Identification of a phenanthrene derivative as a
potent anticancer drug with Pim kinase inhibitory
activity
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Pim-3, a proto-oncogene with serine/threonine kinase activity, is
aberrantly expressed in malignant lesions, but not in normal tis-
sues, of endoderm-derived organs, including the pancreas, liver,
colon, and stomach. Furthermore, the development of hepatocel-
lular carcinoma is accelerated in mice expressing Pim-3 transgene
selectively in the liver when these mice are treated with a hepato-
carcinogen. These observations suggest that a chemical targeting
Pim-3 kinase may be a novel type of anticancer drug. In the present
study, we screened low molecular weight chemicals and observed
that the phenanthrene derivative T26 potently inhibited Pim-3 and
Pim-1, but only weakly inhibited Pim-2. Moreover, T26 markedly
inhibited the in vitro growth of human pancreatic cancer cell lines
by inducing apoptosis and G,/M arrest. The growth inhibitory
effects of T26 were reversed by overexpression of Pim-3 cDNA in
human pancreatic cancer cells, indicating that T26 acts primarily on
Pim-3. Furthermore, T26 inhibited the growth of a human
pancreatic cancer cell line in nude mice without causing apparent
adverse effects when it was administered after tumor formation
was evident. These observations imply that the chemical and its
related compounds may be effective for the treatment of cancers
in which there is aberrant Pim-3 expression. (Cancer Sci 2012; 103:
107-115)

D eaths from pancreatic cancer rank fourth among cancer-
related deaths in the US. Most patients are diagnosed at an
advanced stage with locally advanced, unresectable, or meta-
static disease and are treated with conventlonal chemotherapy,
radiation, or combinations of the two."’ Existing conventional
chemotherapies are more or less non-selective cytotoxic drugs
with systemic adverse effects. Moreover, pancreatic cancer is
frequently resistant to conventional chemotherapy and radiother-
apy.” Thus, an urgent need exists to develop novel treatments
for pancreatic cancer based on an understanding of pancreatic
carcinogenesis at the molecular level.

Pim-3 is a member of the proto-oncogene Pim family that
exhibits serine/threonine kinase activity. It was originally iden-
tified as a depolarization-induced gene, namely KID-1, in the rat
pheochromocytoma cell line PC12, but was soon renamed as
Pim-3 owing to its similarity with other Pim family members. ®
Subsequently, Deneen et al. have demonstrated that Pim-3 gene
transcription is enhanced in the Ewing sarcoma breakpoint
region/E26 transformation-specific (EWS/ETS) induced malig-
nant transformation of NIH 3T3 cells,”” suggesting the involve-
ment of Pim-3 in tumorigenesis. This notion was further
substantiated by our observations that the development of hepa-
tocellular carcinoma was accelerated in mice expressing Pim-3
transgene selectively in the liver after these mice had been trea-
ted with a hepatocarcinogen.'® Moreover, we demonstrated that
Pim-3 expression was enhanced in malignant lesions, but not in
normal tissues, of endoderm-derived organs, including the
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liver,® pancreas,” colon,® and stomach.”” Furthermore, we

demonstrated that Pim-3 can inactivate Bad in the human pan-
creas and colon carcinoma cell lines by phosphorylating Ser!!

but not Ser'*® ultimately promoting the surv1va1 of these
cells,””® similar to reported observations for Pim- 119 and Pim-
2. aty Because Pim-3 is selectlvely enhanced in malignant
lesions of endoderm-derived organs'®’ and has potent anti-
apoptotic activity, it may be a novel target for the treatment of
cancer of endoderm-derived organs, particularly the pancreas.

In a previous study in which we conducted a random screen-
ing of low molecular weight chemicals, we identified a stemona-
mide synthetic intermediate, namely T-2, as a chemical that can
inhibit Pim kinases, as well as the i in vztm and in vivo growth of
a human pancreatic cancer cell line."? However, T-2 inhibited
all Pim family members and markedly decreased circulating leu-
kocyte numbers when given to tumor-bearing animals. Hence,
we performed further screening of low molecular weight chemi-
cals in the present study and found that a phenanthrene deriva-
tive, namely T26, potently inhibited Pim-3 and Pim-1, but only
weakly inhibited Pim-2, and markedly retarded the growth of a
human pancreatic cancer cell line in nude mice without causing
apparent adverse effects following its administration to mice
after tumor formation was evident. These observations imply
that the chemical and its related compounds may be effective
for the treatment of cancers in which there is aberrant Pim-3
expression.

