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The aim of this study was to evaluate the antiproliferative eVects of interferon alpha (IFN-�) on neu-

roendocrine diVerentiated cell lines and, retrospectively, to assess the prognostic signi®cance of p68

protein kinase (PKR) induction in neuroendocrine gut and pancreatic tumour patients. Archive spe-

cimens from 56 patients were studied, 43 before IFN-� and 56 during therapy. The tissues were

immunostained for p68 protein kinase (PKR) using the monoclonal antibody (MAb) TJ4C4. A sig-

ni®cant increase in immunostaining after treatment with IFN-� compared with before treatment

(3.47 � 0.12 versus 2.72 � 0.15, P < 0.001) was noted. The p68 score was signi®cantly increased after

treatment only in patients with stable disease before = 2.71 � 0.19, after = 3.40 � 0.14 (P < 0.001) or an

objective response before 3.13 � 0.22, after = 4.00 � 0.24 (P < 0.05) but not in those with progressive dis-

ease (before = 2.32 � 0.24, after 2.86 � 0.26, NS). A low p68 score (< 3.0) during treatment was a pre-

dictor of shorter duration of response and overall survival (P = 0.0062 and P < 0.0001, respectively).

Furthermore, IFN-� showed a signi®cant antiproliferative eVect (by [3H]thymidine incorporation) on

two carcinoid tumour cell lines in a dose-dependent manner which correlated with a dose-dependent

induction of p68 mRNA and protein expression (by Northern and Western blot analysis). We conclude

that IFN-� can eVectively inhibit the in vitro growth of carcinoid tumor cell lines and upregulates the

expression of p68 at both mRNA and protein levels in carcinoid tumours. The induction of p68 could

be a prognostic indicator of response in patients with carcinoid tumours during IFN-� treatment. #
1998 Elsevier Science Ltd. All rights reserved.
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INTRODUCTION

Interferons (IFNs) belong to a group of regulatory proteins

which exert their antiviral, antitumour and immunomodula-

tory eVects by binding to speci®c cell surface receptors by

inducing the transcription of multiple genes [1±4]. Some of

these genes, such as Mx-A and 20,50-oligoadenylate synthe-

tase (2-5OAS), are believed to correlate with antiviral activity

[5±7]. The expression of both 2-5OAS and p68 kinase gene

products correlate with the inhibition of protein synthesis and

stop the cell cycle, thereby inducing both antiviral and anti-

tumour eVects [4, 7±11].

Several studies have indicated an important role of p68

kinase (PKR) in the antitumour eVects of IFN-a [4, 12±14].

In addition, the expression of p68 has been shown to corre-

late with the degree of cell diVerentiation in a variety of car-

cinomas [15±19]. Malignant embryonal carcinoma stem cells

do not express p68 kinase after treatment with IFN-a,

although 2-5OAS can be induced [2, 20, 21]. In NIH 3T3

cells, clones expressing mutant p68 expressed a malignant

phenotype with tumorigenic potential, whilst clones expres-

sing wild-type p68 kinase did not have a malignant phenotype
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[12, 21]. Cos-1 cells which expressed mutant p68 had 35±70-

fold higher level of mutant p68 than the wild-type p68 [14].

Furthermore, expression of wild-type p68 kinase in Hela cells

resulted in apoptosis [13]. These studies suggest that p68

kinase may play a key role in cellular growth regulation and

thereby exhibit antitumour actions induced by IFN-a. Very

limited data have been generated regarding the growth reg-

ulation of carcinoid tumour cells and possible intracellular

eVects of treatment with IFN-a [22±26]. We and others have

demonstrated the antitumour eVects of IFN-a in patients

with carcinoid tumours and its eVects on tumour cell pro-

liferation [26±32]. In the present study, we investigated the

induction of p68 kinase mRNA and protein levels in neu-

roendocrine diVerentiated cell lines (Bon1 and LCC18). The

induction has been correlated to cell growth inhibition in

these cell lines. Furthermore, the expression of p68 kinase at

the protein level has been investigated in a large cohort of

patients with carcinoid tumours and correlated to antitumour

response and overall survival after treatment with IFN-a.

