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The human lung adenocarcinoma cell line A549 is known to be resistant to tumor necrosis factor
alpha (TNF-a)-mediated tumor cell lysis in spite of the expression of 55 kDa TNF receptor (TNF-
R55) mRNA and its cell surface protein. In this study, we investigated the mechanism of TNF-
resistance and the role of two types of TNF receptors (TNF-R55 and TNF-R75 (75 kDa TNF
receptor)). TNF-R55 or TNF-R75 cDNA was transfected into A549 cells. In addition, a C-terminal
deletion mutant of TNF-R75 which lacks the intracellular domain of TNF-R75 was also trans-
fected into A549 cells. We assessed the TNfFmediated tumor cell lysis of these transfected
clones, and found that the cytotoxic effect increased in transfected clones highly expressing TNF-
R55, but not in low-expression clones. As for TNF-R75, the cytotoxic effect of TNF-was
observed in TNF-R75-transfected clones even when expression was low. Furthermore, the cyto-
toxic effect was also observed in clones transfected with the deletion mutant of TNF-R75, as well
as the complete TNF-R75. These results indicate that a certain level of expression of TNF-R55 is
necessary for obtaining TNFea-mediated tumor cell lysis in the absence of TNF-R75. On the other
hand, the expression of TNF-R75 strongly induces TNE-mediated cytotoxicity through TNF-R55

in the absence of an intracellular signal via TNF-R75.
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Tumor necrosis factor alpha (TNF; a multifunctional  surface proteing?®2Y The reason why TNF-resistant cells
cytokine, was originally described as a polypeptide inducfail to respond to TNFr even if they express TNF-R55
ing hemorrhagic necrosis of certain tumirssivo) TNF- on their cell surface is unclear. In this study, we investi-
o is cytostatic or cytotoxién vitro against a variety of gated the mechanism of TNF+fesistance and the contri-
tumor cell lineg™ and it interacts with a wide variety of bution of TNF-R75 to the cytotoxic effect of TNF-on
cell types that express specific receptors on the cell surA549 cells by transfecting TNF-R55 cDNA, TNF-R75
face. The cDNA for two types of TNF receptors having cDNA, or TNF-R75 deletion mutant cDNA into A549
approximate molecular weights of 55 kDa (TNF-R55) andcells.

75 kDa (TNF-R75) have been isolafetl.Both receptors

appear to be expressed in various tissues and to shareygTERIALS AND METHODS

considerable homology in extracellular domains. How-

ever, the fact that the intracellular regions of the two TNFCells The human lung adenocarcinoma cell line A549
receptors are completely unrelated in sequence suggestgs originally obtained from the Japanese Cancer
the existence of distinct biological functiolslt has been Research Resources Bank and was maintained in Eagle’s
reported that cytotoxicity, which is one of the most char-minimal essential medium supplemented with 1% nones-
acteristic functions of TNIe, is principally mediated sential amino acids, 1%-glutamine, 1% sodium pyru-
through TNF-R55, which bears the intracellular sequencesate, 1% penicillin-streptomycin, and 10% fetal calf
responsible for programmed cell death (death dom&). serum (MEM/FCS). The human histiocytic lymphoma cell
However, recent reports demonstrate that TNF-R75 notine U937 was obtained from the American Type Culture
having the intracellular death domain also induces TNF-Collection and was maintained in RPMI 1640 supple-
o-mediated tumor cell lysis in some tumor cell lie¥) mented with 1% nonessential amino acids, 1%
Although the mechanism of TN&-mediated tumor cell glutamine, 1% sodium pyruvate, 1% penicillin-streptomy-
lysis through TNF-R75 is not clear, some models havecin, and 10% fetal calf serum (RPMI/FCS).

