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a  b  s  t  r  a  c  t

Radiotherapy  plays  a  critical  role  in  the treatment  of  non-small  cell  lung  cancer  (NSCLC).  However,
radioresistance  is a major  barrier  against  increasing  the  efficiency  of radiotherapy  for  NSCLC.  To
understand  the  mechanisms  underlying  NSCLC  radioresistance,  we previously  focused  on  the poten-
tial  involvement  of  PIM1,  PRAS40,  FOXO3a,  14-3-3,  and  protein  phosphatases.  Among  these  proteins,
PIM1  functioned  as an  oncogene  and  was  found  to  act as  a crucial  mediator  in  radioresistant  NSCLC  cells.
Therefore, we  investigated  the  use  of  PIM1-specific  inhibitors  as  novel  therapeutic  drugs  to  regulate
radiosensitivity  in NSCLC.  After  structure-based  drug  selection,  SGI-1776,  ETP-45299,  and  tryptanthrin
were  selected  as  candidates  of  PIM1  inhibitors  that act as  radiosensitizers.  With  irradiation,  these  drugs
inhibited  only  PIM1  kinase  activity  without  affecting  PIM1  mRNA/protein  levels  or  cellular  localization.
When  PIM1  kinase  activity  was  suppressed  by these  inhibitors,  PRAS40  was  not  phosphorylated.  Conse-
quently,  unphosphorylated  PRAS40  did  not  form  trimeric  complexes  with  14-3-3  and  FOXO3a,  leading  to
increased  nuclear  localization  of  FOXO3a.  Nuclear  FOXO3a  promoted  the  expression  of  pro-apoptotic  pro-
teins  such  as  Bim  and  FasL,  resulting  in  a radiosensitizing  effect  on  radioresistant  NSCLC  cells.  Moreover,

an  in vivo  xenograft  mouse  model  confirmed  this  radiosensitizing  effect  induced  by PIM1  inhibitors.  In
these  model  systems,  tumor  volume  was  significantly  reduced  by  a combinational  treatment  with  irradi-
ation  and  PIM1  inhibitors  compared  to irradiation  alone.  Taken  together,  our  findings  provided  evidence
that  PIM1-specific  inhibitors,  SGI-1776,  ETP-45299,  and  tryptanthrin,  can act as  novel  radiosensitizers
to  enhance  the  efficacy  of  radiotherapy  by inhibiting  irradiation-induced  signaling  pathway  associated

with  radioresistance.

. Introduction

Lung cancer is the most frequent cause of cancer death through-
ut the world. Lung cancer is categorized into small cell lung

ancer (SCLC) and non-small cell lung cancer (NSCLC) based on
ancer cell histology [1]. Between the two types, NSCLC accounts
or about 80–85% of total lung malignancies [2].  Only 15–20% of

Abbreviations: ASK1, apoptosis signaling kinase 1; ChIP, chromatin immunopre-
ipitation; CK2, casein kinase 2; DMSO, dimethyl sulfoxide; FOXO, the mammalian
orkhead box transcription factors of the O classification; EGFR, epidermal growth
actor receptor; FasL, Fas ligand; FRE, FOXO-response element; HA, Hemagglutinin;
NSCC, head and neck squamous cell carcinoma; IR, ionizing radiation; ITC, isother-
al  titration calorimetry; NSCLC, non-small cell lung cancer; PRAS40, proline-rich
KT substrate of 40 kDa; SAR, structure–activity relationship; SCLC, small cell lung
ancer; SD, standard deviation.
∗ Corresponding author at: #303 Biology Building, Department of Biological

ciences, Pusan National University, Busandaehak-ro 63, Geumjeong-gu, Busan,
09-735, South Korea. Tel.: +82 51 510 2264; fax: +82 51 581 2962.

E-mail address: bhyoun72@pusan.ac.kr (B. Youn).

043-6618/$ – see front matter ©  2013 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.phrs.2013.01.005
© 2013 Elsevier Ltd. All rights reserved.

NSCLC patients diagnosed at early stage could be cured success-
fully by surgical resection, while over 50% of NSCLC patients were
often diagnosed at advanced stages and curative surgical removal
could not be performed to their tumors. Therefore, radiotherapy is
preferred to an alternative treatment for them [3].  However, recur-
rence rates and metastasis still remain high and the therapeutic
outcome of most NSCLC patients is not satisfactory. The emer-
gence of radioresistance is regarded as one of the major factors for
therapy failure. Although enhanced efficacy of radiotherapy could
be expected by dose escalation, this protocol might be restricted
by considerable cytotoxicity associated with high dose irradia-
tion. Thus, there are many efforts to regulate radioresistance and
develop potent radiosensitizers for establishing better treatment
strategies. Various experimental and clinical studies suggest that
radioresistance is positively associated with the overexpression
and activation of specific genes, including ones encoding epider-

mal  growth factor receptor (EGFR), c-Raf, p53 and PIM1 [4–7].
Although such findings have contributed to limited information
of the mechanism underlying cellular radioresistance, there are
presently no molecular targeted therapies that can be effectively

dx.doi.org/10.1016/j.phrs.2013.01.005
http://www.sciencedirect.com/science/journal/10436618
http://www.elsevier.com/locate/yphrs
mailto:bhyoun72@pusan.ac.kr
dx.doi.org/10.1016/j.phrs.2013.01.005


gical R

c
fi
a
w
s

m
r
m
b
t
b
f
[
t
o
s
P
t
r
f
t
t
l
c
e
p
n
p
p
S
i
o
i
t

a
W
r
P
I
q
1
i
a
p
p
t
r
i
t
m
p
s
a
o
t
h
t
m
i
P
t

a
e

W.  Kim et al. / Pharmacolo

ombined with radiation for treating lung cancer. Thus, the identi-
cation of biomarker(s) responsible for conferring radioresistance
nd modification of the irradiation response by radiosensitizers
ould greatly advance the discovery of drugs that enhance the

ensitivity of NSCLC cells to radiation [8–10].
PIM1 is a serine/threonine kinase that acts as a potent

ediator of cell survival. PIM1 was originally identified as a provi-
al integration site in Moloney murine leukemia virus-induced
urine T-cell lymphomas. This protein appears to play various

iological roles in cell survival, proliferation, and differentia-
ion [11–13].  Although PIM1 alone is weakly oncogenic, it has
een demonstrated that PIM1 is closely associated with trans-
ormation of malignant cells and acceleration of tumorigenesis
14–18]. Several groups have recently reported the complex crys-
al structure of PIM1 with nucleotide analogs and a number
f small ATP-competitive inhibitors [19–22].  Results of these
tudies revealed a constitutively active kinase conformation of
IM1 in the absence of phosphorylated residues in the activa-
ion loop. In addition, the PIM1 structures have a unique hinge
egion lacking a hydrogen bond donor, suggesting a possibility
or the development of specific PIM1 kinase inhibitors that target
he ATP binding site. Based on the characteristic of a constitu-
ively active form, PIM1 activity might rely on the expression
evel and subcellular localization, like phosphorylase kinase and
heckpoint kinase 1 [19,22]. PIM1 kinase plays roles in prolif-
ration and survival for normal physiological and pathological
rocesses through phosphorylation of various cytoplasmic and
uclear proteins. For example, PIM1 can promote cell survival via
hosphorylation of pro-apoptotic proteins such as Bad and apo-
tosis signaling kinase 1 (ASK1) [23,24].  Bad phosphorylation on
er112 by PIM1 exerted an increase of Bcl-2 activity resulting
n anti-apoptotic function. PIM1-mediated ASK1 phosphorylation
n Ser83 induced ASK1 kinase in an inactive state, leading to
nhibition of caspase-3-mediated apoptosis under stress condi-
ions.

