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PIM-1—specific mAb suppresses human and
mouse tumor growth by decreasing PIM-1
levels, reducing Akt phosphorylation,
and activating apoptosis
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Provirus integration site for Moloney murine leukemia virus (PIM1) is a proto-oncogene that encodes a serine/
threonine kinase with multiple cellular functions. Overexpression of PIM-1 plays a critical role in progression
of prostatic and hematopoietic malignancies. Here we describe the generation of a mAb specific for GST-PIM-1,
which reacted strongly with most human and mouse cancer tissues and cell lines of prostate, breast, and colon
origin but only weakly (if at all) with normal tissues. The mAb binds to PIM-1 in the cytosol and nucleus as well
as to PIM-1 on the surface of human and murine cancer cells. Treatment of human and mouse prostate cancer
cell lines with the PIM-1-specific mAb resulted in disruption of PIM-1/Hsp90 complexes, decreased PIM-1
and Hsp90 levels, reduced Akt phosphorylation at Ser473, reduced phosphorylation of Bad at Ser112 and
Ser136, and increased cleavage of caspase-9, an indicator of activation of the mitochondrial cell death pathway.
The mAb induced cancer cell apoptosis and synergistically enhanced antitumor activity when used in combina-
tion with cisplatin and epirubicin. In tumor models, the PIM-1-specific mAb substantially inhibited growth
of the human prostate cancer cell line DU145 in SCID mice and the mouse prostate cancer cell TRAMP-C1
in C57BL/6 mice. These findings are important because they provide what we believe to be the first in vivo

evidence that treatment of prostate cancer may be possible by targeting PIM-1 using an Ab-based therapy.

Introduction

Provirus integration site for Moloney murine leukemia virus (PIM-1),
a proto-oncogene encoding a serine/threonine protein kinase, has
multiple cellular functions involved in cell survival, proliferation,
differentiation, apoptosis, and tumorigenesis (1, 2). Overexpres-
sion of PIM-1 is linked to the development and progression of sev-
eral hematopoietic malignancies and prostate cancer (3, 4). Pim-1
was originally identified as a preferential proviral integration site
in Moloney murine leukemia virus-induced T cell lymphomas (5)
and the first described member of the Pim family, which includes
2 other serine/threonine kinases Pim-2 and Pim-3 (6). The murine
Pim1 gene encodes 2 isoforms with molecular weights of 33 and
44 kDa, respectively (7). There is 94% identity between human and
murine Pim-1 (8). The translation of the 44-kDa Pim-1 in mice is
initiated at a nonconventional start codon CUG, which is not pres-
ent in an optimal Kozak consensus context in human PIMI gene
(7). However, recent studies show that human PIM1 gene, like its
murine counterpart, encodes 2 isoforms with molecular weights of
33 and 44 kDa, respectively (7, 9). In particular, the 44-kDa PIM-1
is translated efficiently and significantly upregulated in human
prostate cancer cell lines as well as human prostate tumors (9).
PIM-1 kinase activity is found in the cytoplasmic and nuclear frac-
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tions as well as in the membrane of the cells (7, 9). The subcellular
localization of the 44-kDa PIM-1 is primarily on the plasma mem-
brane, while the 33-kDa isoform is present in both the cytosol and
nucleus, suggesting that these 2 isoforms may regulate distinct
signaling pathways in cancer cells (9).

During embryonic development, PIM-1 is highly and specifically
expressed in liver, spleen and bone marrow in typical hematopoi-
etic progenitors (4), neonatal heart (10), central nervous system at
specific stages (11), and mammary gland (12). In contrast, PIM-1
is only slightly expressed in circulating granulocytes at the adult
stage (4). The expression of Pim-1 during development and its sub-
sequent shut off in adult tissues suggests that its untimely overex-
pression may contribute to malignant transformation. Enforced
expression of Pim-1 in transgenic mice leads to enhanced lympho-
proliferation and inhibition of apoptosis (13). Increased expres-
sion of Pim-1 in lymphoid cells by transgenesis underscored its
oncogenic potential (7). PIM-1 overexpression in prostate cancer
was identified by cDNA microarray and immunochemical stain-
ing (3). Upregulation of PIM-1 was demonstrated in premalig-
nant lesion and prostatic adenocarcinoma compared with benign
prostatic epithelium (3, 14). Altered expression of PIM-1 kinase
correlated significantly with poor outcome (15). PIM-1 may par-
ticipate in deregulation of cell growth in prostate cancer through
hormone-independent activation of androgen receptor, a typical
characteristic of advanced prostate cancer that offers poor progno-
sis (16). Overexpression of PIM-1 was also found in oral squamous
cell carcinoma (17) and in various human leukemias such as B cell
lymphomas, erythroleukemias, and acute myelogenous leukemia
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Characterization of anti-PIM-1 mAb. (A) Specific binding of mAb P9 with GST-PIM-1 was shown with ELISA, using tissue culture supernatant of
mAb. Recombinant GST-Muc1 and anti-murine Muc1 mAb M30 (IgM subclass) were used as antigen and isotype matched control, respectively.
(B) Inhibition of cancer cell growth using mAb P3, P4, P5, P6, P8, P9, and P10, at 10 ug/ml for 72 hours of incubation, is shown as percentage
of control in [3H]-thymidine incorporation (inc.) of prostate (DU145, PC3), colon (LS174T), and breast (MCF7) cancer cells. Anti-MUC1 mAb BC3
was used as a control. Columns show means of triplicate experiments as percentages compared with medium control; bars represent + SD. (C)
Percentage of control in [2H]-thymidine incorporation of DU145 prostate cancer cells in the presence of mAb P4, P9, and P10 at concentrations
of 5-30 ug/ml for 72 hours. Values (mean + SD) represent the mean value derived from triplicate experiments.

(4, 18, 19). PIM-1 was reported to cooperate with the antiapop-
totic protein Al in BCR/ABL-mediated leukemogenesis (20).
These observations further support the hypothesis that PIM-1
is important in prostatic and hematopoietic carcinogenesis and
tumor progression.

The expression of PIM-1 is induced by multiple cytokines,
including SCF, G-CSF, IFN-y, GM-CSF, IL-2, -3, -6, -7, and prolac-
tin, through activation JAK/STAT signaling pathways (2). In addi-
tion, PIM-1 itself can negatively regulate the JAK/STAT pathway
by binding to SOCS proteins, a group of negative regulators of
STAT activity (21). PI3K and its downstream effector AKT are also
involved in regulation of Pim-1 expression (22, 23). Hsp90 is coor-
dinately regulated with PIM-1 and is responsible for the stabiliza-
tion and function of PIM-1 (24, 25). PIM-1 is able to phosphorylate
itself (26, 27) through its recently identified novel autophosphory-
lation site that diverges from its consensus phosphorylation motif
(28). Several substrates of PIM-1 have been identified, including
p21Cip1/WAF1 (29, 30), Cdc25A (31), PTPU2 (32), NuMA (33),
C-TAK1 (34),and Cdc25C (35), indicating PIM-1 is involved in the
cell proliferation at both G;/S and G,/M transition. PIM-1 also
contributes to the regulation of cell apoptosis and antiapoptotic
activity (32, 36, 37). A direct effect of PIM-1 on the antiapoptotic
pathway was demonstrated by its association with and phosphory-
lation of Bcl-xL/Bcl-2-associated death promoter (Bad), which isa
proapoptotic member of the Bcl-2 family and capable of forming
heterodimers with Bcl-2 or Bcl-xL. This association releases BAX
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and BAK from Bcl-2 and Bcl-xL heterodimers and allows BAX and
BAK to aggregate in the mitochondrion membrane, leading to
release of cytochrome ¢ and activation of caspase-9 (38). PIM-1
binds, phosphorylates, and inactivates Bad, both in vitro and
invivo, on Ser112, a gatekeeper residue for its activation and apop-
totic resistance (39, 40). PIM-1 also phosphorylates Bad at Ser136
and Ser15S5, which assists in inactivation of Bad proapoptotic
activity (40, 41). Recent studies demonstrated that the 44 kDa
plays a more prominent role in antiapoptosis signaling and pro-
motes drug resistant activity in the cancer cells (9, 42). The find-
ings support the idea that PIM-1 is a potential tumor target for
therapeutic development (43). In this paper, we provide the first
evidence to our knowledge that the anti-PIM-1-specific mAb gen-
erated in our laboratory can directly bind to the cell surface-asso-
ciated PIM-1, inhibit tumor growth in vitro and in vivo, and syn-
ergistically enhance cytotoxic effect in combination with drugs.
The antitumor activity of the mADb was correlated with decreased
PIM-1 expression, Akt phosphorylation, and dephosphorylated
Bad as well as activation of caspase-9, an indicator of activation of
mitochondrial apoptosis pathway.

