method is
needed for helping the researcher focus on investigating
the proteins with biologically important functions. In this
study, we utilized isobaric tagging for relative and abso-
lute quantification (iTRAQ)-based quantitative differential
LC/MS/MS, functional annotation with a proprietary gene
ontology tool (Molecular Annotation by Gene Ontology
(MANGO)), and standard biochemical methods to identify
proteins related to neuronal differentiation in nerve
growth factor-treated rat pheochromocytoma (PC12)
cells, which serve as a representative model system for
studying neuronal biclogical processes. We performed
MS analysis by using both nano-LC-MALDI-MS/MS and
nano-LC-ESI-MS/MS for maximal proteome coverage. Of
1,482 non-redundant proteins semiquantitatively identi-
fied, 72 were differentially expressed with 39 up- and 33
down-regulated, including 64 novel nerve growth factor-
responsive PC12 proteins. Gene ontology analysis of the
differentially expressed proteins by MANGO indicated
with statistical significance that the up-regulated proteins
were mostly related to the biological processes of cell
morphogenesis, apoptosis/survival, and cell differentia-
tion. Some of the up-regulated proteins of unknown func-
tion, such as PAIRBP1, translationally controlled tumor
protein, prothymosin «, and MAGED1, were further ana-
lyzed to validate their significant functions in neuronal
differentiation by immunoblotting and immunocytochem-
istry using each antibody combined with a specific short
interfering RNA technique. Knockdown of these proteins
caused abnormal cell morphological changes, inhibition
of neurite formation, and cell death during each course of
the differentiation, confirming their important roles in neu-
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rite formation and survival of PC12 cells. These resuits
show that our iTRAQ-MANGO-biological analysis frame-
work, which integrates a number of standard proteomics
strategies, is effective for targeting and elucidating the
functions of proteins involved in the cellular biological
process being studied. Molecular & Cellular Proteomics
8:2350-2367, 2009.

MS-based quantitative proteomics strategies such as
TRAQ" (1) and stable isotope labeling with amino acids in cell
culture (2) are powerfully effective for the comprehensive
characterization of biological phenomena (1-5). Although
these methods have been applied for cancer biomarker (6, 7)
and drug target (8) discovery, their use in the elucidation of
biological and functional processes has been limited because
of certain technical problems that arise when attempting to
meaningfully process the immense amount of data obtained
from such experiments. The following four main issues are
typically the sources of such difficulties. 1) Quantitative iden-
tification by one type of MS system may fail to cover the total
proteome because of ionization efficiency differences, such
as those between ESI and MALDI, for certain peptides, lead-
ing to theoretical limitations in proteome coverage. 2) The
public protein databases are often insufficient for searching
non-human species because of the limited available genomic
information. 3) The identification of the functions and biolog-
ical processes of thousands of proteins is a formidable task
because of the lack of simple and user-friendly software to
automate gene ontology (GO) annotation. Furthermore it is

' The abbreviations used are: ITRAQ, isobaric tagging for relative
and absolute quantitation; NGF, nerve growth factor; GO, gene
ontology; PC12PRS, PC12 proteome reference set; ICC, immunocy-
tochemistry; siRNA, short interfering RNA; TCTP, translationally con-
trolled tumor protein; ProTa, prothymosin «; TrkA, tropomyosin-re-
lated kinase A; 2-D, two-dimensional; RP, reverse phase; GOA, gene
ontology annotation; PCNA, proliferating cell nuclear antigen; Pl, pro-
pidium iodide; PAIRBP1, plasminogen activator inhibitor 1 RNA-bind-
ing protein; PAI, plasminogen activator inhibitor; mESC, mouse em-
bryonic stem cell; MAGE, melanoma antigen; p75NTR, p75
neurotrophin receptor; QqTOF, quadrupole/quadrupole/time-of-flight
mass spectrometers.
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Proteomics Analysis of PC12 Cell Differentiation

difficult to convert large lists of taxonomically diverse proteins
into their human orthologs to obtain the richest GO informa-
tion available. 4) Lastly biological validation strategies for
identified proteins have not been standardized. Therefore, we
believe an analysis framework that provides (a) comprehen-
sive proteome data; (b) a simple and quick tool for organizing,
enriching, and sorting those data to reveal candidate mole-
cules for relation to certain processes; and (c) a standardized
biological validation technique would greatly benefit this field.
We therefore designed a concise, three-step, sequential pro-
teomics strategy that addresses the above concerns and
utilized it successfully in studying the mechanism of neuronal
differentiation in PC12 cells.

PC12 cells (9) have been widely used as a model of neurons
because of their unique advantages, such as stability, homo-
geneity, strong nerve growth factor (NGF) responsiveness,
high differentiation potential, and a wealth of accessible back-
ground material, which help to facilitate their manipulation
(10). This cell line has also been used for studying the mech-
anisms of neuronal disorders such as Alzheimer (11}, Hunting-
ton (12), and Parkinson diseases (13) and neurofibromatosis
type 1 (14-16). Here we used PC12 cells as a model for
characterizing the mechanisms of neuronal differentiation and
neurodegenerative disorders by means of MS-based quanti-
tative proteomics.

