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Abstract

Objectives: Protein kinases orchestrate activation of
signalling cascades in response to extra- and intra-
cellular stimuli for regulation of cell proliferation.
They are directly involved in a variety of diseases,
particularly cancers. Systems biology approaches
have become increasingly important in understand-
ing regulatory frameworks in cancer, and thus may
facilitate future anti-cancer discoveries. Moreover,
it has been suggested and confirmed that high-
throughput virtual screening provides a novel,
effective way to reveal small molecule protein
kinase inhibitors. Accordingly, we aimed to iden-
tify kinase targets and novel kinase inhibitors.
Materials and methods: A series of bioinformatics
methods, such as network construction, molecular
docking and microarray analyses were performed.
Results: In this study, we computationally con-
structed the appropriate global human protein—pro-
tein interaction network with data from online
databases, and then modified it into a kinase-related
apoptotic protein—protein interaction network. Sub-
sequently, we identified several kinases as potential
drug targets according to their differential expression
observed by microarray analyses. Then, we predicted
relevant microRNAs, which could target the above-
mentioned kinases. Ultimately, we virtually screened
a number of small molecule natural products from
Traditional Chinese Medicine (TCM)@Taiwan data-
base and identified a number of compounds that are
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able to target polo-like kinase 1, cyclin-dependent
kinase 1 and cyclin-dependent kinase 2 in HeLa
cervical carcinoma cells.

Conclusions: Taken together, all these findings
might hopefully facilitate discovery of new kinase
inhibitors that could be promising candidates for
anti-cancer drug development.

Introduction

Cancer is a major public health problem and one in four
deaths in the United States is due to it. As recently esti-
mated, numbers of people diagnosed with malignant dis-
ease will increase from 1.6 million in 2010 to 2.3 million
in 2030 in the USA (1). Although cancer death rates in
the USA reduced by 1.8% per year in men and 1.5% per
year in women from 2005 to 2009, yet it is a leading
cause of death in most parts of the world (2). Thus, funda-
mental breakthroughs in cancer research are urgently
needed for identification of new target molecules and
development of novel therapeutic techniques.

Protein kinases, enzymes that transfer phosphate
groups from high-energy molecules to others, control a
series of cellular processes, including metabolism, tran-
scription, differentiation, cell cycle progression and apop-
tosis (3). Accumulating studies have indicated that
dysregulation and mutation of protein kinases are linked
to various types of human diseases, most notably cancers
(4). Understanding how to target protein kinases with
small molecules has significantly benefited recent cancer
drug discovery research studies, which have explored
numerous approaches to target and inhibit protein kinase
signalling (5). To date, approximately 30 distinct kinases
have been recognized as drug targets for phase I clinical
trials. More importantly, a growing number of kinase
inhibitors have been approved by the Food and Drug
Administration to be used in cancer therapeutics (6).
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Apoptosis, referred as type I programmed cell death,
is a normal process in which a cell undergoes a series
of genetically programmed events that lead to cell death
and disposal of its components (7). Induction of apopto-
sis is arguably the most potent defence against cancer,
making it an ideal strategy for anti-cancer therapy. Thus,
better understanding to the molecular mechanisms of
apoptosis encourages us to develop more rational
approaches to treatment of cancer (8,9).

Computer-aided drug design is widely used in devel-
oping new pharmaceuticals, specially from traditional
Chinese medicine. A number of research studies has
proved that some traditional Chinese herbal compounds
may exhibit remarkable anti-tumour effects against vari-
ous types of cancer cell lines (10). Virtual screening is a
computational technique used in drug discovery to
search libraries of small molecules, and has emerged as
a reliable, cost-effective and time-saving technique for
discovery of lead compounds (11). Hitherto, numerous
potent kinase inhibitors have been identified using vir-
tual screening, such as EGFR inhibitors, ALK inhibitors
and PI3K inhibitors (12—-14). As numbers of studies
have benefited from discovery of various small molecule
inhibitors by virtual screening, we thought that a high-
throughput discovery tools approach could be consid-
ered to be the most promising of methods in the quest
for effective new small molecule kinase inhibitors.

