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Background. Nucleophosmin 1 (NPM1) plays an important role in ribosomal synthesis and malignancies, but NPMI mutations
occur rarely in the blast-crisis and chronic-phase chronic myelogenous leukemia (CML) patients. The NPMI-associated gene set
(GCM_NPMYI), in total 116 genes including NPMI, was chosen as the candidate gene set for the coexpression analysis. We wonder
if NPMl-associated genes can affect the ribosomal synthesis and translation process in CML. Results. We presented a distribution-
based approach for gene pair classification by identifying a disease-specific cutoff point that classified the coexpressed gene pairs
into strong and weak coexpression structures. The differences in the coexpression patterns between the normal and the CML groups
were reflected from the overall structure by performing two-sample Kolmogorov-Smirnov test. Our developed method effectively
identified the coexpression pattern differences from the overall structure: P value = 1.71x 1072 < 0.05 for the maximum deviation
D = 0.109. Moreover, we found that genes involved in the ribosomal synthesis and translation process tended to be coexpressed
in the CML group. Conclusion. Our developed method can identify the coexpression difference between two different groups.
Dysregulation of ribosomal synthesis and translation process may be related to the CML disease. Our significant findings may

provide useful information for the novel CML mechanism exploration and cancer treatment.

1. Introduction

Nucleophosmin 1 (NPM1), also named nucleolar phospho-
protein B23, belongs to the NucleoPhosMin/NucleoPlasMin
family of nuclear chaperones. The whole family can be
divided into four classes based on protein sequence simi-
larities: nucleophosmin (NPM1), nucleoplasmin 2 (NPM2),
nucleoplasmin 3 (NPM3), and NPM-like invertebrate pro-
teins [1, 2]. NPM1 is well studied in the whole family with
its cDNA cloned in 1989, encoding a 294-amino-acid protein
[3]. The expression of NPM1 gene is frequently altered in solid
tumors, and its mutation and translocation are also found
in hematological malignancies [4]. The encoded protein
product is a phosphoprotein that travels between the nucleus
and cytoplasm, which plays multiple roles in ribosomal
RNA (rRNA) processing, ribosome assembly, transport of
ribosomal subunits, centrosome duplication, regulation of
p53, and cell growth and proliferation [5-7].

According to the gene list curated by Brentani et al.,
NPMILI is one of 380 cancer-associated genes obtained from
a published cancer gene database [8]. In a study of Sub-
ramanian et al., the neighborhoods highly correlated with
these cancer-associated genes were selected based on four
large gene expression datasets that were collected from
various cancer projects mainly on primary tumors, includ-
ing prostate, breast, lung, lymphoma, and leukemia [9].
Pearson correlation coefficient () between every gene in
these four datasets and one cancer-associated gene (e.g.,
NPMI) was calculated independently in each dataset. A
gene was selected as the neighborhood if » > 0.85 in
at least one out of four datasets. The cancer-associated
genes with no less than 25 selected neighborhoods were
stored in the Molecular Signature Database (MSigDB) [9].
The NPMl-associated gene set (GCM_NPML1), in total 116
genes including NPMI, is one of the neighborhood sets
[9].
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NPMI often participates in chromosomal translocation,
mutation, and deletion in hematological malignancies [5].
Chronic myelogenous leukemia (CML) is a clonal myelopro-
liferative disorder, which is characterized by the increased
and unregulated growth of immature myeloid cells in the
blood stream [10]. The cytoplasmic mutated NPM1 was found
for the first time in a blast-crisis CML patient, indicating
that the mutation of NPMI gene may function in the blastic
transformation of CML [11]. Interestingly, in a recent study,
researchers did not detect any NPM1 mutations in the ana-
lyzed blast-crisis and chronic-phase CML patients [12]. We
wonder if NPMl-associated genes can affect the ribosomal
synthesis and translation process in CML. Coexpression anal-
ysis has been applied to study the functionally related genes,
since the coexpressed genes are more likely to participate
in the similar biological processes and signaling pathways
13, 14].

In this study, we aim to explore the differences in the coex-
pression patterns of those NPMl-associated genes between
the normal and the CML states, to further investigate the
altered ribosome activities in CML. We proposed a method
to explore the coexpression pattern difference by identifying
a disease-specific cutoff point that classified the coexpressed
gene pairs into strong and weak coexpression classes so that
the class was best coherent with the CML state. Traditional
methods on the gene coexpression analysis calculate the
individual P value of correlation coeflicient for every gene
pair to identify the significantly coexpressed gene pairs. Our
developed method considered the correlation coeflicients
for all the gene pairs in each group to form two different
cumulative distributions, which can identify the difference
between two different groups from the overall structure.
The different coexpression pattern indicated the biological
alterations in CML. In addition, the functional annotation
of coexpressed gene pairs provided useful information to
understand the underlying mechanisms of the CML dis-
ease.