Materials and Methods

Cell lines and antibodies. ~The human pancreatic cancer cell
lines PCI3S, U3 pCr55,"Y PCI66," PANC-1,"'* and MiaPaca-
2119 were cultured in RPMI 1640 medlum (Slgma -Aldrich, St
Louis, MO, USA), whereas L3.6pl cells'® were maintained in
minimum essential medium (Invitrogen, Carlsbad, CA, USA).
All media were supplemented with 10% FBS (BioWest, Nuaille,
France), 50 U/mL penicillin and 50 U/mL streptomycin
(Sigma-Aldrich). The following antibodies were used for western
blotting analysis: mouse anti-human Bad (Santa Cruz Biotech-
nology, Santa Cruz, CA, USA), rabbit anti-phosphorylated
(p-) Ser''>-Bad, antl -caspase-3, anti-cleaved caspase-3, anti-
Cdc25c¢, anti-p-Ser®'®-Cdc25¢, anti-cleaved caspase-9 (Asp330;
Cell Signaling Technology, Beverly, MA, USA), anti-Bcl-X;.
(MBL, Nagoya, Japan), anti-B-actin antibodies (Sigma-Aldrich),
and mouse anti-cytochrome ¢ antibodies (BD Biosciences, San
Jose, CA, USA).

Preparation of phenanthrene derivatives. Phenanthrene
derlvatlves were synthesized according to procedures reported
previously."'”'® The original compound, No. 5, inhibited Pim
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kinases but exhibited poor water solubility. To improve water
solubility, compound No. 5 was modified to generate com-
pounds T19, T19-1, T19-2, and T26 (Fig. 1a). These chemicals
were dissolved in 100% dimethyl sulfoxide (DMSO; Sigma-
Aldrich) to a concentration of 100 mmol/L. The chemicals were
stable for up to 1 week when dissolved in DMSO.

Assay of Pim kinase activity in a cell-free system. [In vitro
kinase assay of P1m 1 Pim-2, and Pim-3 was evaluated as
described prev1ously 2 1Cs, values of all three kinases were
calculated using logistic regression.

Assay of Akt kinase activity in a cell-free system. Akt kinase
activity was determined based on the capacity of the kmase to
phosphorylate Bad at Ser'?®, as described prev1ously ) Either
recombinant Aktl (10 ng; Cell Signaling Technology) or Akt2
(10 ng; Assay Designs, Ann Arbor, MI, USA) were used as the
source of the enzyme. The AKT1/2 kinase inhibitor (Sigma-
Aldrich) was used as a control inhibitor.

Assays of platelet-derived growth factor receptor § chain and
protein kinase A kinase in a cell-free system. Platelet-derived
growth factor receptor (PDGFR) B kinase (Cell Signaling Tech-
nology) and protein kinase A (PKA) kinase assays (Assay
Designs) were performed according to the manufacturers’
instructions in the presence of either staurosporine (Sigma-
Aldrich) or the chemicals under 1nvest1gat10n

In vitro cell proliferation.  Cell suspensions (3 X 10° cells/
100 pL) were added to each well of 96-multiwell culture plates
(BD Biosciences) and incubated at 37°C for 18 h. Then, differ-
ent concentrations of the chemicals (2.5-100 pmol/L) were
added to each well and cells were further incubated for specific
periods of time (1-4 days) to measure cell proliferation, essen-
tially as described previously."'? In some experiments, the cul-
ture supernatants were replaced with fresh medium at specified
times for four days after the addition of the chemical to remove
the chemical. The ratio of viable cells at each time point was
determined by comparing the number of viable cells at that time
to the number of viable cells on Day 0. ICs values were calcu-
lated using logistic regression.

In another series of experiments, MiaPaca-2 or PCI66 cells in
6-cm dishes were transfected with pcDNA4 vector (Invitrogen)
with or without human full-length Pim-3 or Pim-1 cDNA. Then,
3640 h after transfection cells were trypsinized and
1 x 10% cells were plated in a 96-well plate in the presence of
15 pml/L of T26 to determine cell viability one and two days
after T26 treatment. In addition, cell aliquots were processed for
immunoblotting with anti-Pim-3 or anti-Pim-1 antibodies to esti-
mate the amount of Pim-3 or Pim-1 protein."”

