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ABSTRACT:

We described a prospective application of ligand-based virtual screening program SHAFTS to discover novel inhibitors for p90
ribosomal S6 protein kinase 2 (RSK2). Taking the putative 3D conformations of two weakly binding RSK2 NTKD inhibitors as
query templates, SHAFTS was used to perform 3D similarity based virtual screening because of a lack of crystal structure of RSK2
protein, thus leading to the identification of several novel scaffolds that would have been missed by conventional 2D fingerprint
methods. The most potent hit compounds show low micromolar inhibitory activities against RSK2. In particular, one of the hit
compounds exhibits potent antimigration activity against the MDA-MB-231 tumor cell. The results exemplified SHAFTS’
application in active enrichment and scaffold hopping, which is of general interest for lead identification in drug discovery endeavors
and also provides novel scaffolds that lay the foundation for uncovering new RSK2 regulatory mechanisms.

’ INTRODUCTION

RSK2 is a member of the p90 ribosomal S6 kinase (RSK)
family that regulates diverse cellular processes, such as cell
growth, motility, survival, proliferation, and transformation.1

RSKs are growth-factor-regulated serine/threonine kinases
that lie downstream of Ras/mitogen-activated protein kinase
(MAPK) pathway. The activation of RSKs is a multiple and
sequential phosphorylation process involved in extracellular
signal-regulated kinase-1/2 (ERK1/2) and 3-phosphoinositide-
dependent protein kinase-1 (PDK-1).2 This family contains four
human isoforms (RSK1�4), and each is a product of a separate
gene. Each RSK isoform consists of two distinct functional kinase
domains, the N-terminal kinase domain (NTKD) and the C-term-
inal kinase domain (CTKD), which are connected by a linker
region.3 CTKD is involved in autophosphorylation of RSK2, while
NTKD is responsible for phosphorylating exogenous substrates at
serine/threonine residues.4 The RSK2 phosphorylation substrates
include transcription factors like cyclic AMP response element-
binding protein (CREB), estrogen receptor-R (ERR), nuclear

factor of activated T-cells 3 (NFAT3), and activating transcription
factor 4 (ATF4).5�8

Mutations in RSK2 have been shown to be responsible for
Coffin�Lowry syndrome (CLS), which is an X-linked mental
retardation condition associated with skeletal abnormalities.5

Overexpression and aberrant activation of RSK2 have been
linked to many human diseases, including breast cancer, prostate
cancer, and human head and neck squamous cell carcinoma.
Furthermore, there are emerging and compelling evidence
indicated a link between RSK2 and cell migration. RSK2 was
identified as a principal effector of the RAS-ERK pathway in the
regulation of mesenchymal motility and invasive capacities in non-
transformed epithelial and carcinoma cells.9 A genome-wide RNAi
screen was performed to uncover multiple RSK2-dependent regula-
tion mechanisms of breast cell migration.10 In addition, RSK2
promotes the human head and neck squamous cell carcinoma cells
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invasion and metastasis both in vitro and in vivo.11 These studies
suggest that RSK2 is a promising target for cancer metastasis and
treatment and highlights the fact that developing specific and
potent RSK2 inhibitors is of both research and clinical interest.12

To date, a number of potent RSK2 inhibitors have been
reported (as shown in Chart 1).13 SL0101 1 is the first reported
RSK2 specific inhibitor that was extracted from the tropical plant
Forsteronia refracta and exhibits excellent inhibitory activity
(IC50 = 89 nM).14�16 This kaempferol glycoside exerts antipro-
liferative activity against the human breast cancer cell line, MCF-7,
but has no effect on the normal breast cell line, MCF-10A.16

