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Abstract Activating transcription factor 2 (ATF2) is a
member of the ATF/cyclic AMP-responsive element bind-
ing protein family of transcription factors. However, the
information concerning ATF2 ion-mediated DNA binding
module and function of ATF2 in malignant pleural
mesothelioma (MPM) has never been addressed. In this
study, by using GRNInfer and GVedit based on linear pro-
gramming and a decomposition procedure, with integrated
analysis of the function cluster using Kappa statistics and
fuzzy heuristic clustering in MPM, we identified one ATF2
ion-mediated DNA binding module involved in invasive
function including ATF2 inhibition to target genes
FALZ, C20orf31, NME2, PLOD2, RNF10, and
RNASEHI, upstream RNF10 and PLOD2 activation to
ATF2, upstream RNASEH1 and FALZ inhibition to
ATF2 from 40 MPM tumors and 5 normal pleural tissues.
Remarkably, our results showed that the predominant
effect of ATF2 occupancy is to suppress the activation of
target genes on MPM. Importantly, the ATF2 ion-
mediated DNA binding module reflects ‘mutual’ positive
and negative feedback regulation mechanism of ATF2 with
up-and down-stream genes. It may be useful for developing
novel prognostic markers and therapeutic targets in MPM.

Keywords significant function cluster, inferring analysis,
activating transcription factor 2 (ATF2), malignant
pleural mesothelioma (MPM)

1 Introduction

Activating transcription factor 2 (ATF2) is a member of
the ATF/cyclic AMP-responsive element binding protein
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family of transcription factors. It has been shown, in vitro,
to possess growth factor-independent proliferation and
transformation capacity [1]. It has been reported that
JNK-dependent phosphorylation of ATF2 plays an
important role in phenotype drug resistance by mediating
enhanced DNA repair by a p53-independent mechanism
[2]. Differentiation-dependent expression and phospho-
rylation of ATF2 protein physically and functionally inter-
acts with C/EBPalpha and coativator ASC-2 and synergizes
to induce target gene transcription during granulocytic dif-
ferentiation [3]. ATF2 and HO-1 are regulated and induced
by biliverdin reductase [4]. Human myometrial target genes
of the c-Jun NH2-terminal kinase (JNK) pathway affected
by ATF2 and ATF2-sm appear to belong to discrete groups
[5]. It is also involved in the transcriptional regulation of c-
Jun and a number of cell cycle genes, such as cyclin A,
cyclin D1, and ATF3 [6-8], as well as the transforming
adenovirus protein E1A [9]. Furthermore, Kawasaki et al.
reported that ATF2 is a histone acetyltransferase (HAT)
that specifically acetylates histones H2B and H4 in vitro
[10]. Bhoumik et al. concluded that ATF2 specifically
recruits MRE11 and NBS1 to DNA repair foci and that
the role of ATF2 in DNA damage repair is uncoupled from
its transcriptional activity [11]. But the function of ATF2 in
tumors still remains as a puzzle. The information concern-
ing ATF2 interaction regulation network and function of
ATF?2 in malignant pleural mesothelioma (MPM) has never
been addressed.

Many researchers studied ion-mediated DNA binding
to DNA, such as metal-ion-mediated tuning of duplex
DNA binding by bis(2-(2-pyridyl)-1H-benzimidazole),
conformational change induced by metal-ion-binding to
DNA containing the artificial 1,2,4-triazole nucleoside,
preparation and metal ion-binding of 4-N-substituted
cytosine pairs off in DNA duplexes [12-14]. However,
ion-mediated DNA binding module of ATF2 in MPM is
not identified.

In this study, we tried to complement the blank of the
implication of ATF2 in MPM. We profiled 40 MPM
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tumors, as well as 5 normal pleural tissues, using micro-
arrays containing 22215 genes to dig the potential func-
tion of ATF2 in MPM. In global expression analysis,
using the SAM algorithm [15], we identified 51 signifi-
cant genes with high expression levels that distinguished
between normal and MPM tissues. In this study, by
using GRNInfer [16] and GVedit (http://www.graph-
viz.org/) based on linear programming and a decomposi-
tion procedure, with integrated analysis of the function
cluster using Kappa statistics and fuzzy heuristic cluster-
ing in MPM, we identified one ATF2 ion-mediated
DNA binding module involved in invasive function
including ATF2 inhibition to target genes FALZ,
C20o0rf31, NME2, PLOD2, RNF10, and RNASEHI,
upstream RNF10 and PLOD2 activation to ATF2,
upstream RNASEH1 and FALZ inhibition to ATF2
from 40 MPM tumors and 5 normal pleural tissues.
Remarkably, our results showed that the predominant
effect of ATF2 occupancy is to suppress the activation
of target genes on MPM. Importantly, The ATF2 ion-
mediated DNA binding module reflects “mutual” pos-
itive and negative feedback regulation mechanism of
ATF2 with up-and down-stream genes. It may be useful
for developing novel prognostic markers and therapeutic
targets in MPM.

