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Autonomous Expressions of Cytokine Genes by Human Lung Cancer Cells and Their
Paracrine Regulation
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Cell-to-cell interaction between tumors and host inflammatory cells is important for the subsequent
cancer progression or regression, We examined the expressions of mRNAs for various proinflam-
matory cytokines by nine human lung cancer cell lines and the influences of cytokines on their gene
expressions, The cytokines used were interlenkin 18 (I1.-18), interleukin 6 (JL-6), tumor necrosis
factor & (TNF-a), granulocyte-macrophage colony stimulating factor (GM-CSF) and monocyte
chemotactic and activating factor. Gene expressions of cytokines were measured by Northern blot
analysis. Substantial expressions of cytokine genes were detected in several lung cancer cell lines
such as RERF-LC-MS, RERF-LC-OK and VMRC-LCD, although the levels of expression of each
cytokine varied in different cell lines. Four lang cancer cell lines (RERF-LC-MS, RERF-LC-OK,
A549 and YO-88) were used to examine the effects of exogenous cytokines (IL-18, TNF-a and
GM-CSF) on cytokine gene expressions by the cells. TNF-a and IL-13 caused significant changes in
the levels of mRNA expressions of certain cytokines. Moreover, on stimulation with TNF-a,
RERF-LC-OK cells produced IL-6 extracellularly. These extensive differences in the levels of gene
expressions and productions of cytokines could have profound effects on the interactions hetween

human lung cancer cells and the corresponding host cells,
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It has long been appreciated that complex interactions
occurring between tumors and host inflammatory cells,
particularly macrophages may influence progression or
regression of the tumors.'™ Recently, much progress
has been made in identification of various cytokines re-
sponsible for internal and external signalings that affect
the growth of tumor cells. Several cytokines {TNF-a,
IL-6, IL-10, GM-CSF and IFN.y)? detectable in tumor-
infiltrating inflammatory cells have been found to be in-
volved in tumor cell-host cell interactions.*® On the other
hand, autonomous productions of cytokines such as
M-CSF,*'? IL-6'""'» and IL.-10 and GM-CSF'*'® have
been reported in several human tumors of nonhemato-
poietic origin. Several human lung cancer cell lines have
also been found to produce cytokines such as IL-8,'9
CSF and IL-6'"" constitutively. The products of these
cytokines could influence the functions of infiltrating
host inflammatory cells such as macrophages and lym-
phocytes. In particular, tumor-infiltrating macrophages,
which produce various cytokines (TNF, IL-1, IL-6,
GM-CSF), are known to be involved in tumor progres-
sion or regression.”

! To whom all correspondence should addressed.

2 Abbreviations used are: GM-CSF, granulocyte-macrophage
colony stimulating factor; IFN-y, interferon y; IL-15, inter-
leukin-18; MCAF, monocyte chemotactic and activating
factor; TNF-¢, tumor necrosis factor a.
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Recently, much attention has been paid to certain
cytokines which stimulate growth of human tumor cells
and induce secondary cytokine productions by the
cells.?'™ These findings raise the possibility that one
cytokine produced by tumor cells and/or tumor-in-
filtrating host cells may induce secondary production of
multiple other cytokines. Little is known, however, about
autocrine and/or paracrine mechanisms which may reg-
ulate human lung tumor growth. Tumor-derived cyto-
kines such as IL-1, TNF-¢, G-CSF and IL-6 may also be
important in the development of paraneoplastic syn-
dromes associated with symptoms such as leukocytosis,
thrombocytosis, hypercalcemia and/or loss of body
weight.*?® To elucidate complex interactions between
lung cancer and macrophages, we examined the gene
expressions of macrophage-related cytokines and their
regulations by proinflammatory cytokines in nine human
lung cancer cell lines. We found that all the lung cancer
cell lines expressed at least one cytokine spontaneously.
Moreover, addition of exogenous TNF-a or IL-1 affected
the gene expressions of some cytokines.

MATERIALS AND METHODS

Cell lines The human lung cancer cell lines RERF-
LC-MS (adenocarcinoma), RERF-LC-OK (adenocarci-
noma), VMRC-LCD (adenocarcinoma), A 549 (adeno-
carcinoma}, Lu-134-A-H (small cell carcinoma), N 291
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(small cell carcinoma) and H 69 (small cell carcinoma)
were obtained from ATCC.