BI-D1870 2 is a remarkably specific potent inhibitor for the RSK
family (RSK1, RSK2, RSK3, and RSK4) with an in vitro IC50 of
10�30 nM, but it does not significantly inhibit 10 other AGC
family kinases (cAMP-dependent protein kinases A, cGMP-
dependent protein kinases G, and phospholipid-dependent
protein kinases C).17 It decreased RSK-mediated phosphoryla-
tions of its downstream substrates, glycogen synthase kinase-3β
(GSK3β), and LKB1 in cells. FMK 3 is a highly specific RSK
inhibitor with an in vitro IC50 of 15 nM. Unlike 1 and 2, it is an
irreversible inhibitor of RSK through binding to the CTKD by
deriving its potent kinase activity from the covalent addition of its
chloromethylketone functionality to the thiol group of Cys436
located in the ATP pocket of the RSK2 CTKD and preventing
the self-activation of NTKD.18 Ro31-8220 4 is a classical PKC
inhibitor and was shown to be a potent but nonspecific RSK2
inhibitor with IC50 of 36 nM.13 These four inhibitors were widely
applied for elucidating the biochemistry of the RSK2 signaling
pathway as chemical probes, but none of them have been
applicable in clinical use. Hence, there are continually growing
needs to discover novel RSK2 inhibitors for further development
into therapeutic candidates for cancer treatment.

Although RSK2 has been proved to be a promising cancer
therapeutic target, its 3D crystal structure has not yet been
determined, rendering structure-based virtual screening of in-
hibitors very difficult to perform even though an atomic homol-
ogy model has been reported.19 On the other hand, as mentioned
above, the identified RSK2 inhibitors are not enough for building

a reliable pharmacophore model for pharmacophore matching
based virtual screening. Taking advantage of their homology
model, Nguyen et al. identified two novel weakly binding RSK2
inhibitors NSC356821 5 andNSC51023 6 via hierarchical virtual
screening consisting of pharmacophore modeling and molecular
docking.19 However, the volume of the ATP binding pocket in
their model was manually expanded to tolerate larger nonspecific
inhibitors like 4. So rather than relying on the assumed informa-
tion contained in the existing molecules and the nature of the
corresponding interaction with the RSK2 NTKD region, a new
3D similarity based computational virtual screening procedure
that maximizes both shape and chemical feature superposition
between molecules was used to identify novel inhibitor scaffolds,
which could fill in the similar binding volume of the ATP-binding
site and result in comparable binding affinity with the RSK2
NTKD region.

Recently we developed SHAFTS, a hybrid 3D similarity
calculation method, with its performance in retrospective virtual
screening to enrich known actives and corresponding chemo-
types from decoys for multiple target sets (unpublished results).
This paper describes the first prospective application of SHAFTS
in a successful discovery of novel inhibitors for the NTKD region
of RSK2 kinase. Starting from two weakly binding inhibitors as
the query templates, 16 compounds with IC50 lower than 20 μM
were identified as RSK2 inhibitors via chemotype switching
directed by SHAFTS calculation, which are not expected to be
discovered by conventional 2D similarity calculation. The three
most potent hit compounds show low micromolar inhibitory
activities against RSK2 and exhibited selectivity across a panel of
related kinases. In particular, compound 7 possesses strong
ex vivo and in vitro RSK2 binding ability and also exhibits potent
antimigration activity against MDA-MB-231 tumor cells.

’EXPERIMENTAL METHODS

3D Hybrid Similarity Calculation. SHAFTS was used to per-
form 3D similarity based virtual screening in this study. SHAFTS adopts
a hybrid similarity metric of molecular shape and colored (labeled)

Chart 1. Selected Structures of Reported RSK2 Inhibitors
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Table 1. Structures, SHAFTS Similarities, and Potencies of RSK2 Inhibitors
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chemistry groups annotated by pharmacophore features for 3D similar-
ity calculation and ranking, which is designed to integrate the strength of
both pharmacophore matching and volumetric similarity approaches. A
brief description of the SHAFTS method is given below, and the details
of the algorithm and implementation can be found in Supporting
Information and accessed at http://59.78.96.61:8080/chemmapper/
download.html.

The hybrid similarity used to score and rank alignment modes and
target molecules consists of the shape-densities overlap (ShapeScore)
and chemical feature fit values (FeatureScore). For ShapeScore, the
overlap of shape betweenmolecules A and B can be defined as the sum of
the overlap integrals of individual atomic shape-densities expressed in a
Gaussian function and is normalized to [0, 1] using the cosine similarity
metric. FeatureScore is essentially the fit value between the pharmaco-
phore models extracted from template and target molecules, which is
defined as the sum of the overlap between the feature points in
molecules A and B with the same type and also normalized to [0, 1]
using the cosine similarity metric. The hybrid similarity is the weighted
sum of FeatureScore and ShapeScore with the default weighting factor of
1.0 and scaled to [0, 2].