In this study, we used a series of bioinformatics
methods to construct a kinase-related apoptotic protein—
protein interaction (PPI) network, and we identified sev-
eral kinases as potential drug targets, including polo-like
kinase 1 (PLK1), cyclin-dependent kinase 1 (CDK1)
and cyclin-dependent kinase 2 (CDK2) in HeLa cells.
Subsequently, we further predicted several miRNAs that
could potentially target and regulate expression of the
above-mentioned kinases. Ultimately, we carried out vir-
tual screening from TCM@Taiwan database to find
small molecules that potentially inhibit activities of kin-
ases identified. In summary, these findings may provide
new insights into identification of novel target kinases,
as well as new inhibitors, which could arrest cell prolif-
eration and induce apoptosis in neoplastic cells, as an
effective and promising approach for cancer treatment.

Materials and methods

Data processing and network construction

To construct the global human PPI network, diverse sets
of data were collected from five online databases,
including human protein reference database (15), Bio-
molecular Object Network Databank (16), IntAct (17),
MINT (18) and Biological General Repository for Inter-
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action Datasets (19). Subsequently, a kinase-related PPI
network was established by extracting protein pairs hav-
ing at least one protein interacting with a kinase. Simi-
larly, a kinase-related apoptotic PPI network was built
on the criteria that there is at least one apoptotic protein
(by Gene Ontology consortium), in a pair of proteins.

Microarray analyses of kinase-related apoptotic genes

Proteins that interact with others often have similar gene
expression patterns; thereby, genes that can co-express
should be more likely to interact with each other than
genes that cannot co-express. To test whether genes are
co-expressed or not, we carried out microarray data of
HeLa cells treated with casiopeina Cas-II-gly to measure
pair-wise co-expression level of intrinsic apoptosis trig-
gered by oxidative stress (E-GEOD-41827) (20).

Targeted microRNA prediction

Recently, studies have revealed that a combination of
methods might provide better understanding of complex
regulatory mechanisms in which miRNAs are involved
(21,22). Thus, we carried out a prediction by sources of
three algorithmically different methods, namely, Target-
Scan (stringent seed pairing, site number, site type, site
context, option of ranking by likelihood of preferential
conservation rather than site context) (23), DIANA LAB
(hybridization energy threshold rules) (24) and MiRanda
(moderately stringent seed pairing, site number, pairing
to most of the miRNA) (25).

Molecular docking

Molecular structures of PLK1 (2YAC), polo-like kinase
1 polo-box domain (PLK1 PBD) (4E9C), CDK1 (1LC9)
and cyclin-dependent kinase 2 (CDK2) (4GCJ)
were downloaded from Protein Database Bank (PDB)
(http://www.rcsb.org/pdb/home/home.do). Then, we built
a screening library from ZINC database TCM@Tai-
wan (http://zinc.docking.org/catalogs/tcmnp), the world’s
largest Traditional Chinese Medicine database (that con-
tains 6595 small molecule natural products) to predict
novel kinase inhibitors targeting PLK1, PLK1 PBD,
CDK1 and CDK2.

USCF DOCK 6.4 program with AMBER force field
parameters was used to dock pre-generated conforma-
tions of natural products into PLK1, PLK1 PBD, CDK1
and CDK2 for a virtual screening of their inhibitors
(26). We took advantage of flexible-ligand docking to a
rigid receptor with grid-based scoring, in which ligands
(small molecule compounds) were allowed to be struc-
turally rearranged in response to these kinases. To make
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the results more accurate, data were scored twice. In
docking processes, maximum number of orientations
was set to 500 (27). Subsequently, amber scoring func-
tion in DOCK 6.4 was used to re-rank the top 100 small
molecule compounds from previous grid-based scoring.
During amber score calculation, the PDB2PQR server
was utilized to assign protonation state of PDB files
with AMBER forcefield, and PROPKA was applied to
maintain protonation state at PH = 7.0 (28-30).