In addition to its roles in proliferation and survival, new PIM1
ctivity has been recently described in our previous study [7].
e demonstrated that IR leads to PIM1 overexpression and a

eduction of protein phosphatases (PP2A and PP5), which induces
IM1 translocation into the nucleus in radioresistant NSCLC cells.
ncreased nuclear PIM1 enhances PRAS40 phosphorylation. Conse-
uently, phosphorylated PRAS40 forms a trimeric complex with
4-3-3 and AKT-activated pFOXO3a, which then moves rapidly

nto the cytoplasm. Retention of FOXO3a in the cytoplasm is
ssociated with the down-regulation of pro-apoptotic genes and
ossibly radioresistance. Under these conditions, PIM1-activated
PRAS40, AKT-activated pFOXO3a, and complexes formed by these
wo proteins and 14-3-3 could be key regulators of IR-induced
adioresistance in NSCLC cells. Consistent with our previous data,
t has been reported that PIM1 is overexpressed in malignant kera-
inocytes in head and neck squamous cell carcinoma (HNSCC) and

oderate/high PIM1 expression levels tend to be associated with
oor prognosis in HNSCC compared to low/negative PIM1 expres-
ion [25]. In addition, the expression of PIM1 is also significantly
ssociated with the expression of EGFR, which has been previ-
usly demonstrated to promote radioresistance [25,26].  Because
he classic prognostic markers such as tumor size, nodal status, or
istological grade cannot be used to predict responses to radio-
herapy, and there are currently no generally accepted clinical

arkers for predicting radiosensitivity, these results may  have clin-
cal implication. Therefore, it could be concluded that, importantly,
IM1 overexpression significantly correlates with a poor response

o radiotherapy.

Due to PIM1 overexpression in various types of tumors as well
s the role of this protein in the regulation of pathways consid-
red cancer-related, the development of potent and selective PIM1
esearch 70 (2013) 90– 101 91

inhibitors has a strong therapeutic interest and will provide a pow-
erful tool for dissecting the specific biological functions such as
radioresistance. Imidazopyridazine derivatives have been previ-
ously described as inhibitors of PIM1 kinase and several groups
have reported the complex crystal structure of PIM1 with a number
of ATP mimetic kinase inhibitors [19,22,27–29]. Unconventional
structural features associated with PIM1 proteins have provided
opportunities to identify selective inhibitors without hampering
lead finding activities as a number of chemotypes have now been
reported as PIM1 kinase inhibitors [30].

Based on our previous data, we  hypothesized that PIM1 could be
a key regulator of IR-induced radioresistance in NSCLC cells [7]. In
order to better understand the biological effects of the pharmaco-
logical inhibition of PIM1, we initiated a project to identify potent
and selective inhibitors of PIM1 for overcoming the radioresistance
of NSCLC cells. In the present study, we report on the ability of two
known PIM1 inhibitors (SGI-1776 and ETP-45299) and one new
natural product-derived PIM1 inhibitor (tryptanthrin) to induce
radiosensitizing activity in NSCLC cells. Lead compounds for devel-
oping inhibitors specific for PIM1 may  exert therapeutic effects for
treating primarily radioresistant tumors.

2. Materials and methods

2.1. Chemicals, antibodies, reagents and siRNA transfections

SGI-1776, ETP-45299 and tryptanthrin were obtained from Sel-
leck Chemicals (Houston, TX, USA), BioFocus (Cambridge, UK)  and
Wako Chemical (Osaka, Japan), respectively. The following antibod-
ies were used for Western blot analysis or immunoprecipitation:
anti-Bad, anti-PIM1, anti-tubulin, anti-Lamin A/C, anti-PRAS40,
anti-pPRAS40 (Thr246), anti-Hemagglutinin (HA), anti-pan-14-
3-3, anti-FOXO3a, anti-pFOXO3a (Thr32 and Ser253), anti-pAKT
(Thr308 and Ser473), anti-AKT, anti-Bim, and anti-FasL antibodies
(from Santa Cruz, CA or Cell Signaling Technology, Beverly, MA).
Protein-A sepharose was acquired from Calbiochem (San Diego,
CA). Cell culture media (RPMI-1640), fetal bovine serum (FBS), glu-
tamine, penicillin, streptomycin and Trizol® were acquired from
Gibco (Grand Island, NY). siRNA oligonucleotides targeting PIM1
and AKT (ON-TARGETplus siRNAs) were obtained from Dharmacon
(Chicago, IL). Cells were seeded in 6-well dishes and transfected
with 100 ng of the siRNA oligonucleotides, using DharmaFECT 1
(Dharmacon) following the manufacturer’s instruction.

2.2. Cell lines, cell culture and irradiation

We obtained A549 NSCLC cells, a representative of adenocarci-
nomas from the American Type Culture Collection (ATCC, Manassas,
VA). The cells were grown in RPMI-1640 medium supplemented
with 10% FBS, 100 U/ml penicillin, and 100 �g/ml streptomycin at
37 ◦C in 95% air/5% CO2. For irradiation, cells were plated in a 75-
cm2 cell culture flask, allowed to grow to ∼60–80% confluence, and
then irradiated with a single dose of �-rays under ambient condi-
tions. All irradiation procedures were performed using a Gamma
Cell 40 Exactor (Nordion International, Inc., Ottawa, Canada) at a
dose rate of 0.81 Gy/min. Flasks containing the control cells were
placed in the irradiation chamber but not exposed to radiation.

2.3. Screening of PIM1 inhibitor candidates

In silico studies were performed using the program suite
Schrödinger (http://www.schrodinger.com). A number of known

PIM1 inhibitors and polyphenol compounds were noted from a
published source describing some bioactive compounds and their
potential use in the treatment of various diseases. The structures
of these compounds were collected from the PubChem database

http://www.schrodinger.com/


9 gical R

(
m
a
B
w
T
w
c
s
d
t
m
p
v
t
t
f

2

w
w
(
3
w
i
t

2

i
m
P
n
c
r
P
w
f
H
t
f
s
O
i
s

2
t

w
N
1
5
w
p
D
e
T
t
F
c
l

2 W. Kim et al. / Pharmacolo

http://pubchem.ncbi.nlm.nih.gov) and the geometries were opti-
ized using LigPrep module with OPLS-2005 as force field. The

tomic coordinates of PIM1 was downloaded from Protein Data
ank (PDB ID: 1XR1; http://www.pdb.org) and the crystallographic
ater molecules were excluded prior to the energy minimization.

he protein structure was then prepared using protein preparation
izard workflow as follows: adding hydrogen, assigning partial

harges using OPLS-2005 force field and incorporating protonation
tates. The minimized structure was further used for screening and
ocking studies. The scaling factor of protein van der Waals radii for
he receptor grid generation was set as 0.8 Å. Extra Precision (XP)

ethod implemented in glide module was applied for the screening
rocess and the minimized compounds were docked to the grid
olume. Based on the glide score, compounds were filtered and
hree compounds were selected for the in vitro analysis. The litera-
ure survey also indicated that the compound is very promising for
urther study.

