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Pim-1 Kinase Expression
Predicts Radiation Response
in Squamocellular Carcinoma
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Abstract

Pim-1 is an oncogenic serine/threonine kinase with poorly defined function in epithelial cancers. In this study, we
determined 1) associations of Pim-1 expression with clinicopathological parameters including responsiveness to
irradiation in squamocellular cancers of head and neck and 2) how Pim-1 expression is controlled subsequent to
irradiation. Moderate to high expression of Pim-1 correlated to poor response to radiation therapy (P = .003). It
is also associated to the expression of epidermal growth factor receptor (EGFR, P < .0001), which has been shown
to be activated by irradiation. In radioresistant tumors, irradiation promoted nuclear translocation of Pim-1 (P <
.005). When directly testing EGFR dependence of Pim-1 expression, up-regulation and nuclear translocation of
Pim-1 could be induced through stimulation of EGFR with its ligands EGF or transforming growth factor a. Both
ligand- and irradiation-induced changes in Pim-1 expression and localization could be inhibited by the monoclonal
anti-EGFR antibody cetuximab and by the tyrosine kinase inhibitor gefitinib also targeting EGFR. These results sug-
gest that irradiation-induced activation of EGFR upregulates Pim-1, and Pim-1 may be used as a novel predictive
marker of radiation response in patients with squamocellular cancers of head and neck.
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Introduction

The pim-1 gene encodes a serine/threonine kinase that has been im-
plicated in cytokine receptor—initiated signaling as well as in cellular
survival [1,2]. It has also been shown to regulate activities of several
transcription factors and cell cycle regulators [3-8].

The pim-1 gene was originally identified as a proviral integration site
for the Moloney murine leukemia virus [9] and was shown to function
as a proto-oncogene. Alone, pim-1 is only weakly oncogenic, but a
series of studies with transgenic mouse models has demonstrated that
pim-1 can efficiently cooperate with other oncogenes such as myc family
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Cells and Cell Lines

HaCaT, a spontaneously transformed human adult epithelial cell
line with full epidermal differentiation capacity, was a kind gift from
Professor N.E. Fusenig (German Cancer Research Centre, Heidelberg,
Germany) [17]. The HNSCC cell lines were established from patients
with cancer of the head and neck region as previously described [18].

Tumor Model

To determine the usability of HNSCC lines in our studies, tumor
nodules were grown in severe combined immunodeficient (SCID)
mice, and their Pim-1 expression was determined. HaCaT cells and five
human HNSCC cell lines were injected subcutaneously into the back
of SCID mice. During the following 25 to 41 days, the tumor nodules
became clearly visible, and the animals were killed. The nodules were
excised, frozen in liquid nitrogen, and prepared for immunofluores-
cence staining. The permission for animal experiments was obtained

from the Ethical Committee of Turku University.

Growth Factors and Inhibitors

Cultured HNSCC cell lines were stimulated with or without 20
and 50 ng/ml EGFR ligands, EGF (Intergen, Edinburgh, United
Kingdom) or transforming growth factor a (T'GF-o; R&D, Oxon,
United Kingdom) for 18 or 72 hours. To inhibit EGFR signaling, anti-
EGFR antibody cetuximab (10 nM; Merck, Espoo, Finland) or EGFR
targeting tyrosine kinase inhibitor gefitinib (10 pM; AstraZeneca,
Espoo, Finland) were added together with EGF for 72 hours. A tumor-
promoting agent (TPA), 12-O-tetradecanoyl-phorbol-13-acetate
(15 ng/ml; Sigma-Aldrich, St. Louis, MO), was used as a control. In
the irradiation experiments, cetuximab and gefitinib were administered
24 hours before the irradiation (2 Gy), and the stainings for Pim-1 expres-
sion were performed 48 hours after irradiation.

Small Interfering RNA Treatments, Viability Determinations,
and Western Blot Analysis

Monolayers of HNSCC cells were transfected with Oligofectamine
(Invitrogen, Carlsbad, CA) according to manufacturer’s instructions
using Dharmacon (Chicago, IL) ON-TARGET plus small interfering
RNA (siRNA) oligonucleotides that were either nontargeting (NT) or
specifically targeted Pim-1 siRNA. Twenty-four hours later, the cells
were irradiated (2 or 3 Gy) and incubated for an additional 48 hours
before the analysis of cell viability. Viability was determined by trypan
blue staining. Ten microscopic fields (magnification, x400) of each well
were counted for trypan blue—positive cells. In addition, cell death was
determined using flow cytometry. Shortly, tumor cells were collected
in PBS and then treated with hypotonic buffer (1% Triton X-100,
0.05 mg/ml propidium iodide in PBS) for 20 minutes at 4°C. DNA
content was measured using FACSCalibur flow cytometer with Cell-
Quest Pro software (Becton Dickinson, CA). Apoptosis analysis was per-
formed using ModFit LT (Verity Software House, Inc., Topsham, ME)
cell cycle modeling software by calculating the subdiploid population.