Results

Construction of a kinase-related apoptotic PPI network

We computationally constructed a global human PPI
network from databases, including 38988 protein pairs
(9588 proteins) from human protein reference database,
8161 protein pairs (4129 proteins) from Biomolecular
Object Network Databank, 44434 protein pairs (10408
proteins) from IntAct, 21455 protein pairs (7294 pro-
teins) from MINT, and 82612 protein pairs (13059 pro-
teins) from Biological General Repository for Interaction
Datasets. Consequently, we identified 158664 unique
protein pairs (15721 proteins). As the human PPI net-
work is naturally complex for complicated connections
amongst numerous signalling pathways, it is necessary
to integrate high-throughput data in a specific biological
context such as cancer, to describe the network accu-
rately and comprehensively (31). Based on the global
human PPI network, we used 508 kinases to select pro-
tein pairs, which have at least one protein related to the
kinases, to construct a kinase-related PPI network. The
established PPI network contained 22453 protein pairs
(5407 proteins). Then, we identified 2062 apoptotic pro-
teins from Gene Ontology database to extract from a
kinase-related PPI network, and further modified it into
a kinase-related apoptotic PPI network, which had
15001 protein pairs (4236 proteins) (Fig. 1) (32).

Identification of target kinases in HeLa cells

Of note, hub proteins can play more crucial roles in this
kinase-related apoptotic PPI network than those other
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non-hub proteins, so we extracted target kinases based
on high-degree proteins. This method is similar to iden-
tification of novel cancer-related genes (33). In total,
there were 4236 proteins among those 15001 protein
pairs in the kinase-related apoptotic PPI network; we
manually set the cut-off degree as 100 and obtained 35
proteins, suggesting their pivotal roles in this sub-net-
work.

Subsequently, significance analysis of microarrays
analysis was conducted with data of different expression
profile from casiopeina Cas-1I-gly-treated HeLa cell apop-
tosis to indicate divergent expression genes between Hela
cells treated with casiopeina Cas-II-gly and untreated
HeLa cells. We clarified that proteins identified as diver-
gent expression functional hub proteins, depended on
gene co-expression profiles, thus playing their regulatory
roles as potential targets in HeLa cells. According to the
microarray data, we finally recognized 6 upregulated and
17 downregulated potential target kinases (shown in
Fig. 2), such as PLK1, CDK1 and CDK2.

Prediction of microRNAs targeting kinases

In this study, we predicted miRNAs that target PLKI,
CDKI1 and CDK2. Because of variation due to the dif-
ferent algorithms explored, combination of the results
from several miRNA prediction approaches make the
results more reliable (22). We combined these miRNAs
into consensus results that some miRNAs were shown
to target the above-mentioned target kinases. For exam-
ple CDKI1, we obtained 1 miRNA through DIANA
LAB, 24 miRNAs through MiRanda and 291 miRNAs
through TargetScan. Then, we integrated these miRNAs
into a combinatory result. Thus, only miR-543 could
negatively regulate CDKI1. Similarly, PLK1 was pre-
dicted to be regulated by miR23a and miR23b, and
CDK2 was predicted to be modulated by miR-429,
miR200c and miR200b (Fig. 3).