MATERIALS AND METHODS

Cell culture

Bon1 cells derived from a lymph node metastasis of a

human pancreatic carcinoid tumour [33] were cultured in a

50/50 mixture of Hams F 12K (F-12K) nutrient medium and

Dulbecco's Modi®ed Eagle's Medium (DMEM) (F-12 K/

DMEM) supplemented with 10% (v/v) fetal bovine serum,

penicillin (100 units/ml) and streptomycin (100 units/ml) in

an atmosphere of 95% humid air, 5% CO2 at 37�C.

LCC18 cell lines derived from a human neuroendocrine

colonic tumour [34] were grown in RPMI 1640 nutrient

medium supplemented with 10% (v/v) fetal bovine serum,

108 mol/l hydrocortisone, 5mg/ml bovine insulin, 10 mg/ml

human transferrin, 108 mol/l b-oestradiol, 3�108 mol/l sele-

nium, penicillin (100 units/ml) and streptomycin (100 units/

ml) in an atmosphere of 95% humid air, 5% CO2 at 37�C.

IFN-�
Human recombinant IFN-a 2b was used in this study

(Schering-Plough Corp., New Jersey, U.S.A.) with a speci®c

activity of 3.0 million international units (IU) per millilitre.

P68 kinase mRNA expression

Cells were plated and allowed to grow to 80% con¯uence.

The appropriate amount of IFN-a was added. After various

incubation periods the cells were pelleted in 50-ml poly-

propylene tubes (Falcon, Becton Dickinson Labware, Lin-

coln Park, New Jersey, U.S.A.), and total RNA was isolated

by using the guanidinium-phenol-chloroform method [35].

RNA (approximately 40 mg) was electrophoresed in 1% agar-

ose gels containing formaldehyde and then transferred to a

Hybond-N (Amersham, Arlington Heights, Illinois, U.S.A.)

membrane for Northern blot analysis. A 1.8-kb Hind III + Pst

I p68 cDNA fragment was used as probe [36]. To check

loading of RNA a 1.0-kb Hind III + Xba I cDNA probe was

used for glyceraldehyde-3-phosphate dehydrogenase

(GAPDH). The probes were labelled by random priming

using T7 Quickprime Kit (Pharmacia, Uppsala, Sweden) and

[a-32P]dCTP (3,000 Ci/mmol, Amersham, U.K.). Mem-

branes were prehybridised for 1±2 h at 42�C in hybridisation

solution containing 5�SSPE, 5�Denhardt's, 50% for-

mamide, 0.5% SDS. Probe was added and hybridisation was

performed for 12±16 h at 42�C. The membranes were

washed once for 15 min in 2�SSC, 0.5% SDS at room tem-

perature and once for 15 min at 30�C in the same washing

solution; and then washed at 42�C with 0.1�SSC for 10 min.

The membranes were exposed using storage phosphor

screens (Molecular Dynamics, California, U.S.A. ) for 12±

16 h. Signal intensity was quantitated by scanning the target

bands. The membranes were then stripped of the probe by

boiling in 0.1% (w/v) SDS, cooled to room temperature, and

rehybridised with a GAPDH probe. Densitometric values are

expressed as a ratio of p68/GAPDH before and after treat-

ment with IFN-a, with control values at 1 (to measure

increased fold after inducing with IFN-a) or arbitrary densi-

tometric units with GAPDH densitometry values at 1 (for

statistical analysis).