2. Methods

2.1. Microarray Expression Data. Microarray technology is
useful to extract the important information from cells.
Different conditions have different gene expression levels.
In this study, we chose the microarray dataset GSE5550
normalized by variance stabilizing transformations (VSN)
method, which is publicly available on the Gene Expression
Omnibus (GEO) repository [15]. The data in this dataset
are obtained from gene expression measurements of more
than 8,000 unique mRNAs. CD34+ hematopoietic stem and
progenitor cells were collected from the bone marrows of
untreated CML patients in the chronic phase and healthy
controls [15]. The subjects recruited for this dataset are
Caucasians from Germany. Two groups are included in this
dataset: (i) the CML group, nine patients, and (ii) the control
group, eight normal subjects. In this dataset, a gene may be
interrogated by more than one probe. We took the average of
all the probes for the same mRNA to deal with this situation
16, 17].
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2.2. Coexpression Measure. There were 93 out of 116 NPMI-
associated genes found in the CML microarray dataset
GSE5550 (see Table SI in Supplementary Material available
online at http://dx.doi.org/10.1155/2015/610595). We extracted
the expression profiles of these 93 genes for the coexpression
analysis. The expression matrix was in dimension of 93 x
17, where each row referred to the relative expression levels
of a gene across all the samples (8 normal and 9 CML
samples). In this study, Pearson correlation coeflicient (1) was
chosen as the similarity measure to indicate the associations
between genes [18]. Pearson correlation coefficient can be
used to demonstrate the biological relationship of two genes
numerically, which does not emphasize the magnitude of
their expression profiles [13, 19]. The similarity measure is
usually regarded as a kernel function between two feature
vectors.

In this study, each feature vector included the expression
profiles of a gene across all the samples in the normal
group or the CML group, respectively. The absolute values
of correlation coefficients (|r| values) were chosen, since the
coexpression measure output a scalar in the range from 0
to 1 where a high value demonstrated a strong biological
relationship in either positive or negative direction and a
low value indicated a weak biological relationship. C,;(i, j)
referred to the coexpression level of two genes from the
disease (CML) group, and C,,(i, j) was for the normal group
(Formulas (1)) [18]:

C,(i,j) = |c0r (xdi,xdj)' ,

C,(i,j) = |c0r (xm,xnj)| ,

where C,(i, j) and C, (i, j) are the absolute values of corre-
lation coefficients for genes i and j in the CML group and
the normal group, respectively [19]; x; and x,; refer to the
expression profiles of the ith and jth genes in the CML group;
x,,; and x,,; refer to the expression profiles of the ith and jth
genes in the normal group; cor(x;, x4;) and cor(x,,;, x,,;) are
the Pearson correlation coefficients in the CML group and the
normal group, respectively.

)

2.3. Identification of the Disease-Specific Cutoff Point for Gene
Pair Classification. Two sets of correlation coeflicients in the
normal and the CML groups formed two different cumulative
distributions. Two-sample Kolmogorov-Smirnov (KS) test
was applied to test if these two sets of data significantly
differed in terms of the overall distributions. The significance
for KS test was indicated by the P value for the maximum
deviation between two cumulative distributions of C; and C,,
(Formulas (2)). At the maximum deviation, a threshold was
identified to group the coexpressed gene pairs into strong and
weak coexpression classes, called the disease-specific cutoff
point (C). The cutoff point represented a coexpression level,
at which F; and F, were extremely deviated:

D= mCaX|Fd (O -E,(©),
F;(C) =Prob(C, > C), ()

F,(C) =Prob(C, > C),
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where F; and F,, refer to the cumulative distribution functions
of C; and C,, respectively; D represents the maximum
deviation; C is the cutoff point.

The specifically coexpressed gene pairs were further
identified in different groups. Different types of gene pairs
indicated different biological meanings. The normal-specific
strongly coexpressed pairs included the gene pairs strongly
coexpressed only in the normal group, which represented
the physiological balance in the cells of healthy individuals.
Apparently, these pairs were the CML-specific weakly coex-
pressed pairs that were weakly coexpressed only in the CML
group. The CML-specific strongly coexpressed pairs included
the gene pairs strongly coexpressed only in the CML group,
which demonstrated the characteristics of the disease. For
the same reason, these pairs were the normal-specific weakly
coexpressed pairs.

2.4. Functional Annotation for NPMI-Associated Genes Using
DAVID Database. Gene ontology (GO) provides a systematic
language or ontology to describe gene and gene product
attributes across all species [20]. It can be classified into three
categories [21]: (i) biological process: a set of molecular events
with a defined beginning and end, for example, a chemical or
physical transformation; (ii) cellular component: the parts of
acell or the extracellular environment where a gene product is
active; and (iii) molecular function: the elemental activities of
a gene product at the molecular level, for example, the specific
binding to ligands and catalysis. We applied gene ontology
to group the NPMl-associated genes into different classes,
to further explore the biological meaning of the coexpressed
gene pairs in the CML state.