.4. Thiazolyl blue tetrazolium bromide assay (cell viability assay)

A549 cells were seeded and cultured in a 24-well plate with or
ithout different concentrations of PIM1 inhibitors for 4 h. Media
ere removed, a 0.05% thiazolyl blue tetrazolium bromide solution

Sigma, St. Louis, MO)  was added, and the cells were incubated at
7 ◦C for 2 h. Next, the thiazolyl blue tetrazolium bromide solution
as replaced with dimethyl sulfoxide (DMSO) and the plates were

ncubated for 10 min. After incubation, the solution was  transferred
o a 96-well plate in duplicate and the absorbance was  measured.

.5. Isothermal titration calorimetry (ITC)

His-PIM1 was generated as previously described [31]. Direct
nteraction between PIM1 and a selected PIM1 inhibitor was

easured using a MicroCal VP-ITC instrument (GE Healthcare,
ittsburgh, PA) at 25 ◦C following standard procedures. Recombi-
ant His-PIM1 was equilibrated with 20 mM  Tris buffer (pH 7.5)
ontaining 150 mM NaCl. Protein was added to the calorimetric
eaction cell at a concentration of 0.01 mM and titrated with 0.1 mM
IM1 inhibitor in the same buffer. Protein and ligand solutions
ere degassed prior to use. Each titration experiment was per-

ormed with 29 injections of 10 �l at 300-s equilibration intervals.
eat of dilution for an individual ligand was determined by titra-

ion of the ligand into the same buffer without protein and used
or correction of the protein titration. Data were fitted to a single-
ite binding model by non-linear least-square regression using the
rigin software package. The fit of data yielded the binding affin-

ty (Kd), enthalpy change (�H), entropy change (�S), and binding
toichiometry for the titration.

.6. Western blot analysis, immunoprecipitation, and transient
ransfection

Following the desired treatments, cell (5 × 106 cells) lysates
ere prepared using RIPA buffer (50 mM Tris, pH 7.4, 150 mM
aCl, 1% Triton X-100, 25 mM NaF, 1 mM DTT, 20 mM EGTA,

 mM Na3VO4, 0.3 mM phenylmethylsulfonyl fluoride (PMSF), and
 U/ml aprotinin). To prepare the nuclear protein extracts, the cells
ere harvested and collected by centrifugation. Cells were sus-
ended in buffer A (10 mM HEPES, pH 7.9, 50 mM  NaCl, 1 mM
TT, 0.1 mM EDTA, and protease inhibitors) for 20 min  on ice. An
qual volume of buffer B (250 mM sucrose, 1 mM EDTA, 10 mM
ris–HCl, pH 7.5, protease inhibitor AEBSF, and 0.1% NP-40) was

hen added and the suspension was allowed to sit for 20 min  on ice.
ollowing centrifugation, the supernatant (cytosol fraction) was
ollected and centrifuged at 5,000 × g for 2 min  to remove cellu-
ar debris. The nuclear pellet was washed two times with buffer A,
esearch 70 (2013) 90– 101

and resuspended in buffer C (10 mM HEPES, pH 7.9, 400 mM NaCl,
1 mM DTT, 1 mM EDTA, and 1 mM EGTA). Nuclear fractions were
cleared of debris by centrifugation at 12,000 × g for 15 min  at 4 ◦C.
Protein concentration of the lysates was  determined using a Bio-
Rad protein assay kit (Bio-Rad Laboratories, Hercules, CA). Western
blot analysis and immunoprecipitation studies were performed as
described previously [7].

For transient transfection, cells were plated at a density of
5 × 105 cells in 6-well dishes and incubated for 4 h for stabiliza-
tion. Cells were transiently transfected with 2.5 �g of the indicated
plasmid using Lipofectin (Gibco), a transfection reagent, according
to instructions supplied by the manufacturer.

2.7. Northern blot analysis

Following the desired treatments, total cellular RNA was  iso-
lated from cells (3 × 106 cells) using Trizol®. Total cellular RNA was
electrophoresed on a 1.2% agarose gel containing formaldehyde and
transferred to nylon membranes. Following UV cross-linking, mem-
branes were prehybridized for 30 min  in ExpressHyb Hybridization
solution and hybridized for 4 h at 65 ◦C with radiolabeled DNA
probes specific for human Pim1 cDNA (sense: 5’-CAA CGA CCT GCA
ACG CCA C-3’, antisense: 5’-AGA GAC CCT CTG CCT GAA G-3’). The
Pim1 probes were labeled with [�-32P] CTP using a random prim-
ing kit. Following hybridization, membranes were washed twice
for 10 min  at room temperature, first in 1× SSC and then 0.1% DS
solution. The washed membranes were then subjected to autora-
diography.

2.8. In vitro and in vivo kinase assay

Kinase assays were carried out as previously described [7].  For
the in vitro kinase assay, A549 cell lysates were prepared in RIPA
buffer. Aliquots of the lysates were immunoprecipitated overnight
with the indicated specific antibody and then incubated for 4 h with
protein-A sepharose beads (50 �l per sample) (Invitrogen, Carlsbad,
CA). The beads were washed with RIPA buffer three times, and then
incubated with His-tagged target proteins (Bad or PRAS40) in the
presence of [�-32P] ATP (10 �Ci) (PerkinElmer Life Sciences, Boston,
MA)  and 30 �l of kinase buffer (20 mM Tris, pH 7.5, and 10 mM
MgCl2) for 30 min. The reaction was  stopped by addition of 4×
SDS sample buffer and boiling for 5 min. Samples were subjected to
SDS-PAGE and analyzed by autoradiography to monitor phosphor-
ylation of the target proteins by PIM1. For the in vivo kinase assay,
A549 cells were transfected with HA-PRAS40 for 24 h and then irra-
diated. Aliquots of the lysates were immunoprecipitated overnight
with anti-HA antibody. Western blot analysis was  performed using
phospho-specific antibody.

2.9. Luciferase reporter gene assay

Following overnight transfection, the medium was changed and
treated with irradiation. After 1 h, the cells were washed twice
with cold PBS and lysed in reporter lysis buffer (Promega, Madison,
WI). After vortexing the lysates and centrifugation at 12,000 × g
for 1 min  at 4 ◦C, 20 �l of the cell extract and 100 �l of luciferase
assay reagent were mixed at room temperature, and placed in a
luminometer (AutoLumat LB 953, EG & G Berthold, Bad Widbad,
Germany) to measure luciferase activity in the solution.

2.10. Chromatin immunoprecipitation (ChIP)

Following overnight transfection with specific PIM1 inhibitors

and irradiation as indicated, 5 × 108 cells expressing FLAG-FOXO3a
were cross-linked in 1% formaldehyde, quenched in 125 mM
glycine and washed twice in chilled PBS. Cells were then lysed in a
solution containing 1% SDS, 10 mM EDTA, 50 mM Tris, pH 8.1, and

http://pubchem.ncbi.nlm.nih.gov/
http://www.pdb.org/
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Table 1
PIM1 binding parameters determined by isothermal titration calorimetry (ITC).