been proposet’® Human lung adenocarcinoma cell line Probes Plasmids bearing the complete coding region of
A549 is resistant to TNB-mediated tumor cell lysis in human TNF receptor (TNF-R55 or TNF-R75 cDNA in
spite of the expression of TNF-R55 mRNA and its cellpUC19) were kindly provided by Dr. H. Loetscher (F.
Hoffmann-La Roche Ltd., Basel, Switzerland). A 1.3 kb
3To whom correspondence should be addressed. EcoRI-EcaRI fragment of the TNF-R55 cDNA was used
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as a TNF-R55 probe? A 0.9 kb Sad-Sad fragment of Ramon, CA) or mAb against TNF-R75 (1@/ml) (Gen-

the TNF-R75 cDNA was used as a TNF-R75 proBe. zyme, Cambridge, MA) for 30 min at 4°C. The cells were
Humanp-actin probe was used as an internal conttol. then washed and stained with fluorescein-conjugated goat
Vector construction TNF-R55 and TNF-R75 cDNA anti-mouse IgG or goat anti-rat IgG diluted 1:200 in PBS
were cloned in the pPRC/RSV eukaryotic expression vectofor 30 min at 4°C. Fluorocytometric detection was done
(Invitrogen, San Diego, CA) that contains Rous sarcomawith a Coulter Epics XL equipped with an argon-ion laser
virus long terminal repeat (RSV-LTR) and the neomycin- (Coulter Electronics, Luton, UK).

resistance gendNe9g expressed under the SV40 promoter. RNA isolation and northern blot analysis Total RNA

For the construction of the TNF-R55 expression vectorwas isolated from cell lines by the guanidium thiocyanate-
TNF-R55 cDNA in pUC19 was digested witBcoRl. phenol-chloroform extraction method as described by
Because of the lack of an appropriate restriction site fotChomczynski and SaccHi. For northern blotting, 2Qug
digestion, two pieces of restriction fragment digested withof each RNA preparation was electrophoresed in a 1%
EcoRIl (1.2 kb and 0.9 kb) were cloned into Bluescript agarose gel containing 1M formaldehyde. The RNA
SK+ (Stratagene, La Jolla, CA), respectively. Completewas transferred to a positively charged nylon membrane
TNF-R55 cDNA was then reconstituted in Bluescript by (Boehringer Mannheim, Mannheim, Germany). After UV
the partial digestion and ligation meth@dThe reconsti-  cross-linking, the filters were immersed in prehybridiza-
tuted TNF-R55 cDNA in Bluescript was blunted after tion buffer composed of ¥85SC (XSSC is composed of
digestion withNot and Xhd, and inserted into the blunt- 0.15 M NaCl and 15 Ml sodium citrate), 50% form-
endedBs¥I site of the pRC/RSV eukaryotic expression amide, 0.02% sodium dodecyl sulfate (SDS), 0.1% N-lau-
vector. In the construction of the TNF-R75 expressionroylsarcosine, 2% (W/V) solution of blocking reagent for
vector, TNF-R75 cDNA was digested witlEcORl, nucleic acid hybridization (Boehringer Mannheim), and
blunted, and then inserted into the blunt-en8stI site 20 mM sodium maleate, pH 7.5 for 3 h at 42°C. Detection
of pRC/RSV vector. The C-terminal deletion mutant of of mRNA with [a-*2P]JdCTP-labeled (using the Mul-
TNF-R75 (TNF-R75Del) was generated by digestion oftiprime labeling system: Amersham, Buckinghamshire,
TNF-R75 cDNA with EcoRIl and Bcll. The restriction  England) probe was carried out by hybridization in the
fragment was then blunted and cloned into the bluntsame prehybridization buffer for 18 h at 42°C. Mem-
endedBsiXI site of pRC/RSV expression vector. Thus, branes were washed twice in a solution containin§SC