The Database for Annotation, Visualization and Integrated
Discovery (DAVID) was chosen to annotate these 93 genes,
which is useful to extract the biological meaning by com-
bining an integrated biological knowledge base and multiple
analytic tools [22]. All these three GO categories (biological
process, molecular function, and cellular component) were
considered in our study. Functional annotation chart was
used to identify the significant batch annotation and GO
terms that were most pertinent to the input data. When
the NPMl-associated gene list was uploaded to DAVID, the
annotation chart provided the significantly enriched GO
terms. The significance of GO term enrichment is calcu-
lated according to a modified Fisher exact test, Expression
Analysis Systematic Explorer (EASE) score. The EASE score
is regarded as a more conservative and robust adjustment
than the Fisher exact probability [23]. DAVID also provides
false discovery rate (FDR) to control the expected proportion
of false positives for the multiple hypotheses. The selection
criteria for the significantly enriched GO terms used in our
study were (i) EASE score < 0.05 and (ii) FDR < 0.05.

2.5. Mapping Coexpressed Gene Pairs to Annotated Gene Pairs.
The annotated genes in each enriched GO term were paired
with all the possible combinations, forming the annotated
gene pairs. The annotated gene pairs were mapped to the
identified coexpressed gene pairs in each GO term: the
mapped CML-specific strongly coexpressed, the mapped

TABLE I: The coexpressed gene pairs identified by the disease-
specific cutoff point.

Number of Number of weakly
Grou strongly d
p coexpressed gene
coexpressed gene .
. pairs
pairs
Normal 2763 1515
CML 3228 1050

CML-specific weakly coexpressed, the mapped normal-
specific strongly coexpressed, and the mapped normal-
specific weakly coexpressed pairs. Fisher exact test was used
to verify if genes were more likely to be coexpressed in the
CML group compared to the normal group. As a result,
one-sided P value was chosen to indicate the significance.
The multiple-hypothesis test was performed on a list of
mapped GO terms by applying the more stringent Bonferroni
correction. The P value of Fisher exact test was multiplied by
the total number of considered GO terms. A GO term was
significantly mapped if its corrected P value was still smaller
than 0.05.

3. Results

3.1. Identification of Structural Coexpression Difference. The
correlation coeficients for all the possible gene pair com-
binations of these 93 NPMIl-associated genes were cal-
culated. In each group, there was a set of correlation
coeflicients of 4,278 gene pairs. The cumulative distribu-
tions of these two sets of data were plotted (Figurel).
The results for KS test showed that the two distribu-
tions in the normal and the CML groups were signif-
icantly different from the overall structure (P value =
1.71 x 10722 < 0.05 for the maximum deviation D = 0.109).

The disease-specific cutoff point, C = 0.252, was identi-
fied at the maximum deviation (Figure 1). Two coexpression
patterns were so distinct that the CML group had more
strongly coexpressed (level above ~0.252) and less weakly
coexpressed (level below ~0.252) gene pairs than that in the
normal group. The cutoft point classified gene pairs into
four coexpression classes (Table 1). Binomial distribution test
indicated that the proportion of strongly coexpressed gene
pairs in the CML group was significantly higher than that in
the normal group (one-sided P value < 0.001).

3.2. DAVID Database Annotation for Enriched Biological
Process. According to the selection criteria (EASE score <
0.05 and FDR < 0.05), eight significantly enriched GO terms
for biological processes were identified (see Table S2). We
obtained the annotated genes involved in each biological
process and formed the annotated gene pairs. Then, the
coexpressed gene pairs were mapped to the annotated gene
pairs. The results showed that all these eight processes
had more mapped CML-specific strongly coexpressed pairs
(Table 2). In other words, genes were more likely to be
coexpressed in the CML group when compared to the normal
group. Fisher exact test was used to indicate the significance.
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FIGURE I: Plots of distributions for the 93 NPMl-associated genes coexpression analysis. (a) Cumulative distribution functions of coexpression
levels in the normal and the CML groups. (b) Deviation distribution against different coexpression cutoff points.

TABLE 2: Mapping coexpressed gene pairs to annotated gene pairs from each biological process.

