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ABSTRACT
Protein-protein interaction (PPI) plays a key role in cellular communication,
Protein-protein interaction connected with each other with hubs and nods involved
in signaling pathways. These interactions used to develop network based biomarkers
for early diagnosis of cancer. FEN1(Flap endonuclease 1) is a central component in
cellular metabolism, over expression and decrease of FEN1 levels may cause cancer,
these regulation changes of Flap endonuclease 1reported in many cancer cells, to
consider this data may needs to develop a network based biomarker. The current
review focused on types of PPI, based on nature, detection methods and its role in
cancer. Interacting partners of Flap endonuclease 1 role in DNA replication repair and
development of anticancer therapeutics based on Protein-protein interaction data.

INTRODUCTION

PROTEIN-PROTEIN INTERACTIONS

Irrepressible maturation of cells and their resistance
to apoptosis are the important features of the cancer cells
[1]. Various physiological and metabolic disturbances in
the cells lead to the development of cancer [2]. Cancer
is the leading cause of death in the world still we are in
the confusion when it comes and understanding it. Each
and every cancer has its own significant targets such as
apoptotic signals, immune regulatory signals, proteins and
enzymes, bodily functions like lungs, liver, bowel, etc.
Approximately 14.1 million new cases of cancer in the
world reported by GLOBOCAN in 2012, vast majority
of deaths occurred by lung carcinoma or lung cancer in
both men and women [3]. Many cancer cells developed
resistance to chemotherapy, it kills drug-sensitive cells, but
leaves behind a higher proportion of drug-resistant cells it
leads tumor begins to grow again. So the academia and
industrial research has focused on alternative treatment
methods for cancer. Protein-Protein Interaction (PPI) is
one of the major objectives in cancer research, widely
used to investigate gene and protein related problems.

Protein-protein interaction (PPI) plays a crucial
role in many biological actions such as intercellular,
extracellular functions and apoptosis. Protein interactions
help to understand the function performed by that protein,
PPI should mediate key biological functions. Formations
of the non-covalent bonds in between the protomers
(smallest oligomeric protein) are the foundation for
protein assembly, folding and Interaction. Physiological
and environmental conditions influence the association
and dissociation of the PPI complex in many biological
processes [4]. PPIs can be classified based on the nature
of interaction surface, stability and persistence. Based on
interaction surface nature, PPIs are of two type’s homo
and hetero oligomeric interactions. These are macro
molecular complexes, homo oligomers formed from only
one type of protein subunits by non-covalent interactions,
interaction between different protein subunits to form
hetero-oligomers, hetero-oligomers are important to
control several cellular functions. Based on PPI stability,
they may be classified into obligate or non-obligate;
affinity is the key point for differentiation between these
two groups. Protein can form a stable complex without
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any other associated proteins in vivo, this type of complex
proteins are called as non-obligate, some proteins
can’t form stable complex by its own, and such protein
complexes are called obligate protein complexes. Based
on persistence PPI may be transient and permanent. When
compared to the nature of stability and life time, obligate
and permanent interactions were easier to study than nonobligate and transient interactions. Transient interactions
can be further divided into weak and strong (Figure 1).
Based on the interaction surface of transient complex
physicochemical and geometrical characteristics, transient
interaction sites are selected as drug targets. These types
of interaction sites may help to identify the evolutionary
changes in small molecular inhibitors, which can serve as
therapeutics for diseases.
Protein- protein interactions are act as a promising,
challenging therapeutic development. Protein -protein
interacts each other with its signaling nodes and network
hubs, it transfers the signals along molecular network
to attain an amalgamated biological output [5, 6]. By
indicating details of potential binding partners they
provide clear information of cellular function [7]. PPI
network detection is required to understand the functions
of unexplored proteins, PPI network detection methods
can be classified into in-vitro, in-vivo and in-silico
methods these methods can represented in the following
(Figure 2).

of network highly connected to each other’s, it provide
valuable data to understand the cellular and metabolic
function of a cell. The disfunction of some PPI may
cause many diseases, including cancer [8]. Cancer related
proteins interact with their partners through distinct
interfaces it act as hubs [9]. These protein interactions
showed high specificity and low affinity because of the
shape, size, charge and hydrophobic nature of the protein
[4, 10-11]. The protein interactions are absent in normal
cells but present in cancer cells and also like absent in
cancer cells but present in normal cells is termed as
“gain and Loss of -function” [12]. These gain and loss of
function influence the protein-protein interaction networks
[13, 14].
Several protein- protein interactions imperative in
neutralizing the tumor suppressor activity, like CDK4pRB and MDM2-p53 and also allow binding some viral
oncoproteins such as human papillomavirus E6, E7
which can induce the tumor development [15]. Some
of the interactions like APC and FEN1 may promote
the cancer, adenomatous polyposis coli (APC) and Flap
Endonuclease both are tumor oppressors but when APC
interact with FEN1, this interaction inactivate the tumor
suppressor activity and promote the cancer through
novel mechanisms [16]. Similarly APC interact with
Pol-β, blocks its functions (Base Excision repair) Pol-β
directed strand displacement synthesis and inhibits
deoxyribose phosphate lyase activity in Long Patch
(LP) and Short Patch(SP) Base Excision repair through
different mechanisms [17-20]. Mutated FEN1 (FFAA
FEN1) and PCNA complex may cause FEN1 deficiency,
which influence on Base Excision repair and RNA primer