2 Materials and methods
2.1 Microarrays data

In this study, we profiled 40 MPM tumors, as well as 5
normal pleural tissues, using microarrays containing
22215 genes to dig the potential function of ATF2 in
MPM from GEO Datasets.

2.2 Gene selection algorithms

Primary data collection and analysis were carried out
using SAM. Before that, the expression level of each of
the 22215 genes on the microarray was log,-transformed.
SAM is a statistical technique for finding significant genes
in a set of microarray experiments. It was proposed by
Tusher et al. [15]. The software was written by B.
Narasimhan and R. Tibshirani. The input to SAM is gene
expression measurements from a set of microarray experi-
ments, as well as a response variable from each experi-
ment. The response variable may be a grouping like
untreated, treated (either unpaired or paired), a multiclass
grouping (like breast cancer, lymphoma, colon cancer), a
quantitative variable (like blood pressure) or a possibly
censored survival time. SAM computes a statistic di for
each gene 7, measuring the strength of the relationship
between gene expression and the response variable. The
threshold for significance is determined by a tuning

Ying SUN, et al.

parameter delta. For genes with scores greater than the
adjustable threshold, SAM uses repeated permutations of
the data to estimate if the expression of any gene is sig-
nificantly related to the response, the false discovery rate
(FDR). One can also choose a fold change parameter to
ensure that called genes change at least by a pre-specified
amount.

In this study, we chose minimum fold change = 3.5
and delta = 1.59 as the threshold to figure out the poten-
tially significant tumor molecular markers on MPM. By
using a two-class-unpaired SAM analysis for compari-
sons of gene expression levels, we finally selected the top
51 significant positive genes between all 40 tumor sam-
ples and all 5 pleura normal samples. The false discovery
rate is 0%.

2.3 Network analysis of candidate MPM oncogenes

Network analysis was performed using GR NInfer [16] and
GVedit (http://www.graphviz.org/). GRNInfer is the reality
of a novel method called gene network reconstruction
(GNR) tool, which is based on linear programming and a
decomposition procedure, to combine multiple microarray
datasets from different conditions for inferring gene regu-
latory networks. The method theoretically ensures the
derivation of the most consistent network structure with
respect to all of the datasets, thereby not only significantly
alleviating the problem of data scarcity but also remarkably
improving the reconstruction reliability.

Generally, a genetic network can be expressed by a set
of non-linear differential equations with each gene
expression level as variables:

x(0) =f(x(1)), (1)

where x(7) = (x1(2),x2(2),...,x,())" € R" and f= (f1./>,..../)" :
R"— R". x(t) is the expression level (mRNA concentra-
tions) of gene 7 at time instance . Assume that there are a
total of m time points for a given experimental condition
from microarray, i.e., 1,t,...,5,. f; is a C' class non-linear
function.

The linear form of Eq. (1) with appropriate normaliza-
tion is

x()=Jx(t)+b(t), t=11,t2,... by, (2)

where J = (J;), x» = 0fix)/0x is an n x n Jacobian matrix
or connectivity matrix, and b= (b,b,,...,h,)TeR" is a
vector representing the external stimuli or environment
conditions, which is set to zero when there is no external
input.

We first adopt the SVD technique to derive a particular
solution and simplify the general solution of Eq. (2), using
a single time-course dataset. By rewriting Eq. (2), we have