Fisher exact test

Number GO terms Corrected P value
a c d P value

1 Translational elongation 59 5 5 59 <0.001 <0.008

2 Translation 89 10 10 89 <0.001 <0.008

3 Cellular protein metabolic process 299 116 116 299 <0.001 <0.008

4 RNA processing 63 28 28 63 <0.001 <0.008

5 RNA metabolic process 84 39 39 84 <0.001 <0.008

6 mRNA processing 18 11 11 18 0.057 0.456

7 RNA splicing 16 10 10 16 0.082 0.656

8 mRNA metabolic process 18 1 1 18 0.057 0.456

GO: gene ontology. GO terms highlighted in bold text are significantly mapped. a: mapped CML-specific strongly coexpressed pairs. b: mapped CML-specific
weakly coexpressed pairs. c: mapped normal-specific strongly coexpressed pairs. d: mapped normal-specific weakly coexpressed pairs.

The results showed that translational elongation, translation,
cellular protein metabolic process, RNA processing, and RNA
metabolic process were significantly mapped (P values < 0.05
and corrected P values < 0.05).

Translational elongation and translation were related to
gene translation process. Translational elongation is defined
as the successive addition of amino acid residues to a nascent
polypeptide chain in the protein biosynthesis process. Trans-
lation refers to the cellular metabolic process to form a protein
by using a mature mRNA molecule to determine the amino
acids sequence in a polypeptide chain. We further plotted
the coexpression networks for the strongly coexpressed gene
pairs in the normal and the CML groups (Figures 2, 3, S1, and
§2). From the coexpression networks, we also observed that
there were more connections in the CML group compared to
the normal group (Figures S1and S2). Genes identified in the
coexpression networks were classified into two major classes:

(i) ribosomal protein (RP) genes, such as ribosomal protein
L6 (RPL6) and ribosomal protein S28 (RPS28), and (ii)
translation factors, such as eukaryotic translation elongation
factor 2 (EEF2) and eukaryotic translation initiation factor
3, subunit F (EIF3F). The results revealed that nearly all the
coexpressed genes were RP genes, which are responsible for
encoding the ribosomal small and large subunits.

The basic information for the identified translation fac-
tors was obtained from National Center for Biotechnology
Information (NCBI) database. Protein products from EEF2
and EEFIB2 belong to translation elongation factors. EEF2
is a member of the GTP-binding translation elongation
factor family, which is very important for protein synthesis.
This protein can mediate the process of GTP-dependent
translocation of the nascent protein chain from A-site to
P-site on the ribosome. The encoded protein of EEFIB2 is
a guanine nucleotide exchange factor responsible for the
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FIGURE 2: Simplified coexpression networks for the mapped strongly coexpressed pairs in the translational elongation biological process (see
Figure S for the detailed networks). The blue area is for the omitted connections among genes. Genes with red rectangles are not RP genes.
(a) Mapped CML-specific strongly coexpressed pairs. (b) Mapped normal-specific strongly coexpressed pairs.
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FIGURE 3: Simplified coexpression networks for the mapped strongly coexpressed pairs in the translation biological process (see Figure S2 for
the detailed networks). The blue area is for the omitted connections among genes. Genes with red rectangles are not RP genes. (a) Mapped
CML-specific strongly coexpressed pairs. (b) Mapped normal-specific strongly coexpressed pairs.

transfer of aminoacylated transfer RNAs (tRNAs) to the
ribosome. Eukaryotic translation initiation factor 3, subunit
F, and initiation factor 4B (EIF3F and EIF4B) are translation
initiation factors, which are vital to initiate the translation.

3.3. DAVID Database Annotation for Enriched Cellular Com-
ponent. Based on the same selection criteria (EASE score <
0.05 and FDR < 0.05), 21 significantly enriched GO terms
for cellular components were identified (see Table S3). The
annotated genes involved in each GO term were obtained
and formed the annotated gene pairs. We also mapped
the coexpressed gene pairs to the annotated gene pairs.
The results demonstrated that genes were more likely to
be coexpressed in the CML group when compared to the
normal group among 18 out of 21 GO terms (Table 3). Fisher
exact test showed that ribonucleoprotein complex, ribosome,

cytosolic ribosome, ribosomal subunit, cytosol, cytosolic part,
intracellular non-membrane-bounded organelle, intracellular
organelle part, cytosolic large ribosomal subunit, cytoplasmic
part, cytoplasm, intracellular organelle, nuclear part, nuclear
lumen, intracellular organelle lumen, and nucleolus were
significantly mapped (P values < 0.05, and corrected P values
< 0.05).