PROTEIN - PROTEIN INTERACTION
ROLE IN CANCER?
Some Protein-Protein interaction acts as a heart

Figure 1: Different types of PPI based on nature.
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removal, leading to numerous DNA breaks this develops
aneuploidy- associated cancer [21].
P53 involved in governing of cellular processes,
tumor suppression and inhibition of a variety of
mechanisms like MDM2 (Mouse double minute 2
homolog) overexpression. MDM2 act as a primary
negative endogenous regulator of p53. MDM2 and p53
regulate each other mutually through the auto-regulatory
feedback loop via energizing of p53 transcribes MDM2,
it leads to an increase MDM2 mRNA and protein and in
turn, MDM2 protein binds to p53 on its N-termini and
inhibits p53 mechanisms [22]. When MDM2 expression
level altered in human cancer it involves different type
of mechanisms like gene amplification, augmented
translation [23, 24].
Recently identified a protein interaction between
HER3 (human epidermal growth factor receptor 3)
and DJ-1 (Protein deglycase DJ-1or Parkinson disease
protein 7). HER3 is a tyrosine kinases receptor protein
involved in signaling pathways for the control of multiple
cellular processes like cell proliferation, organogenesis
and tumorigenesis [25], HER3 has been reported in
multiple cancers [26]. DJ-1 is a multifunctional protein
involved in cell progression and proliferation, act as
a redox regulated chaperone, cysteine protease and
transcriptional co-activator, overexpression of DJ-1 has

been reported in many cancers [27]. DJ-1 is a newly
identified interacting partner of HER3 interacting with
the cytoplasmic C-terminal tail of HER3.DJ-1 enhance
the HER3 sensitivity of cancer cell against anti HER3
treatment. Overexpression of DJ-1 increased HER3 levels
and promoted cancer cell proliferation in vitro and tumor
growth in vivo [28].

PROTEIN- PROTEIN INTERACTION IS A
GATEWAY TO TREAT CANCER
Cancer cells become more resistant to drug
treatment because of some mutations make these cells
resistant to treatments such as chemo, biological and
hormone therapies. Disadvantages of anti-cancer drugs
that killed both cancer cells and healthy cells, traditional
cancer treatment may cause Genotoxicity (chemical agents
or radiation therapy that damages the genetic information
within a cell causing mutations which may increase
cancer) [29]. Now it’s time to discover novel methods to
treat cancer, like targeted therapies and network oncology,
this can understate the risk of toxicity and reduce the cost
of treatment [5]. Protein-protein interaction (PPI) is one
of the best choice, it represents a vast class of therapeutic
targets in both inside and outside the cell. It is a new target

Figure 2: Different types of PPI network detection methods.
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class that has been extremely challenging to convert to
therapeutics, based on its properties, such as allosteric
sites and hotspots, have been incorporated into drug
design strategies [30-32].
Discovery of new biomarkers that leads to the
development of clinical diagnosis, rapid development
of advanced techniques supported new ways to identify
network-based biomarkers PPI networks used as a
biomarker for diagnosis of cancer. This is an important
but ambitious task in biomedical field [33]. The most
accepted biomarker discovery methods are depending on
expression measurements of protein-protein associations
[34]. Analyzing the protein expressions compared with
controls and to identify network based biomarkers.
Exploring these protein expressions profiling with some
advanced tools designed to identify biomarkers [35].
Small molecule inhibitors block the protein-protein
interaction it act as a new cancer therapeutic strategy.
Targeting of PPI with small molecule inhibitor is a
challenge, it provides a great potential for the discovery of
chemical probes and therapeutic agents [36]. PPI networks
provide a starting point for designing inhibitor compounds
[37]. It plays a key role from intercellular communication
to apoptosis of a cell life this represents the importance

of PPI for targets of therapeutics [38]. Size, hydrophobic
nature and adaptivity features of small molecules could
actively adjust to bind a drug like molecule into the
Protein-protein interaction [30].

FEN1 AS A CENTRAL COMPONENT OF
CELLULAR DNA METABOLISM
FEN1 a metallonuclease is composed of a nuclease
domain and an extended C-terminal region (N, I and C
terminal sections), which is responsible for important
interactions with other proteins. FEN1 is known to rely
on interactions with other DNA metabolic proteins for
recruitment to different machineries for DNA replication,
repair or degradation. Some of these association
partners of FEN1 also stimulate its nuclease activities
to facilitate efficient processing of various bifurcated
DNA intermediates. To date, more than 34 proteins from
various DNA metabolic pathways have been identified
as interacting with FEN1. FEN1 is an essential enzyme,
it possesses FEN, endo and exonuclease activities it
involves in various DNA metabolic pathways like Okazaki
fragment maturation, telomere maintenance, stalled