Western blot analysis

10 mg of the total protein (quanti®ed using protein assay

kit, Pierce, Novakemi AB, U.S.A.) was loaded and separated

in 4±15% SDS-polyacrylamide gradient gels, transferred to

nitrocellulose membranes (Bio-Rad, California, U.S.A.) and

saturated with 5% non-fat milk overnight at 4�C. The mem-

branes were incubated with anti-p68 monoclonal antibody

(MAb) (at 1:100 dilution) for 1 h at room temperature. After

brie¯y rinsing twice and washing twice for 10 min with PBS

containing 0.1% Tween 20, the ®lters were incubated for 1 h

with a 1/1000 dilution of sheep antimouse IgG conjugated to

horseradish peroxidase at room temperature. Finally, the ®l-

ters were washed as above and developed using the ECL

Western blotting kit (Amersham, U.K.).

[3H]Thymidine incorporation and cell proliferation assays

Bon1 cells were seeded at approximately 5�105 cells/

500ml/well in 48-well microtitre culture plates in DMEM/F-

12 K media supplemented with 10% fetal bovine serum.

Cells were allowed to grow to approximately two-thirds con-

¯uence. Human recombinant IFN-a (0, 10, 100, 1,000,

10 000 IU/ml respectively) was added and cells were incu-

bated at 37�C for 24 h. During the last 6±7 h of culture,

0.2 mCi of [3H]thymidine (5.0 mCi/mmol, Amersham, U.K.)

diluted with culture medium was added to each well. The

culture medium was then removed.

The LCC18 cell line was seeded at 2�105 cells/500 ml/well

in 48-well microtitre culture plates in culture medium toge-

ther with human recombinant IFN-a (0, 10, 100, 1,000,

10 000 IU/ml respectively). Cells were incubated at 37�C for

24 h. During the last 6±7 h, 0.2 mCi of [3H]thymidine diluted

with culture medium was added to each well. The culture

medium was then removed and the cells were precipitated

with 10% (w/v) TCA for 10 min at 4�C.

The cells were washed three times with 1�PBS. Then 1 ml

of lysate buVer (0.3 M NaOH, 0.1% SDS) was added to each

well and incubated for 20 min at room temperature. The cell

lysate was collected and transferred to a plastic tube and 3 ml

of scintillation ¯uid were added to each tube. Incorporated

radioactivity was determined using a beta counter (Rackbeta

II Liquid Scintillation Counter 1215, LKB Wallac, Finland).

Patients' data

56 patients were retrospectively selected with histologically

proven carcinoid tumours subsequently referred to the University

Hospital of Oslo, Norway and Uppsala, Sweden between

1987 and 1994. These patients all had metastatic disease with

no prior treatment. Biopsy specimens were taken prior to and
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after various periods of IFN-a treatment (IntronA 5±9 mil

IU, III-V/w.s.c.). The specimens were formalin ®xed and

paraYn embedded. The patients were followed up to Decem-

ber of 1995. The overall survival was determined from the date

of initiation of treatment with IFN-a to the date of death or last

follow-up of the patients. The sampling of patient specimens

followed the procedure of the hospital's Ethical Committee

and the study was approved by the local Ethical Committee.

Response criteria

The response criteria of treatment of the patients have been

previously described [37]. Brie¯y, a response was de®ned as a

> 50% decrease in the principal biochemical marker tested

(U-5HIAA) and/or reduction of tumour size by > 50% on

computer tomography or ultrasound. Tumour progression

was de®ned as an increase of > 25% of the biochemical mar-

ker or tumour size. Stable disease was de®ned in between

these boundaries. The duration of response was determined

from the date of the initiation of treatment with IFN-a to the

date of progression.

Immunohistochemistry

Immunohistochemistry was performed on 5 mm sections

using a standard avidin-biotin complex (ABC) method.

Brie¯y, sections were deparaYnised in xylene and rehydrated

in graded ethanols. Endogenous peroxidase activity was

blocked with phosphate-buVered saline (PBS) containing

0.3% hydrogen peroxide for 30 min. Nonspeci®c binding was

blocked by incubation in 10% normal horse serum (Vector

Laboratories, Burlingame, California, U.S.A.) for 45 min.

