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1. Introduction

Human flap structure-specific endonuclease 1 (FEN1) is know
to play critical roles in DNA replication and DNA repair process i
Eukaryotic cells. The action of FEN1 in vivo is proved to cleave th
50 overhanging flap (primer) on lagging strand, generating nicke
DNA duplex with a phosphate group attached to 50-end.1 DN
ligase I takes further action to seal the nicked duplex.1 A numbe
of studies on the up-regulation of (FEN1) in cancer cells have bee
conducted in the past few decades.1–4 Nikolova et al. (2009) exam
ined FEN1 expression in the specimens of several tumor tissue
and proved that FEN1 is highly over-expressed in testis, lung an
brain tumors in Homosapiens and FEN1 is a drug target.1,2 Add
tional studies carried out by Lam et al. revealed that FEN1 is up

regulated in prostate cancer cells in human and Wang et al.
reported in 2014 that over-expression of FEN1 in gastric cancer
is correlated with tumor size, lymphatic metastasis and degree of
differentiation.3,4 From the time when the roles of FEN1 in various
cancer cells were discovered, researchers have started on searching
for proper FEN1 inhibitors. Even though no valid lead compound as
FEN1 inhibitor has been identified for further development of anti-
cancer drug candidate thus far, FEN1-specific inhibitors have still
been considered to have chemotherapeutic potential against cer-
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nuclease 1 (FEN1) is one of the enzymes that involve in Eukaryotic DNA repl
udies have proved that FEN1 is highly over-expressed in various types of can
et. However, a limited number of FEN1 inhibitors has been identified an
tigate the catalytic activity of FEN1, and propose a substrate-based inhibito
e phosphorothioate-modified substrates is proved to exhibit the most efficien
vitro examinations. A novelly-designed substrate-based FEN1 inhibitor wa
d determined a remarkable IC50 value.

� 2016 Published by Elsevier Lt

tain types of cancers.5 Most of the previous reported FEN1 inhib
tors are small organic molecules which are known to have seriou
side effects to other metabolic processes.6 Moreover, organic inh
bitors may cause drug resistance due to the genetic mutatio
occurred in vivo.7,8 A new category of effective and specific FEN
inhibitors is therefore required to overcome these obstacles i
anti-cancer drug design. Here for the first time, we designed an
prepared a novel FEN1 potential inhibitor, the structure of whic
possesses a phosphorothioate functional core positioned within
dumbbell-shape DNA duplex structure. It is our anticipation tha
this pseudo-substrate molecule could be of great use to slow dow
FEN1-catalyzed DNA hydrolysis reaction, and could act as an alter
native inhibitor against FEN1.

As illustrated in Figure 1A, FEN1 is demonstrated to cleave th
phosphodiester bonds between the nucleotide subunits of nucle

able at ScienceDirect

dicinal Chemistry

.e lsevier .com/locate /bmc
acids.9 Various strategies have been developed so far for substrates
to resist FEN1 hydrolysis, among which incorporation of phospho-
rothioate bonds is effective.10,11 As reported by Agrawal in 1988,
phosphorothioate bond is incorporated to replace phosphodiester

80bond.12 This modification is considered to render the internu-
cleotide linkage resistant against nuclease degradation.11

Here in our studies, phosphorothioate modification was intro-
duced into different positions in the primer-template FEN1 sub-
strates, which consist of an upstream DNA strand, a primer
strand and a template strand (Fig. 1). Furthermore, we examined
inhibitory effects of these phosphorothioate-modified substrates

016), http://dx.doi.org/10.1016/j.bmc.2016.03.025



on the action of FEN1 hydrolysis. Substrates containing phospho-
rothioate linkage located at exactly FEN1 cleavage site of DNA sub-
strate or adjacent positions were therefore designed and examined

90 in order to determine the most efficient modified-substrate to
design FEN1 inhibitor.