Results

Characterization of PIM-1 mAb. A number of hybridomas were gen-
erated after fusion of murine myeloma cells NS1 with spleen cells
from the mouse immunized by glutathione-S-transferase-PIM-1
(GST-PIM-1). Ten anti-PIM-1 mAbs producing hybridoma
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clones (P1-P10) were identified by ELISA. The mAbs specifically
reacted with GST-PIM-1 and did not react with irrelevant murine
GST-Mucl, while anti-Mucl mAb M30 had a reaction with GST-
Mucl1 but not with GST-PIM-1 (Figure 1A). The mAbs were next
screened for growth inhibitory activity using [3H]-thymidine
incorporation assay in human prostate cancer DU145 and PC3,
colon cancer LS174T, and breast cancer MCF7 cell lines (Figure
1B). At the concentration of 10 ug/ml, P4 and P9 showed more
than 55% inhibition of proliferation, while other anti-PIM-1 mAbs
showed less than 30% inhibition of proliferation (Figure 1B). BC3,
an anti-human MUC1 mAb (IgM subclass), was used as control
mAD, showed around 10% of cell growth inhibition in the tested
cancer cell lines (Figure 1B). The inhibition was dose dependent,
as it was increased from 57% and 73% to 82% and 93% when the
concentrations of P4 and P9 were increased from 5 to 30 ug/ml,
respectively, in DU145 cells (Figure 1C). In contrast, P10, a repre-
sentative of noninhibitory mAb at 30 ug/ml, only inhibited 9% of
[*H]-thymidine incorporation of DU145 cells. The results indicated
that P4 and P9 induced a specific inhibitory effect on cancer cell
growth. The specificity of mAb P9 to PIM-1 has also been verified
in previous studies (25, 33-35) in which P9 immunoprecipitated a
protein of the correct molecular weight from cells transfected with
a FLAG-tagged PIM-1 but not from the cells transfected with vec-
tor only. The precipitated molecule was reactive with anti-FLAG
M2. The molecule, immunoprecipitated by P9 in K562, U937 (TPA
treated), or Hela cells, was also detected by mAb 19F7, a commer-
cially obtained anti-PIM-1 mAb or polyclonal anti-PIM-1 Ab.
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Figure 2

Immunohistochemical staining and Western blot of P9 in tissues and
cell lines. Immunohistochemical staining of normal mouse IgM (A)
and P9 (B) in prostate cancer cells DU145, and immunoperoxidase
staining of P9 in formalin-fixed tissues of human (C) and mouse (D)
prostate cancers, normal human colon (E) and colon cancer (F), and
normal lung (G) and lung cancer (H), respectively, are shown. Origi-
nal magnification, x400. (I) The western blot analysis of P9 binding to
PIM-1 protein in cancer cell lysates shows that P9 reacted with 44-,
33-, and 37-kDa isoforms of PIM-1 in various cancer cell lines, includ-
ing prostate (PC3, DU145), breast (MCF7), colon (LS174T), and lung
cancer (Ben), leukemia (U937, CCRF/CEM, CEM/A7R), and murine
prostate cancer (TRAMP-C1). The cell lysates were run on 4%—12%
gradient SDS-PAGE gel. The samples were run on same gel but were
noncontiguous as indicated by the white lines.

These results strongly indicated that P9 specifically reacted with
PIM-1. In this study, we focused on P9 and P4 to investigate their
potential inhibitory effects on cancer therapy and on the possible
mechanisms involved.

Reaction of PIM-1 mAb with cancer cells and tissues. Immunoper-
oxidase staining demonstrated that P9 specifically reacted with
DU145 cells, while normal mouse IgM did not (Figure 2, A and B).
The staining was mainly located in cytosol and nucleus (Figure
2B). Similar patterns of P9 staining were observed in human PC3,
CEM/A7R, and MCF7 cancer cell lines, and murine TRAMP-C1
prostate cancer (data not shown). Further examination of P9 in
various human cancer tissues demonstrated that P9 reacted with
most tested formalin-fixed prostate (Figure 2C), colon (Figure 2F),
lung (Figure 2H), and breast and melanoma cancer tissues (data
not shown) but did not react or reacted weakly with their normal
counterparts (Figure 2, E and G). P9 also reacted with murine pros-
tate cancer tissues (Figure 2D), indicating that P9 cross-reacted
with murine Pim-1. In reactive cancer cells, the staining was mainly
in the cytoplasm as well as nucleus (Figure 2, C, F, and H). The
specific staining of P9 was also examined by Western blot analysis
in various cancer cell lines. P9 deferentially reacted with 44- and
33-kDa isoforms of PIM-1 as previously reported (1, 2, 7, 9) and
also with a 37-kDa PIM-1 (see Discussion) in prostate (PC3,
DU145), breast (MCFE7), colon (LS174T), lung (Ben), and leuke-
mia cancer cell lines (CCRF/CEM, CEM/A7R) as well as murine
prostate cancer cell line (TRAMP-C1), but it hardly reacted with
leukemia cell line U937 (Figure 2I). The results further confirmed
the specificity of P9 used in the immunohistochemical staining.

Binding of mAb with cell surface PIM-1 analyzed by flow cytometry, cel-
lular fraction, and transfection. The anti-PIM-1 mAbs were examined
for both cell surface and intracellular binding to PIM-1 using flow
cytometry analysis (Tables 1 and 2). P2, P3, P7, and P8 showed a
high percentage (52%-93.7%) of intracellular staining in MCF?7,
Raji, K562, and NS1 cells. The noninhibitory mAbs, P3, P7, and
P8, showed a higher percentage of intracellular binding than
that of P9 in LOVO (P3, P7, P8, 65%-84% versus P9, 30%; Table 1)
or E3 cells (P3, P7, P8, 18%-27% versus P9, 14%; Table 1). In con-
trast, cell surface staining of the anti-PIM-1 mAb tested by indi-
rect immunofluorescence was much weaker than that tested by
intracellular staining. Compared with the cell surface binding
among the PIM-1 mAbs and the examined cell lines, a greater per-
centage (27.5%) of P9 was observed in the K562 cells (Table 2). The
results indicate that in addition to cytoplasmic and nuclear expres-
sion, PIM-1 is also expressed on the surface of some cancer cells.
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Table 1
Percentages of intracellular expression of PIM-1 in cancer
cell lines

mAbs MCF7  LOVO Raji K562 E3 NS1
P2 52.0 20.0 69.5 70.9 7.7 76.9
P3 62.0 65.0 93.7 88.5 27.0 66.6
P7 65.0 84.0 86.9 83.1 24.0 53.9
P8 60.0 82.0 NT NT 18.0 NT
P9 66.0 30.0 90.8 91.9 14.0 91.3
BC3 88.0 89.0 98.9 79.8 77.0 94.6
PBS 1.1 0.8 0.7 0.6 0.9 0.3

Percentages were derived from flow cytometry testing of cancer cell
lines using anti-PIM-1 mAbs. NT, not tested.