HybridScore ¼ ShapeScoreþ ðwÞðFeatureScoreÞ ð1Þ

SHAFTS implements the feature triplet hashing method from
PharmMapper server20 for fast molecular overlay poses enumeration,
and the optimal superposition between the target and the query
molecules can be prioritized by calculating corresponding hybrid
similarities. The higher HybridScore implies the better alignment pose
in terms of both shape and chemotype identities between the query and
target molecules.

Query Templates. Rather than starting from potent and specific
inhibitors like 2 and 3, we preferred small chemical structures and
fragment-like molecules (MW < 300) as the query templates because of
their potential for rapid expansion and their potential for optimization
into leads and then into preclinical candidates. As a result, two weakly
binding RSK2 inhibitors 5 and 6 were selected as the queries, which
are more rigid and smaller than other inhibitors and for which
scaffold hopping is easy to perform with our method. Unfortunately
there are no experimentally determined 3D conformations for these
two templates; however, it is not compulsory for SHAFTS to start
with the experimental bioactive conformers. Therefore the predicted
binding poses of the two queries described along with a RSK2
homology model19 were adopted as the “quasi bioactive conformers”
(as shown in Figure S1).
Database Preparation. The SPECS screening collection21 and

MayBridge screening collection22 were used as the compound source for
virtual screening. All the compounds containing inorganic atoms were
removed prior to the screening. The remaining molecules are prepared
(including adding hydrogen atoms, ionizing at the pH range from 5.1 to
9.1, and generating stereoisomers and valid single 3D conformers) by
means of the LigPrep.23 Since SHAFTS uses a semirigid strategy to
characterize molecular flexibility, the conformational ensembles of
corresponding target molecules in the database have to be generated
prior to similarity calculation. Cyndi, a multiobjective evolution algo-
rithm based conformation analysis program described previously,24 was
used to generate conformational ensembles (a maximum size of 200
conformers within 10 kcal/mol of the lowest conformer was kept) for
each molecule in the databases.
Scaffold Hopping and Virtual Screening. Taking the struc-

tures of 5 and 6 as the queries, SHAFTS was used to search the

Table 1. Continued

aThe hit compounds were selected with either 5 or 6 as the template in SHAFTS-based virtual screening. bThe SHAFTS and ROCS (combo score)
similarities are in the range 0.0�2.0. cThe ECFP_4 and MACCS 2D similarity indexes are in the range 0.0�1.0. d IC50 values were measured if the
inhibition rate at 10 μM was larger than 30%. IC50 values are determined from the results of at least three independent tests of RSK2 kinase activity.
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conformation databases, and only the best ranked conformer was
reserved per molecule. The top 500 molecules with similarity of >1.0
were reserved for each template and each vendor database respectively,
which resulted in 370 hits for template 5 and 389 hits for template 6 in
SPECS and 500 hits for template 5 and template 6 in MayBridge,
respectively. After visual analysis of the alignment poses between the
hits and the templates (including the overall shape overlay and the
chemotype overlays between the key functional groups on the templates
and the corresponding ones from the hits), 156 candidates out of the
1759 compounds were purchased and tested in the RSK2 NTKD
inhibitory assay.
Chemistry. All compounds were commercially available and pur-

chased from SPECS and MayBridge, and the purities of compounds
were determined by HPLC using an Agilent 1200 series instrument
equipped with a Diamonsil-C18 column (250 mm � 4.6 mm, 5 μm
particle size) and a UV/vis detector setting of λ = 254 nm. All
compounds were eluted with the two solvent systems [CH3OH as
organic phase in method I and CH3CN (or CH3CN plus CH3OH)
as organic phase in method II] listed in Table S1 at a flow rate of
1 mL/min unless otherwise specified. HPLC analysis of the com-
pounds assayed confirmed the purity at g95%.
In Vitro Kinase Inhibition Assay. The ADP Quest (DiscoveRx)

was performed in 96-well flat-bottom plates in a 40 μL reaction volume
according to the manufacturer’s instructions. The kinase (20 ng,
Millipore) in 30 μL assay buffer (15 mM HEPES, pH 7.4, 20 mM
NaCl, 1 mMEGTA, 0.02% Tween 20, 10 mMMgCl2, and 0.1 mg/mL
BGG) containing 25 μM S6 peptide (AKRRRLSSLRA, Anaspec) was
incubated for 20 min at room temperature with the indicated
concentrations of the compounds to be tested. Reactions were
initiated by the addition of 10 μL of ATP to a final ATP concentration
of 10 μM and terminated after 60 min at room temperature by adding

