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ARTICLE INFO ABSTRACT

Keywords: Revealing functional reorganization or module rewiring between modules at network levels during drug
Drug sensitivity treatment is important to systematically understand therapies and drug responses. The present arti-
Resistance cle proposed a novel model of module network rewiring to characterize functional reorganization of a
SNyeStfir(?ribmlogy complex biological system, and described a new framework named as module network rewiring-analysis

(MNR) for systematically studying dynamical drug sensitivity and resistance during drug treatment. MNR
was used to investigate functional reorganization or rewiring on the module network, rather than molec-
ular network or individual molecules. Our experiments on expression data of patients with Hepatitis C
virus infection receiving Interferon therapy demonstrated that consistent module genes derived by MNR
could be directly used to reveal new genotypes relevant to drug sensitivity, unlike the other differential
analyses of gene expressions. Our results showed that functional connections and reconnections among
consistent modules bridged by biological paths were necessary for achieving effective responses of a
drug. The hierarchical structures of the temporal module network can be considered as spatio-temporal
biomarkers to monitor the efficacy, efficiency, toxicity, and resistance of the therapy. Our study indicates
that MNR is a useful tool to identify module biomarkers and further predict dynamical drug sensitivity
and resistance, characterize complex dynamic processes for therapy response, and provide biologically
systematic clues for pharmacogenomic applications.
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1. Introduction

The investigation of responses to artificial signals such as drugs
or drug resistance in therapy at molecular levels is challenging, but
important for the understanding of complex mechanisms during
drug treatment, although there are cellular responses to distin-
guish external and internal challenges (Welch, 1992). The on- or
off-status of drug responses is determinate and manipulatable, and
used for comparative studies on drug sensitivity and resistance as
a control or case condition. Therapy-responsive genes have been
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intensively investigated recently (Wang et al.,2012; Ottaviani et al.,
2012; Karikoetal.,2011; Tatebe et al., 2010). It has been recognized
that biological functions are generally facilitated not only by indi-
vidual genes or proteins, but also by interactions between networks
or modules, which are responsible for dynamical behaviors and
diverse functions of living organisms. The study on dynamical
drug sensitivity and efficacy to therapy can elucidate the princi-
ple of drug responses at the network level (Alsford et al., 2012;
Barretina et al., 2012), based on a molecular network or structures,
e.g., network motifs and modules, which can benefit the identifica-
tion of efficient biomarkers in pharmacogenomic applications (Sim
and Ingelman-Sundberg, 2011; Hoppe et al., 2011; Torkamani and
Schork, 2012; Lussier and Li, 2012).

Recent attention has been diverted from the single gene to par-
ticular functions or pathways like DNA-damage response in cancer
therapy (Powell and Bindra, 2009; Lord and Ashworth, 2012). This
is different from conventional studies on drug sensitivity that have
mainly focused on responsive genes (Duffy et al., 2011; Yuasa et al.,
2011; Chan et al.,, 2011; Chen et al., 2009; Cohen et al., 2011).
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Step 0: Construction of molecular network, i.e., co-expression network

Integrating expression data and reference network

Note that we aim to study
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Step 1: Decomposition of molecular network by consistent modules
Finding consistent modules in the changing molecular networks
Green: low expression
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Black : any expression
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Step 2: Reconstruction of molecular network by consistent modules , i.e. module network
Connecting consistent modules by the changing interactions
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Step 3: Functional annotation of consistent modules

Identifying functions of consistent modules Functional annotation list
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Step 4: Phenotypes by module network rewiring (or functional reorganization)
Identifying candidate biomarkers from differential module interactions
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Fig. 1. Module Network Rewiring-analysis.
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