the TNF-R75Del mutant receptor consisted of extracellu-with 0.1% SDS for 15 min at 65°C, followed by washing
lar and transmembrane domains, but lacked the intracelltence in XSSC with 0.1% SDS for 30 min at 65°C, and
lar domain of TNF-R75. then twice in 0.4SSC with 0.1% SDS for 15 min at room
Transfection The expression vectors encoding the TNF-temperature. The integrated radioactivity of mRNA bands
R55, TNF-R75, and C-terminal deletion mutant of TNF-for TNF receptors was detected with a Bio-Image ana-
R75 (TNF-R75Del) were transfected into A549 cells. lyzer (BAS 2000, Fuji Photo Film Co., Tokyo).
Transfections were performed in 60 mm plates using 10/NF-a-mediated tumor cell lysis TNF-a-mediated

ug of plasmid DNA per plate by the calcium phosphatetumor cell lysis was assessed by measuring cytotoxicity
precipitation method® After 6 h of exposure, cells were against a mock-transfected clone of A549 and TNF recep-
washed 3 times with MEM and added to 4 ml of completetor gene-transfected clones of A549. Target cells were
medium. Forty hours after medium exchange, cells werdabeled with Ng>'Cr]O, for 2 h. Radiolabeled target cells
selected in medium containing 8@@/ml G418 (GIBCO, (5x10* cells/well) were mixed with recombinant human
Grand Island, NY). After 2 weeks of selection, G418- TNF-a (1000 U/ml) in 96-well U-bottomed sterile micro-
resistant clones were selected randomly from the survivtiter plates in the presence of cycloheximide at the con-
ing colonies and used in the following experiments. Thecentration of lug/ml. After 18 h incubation at 37°C, 100
mock-transfected clone was established by transfectingd aliquots of supernatants was collected from the wells
the pRC/RSV plasmid without a cDNA insert, and used inand counted in a gamma counter. Experimental release
the experiments as a control. was determined from the amount %€r released by the
Flow cytometry The cells were incubated in phosphate- target cells when incubated with TNFin the presence of
buffered saline (PBS) with 0.5 vh EDTA for 3 min at  cycloheximide. Spontaneol!Cr release was determined
37°C, then detached by vigorous pipetting and harvesteffom target cells in the medium in the presence qigl

into complete medium containing 10% FCS. This suspenml cycloheximide. Total count was determined from the
sion was centrifuged at 1500 rpm for 3 min at 4°C, and1% NP-40 lysate of the target cells. The percentage of
the cells were resuspended<{ff cells/150ul) in PBS.  specific 5Cr release was calculated as: {(experimental
To examine the expression of human TNF receptors, cellselease spontaneous release)/(total relessgontaneous
were incubated with monoclonal antibody (mAb) againstrelease)k100. All tests were performed in triplicate and
TNF-R55 (10 pg/ml) (Austral Biologicals Co., San mean values were calculat&éd.
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RESULTS from TNF-R55, TNF-R75 or TNF-R75Del cDNA was
studied by RNA blot analysis using tleoRI fragment

Construction of expression vectors for TNF receptors of TNF-R55 extracellular domain sequences as a probe

and the mutant receptor To analyze the relation

between the resistance to TNFmediated tumor cell

lysis and the expression of TNF receptors, we constructed

expression vectors for two types of TNF receptor (TNF- (4 [Rsv-LTH TNF-R55  |pAFSV40 [ Neo [pA]

R55 and TNF-R75) and a C-terminal deletion mutant of

TNF-R75 (TNF-R75Del). The structures of the expression

vectors are shown in Fig. 1. TNF-R55 or TNF-R75 cDNA

was inserted into a multiple cloning site of the expression

plasmid pRC/RSV, downstream of RSV-LTR and under (B) [RSV-LTR  TNF-R75  pAl—{SV40 | Neo [pA|

its transcriptional control (Fig. 1, A and B). The C-termi-

nal truncated TNF-R75 cDNA was also inserted into the

pRC/RSV vector. The mutant receptor (TNF-R75Del)