20 μL of ADP reagent A and 40 μL of ADP reagent B. Compound 4
was used as a positive control. Compound dilutions were prepared
from stock in DMSO and diluted with assay buffer for inhibition
assay. The fluorescence signal detecting the amount of ADP pro-
duced as a result of enzyme activity was recorded on the Synergy 2
multimode microplate reader (BioTek) at an excitation wavelength
of 530 nm and an emission wavelength of 590 nm at 30 min after the
addition of the ADP reagent B. The inhibition rate (%) was calculated
using the following equation:

inhibtionð%Þ ¼ 1� F590;compd

F590;control

 !
� 100 ð2Þ

IC50 values were determined from the results of at least three
independent tests and calculated from the inhibition curves. The
accuracy of the in vitro screening assays was confirmed by the IC50

value of control inhibitor 4 at 10 nM, which is in compliance with the
reported value.25

Kinase Profile. Tyrosine kinase profiling was performed using an
ELISA basedmethod as described previously.26 Serine/threonine kinase
profiling was performed at Shanghai ChemPartner Co., Ltd. according
to the manufacturer’s protocols. ATP concentrations in the kinase assay
were at the Km for each enzyme.
MTT Assays. Cell proliferation was measured by MTT assay as

previously described.27 Five thousand HCT116, MCF-7, and MDA-
MB-231 cells in 100 μL of indicated medium were seeded in a 96-well
plate in the presence of compounds at the indicated concentration.
After incubation for 48 h, the cells were further incubated with 10 μL of
5 mg/mLMTT for 4 h at 37 �C in a humidified incubator with 5% CO2.
Then the formazan crystals were dissolved in 100 μL of DMSO, and the
absorbance was measured at 570 nm by using a Synergy 2 multimode

Figure 1. Superposition poses of the most potent hit compounds onto the templates and putative interaction modes with the homology model of RSK2
NTKD generated by SHAFTS: (A) 7 onto 5, (B) 8 onto 6, and (C) 9 onto 6. The corresponding ShapeScore and FeatureScore, which consist of
SHAFTS similarity, are also annotated. The molecules and molecular surfaces are colored according to atom types (green and white for template
carbons, cyan for hit carbons, red for oxygen, and blue for nitrogen), and the predicted intermolecular hydrogen bonds are depicted as yellow dash lines.
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microplate reader (BioTek). The inhibition rate (%) was calculated as
follows:

inhibtionð%Þ ¼ 1� A570;compd

A570;control

 !
� 100 ð3Þ

IC50 values were determined from the results of at least three indepen-
dent tests and calculated from the inhibition curves.
In Vitro Pull-Down Assay with 7�Sepharose 4B Beads. In

vitro pull-down assay was done as previously described.28 Compound 7
was coupled to a CNBr-activated Sepharose 4B beads according to the
manufacturer’s suggested protocol. The bacterial-expressed recombi-
nant truncated and full-length RSK2 protein (aa44�367, aa1�740,
2 μg) or endogenous HCT116 cell lysates (500 μg) were incubated with
100 μL of compound 7 coupled Sepharose 4B beads (50% slurry) in 400
μL of reaction buffer (50mMTris, pH 7.5, 5 mMEDTA, 100mMNaCl,
1 mM DTT, 0.01% NP40, 2 μg/mL bovine serum albumin, 1 mM
PMSF, 1% protease inhibitor mixture) overnight at 4 �C. The beads
were washed five times with buffer (50 mM Tris, pH 7.5, 5 mM EDTA,
100 mMNaCl, 1 mMDTT, 0.01% NP40, 1 mM PMSF) and suspended