X=JX+B, (3)
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where X = (x(t1),x(2),...,x(t,,), B= (b(t1),b(1),...,b(t,,))
and X =(x(1),%(t2),....%(t,,)) are all n x m matrices
with ).C,'(tj) = [x,-(th) —x,-(tj)]/(tj+1 —tj) for i= 1,2,...,
n; j=12,...,m. By adopting SVD, i.e., (XT)mxn =
U, xnE;xn VZX »» Where U'is a unitary m x n matrix of left
eigenvectors, E = diag(e;,e,...,e,) 1s a diagonal n x n
matrix containing the n eigenvalues and V7 is the transpose
of a unitary n x nmatrix of right eigenvectors. Without loss
of generality, let all non-zero elements of ¢, be listed at the
end, ie., eg=--=¢;=0 and e;,...,¢,7 0. Then we can
have a particular solution with the smallest L, norm for

the connectivity matrix J = (.7,]) as
nxn

J=(X-BUE~'V", (4)

where E~' = diag(1/e;) and 1/e; is set to zero if ¢;= 0. Thus,
the network family, or the general solution of the connec-
tivity matrix J = (Jj),, x  is

Fig. 1

383

J=X—BUE '"VI4+yYVT=J+vYVT, (5)

Y = (y;) is an n x n matrix, where y; is zero if e;# 0 and is
otherwise an arbitrary scalar coefficient. Solutions of Eq.
(5) represent all of the possible networks that are consistent
with the single microarray dataset, depending on arbitrary
Y. Notice that m+ 1 points are required in Eq. (5) owing to
the estimation of X.

The 51 significant genes formed a complex network, as
shown in Fig. 1. It is displayed graphically as nodes
(genes) and edges (the biological relationships between
the nodes). The arrow of each edge shows the direction
of affection, from the beginning to the end. And the color
of an edge reflects the node-to-node relationship (red
shows active and blue shows negative). For simplicity,
genes are referred to by their symbol. We programmed a
new applet by ourselves to select the subnetwork contain-
ing ATF2 as well as its related genes from MPM.

Network analysis of top 51 significant positive genes
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2.4 Functional annotation clustering

Using the function annotation tool of DAVID [17,18], we
performed cluster analysis of ATF2 and its related genes.
The DAVID functional annotation clustering tool mainly
provides typical batch annotation and gene-GO term
enrichment analysis to highlight the most relevant GO
terms associated with a given gene list. It is a newly-added
feature to the DAVID Functional Annotation Tool. This
function uses a novel algorithm to measure relationships
among the annotation terms based on the degrees of their
co-association genes to group the similar, redundant, and
heterogeneous annotation contents from the same or dif-
ferent resources into annotation groups. The tool also
provides a look at the internal relationships of the clus-
tered terms by comparing it to the typical linear, redun-
dant term report, over which similar annotation terms
may be distributed among hundreds or thousands of other
terms.

The grouping algorithm is based on the hypothesis that
similar annotations should have similar gene members.
The Functional Annotation Clustering integrates the
same techniques of Kappa statistics to measure the degree
of the common genes between two annotations, and fuzzy
heuristic ~ clustering (used in Gene Functional
Classification Tool) to classify the groups of similar anno-
tations according to the kappa values [18]. In this sense,
the more common genes annotations share, the higher
chance they will be grouped together.

3 Results
3.1 Identification of MPM tumor molecular markers

We chose minimum fold change = 3.5 and delta = 1.59 as
the threshold to figure out the potentially significant
tumor molecular markers on MPM. By using a two-
class-unpaired SAM analysis for comparisons of gene
expression levels, we finally chose the top 51 significant
positive genes between all 40 tumor samples and all 5
pleura normal samples with the false discovery rate at
0%. The details of each gene are shown in Table 1. The
table does not contain the genes which have turned up
more than once, and the ones without any symbol or
characterization, which are marked as unknown 1, 2 or
3 in further study.

3.2 ATF?2 functional annotation clustering

We analyzed ATF2 and its related genes were found to be
statistically significant in MPM to discover their interac-
tive network relevant to MPM. A gene expression- and
interaction-based network of these 51 genes was con-
structed, using GRNInfer [16] and GVedit (http://www.
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Table 1 Details of top 51 significant positive genes