Silencing of Pim-1 expression was confirmed by Western blot analysis
and immunofluorescence (as explained in the next section). For Western
blot analysis, the cells were lysed, and protein concentrations were mea-
sured. Equal amounts of protein from each sample were separated by
SDS-PAGE, blotted onto polyvinylidene difluoride membrane and
analyzed for Pim-1 expression using anti-Pim-1 antibody (sc-13513,
clone 12H8; Santa Cruz, Heidelberg, Germany) followed by ECL Plus
reagents (GE Healthcare, Helsinki, Finland) and autoradiography.

Immunofluorescence Staining

HaCaT and HNSCC cell lines were grown on coverslips. These
cells were fixed with 4% paraformaldehyde for 20 minutes, treated with
0.2% Nonidet P-40 for 5 minutes and subjected to indirect immuno-
fluorescence staining as described [16] with anti-Pim-1, anti-EGFR, or
the negative control antibody, 3G6 against chicken T cells. Fluorescein
isothiocyanate—conjugated anti-mouse immunoglobulin G (Sigma)
containing 5% of normal human serum was used as a secondary anti-
body. The stainings were analyzed using Olympus 60BX microscope
(Hamburg, Germany). Subcellular localization and Pim-1 positivity
were scored by two independent readers. The intensity scores were as
follows: +, weak; ++, moderate; +++, strong.

Statistical Analyses

Statistical analyses were performed with the SAS Enterprise Guide
2 computer program for the personal computer (SAS Institute, Inc.,
Espoo, Finland). To test the associations between different biological
variables and between the Pim-1 expression and clinicopathological
parameters, y~ test was used for trends, the Fisher exact test was used
for categorical variables, and Pearson correlation coefficient test was
used for continuous data. Cumulative survival between the groups for
each variable studied was compared with the log-rank and Wilcoxon
tests. McNemar test was used to analyze the changes in nuclear locali-
zation after radiation therapy.

Results

Pim-1 Expression in HNSCC

Pim-1 protein expression was analyzed by immunoperoxidase stain-
ing in squamocellular epithelium of normal tonsils and in 71 primary
diagnostic biopsy samples of HNSCC (Tables W1 and W2 for patient
characteristics). Pim-1 expression was weak or negative in keratinocytes
of normal tonsil tissues, whereas many of tonsillar lymphocytes ex-
pressed clearly detectable levels of Pim-1 (Figure 14). Of 71 HNSCCs,
29 (41%) showed weak or negative Pim-1 expression that was com-
parable to Pim-1 expression detected in keratinocytes of normal tonsil
tissue. However, 32 (45%) of 71 HNSCCs expressed moderate levels
of Pim-1, and a strong Pim-1 expression was detected in 10 (14%) of
71 HNSCCs. Thus, the majority (59%) of HNSCC overexpressed
Pim-1 when compared with the expression level in normal keratinocytes.
In Pim-1-expressing tumors, the intracellular localization of Pim-1 was
heterogenous. Although many cells exhibited nuclear localization of
Pim-1, also cells with cytoplasmic Pim-1 expression were found in each
Pim-1-positive tumor (Figure 1, C and D).

Association of Pim-1 Expression with
Clinicopathological Parameters

Pim-1 expression in primary diagnostic biopsy samples did not cor-
relate with the histological grade of differentiation, sex, age at diagnosis,
tumor size, or presence of lymph node metastases (data not shown).
However, Pim-1 expression showed a trend of association with overall
survival (P = .09; Figure 24). Tumor size and nodal status were signifi-
cantly associated with survival (P < .05; data not shown). These findings
suggest that, in HNSCC, relatively high Pim-1 expression levels tend

to associate with poor prognosis.
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Figure 2. Patients with tumors expressing high levels of Pim-1 tend
to have a poor prognosis, whereas patients with tumors respond-
ing to radiation survive longer. Kaplan-Meier survival curves of
patients categorized according to Pim-1 expression (A) and radiation
response (B) of their tumors.

