Volume 13 Number 17 1985 Nucleic Acids Research

Human lymphotoxin and tumor necrosis factor genes: structure, homology and chromosomal
localization

Glenn E.Nedwin®, Susan L.Naylort, Alan Y.Sakaguchi*, Douglas Smith, Julie Jarrett-Nedwin®,
Diane Pennica, David V.Goeddel and Patrick W.Gray

Department of Molecular Biology, Genentech, Inc., 460 Point San Bruno Boulevard, South San
Francisco, CA 94080, and *Department of Cellular and Structural Biology, The University of Texas
Health Science Center at San Antonio, 7703 Floyd Curl Drive, San Antonio, TX 78284, USA

Received 13 May 1985; Revised and Accepted 10 August 1985

ABSTRACT

Human Tumor Necrosis Factor and Lymphotoxin are cytotoxic proteins which
have similar biological activities and share 30 percent amino acid homology.
The single copy genes which encode these proteins share several structural
features: each gene is approximately three kilobase pairs in length and is
interrupted by three introns. In addition, these genes are closely 1linked
and have been mapped to human chromosome 6. However, only the last exons of
both genes, which code for more than 80 percent of each secreted protein,
are significantly homologous (56 percent).

INTRODUCTION

Tumor necrosis factor (TNF-a) and Lymphotoxin (TNF-g) are two cytotoxic
proteins secreted from mitogen activated peripheral blood leukocytes (PBLs)
and cell lines of hematopoietic origin. TNF-a and -8 have very similar
biological activities. Both agents cause the direct cytolysis of certain
tumor cell lines in vitro and have antiproliferative activity on other tumor
cell lines (1-8). TNF-a and -g also act synergistically with interferon-
gamma (IFN-y) to kill various transformed cell lines (8-12). The growth of
primary cells and normal cell lines, however, is not inhibited by these
factors. Both TNFs cause the hemorrhagic necrosis of the murine Meth A
sarcoma in vivo (3,4,8,13,14). These studies suggest that TNFs may be
useful antitumor agents in the treatment of cancer.

We have recently cloned and expressed in E. coli the cDNAs for human
TNF-g (13) and human TNF-a (14). TNF-a and TNF-g are each encoded by unique
genes and share approximately 30 percent amino acid homology (13,14). TNF-g
is secreted from induced T-lymphocytes and is a glycosylated protein of 171
amino acids (monomer M. 25,000) (15,16). TNF-a is derived from activated
monocytes and has a size of 157 residues (monomer Mr 17,000) (14,17).
These cytotoxic agents exhibit 1little species specificity in their
anticellular activities (18-20). They appear to be the major cytolytic
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factors produced by PBLs which have activity on the murine L-929 cell assay
(10,13,14). Although the biological activities of TNF-a and TNF-g are very
similar, they are derived from different cell types and have distinct
induction kinetics: TNF-g is secreted from T-lymphocytes 24-48 hours
following induction, while TNF-a is secreted from monocytes 4-24 hours after
induction (21,22). Because these genes encode proteins of similar structure
and activity but their gene expression is distinct, we were interested in
analyzing and comparing their genomic structure.

MATERIALS AND METHODS

The human TNF-B gene was isolated from a recombinant human-a library
(courtesy of Dr. William Wood, 23). Approximately 7.5x105 plaques were
screened by hybridizing (24) a 32P—]abeled DNA probe encoding the 34
amino-terminal residues of TNF-g (13). Filters were washed twice at low
stringency (25,26) wusing 1X SSC (0.15 M NaCl, 0.15 M Na3Citrate),
0.1 percent sodium dodecylsulfate, for 30 min at 37°C prior to autoradio-
32p_1abeled probes derived

graphy. Positive plaques were re-screened with
from the second and third segments of the synthetic TNF-g gene (13).

The TNF-a gene was isolated from a recombinant human fetal genomic
library (27). Approximately 7.5x105 plaques were screened by stringent
hybridization (24) with the S2p-labeled TNF-a CDNA (14).

Phage DNA was prepared (27) and the hybridizing region was mapped with
several restriction endonucleases, as outlined in figures 1 and 2.

DNA sequencing was performed by the dideoxy chain termination technique
(28) after subcloning restriction fragments of the two TNF genes into the
M13 cloning vectors mp8 and mp9 (29).

The 5' terminus of the TNF-g transcript was determined by S1 nuclease
mapping (30,31). Poly(A) RNA from mitogen-induced PBLs was annealed to a
32P—]abe]ed, denatured Stul-BamHI fragment (286 bp, from position 663 to
949 of Figure 3), containing the beginning of the TNF-g8 gene. The annealed
mixture was treated with S1 nuclease to remove single stranded DNA and RNA.
The size of the protected DNA fragment was measured on a sequencing gel along
side a sequencing ladder of the same gene fragment.