gene symbol gene name

ATF2 activating transcription factor 2

Cllorf9 chromosome 11 open reading frame 9

Cl5orf5 chromosome 15 open reading frame 5

Cl18orf10 chromosome 18 open reading frame 10

C200rf31 chromosome 20 open reading frame 31

CALDI1 caldesmon 1

CAMK2G  calcium/calmodulin-dependent protein kinase (CaM
kinase) II gamma

CDR2 cerebellar degeneration-related protein 2, 62 kDa

DDX3X DEAD (Asp-Glu-Ala-Asp) box polypeptide 3, X-linked

FALZ fetal Alzheimer antigen

FLJ10534  hypothetical protein FLJ10534

FLJ10707 hypothetical protein FLJ10707

FLJ21816 hypothetical protein FLJ21816

GLS Glutaminase

GOLGA2  golgi autoantigen, golgin subfamily a, 2

ID2 inhibitor of DNA binding 2, dominant negative helix-
loop-helix protein

KRTI18 keratin 18

KRT19 keratin 19

LRRCl1 leucine rich repeat containing 1

NME2 non-metastatic cells 2, protein (NM23B) expressed in

NMU neuromedin U

NONO non-POU domain containing, octamer-binding

NSUNS5 NOL1/NOP2/Sun domain family, member 5

OBSL1 obscurin-like 1

PAWR PRKC, apoptosis, WT1, regulator

PLOD2 procollagen-lysine, 2-oxoglutarate 5-dioxygenase 2

PLXNAI plexin Al

PSMF1 proteasome (prosome, macropain) inhibitor subunit 1
(PI31)

PTOVI1 prostate tumor overexpressed gene 1

RBMSI1 RNA binding motif, single stranded interacting protein 1

RECSLI RECS-like 1 (yeast)

RICSA resistance to inhibitors of cholinesterase 8 homolog A (C.
elegans)

RNASEH1 ribonuclease H1

RNF10 ring finger protein 10

TEAD4 TEA domain family member 4

TFAP2C transcription factor AP-2 gamma (activating enhancer
binding protein 2 gamma)

TFE3 transcription factor binding to IGHM enhancer 3

THUMPDI! THUMP domain containing 1

TIAL TIA1 cytotoxic granule-associated RNA binding protein

TNPOI transportin 1

TNRCS trinucleotide repeat containing 5

TSSC1 tumor suppressing subtransferable candidate 1

UCK2 uridine-cytidine kinase 2

USP11 ubiquitin specific peptidase 11

WBSCR20B Williams-Beuren Syndrome critical region protein
20 copy B

WBSCR20C Williams-Beuren Syndrome chromosome region 20C

ZF HCF-binding transcription factor Zhangfei

graphviz.org/), which is based on linear programming and
a decomposition procedure. Then we selected the subnet-
work containing ATF2 as well as its related genes that are
clearly separated into two parts including upstream and
target in MPM for further study.

According to ATF2 Functional Annotation Clustering
result, one ion-mediated DNA binding module consists
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of ATF2 upstream genes including FALZ, PLOD2,
RNF10, RNASEHI1 as shown in Fig. 2, and the other
comprises ATF2 target genes including FALZ,
C20orf31, NME2, PLOD2, RNF10, RNASEHI1 as
shown in Fig. 3.

activating transcription factor 2
ring finger protein 10

procollagen-lysine, 2 ate S-dioxygenase 2

fetal Alzheimer antigen
ribonuclease HI

Fig. 2 Metal ion-binding cluster annotation analysis of
ATEF2 and its upstream genes including FALZ, PLOD2,
RNF10, RNASEHI1, using DAVID Function Annotation
Clustering tool

activating transcription factor 2
heimer antigen

, 2-oxoglutarate 5-dioxygenase 2

5 2, protein (NM23B) expressed in
chromosome 20 open reading frame 31

ribonuclease H1

Fig. 3 Metal ion-binding cluster annotation analysis of ATF2
and its target genes including FALZ, C20orf31, NME2, PLOD?2,
RNF10, RNASEHI1, using DAVID Function Annotation
Clustering tool

3.3 ATF2 network establishment in MPM

After doing function annotation clustering, we con-
structed the network of ATF2 and its upstream/target
genes in ion-mediated DNA binding cluster separately,
using GRNInfer [16] and GVedit (http://www.graphviz.
org/), which is based on linear programming and a decom-
position procedure, as shown in Fig. 4. ATF2 upstream
genes appeared to be the activation to ATF2 including
RNF10 and PLOD?2 and the inhibition to ATF2 including
RNASEHI1 and FALZ. ATF?2 target genes included the
ATEF?2 inhibition to FALZ, C20orf31, NME2, PLOD2,
RNF10, and RNASEHI.
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Fig. 4 Network analysis of ATF2 and its upstream/target
genes in ion-mediated DNA binding cluster