(from which 140 or more amino acids had been removed ) [RSV-LTH TNF-R73] [pA—{svao[nNeo [pa]

from the C-terminal end) consisted of extracellular

domain and transmembrane domain sequences, but lacke I — i

the intracellular domain of TNF-R75 (Fig. 1C). The EC ™™ IC

experiments using TNF-R75 mutant were based on theig. 1. Structure of the expression vectors. The full-length

reports of Bigdaet al'® and Rotheet al?® They showed TNF-R55 (A) or TNF-R75 cDNA (B), or C-terminal truncated

that a C-terminal region of 78 amino acids within the TNF-R75gene (C) was ligated into tHasiXI site of the pRC/

cytoplasmic domain of TNF-R75, comprising amino acids RSV expression vector that includes the enhancer-promoter

346-423, was required for signal transduction. Thus, weeguences from the Rous sarcoma virus long terminal repeat

. . . (RSV-LTR), a polyadenylation signal (pA), the SV40 origin for
deleted the sequences coding from leucine 298 to serin, pisomal replication (SV40 ori), and the gene that confers resis-

439 in the TNF-R75 gene. tance to G418 Nedg. The dotted region indicates deleted
Expression of TNF receptor genes and the mutant sequences of TNF-R75 cDNA (C). EC, extracellular domain;
receptor gene in transfected clonesExpression of genes TM, transmembrane domain; IC, intracellular domain.

(A) (B)

A549 A549
A549-R55H A549.R75
549-R551.-1 37
A549-R551.-2 A549-R75Del
l _ TSRS
TNF-RS5 —»  ‘ilasis INERTS > .
-18S
-18S '
TNF-R75Del — ‘

p-actin —

Fig. 2. Northern blot analysis of TNF receptor gene-transfected clones. Total cellular RNA was harvested and subjectedoto RNA bl
analysis using the TNF-R55 probe (A, top panel) or the TNF-R75 probe (B, top panel). The filter was stripped and rehyibinidized w
probe derived from humafractin cDNA (A and B, bottom panel) as a control for sample loading. RNA samples were derived from
the following cells: lane A549, a cell line from human adenocarcinoma of the lung; lanes A549-R55L-1 and A549-R55L-2 (two repre
sentative clones of A549-R55L) and A549-R55HNF-R55gene-transfected clones from A549 cell line; lane A549-R75, a complete
TNF-R75gene-transfected clone from A549 cell line; lane U937, a human histiocytic lymphoma cell line; lane A549-R75Del, a C-ter-
minal truncatedTNF-R75gene-transfected clone from A549 cell line. RNA from the U937 cell line was used as a positive control for
TNF-R75 mRNA expression.

501



Jpn. J. Cancer Re89, May 1998

for TNF-R% gene expressigrand theSad fragment of  clone wih high expression of TNF-R55 mRNA (A549-
TNF-R75 extracellular domain sequences as a probe foR55H) (Fig. 2A). Although TNF-R55 mRNA was
TNF-R75ard TNF-R75Delgene expressiootal cellular  detected in wild-type A549 cells, the expression of TNF-
RNA was extracted from wild-type A549 cells and trans- R55 mRNA in TNF-R55 gene-transfected clones oftho
fected A549 clonesWe obtained four clones with low Ab549-R55H andA549-R55L was higher than that of
expression of TNF-R55 mRNA (A549-R55L) and one wild-type A549 cells (Fig. 2A). As for the expression of
TNF-R5 gene (Fig. 2B), TNF-R75 mRNA was detected
in a TNF-R75gene-transfected clone (A549-R75) but not
in the wild-type A549 cellsWeak expression of TNF-R75

TNF-R55 TNE-R75 MRNA detected in U937 cells was used as a cofitrol.

A549 A549 The expression ofNF-R75Delgene was also detectad
100 1oo a TNF-R75Del gene-transfected clone (A549-R75Del).
: D The molecular size of TNF-R75Del mRNA was smaller

than that of TNF-R75 mRNA.