The sections were then incubated overnight in a humid

chamber at 4�C with the mouse Mab (TJ4C4) directed

against human p68 kinase. After washing with PBS, the sec-

tions were incubated with biotinylated horse antimouse sec-

ondary antibody (1:200 in PBS, Vector Laboratories for

40 min, followed by a 45 min incubation with the ABC-Elite

avidin reagent (Vector Laboratories) for 45 min, with thor-

ough washes between steps. The antigen-antibody reaction

was visualised with 3-amino-9-ethylcarbazole/H2O2. Sections

were counterstained with haematoxylin, dehydrated and cov-

erslipped. ParaYn sections of normal skin were used as posi-

tive controls for p68 kinase immunoreactivity. Negative

controls consisted of the same tissue sections using culture

medium but no p68 MAb. The specimens before and after

treatment with IFN-a were included at the same batch to

ensure the standardisation of staining intensity. The samples

were examined blindly.

Grading of p68 kinase immunoreactivity

All immunostained sections were examined with a standard

light microscope (�50) for intensity and extent of staining.

The scoring procedure was done according to Hsu and col-

leagues [38]. Brie¯y, the intensity of staining was scored from

0±3, with 0 representing no staining, 1 indicating weak, 2

medium and 3 strong staining. The extent of staining was

scored as 1 indicating < 25% of tumour area stained; 2 indi-

cating 25±75% of area stained; and 3 indicating > 75% area

stained. These two scores were summed to give each speci-

men a ®nal score for use in the statistical analysis.

Statistical analysis

Variables used in the statistical analysis included p68

kinase staining score (0±6) before and during treatment,

overall survival and response duration (in months) and

growth inhibition in cell lines by [3H]-thymidine incorporation

Table 1. Antiproliferative eVects of IFN-a (n = 3)

Cell line IFN-a (IU/ml) Growth inhibition (%)* P valuey

Bon1 0 ±

10 13.3 NS

100 24.5 < 0.005

1000 38.1 < 0.002

10 000 48.0 < 0.001

LCC18 0 ±

10 15.0 NS

100 23.4 < 0.01

1000 38.3 < 0.005

10 000 45.5 < 0.001

*24 h incubation with the indicated concentration of IFN-a.

yStatistical signi®cance by Student's t test compared to untreated

control.

Figure 1. EVect of IFN-� concentration on p68 mRNA
expression in Bon1 and LCC18 cell lines. (a) Northern blot
analysis following hybridisation with the p68 cDNA, the
membrane was rehybridised with a glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) cDNA control. Positions of
the 28 and 18 S rRNAs are indicated. (b) Densitometric values
expressed as arbitrary units with GAPDH values = 1. P68
expression in both cell lines were increased with graded con-
centrations of IFN-�. Statistical signi®cance was analysed by

Student's t test compared with the control.
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ratio. DiVerences in p68 kinase score before and during

treatment were calculated with the Student's t test. Response

duration and overall survival probabilities were estimated

based using Kaplan±Meier's Plot and Log rank test. P values

< 0.05 were considered as signi®cant.

RESULTS

Cell lines

Antiproliferative eVect of IFN-� by [ 3H]thymidine in-

corporation. IFN-a showed a signi®cant dose-dependent

antiproliferative eVect on both Bon1 and LCC18 cell lines.

The growth inhibition of both cell lines was in the range of

13±48%. Both cell lines were sensitive to IFN-a even at

comparatively low concentration (100 IU/ml medium).

Experiments were repeated three times (Table 1).

P68 kinase mRNA expression. The induction of p68

kinase mRNA by IFN-a was dose dependent (Figure 1a). At

12 hours of IFN-a exposure, the induction was approxi-

mately linear to the logarithm of IFN-a concentration. P68

mRNA was signi®cantly induced even at low IFN-a con-

centrations (10 IU/ml; Figure 1b).