Compounds Kd/�M �H/kcal mol−1 �S/cal mol−1 degree−1

SGI-1776 18 ± 1.2 −18.9 ± 1.1 −51.3
W.  Kim et al. / Pharmacolo

rotease inhibitors, and sonicated in 30-s pulses with 30-s intervals
f rest. The sonicated lysates were centrifuged for 10 min  at max-
mum speed and diluted 5-fold in dilution buffer (0.01% SDS, 1.1%
riton X-100, 1 mM EDTA, 20 mM Tris–HCl, pH 8.1, and 200 mM
aCl). To reduce unspecific binding during immunoprecipitation,

he diluted lysates were precleared using protein-A/G Plus agarose
nd calf thymus DNA at 4 ◦C for 1 h. Immunoprecipitation was per-
ormed with anti-FLAG or anti-IgG antibody. Immune-complexes
ere collected and washed in chilled low salt buffer (0.1% SDS, 1%

riton X-100, 2 mM EDTA, 20 mM Tris–HCl, pH 8.1, and 150 mM
aCl), high salt buffer (low salt buffer containing 500 mM NaCl),
nd LiCl wash buffer (0.25 M LiCl, 1% Nonidet P-40 1% deoxycholate,

 mM EDTA, and 10 mM Tris–HCl, pH 8.1), and then washed twice
n 10 mM Tris/5 mM EDTA. DNA was extracted twice from the beads
sing 100 �l of elution buffer (1% SDS and 0.1 M NaHCO) and sup-
lemented with 0.25 M NaCl. Following an overnight incubation
t 65 ◦C to reverse cross-linking, the samples were incubated for
n additional hour at 65 ◦C with 10 �M EDTA, 40 �M Tris, pH 6.8,
nd 2 �g of proteinase K. DNA was purified using a QIAquick PCR
urification kit (Quiagen, Hilden, Germany) for PCR. PCR was per-
ormed with primers that encompassed regions containing the Bim
nd FasL gene promoters. The following primers were used: Bim,
’-GGG CGG GTA CAT TCT GAG T-3’, 5’-CAG GCT GCG ACA GGT AGT
-3’; FasL, 5’-GGT ATC CAG CGC TGA TTT GCT-3’, 5’-ACC TCT CTC
AG TTC TCT TCT-3’.

.11. Apoptosis assay

Apoptosis induction was assessed by analyzing cytoplasmic
istone-associated DNA fragmentation. In brief, cells were plated
t a density of 4 × 105 cells in 96-well plates and allowed to attach
vernight. Cells were then exposed to desired treatment (IR and/or
IM1 inhibitors). Cytoplasmic histone-associated DNA fragmenta-
ion was monitored using a cell death detection kit (Roche Applied
cience, Mannheim, Germany) according to the manufacturer’s
nstructions [32].

.12. Tumor xenografts in nude mice

Six-week-old male BALB/c athymic nude mice (Central Lab Ani-
als Inc., Seoul, South Korea) were used for the in vivo experiments.

he protocols used were approved by the Institutional Animal Care
nd Use Committee of Pusan National University, and performed
n accordance with the provisions of the NIH Guide for the Care
nd Use of Laboratory Animals. The animals were fed water and

 standard mouse chow diet ad libitum. Animals were injected
ith 2 × 106 A549 cells into the flank and tumors were allowed

o develop. Upon identification of a palpable tumor (minimal vol-
me  of 200 mm3), DMSO or PIM1 inhibitor (200 �g/kg body weight)
as administered intraperitoneally every day for 25 d. The animals
ere also irradiated with 10 Gy once a week for 3 weeks. Tumor

ength (L) and width (l) were measured with a caliper and tumor
olumes were calculated with the formula (L × l2)/2. At the end of
he treatment period, the animals were euthanized and the tumors
ere used for biochemical studies

.13. Statistical analysis

All numeric data are presented as the mean ± standard devia-
ion (SD) from at least three independent experiments, and were

nalyzed using the one-way ANOVA on ranked data followed by

 Tukey’s honestly significant difference test, and the two-way
NOVA on ranked data followed by a Bonferroni post test. Prism 4
oftware (GraphPad Software, San Diego, CA) was used to conduct
ETP-45299 14 ± 0.8 −21.1 ± 0.9 −24.5
Tryptanthrin 25 ± 1.1 −22.3 ± 0.8 −61.3

all statistical analyses. A p-value < 0.05 was considered statistically
significant.

3. Results

3.1. Identification of PIM1 inhibitors as candidates of
radiosensitizers

Based on the function of PIM1 in radioresistance from our pre-
vious work, we  hypothesized that PIM1-specific inhibitors could
induce radiosensitization in NSCLC cells [7].  The X-ray crystal struc-
ture of PIM1 kinase in complex with AMP-PNP (PDB ID: 1XR1)
was used for reference coordinates in the creation of a model for
virtual screening [22]. A large number of known PIM1 inhibitors
and polyphenol compounds were then prepared for screening.
Predictive calculations of pharmaceutical properties were used to
select compounds. Virtual hits from this screen were evaluated
and refined so that approximately 20 structures were selected.
These were further evaluated and analyzed according to criteria
for solubility and molecular weight along with Lipinski-like crite-
ria that narrowed the hits to three compounds as candidates for
further development: SGI-1776 and ETP-45299 (among known
PIM1 inhibitors) and tryptanthrin (among polyphenol compounds)
(Fig. 1A).

An ITC experiment was next performed to compare the bind-
ing parameters between purified PIM1 and selected inhibitors.
Measurement of the heat that is generated or absorbed upon
ligand-binding by ITC allows accurate determination of the bind-
ing constant (Ka) as well as enthalpy and entropy changes, thereby
providing a complete thermodynamic profile of the molecular
interaction. In every case, calorimetric data revealed that heat
was released when pure inhibitors were individually associated
with PIM1, indicating that these interactions made significant
enthalpic contributions to binding (Table 1). ITC findings also
revealed slightly unfavorable entropic contributions for each, pos-
sibly indicating that PIM1 was slightly stabilized upon binding. This
effect was especially noticeable for the inhibitors, possibly pro-
moted by the significant reduction of B-values of the binding pocket
upon formation of a binary complex. ITC showed that PIM1 binds
substrates with a stoichiometry of 1:1, indicating that the protein
concentration could be determined with reasonable accuracy and
that the protein was properly folded. As shown in Table 1, SGI-1776,
ETP-45299 and tryptanthrin had dissociation constants of 18 ± 1.2,
14 ± 0.8 and 25 ± 1.1 �M,  respectively. On the other hand, other
compounds that have similar flat, multiring structures and molec-
ular masses, such as NADP+, ATP, and tryptophan, failed to show
any significant binding to PIM1, judging from the ITC signals.

To determine the concentration of PIM1 inhibitors that can be
used without affecting cell viability, A549 cells (a representative
radioresistant lung adenocarcinoma cell line) were treated with
PIM1 inhibitor at different concentrations or DMSO as a vehicle con-
trol for 4 h (Fig. 1B). SGI-1776, ETP-45299, or tryptanthrin did not
affect cell viability up to concentrations of 15 �M,  15 �M, or 20 �M,
respectively, and noncytotoxic concentration of these inhibitors

used in this study was  determined.