Figure 3: FEN1 central role in cellular DNA metabolism.
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replication fork rescue, long patch BER and apoptotic
DNA fragmentation.
Okazaki fragments are short, newly synthesized
DNA fragments that are formed on the lagging
template strand during DNA replication. Maturation
of Okazaki fragments is vital for DNA replication and
cell proliferation. FEN1 can cleave these flaps by two
ways i.e. Fen1 solely and FEN1-dna2 complex involved
in this process, first stage FEN1 cleave the short flaps
immediately, some of the flaps may escape from
cleavage and thus become long, these flaps then bind
RPA(replication protein A) which inhibits FEN1 cleavage
and causes instability [39]. In the second way FEN1
bind with dna2 nucleases to process long flaps, dna2 can
split the RPA binding flaps, then FEN1 can complete the
cleavage process [40].
DNA is exposed to physical and chemical damaging
agents which causes DNA damage, if it is not repaired,
could leads to genetic mutations and subsequent genome
instability and cancer [41,42]. BER (Base Excision
Repair) is one of the major pathways in eukaryotic cells
for processing DNA base damage caused by physical
and chemical agents [43, 44. FEN1 play a central role in
LP-BER [45]. Although LP-BER functions in a PCNAdependent and independent pathways utilizing plo-β, δ/ε.
FEN1 stimulates the enzymatic activities of BER proteins
to form a complex with (PCNA) [46].
FEN1 is vital for telomere stability, it plays an
important role in the preservation of genomic stability and
is maintained through the coordinated actions of telomere
specific proteins, DNA repair and replication proteins
[47,48]. FEN1 nuclease activity and the C-terminal
interacting WRN protein are necessary for telomere
stability [49, 50]. FEN1 is a target for post translational
modifications; these modification changes can support the
replication and repair process. FEN1 can be modified by
methylation, acetylation, phosphorylation, ubiquitination
and SUMOylation (Small Ubiquitin-like Modifier) [5153]. Cellular DNA metabolism of FEN1 represented in
(Figure 3).

FEN1 and its interacting partners play a vital
role in DNA replication, DNA synthesis is followed
by polymerase α in eukaryotes, which synthesizes the
initiator primer of RNA/DNA. RF-C (Replication FactorC) also known as activator-1, is a five subunit protein
complex, is required for DNA replication. RF-C loads the
homotrimeric ring- shaped protein known as PCNA onto
DNA. RNA/DNA primers are displaced to form a 5’ flap
structure, which removed prior to ligating the remaining
DNA segments [21, 57]. For Okazaki fragment maturation
FEN1 can interact with PCNA, polymerase α /ε, DNA
ligase, hnRNP A1 and RPA. In case of Yeast FEN1 interact
with DNA2 sequentially cleave the RNA primers [58].
FEN1 also connected with WRN, BLM, RecQ,
TRF2 and Chlr1, it implicated in DNA replication,
recombination. FEN1, PCNA and WRN complex
stimulates the GEN activity and cleaving the ssDNA
region in the duplex DNA molecule and the complex
is important for resolving stalled replication forks [59].
BLM protein is a member of the RecQ family of DNA
helicases, involved in replication and also restrain the
mutant DNA2 activity, its supports the FEN1 nuclease
in Okazaki fragment maturation or adjust the activity
to form a complex with FEN1 and DNA2 [60]. A novel
interaction of the Bloom’s syndrome (BLM) protein
with FEN1 involved in Okazaki fragment processing,
the complex stimulates both endo and exo nucleolytic
cleavage activity of FEN1, BLM C-terminal domain that
shares homology with the FEN-1 interaction domain of the
Werner syndrome protein, a RecQ helicase family member
homologous to BLM [61]. FEN1 interacted complex
involved in telomere stability, chromosome segregation
machinery and DNA replication, which include TRF2,
WRN, TERT and Chlr1 [51, 62].
Environmental toxins, chemicals, drugs, stress,
Inflammation and normal metabolic activities can cause
the DNA damage resulting one million molecular lesions
per day in a cell. Failure to resolve the damaged ends
can lead to abnormal DNA replication and repair and is
associated with genomic instability, mutagenesis and
cancer [63]. In mammalian cells DNA repair process is
of two types based on the length of the repaired flap, SNBER or LP-BER. In BER, APE1 recognizes the apurinic/
apyrimidinic residues; enzyme glycosylases remove a
single nitrogenous base to create an AP site and generating
a nick. Polymerase (β) enzymes then remove the damaged
region using its exonuclease activity and synthesize a new
strand [64]. APC interacts with and blocks FEN1 activity
in Pol- β directed LP-BER[16]. Some FEN1 interacted
proteins involved in both replication and repair which are
PCNA, WRN. FEN1/WRN complex play a vital role to
remove the 5’flaps in Long Patch Base Excision Repair
(LP-BER) [62]. Complex of interact proteins Neil1,Pol-β,
PCNA, APE1, Lig 1 and a complex of 9:1:1(Rad9-Rad1Hus1) involved in LP-BER along with FEN1 [65,66].
Rad9-Rad1-Hus1 is a heteotrimeric protein like PCNA.