We believe this has not been previously reported, although PIM-1
activity was demonstrated in the cell membrane fraction or inner
leaflet of the membrane (7, 9). To confirm the finding, we per-
formed the following 5 experiments: (a) P9 was directly conjugated
with FITC and used in flow cytometry. The FITC-conjugated P9
did not react with Raji (Figure 3A), weakly reacted with U937 (Fig-
ure 3B), and strongly reacted with K562, PC3, DU14S5, and LNCaP
(Figure 3, C-F). In contrast, FITC-conjugated normal mouse IgM
(mIgM), as a negative control, did not react with any tested cancer
cell line, and FITC-conjugated anti-MUC1 mAb BC3, as a positive
control, strongly reacted with K562, PC3, DU145, and LNCaP cells
as expected (Figure 3, C-F). (b) Immunofluorescence microscopy
also showed linear or clustered cell surface staining by FITC-con-
jugated P9 in DU145 and TRAMP-C1 prostate cancer cells (Figure
3, G and H). The results clearly showed that PIM-1 indeed existed
on the cancer cell surface. (c) Furthermore, the specific binding
of P9 to cell surface PIM-1 was confirmed by biotinylation of cell
surface protein. The PC3 cells were labeled with Sulfo-NHS-LC-
Biotin, lysed, and precleared by BC3, then immunoprecipitated by
P9 and resolved in Western blot. Indeed, the 44-, 33-, and 37-kDa
molecules were detected by streptavidin-HRP in the immunopre-
cipitate of P9 (Figure 31, lane 1). The blot was also probed by P9
and detected by anti-mouse Ig-HRP (Figure 31, lane 2), and the
bands with similar molecular weights were also visualized. (d) To
confirm the localization of PIM-1 on the cell membrane, subcel-
lular fractions of DU145 cells were prepared and examined by P9
and rabbit anti-PIM-1 Abs (Figure 3]). The purity of each fraction
was examined using cellular marker Abs such as anti-EGFR (as a
cell membrane marker), anti-lamin A (as a nuclear marker), and
anti-actin (as a cytosol marker) as shown in Figure 3] (blots iii-v).
Rabbit anti-PIM-1 Ab reacted with 33- and 44-kDa of PIM-1 in
the cell membrane and all other subcellular fractions (Figure 3],
blot i, lanes 1-4). Similar reactions were also observed with P9 in
the same striped blot membrane (Figure 3], blot ii, lanes 1-4). The
results demonstrated that, apart from cytosol and nuclear frac-
tions, PIM-1 is localized in the cell membrane and is specifically
recognized by anti-PIM-1 mAb P9. (e) To further define the cell
surface localization of the Pim-1 protein, a FLAG-tagged PIM-1
protein was expressed in CHOP cells, which have been used in the
transient transfection for efficient expression of cell surface mol-
ecules (44). The specificity of mAb P9 binding to PIM-1 located on
the cell surface was examined by immunofluorescence microscope
(Figure 3, K-N) and flow cytometry (Figure 3, O and P). A linear
fluorescence staining with anti-FLAG mAb M2 was shown on the
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cell surface of CHOP cells transfected with pBK-PIM-FLAG (Figure
3K) but not on the surface of CHOP cells transfected with pBK-
CMV vector (Figure 3L). Similar cell surface fluorescence stain-
ing of PIM-1 by anti-PIM-1 mAb P9 was also observed in CHOP
cells transfected by pBK-CMV-PIM-1-FLAG (Figure 3M) but not
by vector only (Figure 3N). Flow cytometric analysis of cell surface
binding of PIM-1 demonstrated that M2 and P9 reacted with pBK-
CMV-PIM-1-FLAG transfected CHOP cells but not with pBK-CMV
transfected CHOP cells (Figure 3, O and P). When mouse IgM was
used in flow cytometry as a control Ab, no reaction was observed
(Figure 3, O and P). The results further confirmed the specific
binding of P9 with cell surface expressed PIM-1. Thus, the data
demonstrate that PIM-1 is indeed located in the outer leaflet of the
plasma membrane and accessible by mAb. The results extend Xie
etal’s finding of plasma membrane localization of PIM-1 (9).
Anti-PIM-1 mADb synergistically inhibited growth of drug resistant cells.
The membrane location of PIM-1 has been reported to confer
prostate cancer cell drug resistance as a result of direct interaction
with tyrosine kinase Etk on the plasma membrane (9). The 44-kDa
PIM-1 competes with tumor suppressor p53 for binding to Etk,
activates Etk kinase activity or phosphorylates BCRP/ABCG2 (42),
and protects human prostate cancer cells from apoptosis induced
by chemotherapeutic drugs (9, 42). Knockdown PIM-1, using PIM1
siRNA, inhibited PIM-1 expression and sensitized the cancer cells
to chemotherapeutic drugs doxorubicin or mitoxantrone (9). Cis-
platin and epirubicin are important chemotherapy drugs used in
the treatment of patients with hormone-resistant prostate cancer
(45, 46). Apoptosis in cancer cells is recognized as a critical pro-
cess that contributes to their drug sensitivity and drug resistance
(47), a major obstacle in the management of prostate cancer. It
was of interest to determine whether such binding of PIM-1 with
Etk could be interrupted by P9 binding to PIM-1 and restore the
drug sensitivity. Two-way ANOVA is frequently used to statisti-
cally determine whether 2 agents act synergistically when eliciting
a biological response (48, 49). By using this analysis, we have previ-
ously demonstrated the synergistic effect of 2 different drugs or
a combination of mAb and drugs in overcoming drug resistance
(50, 51). In this study, we used the same strategy to examine the
impact of combining anti-PIM-1 mAb and drugs on inhibition
of DU14S cancer cell growth (Figure 4). As shown in Figure 4A,
the interaction among various combinations of P9 and cisplatin
was examined and analyzed statistically by 2-way ANOVA on the
results of inhibition of [3H]-thymidine incorporation of DU145
cells. There was a statistically significant synergistic interaction

Table 2
Percentages of cell surface expression of PIM-1 in cancer
cell lines

mAbs MCF7  LOVO Raji K562 E3 N$S1
P2 3.7 17 2.4 4.6 1.1 4.0
P3 9.8 3.1 3.9 21.0 4.0 7.9
P7 12.2 3.9 7.5 24.8 9.1 14.6
P8 10.0 2.7 NT NT 71 NT
P9 71 4.2 8.5 27.5 10.7 17.6
BC3 96.6 4.9 0.7 8.2 2.2 NT

PBS 05 0.1 0.3 0.54 0.2 0.3

Percentages were derived from flow cytometry testing of cancer cell
lines using anti-PIM-1 mAbs.
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Detection of cell surface PIM-1 by P9. (A—F) The flow cytometry analysis of cancer cells shows binding of FITC-conjugated P9 (P9-FITC), FITC-
conjugated BC3 (BC3-FITC), and FITC-conjugated migM (mIgM-FITC) with cells from the following cancer cell lines: Raji (A), U937 (B), K562
(C), PC3 (D), DU145 (E), and LNCaP (F). (G and H) Immunofluorescence staining of FITC-conjugated P9 with DU145 (G) and TRAMP-C1 (H)
shows linear or clustered cell surface staining of cancer cells. Original magnification, x400. (I) Immunoblots of biotinylated cell surface PIM-1
immunoprecipitated by P9 and detected by streptavidin-HRP (lane 1) and by P9/anti-mouse Ig-HRP (lane 2) in PC3 cancer cells. (J) Western blot
analysis of cell membrane (lane 1), cytosol (lane 2), nuclear cellular fraction (lane 3), and total lysate (lane 4) prepared from DU145 cells, using
a cellular fraction kit, and run on 10% SDS-PAGE, immunoblotted, and detected by rabbit anti-PIM-1 (i), P9 (ii), anti-EGFR (iii), anti-lamin A (iv),
and anti-actin (v) Abs. (K-N) Immunofluorescence of CHOP cells transfected with pBK-CMV-PIM-1-FLAG in chamber slides for 48 hours shows
linear staining in the cell surface detected by anti-Flag M2 Ab (K) and P9 (M), respectively, but not in the cells transfected with pBK-CMV vector
(L and N). Original magnification, x400. (O and P) The flow cytometry analysis of CHOP cells transfected with pBK-CMV vector or pBK-CMV-
PIM-1-FLAG for 48 hours shows M2 (O) and P9 (P) reacted with CHOP cells transfected by pBK-CMV-PIM-1-FLAG (red line) but not reacted
with CHOP cells transfected by pBK-CMV vector only (shadowed). Normal mouse IgM was used as negative control (dotted blue line).

(P <0.05,P <0.001) with the combination of P9 and cisplatin (Fig-
ure 4A), in particular at around ICs, i.e., at the ranges of 2.5-5 ug/
ml of P9 and 0.0938-0.1875 ug/ml of cisplatin. For example, there
was 72.3% and 49.7% of inhibition, respectively, when S ug/ml P9
and 0.0938 ug/ml cisplatin were used alone. In contrast, the inhib-
itory effect was synergistically increased to 81.3% when they were
used together at the same concentrations (Figure 4A, P < 0.001).
The inhibitory effects of combinations of P9 and epirubicin (Fig-
ure 4B), P4 and cisplatin (Figure 4C), and P4 and epirubicin (Figure
4D) were examined on DU14S cells at lower concentration of each
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mADb (< 3.1 ug/ml). Similar synergistic effects were also obtained
in combinations of P9 with epirubicin (Figure 4B, P < 0.01 and
P < 0.001), P4 with cisplatin (Figure 4C, P < 0.001), and P4 with
epirubicin (Figure 4D, P < 0.05 and P < 0.001).