Protein expression of transfected genes was analyzed
by flow cytometry (Fig. 3). As for TNF-R55 on the cell
surface, its expression in wild-type A549 cells was
deteded, but only weakl Howeve, bah high and low

. 1000 1000 expressions of TNF-R55 were obtainedTNF-R55 gene-
5 transfected clones (A549-R55H and A549-R55L, respec-
"g 100 AS549-R55L o AS549-R75 tively). On the other hand, TNF-R75 was detected on the
= cell surface of both A549-R75 and A549-R75Del. In spite
= of the high expressn of TNFR75 and TNFR75Del
3
z T
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Fig. 4 TNF-a-mediated tumor cell lysis of TNF receptor gene-

Fig. 3. Flow cytometric analysis of TNF receptor gene-trans- transfected lones. Ninety-six-well microtiter plates seded with
fected clones. The left column contains histograms from cell$!Cr-labeled target cells5¢10* cells/wel) were treated with or
stained with anti-human TNF-R55 monoclonal antibody, and thewithout 1000U/ml of recombinant human TN&-for 18 h at
right column contains histograms from cells stained with anti-37°C in the presence of cycloheximide g&/ml). Target cells
human TNF-R75 monoclonal antibody. Cells were stained withwere derived from the following: lane Mock, clone from A549
FITC-conjugated goat anti-mouse IgG or goat anti-rat IgG aftercell line transfected with the @RRSV plasmid without a
treatment with (bold curve) or without (dotted curve) anti-humancDNA insert; lane A549-R55L-1 and A549-R55L-2, two repre-
TNF-R55 or TNF-R75 monoclonal antibody. A and D, wild-type sentative clonesfoTNF-R55 gene-transfected clones with low
A549; B and C, TNF-R55-transfected A549 clones of A549-55L expression from the A549 cell line; lane A549-R59HIF-R55
and A549-55H (A549-55L is one representative clone out ofgene-transfected clone with high expression from the A549 cell
four low-expression clones); E, complete TNF-R75 cDNA-trans-line; lane A549-R75, a complet& NF-R75 gene-transfected
fected clone; F, C-terminal truncat@F-R75gene-transfected clone from the A549 cell line; lane A549-R75Del, a C-terminal
clone. Ten thousand cells were analyzed per sample. Histogranteuncaed TNF-R75 gene-transfected clone from the A549 cell
show relative cell number (x-axis) versus log fluorescence intenline. All tests were performed in triplicate assays. Results are
sity (y-axis). meanxSEM of three independent experiments.
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MRNA, the expression of the receptor proteins on the celassociation of the death domain induced by TRADD
surface of A549-R75 and A549-R75Del clones was weak(TNF-R55 associated death domain protein) and the
We could not detect TNF-R75 on the cell surface of wild-aggregation of TNF receptors, which form a network with
type A549 cells. TNF-a trimer®®3% In this connection, a certain level of
TNF-a-mediated tumor cell lysis of gene-transfected TNF-R55 expression on the cell surface may be needed
clones We used TNFx-mediated tumor cell lysis as a for this network to form.

biological functional assay for TN&- In agreement with In contrast to TNF-R55, the role of TNF-R75 in signal
previous report$,2-22 mock-transfected A549 cells were transduction of TNF& is still under investigatioff: >
insensitive to TNFa. However, wild-type A549 cells Recently, several reports have provided evidence for the
became sensitive to TNE&-when TNF-R55 was highly direct signaling of TNFx-mediated cytotoxicity through
expressed (A549-R55H), but not when it was weaklyTNF-R75%:3.3.30Gjven the finding that there is a com-
expressed (A549-R55L) (Fig. 4). On the other hand, theplete absence of homology between the intracellular
introduction of TNF-R75 (A549-R75) changed the insen-domains of TNF-R55 and TNF-R?3,the mechanism of
sitive wild-type A549 cells to cells sensitive to TNF-  cytotoxicity through TNF-R75 remains unclear. We have
mediated tumor cell lysis. Furthermore, the introductionshown in this paper that the expression of TNF-R75 on
of a deletion mutant of TNF-R75 (A549-R75Del) also the cell surface of A549 cells induced a significant
changed the wild-type A549 cells to sensitive cells, andenhancement of TNBE-mediated cytotoxicity, as did the
the level of sensitivity to TNE-mediated cytotoxicity in  expression of the deletion mutant of TNF-R75. Taking
the mutant receptor-transfected clone was almost the sanibese findings into consideration, we speculate that the
as that in the complet€NF-R75gene-transfected clone. contribution of TNF-R75 to the cytotoxic action induced
These results indicate that a high expression of TNF-R5By TNF-a appeared to be in supporting or modulating the
is necessary for obtaining TNFmediated tumor cell ligand interaction with TNF-R55 rather than in cooperat-
lysis in the absence of TNF-R75. However, transfection ofing with TNF-R55 in intracellular signaling. Recently,
TNF-R75 strongly enhances the sensitivity to Té-- Tartagliaet al. proposed a hypothesis for the function of
mediated cytotoxicity even if its expression is very low, TNF-R75 which they called the ligand passing maddel.
and even without the generation of an intracellular signalThey observed that association and dissociation of GNF-