Chromosomal localization of the two human TNF genes was performed by
Southern hybridization of DNA from human-murine somatic cell hybrids with
the human TNF-a and TNF-g cDNA probes. The human-murine somatic cell
hybrids were previously constructed (32,33) and all were characterized for
their human chromosome content by karyotyping (34) and by assaying assigned
marker enzymes (35,36).
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RESULTS
Isolation of the TNF-a and TNF-g genes

The TNF-g gene was isolated from a human genomic DNA- library.
Synthetic DNA was designed to encode the 34 amino-terminal residues of TNF-8
(see reference 13 for details). This DNA was subcloned, sequenced, and then
used as a probe for hybridization under 1low stringency. Twenty-five
hybridizing phage were identified and subsequently screened with two
additional TNF-g probes designed to code for residues 35-84 and 85-155 (the
designed probe sequences were 70 percent homologous with the natural cDNA,
13). Five of the 25 recombinant phage hybridized with all three probes, and
one of these, AXB13, was characterized by restriction endonuclease analysis
and Southern hybridization. A1l three TNF-g probes hybridized with a 2.4
kbp EcoRI fragment. This fragment and an overlapping 950 bp Pstl fragment
(containing 3' untranslated sequences) were subcloned and sequenced as shown
in Figure 1.

The human TNF-a gene was isolated from the human genomic DNA-x library
described by Lawn et al. (27). A phage containing a 17.5 kb human genomic
DNA fragment was identified using the entire TNF-a cDNA (14) as a probe.
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* Figure 1. The human TNF-g gene structure and sequencing strategy. (a),
Restriction endonuclease map of the TNF-g gene derived from the recombinant
bacteriophage aXB13 DNA. (b), Arrows indicate the direction and extent of
sequence analysis of each fragment. (c), The diagram shows a schematic
representation of the TNF-g gene as determined by DNA sequencing (see Figure
3). The mature TNF-g coding region is represented by solid bars. The
region encoding the signal sequence is marked by stippling and the open bars
indicate the 5' and 3' untranslated regions. (d), Schematic representation
of the TNF-g mRNA. The putative signal sequence of 34 amino acids (34 AA)
and the 171 amino acids (171 AA) of the mature coding region are noted as in
(c). The bar graph at the top of the figure denotes the size of the TNF-g
gene in base pairs.
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Figure 2. The human TNF-a gene structure and sequencing strategy. (a),
Restriction endonuclease map of the TNF-a gene derived from the recombinant
bacteriophage A5 DNA. (b), Arrows indicate the direction and extent of
sequence analysis of each fragment. (c), The diagram shows a schematic
representation of the TNF-a gene as determined by the DNA sequence of Figure
4. The mature TNF-a coding region is represented by solid bars. The region
encoding the signal sequence is marked by stippling and open bars indicate
the 5' and 3' untranslated regions. d, Schematic representation of the
TNF-a mRNA. The putative signal sequence of 76 amino acids (76 AA) and the
157 amino acids of the mature coding region are noted. The size of the
TNF— gene is denoted in bp at the top of the figure.

The hybridizing region was subcloned as a 3.4 kb Pstl fragment and an
overlapping 825 bp EcoRI fragment from phage A5, as shown in Figure 2.
Southern blot analysis of total human genomic DNA suggests that TNF-a is
encoded by a single gene, as is TNF-g (13).

Nucleotide sequence analysis

The DNA sequences of the TNF-a and TNF-g genes were determined by the
dideoxy chain termination method as outlined in Figures 1 and 2. More than
three kbp of sequence were obtained for both the TNF-g gene (Figure 3) and
the TNF-a gene (Figure 4). Each sequence was aligned with the previously
determined, corresponding cDNA sequence (13,14).