Apoptosis induced by anti—PIM-1 mAb. PIM-1 positive human leu-
kemia CEM/A7R, a multidrug resistant cell line (52), was chosen
in the study, as it was a good target to examine mAb-induced
apoptosis (51). The CEM/A7R cells were incubated with 15 ug/ml
of P4 or P9 for 24, 48, or 72 hours, and the surviving cells were
counted using trypan blue dye exclusion assay. As shown in Fig-
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cisplatin (Cis), (B) P9 and epirubicin (E), (C) P4 and cisplatin, and (D) P4 and epirubicin for 48 hours of incubation as measured by percentage
of control in [3H]-thymidine incorporation assays is shown. Columns are means of triplicate experiments. Error bars represent + SD in triplicate
experiments. The interactions of various concentrations of anti—PIM-1 mAb with cisplatin and epirubicin were subjected to 2-way ANOVA. There
was a statistically significant synergistic interaction at the concentrations indicated with asterisks in the figure. *P < 0.05; SP < 0.01; #P < 0.001.

ure SA, P4 induced 20%, 77%, and 70%, while P9 induced 30%,
77%, and 90% of cell death, following 24, 48, and 72 hours of
incubation, respectively, indicating that mAb-induced cell death
is time dependent. Induction of cell death by anti-PIM-1 mAb
was also examined in monolayer cells. At 15 ug/ml, P4 and P9
induced 48%-62% of cell death of DU145, PC3, and MCF7 can-
cer cells after 5 days culture (Figure 5B). Little cell death was
observed in these cell lines in the presence of control mAb BC3
under the same culture condition (Figure S, A and B). The early
apoptotic cells induced by anti-Pim-1 mAb were examined by
flow cytometry analysis of annexin V staining in CEM/A7R
cells (53), following 4 hours of incubation with 25 ug/ml P9. P9
induced 6.8% of early apoptotic CEM/A7R cells compared with
1.2% of the cells cultured in medium (Figure S, C and D). The
later apoptotic cells stained by both annexin V and propidium
iodide were 12.4% and 4.0% cultured in the presence of P9 and
medium, respectively. Therefore, there were 19.2% (12.4% + 6.8%)
and 5.2% (4.0% + 1.2%) of annexin V-positive CEM/A7R cells in
the presence or absence of P9, respectively (Figure 5, C and D),
indicating an apoptotic pathway was being activated in cancer
cells by specific interaction of P9 and PIM-1.

6 The Journal of Clinical Investigation

P9 treatment leads to disruption of the Hsp90/PIM-1 complex formation
and reduced PIM-1 levels. Pim-1 is constitutively active; therefore, its
protein levels correlate with kinase activity (25, 54). This means
that control of PIM-1 levels must be necessary to inhibit tumori-
genicity, cell survival, and proliferation. We previously demon-
strated that Hsp90 protects PIM-1 from degradation by forming
Hsp90/PIM-1 complexes (25). We postulate that P9 may function
as a competitor that preferentially interrupts PIM-1 complexing to
Hsp90, which promotes stabilization of PIM-1. This would lead to
decreased stability, resulting in decreased PIM-1 levels, and eventu-
ally lead to growth inhibition. To demonstrate whether this is the
case, TRAMP-C1 cells were treated with 25 ug/ml P9 for 3 and 6
hours, lysed, coimmunoprecipitated, and Pim-1 and Hsp90 lev-
els were evaluated by Western blot. In cells that were not treated
with P9, Hsp90 was immunoprecipitated with Pim-1 by P9 mAb
and Pim-1 was immunoprecipitated with Hsp90 by Hsp90 mAb
(Figure 6A). Treatment of the cells with P9 mADb decreased the lev-
els of Hsp90 proteins pulled down with Pim-1 in a time-depen-
dent manner, detected by anti-Hsp90/anti-mouse HRP (Figure
6A, top panels). Furthermore, P9 treatment caused decrease of
44-,37-,and 33-kDa Pim-1 in the anti-Hsp90 immunoprecipitated
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Detection of apoptosis induced by P9. (A) The percentage of CEM/A7R cells was calculated from the number of CEM/A7R cells cultured in the
presence of 15 ug/ml P4 or P9 divided by the number of the cells cultured in the absence of P4 or P9 for 24, 48, and 72 hours, respectively. (B)
The percentage DU145, PC3, and MCF7 cells was calculated from the numbers of DU145, PC3, and MCF7 cells cultured in the presence of
15 ng/ml P9 divided by the numbers of DU145, PC3 and MCF?7 cells in the absence of P9 for 5 days, respectively. Columns show mean + SD
of triplicate experiments as percentage compared with control. (C and D) Flow cytometry analysis of annexin V (AV) and propidium iodide (PI)
dual staining of apoptotic CEM/A7R cells after 4 hours incubation with (C) medium or (D) 25 ug/ml of mAb P9. Numbers within the plots denote

percentage of cells in each quadrant.

complexes, detected by P9/anti-mouse Ig-HRP (Figure 6A, mid-
dle left panel). In P9 immunoprecipitates, 44-kDa Pim-1 but not
33-kDa Pim-1 was decreased by P9 treatment, as detected by prob-
ing with P9/anti-mouse Ig-HRP (middle right panel, Figure 6A).
This could be due to the less efficient binding of Protein L Gel to
the k chain of mouse IgM to immunoprecipitate PIM-1 compared
with the Protein G-Agarose binding to the Fc of IgG to immu-
noprecipitate Hsp90. Indeed, further investigation using rabbit
anti-Pim-1 Abs, which have multiple binding sites with higher
affinity for Pim-1 than P9, revealed that P9 treatment caused a
decrease of 44- as well as 33-kDa Pim-1 in the Pim-1/Hsp90 com-
plexes, immunoprecipitated by either anti-Hsp90 or P9 (Figure
6A, bottom panels), indicating P9 interferes with the association
of Pim-1 and Hsp90, leading to a decrease of their protein levels
in a time-dependent fashion (Figure 6A). Furthermore, we also
demonstrated that P9 reacted with 44-, 33-) and 37-kDa isoforms
of PIM-1 in DU145 cell lysates. The levels of PIM-1 were slightly
declined after 1 hour of treatment with P9, markedly reduced after
3 hours, and almost abolished after 6 hours of P9 treatment. Simi-
lar results were also demonstrated in PC3 and TRAMP-C1 cells
after 3 hours of treatment with P9 (Figure 6B). These results indi-
cated that treatment of the cancer cell lines with P9 also decreased
total levels of PIM-1 in a time-dependent manner.

The Journal of Clinical Investigation

Inhibition of Akt phosphorylation. Activation of the PI3K/Akt path-
way is involved in regulation of PIM-1 expression under hormone
stimulation (22) and prostate cancer progression (55, 56). How-
ever, Pim-1 overexpression increased Akt expression and phospho-
Akt (Ser473) levels, indicating that there is a feedback mechanism
between the 2 proteins (10). Because the phosphorylation state
of Akt is modulated by binding to Hsp90 (57) and inhibition of
Hsp90 downregulated Akt activity (58), an inhibition of Hsp90
induced by P9 could lead to an inhibition Akt activity. Therefore,
it was expected that decreased PIM-1 levels induced by PIM-1 mAb
might affect Akt and phospho-Akt (Ser473) levels (10). Western
blot analysis of cell lysates from P9-treated DU145 cells demon-
strated that the level of phosphorylation of Akt at Ser473 was
decreased in a time-dependent manner, while the total Akt was
unchanged (Figure 6C). A similar trend was also observed in PC3
and TRAMP-C1 cells treated with 25 ug/ml P9 for 3 hours (Fig-
ure 6C). These results indicate that anti-PIM-1 mAb P9 somehow
mediated the inhibition of the phosphorylation of Akt at Ser473,
without affecting total levels of Akt, although the precise mecha-
nism for this event remains to be elucidated.

Activation of the proapoptotic molecule Bad. PIM-1 phosphory-
lates Bad at Ser112 and also at Ser136 residues, which are also
phosphorylated by Akt. Bad may be a nexus point, upon which
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mulciple signaling pathways converge in PIM-1-mediated cell
survival and antiapoptotic activity. Since P9 leads to a decrease in
PIM-1 levels and Akt phosphorylation, we next examined whether
P9 treatment leads to less phosphorylation of Bad, thus promot-
ing Bad proapoptotic activity. Indeed, P9 treatment resulted in
less Bad phosphorylation at both Ser112 and Ser136 over time in
DU145 cancer cells, without affecting total Bad protein (Figure
6D). Moreover, P9 also resulted in less phosphorylation of Bad at
Ser112 but not at Ser136 in PC3 and TRAMP-C1 cancer cells (Fig-
ure 6D). These results are consistent with the decreased PIM-1 and
Akt levels after P9 treatment, indicating that P9-induced apoptosis
is mediated at least in part through the Bad apoptotic pathway.