The kinetics regarding IFN-a induced expression of p68

kinase mRNA is shown in Figure 2(a). The maximal level of

p68 mRNA expression (4- to 6-fold increase) was observed

6 h after the addition of IFN-a (1000 IU/ml). The levels then

decreased, and remained at a lower level (2- to 3-fold

increase) up to 96 h (Figure 2b). The same induction pattern

of p68 kinase mRNA was observed at days 1 to 3, if a new

dose of IFN-a was given repeatedly (data not shown). 2-

5OAS and Mx-A protein mRNA were induced similarly (data

not shown).

P68 kinase protein expression. To investigate IFN-a medi-

ated enhancement of p68 kinase protein expression, 10mg of

the total protein extracts from Bon1 and LCC18 cells grown

for 72 h in the absence and presence of IFN-a (100±10 000 IU/

ml) were analysed by Western blot. The induction of p68

kinase protein by IFN-a was dose dependent (Figure 3). The

time course of IFN-a mediated enhancement of p68 kinase

protein expression were determined by Western blot. After

12 h of IFN-a treatment (2,000 IU/ml), a slight increase and

after 24±48 h a strong increase in the amounts of p68 kinase

protein could be observed. A longer exposure to IFN-a than

48 h did not result in a further increase (data not shown).

Tumour specimens

P68 kinase expression by immunohistochemistry. To analyse

the eVects of IFN-a therapy on p68 kinase expression, 99

samples representing 56 patients with carcinoid tumors were

stained with anti-p68 using MAb TJ4C4. Immunohisto-

chemical staining of p68 MAb is shown in Figure 4. After

treatment with IFN-a p68 staining was signi®cantly stronger

than before treatment (Table 2). There was no signi®cant

correlation with the duration of IFN-a therapy (data not

shown) and no diVerences were seen between primary and

metastatic tumours (data not shown).

Figure 2. EVect of 1000 IU/ml IFN-� on p68 mRNA expression
over time in Bon1 and LCC18 cell lines. (a) Northern blot ana-
lysis following hybridisation with the p68 cDNA, the membrane
was rehybridised with a glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) cDNA control. Positions of the 28 and 18 S
rRNAs are indicated. (b) Densitometric values expressed as
arbitrary units with GAPDH values = 1. After exposure to IFN-
� for 3 h, p68 mRNA expression is signi®cantly increased in
both cell lines. At 6 h exposure to IFN-� p68 mRNA expression
reached a maximum in both cell lines. Statistical analysis was

done by Student's t test compared with the control.

Figure 3. Western blot analysis of p68 kinase in Bon1 and
LCC18 cell lines. The cells were treated with IFN-� at various
concentrations of IFN-� (lane 1, 0; lane 2, 100; lane 3, 1,000;
lane 4, 10 000 IU/ml). After 72 h of culture, cells were collected
and Western blot analysis was done as described in Materials

and Methods.
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Correlation of p68 kinase score and treatment response. To

determine the relationship between treatment response and

p68 score, we divided the patients into three groups, clinical

response, stable disease and tumour progression according to

the clinical state when the tumour specimen was taken. In

general, the p68 score increased in all three groups. However,

there were statistical diVerences only between the before and

after treatment groups with those patients having stable dis-

ease or tumour response (Table 2).

Evaluation of the prognostic signi®cance of p68 kinase score.

The medium survival of patients was 79.1 months (range,

12±199 months) from the start of IFN-a treatment. The

median duration of disease stabilisation and/or response was

29.4 months (range, 3±145 months). The probabilities for

Figure 4. Immunohistochemical staining of carcinoid tumours with the anti-p68 kinase MAb TJ4C4. (a) Liver metastasis of a
mid-gut carcinoid tumour showing moderate cytoplasmatic staining, before treatment. �400 (b) Liver metastasis after 6 months
treatment with IFN-� showing intensive staining (from the same patient (a)) �400 (c) Weak p68 immunoreactivity of liver
metastasis, before treatment. �400 (d) Lymph node metastasis with strong cytoplasmatic staining, after treatment. �400 (e)
Small intestine without p68 staining of epithelial cells, before treatment. �200 (f) Small intestine with moderate staining of epi-

thelial cells, before treatment. �400.
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overall survival (P < 0.0001) or time until progression

(P = 0.0062) were signi®cantly lower in the patients whose

p68 kinase score was less than 3.0 (Figure 5).