2. Material and methods

2.1. Preparation of primer-template models

Three oligonucleotide segments (upstream strand, primer
strand and template strand) were mixed in 10 mM Tris buffer
and incubated at 95 �C for 5 min, and gradually cooled down to
room temperature during a period of 2 h, followed by storage at
�20 �C, as shown in Supporting information.

2.2. FEN1-catalyzed DNA hydrolysis reaction

100 Modified or unmodified DNA substrates (2 pmol) were incu-
bated with FEN1 (0.2 lg) in the presence of 50 mM Tris at pH
8.0, 10 mMMgCl2, 0.5 mg/ml BSA and 5 mMDTT in a 20 ll reaction
volume at 37 �C for 25 min (except indicating). FEN1-catalyzed
DNA cleavage was terminated by adding 4 ll of reaction stopping
bu
an
tio
ge
br

110 sy
by

2.3. Determination of efficiency of substrate-based FEN1
inhibitor

Substrate 1 (2 pmol) was reacted with FEN1 (0.23 lg) at 37 �C
for 30 min in a total volume of 20 ll, in the absence or the presence
of 0.4–2.8 lM of substrate-based inhibitor. Reaction buffer consists
of 50 mM Tris at pH 8.0, 10 mM MgCl2, 0.5 mg/ml BSA and 5 mM
DTT. Their inhibitory effects were analyzed by 15% non-denaturing
acrylamide gel electrophoresis at 10 V/cm at room temperature.

120After electrophoresis, gel was stained by ethidium bromide and
visualized under UV irritation.

2.4. Nucleotide sequences of DNA fragments

The nucleotide sequences of single-stranded DNA fragments
used to construct FEN1 substrates are listed in the following
Table 1.

3. Results and discussion

The position of phosphorothioate bonds on the DNA substrate
was explored in the first part. Phosphorothioate linkage was incor-
porated at FEN1 cleavage site (2), adjacent to FEN1 cleavage site in

130downstream strand (3, 4) and at the end of 30 upstream strand (5)
as well as in template strand (6), respectively (Fig. 1B). The activity
of FEN1 using substrates containing phosphorothioate linkage at
different positions was compared with unmodified substrate (1
in Fig. 1).

As shown in Figure 2, our electrophoretic result revealed that
the inhibitory effect of phosphorothioate bond on FEN1 catalysis
and the inhibition was position-dependent. The band that migrates
slowly on the gel in Figure 2B is the unreacted DNA substrate. After
FEN1 cleavage, compared to lane 1 in Figure 2B, the remaining part

140is believed to migrate faster, which appears lower on the gel. The
phosphorothioate-modified FEN1 substrates generate less product
than unmodified DNA substrate (1) after FEN1 cleavage. As shown
in lane 3 in Figure 2B, substrate 2 with modification designed at
FEN1 cleavage site demonstrates the highest inhibition. Substrate
2 generates intermediate compound rather than product under
this reaction condition, and demonstrates more unreacted sub-
strate (lane 3 in Fig. 2B). Meanwhile, substrates with phosphoroth-
ioate modification adjacent to FEN1 cleavage site in primer strands
(3 and 4) exhibit moderate inhibitory effect (lanes 4 and 5 in

150Fig. 2B). Substrate with phosphrothioate-modification in template
str
Ho
str
to

ro
(Fi

Figure 1. Schematic illustration of (A) natural FEN1 substrate hybridized from
upstream, primer and template strands, and (B) our newly-designed phosphoroth-
ioate-modified FEN1 substrates.
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Pl
ffer (15% Ficoll-400, 66 mM EDTA, 19.8 mM Tris–HCl, 0.1% SDS
d 0.09% bromophenol blue) followed by storage at �20 �C. Reac-
n mixtures were analyzed by 15% non-denaturing acrylamide
l at 10 V/cm at room temperature. Gel was stained by ethidium
omide before visualization by G:BOX Chemi gel documentation
stems (Syngene, Cambridge, UK). Band intensity was quantified
GeneTools software (Syngene, Cambridge, UK).