108

4 comparing the number of viable cells at each time
point with the number of viable cells on Day 0.

Transfection of Pim-3 shRNA. Pim-3 or control shRNA vec-
tor was transfected into PCI66 cells using a jetPrime kit
(Funakoshi, Tokyo, Japan) according to the manufacturer’s
instructions.

Cell cycle analysis. Cell suspensions (5 X 10°/5 mL) were
incubated in 6-cm plates at 37°C for 18 h. Then, cells were trea-
ted with different concentrations of T26 (5-25 pmol/L) and
were further incubated for 24 h. After incubation, both buoyant
and adherent cells were harvested and fixed with 70% ethanol at
20°C. Fixed cells were incubated with 50 pg/mL propidium
iodide (PI; Molecular Probes, Eugene, OR, USA) and 5 pg/mL
RNase A for 30 min at 37°C. The DNA content was then ana-
lyzed on a FACS Canto II system (BD Biosciences) using Cell
Quest analysis software (BD Biosciences). The shRNA-trans-
fected cells were similarly treated and subjected to cell cycle
analysis.

Immunofluorescence analysis of mitotic cells. After incuba-
tion with 20 pmol/L T26 or 0.1% DMSO for 24 h, cells were
cytospun onto a glass slide. Cells were air dried, fixed with 4%
paraformaldehyde/PBS for 15 min, and made permeable by
treatment with 0.2% Triton X-100/PBS for 5 min at room tem-
perature. Slides were incubated with 5% donkey serum in 1%
BSA/0.2% Triton X-100/PBS for a further 30 min. Thereafter,
slides were incubated with a comblnatlon of goat anti-B-tubulin
and mouse anti-p-histone H3%"'® antibodies overnight at 4°C,
followed by incubation with a combination of Alexa Fluor 488-
labeled donkey anti-goat IgG and Alexa Fluor 594-labeled don-
key anti-mouse IgG for 1 h at room temperature. Coverslips
were mounted using mounting media containing DAPI (Vector
Laboratories, Burlingmae, CA, USA). Cells were observed using
a confocal microscope (LSM510; Carl Zeiss, Carlsberg,
Germany) equipped with a 63x NA1.4 objective lens and Zen
2008 software (Carl Zeiss). At least 40 mitotic cells were
observed on each slide and were cla551ﬁed into each phase of
mitosis using criteria described previously."

Analysis of cell apoptosis. Following treatment with
20 pmol/L T26 for 24-72 h, cells were harvested and were
stained using a human annexin V-FITC apoptosis kit (Bender
MedSystem, Vlenna Austria) and PI, as described prev10usly
At least 2 x 10* stained cells were analyzed using the FACS
Canto II system (BD Biosciences) for each determination.

Western blotting analysis. For western blotting analysis,
1.5 x 10° of MiaPaca-2 or PCI66 cells were dispensed into a
100-mm culture plate and incubated for 18 h before 20 pmol/L
T26 was added to the plate. After a further 12—72 h incubation in
the presence of T26, both buoyant and adherent cells were
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suspended 60 pl of Cell Lytic Cell Lysis Reagent (Sigma-
Aldrich) to obtam supernatants for immunoblotting, as described
previously.'? Anti-B-actin antibodies were used to confirm that
equal amounts of proteins were used for analysis. Signals were
detected by using an LAS-4000 mini CDD camera (GE Health-
care Japan, Hino, Japan). In addition, shRNA-transfected cells
were similarly treated and subjected to western blotting analysis.

Animal experiments. PCI66 cells were suspended in HBSS
at a concentration of 2 x 107 cells/mL and 100-pL cell suspen-
sions were injected subcutaneously into the back of BALB/c
nu/nu mice (SLC, Shizuoka, Japan). Fourteen days after injec-
tion, either 20 mg/kg T26 or olive oil vehicle was injected intra-
peritoneally once a day for 5 days, followed by 2 days of
cessation. This cycle was repeated three times. Tumor size was
measured every 3—4 days using calipers, whereas tumor volume
was calculated as follows:

Tumor volume (cm?) = [longest diameter (cm)

x shortest diameter?(cm)]/2.