Establishment of lung cancer cell lines The cell lines
YO-88 (adenocarcinoma) and T-SC89 (small cell carci-
noma) were established from malignant pleural effusions
of a 65-year-old Japanese man (case 1) and of a 61-
year-old man (case 2), respectively, in our laboratory
between 1989 and 1990. On sampling of tumor specimens
these patients had recurrence of malignant pleural effu-
sions in their clinical courses after chemotherapy alone
(case 1) or with irradiation therapy (case 2), but did not
have particular symptoms or signs characteristic of para-
neoplastic syndrome. At that time, white blood cells in
pleural effusions of cases 1 and 2 consisted of 80% and
31% macrophages, and 9% and 69% lymphocytes, re-
spectively. Briefly, all specimens were collected during
standard diagnostic procedures under aseptic conditions,
and centrifuged on a Ficoll-Hypaque gradient to separate
tumor cells from erythrocytes, prior to plating in culture.
The cells were set up in parallel in RPMI 1640 with 20%
fetal bovine serum (FBS) in 25 cm? culture flasks until
cell lines were established. Absence of mycoplasma con-
tamination was confirmed by using fluorescent Hoechst
33258.

Reagents FBS and RPM1I 1640 medium were purchased
from Gibco (Grand Island, NY) and Nissui Chemical
Co. (Tokyo), respectively. RPMI medium supplemented
with FBS (10%), glutamine (1 mM) and gentamycin (50
mg/ml) was used in all experiments. Natural human
TNF-x (specific activity, 3.25X 10° Japanese Reference
Units/mg protein) was a gift from Hayashibara Institute
(Okayama). Human recombinant IL-15 was supplied by
Otsuka Pharmaceutical Co. (Tokushima). Human re-
combinant GM-CSF (specific activity, 9.3X10° U/mg
protein) was kindly supplied by the Genetics Institute
(Cambridge, MA). cDNAs for IL-18, TNF-a and
GM-CSF were obtained from Otsuka Pharmaceutical
Co. Lipopolysaccharide (LPS) derived from Escherichia
coli 055:B5 strain was purchased from Difco Labora-
tories, Detroit, MI. The ¢cDNA for IL-6 was a gift from
Dr. T. Hirano (Osaka University, Osaka). The cDNA
for MCAF was a gift from Dr. K. Matsushima (Cancer
Institute, Kanazawa University, Kanazawa).

Isolation and culture of human blood monocytes Mono-
nuclear cells were separated on lymphocyte separation
medium from the leukocyte concentrates collected from
peripheral blood (200 ml) of healthy donors. Monocyte-
enriched fractions were separated from the mononuclear
cells by centrifugal elutriation in a Beckman JE-5.0
elutriation system.”” More than 97% of the cells were
viable, as judged by the Trypan-blue dye exclusion test.
These cells were washed twice, then incubated for 7
days in medium with GM-CSF (100 U/ml) to induce
monocyte-derived macrophages. Then these macrophages
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were plated at various concentrations for 1 h, and incu-
bated for 6 h with LPS (1 zg/ml). Cells were fixed with
1% paraformaldehyde (PFA) for 20 min at room tem-
perature according to the method described previously™
for measuring membrane-bound TNF activity. Then
these cells were washed three times, and incubated for
24 h in medium to eliminate the effect of remaining PFA
and substances leaking from fixed cells. After three more
washes, they were used for measurement of membrane-
form TNF activity.

Bioassay for membrane-form TNF activity TNF activity
was measured by assay of cytotoxicity to 1929 cells using
the MTT dye reduction method described previously.?®
Briefly, 2 10* L929 cells were plated into each well of
96-well plates containing fixed monocyte-derived macro-
phages that had been induced by incubation of mono-
cytes for 7 days in medinm with GM-CSF (100 U/ml) in
the presence of actinomycin D (2 gg/ml). Natural
TNF-a was also applied as a standard control. Cells were
cultured at 37°C under 5% CO; in humidified air. After
24 h, 50 11 of MTT stock solution (5 mg/ml) was added
to all wells, and the cells were incubated for 2 h at 37°C.
Then the culture media were removed and 100 gl of
DMSO was added to dissolve the dark blue crystals.

~ Absorbances were measured with an MTP-32 Microplate

Reader (Corona Elactric, Ibaragi) at test and reference
wavelengths of 550 and 630 nm, respectively. TNF ac-
tivity is expressed as percent cytotoxicity calculated
by means of the following equations:

% Cytotoxicity=(A —B)/A X 100,

where A is the absorbance of wells of L929 cells cultured
with medium only and B is that of the weil of L929 cells
cultured with a test sample.