Cleavage of caspase-9. Bad phosphorylation protects cells from
apoptotic stimuli and attenuates death pathway signaling by rais-
ing the threshold at which mitochondria release cytochrome ¢ to
cytosol and activate caspase-9 and caspase-3 to induce cell death
(38). Reduced phosphorylation of Bad mediated by P9 could lead
to cytochrome c release from mitochondria and cleavage of cas-
pase-9. We examined cleavage of caspase-9 in mAb P9-treated cells
using Abs specifically reacting with a fragment of cleaved caspase-9
at Asp330 and found that P9 treatment correlated with cleavage of
caspase-9 at Asp330 in a time-dependent manner in DU14S cells.
Similar results were also found with PC3 and TRAMP-C1 cells
after 3 hours of treatment. The results indicate that activation of
the mitochondria/caspase-9 apoptotic pathway is associated with
P9-induced apoptosis (Figure 6E).

PIM-1 knockdown using PIM1 siRNA. To determine whether PIM-1
expression is directly involved in the pathway of PIM-1-mediated
cell survival and the apoptotic response to anti-PIM-1 mAb P9,
PIM-1-expressing prostate cancer cells were treated using HP
Validated PIM1 siRNA for 72 hours. The flow cytometric analysis
demonstrated that the mean value of FITC-conjugated P9 binding
of cell surface expression of Pim-1 was declined from 41.0, 95.0,
and 73.0 to 25.1, 59.0, and 31.0, respectively, in DU145, PC3, and
TRAMP-C1 cells transfected with PIM1 siRNA compared with that
of cells transfected with control siRNA (Figure 7, A-C), indicating
that PIM-1 cell surface expression was substantially reduced. Try-
pan blue dye exclusion showed that transfection with PIM1 siRNA

8 The Journal of Clinical Investigation

Figure 6

Effect of mAb P9 on Hsp90 association with Pim-1 and changes on
the levels and phosphorylation status of relevant proteins in DU145,
PC3, and TRAMP-C1 cells, which were treated with 25 ug/ml P9 for the
time indicated. (A) Western blots (WBs) of immunocomplexes precipi-
tated by anti-Hsp90 mAb (left panel) or P9 (right panel) from P9-treated
TRAMP-C1 cells, demonstrating decreased interaction between Pim-1
and Hsp90 proteins detected by anti-Hsp90/anti-mouse Ig-HRP (upper
row), P9/anti-mouse Ig-HRP (middle row), or rabbit anti-Pim-1 Abs/
anti-rabbit Ig-HRP (bottom row), respectively. (B—E) Western blot anal-
yses (B) for PIM-1 expression, showing that the levels of PIM-1 were
decreased after P9 treatment, and (C) for phospho-Akt, demonstrating
that P9 treatment decreased levels of phospho-Akt at Ser473 without
changing total Akt levels. (D) Western blot analyses showing decreased
levels of phospho-Bad at Ser112 and Ser136 compared with total levels
of Bad and (E) that P9 induced cleavage of caspase-9 at Asp330.

induced 42%, 43%, and 39% of cell death in TRAMP-C1, PC3, and
DU145 cells, respectively, compared with control siRNA (Figure
7D). These results are consistent with those reported recently (30).
Furthermore, to confirm the findings described above (Figure 6,
B-E), Western blot analysis of the DU145 cells following 66 and
78 hours of the PIM1 siRNA transfection demonstrated there was
a reduction of Akt phosphorylation at Ser473 in a time-depen-
dent manner. There was also little change in the total Akt level
compared with the DU145 cells transfected with control siRNA,
demonstrating that the PIM1 siRNA inhibited Akt phosphoryla-
tion at Ser473 (Figure 7E). This is consistent with the finding of a
feedback signaling function between PIM-1 and Akt (10). Knock-
down of PIM-1 expression also decreased Bad phosphorylation at
Ser112 and Ser136 without changes in total Bad, while there was
an increased level of cleaved caspase-9 (Figure 7E). Thus, the results
indicate that the inhibition of PIM-1 by siRNA is responsible for
the inhibition of Akt phosphorylation and dephosphorylation
of Bad and is consistent with the treatment by anti-PIM-1 mAb
P9. The results indicate that it is the PIM-1 reduction, induced by
either anti-PIM-1 mAb or PIM1 siRNA, which interrupted Akt and
Bad signal pathways and eventually led to the cell apoptosis.
Antitumor effect of PIM-1 mAb in mice. The antitumor effect of
PIM-1 mAb in vivo was examined using 2 mouse models (Figure 8).
In a xenograft model, SCID mice were injected with 0.5 mg P9
or P4 per mouse intraperitoneally after 8 hours of inoculation of
DU145 human prostate cancer cells (1 x 107), followed by 6 injec-
tions of 0.25 mg P9 or P4 (total of 2.0 mg per mouse) as indicat-
ed in Figure 8A. Twenty-four days after tumor cell inoculation,
the tumor size was significantly smaller in the P9- or P4-treated
groups (mean 341 or 427 mm?3) compared with the untreated con-
trol (986 mm?3, n = 5; P < 0.05). These results showed the growth
of the tumors to be reduced by 65.5% and 57.0% 7 days after the
last mAb treatment, demonstrating the inhibitory effects of anti-
PIM-1 mAb to be durable. In a syngenetic model of an established
tumor graft, C57BL/6 mice (H2Y), with murine prostate TRAMP-
C1 (H2P) tumors (mean size 50 mm?3), were treated with 0.5 mg
P9, followed by another 9 injections of 0.25 mg (total of 2.75 mg).
The resulting tumor size was significantly smaller (61.3%) in the
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Figure 7

The effect of siRNA-mediated PIM1 knockdown on PIM-1 expression, cell growth, and phosphorylation of Akt and Bad. (A—-C) Flow cytometry
analysis shows reduced FITC-conjugated P9 binding to cell surface PIM-1 in DU145 (A), PC3 (B) and TRAMP-C1 (C) cells, respectively, after
72 hours of transfection with PIM7 siRNA (dotted line) and control siRNA (solid line). FITC-conjugated migM was used as negative control in the
PIM1 siRNA transfected cells (gray area). (D) Trypan blue exclusion assay shows that transfection with PIM7 siRNA for 72 hours induced 42%,
43%, and 39% of cell death in TRAMP-C1, PC3, and DU145 cells, respectively, compared with the cells transfected with controls siRNA. Columns
show means of viable cell counts of triplicate experiments; bars represent + SD. (E) Western blot analysis of the DU145 cells following PIM1 siRNA
transfection shows decreased levels of 44-, 33-, and 37-kDa molecule of PIM-1; reduced phosphorylation of Akt at Ser473, without changing total
Akt levels, and promoted dephosphorylation of Bad at Ser112 and Ser136 compared with total levels of Bad; and induced cleavage of caspase-9
at Asp33 following 66 hours (lane 2) and 78 hours (lane 3) transfection using PIM7 siRNA compared with control siRNA (lane 1).

P9-treated group (mean size 360 mm?) compared with the untreat-
ed control (930 mm?3, n = 5; P < 0.05; Figure 8B). No obvious tox-
icity was observed in mice during mAb treatment. These results
indicate that the anti-Pim-1 mAb suppressed cancer cell growth
and may be of value in the treatment of prostate cancer.

Discussion
The compelling evidence of the involvement of the serine/threo-
nine kinase PIM-1 in the development and progression of several
different cancers has made it a potential pharmaceutical tumor
target (43). There are a few small molecule inhibitors showing
an inhibitory effect on PIM-1 (59). However, none have yet been
reportedly used in animal and clinical application (43). In this
study, we report for the first time that anti-PIM-1 mADb can func-
tion as an effective inhibitor of PIM-1, showing significant sup-
pression of cancer cell growth in vitro and in animal models of
human and murine prostate cancers. In addition, the mAb syner-
gistically enhanced cytotoxicity of chemotherapeutic agents, epi-
rubicin and cisplatin, demonstrating its ability to overcome PIM-1
conferred drug resistance. Our results suggest that mAbs target-
ing PIM-1, or a regimen involving a combination of PIM-1-spe-
cific mAbs and chemotherapeutic drugs, may provide promising
options for cancer treatment.