in 40 μL of 2� SDS loading buffer. Bind proteins were resolved by 10%
SDS�PAGE and analyzed by Western blot using RSK2 antibody or His
specific antibodies.
Western Blotting. For Western blotting assay, 2 � 105 cells were

cultured in a six-well plate for 18 h and then starved in 0.1% FBS-DMEM
for 18 h. The cells were then treated with compound 7 for 2 h and
stimulated for 30min with 10 ng/mLTPA. Cells were washed twice with
ice-cold PBS and lysed in buffer containing 20 mM Tris (pH 7.5),
150 mM NaCl, 1% Triton X-100, 1 mM PMSF, supplemented with
protease and phosphatase inhibitors (Sigma). The lysates were cleared
by centrifugation at 10000g for 10 min at 4 �C, resolved by 10%
SDS�PAGE, and then transferred to a PVDF membrane (Millipore).
After transfer, the membrane was blocked in TBST buffer with 5% BSA
at room temperature for 1 h. Blots were probed with the indicated
primary antibody and horseradish-peroxidase-conjugated secondary
antibody and were visualized and quantified using ECL Plus reagent
(GE). The anti-RSK2 and anti-His antibodies were obtained from
Santa Cruz. The anti-CREB, anti-p-CREB (Ser133), anti-GSK3β, and
anti-p-GSK3β (Ser9) were purchased from Bioworld. Secondary anti-
bodies were obtained from Jackson ImmunoResearch.
Wound Healing Assay. The migration of tumor cells was

determined by scratch wound healing assay. MDA-MB-231 cells were
seeded in a six-well plate and grown for 24 h to confluence. The
monolayer cells were scratched with a 200 μL yellow pipet tip to make a
straight wound, and cells were washed with DMEM medium and then
incubated with DMEMmedium without serum. Then cells were treated
with compound 7 in the indicated concentration for 48 h.Migrating cells
were photographed under phase contrast microscopy (Olympus) at 0
and 48 h, respectively.

’RESULTS AND DISCUSSION

Of the 156 candidates tested, 16 compounds were identified
with IC50 < 20 μM (as shown in Table 1). SHAFTS algorithm
captured the shapes and the chemotypes of the two templates as
the essential features to build query models for scaffold hopping
and to circumvent the intuitive similarities according to the atom
environments and bond frameworks; the algorithm is superior to

Table 2. Selectivity Profile of Compounds 7 and 8 against a
Panel of 21 Protein Kinases

inhibition (%) for compda

tyrosine protein kinase 7 8 4

Flt-1 12.5 2.4 73.2

KDR 21.9 16.9 74.4

c-Kit 11.5 15.6 58.0

PDGFR-R 1.4 �6.9 32.6

PDGFR-β 55.2 32.4 62.8

RET 0.6 10.0 71.8

EGFR 44.9 32.4 36.6

c-Src 8.2 14.2 37.4

ABL 7.4 8.6 37.9

EPH-A2 24.0 38.2 70.7

FGFR1 15.5 31.3 61.2

inhibition (%) for compdb

serine/threonine protein kinase 7 8 4

AKT1 �2.5 8.6 NA

ERK1 (ERK2) �4.4 2.8 NA (3)

GSK3R (GSK3β) 3.5 29.3 NA (95)

JNK2 (JNK1) �1.4 11.0 NA (5)

MSK1 3.1 10.1 98

P38R 2.7 13.0 16

p70S6K 6.2 6.9 94

PDK1 �16.8 �5.8 16

PIM1 86.8 0.7 NA

PKCa �0.4 �22.0 97

RSK2 95.5 89.2 98
aThe inhibitory percentage data of compounds 7, 8, and reference
compound 4 against each tyrosine protein kinase at 10 μM, which were
determined by the mean value of at least two independent tests. bThe
inhibitory percentage data of compounds 7 and 8 against the serine/
threonine protein kinases excluding RSK2 at 10 μM were determined
through the kinase profiling service from Shanghai ChemPartner Co.,
Ltd. The data of control compound 4 against the serine/threonine
protein kinases at 1 μM are from ref 36.