To confirm whether selected three PIM1 inhibitors can reduce
PIM1 kinase activity, we  performed an in vitro kinase assay with
purified recombinant His-tagged PIM1 protein and HA-tagged
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Fig. 1. Identification of PIM1 inhibitors as candidates of radiosensitizer. (A) Chemical structures of the selected PIM1 inhibitors. (B) Effects of the PIM1 inhibitors on the
viability of A549 cells were measured by triazolyl blue tetrazolium bromide assay. Cells were treated with the indicated inhibitors at concentrations up to 20 �M for 4 h.
Absorbance was  measured at 570 nm.  All experiments were done in triplicate and the data are presented as the mean ± SD. (C) The effect of PIM1 inhibitors on PIM1 kinase
activity  was  measured by in vitro kinase assay. HA-tagged Bad was immunoprecipitated from the lysates of A549 cells treated with or without PIM1 inhibitors, and used as
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ubstrate for the PIM1 kinase assay that measures [�-32P] ATP incorporation. His-ta
ssay.  Phosphorylated proteins were separated by SDS–PAGE and visualized by au
anels of the Western blot analysis show the amount of HA-tagged Bad and PIM1 lo

ad, a well-known target of PIM1, immunoprecipitated with
nti-HA antibody from lysates of transfected A549 cells (Fig. 1C).
esults of the assay demonstrated that all selected PIM1 inhibitors
ignificantly suppressed PIM1 kinase activity in vitro. Taken
ogether, these findings indicate that the selected compounds
ignificantly inhibited PIM1 activity and may  possibly serve
s lead compounds for drug development in PIM1 mediated
harmacology.

.2. PIM1 inhibitors block PIM1-mediated phosphorylation of
RAS40 in radioresistant NSCLC cells

Our previous study has suggested that IR increases the expres-
ion of PIM1 at both the mRNA and protein levels, and also nuclear
ocalization of PIM1 in radioresistant A549 cells [7].  To deter-

ine whether IR-induced PIM1 expression and nuclear localization
ould be regulated by the selected PIM1 inhibitors, A549 cells were
reated with PIM1 inhibitors and 2 Gy (the dose commonly used in
adiation biology experiments) of IR for 1 h.

Exposure to IR dramatically induced Pim1 mRNA and PIM1
xpression in the cells, and no marked decrease in Pim1 mRNA or
IM1 expression was noted after treatment with inhibitors (Fig. 2A
nd B). In addition, IR caused a marked increase of PIM1 nuclear
ocalization in the A549 cells and this was not noticeably reduced
y pre-incubation with PIM1 inhibitors (Fig. 2C). Taken together,
hese data suggest that the selected PIM1 inhibitors did not block
ot only PIM1 expression but also nuclear localization of PIM1 in
R-treated A549 cells.
Since we found that neither PIM1 expression nor localization

as altered by the selected inhibitors, we further examined the
ffect of the inhibitors on kinase activity of PIM1 in IR-induced
PIM1 was expressed in Escherichia coli and affinity purified before use in the kinase
ography. Upper panel shows Bad phosphorylation, whereas the middle and lower

 onto the gel, respectively.

radioresistant NSCLC cells. PIM1 has been shown to directly phos-
phorylate PRAS40 on Thr246 both in vitro and in vivo [7,33,34]. To
determine whether the phosphorylation of PRAS40 (especially on
Thr246) by PIM1 is blocked by the inhibitors, we  performed an in
vitro kinase assay with purified recombinant His-tagged PIM1 pro-
tein (WT  or KD) and HA-tagged PRAS40 immunoprecipitated with
anti-HA antibody from transfected A549 cells treated with or with-
out the inhibitors (Fig. 2D). For the in vivo kinase assay, A549 cells
were transfected with a vector expressing FLAG-tagged PIM1 for
24 h. The cells were harvested and fractionated 4 h after treatment
with the inhibitors and 1 hr after irradiation. The phosphorylation
status of PRAS40 on Thr246 in the nucleus was determined with a
phospho-specific antibody (Fig. 2E). While a high level of PRAS40
Thr246 phosphorylation was  observed in cells transfected with
PIM1 and WT  PRAS40, a significantly lower level of phosphorylation
was detected following treatment with the inhibitors. These results
demonstrate that the selected PIM1 inhibitors directly blocked
the phosphorylation of PRAS40 Thr246 induced by IR-activated,
nuclear localized PIM1.

3.3. PIM1 inhibitors block complex formation of pPRAS40,
pFOXO3a, and 14-3-3, and reduce cytoplasmic retention of
FOXO3a in radioresistant NSCLC cells

Since we  found that phosphorylation of PRAS40 by IR-activated
PIM1 in the nucleus of radioresistant NSCLC cells was blocked
by PIM1 inhibitors, we further examined the effects of these

inhibitors on PRAS40-mediated nucleus events. Data from a pre-
vious study demonstrated that PIM1-mediated pPRAS40, 14-3-3,
and AKT-mediated pFOXO3a form a trimeric complex in radioresis-
tant NSCLC cells [7,35].  The best described mechanism responsible
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Fig. 2. PIM1 inhibitors block PIM1-mediated phosphorylation of PRAS40 in radioresistant NSCLC cells. (A) The effect of PIM1 inhibitors on IR-induced Pim1 mRNA expression
in  A549 cells was  assessed by Northern blot analysis. Total RNA (15 �g) was  analyzed using an [�-32P]-labeled Pim1 cDNA probe. GAPDH was  used for normalization. (B)
The  effect of PIM1 inhibitors on IR-induced PIM1 expression was detected by Western blot analysis. After treatment with PIM1 inhibitors and irradiation, A549 cells were
harvested and the cell lysates were subjected to analysis with antibody against PIM1. (C) The effect of PIM1 inhibitors on IR-induced PIM1 translocation into the nucleus
was  assayed by Western blot analysis. CE: cytoplasmic extract; NE: nuclear extract. (D) The effect of PIM1 inhibitors on PRAS40 phosphorylation by PIM1 was measured by
in  vitro kinase assay as described in the legend for Fig. 1C. Either HA-tagged PRAS40 or PRAS40-T246A mutant protein immunoprecipitated from the cell lysates was  used
as  substrate for His-tagged PIM1. (E) The effect of PIM1 inhibitors on the phosphorylation of PRAS40 at Thr246 by PIM1 in vivo was  measured by in vivo kinase analysis. To
induce  overexpression of PIM1, A549 cells were transfected with FLAG-tagged PIM1 for 24 h. After treatment with PIM1 inhibitors and irradiation, HA-tagged PRAS40 WT  or
T  and th
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246  mutants was immunoprecipitated from the lysates using an anti-HA antibody,
y  a phospho-specific antibody.

or the functional activity of FOXO3a is phosphorylation followed
y translocation into the cytoplasm. Phosphorylation of nuclear
OXO3a on three evolutionarily conserved residues (Thr32, Ser253,
nd Ser315) by AKT promotes FOXO3a sequestration in a cyto-
lasmic compartment [36]. In addition, the binding of 14-3-3 to
Thr32 and pSer253 likely contributes to cytoplasmic sequestra-
ion of FOXO3a by masking the nuclear localization signal (NLS)
rom the nuclear import machinery [37]. Therefore, we evaluated
he effect of PIM1 inhibitors on the complex formation of pPRAS40,
4-3-3, and pFOXO3a in radioresistant NSCLC cells. As shown in
ig. 3A, complex formation of pPRAS40 with endogenous 14-3-3
nd FOXO3a was detected. However, the trimeric complex was
ot detected in PIM1 inhibitor-treated cells, thus suggesting the
nvolvement of PIM1 kinase activity in formation of the trimeric
omplex (Fig. 3A).