Table 1
Name and nucleotide sequences of DNA fragments

Name Oligonucleotid

Primer 1 GCTCGAATTCC
Primer 2 GCT*CGAATTC
Primer 3 GCTC*GAATTC
Primer 4 GC*TCGAATTC
Upstream 5 TCGAGGTCGA
Template 6 CCGGGCTGCA
Upstream TCGAGGTCGA
Template CCGGGCTGCA
Inhibitor TTT*CGCCTAG

* Phosphorothioate bond.
ease cite this article in press as: Ba, S.; et al. Bioorg. Med. Chem. (2016),
and near FEN1 cleavage site (6) shows lower inhibitory effect.
wever, substrate with modification at the end of 30 upstream
and near FEN1 cleavage site (5) demonstrates the lowest inhibi-
ry efficiency.
Moreover, comparison of FEN1 activity on different phospho-
thioate-modified substrates was shown in the column graph
g. 2C). The order of FEN1 activity on these substrates is as fol-

quences (50 to 30)

AGCCCGG
CAGCCCGG
CAGCCCGG
CAGCCCGG
TATCGATAAGCTTGATA*T
ATTCG*ATATCAAGCTTATCGATACCGTCGACCTCGA
TATCGATAAGCTTGATAT
ATTCGATATCAAGCTTATCGATACCGTCGACCTCGA
CGAAGCGTCTAGGCGACGCCGCGAAGCGGCGT
http://dx.doi.org/10.1016/j.bmc.2016.03.025



lows: 1 > 5 > 6 > 4 > 3 > 2. Therefore, the order of inhibitory effect
of phosphorothioate bond at different positions on DNA substrates

160 after FEN1 catalysis is 2 > 3 > 4 > 6 > 5.
In order to further analyze the process of FEN1 catalysis and

inhibitory effect of phosphorothioate bond modified at different
positions, each substrate was reacted with FEN1 individually.
Unmodified substrate 1 has demonstrated highest reactivity
towards FEN1 cleavage, as shown in Figure 3A. The activity of
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graphs, the reaction rate of all the phosphorothioate-modified sub-
180strates was lower than that of unmodified substrate 1.

Based on the above results, the slow-down effects of phospho-
rothioate modified substrates on FEN1 catalysis are significant. In
addition, the slow-down effect of phosphorothioate modification
at different positions in substrates shows significant difference,
among which 2 with modification at FEN1 cleavage site shows
the highest slow-down effect. In order to design a substrate-based

e
e,
f

190d
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-
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d
FEN1 inhibitor 1, substrate 1 was utilized as platform for testing

Figure 2. (A) Illustration of FEN1 catalyzed flap-structured DNA cleavage process. (B) Examination of FEN1 activities on different phosphorothioate-modified or unmodified
substrates. (C) Comparison of product yield after FEN1 catalysis on different DNA substrates.

Figure 3. Dynamic studies of FEN1 activity on (A) substrate 1, (B) substrate 2, (C) substrate 3, (D) substrate 4, (E) substrate 5 or (F) substrate 6. Reaction mixtures were
analyzed by acrylamide gel electrophoresis at 10 V/cm at room temperature.
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FEN1 on substrate 2 is significantly decreased, compared wit
the unmodified substrate 1 (shown in Fig. 3B). After reacted for
hour, substrate 2 still presents unreacted substrate and only inter
mediate compound has been generated under this reaction cond
tion. On the other hand, the activities of FEN1 on substrates 3–6 ar
higher than the activity of FEN1 on 2.