In these significantly mapped GO terms, five of them
were related to ribosome: ribonucleoprotein complex, ribo-
some, cytosolic ribosome, ribosomal subunit, and cytosolic
large ribosomal subunit. Ribonucleoprotein complex refers to
a macromolecular complex consisting of both proteins and
RNA molecules. Ribosome contains large and small subunits,
as well as other proteins and RNAs, which is regarded
as a machine for protein biosynthesis. Cytosolic ribosome
describes a ribosome that is located in the cytosol. Ribosomal
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TABLE 3: Mapping coexpressed gene pairs to annotated gene pairs from each GO term for cellular component.
GO terms Fisher exact test Corrected P value
a b c d P value

Ribonucleoprotein complex 271 107 107 271 <0.001 <0.018
Ribosome 62 9 9 62 <0.001 <0.018
Cytosolic ribosome 22 22 <0.001 <0.018
Ribosomal subunit 26 4 4 26 <0.001 <0.018
Cytosol 273 127 127 273 <0.001 <0.018
Cytosolic part 34 8 8 34 <0.001 <0.018
Large ribosomal subunit 14 10 10 14 0.193 3.474
Intracellular non-membrane-bounded organelle 281 157 157 281 <0.001 <0.018
Intracellular organelle part 459 265 265 459 <0.001 <0.018
Cytosolic large ribosomal subunit 10 0 0 10 <0.001 <0.018
Cytoplasmic part 481 273 273 481 <0.001 <0.018
Cytoplasm 704 416 416 704 <0.001 <0.018
Intracellular organelle 819 413 413 819 <0.001 <0.018
Nuclear part 138 73 73 138 <0.001 <0.018
Nuclear lumen 103 57 57 103 <0.001 <0.018
Intracellular organelle lumen 123 80 80 123 <0.001 <0.018
Spliceosome 11 7 7 11 0.159 2.862
Nucleolus 41 19 19 41 <0.001 <0.018

GO: gene ontology. GO terms highlighted in bold text are significantly mapped. a: mapped CML-specific strongly coexpressed pairs. b: mapped CML-specific
weakly coexpressed pairs. c: mapped normal-specific strongly coexpressed pairs. d: mapped normal-specific weakly coexpressed pairs.

NPM1

(a)

SNRPD2

Other
genes

SNRPD3

()

FIGURE 4: Simplified coexpression networks for the mapped strongly coexpressed pairs in the cytoplasm cellular component (see Figure S3
for the detailed networks). Genes coexpressed with NPMI and genes encoding small nuclear ribonucleoproteins are shown in the networks.
The other genes and the omitted connections among genes are demonstrated in the yellow and blue areas. (a) Mapped CML-specific strongly
coexpressed pairs. (b) Mapped normal-specific strongly coexpressed pairs.

subunit consists of ribosomal large and small subunits.
Cytosolic large ribosomal subunit refers to the large subunit
that is located in the cytosol. There were more connections in
the CML group compared to the normal group (Table 3). In
addition, most of the coexpressed genes belonged to RP genes
encoding the ribosomal large and small subunits.

The nucleolus is very important for ribosome biogenesis,
containing the proteins for ribosome production [24, 25].
A number of nucleoli are found to be centered around
rDNAs that are transcribed to rRNAs for ribosome [25, 26].
In addition, various proteins responsible for the processing

and assembly of ribosomal large and small subunits are also
included in the nucleolus [25]. We found that genes encoding
small nuclear ribonucleoproteins were well connected with
other genes in the CML group: small nuclear ribonucleo-
protein D2 polypeptide 16.5kDa (SNRPD2), D3 polypeptide
18 kDa (SNRPD3), polypeptide E (SNRPE), and polypeptide
F (SNRPF) (Figures 4 and 5). From the figures, we can see
that these small nuclear ribonucleoprotein genes had more
connections with other genes in the CML networks compared
to the normal networks (Figures S3 and S4). It was reported
that NPM1 can shuttle from the nucleus to the cytoplasm
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FIGURE 5: Simplified coexpression networks for the mapped strongly coexpressed pairs in the nucleolus cellular component (see Figure S4 for
the detailed networks). Genes with yellow rectangles refer to those genes encoding small nuclear ribonucleoproteins. The other genes and
the omitted connections among genes are demonstrated in the yellow and blue areas. (a) Mapped CML-specific strongly coexpressed pairs.
Genes coexpressed with NPM1 are shown in the network. (b) Mapped normal-specific strongly coexpressed pairs.

[27]. NPM1 was also found to direct the nuclear export of
ribosome [25]. When exported to the cytoplasm, the small
and large subunits are combined together to form functional
subunits [25]. In our result, NPM1 was found in both
cytoplasm and nucleolus GO terms for cellular components.
Most importantly, NPM1 was coexpressed with more genes
in the CML group than that in the normal group, including
the RP genes, for example, RPLI0OA and RPL36A (Figures 4
and 5).

There was no significantly enriched GO term for molecu-
lar function identified according to the same selection criteria
(EASE score < 0.05 and FDR < 0.05).