FEN1 PROTEIN -PROTEIN INTERACTION
PARTNERS
FEN1 nucleases interact with many protein partners;
reports suggest that the interacting partners may enhance
the functions of FEN1. The extended C-terminus domain
is important for protein-protein interaction, because it
contains several arginine and lysine residues is critical
for nuclease activity through involvement of substrate
binding. To date, more than 34 proteins are known to
interact with FEN-1, partners are interacted with FEN1
directly or indirectly to form a complex or multi protein
complexes affect FEN-1 activities [54-56]. The interacting
partners can be grouped into four different categories
based on their function [21].
www.impactjournals.com/oncotarget
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In case of yeast non-homologous end-joining dsDNA
break repair pathway find a new interacted proteins, Plo
4 and Dnl4/ Lif1 along with FEN1. FEN1 and interacted
complex proteins involved in different DNA repair
pathways indicates its importance in DNA repair.
FEN1 may involve in cell apoptosis, association
of Endo G stimulates the mechanism of apoptotic DNA
fragmentation, Endo G is a mitochondrial enzyme actively
participate in caspase and DFF40 independent pathway
[67]. Caspase and DFF 40 complex associated with some
nuclear proteins such as H1 and HMG to promote cleavage
of internucleosomal DNA Endo G. FEN1 with apoptotic
proteins such as Endo G may be a key mechanism to
switch FEN1’s role from DNA replication and repair to
apoptotic DNA fragmentation. FEN1 interaction with
Endo G also greatly enhances its minor GEN and EXO
activities, important for disposal of apoptotic DNA [68].
FEN1 is a target for several posttranslational
modifications, it can be modified by methylation,
acetylation, phosphorylation, ubiquitination and
SUMOylation [69, 70]. Many of the protein partners
involved in FEN1 posttranslational modification they
are P300, Cdk1-Cyclin A, Cdk2-Cyclin E and, UBE1/
UBE 2M/ PRP19 [69,71]. FEN1 showed methylation at
the R (arginine) 192 residue researchers confirmed that
a link between FEN1 methylation and phosphorylation,

methylation prevents FEN1phosporylation at Serine
187 residue. It influence on the PCNA binding during
Okazaki maturation and replication process. Methylated
FEN1 initially interact with PCNA and replaces pol δ to
gain access to the flap. Following flap removal, FEN1 is
phosphorylated which causes it to lose its interaction with
PCNA and leave the substrate to provide access for DNA
ligase-1. Acetylated FEN1 observed in Hela cells, p300
acetyl transferase interact with FEN1 both in-vivo and
in-vitro, upon in-vitro condition four acetylated sites are
identified and in-vivo condition three sites are identified,
only one site is common in both in-vivo and in-vitro
condition i.e. K375, the remaining are completely different
[72]. In-vitro acetylated FEN1 reduced PCNA dependent
nuclease activity and DNA binding affinity, but intact
PCNA stimulating capacity [73]. FEN1 phosphorylated
at Seine 187 in the late S phase by the cyclin A or Cdk2/
cyclin E complex, in-vitro phosphorylation FEN1 bound to
its substrate with a similar affinity as the unmodified form,
and its endonuclease activity is inhibited. Phosphorylation
results in dissociation of FEN1 from PCNA. FEN1
shows multiple cell cycle -specific post-translational
modifications [74], FEN1 levels is different in different
stages of cell cycle when compared to the G2/M phases, S
phase showed higher FEN1 level because of ubiquitination
and SUMOylation. A complex interacts with FEN, UBE1/

Figure 4: Interaction partners map of FEN1.
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UBE2M/PRP19 complex ubiquinated FEN1 at K354 and
SUMOylated at K168 [75]. All these interactions influence
the FEN1 activities and its involvement in replication
repair. FEN1 interacting partners are represented by the
following (Figure 4) generated by STRING software.

a significant role in identification of potential targets that
can be considered to contribute toward next generation
therapeutics [83]. PPI networks used as a biomarker for
diagnosis of cancer, FEN1 is over expressed in many
cancer cells, previously identified PPI data act as a
biomarker to confirm the FEN1 levels in diagnosis sample
when compare to normal, this information supports to
early detection of diseases. FEN1 is a central component
in cellular mechanism; hopefully it plays a lead role in
drug design and treatment. Cancer cells turned as drug
resistance, so now focus on new manner to develop small
molecular inhibitors and anticancer drugs based on the PPI
data. It’s an alternative and advanced way to develop new
therapeutics.

FEN1 ROLE IN THE DEVELOPMENT OF
ANTICANCER THERAPEUTICS
Cancer cells turned as drug resistance, so anticancer
drugs and small molecular inhibitor compounds
development consider the key proteins involved in
tumorigenesis and the mechanism [76]. FEN1 is a
multifunctional structure specific endonuclease protein,
it plays a key role in 5’ flap endonuclease (FEN),
exonuclease (EXO), and gap-dependent endonuclease
(GEN) activities. It plays an important role in maintaining
genome stability, replication and repair [74]. Suppression
of FEN1 leads to the retardation of DNA replication and
accumulation of unrepaired DNA intermediates, resulting
in DNA double strand breaks (DSBs) and apoptosis
this may leads to cancer, DNA repair alters the risk of
cancer [16]. Therefore, targeting FEN1 could serve as a
potent strategy for cancer therapy [77]. Genomic DNA
is constantly exposed to endogenous and exogenous
insults, which cause genome instability if not properly
repaired leads to mutations/cancer [78, 79]. Overexpression of FEN1 find in much type of cancer cells,
over expression may involve tumor development it
influence the cell proliferation and cell differentiation. In
prostate cancer cells FEN1 act as a hormone refractory,
cells are developed resistance against treatment, some of
the small molecular inhibitors (SMI) inhibits the FEN1
activity and cells sensitive to the treatment [77, 80]. At the
same time decrease the level of FEN1 in cells are more
sensitive to treatment. This indicates FEN1 expression
influence on tumor cell growth to anticancer drugs. Over
expression of FEN1 observed in cancer cells like gastric,
lung, neuroblastoma, pancreatic and prostate cancer and
also observed the low level of FEN1 expression in some
cancer cells like colorectal esophageal and gastric cancer.
This information suggested that FEN1 is a potential
biomarker for certain cancer types [81, 82]. The available
data confirmed that the role FEN1 plays an important
role in the development of small molecular inhibitors and
anticancer therapeutic drugs.