Pim-1 Expression Is Associated with Poor Response to
Irradiation and Expression of EGFR

The standard treatment regimen for HNSCC in Turku University
Hospital includes initial preoperative radiotherapy followed by surgery
3 weeks later. This provided us with an opportunity to study cellular
and molecular responses to irradiation in the tumor samples removed in
the operation after irradiation. Sixty-four of the HNSCCs examined
were initally subjected to radiotherapy and 52 of them were operated
on. Viable tumor tissue was observed in histological analyses of oper-
ated tumor samples more frequently in tumors with moderate to strong
Pim-1 expression than in tumors with low or no Pim-1 expression (P =
.003). These findings indicate that upregulated expression of Pim-1
associates with poor response to irradiation in HNSCC (Table 1).

Expression of EGFR has previously been linked to radiation resis-
tance in HNSCC [19]. As Pim-1 expression behaved similarly as has
been described for EGFR, we analyzed EGFR expression also in our se-
ries. Sixty-one primary diagnostic biopsy samples and 17 Pim-1—positive
postoperative samples were available for immunohistochemical stain-
ings. One of the primary diagnostic biopsy samples was negative, 26 ex-
pressed low levels, 27 moderate and 7 high levels of EGFR. As expected,
expression levels of EGFR inversely correlated with responsiveness to ir-
radiation (P = .018; Table 1). Furthermore, EGFR expression strongly
associated with Pim-1 expression both in primary diagnostic biopsy sam-
ples and in surgical samples taken after irradiation (P < .0001). In con-
trast to Pim-1 and EGFR expression, the classic prognostic parameters

such as tumor size, nodal status, and histological grade did not sig-
nificantly associate with the radiation response (Table 1). However,
favorable response to radiation therapy was significantly associated
with survival (P = .05; Figure 2B). These data indicate that both
Pim-1 and EGFR expression are markers of poor response to irradiation

in HNSCC.

Tumors with Poor Response to Irradiation Demonstrate
Nuclear Localization of Pim-1

Irradiation has been reported to change intracellular localization of
EGFR in radioresistant tumor cells, and it also causes autophosphory-
lation and activation of EGFR [19,20]. Because nuclear localization has
recently been shown to be required for oncogenicity of Pim-1 in Burkitt
lymphoma [21], we wanted to analyze the effects of irradiation on sub-
cellular localization of Pim-1. Therefore, Pim-1 protein expression was
analyzed from 17 surgical samples that included viable radioresistant
tumor tissue after preoperative irradiation. Only patients who had
Pim-1—positive tumor cells in the primary diagnostic biopsy samples
were included in the analysis. Irradiation did not induce any obvious
changes in subcellular localization of Pim-1 in any of those tumors
(9/17), which had prominent nuclear Pim-1 expression already in the
primary diagnostic biopsy sample. By contrast, irradiation induced nu-
clear translocation of Pim-1 immunoreactivity in the rest of the tumors
(8/17) that, before irradiation, demonstrated preferentially cytoplasmic
localization of Pim-1 (2 < .005). These data suggest that irradiation in-
duces nuclear translocation of Pim-1 in tumors, which do not respond
well to irradiation.

Ligand-Induced Activation of EGFR Regulates Pim-1
Expression and Subcellular Localization

Our results demonstrated that Pim-1 and EGFR expression associ-
ated with each other in HNSCC. In addition, we showed that both
Pim-1 and EGFR associated with poor response to irradiation and that
Pim-1 was translocated into the nuclei of HNSCC cells after irradiation
in radioresistant tumors. To discriminate whether the expression pat-
terns of EGFR and Pim-1 are simply coincidental or whether these
molecules are involved in the same signaling pathway in HNSCC, we
next studied the putative effects of EGFR activation on Pim-1 expres-
sion and subcellular localization using previously established HNSCC
cell lines expressing Pim-1 and EGFR (Table 2). Although the cell lines
were originally grown from human HNSCC, we first wanted to validate
the use of these cell lines by testing their capacity to still form tumors
in vivo. The selected cell lines (UT-SCC-12A, UT-SCC-22, UT-SCC-40,
UT-SCC-43A, and UT-SCC-54C; Table 2) represented tumors, which

originated from different anatomical locations, were of different grades

Table 1. Correlations to Radiation Response.

Parameter P
Age .65
Sex .53
Site of primary tumor .98
Tumor size 19
Primary clinical stage .28
Nodal status .50
Histological grade 44
Overall survival .05
EGEFR positivity .018
Pim-1 positivity .003

P values in bold face font are statistically significant.
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