Thirty-six days after tumor cell injection, tumors were
removed and blood samples were collected simultaneously.
Serum levels of aspartate aminotransferase (ALT), alanine ami-
notransferase (AST), creatinine, and blood urea nitrogen (BUN),
as well as blood glucose levels, were measured using Fuji DRI-
CHEM 5500V (Fuji Medical System, Tokyo, Japan), whereas
blood counts were determined using an automated blood counter
(XE-2100; Sysmex, Kobe, Japan). Tumor tissues were subjected
to immunohistochemical analysis using anti-proliferating cell
nuclear antigen (PCNA; BD Biosciences), anti-cleaved caspase-
3 (Cell Signaling Technology), or anti-CD31 antibodies (BD
Biosciences) to determine the number of PCNA- or cleaved
caspase-3-positive cells and CD31-postive vascular areas, as
described previously.””’ All animal experiments were performed
in compliance with the Guidelines for the Care and Use of Labo-
ratory Animals of Kanazawa University.

Statistical analysis. Unless indicated otherwise, data are
expressed as the mean = SD. Differences between mean values
were analyzed using one-way ANova, followed by the Tukey-
Kramer test. P < 0.05 was considered significant.

Results

Effects of phenanthrene derivatives on Pim kinase activity in
cell-free system. Random screening identified a phenanthrene
derivative, compound No. 5, as a chemical that inhibited all Pim
kinases (Table 1). However, low water solubility of No. 5
prompted us to synthesize additional chemicals by modifying
the original compound No. 5 (Fig. 1a). Among the new chemi-
cals synthesized, T19-1 and T26 inhibited Pim-3 and Pim-1
with a similar potency that was almost fivefold greater than their

potency against Pim-2 activity (Table 1). Because another ser-
ine/threonine kinase, namely Akt/protein kinase B (PKB f can
phosphorylate a similar set of proteins, including Bad,”
examined the effects of T19-1 and T26 on human Akt/PKB.
Approximately 10-fold higher concentrations of T19-1 and T26
were required to produce a 50% inhibition of Aktl and Akt2
compared with the specific Aktl and Akt2 inhibitor AKT1/2
(Table 1). Moreover, an approximately 20-fold higher concen-
tration of T26 was required to inhibit PKA and PDGFRp by
50% compared with staurosporine (Table 1).

Effects of phenanthrene derivatives on in vitro cell
proliferation of human pancreatic cancer cell lines. We next
examined the effects of phenanthrene derivatives on in vitro cell
proliferation of human pancreatic cancer cell lines. T26 effi-
ciently inhibited the in vitro cell proliferation of the human pan-
creatic cancer cell lines PCI35, PCI5S5, PCI66, MiaPaca-2,
PANC-1, and L3.6pl (Table 2), whereas T19—1 and T19-2 failed
to do so up to concentrations of 100 pmol/L (data not shown).
This could be due to T26 being able to penetrate the cells more
efficiently than T19—-1 and T19-2. When the cells were incubated
with T26 for longer than 24 h, the cells did not regrow again
(Fig. 1b,c). Moreover, overexpression of Pim-3, but not Pim-1,
cDNA reduced the inhibitory effects of T26 on the in vitro cell
proliferation of MiaPaca-2 and PCI66 cells (Fig. 2). Western
blotting analysis detected Pim-3 but not Pim-1 protein in these
pancreatlc cancer cell hnes (data not shown), consistent with pre-
vious observations."' Collectlvely, the data indicate that T26-
induced reductions in cell proliferation may arise, at least in part,
from its inhibitory effect on Pim-3 but not Pim-1.

Effects of T26 on cell cycle progression and apoptotic
processes. Because Pim-3 can promote cell cycle progression
by phoszl))horylating the molecules involved in these pro-
cesses, ~~ we examined the effects of T26 on cell cycle progres-
sion. Treatment with T26 over the concentration range
10-25 pmol/L dose-dependently increased the proportion of the
cells present in the G,/M phase and decreased the number in the
Gy/G; phase in two human pancreatic cancer cell lines, namely

Table 2. Effects of T26 on the in vitro proliferation of human
pancreatic cancer cell lines

Cell line 1Cs50 (umol/L)
MiaPaca-2 9.1
PCI66 17.6
PCI35 9.8
PCI55 10.3
PANC-1 33.6
L3.6pl 39

IC5o values were determined described in the Materials and Methods.