CONCLUSION
PROSPECTIVE

AND

Abbreviations
FEN1- Flap Endo nuclease-1, PPI- Protein-Protein
Interaction, PTM- Posttranslational Modifications,
MDM2- Mouse double minute 2 homolog, BER- Base
Excision repair, Pol-β - polymerase beta.

ACKNOWLEDGMENTS AND FUNDING
We thank for the support by Ministry of Science
and Technology of China (2013CB911600), the Research
Fund for the Doctoral Program of Higher Education of
China (RFDP) (20133207110005), The Program for New
Century Excellent Talents in University of Ministry of
Education of China (NCET-13- 0868) and the Priority
Academic Program Development Award for Jiangsu
Higher Education Institutions. The work was also partially
supported by CJ20160051.

CONFLICTS OF INTEREST
The authors declare no conflict of interest

REFERENCES

FUTURE

The present review focused on the role of PPI on
development of therapeutics by considering the key
proteins involved in tumorigenesis and mechanism. PPIs
play a key role in cellular function and maintenance and
also important to bind small molecular inhibitors. PPI play
www.impactjournals.com/oncotarget

27599

1.

Subramanyam D, Chandrasekhar K, Avilala J, Arthala
PK, Buddolla V. Surfacing role of probiotics in cancer
prophylaxis and therapy: A systematic review. Clinical
Nutrition. 2016: 1-8.

2.

Thomas NS and Laura MS. Cancer as a metabolic disease.
Nutrition & Metabolism. 2010; 7:1-22.

3.

Ferlay J, Soerjomataram I and Ervik Ml. GLOBOCAN
2012 v1.0, Cancer Incidence and Mortality Worldwide:
IARC Cancer Base No. 11. Lyon, France: International
Agency for Research on Cancer. 2012.

4.

Irene MN and Janet MT. Structural Characterisation and
Functional Significance of Transient Protein-Protein
Interactions. J Mol Biol. 2003; 325: 991-1018.

5.

Andrei A. Ivanov, Fadlo R. Khuri and Haian Fu. Targeting
Oncotarget

protein-protein interactions as an anticancer strategy.
Trends Pharmacol Sci. 2013; 34: 393-400.

Functional regulation of FEN1 nuclease and its link to
cancer. Nucleic Acids Res. 2011; 39:781-794.

6.

MW Gonzalez and Maricel GK. Protein Interactions and
Disease. PLOS Computational Biology. 2012; 8: e1002819.

7.

Zhang A. Protein Interaction Networks-Computational
Analysis, Cambridge University Press, NewYork, NY,USA,
2009.

22. Yujun Z, Angelo A, Denzil B, and Shaomeng W. SmallMolecule Inhibitors of the MDM2−p53 Protein−Protein
Interaction (MDM2 Inhibitors) in Clinical Trials for Cancer
Treatment. J Med Chem. 2015; 58: 1038−1052.

8.

Kar G, Gursoy A and Keskin O. Human Cancer ProteinProtein Interaction Network: A Structural Perspective.
PLoS Comput Biol. 2009; 5: e1000601.

9.

23. Bond GL, Hu W and Levine AJ. MDM2 is a central node in
the p53 pathway: 12 years and counting. Curr Cancer Drug
Targets. 2005; 5: 3-8.
24. Giglio S, Mancini F, Gentiletti F, Sparaco G, Felicioni L,
Barassi F, Martella C, Prodosmo A, Iacovelli S, Buttitta F,
Farsetti A, Soddu S, Marchetti A, et al. Identification of an
aberrantly spliced form of HDMX in human tumors: a new
mechanism for HDM2 stabilization. Cancer Res. 2005; 65:
9687-9694.

Goh KI, Cusick ME, Valle D, Childs B, Vidal M and
Barabási AL. The human disease network. Proc Natl Acad
Sci U S A. 2007; 104: 8685-8690.

10. Patil A and Nakamura H. Disordered domains and high
surface charge confer hubs with the ability to interact with
multiple proteins in interaction networks. FEBS Lett. 2006;
580: 2041-2045.

25. Yarden Y and Pines G. The ERBB network: at last, cancer
therapy meets systems biology. Nat Rev Cancer. 2012;
12:553-563.

11. Higurashi M, Ishida T and Kinoshita K. Identification of
transient hub proteins and the possible structural basis for
their multiple interactions. Protein Sci. 2008; 17: 72-78.

26. Ledel F, Stenstedt K, Hallstrom M, Ragnhammar P and
Edler D. HER3 expression is correlated to distally located
and low-grade colon cancer. Acta oncologica. 2016;55:875880.

12. Liang-Hui C and Bor-Sen C. Construction of a cancerperturbed protein-protein interaction network for discovery
of apoptosis drug targets. BMC Systems Biology. 2008;
2:56.