Figure 2. Immunoblotting analysis of pull-down assay indicates that
compound 7 specifically binds with NTKD of RSK2: (A) bacterial-
expressed full length RSK2 (aa1�740), (B) HCT116 lysates, and (C)
bacterial-expressed NTKD of RSK2 (aa44�367).
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the conventional 2D substructure/similarity searching. To make
a direct comparison between the 2D similarity and the other
shape-based 3D similarity methods and SHAFTS, we also
calculate the 2D similarities of the hits to the corresponding
queries with ECFP_4 fingerprint implemented in Pipeline Pilot
(Accelrys Inc.), MACCS fingerprint implemented in OpenBabel
(http://openbabel.org/), and ROCS “combo score” (OpenEye
Inc.). As shown in Table 1, the highest similarity indexes of
ECFP_4 and MACCS fingerprints for compound 12, for which
the SHAFTS similarity value is 1.276, only have the values of 0.3
and 0.6, respectively (identical structures would have a value of
1.0), implying that the 2D similarities between the SHAFTS hits
and the queries templates are relatively low. On the other hand,
although the 16 active compounds had a 3D hybrid similarity in
the range of 1.0�1.5 (identical structures would have a value

of 2.0 in SHAFTS), there were 759 candidates identified by
SHAFTS in SPECS database in total (for two templates).
However, as a point of reference, there are 1750 molecules in
the same vendor catalogue withMACCS similarity values greater
than the maximum value of 0.6 but less than five molecules with
ECFP_4 index greater than 0.3 (data not shown). Moreover,
most of the ROCS combo similarities are relatively lower than
1.0, indicating that it is unlikely to identify the same scaffolds
in our study by ROCS if the similarity cutoff is also set to 1.0.
As a result, the scaffolding hopping potential of SHAFTS can
be highlighted when comparing with conventional 2D and 3D
similarity methods.

Moreover, SHAFTS is more powerful than the conventional
2D methods as a ligand-based strategy for hit identification
and subsequent hit-to-lead optimization because the overlays

Figure 3. Compound 7 can block RSK2 mediated phosphorylation of the downstream substrate proteins. (A) Immunoblotting analysis of
phosphorylation blocking effect of 7 for CREB and GSK3β in the HCT116 cells lysates. Quantitative measurement of the levels of RSK2 mediated
phosphorylation for (B) CREB and (C) GSK3β along with compound 7 at various concentration gradients. Compound 4 was used as the reference
RSK2 inhibitor.
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between the query and the hits can be explicitly visually analyzed,
rendering it convenient for scaffold-hopping study. Figure 1
illustrates the superimposed poses of the three most active
compounds 7�9 onto the corresponding templates based on
the shape and chemical feature overlay. The hits have low
molecular weights and rigid conformations. Although there is
no experimental crystal structure for RSK2, which hinders in-
depth exploration of the binding mode of the inhibitors, some
putative pivotal interactions between the ligands and ATP-
binding pocket in the homology model can be predicted (as
shown in Figure 1). The binding modes of the template
compounds 5 and 6 have been proposed with a homology model
of RSK2 in an ATP-competitive way, in which the 7-hydroxyl
group of 5 and 6 amino nitrogen and nitroso oxygen of 6 form the
hydrogen bonds with Asp148 and Leu150 on the hinge region of
the RSK2 NTKD.19 On the other hand, the amidine group of 5
and phenolic oxygen of 6 are hydrogen-bonded with Glu197.
The proposed superimposed poses of these three hit compounds
fitted pretty well on 5 or 6 in terms of both overall shape and
pivotal chemical features observed in the cases of the templates:
for example, one of the triazole nitrogens in 7 and lactam oxygen
in 9 can form the hydrogen bonds with a hinge residue Leu150,
while the amino group on the benzimidazole in 7 is hydrogen-
bonded with another hinge residue Asp148. The other important

interaction mode predicted between the templates and Glu197
was also observed in the newly discovered inhibitors (as shown in
Figure 1). Although some steric conflicts were also observed
between the inhibitors and the ATP-binding pocket (like the
case of compound 9), the overall accordance of the putative
binding modes with the templates highlights the reliability and
validity of SHATFS in this prospective virtual screening case
study. The difference in inhibitory activities may be explained by
the variance of the hydrogen bonds and shape complementary
between the actives and RSK2.