Table 1. Inhibitory effects of phenanthrene derivatives on Pim, Akt, protein kinase A, and platelet-derived growth factor receptor p kinases
Chemical 'Cso (umol/L)

Pim-3 Pim-1 Pim-2 Akt-1 Akt-2 PKA PDGFRp
No. 5 78.2 99.6 109.2 ND ND ND ND
T19 62.6 151.2 >160 ND ND ND ND
T19-1 1.5 3.2 164.6 >320 >320 >320 213.9
T19-2 74.7 >320 >320 ND ND ND ND
T26 27.4 32.4 148.7 114.4 177.2 44.2 104.6
Akt1/2 ND ND ND 10.2 29.6 ND ND
Staurosporine ND ND ND ND ND 2.6 0.008

Inhibitory effects were investigated up to chemical concentrations of 320 mmol/L and ICso values were calculated for each of the chemicals.
PKA, protein kinase A; PDGFRp, platelet-derived growth factor receptor f; ND, not determined.
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MiaPaca-2 and PCI66 cells (Fig. 3a—c). Moreover, immunofluo-
rescence analysis of mitotic cells revealed that T26-treated cells
were either in prometaphase or metaphase (Table 3). These
observations indicate that T26 induces G,/M arrest, particularly
at metaphase. Cdc25C regulates G,/M entry and its inactivation
by phosphorylation results in G,/M arrest.*> T26 treatment
increased the amount of phosphorylated Cdc25C and decreased
the amount of total Cdc25C (Fig. 4). Similarly, Pim-3 shRNA
increased the amount of phosphorylated Cdc25c¢ and decreased
the amount of total Cdc25c (Fig. 5a). Consistent with these
observations, Pim-3 shRNA increased the proportion of cells
present in the G,/M phase and decreased the number of cells in
the Go/G; phase (Fig. 5b). Cell cycle analysis revealed that T26

110

treatment increased the proportion of the cells in sub-G; phase
(Fig. 3), suggesting that apoptosis was also accelerated by T26
treatment. Indeed, T26 increased the proportion of both early
apoptotic (annexin V-positive and PI-negative) and late apopto-
tic (annexin V-positive and PI-positive) cells 24 h after the
treatment (Fig. 6). Consistent with previous observations,” Bad
was constitutively phosphorylated at Ser''? in both cell lines
(Fig. 4), but not at Ser'®® or Ser!3 (data not shown). T26 dimin-
ished the amount of p-Ser''*-Bad in these cell lines 24 h after
the treatment, but had no effect on the amount of total Bad and
Pim-3 (Fig. 4). Concomitantly, T26 decreased Bcl-X;, but
increased cytochrome ¢ and cleaved caspase-3 with little effect
on total caspase-3 after 24 h treatment (Fig. 4). Collectively,
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© 2011 Japanese Cancer Association



Table 3. Effects of T26 (20 pmo/L) on mitotic cells

Proportion of cells in each phase of mitosis (%)

MiaPaca-2 cells PCl66 cells
Control T26 Control T26

Prophase 15.6 + 0.6 0 145+ 2.0 0
Prometaphase 273 +0.7 57.7+1.9 159+ 1.9 36.0 + 2.3
Metaphase 176 + 1.2 423+ 1.3 26.7+04 640+ 14
Anaphase 85+0.3 0 73+13 0
Telophase 7314 0 83x1.8 0
Cytokinesis 23.6 + 0.7 0 27.4 +2.2 0

At least 40 mitotic cells were evaluated each time (see Materials and
Methods).Data show the mean = SD calculated from three independent
experiment.

these observations suggest that T26 can prevent the phosphory-
lation of Bad, decrease Bcl-X;, and eventually induce apoptosis
and that these effects are dependent on cytochrome c¢ and
caspase-3.