Measurement of IL-6 by ELISA Enzyme immunoassay
(EIA) for human IL-6 was performed essentially as
described previously.” The sensitivity limit of the EIA
was 3.1 pg/ml.

Northern blot hybridization analysis Total RNA was
obtained from cells by the acid guanidium thiocyanate-
phenol-chloroform extraction method.*® Briefly, samples
of 5X107 cells were washed three times with ice-cold
phosphate-buffered saline. Denaturing solution (4 M
guanidium thiocyanate, 25 mM sodium citrate, 0.5%
N-lauryl-sarcosine, 0.1 M 2-mercaptoethanol, pH 7.0)
was then added, and the cells were scraped off the
plates, transferred to sterile 2-ml Eppendorf tubes and
sonicated. Then, (a) 2 M sodium acetate, pH 4.0, (b)
water-saturated phenol, and (¢) chloroform-isoamyl al-
cohol (49:1) were added sequentially, with mixing, to the
denaturing solution at ratios by volume of 0.1:1:0.2:1.
The final suspension was shaken vigorously for 10 s, then
cooled on ice for 15 min. Samples were centrifuged at
10,000g for 20 min at 4°C. After centrifugation, the



aqueous phase was transferred to fresh tubes and mixed
with 1 vol of isopropanol, and the tubes were then
incubated at —20°C for at least 1 h to precipitate the
RNA. The RNA pellet obtained by centrifugation at
10,000g for 20 min was resuspended in ¢.5 ml of the
denaturing solution, and precipitated by treatment with 1
vol of isopropanol at —20°C for 1 h. The resulting RNA
peliet was resuspended in 709% ethanol, precipitated by
recentrifugation, dried in a vacuum, and dissolved in
10-50 pl of diethyl pyrocarbonate-treated water. The
quantity and purity of the RNA were estimated with a
spectrophotometer (Beckman Instruments, Palo Alto,
CA). Each total RNA sample (5-10 ug of RNA) was
denatured in a solution of 20 mM 3-(N-morpholino)-
propanesulfonic acid (MOPS) buffer, pH 7.0, containing
6% formaldehyde, 50% formamide, 5 mM sodium ace-
tate, and 1 mM EDTA at 65°C for 5 min and then
separated on 1.2% agarose gel containing 6% formalde-
hyde. It was then transferred to a Hybond-N* nylon
membrane (Amersham International ple, England) and
hybridized with ¥P-labeled probes in similar conditions
to those described previously.?® The probes used were the
Psl-Pyull fragment (0.67 kb) of cDNA for IL-15, the
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PsfI-Pstl fragment (1.1 kb) of ¢cDNA for TNF-z, the
Psil-Neol fragment (0.5 kb) of cDNA for GM-CSF, the
Tagl-Banll fragment (0.44 kb) of ¢cDNA for IL-6, and
the Pstl-Pstl fragment (0.4 kb) of cDNA for MCAF.
These probes were labeled by the multiprime DNA label-
ing method.*” Before hybridization, the nylon membrane
was prehybridized in 50% formamide, 3 XSSPE (SSPE;
0.15 M NaCl, 10 mM NaH,PO,, pH 7.4, 1 mM EDTA),
200 pg/ml sonicated salmon sperm DNA, 0.1% SDS,
and 5XDenhardt’s solution at 42°C for 6 h. Hybrid-
ization was performed at 42°C for 14 h in the same solu-
tion containing 10% dextran sulfate and labeled cIDNA
(10° ¢pm/ml) which had a specific activity of about 10°
cpm/tg. After hybridization, the membrane was washed
four times with 2 X SSPE containing 0.1% SDS for 15
min each time at 42°C and then with 1 X SSPE contain-
ing 0.1% SDS for 30 min at 42°C. The membrane was
autoradiographed with Kodak XAR-5 film at —70°C
with an intensifying screen. Unless otherwise described,
these experiments were performed 4 h after the start of
tumor cell culture with or without stimulating agents. All
experiments were repeated at least 3 times with similar
results.
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Fig. 1.

Spontaneous gene expressions of various cytokines by human lung cancer cell lines, The indicated Jung cancer cell lines

{1X10° cells/ml) were incubated for 72 h. The cells were then lysed and their total RNAs were prepared. Equal amounts of
total RNA (5 zg/lane) were separated by electrophoresis, blotted onto a nylon membrane, and hybridized with *P-labeled IL-18,
IL-6, TNF-2, GM-CSF, MCAF or S-actin ¢cDNA probe. Relative mRNA levels were assessed by densitometry on the basis of

B-actin,
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Quantitative analysis of autoradiograms Autoradio-
grams obtained by Northern blot analysis were quanti-
tated by densitometric scanning with a FUJIX Bio-Image
Analyzer-BAS2000 (Fuji Photo Film Co., Tokyo).