27. Van der MC, Jalali SDZ, Christoffels A, Loos B and
Bardien S. Evidence for a common biological pathway
linking three Parkinson’s disease-causing genes: parkin,
PINK1 and DJ-1. The European journal of neuroscience.
2015; 41:1113-1125.

13. Cusick ME, Klitgord N, Vidal M and Hill DE. Interactome:
gateway into systems biology. Hum Mol Genet. 2005;
14:171-181.

28. Shu Z, Seema M, Xuejun F, Ahmad S, Kalpana M, Zhao
H, Leike L, Georgina TS, Ningyan Z and Zhiqiang A.
Novel association of DJ-1 with HER3 potentiates HER3
activation and signaling in cancer. Oncotarget. 2016;7:40.
doi: 10.18632/oncotarget.11613.

14. Hornberg JJ, Bruggeman FJ, Westerhoff HV and Lankelma
J. Cancer: a Systems Biology disease. Biosystems 2006;
83:81-90.
15. Hanahan D and Weinberg RA. Hallmarks of cancer: the
next generation. Cell. 2011; 144: 646-674.

29. Ume-Kulsoom S, Anna LS, Paul F, Shareen HD, George
EJ, Sharon JS, Andrew DS and Gareth JSJ. A comparison
of the genotoxicity of benzo[a]pyrene in four cell lines with
differing metabolic capacity. Mutation Research.2016;
808:8-19.

16. Satya N, Aruna SJ, Brian KL, Mohammad AK, Arun KS
and Robert AH. Interaction between APC and Fen1 during
breast carcinogenesis. DNA Repair. 2016; 41: 54-62.
17. Narayan S, Jaiswal AS and Balusu R. Tumor suppressor
APC blocks DNA polymerase β-dependent strand
displacement synthesis during long patch but not short
patch base excision repair and increases sensitivity to
methylmethane sulfonate. J Biol Chem.2005; 280: 69426949.

30. Arkin MR and Wells JA. Small-molecule inhibitors of
protein-protein interactions: progressing towards the dream.
Nature Reviews Drug Discovery. 2004; 3: 301-317.
31. Chen J, Sawyer N and Regan L. Protein-protein interactions:
general trends in the relationship between binding affinity
and interfacial buried surface area. Protein Science. 2013;
22: 510-515.

18. Jaiswal AS, Balusu R, Armas ML, Kundu CN and Narayan
S. Mechanism of adenomatous polyposis coli (APC)mediated blockage of long-patch base excision repair.
Biochemistry. 2006; 45: 15903-15914.

32. Laraia L, McKenzie G, Spring DR, Venkitaraman AR
and Huggins DJ. Overcoming Chemical, Biological, and
Computational Challenges in the Development of Inhibitors
Targeting Protein-Protein Interactions. Chemistry &
Biology. 2015; 22: 689-703.

19. Balusu R, Jaiswal AS, Armas ML, Bloom LB and
Narayan S. Structure/function analysis of the interaction of
adenomatous polyposis coli with DNA polymerase β and its
implications for base excision repair. Biochemistry. 2007;
46: 13961-13974.

33. Jingxue X, Xianwen R, Luonan C and Yong W. Identifying
network biomarkers based on protein-protein interactions
and expression data. BMC Medical Genomics. 2015; 8:
S11.

20. Jaiswal AS and Narayan S. A novel functions of
adenomatous polyposis coli (APC) in regulating DNA
repair. Cancer Lett.2008; 271: 272-280.

34. Kin-ya T, Kenji U and Hisakazu M. Protein-protein

21. Zheng L, Jia J, Finger LD, Guo Z, Zer C and Shen B.
www.impactjournals.com/oncotarget

27600

Oncotarget

interactions and selection: array-based techniques for
screening disease-associated biomarkers in predictive/early
diagnosis. FEBS Journal.2010; 277:1996-2005.

endonuclease 1, the C terminus is essential for substrate
binding. J Biol Chem. 2001; 276: 7843-7849.
50. Sharma S, Sommers JA, Gary RK, Friedrich-Heineken E,
Hubscher U and Brosh RM Jr. The interaction site of Flap
Endonuclease-1 with WRN helicase suggests a coordination
of WRN and PCNA. Nucleic Acids Res. 2005; 33: 67696781.

35. Tiancheng L, Shengdi W, Xizhong S and Lei Li. Network
cluster analysis of protein-protein interaction network
identified biomarker for early onset colorectal cancer. Mol
Biol Rep. 2013; 40: 6561-6568.
36. Logan RH, Yongqiang Z, Min Z, Vanja P, John AW and
Haitao J. Rational Design of Selective Small-Molecule
Inhibitors for β‑Catenin/ B-Cell Lymphoma 9 Protein−
Protein Interactions. J Am Chem Soc. 2015; 137:
12249−12260.

51. Loeb LA, Loeb KR and Anderson JP. Multiple mutations
and cancer. Proc Natl Acad Sci USA. 2003; 100: 776-781.

37. Wenxing G, John AW and Haitao J. Hot spot-based design
of small-molecule inhibitors for protein-protein interactions.
Bioorg Med Chem Lett. 2014; 24:2546-2554.

53. Merlo LM, Pepper JW, Reid BJ and Maley CC. Cancer as
an evolutionary and ecological process. Nat Rev Cancer.
2006; 6: 924-935.