The specificity of mAb P9 to PIM-1 has been shown in previous
studies (25, 34, 35), in which P9 specifically immunoprecipitated

The Journal of Clinical Investigation

PIM-1 molecules from PIMI gene transfectant cells. This
immunoprecipitated PIM-1 was shown to bind to 19F7, a widely
used PIM-1 mAb in many publications (9). In this paper, we further
showed that the anti-PIM-1 mAb P9 specifically reacted with PIM-1,
since it bound to recombinant GST-PIM-1 but not recombinant
GST-Mucl. In contrast, the anti-Mucl mAb M30 reacted with
GST-Mucl, not with GST-PIM-1 (Figure 1A). Specific and strong
reactions of anti-PIM-1 mAb P9 with prostate cancer cell lines
were also demonstrated by flow cytometric analyses (Figure 3).
Furthermore, P9 specifically stained PIM-1 protein in several can-
cer cell lines and tissues, including prostate, colon, breast, and
lung (Figure 2). We noticed that P9 reacted with 44- and 33-kDa
PIM-1 as well as a 37-kDa protein (Figure 21, Figure 31, and Figure
6B), and the similar 37-kDa molecule was also previously detected
by mAb 19F7 or polyclonal Ab to PIM-1 in cancer cell lines or PIM1
gene transfectant cell lines (7, 9). Because the intensity of this band
varies somewhat from sample to sample, we suspect that it may be
the result of either proteolytic cleavage or posttranslational modi-
fication of PIM-1 (9).

The serine/threonine kinase PIM-1 has been reported to be
expressed mainly in cytosol and nucleus (7), although possible
membrane location has been implicated (7, 9). In this paper, we
reported for what we believe to be the first time that cell surface
expression of PIM-1 was detected using anti-PIM-1 mAb P9 by
flow cytometry, immunofluorescent microscopy, biotinylation
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Days after inoculation of TRAMP-C1 cells

The tumor sizes in mice treated using anti—-PIM-1 mAb. (A) SCID mice (n = 5/group) were inoculated with 1 x 107 of DU145 subcutaneously
and treated with 0.5 mg mAb P9, P4, or PBS per mouse after 8 hours of inoculation (thick arrow), followed by serial mAb injections of 0.25 mg
as indicated (arrows). (B) C57BL/6 mice (n = 5/group) were inoculated with 5 x 106 of TRAMP-C1 cells subcutaneously and treated with 0.5 mg
mAb P9 or PBS after tumor size reached a mean size of 50 mms3, followed by injections of 0.25 mg mAb P9 as indicated (arrows). Bars represent
means of tumor size of 5 mice, and error bars represent + SD. Mean differences were compared by Mann-Whitney nonparametric U test.

of cell surface protein, and cell fraction as well as expression of a
FLAG-tagged PIM-1 in CHOP cells (Tables 1 and 2 and Figure 3).
In particular, the bindings of P9 to PIM-1 are substantially
decreased when PIMI siRNA knocked down PIM-1 expression in
these cancer cells (Figure 7), providing strong evidence that spe-
cific cell surface binding of mAb P9 is indeed to PIM-1. This is a
very important finding as it may explain how mAb P9 binds to
PIM-1, which is located in the cytosol or nucleus, and could also be
translocated to the outer leaflet of cell membrane. In fact, there are
anumber of signaling molecules known as cytosolic proteins, such
as GTPases, Src and PI3K, which are also found localized to plas-
ma membrane through recruitment of the molecules to lipid rafts
(60) by protein electrostatics or FERM domain (61, 62). In view of
PIM-1, the existence of 3 myristoylation sites at N-terminal end, as
predicted by the Prosite program (63), would probably promote
PIM-1 translocation to the cell surface. In addition, PIM-1 local-
ization on the cell surface could be a result of direct interaction of
the PIM-1 PXXP motif with a SH3 domain containing proteins
situated on the plasma membrane or interaction with other mem-
brane-associated signaling molecules (9, 64). It is possible that
PIM-1 physically associates with some proteins such as Bad (65),
which are located in lipid rafts, and as a result may promote PIM-1
cellular relocalization (66). In response to intra- or extracellular
stimuli, lipid rafts can include or exclude proteins such as Bad to
a variable extent that favors specific protein-protein interactions
and modulates the activity of signaling cascades (65, 66).

The crystal structure of PIM-1 reveals an active conformation
and demonstrates that PIM-1 is a constitutively active kinase. This
emphasizes the prominent role that an increased level of PIM-1
protein has involved in tumor development and progression (54).
It is reported that PIM-1 protein normally has a short half-life of
5 to 10 minutes in primary cells (7, 67). In contrast, the half-life of
PIM-1 is at least 100 minutes in tumor cells (25). These findings
indicate that an increase in half-life, rather than just an increase in
transcription rate, may be a major factor in the increased levels of
PIM-1 in tumor cells. The maintenance and degradation of PIM-1
protein is affected by heat shock proteins Hsp90 through binding
to PIM-1. Once such physical association of PIM-1 and Hsp90 was
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blocked and disrupted by the Hsp90-specific inhibitor geldanamy-
cin (24, 25, 68), the half-life of PIM-1 was shortened and the level
of PIM-1 protein was decreased (24, 25). In our study, we demon-
strated that Hsp90 was immunoprecipitated with Pim-1 by mAb
P9 in TRAMP-C1 cells lacking treatment with P9, and the specific
binding of P9 to Pim-1 in immunocomplex of Pim-1/Hsp90 was
decreased in P9-treated TRAMP-C1 cells (Figure 6A). The results
indicate that mAb P9 functions as a Hsp90 competitor in inter-
rupting an interaction between Pim-1 and Hsp90. This in turn
would lead to PIM-1 destabilization and degradation and, there-
fore, decreased levels of PIM-1 (25). Indeed, we showed that mAb P9
treatment dramatically decreased PIM-1 protein in DU145, PC-3,
and TRAMP-C1 prostate cancer cells in a time-dependent manner
and totally suppressed PIM-1 after 6 hours (Figure 6B). The results
demonstrated that mAb P9 acted as an effective inhibitor of the
PIM-1 kinase (Figure 6B) in inhibition of tumor growth (Figure 8).
Therefore, inhibition of PIM-1 expression may be an attractive
anticancer strategy and could be achieved by using anti-PIM-1
mADb as we showed in this study. Meanwhile, interruption of the
interaction between Hsp90 and PIM-1 by P9 treatment not only
affected PIM-1 expression (Figure 6, A and B) but also inhibited
Hsp90 expression, revealing a feedback relationship between
Pim-1 and Hsp90 (Figure 6A). The findings are important as
Hsp90 inhibition is a goal for the development of cancer therapeu-
tics (69). Because PIM-1 directly interacts with and phosphorylates
c-Myc protein, leading to an increase in its stability (70), which in
turn directly activates Hsp90 transcription (71), it is possible that
anti-PIM-1 mAb P9 might regulate Hsp90 expression through an
intervention of PIM-1-mediated activation of the c-Myc signaling
pathway (31,70, 71). Whether P9 causes inhibition of c-Myc-regu-
lated induction of Hsp90 transcription will be further studied.
PIM-1 and Akt appear to play redundant roles in regulating cel-
lular proliferation and survival, possibly due to similar substrate
specificities shared by PIM-1 and Ake, such as Bad (28). PIM-1
is independent of the Akt pathway in nontransformed hemato-
poietic cells (72) but acts downstream of Akt with feedback sig-
naling connections in cardiomyocytes (10). Akt kinase activity is
dependent on being phosphorylated on specific residues, which
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are modulated by binding to Hsp90 (57), and results in Hsp90
inhibition of Akt activity (58). Phosphorylation changes in Akt
caused by mAb P9 could be due to P9-induced Hsp90 inhibition
as shown in Figure 6A. Furthermore, special attention has been
recently paid to specific Abs disturbing the hinge-bending move-
ment of the kinase in modulating signaling pathways, including
the PI3K/Akt pathway (73). Akt is recruited from the cytosol to the
plasma membrane, in which it was phosphorylated at Thr308 and
Ser473 by PDK1 in a PI3K-dependent manner (74). PIM-1 kinase is
constitutively active as its native structure is in an active conforma-
tion with a novel hinge region (54). This structure resembles PI3K
more closely than it does other protein kinases, although there is
little sequence homology between PIM-1 and PI3K (75). Whether
specific mAb to PIM-1 could induce conformational changes of
the hinge region by using the unique active site of the PIM-1 and
inhibit PI3/Akt kinase activity (54, 73, 75) is the subject for the
future studies. Upregulation of the PI3K/Akt pathway is linked to
prostate cancer progression (55, 56). Akt couples survival signals
to the cell death machinery through phosphorylation of Bad at
Ser136 (76) and PIM-1 reverses Bad-induced cell death by phos-
phorylating it on multiple sites, including the Ser112 gatekeeper
site (40) as well as Ser136 and Ser1SS5 (41). Because PIM-1 is consti-
tutively active, the decreased levels of Pim-1 must be contributing
to the induction of apoptosis, which correlates with the decrease
in phosphorylation of Bad Ser112 and Ser136 mediated by the
mAD P9 as shown in Figures 6 and 7. Without doubt, decreased
kinase activity of Akt induced by PIM-1 mAb would also be a con-
tributing factor in a decrease in phosphorylation of Bad at Ser136
in PIM-1 mAb-induced cell death.