RESULTS

Spontaneous cytokine gene expression by human lung
cancer cells First, we examined whether human lung
cancer cell lines constitutively express mRNAs for vari-
ous cytokines (IL-138, 11.-6, GM-CSF, TNF-¢ and
MCAF). For this, human lung cancer cells at a density of
1 X 10° cells/ml were incubated for 72 h before harvest-
ing. Then the levels of mRNAs were quantitated by
densitometric scanning, and expressed as relative scan-
ning units as shown in Fig. 1. Spontaneous expressions of
mRNAs for 11.-153 and TNF-a were seen in RERF-LC-
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MS cells, mRNA for IL-6 in RERF-LC-OK cells and
mRNA for GM-CSF in YO-88 cells. In addition, mRNA
for the MCAF gene was expressed spontaneously in three
lung cancer cell lines (RERF-LC-MS, RERF-LC-QK
and VMRC-LCD), although at low levels.
Effects of cytokines on cytokine gene expressions in
various lung cancer cell lines We examined whether the
cytokines TNF-a, IL-13 and GM-CSF affected the pro-
liferations of four lung cancer cell lines (RERF-LC-MS,
RERF-LC-OK, A549 and YO-88). As judged by *H-
thymidine uptake and microscopical examination, none
of these three cytokines at concentrations of 100 U/ml
affected the proliferation or morphology of any of the
four cell lines tested (data not shown).

We next examined the effects of various cytokines on
the expressions of the genes for IL-13, TNF-¢, IL-6,
GM-CSF and MCAF in the same four human lung

-
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Fig. 2. Regulations by IL-18, TNF-« and GM-CSF of cytokine gene expressions in four lung cancer cell lines. Four lung
cancer cell lines (1X10° cell/ml) were incubated for 4 h in medium with or without TNF-a (100 U/ml), IL-18 {100 U/ml) or
GM-CSF (100 U/ml). The cells were then lysed and their total RNAs were prepared. Equal amounts of total RNA, (5 ug/lane)
were separated by electrophoresis, blotted onto a nylon membrane, and hybridized with *P-labeled human IL-18, IL-6, TNF-a,
GM-CSF, MCAF or f-actin cDNA probe. Relative mRNA levels were assessed by densitometry on the basis of S-actin.
Changes of mRNA levels on addition of exogenous cytokines were calculated by comparison with the values in cells incubated

in medium alone.

182



TSl F S S s S
. & e P
BUGTAR 4 & :&'g & ;\‘*25\'

\&\"‘&‘\ﬁv S é‘“‘&“‘%{ S YTYE

MCAF

B-Actin

RERF-LC-MS RERF-LC-O A5

Fig. 3. Up-regulations by TNF-a, IL-18 and GM-CSF of
MCAF gene expressions in three lung cancer cell lines. Lung
cancer cell lines (1 10° cells/ml) were incubated for 4 h in
medium with or without TNF-a (100 U/ml), IL-13 (100
U/ml) or GM-CSF {100 U/ml). Then the cells were lysed
and their total RNAs were prepared. Equal amounis of total
RNA (5 pg/lane) were separated by electrophoresis, blotted
onto a nylon membrane, and hybridized with ?P-labeled
human MCAF or S-actin cDNA probe,

Table I. IL-6 Production by RERF-LC-OK Cells Stimu-
lated with Natural TNF-a or Fixed Monocyte-derived Macro-
phages

TNF activity  IL-6 production

Sample {% cytotoxicity) (pg/ml)
Set | TNF-a (G/ml)
0 0.0 262
1 55.1 619
10 81.2 843
100 ND# 1006
Set 2 Monocyte-derived
macrophages
{ X 107*/well)
0 0 558
1 27.8 763
3 60.9 938
10 75.3 1032

Monocyte-derived macrophages were stimulated for 6 h with
LPS (1 pg/ml) and then fixed with PFA before measurement
of membrane-form TNF activity as described in “Materials
and Methods.” SDs were consistently < 109% of means.