4 Discussion

ATEF2is a cellular basic region-leucine zipper (bZIP) tran-
scription factor that can mediate diverse transcriptional
responses [5]. It has been demonstrated that ATF2 me-
diates the TGF-beta-induced MMP-2 transcriptional
activation, elucidating a molecular mechanism for the
malignant progression of human breast epithelial cells
exerted by TGF-beta53; it has also been proven that
gamma-gene induction by butyrate and trichostatin A
involves ATF2 and CREBI activation via p38 MAPK
signaling [19]; in other studies, investigators have found
that binding of ATF2 to the CD1A promoter in human
monocytes suggests a role for ATF/cAMP response ele-
ment binding protein family members in regulation of
CDI1A expression [20]; ATF2 can be activated while resis-
tin induces PTEN expression by activating stress signaling
p38 pathway, and in turn induces PTEN expression [21];
p38 MAP kinase-mediated activation of ATF2 was estab-
lished as a significant mechanism in amylin-evoked beta-
cell death, which may serve as a target for pharmaceutical
intervention and effective suppression of beta-cell failure
in type-2 diabetes [22]; ID2, which can deactivate E2A and
perhaps PAXS, is not detectable in normal B cells but is
strongly and uniformly expressed in Hodgkin-Reed/
Sternberg (HRS) cells of all cases of classical Hodgkin’s
lymphoma (HL) [23]; OLIG2 expression was predom-
inant over ID2 expression in oligodendroglial tumors,
while ID2 expression was predominant over OLIG2
expression in astrocytic tumors [24]; data show that
deregulated expression of keratin 18, or an imbalance
between keratin 8 and keratin 18, may be an important
determinant of Mallory body formation [25]. However,
the information concerning ATF?2 interaction regulation
network and function of ATF2 in MPM has never been
addressed. How this transcription factor controls the gene
expression programme for MPM is not understood.

In order to predict the potential function of ATF2 in
MPM, we performed function cluster analysis of ATF2
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upstream and target genes in MPM separately, using func-
tional annotation clustering tool of online DAVID which
integrates the same techniques of Kappa statistics to mea-
sure the degree of the common genes between two anno-
tations, and fuzzy heuristic clustering to classify the
groups of similar annotations according to the kappa
values.

Based on integrative significant function cluster and
inferring analysis, we identified one ATF2 ion-mediated
DNA binding module involved in invasive function is
composed of two parts—target genes and upstream genes.
ATF2 target genes appeared as ATF2 inhibition to
FALZ, C200rf31, NME2, PLOD2, RNF10, RNASEH]I,
while upstream genes RNF10 and PLOD2 had direct and
indirect activation to ATF2, upstream genes RNASEH 1
and FALZ inhibition to ATF2, as shown in Fig. 4.

For ATF2 upstream genes appeared PLOD?2 activation
to ATF2, ATF2 target genes appeared as ATF2 inhibition
to PLOD?2 from the upper observation. ATF2 upstream
genes appeared as RNF10 activation to ATF2, ATF2
target genes appeared as ATF2 inhibition to RNF10 from
the upper observation. Therefore, it can be deduced that
the relationship of ATF2 with PLOD2 and RNF10 rep-
resent negative feedback loop preventing the production
of more PLOD2 and RNF10.

ATF2 upstream genes appeared as FALZ and
RNASEHI1 inhibition to ATF2. ATF2 target genes
appeared as ATF2 inhibition to FALZ and RNASEHI1
from the upper observation. Therefore, it can be deduced
that the relationship of ATF2 with FALZ and RNASEH1
represent positive feedback loop preventing the produc-
tion of FALZ and RNASEHI.

In this study, by using GRNInfer [16] and GVedit
(http://www.graphviz.org/) based on linear programming
and a decomposition procedure, with integrated analysis
of the function cluster using Kappa statistics and fuzzy
heuristic clustering in MPM, we identified one ATF2 ion-
mediated DNA binding module involved in invasive func-
tion including ATF2 inhibition to target genes FALZ,
C20o0rf31, NME2, PLOD2, RNF10, and RNASEHI,
upstream RNF10 and PLOD2 activation to ATF2,
upstream RNASEH1 and FALZ inhibition to ATF2 from
40 MPM tumors and 5 normal pleural tissues.
Remarkably, our results showed that the predominant
effect of ATF2 occupancy is to suppress the activation
of target genes on MPM. Importantly, The ATF2 ion-
mediated DNA binding module reflects ““mutual” positive
and negative feedback regulation mechanism of ATF2
with up-and down-stream genes. It may be useful for
developing novel prognostic markers and therapeutic tar-
gets in MPM.
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