Next, we  examined the effect of the PIM1 inhibitors on the
inetics of PRAS40/14-3-3/FOXO3a translocation in radioresistant
en Western blot analysis was performed. Phosphorylation of PRAS40 was detected

NSCLC cells. As shown in Fig. 3B, stimulation of A549 cells with
2 Gy of IR led to rapid phosphorylation of endogenous PRAS40
and FOXO3a as well as translocation of these proteins with 14-3-3
from the nucleus to the cytoplasm. In contrast, the translocation
and cytoplasmic retention of FOXO3a was  not detected in PIM1
inhibitor-treated radioresistant cells. These results demonstrate
that the selected PIM1 inhibitors directly blocked the formation of
pPRAS40, 14-3-3 and pFOXO3a complexes along with concomitant
cytoplasmic retention of FOXO3a in radioresistant cells.

3.4. PIM1 inhibitors increase apoptosis and radiosensitivity of
radioresistant NSCLC cells
Several studies have revealed that radiation-induced apopto-
sis promoted by the expression of pro-apoptotic genes regulates
radiosensitivity in several types of cancer cells [7,38,39]. In an
attempt to compare the transcriptional activity of FOXO3a on
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Fig. 3. PIM1 inhibitors block complex formation of phospho-PRAS40, phospho-FOXO3a and 14-3-3 and reduce cytoplasmic retention of FOXO3a in radioresistant NSCLC
cells.  (A) The effect of PIM1 inhibitors on trimeric complex formation of pPRAS40, pFOXO3a, and 14-3-3 in vivo was measured by immunoprecipitation and Western blot
analysis.  For overexpression of PRAS40, A549 cells were transfected with HA-tagged PRAS40 for 24 h. Cells were pretreated with PIM1 inhibitors and then exposed to 2 Gy
of  IR. After another hour, HA-tagged PRAS40 was  immunoprecipitated from cell lysates using an anti-HA antibody and analyzed by Western blotting with anti-HA, anti-
pPRAS40 (Thr246), anti-pan-14-3-3, and anti-FOXO3a antibodies. Total levels of PRAS40, FOXO3a, 14-3-3, pAKT (Thr308/Ser473), and tubulin were measured by Western
blot  analysis with specific antibodies. (B) The effect of PIM1 inhibitors on the kinetics of PRAS40/14-3-3/FOXO3a subcellular translocation was  measured by Western blot
analysis.  Following treatment with the PIM1 inhibitors and exposure to 2 Gy of IR, cell lysates were collected, fractionated and then subjected to Western blot analysis with
the  indicated antibodies.
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ro-apoptotic genes between PIM1 kinase-treated and untreated
adioresistant cells, A549 cells were transfected with a luciferase
eporter plasmid containing the FOXO response element of the
NF-related apoptosis-inducing ligand promoter region, FLAG-
agged FOXO3a or FLAG-tagged FOXO3a-3mut that is impervious
o AKT-mediated phosphorylation. Treatment with PIM1 inhibitors
nd IR (2 Gy) increased FOXO-luciferase activity approximately by
.0-fold in the A549 cells compared to the untreated control, sug-
esting that cellular localization-dependent transcriptional activity
f FOXO3a induced by PIM1-mediated phosphorylation of PRAS40
nd formation of the trimeric complex affects NSCLC cell radiosen-
itivity (Fig. 4A).

To investigate the correlation between the effect of PIM1
nhibitors and radioresistance in A549 cells, we next determined

hether FOXO3a may  bind to FOXO-response element (FRE)
equences in Bim and FasL, two FOXO3a-regulated pro-apoptotic
enes, after treatment with the PIM1 inhibitors [40]. For this, we
erformed a ChIP analysis to measure the binding of FLAG-tagged
OXO3a at the Bim and FasL loci. As shown in Fig. 4B, an increased
ssociation between FOXO3a and each FRE locus was  detected fol-
owing treatment with the PIM1 inhibitors. Concomitantly, the
xpression levels of Bim and FasL were also increased by blocking
IM1 activity (Fig. 4C).

To further confirm whether PIM1 inhibition functionally influ-
nce radioresistance in NSCLC cells, an apoptosis assay was
erformed. Compared to untreated A549 cells, PIM1 inhibitor-
reated cells were more sensitive to IR-mediated cytoplasmic
istone-associated DNA fragmentation, a measure of apoptotic

ell death (Fig. 4D). Moreover, silencing PIM1 and AKT expression
ith siRNA significantly increased apoptosis in IR-irradiated A549

ells. These results suggested that inhibition of PIM1 kinase activ-
ty by the PIM1 inhibitors as well as expression of downstream
signaling molecules were functional regulatory point of cell death
and radioresistance in NSCLC cells.

3.5. PIM1 inhibitors increase in vivo sensitization to radiation in
a xenograft mouse model

To evaluate the combined effects of the PIM1 inhibitors and IR
on tumor growth in vivo, a xenograft mouse model was  designed
(Fig. 5A). In vivo data from nude mice bearing tumors formed by
A549 radioresistant cells indicated that PIM1 inhibitors had an
in vivo radiosensitization effect (Fig. 5B). Tumor volume of mice
treated with IR and PIM1 inhibitors on day 25 was  significantly
reduced by approximately 46, 61, and 42% in animals treated with
SGI-1776, ETP-45299 and tryptanthrin, respectively, compared to
mice receiving IR alone. In addition, when PIM1 inhibitors were
directly administered at the tumor site in the mice, IR-induced
phosphorylation of PRAS40 was  not detected in the extracted
tumor tissue lysates (Fig. 5C). Moreover, the amount of cytoplasmic
retention of FOXO3a in the tumor tissue lysates was dramatically
reduced by treatment with the PIM1 inhibitors (Fig. 5D). Thus, we
suggest that the three PIM1 inhibitors we  evaluated have a potent
radiosensitization effect in vivo.