In summary, we have demonstrated that PIM-1 mAb treatment
of cancer cells leads to decreased PIM-1 levels, Akt phosphoryla-
tion at Ser473, and Bad phosphorylation at Ser136 and Ser112,
which leads in turn to the activation of the mitochondrial apop-
totic pathway, as indicated by induction of cleavage of caspase-9
and suppression of tumor growth. These findings are important
because they provide the first evidence that we know of that an
effective treatment of certain cancers, such as prostate, may be
possible by targeting PIM-1 kinase using mAb-based therapy.

Methods
Production and characterization of anti—PIM-1 mAb. Recombinant GST-
PIM-1 was produced from a bacteria expression system and purified by
Glutathione-Agarose (Sigma-Aldrich) (77). Murine myeloma NS1 cells
were fused with spleen cells from BALB/c mice that were immunized
with GST-PIM-1 three times (78). The first immunization was injected
intraperitoneally with 100 ug GST-PIM-1 emulsified in complete Freund’s
adjuvant. After 4 weeks, a second injection of 100 ug GST-PIM-1 in PBS
was given. Two weeks later, a third injection followed. Hybridomas were
screened by ELISA and immunohistochemistry for their activity and speci-
ficity. The positive clones (P1-P10) were further selected by cell growth
assays. The mAbs P4 and P9, which showed tumor inhibition, were puri-
fied from ascites by Sephacryl S300 HR gel filtration (Amersham Phar-
macia Biotech) after 50% saturated ammonium sulfate precipitation.
The subclasses of the mAbs P4 and P9 were determined using anti-mouse
immunoglobulin subclass Abs (Serotec) by Ouchterlony test. Anti-human
MUC1 mAb BC3 (IgM subclass) and mIgM were purified and used as iso-
type matched controls.

Cell lines and cytotoxic drugs. Human cancer cell lines used in the study
were DU145, PC3, and LNCaP (prostate); LS174T and LOVO (colon);
MCEF?7 (breast); BEN (lung); K562 (erythroleukemia); Raji (Burkitt’s lym-
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phoma); U937 (myeloid leukemia); CCRF/CEM (leukemia); and CEM/
A7R (a drug-resistant leukemia) (52). Murine cancer cell lines TRAMP-C1
(prostate), NS1 (myeloma), and E3 (thymoma) were also used. The human
and murine cells were cultured in RPMI 1640 or DMEM medium, con-
taining 10% heat-inactivated FCS at 37°C in a 5% CO, humidified incuba-
tor, respectively. Cytotoxic drugs cisplatin and epirubicin (Pharmacia &
Upjohn Pty Limited) were used in combination with anti-PIM-1 mAb in
the cell growth assays.

ELISA. GST-PIM-1 and GST-Mucl (murine recombinant mucin 1) were
coated at 5 ug/ml in carbonate buffer (pH 9.6) onto the wells of a 96-well
polyvinyl chloride plate (Costar) overnight at 4°C and blocked with 1%
BSA for 1 hour at 37°C. Supernatants containing mAbs from tissue cul-
ture of hybridomas were added to the wells. The binding of Abs to the
antigens was detected by sheep anti-mouse immunoglobulin labeled with
HRP (Chemicon). The OD value was measured at 405 nm, after adding
substrate 0.03% 2, 2-azino-di-3-ethylbenzthiazoline sulfonate/0.02% H,O,
by ELISA reader (78).

Cell proliferation assays. [H]-thymidine incorporation assay was per-
formed as previously described (50). Briefly, S x 103 cancer cells per well
were cultured for 48 hours at 37°C in 5% CO,, with various concentra-
tions of anti-PIM-1 mADb or chemotherapeutic agents cisplatin or epirubi-
cin. The cells were pulsed with [*H]-thymidine (1 uci/ml) for 4 hours and
then harvested onto glass filter papers using an automated cell harvester.
The radioactivity of cell-incorporated [*H]-thymidine was measured by
TopCount (PerkinElmer). All assays were performed in triplicate, and the
results were expressed as percentage of [3H]-thymidine incorporation in
the treated group compared with control (medium only) (78).

Immunoperoxidase staining. Human tissues were obtained from the Depart-
ment of Anatomical Pathology, Austin Health, Heidelberg, Australia. Cancer
cells from tissue culture were harvested and suspended in PBS, dispensed onto
the slides, quickly dried, and fixed using ice-cold acetone. The cancer cells and
formalin-fixed tumor tissue sections were stained with the anti-PIM-1 mAb
and anti-mouse immunoglobulins linked to HRP (Chemicon) (78).

Conjugation of the mAb with FITC. To demonstrate mADb binds to PIM-1
on the cell surface, FITC (Sigma-Aldrich) was conjugated to anti-PIM-1
mAD P9, BC3, and mIgM, respectively, using the standard method. Briefly,
mAbs were dialyzed in FITC-labeling buffer for 48 hours at 4°C and then
incubated with freshly prepared FITC/DMSO (5 mg/ml) at ratio of 15 ul
of FITC/DMSO per milligram of mAb at room temperature for 2 hours.
The unbound FITC was removed by using a PD 10 column (Amersham
Pharmacia Biotec AB).

Immunofluorescence microscopy. Cells (1 x 10°) were incubated with FITC-
labeled anti-PIM-1 mAb P9 and isotype matched FITC-conjugated BC3
and FITC-conjugated mIgM at 10 ug/ml for 30 minutes at 4°C. The cells
were applied to the slides and examined by immunofluorescence micro-
scope, following washing with PBS 3 times.

Flow cytometry analysis of mAb binding to PIM-1 on cancer cells. For direct
detection of mAb binding to PIM-1, cells (5 x 10°%) were incubated with
FITC-conjugated P9, FITC-conjugated BC3, and FITC-conjugated mIgM
at 10 ug/ml for 30 minutes at 4°C, respectively. The cells were washed and
resuspended in PBS and examined with a FACScan Flow Cytometer (Bec-
ton Dickinson). For indirect detection of mAb binding to PIM-1, FITC-
conjugated sheep anti-mouse immunoglobulin (Chemicon) at 1:80 dilu-
tion was added to the cells following 3 washes with PBS, containing 2%
newborn calf serum, after the cells were incubated with anti-PIM-1 mAb,
mIgM, or BC3 for 30 minutes at 4°C. The cells were subjected to a FAC-
Scan Flow Cytometer (78). To test intracellular expression of PIM-1, the
cancer cells were fixed with 3.7% paraformaldehyde for 10 minutes and
washed using saponin mixture, containing 0.2% saponin, 1% newborn calf

serum, and 0.02% azide in PBS. Nonspecific binding/autofluorescence of
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the cells was blocked in 100 ul of neat FCS for 20 minutes. P9 or control
mAb was added, and the reaction of P9 was detected by adding anti-mouse
Ig-FITC and analyzed by FACScan Flow Cytometer.

Trypan blue dye exclusion assay. To measure viable cell numbers follow-
ing treatment with anti-PIM-1 mAb, cancer cells DU145, PC3, and MCF7
were seeded in 25-cm? flasks at a concentration of 5 x 104 cells in 10 ml
of medium and incubated overnight, respectively. Anti-PIM-1 mAb P9
(25 ug/ml) was added to the culture. Five days later, viable cells were
counted by trypan blue exclusion (78). The human leukemia cells CEM/A7
(2 x 10°) were incubated with P9 at 15 ug/ml for 24, 48, and 72 hours,
respectively, and the cell numbers were counted using same method.