52. Futreal PA, Coin L, Marshall M, Down T, Hubbard T,
Wooster R, Rahman N and Stratton MR. A census of human
cancer genes. Nat Rev Cancer. 2004; 4: 177-183.

38. Stockwin L and Holmes S. Antibodies as therapeutic agents:
vive la renaissance. Expert Opin Biol Ther. 2003; 3: 11331152.

54. Guo Z, Chavez V, Singh P, Finger LD, Hang H, Hegde ML
and Shen B. Comprehensive mapping of the C-terminus of
flap endonuclease-1 reveals distinct interaction sites for five
proteins that represent different DNA replication and repair
pathways. J Mol Biol. 2008; 377: 679-690.

39. Henry RA, Balakrishnan L, Ying-Lin ST, Campbell JL
and Bambara RA. Components of the secondary pathway
stimulate the primary pathway of eukaryotic Okazaki
fragment processing. The Journal of Biological Chemistry.
2010; 285: 28496-28505.

55. Nazarkina ZhK, Lavrik OI and Khodyreva SN. Flap
endonuclease-1 and its role in the processes of DNA
metabolism in eucaryotic cells. Mol Biol (Mosk). 2008; 42:
405-421.

40. Zheng Li and Binghui S. Okazaki fragment maturation:
nucleases take centre stage. Journal of Molecular Cell
Biology. 2011; 3: 23-30.

56. Karanja KK and Livingston DM. C-terminal flap
endonuclease (rad27) mutations: lethal interactions
with a DNA ligase I mutation (cdc9-p) and suppression
by proliferating cell nuclear antigen (POL30) in
Saccharomyces cerevisiae. Genetics. 2009; 183: 63-78.

41. Hoeijmakers JH. Genome maintenance mechanisms for
preventing cancer. Nature. 2011; 411: 366-374.
42. Jirina B, Zuzana H, Karen K, Alwin K, Frederic T, Karsten
Z, Per G and Maxwell S. DNA damage response as a
candidate anti-cancer barrier in early human tumorigenesis.
Nature. 2005; 434: 864-870.

57. Timothy DC, Richard DH, Alfonso B, Malcolm FW and
Carlos PJ. Single-molecule characterization of Fen1 and
Fen1/PCNA complexes acting on flap substrates. Nucleic
Acids Research. 2014; 42:1857-72.

43. David SS, O’Shea VL and Kundu S. Base-excision repair of
oxidative DNA damage. Nature. 2007; 447: 941-950.

58. Bae SH, Bae KH, Kim JA and Seo YS. RPA governs
endonuclease switching during processing of Okazaki
fragments in eukaryotes. Nature. 2001; 412: 456-461.

44. Zharkov DO. Base excision DNA repair. Cell Mol Life Sci.
2008; 65: 1544-1565.

59. Zheng L, Zhou M, Chai Q, Parrish J, Xue D, Patrick
SM, Turchi JJ, Yannone SM, Chen D and Shen B. Novel
function of the flap endonuclease 1 complex in processing
stalled DNA replication forks. EMBO Rep. 2005; 6: 83-89.

45. Liu P, Qian L, Sung JS, de Souza-Pinto NC, Zheng L,
Bogenhagen DF, Bohr VA, Wilson DM 3rd, Shen B and
Demple B. Removal of oxidative DNA damage via FEN1dependent long-patch base excision repair in human cell
mitochondria. Mol Cell Biol. 2008; 28: 4975-4987.

60. Imamura O and Campbell JL. The human Bloom syndrome
gene suppresses the DNA replication and repair defects of
yeast dna2 mutants. Proc Natl Acad Sci USA. 2003; 100:
8193-8198.

46. Sun HF, He LF, Wu H, Pan F, Wu X, Zhao J, Hu Z,
Sekhar CK, Li H, Zheng L,Chen H, Shen BH and Z Guo
Z. The FEN1 L209P mutation interferes with long-patch
base excision repair and induces cellular transformation.
Oncogene. 2016; 1-14.

61. Sudha S, Joshua AS, Leonard W, Vilhelm AB, Ian DH and
Robert MB Jr. Stimulation of flap endonuclease-1 by the
bloom’s syndrome protein. J Biol Chem. 2004; 279:98479856.

47. Abhishek S, Lionel G, Sandra C, Adeline L, Martin
S, Shashikant K and Sheila AS. Flap endonuclease 1
contributes to telomere stability. Curr Biol. 2008;18: 496500.

62. Farina A, Shin JH, Kim DH, Bermudez VP, Kelman Z,
Seo YS and Hurwitz J. Studies with the human cohesion
establishment factor, ChlR1. Association of ChlR1 with
Ctf18-RFC and Fen1. J Biol Chem. 2008; 283: 2092520936.

48. Saharia A and Stewart SA. FEN1 contributes to telomere
stability in ALT-positive tumor cells. Oncogene. 2009; 28:
1162-1167.

63. Andres SN, Schellenberg MJ, Wallace BD, Tumbale P

49. Stucki M, Jonsson ZO and Hubscher U. In eukaryotic flap
www.impactjournals.com/oncotarget

27601

Oncotarget

and Williams RS. Recognition and repair of chemically
heterogeneous structures at DNA ends. Environ Mol
Mutagen. 2015; 56:1-21.