4. Discussion

In this study, we determined the radiosensitizing activity of SGI-
1776, ETP-45299, and tryptanthrin targeting PIM1 activity. These
potential radiosensitizers disrupt formation of a trimeric com-

plex between PRAS40, 14-3-3, and FOXO3a through inhibition of
PRAS40 phosphorylation and consequently promote FOXO3a trans-
criptional activity for the expression of proapoptotic protein in
radioresistant A549 cells. We  found that these three compounds,
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Fig. 4. PIM1 inhibitors increase apoptosis and radiosensitivity of radioresistant NSCLC cells. (A) The effect of PIM1 inhibitors on the transcriptional activity of FOXO3a in
NSCLC  cells was  measured by a reporter gene assay. Cells were co-transfected with 2.5 �g of 3× FOXO luciferase reporter gene plasmid and wild type FLAG-tagged FOXO3a or
FLAG-tagged FOXO3a-3 M mutant, allowed to recover for 24 h, and then treated with PIM1 inhibitor and irradiation, as indicated. Cells were harvested at 1 h after treatment,
and  luciferase activities were measured. The indicated luciferase activities are relative to the �-galactosidase activity of each protein extract. Cells transfected with an empty
vector  (EV and pGL-3) was used as a control. Data represent the mean ± SD. *p < 0.05; EV-transfected cells versus 3× FOXO Luciferase reporter gene plasmid-transfected cells,
**p  < 0.05; FLAG-tagged FOXO3a-transfected cells versus FLAG-tagged FOXO3a-3 M mutant-transfected cells or each inhibitor-treated cells. (B) The effect of PIM1 inhibitors
on  the binding of FOXO3a to FRE of Bim and FasL promoters was  measured by ChIP analysis. A549 cells were transfected with specific PIM1 inhibitors, allowed to recover for
24  h, then treated with IR, as indicated, and harvested for ChIP analysis. Chromatin-bound DNA was immunoprecipitated with an anti-FOXO3a antibody. 10% of the chromatin
samples were used as a positive control (Input). (C) The effect of PIM1 inhibitors on the expression of Bim and FasL in A549 cells was measured by Western blot analysis. A549
cells  treated with IR and/or PIM1 inhibitors were harvested, and the cell lysates were subjected to analysis with antibodies specific for Bim and FasL. (D) The effect of PIM1
inhibitors on PIM1-mediated cell death in NSCLC cells was measured by an apoptosis assay. Analysis of cytoplasmic histone-associated DNA fragmentation in NSCLC cells
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reated with PIM1 inhibitor and/or IR was  performed as indicated. Data represent 

ith  siRNA or each inhibitor.

t nontoxic concentrations, significantly sensitized NSCLC cells to
adiation both in vitro cell culture system and in vivo xenograft
umor mice models. It is very likely that our selected PIM1
nhibitors block the kinase activity of PIM1 and then eventually
onfer transcriptional activation of FOXO3a to express proapoptitc
roteins, leading to enhanced cell death and increased sensitivity
o radiation.

SGI-1776 and ETP-45299 are imidazopyridazine derivatives
nhibitors targeting PIM1 kinase. In previous studies, imidazo[1,2-

]pyridazine was identified as a promising lead scaffold, which was
hen optimized to improve the potency and selectivity of com-
ounds against the PIM1 target via specific modifications based on
tructure–activity relationship (SAR) studies [29,41–44].  SGI-1776
ean ± SD. *p < 0.05; IR-irradiated A549 cells versus IR-irradiated A549 cells treated

and ETP-45299 were found to be a potent inhibitor of PIM1 with
an IC50 of 7 ± 1.9 nM and a Kapp

i
of 30 ± 3 nM,  respectively [41,44].

Both have been reported to be associated with potent inhibition of
cell signaling pathway and tumorigenesis in several models. These
inhibitors exhibited anti-proliferative and pro-apoptotic activities
in various human cancer cell lines [41,42,44].  SGI-1776 had been
progressed in phase I clinical trials, although it was terminated
owing to cardiac toxicity [42,45]. ETP-45299 was specifically devel-
oped for high selectivity of PIM1 to significantly reduce cross

reactivity with other kinases, including FLT-3, PDGFR1 and KIT,
while other imidazopyridazine derivatives showed high reactivity
toward such kinases. However, ETP-45299 needs to be modified
before being developed as a therapeutic agent owing to its stability
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Fig. 5. PIM1 inhibitors exhibit sensitization to the radiation in vivo xenografted models. (A) Experimental plan. (B) The in vivo effect of PIM1 inhibitors on radiosensitization
was  measured in mouse model. A549 cells were injected in to the flanks of nude mice (n = 3 per group) and palpable tumors were allowed to develop for 7 days. Subsequently,
PIM1  inhibitor (200 �g/kg body weight) was injected intraperitoneally every day for 25 days. The mice were irradiated (10 Gy) once weekly for 3 weeks. On day 25, tumors
were  excised and subject to further analyses. Results are expressed as the mean ± SD. *p < 0.05; tumor volume with IR-exposure versus tumor volume with IR-exposure and
treatment with each inhibitor on day 25. (C) The effect of PIM1 inhibitors on PRAS40 phosphorylation by PIM1 in vivo was measured by immunoprecipitation and Western
blot  analysis. 3 h after the last treatment, tumor tissue samples were obtained. PRAS40 was  immunoprecipitated from lysates using an anti-PRAS40 antibody and analyzed
by  Western blot analysis with an anti-pPRAS40 (Thr246) antibody. Total levels of PRAS40 and tubulin were also measured by Western blot analysis with specific antibodies.
(D)  The effect of PIM1 inhibitors on the cytoplasmic retention of FOXO3a in vivo was measured by Western blot analysis from fractionated tumor tissue samples using the
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roblem [44]. Unlike SGI-1776 and ETP-45299, tryptanthrin is
ewly identified as a potent PIM1 inhibitor in our investiga-
ion. This compound is a naturally occurring phytochemical, and
as been reported to have a wide range of biological functions,
uch as anti-inflammatory, anti-fungal, and anti-bacterial activities
46,47]. Several investigations have determined that tryptanthrin
xerts anti-tumor effects on various tumors and shows inhibitory
ctivity toward multiple drug resistance during cancer treatment
47,48]. Although it is very likely that tryptanthrin offers lots of
linically beneficial effects for cancer treatment, its therapeutic
fficacy on lung cancer is not fully understood and its correla-
ion with PIM1 and radiosensitizing activity has not been reported.
ll the small-molecule PIM1 inhibitors that have been reported,

ncluding SGI-1776 and ETP-45299, are ATP-binding competitors.
hese inhibitors can inhibit PIM1 by two distinct binding modes
hich are ATP mimic  binders and non-hinge binders [49]. PIM1

hows unusual conformation of its hinge region that contains a
roline residue at position 123 [22]. Due to this proline residue,
IM1 can form only one hydrogen bond in contrast to almost all
ther protein kinases that generally form two canonical hydro-
en bonds with ATP or ATP-mimetic inhibitors. Additionally, PIM1
as extra amino acid residues following proline 123, which cre-

te a unique ATP-binding pocket and provide a specific target for
rug design [22]. Previous studies have reported that imidazopyri-
azine derivatives (K00135 and SGI-1776) represented non-hinge
inders distinguished by an absence of canonical hydrogen bond
formed with the hinge region [29,43,49].  According to the stud-
ies, the imidazo[1,2-b]pyridazine ring (especially, N5 at the ring)
in SGI-1776 form a hydrogen bond with a lysine 67 residue and
several hydrophilic functional groups were incorporated into the
molecule to enhance the hydrophobic interactions at Leu44, Phe49,
Leu120 and other residues [29,43]. This would also provide the
information for binding mode of ETP-45299, since these two com-
pounds, as imidazopyridazine derivatives, shared major functional
groups, which are responsible for formation of a hydrogen bond
and hydrophobic contacts with binding pocket of PIM1. In a sim-
ilar manner to SGI-1776, ETP-45299 is expected to bind to the
opposite side of the hinge region and the nitrogen of the indole
ring in ETP-45299 might form a hydrogen bond with the lysine 67
residue in the conserved catalytic site. This interaction would be
stabilized by a number of hydrophobic interactions, leading to inhi-
bition of kinase activity. Complex structural analysis of tryptanthrin
with any other proteins has not been reported yet, although there
are several reports about pharmacological and biological effects
of tryptanthrin. Based on complex structural studies about PIM1
and its inhibitors consisting of simple flat ring structures, we have
assumed that tryptanthrin might also interact with the ATP-binding
pocket of PIM1 [20,50].  The carbonyl oxygen of the indole moi-