4. Discussion and Conclusion

In this study, we have identified the overall differences in
the coexpression patterns of those NPMl-associated genes
between the normal and the CML groups. Correlation
coeflicients for all the possible gene pairs among these 93
genes were considered to form two different cumulative
distributions. Two-sample KS test was performed to identify
the difference (Figure1). Firstly, the maximum deviation
(D = 0.109) between two cumulative distributions indicated
the difference between the normal and the CML groups
structurally. Then, a disease-specific cutoft point (C = 0.252)
was discovered at the maximum deviation to classify the
coexpressed gene pairs. Functional annotation was further
applied to explore the biological differences.

DAVID database annotation for enriched biological pro-
cess gene ontology demonstrated that genes involved in
translational elongation and translation were more likely to
be coexpressed in the CML group, which were related to
translation process (Table 2). The coexpressed genes that par-
ticipated in these two biological processes covered RP genes
(e.g., RPL6 and RPS28) and translation factors (e.g., EEF2 and
EIF3F) (Figures 2 and 3). The RP genes are responsible for
encoding the ribosomal large and small subunits. Ribosome
is regarded as a machine for protein biosynthesis. There
are some factors needed to assist the translation process,

including initiation factors and elongation factors. In the sig-
nificantly mapped GO terms for cellular components, some
of them were related to ribosome, cytoplasm, and nucleolus
(Table 3 and Figures 4 and 5). The rRNA large and small
subunits are generated in the nucleolus. After exported to the
cytoplasm, these components are combined together to form
the functional ribosome to perform the translation function.
Therefore, both the biological processes and the cellular
components are important. Our results showed that genes
involved in the translation processes, ribosome, cytoplasm,
and nucleolus were more likely to be coexpressed in the CML
group compared to the normal group. We can infer that the
ribosome biogenesis and translation process may be more
active in the CML state.

The translation process, ribosomal protein, and transla-
tion factor have been found dysregulated in the CML state.
Altered mRNA translation is involved in the pathogenesis
of various human cancers, including CML [28]. Ly et al.
reported that the translational regulators, ribosomal protein
S6 and 4E-BP1 (a negative regulator in cap-dependent mRNA
translation process), were constitutively phosphorylated in
CML cells [29]. The encoded protein by eukaryotic trans-
lation initiation factor 4E (EIF4E) is regarded as both a
key translation factor and a promoter for nucleocytoplas-
mic transport of specific transcripts [30]. Overexpression
of EIF4E has been found in CML patients, suggesting its
possible role in neoplastic transformation and the feasibility
as a novel therapeutic approach [30, 31].

Our developed method had two major functions. Two
sets of correlation coefficients in the normal and the CML
groups formed two different cumulative distributions. The
first function was to test if these two sets of data significantly
differed in terms of the overall distributions. The significance
was indicated by the P value for the maximum deviation
between two cumulative distributions. A threshold was iden-
tified at the maximum deviation to group the coexpressed
gene pairs into strong and weak coexpression classes, called
the disease-specific cutoff point, which was regarded as the
second function. The widely appreciated cutoffs for the P



values such as 0.01 or 0.05 can identify the strong and weak
coexpression classes pair by pair. However, it cannot test the
difference from the overall distributions of two groups.

Gene differential expression analysis applies statistical
methods to select genes with high/low expression levels in the
disease group and low/high expression levels in the normal
state [32]. Individual gene expression value change is able to
indicate the possible relation between this gene and disease
but cannot identify the interaction between different genes
and the plurality of pathogenic genes as a functional module
in the complex disease [33, 34]. In the real situation, genes
and their encoded proteins do not function in isolation, and
they cooperate with each other [35, 36]. Functional changes
such as the alteration in a particular biological process can
be reflected by gene coexpression changes [34]. Compared
to the gene differential expression analysis, coexpression
analysis is able to identify the functional relationship among
genes during signal transduction and group genes involved
in a functional gene set or a particular pathway. Hence,
the coexpression analysis is more useful for analyzing the
underlying mechanisms of diseases. The altered coexpression
patterns in the CML state with respect to the normal state can
be used to identify the dysregulated pathways more easily.

We have developed a novel method to identify a disease-
specific cutoff point for coexpression levels that classified the
coexpressed gene pairs. This distribution-based classification
considered all the gene pairs to partition them into different
locations based on their different coexpression levels and
different groups. We applied this method to explore the differ-
ence in the coexpression patterns of those NPMI-associated
genes between the normal and the CML groups. Our method
effectively identified the statistical differences from the over-
all structure. The different coexpression pattern compared to
the normal state reflected the biological alterations in CML.
Moreover, dysregulated ribosomal synthesis and translation
process were found in the CML state compared to the normal
group. Our developed method and significant findings may
provide useful information for the exploration of novel
mechanisms and the treatment of cancer.

Conflict of Interests

The authors declared that there is no conflict of interests.

Acknowledgments

The authors would like to thank the Internal Grants of Hong
Kong Polytechnic University (G.55.09.YL61) and (1-ZE17) to
support this paper.