NGF is one member of a family of structurally and function-
ally related dimeric polypeptides, neurotrophins, that are es-
sential for the development and maintenance of distinct neu-
ronal populations in the central and peripheral nervous
systems (17). The initial signaling cascades in the neuronal
cells right after NGF stimulation have been subjected to thor-
ough investigation and characterization by using PC12 cels.
After binding of extracellular NGF to the cell membrane-local-
ized tropomyosin-related kinase A (TrkA) receptor, TrkA re-
ceptors dimerize and subsequently autophosphorylate each
other. Then the phosphorylated receptors recruit a complex of
signaling molecules and induce a number of intracellular sig-
naling cascades involving the signaling molecules, such as
phosphoinositide 3-kinase, phospholipase C-v, and Ras (18).
The postiransiational modifications, such as phosphorylation
cascades, triggered by NGF stimulation play important roles
in PC12 cell differentiation. However, knowledge of the pre-
cise dynamic molecular events of protein expression in re-
sponse to NGF signaling in PC12 cells after an interval that
allows the stimulation to take full effect and produce morpho-
logical changes remains far from complete.

Several reported studies have applied such methods as
expressed sequence tag (19), restriction landmark cDNA
scanning (20), targeted display (21), serial analysis of gene
expression (22), and cDNA microarray (23) to survey the glo-
bal change of differentially expressed genes in PC12 cells
before and after NGF treatment (19-23). However, the genes
and underlying mechanisms associated with the acquisition of
a neuronal phenotype in these cells have not been clarified.

Also a few proteomics approaches have been used for identi-
fying the proteins related to NGF-inducible neurite formation in
PC12 cells. For example, 2-D electrophoresis was applied in
whole-cell extract separation to study the NGF modulation of
protein synthesis (24); however, only two peptides were identi-
fied (25). Even currently available PC12 cell 2-D databases
include merely a few proteins related to NGF stimulation 26—
29). There is thus a paucity of functional proteomic information
related to PC12 cell biological processes that may be attributed
to technical limitations such as those listed above.

In this study, we performed the first proteomics survey of
proteins differentially expressed in PC12 cells during NGF
treatment by using a semiquantitative differential L.C shotgun
method, namely iscbaric tagging for relative and absolute
quantitation (iTRAQ) coupled with concurrent use of two tan-
dem MS/MS systems, namely nhano-L.C-MALDI-TOF-TOF
and nano-LC-ESI-Quadrupole/quadrupole/time-of-flight mass
spectrometers. The total list of proteins identified was con-
verted into a new file linked to the GO database by our
proprietary GO analysis tool for proteomes (MANGO) and
categorized by biological process and function using specific
classification methods. Thereafter we classified the subset of
proteins that were up- or down-regulated during neurite for-
mation into specific molecular categories by combining the
differential data obtained by iTRAQ with the proteomic GO
analysis results. We then attempted to characterize the func-
tional mechanism of NGF-induced PC12 cell neuronal differ-
entiation. Interestingly the specific up-regulated groups clas-
sified in this study were related to apoptosis/cell survival in
addition to cell motility, differentiation, stress stimulation, and
morphogenesis. To investigate the molecular functions of the
up-regulated proteins in relation to both PC12 cell differenti-
ation and apoptosis/survival during neurite formation, some of
them were further analyzed with a biochemical and cellular
biological strategy using a combined antibody and siRNA
technique. Lastly we demonstrated the advantages that our
concise, sequential proteomics strategy offers for studying
the molecular mechanisms of cellular biological events such
as cell differentiation and survival/apoptosis.

EXPERIMENTAL PROCEDURES

Cell Culture, NGF Treatment, and Preparation of Cell Lysate—PC12
cells were cultured under 5% CO, at 37 °C in Dulbecco’s modified
Eagle's medium supplemented with 10% horse serum and 5% fetal
bovine serum. We performed four independent cell cultures for a
fourplex iTRAQ analysis. Two of them were used as duplicated sam-
ples for controls, and the other two samples were used as NGF-
treated cells. For NGF stimulation, the cells were cuitured onto col-
lagen-coated culture dishes (lwaki) in the same medium and
stimulated with 50 ng/m! 2.5 S NGF (Wako) at 48 h. For preparation of
cell lysate, cells were solubilized with the lysis buffer containing 8 m
urea, 2% CHAPS, 2 mm Na,VO,, 10 mM NaF, 1 uM okadaic acid, and
1% (v/v) protease inhibitor mixture (Sigma) and passed through a
25-gauge syringe 15 times. Lysates were centrifuged at 13,000 X g
for 20 min at 4 °C, and the protein concentration of the supernatants
was determined using the Bio-Rad protein assay.
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