a) ND, not done

cancer cell lines (RERF-LC-MS, RERF-LC-0K, A549
and YO-88), by incubating these cells for 4 h in medium
with various cytokines before Northern blot analysis.
Changes of mRNA levels are shown in Fig. 2. GM-CSF
did not affect the gene expressions of any of the cytokines
examined. IL-18 mRNA expression was enhanced only
in RERF-LC-OK cells on TNF-¢ stimulation. The
TNF-2 mRNA level in RERF-LC-MS cells was reduced
by treatment with TNF-a¢ or IL-18. On the other hand,

Cytokiné Gene Expressions by Human Lung Cancer Cells

the IL-6 mRNA levels were increased by TNF-a in
RERF-LC-OK and A 549 cells, but were increased by
IL-18 in all the lung cancer cell lines examined, and
especially RERF-LC-OK cells. The GM-CSF mRNA
level was increased in RERF-L.C-OK cells and also to
some extent in A 549 cells by treatment with IL-15.
Fig. 3 shows representative results of Northern blot
analyses of the effects of various cytokines on the expres-
sions of the genes for MCAF. Marked MCAF mRNA
expression was seen in RERF-LC-OK and A 549 cells
after TNF- treatment. IL-153 also augmented the
MCAF mRNA levels in RERF-LC-OK and A 549 cells,
although less than TNF-.
Induction of IL-6 production by lung cancer cells
stimulated by cytokines We measured concentrations of
IL-6 extracellularly secreted by lung cancer (RERF-LC-
OK) cells stimulated with TNF-z. Natural TNF-,
which was cytotoxic to 1.929 cells, stimulated RERF-
LC-OK cells to produce IL-6 extracellularly in a dose-
dependent manner (Table I). Under these experimental
conditions we examined the effect of membrane-form
TNF on induction of IL-6 production by RERF-LC-OK
cells. Monocyte-derived macrophages that had been
treated for 6 h with LPS, also expressed TNF activity
and induced production of IL-6 by the lung cancer cells
depending on the density of cells added (Table I}.

DISCUSSION

Complex interactions occur between tumors and host
inflammatory cells, leading to either progression or re-
gression of the tumors."™ In the present study, we found
that nine different human lung cancer cell lines all
spontaneously expressed the genes for at least one of five
cytokines examined. In particular, aberrantly high levels
of cytokine gene expression were observed in human lung
adenocarcinoma cell lines (RERF-LC-MS and RERF-
LC-OK). Constitutive expressions of cytokine genes in
human lung cancer cell lines might contribute to positive
or negative feedback control of the anti-tumor defense
mechanism, because infiltrating host cells such as lym-
phocytes and macrophages have been found in primary
cancers.> 3%

TNF and IL-1 are produced mainly by cells of the
monaocyte-macrophage series.”® TNF was also found to
induce GM-CSF production by lung adenocarcinoma
(SUT) and squamous cell carcinoma (SKMES) cell
lines.* These findings were confirmed and extended in
the present study on four human lung cancer cell lines
(RERF-LC-MS, RERF-LC-OK, A549 and YO-88)
which showed that human TNF-a¢ induced the gene
expressions of not only GM-CSF, but also IL-13, MCAF
and IL-6 (Fig. 2). IL-15 also induced expressions of the
genes for IL-6, GM-CSF, MCAF. Thus, it is likely that
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an aberrantly high level of expression of one cytokine
gene induces the expression of multiple other cytokines in
lung cancer cells.

In the present study extracellular production of IL-6
by human lung cancer (RERF-LC-OK) cells was also
seen at the protein level, when the cells were stimulated
with scluble form of TNF-@. This supports the findings
obtained at the mRNA level (Fig. 2). Recently human
macrophages were found to produce large amounts of 26
kDa membrane-form TNF-¢ when activated with vari-
ous stimuli,” suggesting a possible cell-to-cell interaction
between macrophages and lung cancer cells through a
paracrine mechanistn by which cancer cells produce
secondary cytokines. This was the case in our study
showing that membrane-form TNF-¢ expressed on hu-
man monocyte-derived macrophages induced IL-6 pro-
duction by RERF-LC-OK cells in a dose-dependent
manner {Table I).

GM-CSF was found to stimulate growth of several
tumor cells of nonhematopoietic origin,?” but it did not
affect gene expression by lung cancer cell lines of any
cytokine examined (Figs. 2 and 3). Under our experi-
mental conditions, TNF-¢ mRNA expression was down-
regulated only in RERF-LC-MS cells by addition of
TNF-a or IL-15.

Continuous recriuitment of blood monocytes into
growing tumors seems to be important for cell-to-cell
interaction between inflammatory cells and tumor cells.
MCAF, which is chemotactic for monocytes, is known to
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