References

[1] L. Federici and B. Falini, “Nucleophosmin mutations in acute
myeloid leukemia: a tale of protein unfolding and mislocaliza-
tion,” Protein Science, vol. 22, no. 5, pp. 545-556, 2013.

[2] L. J. Frehlick, J. M. Eirin-Lopez, and J. Ausio, “New insights
into the nucleophosmin/nucleoplasmin family of nuclear chap-
erones,” BioEssays, vol. 29, no. 1, pp. 49-59, 2007.

BioMed Research International

[3] W.-Y. Chan, Q.-R. Liu, J. Borjigin et al., “Characterization of the
cDNA encoding human nucleophosmin and studies of its role
in normal and abnormal growth,” Biochemistry, vol. 28, no. 3,
pp. 1033-1039, 1989.

[4] S. Grisendi, C. Mecucci, B. Falini, and P. P. Pandolfi, “Nucle-
ophosmin and cancer;” Nature Reviews Cancer, vol. 6, no. 7, pp.
493-505, 2006.

[5] T.Naoe, T. Suzuki, H. Kiyoi, and T. Urano, “A versatile molecule
associated with hematological malignancies,” Cancer Science,
vol. 97, no. 10, pp. 963-969, 2006.

[6] C.L. Pelletier, L. B. Maggi Jr., S. N. Brady, D. K. Scheidenhelm,
D. H. Gutmann, and J. D. Weber, “TSCI sets the rate of
ribosome export and protein synthesis through nucleophosmin
translation,” Cancer Research, vol. 67, no. 4, pp. 1609-1617, 2007.

[7] Z. Yao, S. Duan, D. Hou et al, “B23 acts as a nucleolar
stress sensor and promotes cell survival through its dynamic
interaction with hnRNPU and hnRNPA1,” Oncogene, vol. 29, no.
12, pp. 1821-1834, 2010.

[8] H. Brentani, O. L. Caballero, A. A. Camargo et al, “The
generation and utilization of a cancer-oriented representation
of the human transcriptome by using expressed sequence tags,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 100, no. 23, pp. 13418-13423, 2003.

[9] A. Subramanian, P. Tamayo, V. K. Mootha et al., “Gene set
enrichment analysis: a knowledge-based approach for inter-
preting genome-wide expression profiles,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 102, no. 43, pp. 15545-15550, 2005.

[10] S. Salesse and C. M. Verfaillie, “Mechanisms underlying abnor-
mal trafficking and expansion of malignant progenitors in
CML: BCR/ABL-induced defects in integrin function in CML,”
Oncogene, vol. 21, no. 56, pp- 8605-8611, 2002.

P. P. Piccaluga, E. Sabattini, F. Bacci et al., “Cytoplasmic mutated
nucleophosmin (NPMI1) in blast crisis of chronic myeloid
leukaemia,” Leukemia, vol. 23, no. 7, pp. 1370-1371, 2009.

[12] D. B. Watkins, T. P. Hughes, D. L. White, and R. J. D’Andrea,
“NPMI mutations occur rarely or not at all in chronic myeloid
leukaemia patients in chronic phase or blast crisis,” Leukemia,
vol. 27, no. 2, pp. 489-490, 2013.

[13] M. B. Eisen, P. T. Spellman, P. O. Brown, and D. Botstein, “Clus-
ter analysis and display of genome-wide expression patterns,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 95, no. 25, pp. 14863-14868, 1998.

P. T. Spellman, G. Sherlock, M. Q. Zhang et al., “Comprehensive
identification of cell cycle-regulated genes of the yeast Sac-
charomyces cerevisiae by microarray hybridization,” Molecular
Biology of the Cell, vol. 9, no. 12, pp. 3273-3297,1998.

E. Diaz-Blanco, I. Bruns, F. Neumann et al., “Molecular sig-
nature of CD34" hematopoietic stem and progenitor cells of
patients with CML in chronic phase,” Leukemia, vol. 21, no. 3,
pp. 494-504, 2007.

[16] T. Breslin, M. Krogh, C. Peterson, and C. Troein, “Signal
transduction pathway profiling of individual tumor samples,”
BMC Bioinformatics, vol. 6, article 163, 2005.

[17] A. V. Kapp, S. S. Jeffrey, A. Langerod et al., “Discovery and
validation of breast cancer subtypes,” BMC Genomics, vol. 7,
article 231, 2006.

[18] F Wang, L. W. Chan, W. C. Cho et al., “Novel approach for coex-

pression analysis of E2F1-3 and MYC target genes in chronic

myelogenous leukemia,” BioMed Research International, vol.

2014, Article ID 439840, 7 pages, 2014.

—
—
=

[14

[15



BioMed Research International

(19]

(20]

(21]

(22]

[25]

(26]

(27]

(30]

(31]

S. Horvath and J. Dong, “Geometric interpretation of gene
coexpression network analysis,” PLoS Computational Biology,
vol. 4, no. 8, Article ID 1000117, 2008.