Candidate small molecule compounds targeting kinases

Virtually, we screened the structure-based candidate TCM
compounds that could target PLK1, PLK1 PBD, CDK1

() (d)

@

4236 23

Figure 1. Construction of the kinase-related apoptotic protein—protein interaction (PPI) network. (a) Global human PPI network (15721 pro-
teins). (b) Kinase-related PPI network (5407 proteins). (c¢) Kinase-related apoptotic PPI network (4236 proteins). (d) Potential targets (23 proteins).
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Figure 2. Microarray analyses of possible targets in HeLa cervical carcinoma cells.

and CDK2. We retrieved the top 10 small molecule com-
pounds that targeted the described kinases (shown in
Table 1). Figure 4 presents four target small molecule
compound complexes in the surface potential mode and
stick-ball  model. For example, ZINC70455210,
ZINC59586795, ZINC70455222, ZINC59586814, ZINC
70455382, ZINC43278594, ZINC70451083, ZINCI160
51626, ZINC70455369, ZINC70454594 targeted PLKI.
Detailed information of small molecule compounds tar-
geting PLK1, PLK1 PBD, CDKI1 and CDK2 in HeLa
cells is shown in Table 1 and Table S1.

Discussion

Network and systems biology strategies provide great
insights for better understanding of the molecular mech-
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anisms of human diseases. Such study may offer novel
ideas for identification of potential drug targets for
development of anti-cancer therapy. To date, protein
kinases have emerged as key regulators of all aspects of
neoplasia, including cell proliferation, invasion, angio-
genesis and metastasis. In the current study, we identi-
fied three kinases, PLK1, CDK1 and CDK2 that are
important cell cycle regulators; their inhibition can lead
to cell cycle arrest or apoptosis (34). It is well known
that deregulation in the cell cycle is an essential compo-
nent of tumour formation and progression.

To the best of our knowledge, we report for the first
time that a kinase-related apoptotic PPI network was
built, which contained 4236 proteins from 15001 protein
pairs. Then, we integrated degree and microarray analy-
sis to identify 6 upregulated and 17 downregulated

Cell Proliferation, 47, 219-230
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Figure 3. Prediction of microRNAs targeting polo-like kinase 1 (PLK1), cyclin-dependent kinase 1 (CDK1) and (CDK2) via combinational

methods including Diana-LAB, MiRanda and Targetscan.

potential target kinases (including PLK1, CDKI1 and
CDK2) in HeLa cells. Subsequently, we virtually
screened 6595 natural products from the TCM database
and selected the top 10 small molecule compounds,
which could target PLKI1, PLK1 PBD, CDKI1 and
CDK?2. Amber scores are also shown in Table 1; differ-
ent ones are indicative of binding capabilities of these
targets, in complex with diverse small molecule com-
pounds. We inferred from this Table that PLK1 PBD
had best affinity with ZINC70455210, amber score
being —44.092584. Meanwhile, CDK1 in complex with
ZINC70455381 had highest amber score —25.843222.
Intriguingly, we found that ZINC70455210 could target
PLK1 both at the ATP binding site and at the PLKI1
PBD site. Similarly, ZINC59586795 could target PLK1
and CDK2; ZINC70454793 could target CDK1 and
PLK1 PBD.

Polo-like kinase 1, the best-characterized member of
the human PLK family, is a major regulator of the cell
cycle, which controls entry into mitosis and regulates
the spindle checkpoint. It is reported that PLK1 is essen-
tial for recovery from DNA damage-induced G,/M
arrest by activation of CDK1 (35). A further study has
demonstrated that PLK1 plays an essential role in mito-
sis, and PLK1 overexpression contributes to oncogenesis

© 2014 John Wiley & Sons Ltd

via promotion of chromosome instability and aneuploidy
through checkpoint functions (36).

Polo-like kinase 1 is overexpressed in a broad spec-
trum of cancer types and is often associated with poor
prognosis (37). Interestingly, PLK1 offers two function-
ally crucial target sites within one molecule: an amino-
terminal catalytic kinase domain that is responsible for
ATP-binding and enzyme activation, and a unique car-
boxy-terminal polo-box domain (PBD) comprised of 2
polo-boxes. A variety of studies has indicated that
PLK1 PBD represents an attractive alternative target for
development of PLKI1 inhibitors (38). Additionally,
numerous studies have demonstrated that small molecule
inhibitors of PLK1 can inhibit tumour growth in mice,
and these studies also indicated that PLKI1 inhibition
preferably kills cancer cells compared to normal cells
(39). Thus, PLK1 presents an ideal target for develop-
ment of specific small molecule inhibitors for cancer
treatment while avoiding toxicity to normal tissues (40).