ety in tryptanthrin might form a hydrogen bond network with
the several residues including Lys67, Glu89, and Asp186 in cat-
alytic sites of PIM1 and a water molecule, like non-hinge binders,
because the distance between hinge region and the nitrogen or
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arbonyl oxygen of the functional groups in tryptanthrin might not
e sufficiently close to form the hydrogen bond. To better under-
tand the precise binding mode, further investigations such as a
omplex structural analysis between PIM1 and tryptanthrin should
e performed. In addition, we monitored in the ITC experiments
hat tryptanthrin had relatively lower affinity to PIM1 than SGI-
776 and ETP-45299 (Table 1). To improve the potency against
argets, a large number of inhibitors have been modified in their
pecific functional groups based on SAR studies [30,51,52].  Vari-
us substituents, including alkyl, O, S, N or cyclic moiety, would
e applicable for better inhibitory efficacy of tryptanthrin against
IM1. Considering possibility of further modification based on SAR
tudy, tryptanthrin would be used as a novel lead scaffold to be opti-
ized for much enhanced potency and selectivity against PIM1,

ven though tryptanthrin itself could sufficiently inhibit PIM1
ctivity.

Several inhibitors for PIM kinases have been investigated for
ffects of casein kinase 2 (CK2) inhibition as dual inhibitors because
f relatively similar ATP binding site of both kinases [22,53,54].
n addition, similar to PIM1, CK2 is constitutively active, and is
ighly associated with tumorigenesis and radioresistance [55,56].
ccording to structural analysis of dual inhibitors for PIM1 and
K2, dual inhibitors tend to be usually flat-form structures and
ould be occupied in the ATP-binding site by lots of hydropho-
ic interactions between the aromatic rings of the inhibitors and
he several hydrophobic residues near the binding pocket in active
ite [53,57–59].  These dual inhibitors could also directly interact
ith Lys67 of PIM1 and Lys68 of CK2, respectively, at the conserved

atalytic site leaving the hinge unbound [53]. The described bind-
ng mode is similar to characteristic of non-hinge binders of PIM1
nhibition, such as SGI-1776, ETP-45299 and, possibly, tryptanthrin
49]. However, SGI-1776 and ETP-45299 could not be accessible
n ATP-binding site of CK2 due to their size and non-flat struc-
ures. In the same context, there have been no reported evidence
eported about the inhibitory activity of SGI-1776 on CK2 so far,
nd ETP-45299 shows little cross reactivity with other kinases.
herefore, these two compounds could not be expected as dual
nhibitors for PIM1 and CK2. On the other hand, tryptanthrin is
hought to have relatively high possibility to show dual inhibitory
ctivity for PIM1 and CK2 compared to SGI-1776 and ETP-45299.
ince tryptanthrin is small flat-form consisting of an indole ring
nd a quinazoline ring, it could be stabilized in the ATP-binding
ite of both kinases via maintenance of hydrophobic interactions
ith nearby nonpolar amino acids and formation of hydrogen bond
ith Lys67 of PIM1 and Lys68 of CK2, respectively, at the conserved

ctive site. Further assessments for inhibition of CK2 activity will
llow us to resolve whether tryptanthrin can act as a novel dual
nhibitor. It is meaningful that tryptanthrin shows the possibility
f functional duality since both PIM1 and CK2 are considered to
e critical regulators for rendering radioresistance. Recent study
as found that the inhibition of CK2 is correlated with radiosen-
itization via suppressing proliferative activity of Stat3 in NSCLC
ells [56]. Blocking single radioresistant signaling used by a specific
nhibitor might be, at least in part, insufficient for the regulation
f radiosensitivity, because it could not be completely excluded
he possibility that compensatory signaling response mediated by
K2 as a crosstalk pathway might be involved in radioresistance of
SCLC [60]. Therefore, using a dual inhibitor could be a promising

trategy to enhance the efficacy of radiosensitization via blocking
oth radiation-associated responses at the same time.

Radiosensitizers have been developed in combination with
adiotherapy to enhance therapeutic efficacy. Promising radiosen-

itizers are considered to have high tumor cell specificity to
aximize effects of treatment and render few adverse effects such

s normal cell damage. Traditional radiosensitizers including clas-
ic chemotherapeutic agents focused on tumor microenvironments
esearch 70 (2013) 90– 101 99

such as high frequency of DNA replication and mitotic division
and hypoxia, which showed poor specificity to cancer cells. Then,
many research groups make a great effort to establish target-based
radiosensitizing strategies for tumor selectivity and the availabil-
ity of molecular markers. For example, inhibition of the EGFR by
small molecule tyrosine kinase inhibitors, such as erlotinib, or
monoclonal antibodies, such as cetuximab, has been shown to
radiosensitize a limited number of NSCLC cell lines in vitro and
in vivo [61–63].  In the same context, we found that PIM1 served
as a potential pharmacological target for the radiosensitization of
NSCLC cells because PIM1 as an upstream kinase in response to IR
played a critical role in radioresistant NSCLC cells [7]. In addition,
NSCLC cells underwent apoptotic death only by a combinational
treatment with IR and PIM1 inhibitors compared to no cytotox-
icity by inhibitors alone. It means that SGI-1776, ETP-45299 and
tryptanthrin might be considered as pharmacologically promis-
ing radiosensitizers in a manner of safety. These PIM1 inhibitors
sensitized NSCLC cells to radiation through specifically targeting
PIM1-mediated signaling, and it could be also a useful strategy to
apply them for treating other radioresistant cancer cells includ-
ing pancreatic ductal adenocarcinoma cells and squamocellular
carcinoma of head and neck, which of radioresistance are medi-
ated by overexpressed PIM1 [25,64]. Our present study supports
the evidence that understanding tumor-specific response to IR and
investigating molecular mechanism of radioresistance in tumors
would provide the basis for the identification of pharmacological
targets for radiation susceptibility and then for the development of
target-based radiosensitizers.

In summary, our study revealed radiosensitizing activity of
SGI-1776, ETP-45299 and tryptanthrin, PIM1 specific inhibitors, in
NSCLC cells and identified its mechanisms of action which include
disruption of trimeric complexes between PRAS40, FOXO3a and 14-
3-3, and then increased FOXO3a nuclear localization, which trigger
transcription of pro-apoptotic genes, followed by apoptotic death.
These PIM1 inhibitors have the potential to considerably increase
the therapeutic index of radiation therapy. Therefore, our study
provides the evidence for future development of SGI-1776, ETP-
45299 and tryptanthrin as a novel class of radiosensitizing drugs
against PIM1-positive NSCLC and, possibly, other types of human
cancers.
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