Annexin V binding assay. Annexin V and propidium iodide dual staining
were used to detect early apoptotic cells (53) induced by anti-PIM-1 mAb.
The cancer cells (2 x 10%) were incubated with or without 25 ug/ml P9 for 4
hours at 37°C in a humidified chamber containing 5% CO,. The annexin V
binding assay was performed using the ApoTarget Annexin V FITC Apop-
tosis Kit (Biosource) and examined with a FACScan Flow Cytometer.

Biotinylation of cell surface proteins. To demonstrate that PIM-1 is expressed
on the cell surface, PC3 cells (107) were washed twice in cold PBS and incu-
bated with 0.5 mg/ml Sulfo-NHS-LC-Biotin (Pierce) for 30 minutes at 4°C
(79). Then the cells were washed once in RPMI and twice in PBS. The cells
were lysed and cleared by adding BC3, an anti-MUC1 mAb (IgM subclass),
and Protein L Gel (Pierce) to immunoprecipitate BC3 antigen complex
(80). The precleared lysates (200 ul) were immunoprecipitated using 25 ug
P9 for 1 hour at 4°C, followed by adding 25 ul Protein L Gel for 2 hours.
The beads were washed 3 times using lysis buffer, resuspended in sample
buffer, boiled for 5 minutes, and separated using 12% SDS-PAGE gel. Then
the gel was blotted, detected by Streptavidin-HRP or P9 and anti-mouse
Ig-HRP, and visualized as described as below.

Western blot. To examine the effect of anti-PIM-1 mAb on the PIM-1
expression and signal transduction pathway, cancer cells (5 x 10°) were
treated with P9 for 1, 3, and 6 hours, harvested, washed with ice-cold PBS,
and then lysed and sonicated in 0.5 ml lysis buffer containing 20 mM Tris
(pH 7.5), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 2.5
mM sodium pyrophosphate, 1 mM f-glycerolphosphate, 1 mM sodium
orthovanadate (Na;VOy), 1 ug/ml leupeptin, and 1 mM PMSF. The lysed
samples were separated by gradient 4%-12% SDS-PAGE and transferred
onto a PVDF membrane (Amersham Pharmacia Biotech). The blots were
blocked with 5% nonfat dry milk in tris-buffered saline containing 0.1%
tween-20 at room temperature for 1 hour and probed with P9 or cell sig-
naling Abs (New England Biolabs), including anti-phospho-Akt at Ser473,
anti-phospho-Bad at Ser112, anti-phospho-Bad at Ser136, anti-Bad, and
anti-cleaved caspase-9 at Asp330. Total Akt was probed by Ake1/2 (H136)
(Santa Cruz Biotechnology Inc.) Ab. The proteins in the PVDF membranes
were visualized using chemiluminescence reagent (PerkinElmer) after add-
ing HRP-labeled secondary Abs.

Anti—PIM-1 mADb binding to PIM-1 localized in subcellular fractions. Cell mem-
brane, nuclear, and cytoplasmic fractions were prepared from DU145
cells by using a cellular fractionation kit (BioChain Institute), separated
on 10% SDS-PAGE, transferred onto membrane, and detected with either
anti-PIM-1 Ab (67) or P9. Anti-lamin A (as a nuclear marker) (Biolegend)
or anti-actin (as a cytoplasmic marker) (Sigma-Aldrich) and EGFR (as a
membrane marker) (Cell Signaling) Abs were used to show the quality of
separation of the subcellular fractions.

PIM-1-FLAG construct, transfection, immunofluorescence microscope, and
flow cytometry analysis. PIM-1 construct with a FLAG tag located at the
C-terminal (PIM-1-FLAG), containing CMV promoter only, was gen-
erated from pBK-CMV phagemid vector, which was removed of lacZ
promoter by digestion of pBK/CMV with Nhel and Spel. CHOP cells
(derived from Chinese hamster ovary cells stably transfected with poly-
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oma T antigen) (81) were chosen for expression of PIM-1-FLAG because
they are efficiently transfected in transient assays for expression of cell
surface (44). For immunofluorescence assay, transfection was performed
using Lab-Tek II Chamber Slide (Nalge Nunc Int.). CHOP cells at expo-
nential growth rate were collected and seeded in 8-chamber slides at a
density of 5 x 10%/well or 1 x 10%/well in 6-well plates. The cells were
transfected 24 hours later with pBK-CMV vector or pBK-CMV-PIM-
FLAG using Lipofectamine 2000 (Invitrogen) according to the manu-
facturer’s instruction. Cells on Chamber slides were washed with PBS
48 hours after transfection, fixed with cold acetone, and incubated with
anti-FLAG mAb M2 (Sigma-Aldrich) and mAb P9, respectively, which
was then followed by incubation with FITC-conjugated anti-mouse
Abs (Chemicon) and examination by immunofluorescence microscope.
Transfected cells in 6-well plates were collected and incubated with Abs
as described above for flow cytometric analysis.

Immunoprecipitations. TRAMP-C1 prostate cancer cells were treated with
or without 25 ug/ml mAb P9 for 3 and 6 hours, respectively, and then were
harvested, washed twice in cold PBS, lysed in lysis buffer, and cleared by
adding IgM and Protein L Gel (Pierce) (80). The precleared lysates (200 ul)
were immunoprecipitated using P9 or anti-Hsp90 Abs (BD Biosciences)
for 1 hour at 4°C and were followed by adding 25 ul Protein L Gel for P9 or
Protein G-Agarose (Sigma-Aldrich) for Hsp90 Ab immunocomplexes for
2 hours at 4°C using a rotary suspension mixer (Ratek Instruments Pty
Ltd.). The beads were washed 3 times using lysis buffer, resuspended in
sample buffer, and boiled for 5 minutes before separation on 12% SDS-
PAGE gel. The gel was blotted as described above and detected by P9, anti-
Hsp90, or rabbit anti-PIM-1 Abs.

PIM-1 expression knockdown using double strand siRNA. Prostate cancer
DU145 cells were transfected with the synthetic siRNA [sense, f(ACAUUU
ACAACUCAUUCCA)dTdT, and antisense, (UGGAAUGAGUUGUAAAU
GU)dTdG]| targeting human PIM1 5'-CAACATTTACAACTCATTCCA-3,
using HP Validated siRNA transfection reagents following the manufac-
turer’s instruction (QIAGEN). The DU14S cells were also transfected with
AllStarts Negative siRNA (QIAGEN) as a control. The cells were harvested
at 66, 72, or 78 hours, respectively, after transfection for Western blot, flow
cytometry, or trypan blue exclusion analysis.

Antitumor activity of PIM-1 mAb in vivo. C57BL/6 (H2%) and SCID mice
(10-12 weeks old) were obtained from the Animal Resources Centre,
Western Australia, and maintained under specific-pathogen free condi-
tions for the studies. All animal experiments were approved by Animal
Ethics Committee, Austin Health, Heidelberg, Australia. Human prostate
cancer DU14S cells (1 x 107) were inoculated subcutaneously in SCID
mice. Eight hours later, the mice received 0.5 mg P9, followed by 0.25 mg
intraperitoneally, twice per week, for 6 injections. To examine antitumor
efficacy of P9 on an established tumor of TRAMP-C1 (H2b) cells (5 x 10°) in
the syngeneic graft model, C57BL/6 mice were treated with P9 (0.5 mg per
mouse) intraperitoneally on day 6, when the tumor sizes reached a mean
of 50 mm?, followed by 0.25 mg P9 twice a week, for 4.5 weeks. Tumors
were measured at 2- to 4-day intervals with a caliper, and tumor size was
calculated (length x width x height) as described previously (78).

Statistics. A 2-way ANOVA was used for substantiating 2 agents acting
synergistically when eliciting a biological response (48-51). The effect of
combining anti-PIM-1 mAb and chemotherapeutic agents cisplatin or epi-
rubicin was analyzed by using the 2-way ANOVA, conducted using Graph-
Pad Prism Version 4.0 (GraphPad Software Inc.), based on the results of
[*H]-thymidine incorporation on DU145 cancer cells when the cells were
tested by (a) low concentrations of anti-PIM-1 mAb alone; (b) various
concentrations of cisplatin or epirubicin alone; or (c) over a range of con-
centrations of anti-PIM-1 mAb and each drug together; and (d) neither

treatment (i.e., the control). P values of less than 0.05 were considered to
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be significant for synergistic interaction for each concentrations of mAb
and drugs alone and in combination (48). In addition, Mann-Whitney non-
parametric U test was used to compare the tumor sizes in the mice treated

with mAb and PBS.
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