Effects of T26 on tumor growth in vivo. Finally, we exam-
ined the effects of T26 on tumor growth in vivo. In the present
study, mice were treated with intraperitoneal injections of T26
starting 14 days after the injection of tumor cells, when the
tumors became palpable. Vehicle-treated animals exhibited pro-
gressive tumor growth, whereas T26 treatment markedly
retarded tumor growth (Fig. 7a). The tumor disappeared in one
of seven mice receiving T26 treatment. Moreover, T26 signifi-
cantly decreased the number of PCNA-positive proliferating
cells (Fig. 7b,c) and increased the number of cleaved caspase-3-
positive cells in the tumor (Fig. 7d,e). Furthermore, CD31-posi-
tive vascular areas were significantly reduced by T26 treatment
compared with vehicle treatment (Fig. 7f,g). All mice tolerated
T26 well, as evidenced by the absence of any loss in appetite
(data not shown) or body weight (Fig. Sla). Treatment with T26
had no effect on serum levels of ALT, AST, BUN, and creati-
nine or on blood glucose levels (Fig. S1b—f) and did not signifi-
cantly decrease erythrocyte, platelet, and leukocyte numbers
(Fig. S1g—i). Thus, T26 treatment retarded tumor growth in vivo
by reducing cell proliferation and augmenting the apoptosis of
tumor cells without having serious adverse effects on liver and
renal function or on the blood count.

Discussion

Pim-3, a proto-oncogene with serine/threonine kinase activity,
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incubated with T26 or 0.1% dimethyl sulfoxide (DMSO) for the times indicated. The proportion of apoptotic cells was determined as described
in the Materials and Methods. Representative results from five independent experiments are shown. (c,d) The proportion of annexin V-positive

cells was determined and is shown as the mean + 1SD (n = 5).

tion of Pim-3 expression can cause apoptosis of human pancre-
atic and colon cancer cells by inactivating the pro-apoptotic
molecule Bad.”"® Hence, we instigated a search for chemicals
that could inhibit Pim-3 for the treatment of pancreatic cancer
and identified the phenanthrene derivative T26 as a Pim-3 inhib-
itor, which is totally different from other Pim kinase reported
previously. An Akt inhibitor can inhibit Akt kinase activity in a
cell-free system and Akt-mediated 1ntrace11u1ar signaling path-
ways at micromolar concentrations.? S1m11arly, T26 inhibited
both Pim-3 kinase activity in a cell-free system and in vitro cell
proliferation of human pancreatic cancer cell lines at micromo-
lar concentrations, although most kinase inhibitors inhibit kinase
activity in a cell-free system at nanomolar concentrations.
Knockdown of Pim-3 kinase reversed the changes caused by
T26, whereas forced expression of the Pim-3 gene reversed
T26-induced inhibition of cell proliferation. The Pim-1 protein
was not detected in the human pancreatic cancer cell lines we
examined in the present study; thus, T26 inhibits the in vitro
proliferation of cancer cells by inhibiting Pim-3.

We recently demonstrated that the stemonamide intermediate
T-2 can inhibit Pim-3 act1v1ty in a cell-free system and pancre-
atic cancer cell growth in vitro and in nude mice.'* In the pres-
ent study, T26 inhibited Pim-3 and Pim-1 with a similar
potency, but only weakly inhibited Pim-2 activity, in contrast
with T-2, which inhibited these three kinases with a similar
potency. Moreover, T26 promoted apoptosis of human pancre-
atic cancer cells, together with reduced phosphorylation of Bad,
enhanced expression of cytochrome ¢, and enhanced generation
of cleaved caspase-3, as observed for T-2. T26 inhibited human
pancreatic cancer cell growth in nude mice more efficiently than
T-2 and the tumor disappeared in one of seven mice treated with
T26. Finally, T26 did not produce any severe adverse effects.
Thus, T26 may be a good lead compound in the development of
molecular targeting drugs for the treatment of pancreatic cancer
with enhanced Pim-3 kinase activity. ™