To investigate the specificity and selectivity of these hits, we
performed a selectivity profile against a panel of 21 protein
kinases at 10 μM for the two most potent compounds 7 and 8.
The kinase assay was done at the Km of ATP for each kinase. As
shown in Table 2, compounds 7 and 8 inhibit RSK2 at 10 μM
but do not significantly inhibit other 21 tyrosine- and serine/
threonine-kinases tested except Pim-1 kinase. These promising
results from the kinase profile reveal that these two com-
pounds may bear specific inhibitory activity for RSK2, although
the Pim-1 kinase is inhibited by 7 to a similar extent as RSK2.

RSK2 consists of two nonidentical kinase domains, and
inhibiting whichever of them suppresses the activation of
RSK2 in vivo. Known RSK2 inhibitors like 1 and 2 especially
inhibit RSK2 by competing for the ATP binding pocket at the

Table 3. In Vitro Antiproliferation Activity of Selective RSK2 Inhibitorsa

HCT116 MCF-7 MDA-MB-231

compd inhibition (%) IC50 (μM) inhibition (%) IC50 (μM) inhibition (%) IC50 (μM)

7 89.64 30.2 98.29 25.5 89.24 16.12

8 91.64 56.23 97 17.98 98.83 14.88

9 13.16 ND 31.16 ND 6.89 ND

10 32.57 ND 21.32 ND 45.77 ND

11 44.24 >100 45.10 >100 54.67 >100

12 49.06 >100 85.79 15.56 97.93 9.69

13 6.50 ND 3.60 ND 0 ND

14 43.24 >100 32.67 ND 46.52 >100

15 28.40 ND 36.74 ND 22.17 ND

16 6.98 ND 32.9 ND 18.52 ND

17 4.80 ND 0 ND 12.05 ND

4b 95.23 0.84 95.27 1.96 97.14 1.77
aRelative inhibition rates of antiproliferative activity were determined byMTT assays. The final concentration of the compounds is 100 μM. IC50 values
were determined from the results of at least three independent tests of HCT116, MCF-7, and MDA-MB-231 cell lines in antiproliferative assays.
Attempts to determine IC50 values were made if the inhibition rate at 100 μM was larger than 40%. ND: not determined. bRelative inhibition rates of
antiproliferative activities for the control compound 4 were determined at 10 μM.

Figure 4. Compound 7 can suppress the migration of MDA-MB-231 cancer cell. Cells were scratched with a pipet tip and then treated with 0.5 and
5 μM 7 for 48 h.Migrating cells were photographed under phase contrast microscopy at 0 and 48 h. Compound 4was used as the reference RSK2 inhibitor.
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NTKD of RSK2, while 3 inactivates the CTKD of RSK2. The
template compounds 5 and 6 used in this study were assumed to
bind with the NTKD because they were discovered via virtual
screening with a NTKD homology model. Hence, an effort was
made to identify the specific binding domain of RSK2 for the hit
compounds. To determine the molecular mechanism of com-
pounds inhibition of RSK2, compound 7, which was the most
potent inhibitor in kinase assay, was selected for pull-down assay.
We performed a pull-down assay with 7 conjugated to sepharose
beads and bacterial-expressed full length RSK2 (aa1�740) and
the endogenous RSK2 in HCT116 lysates. The results revealed
that both recombinant full length RSK2 and endogenous RSK2
in HCT116 lysates are especially bound with 7 (Figure 2A and
Figure 2B). Furthermore, bacterial-expressed NTKD of RSK2
(aa44�367) can also bind with 7 as shown in Figure 2C,
indicating that the hit compound 7 can target the NTKD of
RSK2 kinase in the intact cell.

To determine whether active compounds target the RSK2
ex vivo, compound 7was selected for RSK2-mediated knowndown-
stream substrates phosphorylation assay. Two well-characterized
downstream substrates of RSK2, CREB and GSK3β, were
immunoblotted with anti-phospho and anti-total protein anti-
body, respectively, with glyceraldehyde 3-phosphate dehydro-
genase (GADPH) as the control for expression amounts. As
shown in Figure 3, the result showed that compound 7 possesses
strong inhibitory effect on the phosphorylation of GSK3β in
a dose-dependent manner. On the other hand, the inhibitory
effect of compound 7 on the phosphorylation of CREB is not
as strong as that of GSK3β because CREB was reported as a
dominant substrate for mitogen- and stress-activated protein
kinase (MSK1) rather than RSK2.29 Collectively, combined with
the results from the kinase profile and pull down assay, the data
demonstrate that compound 7 efficiently suppressed the phos-
phorylation of the downstream substrates like GSK3β and CREB
by directly inhibiting the RSK2 activation and subsequently
alleviating the cellular signal transduction effects via RSK2.