In the past decade, a number of structurally differ-
ent small molecule compounds has been identified, to
block PLKI1 activity at the ATP binding site or that of
PLK1 PBD (41). Among these, GCK461364, an ATP-
competitive inhibitor of PLKI, is under phase I clinical
trials for patients with advanced solid malignancies

Cell Proliferation, 47, 219-230
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Table 1. Small molecule compounds targeting PLK1, PLK1 PBD, CDK1 and CDK2 in HeLa cells

Target symbol Compound Structure Amber score

PLK1 ZINC70455210 w4 —41.834499
)

ZINC59586795 P —39.384384

ZINC70455222 —37.310009

ZINC59586814 —36.547199

ZINC70455382 —32.091209
ZINC43278594 T —31.029867
r T
ZINC70451083 — ~30.92201
ZINC16051626 N ~30.122532
ey —
i 3 -
JL={_. = -
ZINC70455369 _ —29.470808

CDKI1, cyclin-dependent kinase 1; CDK2, cyclin-dependent kinase 2; PLK1, polo-like kinase 1; PLK1 PBD, polo-like kinase 1 polo-box domain.

© 2014 John Wiley & Sons Ltd Cell Proliferation, 47, 219-230
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Table 1. (Continued)

Target symbol Compound Structure Amber score
ZINC70454594 —29.17474
- —4
PLK1_PBD ZINC70455210 oS —44.092594
'S
S0 :
ZINC70454793 % o a —37.936348
o s-;ﬁ
.f"\,.- o xﬂ" /[ ~
" \[ o '“-"'/1\
ZINC04097566 ”l —37.601345
- 5‘\«! o
N
}" e x;/’i\,f"‘

ZINCI15113785 —35.489479

ZINC70455346 —34.72538

ZINC13536219 —34.019386

ZINC29128983 —31.774725

ZINC70454806 —31.636824
L

ZINC13541601 —30.924351
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Table 1. (Continued)
Target symbol Compound Structure Amber score
ZINC28541331 ‘__J' —30.787912
= lr_._:' d -
.,
CDK1 ZINC70450831 - —41.414536
ZINC62236362 & —33.174831
ZINC70451109 Fa —32.09005
o "\\ P i
\It A Y i _/.' %,
hY -’:"T\?- \__\'\ -‘}- N
s \
& = :
ZINC28644230 B AV —30.155952
A O f.f”'-\/\
- —"":\-f"l Py -\-.T s ‘
ZINC70455069 —28.308836
ZINC70450839 —28.24964
ZINC70451125 —27.476875
ZINC14512219 —27.424625
R e
- ‘-\I: -
ZINC70454793 Y o —26.237423
ZINC70455381 —25.843222

© 2014 John Wiley & Sons Ltd
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Target symbol Compound Structure Amber score
CDK2 ZINC70450811 ) —33.894253
\
wd N
ZINC40873155 —32.684971
ZINC70457530 i —31.430502
PN i_ - g
ZINC32840892 . —31.036112
ZINC70450981 —28.803997
ZINC59586795 —28.445704
ZINC70455447 —27.333374
b
ZINC38513295 - —27.25152
—_1L
T
L
ZINC70454558 o F —26.345749
ZINC59586704 \' _ —26.290953
(42). A further report has demonstrated that a natural cell cycle regulators (44). Previous studies have

product, thymoquinone and its synthetic derivative po-
loxin inhibit functions of PLK1 PDB in vitro, in Hela
cells (43).