through TNF-R75. to TNF-R75 are quite fast, resulting in an increase in local
TNF-a concentration in the vicinity of TNF-R55 mole-
DISCUSSION cules, and that TNF-R75 increases the rate of association

of TNF-a with TNF-R55 by about 10-fold. Thus, accord-

A human adenocarcinoma cell line, A549, is insensitiveing to their ligand passing model, TNF-R75 may play an
to TNF-a-mediated tumor cell lysis, although both indirect role in TNF-R55 responses by binding TF-
expression of TNF-R55 mRNA and TNFsurface bind- and delivering it to the lower affinity TNF-R55. The data
ing to A549 cells are observéd®?V Furthermore, we obtained in our experimental model using human lung
showed previously that the number of THFbinding cancer cell line A549 are consistent with the ligand pass-
sites on an A549 cell was half that on TNF-sensitiveing model.
human lung cancer cel8. TNF-R75 mRNA and its cell In a recent report, a rat/mouse T cell hybridoma (PC60)
surface protein were not detected. In this study, we foundvas transfected either with TNF-R55 or TNF-R75, or
that TNFa-mediated tumor cell lysis was observed in thewith both cDNAS®; the TNF-R75 clones showed low or
TNF-R55gene-transfected clone with high expression, buthigh expression, but the TNF-R55 clones showed low
not in the clone with low expression. This suggests that &xpression only. In contrast, we obtained TNF-R55 clones
certain level of expression of TNF-R55 on the cell surfacewith both low and high expression, but only low-expres-
is required for TNFa-mediated tumor cell lysis when the sion TNF-R75 clones in human lung cancer cell line
cytotoxic responses are triggered by TNF-R55 itself.A549. Although the expressions of TNF-R55 and TNF-
Thus, one of the TNE-resistance mechanisms of A549 R75 are independently regulatéd? cells of epithelial
cells might be the lack of adequate signal transductiororigin usually express a large excess of TNF-R55, while
through the cell surface TNF-R55. Previous studies haveells from lymphoid tissue express predominantly TNF-
demonstrated that TNF-R55 is the receptor that signal®75 in addition to TNF-R55%) The cause of the low
most of the pleiotropic activities of TNé&; including  translation efficiency of TNF receptors remains unknown.
cytotoxicity, fibroblast proliferation, and anti-viral However, the translational control of both TNF receptors
activity> *27.29 The signaling of cytotoxicity is known to may depend on the cell lines or origin of the cells.
be transmitted by the intracellular death domain of TNF- In conclusion, we analyzed the mechanism of TiNF-
R55, which is conserved with Fas antige® Signal resistance in human lung cancer cells which expressed
transduction of TNFx through TNF-R55 requires the self TNF-R55 on their cell surfaces. We showed that the TNF-
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a resistance is due to insufficient cell surface TNF-R55 orACKNOWLEDGMENTS
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TNF-a, even if its expression is low.
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