RSK2 is a critical downstream effecter in the RAS-ERK
pathway and an effective regulator of cancer cell cycle30,31 and
cell migration.9,10 The compounds that displayed inhibitory
activities on RSK2 with an IC50 less than 20 μM were selected
for the evaluation of antiproliferative potencies on three RSK2
overexpressed cancer cell lines (as shown in Table 3), and all of
them demonstrated antiproliferation effects to some extent. The
three most potent compounds 7�9 exhibited slight cytotoxicity
toward the three cancer cell lines with IC50 ranging from 14 to 88
μM, which is similar to the antiproliferative activities of the
known RSK2 inhibitors 1�3.11,16,32 To elucidate the antimigra-
tion activities of RSK2 inhibitors, compound 7 was selected for
a wound healing assay. Breast carcinoma MDA-MB-231 was
scratched, and cells were treated with varied concentrations of
compound 7 for 48 h. As illustrated in Figure 4, compound 7
suppressed the wound-healing migration of MDA-MB-231 can-
cer cells efficiently at 5 μM, highlighting the role that RSK2
played in the migration of some human high metastasis tumors
and the possibility of the hit compounds as the corresponding
therapeutic agents. Since the antiproliferation or antimigration
potency reflects both the binding affinity of the compound for
the target protein and the ability to penetrate into the cells, the
low antiproliferation activities of these hit compounds may be
attributed to their poor penetration (as shown in Table S2). On
the other hand, inhibiting RSK2 alone may not be necessarily
sufficient to suppress the cellular proliferation and to drive the

cells into apoptosis because of the downstream effecters of RSK2
like NF-κB, and CREB and GSK3β have multiple key upstream
regulators, including p38 MAPK,33 MSK1,34 and Akt kinases,35

through which suppression of RSK2 mediated signal transduc-
tion may be offset or bypassed. As a remedy, combinatorial
studies with other signaling inhibitors will be conducted in the
future.

’CONCLUSION

RSK2 plays a pivotal role in the regulation of diverse cellular
processes, including cell proliferation, transformation, migration,
and invasion. In this study, the hybrid 3D similarity calculation
method SHAFTS was applied in the virtual screening study to
identify novel potent RSK2 inhibitors. SHAFTS incorporates the
shape overlay and pharmacophore feature matching the hybrid
similarity and aligns the molecules in the multiconformers
database onto the templates. Two weak RSK2 inhibitors were
adopted as the query templates, and SHAFTS was used for rapid
search of multiconformers databases to discover molecules with
high SHAFTS similarities. By use of this procedure, 16 com-
pounds with novel chemotypes (not similar to the queries in a 2D
sense) were selected and described to bear RSK2 inhibitory
activities. Further comparison study with ROCS and fingerprint-
based 3D and 2D similarity methods highlighted the scaffold-
hopping ability of SHAFTS. In fact, as a prospective study case,
we intentionally selected RSK2 as the target because its crystal
structure is not available currently, rendering it difficult to
discover and optimize the novel inhibitor in a conventional
structure-based way. In practice, we proved that taking both
molecular shape and chemical features synergetically is a powerful
and efficient method to perform scaffold-hopping without non-
druglike and potential intellectual property issues as the query.

Moreover, the most potent hit compounds target RSK2
specifically with low micromolar inhibitory activities. In particu-
lar, compound 7 possesses strong ex vivo and in vitro RSK2
binding ability and also exhibits potent antimigration activity
against the MDA-MB-231 tumor cell. We believe the hit
compounds discovered in this work provide novel scaffolds for
further hit-to-lead optimization and also lay the foundation for
uncovering new RSK2 regulatory mechanisms.
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