Gene Ontology Consortium, “The gene ontology project in
2008, Nucleic Acids Research, vol. 36, pp. D440-D444, 2008.
M. Ashburner, C. A. Ball, J. A. Blake et al., “Gene ontology tool
for the unification of biology. The Gene Ontology Consortium,”
Nature Genetics, vol. 25, no. 1, pp. 25-29, 2000.

D. W. Huang, B. T. Sherman, and R. A. Lempicki, “Systematic
and integrative analysis of large gene lists using DAVID bioin-
formatics resources,” Nature Protocols, vol. 4, no. 1, pp. 44-57,
20009.

D. A. Hosack, G. Dennis Jr., B. T. Sherman, H. C. Lane, and R.
A. Lempicki, “Identifying biological themes within lists of genes
with EASE,” Genome biology, vol. 4, no. 10, 2003.

L. B. Maggi Jr. and J. D. Weber, “Nucleolar adaptation in human
cancer, Cancer Investigation, vol. 23, no. 7, pp. 599-608, 2005.
L. B. Maggi Jr., M. Kuchenruether, D. Y. A. Dadey et al., “Nucle-
ophosmin serves as a rate-limiting nuclear export chaperone for
the mammalian ribosome,” Molecular and Cellular Biology, vol.
28, no. 23, pp. 7050-7065, 2008.

J. R. Warner, “The nucleolus and ribosome formation,” Current
Opinion in Cell Biology, vol. 2, no. 3, pp. 521-527, 1990.
S.N.Brady, Y. Yu, L. B. Maggi Jr., and J. D. Weber, “ARF impedes
NPM/B23 shuttling in an Mdm2-sensitive tumor suppressor
pathway,” Molecular and Cellular Biology, vol. 24, no. 21, pp.
9327-9338, 2004.

M. Zhang, W. Fu, S. Prabhu et al., “Inhibition of polysome
assembly enhances imatinib activity against chronic myeloge-
nous leukemia and overcomes imatinib resistance,” Molecular
and Cellular Biology, vol. 28, no. 20, pp. 6496-6509, 2008.

C. Ly, A. E. Arechiga, J. V. Melo, C. M. Walsh, and S. T. Ong,
“Ber-Abl kinase modulates the translation regulators ribosomal
protein S6 and 4E-BP1 in chronic myelogenous leukemia cells
via the mammalian target of rapamycin,” Cancer Research, vol.
63, no. 18, pp. 5716-5722, 2003.

1. Topisirovic, M. L. Guzman, M. J. McConnell et al., “Aber-
rant eukaryotic translation initiation factor 4E-dependent
mRNA transport impedes hematopoietic differentiation and
contributes to leukemogenesis,” Molecular and Cellular Biology,
vol. 23, no. 24, pp. 8992-9002, 2003.

P. R. Hagner, A. Schneider, and R. B. Gartenhaus, “Targeting
the translational machinery as a novel treatment strategy for
hematologic malignancies,” Blood, vol. 115, no. 11, pp. 2127-2135,
2010.

X. Cui and G. A. Churchill, “Statistical tests for differential
expression in cDNA microarray experiments,” Genome Biology,
vol. 4, no. 4, article 210, 2003.

H. K. Lee, A. K. Hsu, J. Sajdak, J. Qin, and P. Pavlidis,
“Coexpresion analysis of human genes across many microarray
data sets,” Genome Research, vol. 14, no. 6, pp. 1085-1094, 2004.
C.-H. Zheng, L. Yuan, W. Sha, and Z.-L. Sun, “Gene differential
coexpression analysis based on biweight correlation and maxi-
mum clique,” BMC Bioinformatics, vol. 15, supplement 15, article
S3,2014.

J. K. Choi, U. Yu, O. J. Yoo, and S. Kim, “Differential coexpres-
sion analysis using microarray data and its application to human
cancer,” Bioinformatics, vol. 21, no. 24, pp. 4348-4355, 2005.

J. Rachlin, D. D. Cohen, C. Cantor, and S. Kasif, “Biological
context networks: a mosaic view of the interactome,” Molecular
Systems Biology, vol. 2, article 66, 2006.



International Joumal of

Peptl

BioMed Stem Ce||5 ~ International \ urnal of
Research International International ( Genomics

Journal of

Nucleic Acids

Hindawi

Submit your manuscripts at
http://www.hindawi.com

Journal o L The SCientiﬁC
Signal Transduction World Journal

Anatomy var i
Research International Mlcroblology Research International Bioinformatics

International Journal of Biochemistry Advances in

Enzyme International Journal of Molecular Biology

Archaea Research Evolutionary Biology International