FEN1 degradation during cell-cycle progression. Mol Cell.
2012; 47: 444-456.
76. Jennifer LI and David MW III. Base excision repair:
contribution to tumorigenesis and target in anticancer
treatment paradigms. Curr Med Chem. 2012; 19: 39223936.

64. Willey J, Sherwood L and Woolverton C. Prescott’s
Microbiology. New York, New York: McGraw Hill. 2014;
p. 381.
65. Wang W, Brandt P, Rossi ML, Lindsey-Boltz L, Podust
V, Fanning E, Sancar A and Bambara RA. The human
Rad9-Rad1-Hus1 checkpoint complex stimulates flap
endonuclease 1. Proc Natl Acad Sci U S A. 2004;
101:16762-16767.

77. He L, Zhang Y, Sun H, Jiang F, Yang H, Wu H, Zhou T,
Hu S, Kathera CS, Wang X, Chen H, Li H, Shen B, et al.
Targeting DNA Flap Endonuclease 1 to Impede Breast
Cancer Progression. EBioMedicine. 2016 (in press).
78. Nikolova T, Christmann M and Kaina B. FEN1 is
overexpressed in testis, lung and brain tumors. Anticancer
Res. 2009; 29: 2453-2459.

66. Querol-Audí J, Yan C, Xu X, Tsutakawa SE, Tsai MS,
Tainer JA, Cooper PK, Nogales E and Ivanov I. Repair
complexes of FEN1 endonuclease, DNA, and Rad9-Hus1Rad1 are distinguished from their PCNA counterparts by
functionally important stability. Proc Natl Acad Sci U S A.
2012; 109:8528-8533.

79. Dawit K, Wook JC, Jennifer C, Kristin AE, Peter MG,
Alfred LMB and Joann BS. Interplay between DNA repair
and inflammation, and the link to cancer. Crit Rev Biochem
Mol Biol. 2014; 49: 116-139.

67. Varecha M, Potesilova M, Matula P and Kozubek M.
Endonuclease G interacts with histone H2B and DNA
topoisomerase II alpha during apoptosis. Molecular and
Cellular Biochemistry. 2012; 363: 301-307.

80. Dorjbal D, Daemyung K, David JM, David M. Wilson
III and Anton S. Complementary non-radioactive assays
for investigation of human flap endonuclease 1 activity.
Nucleic Acids Research. 2009; 39: e11.

68. Parrish JZ, Yang C, Shen B and Xue D. CRN-1, a
Caenorhabditis elegans FEN-1 homologue, cooperates
with CPS-6/EndoG to promote apoptotic DNA degradation.
EMBO J. 2003; 22: 3451-3460.

81. Yang M, Guo H, Wu C, He Y, Yu D, Zhou L, Wang F,
Xu J, Tan W, Wang G, Shen B, Yuan J, Wu T and Lin
D. Functional FEN1 polymorphisms are associated with
DNA damge levels and lung cancer risk. Hum Mutat. 2009;
30:1320-1328.

69. Henneke G, Koundrioukoff S and Hübscher U.
Phosphorylation of human Fen1 by cyclin-dependent kinase
modulates its role in replication fork regulation. Oncogene.
2003;22: 4301-4313.

82. Liu L, Zhou C, Zhou L, Peng L, Li D, Zhang X, Zhou
M, Kuang P, Yuan Q, Song X and Yang M. Functional
FEN1 genetic variants contribute to rish of hepatocellular
carcinoma, esophageal cancer, gastric cancer, and colorectal
cancer. Carcinogenesis. 2012; 33:119-123.

70. Balakrishnan L and Robert AB. Flap Endonuclease 1. Annu
Rev Biochem. 2013; 82: 119-138.
71. Hasan S, Stucki M, Hassa PO, Imhof R, Gehrig P, Hunziker
P, Hubscher U and Hottiger MO. Regulation of human
flap endonuclease-1 activity by acetylation through the
transcriptional coactivator p300. Mol Cell. 2001; 7: 12211231.

83. Lech-Gustav M, Tom NG, Sven H, Luc B and Christian
O. Modulators of Protein−Protein Interactions. Chem Rev.
2014; 114: 4695−4748.

72. Choudhary C, Kumar C, Gnad F, Nielsen ML, Rehman M,
Walther TC, Olsen JV and Mann M. Lysine acetylation
targets protein complexes and co-regulates major cellular
functions. Science. 2009; 325: 834-840.
73. Guo Z, Zheng L, Xu H, Dai H, Zhou M, Pascua MR, Chen
QM and Shen B. Methylation of FEN1 suppresses nearby
phosphorylation and facilitates PCNA binding. Nat Chem
Biol. 2010; 6: 766-773.
74. Cheng CI, Betty CC, Hung-Hsun Sh, Fan-Ching C,Peilin
C and Tao-shih H. Wuho Is a New Member in Maintaining
Genome Stability through its Interaction with Flap
Endonuclease 1. PLoS Biol. 2016;14:e1002349.
75. Guo Z, Kanjanapangka J, Liu N, Liu S, Liu C, Wu Z, Wang
Y, Loh T, Kowolik C, Jamsen J, Zhou M, Truong K, Chen
Y, et al. Sequential posttranslational modifications program

www.impactjournals.com/oncotarget

27602

Oncotarget