Cyclin-dependent kinase play essential roles in cell
proliferation, which have stimulated considerable interest
in development of inhibitors of these enzymes to sup-
press tumour growth. Uncontrolled cell proliferation, a
hallmark of cancer, might result from dysregulation of

© 2014 John Wiley & Sons Ltd

described that aberrant activation of CDK1 may contrib-
ute to tumourigenesis via phosphorylation and inhibition
of FOXO1 transcription factor (45). A further study has
reported that targeting the CDKI1 pathway might be
applied for treatment of FLT3ITD mutant acute myeloid
leukaemias, suggesting that CDKI1 inhibitors are cur-
rently under way to treat leukaemias, specially those
resistant to FLT3 inhibitor therapies (46).

Cell Proliferation, 47, 219-230
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Previous reports have illustrated that CDK inhibitors
are effective in regulating the cell cycle, and their poten-
tial value to treat cancer has been extensively studied
(47). Abnormal expression of CDK1 has been observed
in a variety of primary cancers, and CDK2 is dysregu-
lated in various malignancies (48). Accordingly, they
are recognized as important, emerging targets for anti-
cancer medication.

As a class of molecularly targeted therapies, protein
kinase inhibitors have made a substantial beneficial
impact on therapeutic care of cancer patients, providing
improved quality of life for patients with advanced can-
cer and poor prognosis. Small molecule compounds of
protein kinases typically prevent either auto-phosphory-
lation of the kinase or subsequent phosphorylation of
other protein substrates (5). In this work, screened
PLK1, CDKI1 and CDK2 small molecule kinase inhibi-
tors potentially competed against the ATP binding
pocket to potently block protein kinase activity and sig-
nal transduction. Currently, numerous compounds have
been identified that strongly block PLKI1 activity in an
ATP-competitive manner. Herein, we also virtually
screened small molecule compounds targeting PLK1
PBD, a recently discovered protein domain, which
mediated intracellular localization of PLK1. As PDB is
unique to PLKSs, its exploitation as an alternative dock-
ing site for new PLK inhibitors could overcome the hur-
dle posed by the conserved nature of the ATP-binding
site of Ser/Thr protein kinases, for development of
mono-specific inhibitors.

In summary, these above-mentioned kinase inhibitors
can be considered promising candidates for future cancer
drug development. Although the top 10 potential small
molecule compounds that target kinases were screened,
these compounds still need further drug optimization
with subsequent pre-clinical and clinical trials before
they can be accepted as targeting drugs.

MicroRNAs, a class of endogenously expressed,
non-coding RNAs, have been well known to regulate
apoptotic pathways and cell proliferation in cancer.
Because miRNAs play critical roles in tumourigenetic
processes and disease-specific expression, they are con-
sidered to be therapeutic targets and novel biomarkers.
Our recent studies have illustrated that some relevant
miRNAs could significantly regulate some sugar-con-
taining receptors, and thus inhibit downstream cancer-
related signalling pathways (21). Moreover, several
miRNAs were identified to target three molecular
switches between caspases and ATGs in MCF-7 cells
(49). In this study, we reported for the first time that
several predicted miRNAs could target three kinases,
PLK1, CDKI1 and CDK2 in HeLa cells.

© 2014 John Wiley & Sons Ltd
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Figure 4. Overall modelling of target kinase-small molecule com-
pounds complexes. All complexes are presented in surface potential
mode and in stick-ball mode. In stick-ball mode, small molecule com-
pounds are shown as purple sticks.

Kinases offer a rich and diverse source of potential
targets for blocking tumour growth and survival. Since
approval of the first small-molecule protein kinase inhib-
itor Gellvec® (Imatinib), protein kinase inhibitors have
made a substantially beneficial impact on therapeutic
care of cancer patients. Promising in silico docking
approaches may greatly expand the reservoir of mole-
cules suitable for large-scale screening. In recent years,
beneficial features of many TCM small molecule com-
pounds are becoming more recognized in devising new
treatment options in cancer therapeutics. Because of
their crucial roles and remarkable progress in screening
small molecule compounds, an intriguing array of novel
kinase inhibitors might soon make a significant contribu-
tion to the fight against cancer.
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