DISCUSSION

Classical malignant carcinoid tumours are generally slow

growing neoplasms. However, due to excessive production of

biologically active substances, the quality of life is sig-

ni®cantly impaired and untreated patients with the carcinoid

syndrome and liver metastasis frequently die within 2±3 years

from diagnosis [23, 39]. Chemotherapy has provided little

bene®t, altering response rates by only 0±30% [23]. Soma-

tostatin analogues provide eVective control of clinical symp-

toms, but have limited eVect on tumour growth [23, 39, 40].

In several studies IFN-a has produced responses as measured

by biochemical markers in approximately 50% of the

patients, and signi®cant tumour reduction and disease stabi-

lisation in approximately 70±80% of patients [9, 23, 26, 37±

41]. Since approximately one third of the patients might not

bene®t from this kind of treatment and this therapy has sig-

ni®cant side-eVects, it is of great importance to ®nd indica-

tors of possible response to IFN-a therapy. Induction of 2-

5OAS as such a marker was shown by Grander and collea-

gues [6]. The analysis of 2-5OAS in human tissue is cum-

bersome, expensive and not suitable for routine clinical use.

Therefore, we decided to look for other markers of IFN-a
bioactivity which correlates with therapeutic outcome. The

induced levels of p68 kinase (PKR) by IFN-a have, in some

recent studies, in other tumour types correlated with anti-

tumour response and overall survival [15, 16, 42].

Our study indicates that using the MAb (TJ4C4), we

could correlate the antitumour response as well as overall

survival to the extent of staining for p68. Using a threshold

level of 3 for immunostaining, a signi®cant diVerence for

progression-free (P = 0.0062) and overall survival

(P < 0.0001) was identi®ed. Therefore, this immunohistolo-

gical method, using formalin ®xed paraYn embedded mate-

rial, can be readily applied to routine clinical specimens and

is of practical clinical value for predicting the therapeutic

outcome to IFN-a. A future application of these ®ndings may

be to assess the biological responsiveness of fresh biopsies

cultured short term to diVerent concentrations of IFN-a.

This approach may provide valuable information within 24 h

and further re®ne the dosage of IFN-a needed to be given to

a particular patient to achieve a biological response.

The assessment of mRNA expression of p68 kinase in two

diVerent cell lines which were sensitive to IFN-a treatment

showed a maximal induction within 6±9 h and was dose rela-

ted. This induction also correlated with inhibition of tumour

growth in a dose-dependent manner. This was noted at low

concentrations of IFN-a (10±100 IU/ml) which is clinically

relevant and which resulted in a signi®cant expression of p68

kinase mRNA. This ®nding is signi®cant because it opens the

possibility of designing treatment schedules based on the

biologically relevant doses rather than on a predetermined

clinical dose.

In conclusion, this study has demonstrated that IFN-a is

able to induce p68 kinase at the mRNA and protein levels

both in vitro and in a clinical setting. p68 protein expression

correlates with clinical outcome of IFN-a therapy and was a

predictor of the duration of response and overall survival.

These ®ndings are in agreement with previous work on

human Kaposi's sarcoma and in head and neck squamous

cell carcinomas [16, 17].
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Figure 5. Probability of (a) progression-free survival and (b)
overall survival according to p68 scores either < 3.0 or � 3.0
(n=number of cases). Patients with p68 score � 3.0 had a sig-
ni®cantly longer progression-free survival than those with p68
score < 3.0 (log-rank test, P = 0.0062), and a longer overall

survival (P = 0.0001).
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(month) and response
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treatment P*y

Treatment period
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