Based on the gel electrophoretic results shown in Figure 3, th
correlation between product yield of different phosphorothioate
modified substrates and reaction time was plotted in Figure 4
The reaction rate of FEN1 is very fast within 20 min on substrat
1. The reaction rate of substrate 2was the most moderate and afte
FEN1 catalysis, substrate 2 only generated intermediate compoun
thus only one curve is presented in Figure 4B. Based on thes
Please cite this article in press as: Ba, S.; et al. Bioorg. Med. Chem. (2
inhibitor to efficient and specific resist the action of FEN1, th
phosphorothioate bond was incorporated at FEN1 cleavage sit
as illustrated in Figure 5. The length of double-stranded region o
this substrate-based inhibitor was optimized based on reporte
FEN1 binding mechanism for the purpose of in vivo import of lipo
some.13,14 Hairpin structures were introduced at the end of duple
which were utilized to stabilize the inhibitor and to protect it from
in vivo exonuclease hydrolysis, as shown in Supporting informa
tion. Half maximal inhibitory concentration (IC50 value) of this sub
strate-based FEN1 inhibitor has been measured in order t
quantify its ability against FEN1.

In order to examine the inhibitory efficiency of substrate-base
016), http://dx.doi.org/10.1016/j.bmc.2016.03.025
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Figure 4. Correlation between product yield and reaction time of FEN1 catalysis on (A) su
substrate 6.
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Pl
ciency of FEN1 inhibitor. An increasing concentration of inhibi-
r 1 was added into each reaction mixture, respectively. Inhibitor
lowed down the flap removal by FEN1 reaction. The upper bands
the gel are unreacted substrate 1 and the bands migrate faster
the gel are intermediate compound and product, respectively,
indicated in Figure 6. The molecular weight of inhibitor 1 is
uch lower than substrate 1 and moves out of the gel shown in
ure 6. The amount of unreacted substrate 1 kept increasing with
e increasing concentration of inhibitor, while the amount of

termediate compound declines.
In order to further quantitatively characterize the efficiency of
r newly-developed substrate-based FEN1 inhibitor, half maxi-
al inhibitory concentration (IC50 value) was determined. The cor-

of
du
bit

ease cite this article in press as: Ba, S.; et al. Bioorg. Med. Chem. (2016),
lation between FEN1 activity and logarithm of concentration of
N1 inhibitor 1 was plotted and shown in Figure 7. Inhibition of
% FEN1 activity (IC50) was observed when concentration of inhi-
or 1 comes to around 1.4 lM.
As shown in Figure 7, the reaction rate of FEN1 was significantly

duced by substrate-based FEN1 inhibitor, whose IC50 value
aches micromolar scale. Competition of inhibitory effect of inhi-
or 1 and competitive substrate has been carried out, as shown in
pporting information. On the other hand, assays of competition
substrate and inhibitor 1 towards FEN1 catalysis have been con-

bstrate 1, (B) substrate 2, (C) substrate 3, (D) substrate 4, (E) substrate 5 or (F)
cted (Supporting information). Therefore substrate-based inhi-
or 1 shows great potential to be an effective and specific

http://dx.doi.org/10.1016/j.bmc.2016.03.025



inhibitor for FEN1, and benefits our knowledge on drug design and
development against malignant tumor.

4. Conclusion

Reactivity of substrates with phosphorothioate bond located
exactly at or adjacent to FEN1 cleavage site of flap-structured

230 DNA substrate has been explored in our studies in order to inves-
tigate slow-down effect of phosphorothioate modification on FEN1
catalysis. Our findings revealed that substrate containing phospho-

rothioate linkage at FEN1 cleavage site in DNA substrate demon-
strated highest inhibitory efficiency against FEN1. Highly specific
substrate-based inhibitor was designed and examined. The inhibi-
tory effect of our newly-designed inhibitor against FEN1 was
remarkable high with a micromolar level of IC50 value. It is our
belief that this inhibitor could be of great potential to be anti-can-
cer drug candidate which could in theory slow down DNA replica-

240tion in certain cancer cells and help improve cancer therapy.
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Figure 5. Illustration of the structure of substrate-based FEN1 inhibitor that contains a phosphorothioate modification.

Figure 6. Examination of inhibitory effect of substrate-based FEN1 inhibitor
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Figure 7. Determination of half maximal inhibitory concentration (IC50) of our
newly-developed inhibitor (inhibitor 1).
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