In transgenlc mice that express human Pim-3 cDNA selec-
tively i 1n the liver, cell cycle progression in hepatocytes is accel-
erated,” suggesting a potential role for Pim-3 in cell cycle
progression. Indeed, all Pim kinase members can bind to and
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phosphorylate the CDK inhibitor p27 at its threonine residues
and induce the binding of p27 to 14-3-3 protein, resultmg in its
nuclear export and proteasome-dependent degradation.®> More-
over, Pim-1 can promote cell cycle progression by phosphorylat-
ing and modulating the functions of the molecules involved in
cell cycle progression, particularly those involved in G,/M
phase transition, such as Cdc25A, cyclin D1- assomated kmas-
) Cdc25C-associated kinase 1 (C- TAKl) ) and p21
leen a high sequence identity between Pim-1 and Pim-3 in
their kinase domains, Pim-3 can also modulate these molecules.
Thus, the inhibitory effects of T26 on cell cycle progression
may be ascribed to its effects on Pim-3. This notion is further
supported by our observations that Pim-1 protein was not
detected in the human pancreatic cancer cell lines we used in
the present study.

Several groups have claimed that another serine/threonine
kinase, namely Akt, may be a good target molecule for the treat-
ment of various cancers because Akt/PKB protein kinases can
phosphorylate a similar set of proteins, including Bad, as Pim
kinases and eventually promote the growth and survival of
tumor cells.*" Indeed, the Akt inhibitor GSK690693 exhibited
potent antitumor activity in preclinical animal experlments.m)
The genetic disruption of each Akt kinase gene results in severe
phenotypic changes, such as neonatal mortality, severe growth
retardation, and reduced brain size,”*=" and Akt2 inhibition
induces severe hyperglycemia.*" This may preclude the use of
Akt inhibitors for the treatment of pancreatic cancer, which is
often complicated by hyperglycemia.” In contrast, T26
decreased tumor growth without inducing hyperglycemia. Thus,
cancer patients with hyperglycemia may tolerate a Pim-3
inhibitor better than an Akt inhibitor.

The crystal structure of Pim-3 has not yet been established, but
those of Pim-1 and Pim-2, which show high sequence similarity
with Pim-3, have been reported (32739 These studies revealed the
presence of a unique hinge region that connects the two lobes of
the protein kinase domain. As a result, ATP binds to Pim kinases
in fundamentally different ways from how it binds to other protein
kinases.**”* Thus, it may be feasible to develop a compound that
selectively inhibits Pim kinases and not other serine/threonine

doi: 10.1111/j.1349-7006.2011.02117.x
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Fig. 7. Effects of T26 on in vivo tumor growth. Fourteen days after nude mice had been injected with 2 x 10° PCI66 cells, T26 treatment was
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*P < 0.05, **P < 0.01.

kinases.*> Indeed, several groups have reported small-molecule
inhibitors acting selectively on Pim kinases, 1nclud1ng flavonol
quercetargetin,®® imidazole[1,2-b]pyridazines,®”*® bezylind-
ene-thiazolidine-2,4-dione, %" 40 pyrrolo|'22 3- a]carbazole,(4 ) and
stemonamide synthetic intermediates.'® Herein, we add the
phenanthrene derivative T26 to this list.

A deficiency in the Pim-1 gene specifically reduces the inter-
leukin-3-dependent growth of bone marrow-derived mast

Wang et al.

cells,*? whereas loss of the Pim-2 gene specifically impairs the
growth and survival of T lymphocytes in the presence of
the mammahan target of rapamycin (mTOR) inhibitor rapamy-

n.“? Pim-3, but not Pim-1 or Pim-2, can increase protein
synthesm by inhibiting AMP-dependent protein kinase.“**
Together, these observations suggest that each Pim kinase plays a
non-redundant role in various conditions. This assumption may
account for our observations that forced expression of Pim-3, but
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not Pim-1, reversed the growth inhibitory effects of T26. Thus, a
specific inhibitor against each Pim family member may be
required. Several Pim kinase 1nh1b1t0rs potently inhibit Pim-1 but

only weakly inhibit Pim-

2;66:3741 of these inhibitors, only the

effects of pyrrolo[2,3-aJcarbazole on Pim-3 have been examined
and it was shown that this compound inhibits Pim-3 and Pim-1

with a comparable potency.
peptide substrate identity between Pim-1 and Pim-3,°

) Given an extraordlnanly similar
)it may be

difficult to obtain an inhibitor that is specific for either Pim-1 or
Pim-3 kinase. Hence, it remains to be investigated whether a spe-
cific inhibitor against each Pim family member will provide any
therapeutic advantage over a multi-Pim kinase inhibitor.
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