An analysis of the TNF-g8 gene sequence (Figure 3) reveals that the
primary transcript contains three intervening sequences. The first intron
(287 bp in length) interrupts the 5' untranslated region nine bp before the
coding region. The second intron (86 bp in length) interrupts the signal
sequence one residue before the mature sequence. The third intron (247 bp
in length) interrupts codon 35 of mature TNF-g. The sequences at the ends
of each intron are homologous with consensus splice site sequences observed
for many other genes (37). In particular, each intron begins with GT and
ends with AG; a pyrimidine-rich region prec.edes the 3' end of each intron.
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1 5;:? ’lfCTCGAMCTTCCTTTGTAGMMC'I'TTGGMGGTGTCTGCCACATTGATCCTGGMTGTGTG'I’TTATTTGGGGTTAYAYMATCTGTTCTGTGGMGCCACCTGAAGTCAGGMG
121 AGATGGAGGGCATCCTTCAGGAGTGAGATGAGACCTCATCATACTTGACTGTCCAGCATCATCTCTGAGTGAGGGGACCAAAAAATTTATCTTCCAAACTAGGACACTTTCAAGAGTGGA
241 AGGGGGATCCATTAATATTTTCACCTGGACAAGAGGCAAACACCAGAATGTCCCCGATGAAGGGGATATATAATGGACCTTCTTGATGTGARACCTGCCAGATGGGCTGGAAAGTCCGTA
361 TACTGGGACAAGTATGATTTGAGTTGTTTGGGACAAGGACAGGGETACAAGAGAAGGAAATGGGCAAAGAGAGAAGCCTGTACTCAGCCAAGGGTGCAGAGATGTTATATATGATTGCTC
481 TTCAGGGAACCEGGCCTCCAGCTCACACCCCAGCTGCTCAACCACCTCCTCTCTGAATTGACTGTCCCTTCTTTGBAACTCTAGGCCTGACCCCACTCCCTGGCCCTCCCAGCCCACGAT
601 TCCCCTGACCCGACTCCCTTTCCCAGAACTCAGTCGCCTGAACCCCCAGCCTGTGGTTCTCTCCTAGGCCTCAGCCTTTCCTGCCTTTGACTGAAACAGCAGTATCTTCTAAGCCCTGEG
721 GGCTTCCCCGBECCCCABCCCCBACCTABAACCCECCERCTBCCTECCACGCTGCCACTRCCECTTCCTCTATARAGGGACCTEAGCETCCGGECCEAREGECTCCGCACABCAGETGAG
841 GCTCTCCTGCCCCATCTCCTTGGGCTGCCCGTGCTTCGTGCTTTGGACTACCGCCCAGCAGTGTCCTGCCCTCTGCCTEGGCCTCGETCCCTCCTECACCTGCTECCTGGATCCCCGECC
961 TGCCTGGECCTGGGCCTTG GTGGGTTTGGTTTTGGTTTCCTTCTCTGTCTCTGACTCTCCATCTGTCAGTCTCATTGTCTCTGTCACACATTCTCTGTTTCTGCCATGETTCCTCTCTG
1080 TTCCCTTCCTGTCTCTCTCTGTCTCCCTCTGCTCACCTTGGGGTTTCTCTGACTGCATCTTGTCCCCTTCTCTGTCGATCTCTCTCTCG6G6GGTCEG66GGTGCTGTCTCCCAGGGCGGE

-30
1200 AGGTCTGTCTTCCGCCGCGTGCCCCECCCCGCTCACTGTCTCTCTCTCTCTCTCTCTTTCTCTGCAG GTTCTCCCC ATG :2; 83 83 g;: g;’?’ ég‘é _F#E ;}g SE:
=20 -10

arg val cys gly thr thr leu his leu leu leu leu gly leu leu leu val leu leu pro gly ala gin
1306 AG6 GTG TGT GGC ACC ACC CTA CAC CTC CTC CTT CTG GGG CTG CTG CTG GTT CTG CTG CCT GGG GCC CAG GTGAGGCAGCAGGAGAATGGGGGCTGC

1 10
gly Leu Pro Gly Val Gly Leu Thr Pro Ser Ala Ala GIn Thr Ala
1402 TGGGGTGGCTCAGCCAAACCTTGAGCCCTAGAGCCCCCCTCAACTCTGTTCTCCCCTAG GGG CTC CCT GGT GTT GGC CTC ACA CCT TCA GCT 6CC CAG ACT 6CC

30
Arg GIn His Pro Lys Met His Leu Ala His Ser Asn Leu Lys Pro Ala Ala His Leu Ile G
1506 CGT CAG CAC CCC AAG ATG CAT CTT GCC CAC AGC AAC CTC AAA CCT GCT GCT CAC CTC ATT G GTAAACATCCACCTGACCTCCCAGACATGTCCCCACC

1604 AGCTCTCCTCCTACCCCTGCCTCAGGAACCCAAGCATCCACCCCTCTCCCCCAACTTCCCCCACGCTAAAAAAAACAGAGGGAGCCCACTCCTATGCCTCCCCCTGCCATCCCCCAGGAA

40
1y Asp Pro Ser Lys GIn Asn
1724 CTCAGTTGTTCAGTGCCCACTTCCTCAGGGATTGAGACCTCTGATCCAGACCCCTGATCTCCCACCCCCATCCCCTATGECTCTTCCTAG GA GAC CCC AGC AAG CAG AAC

50 60 70
Ser Leu Leu Trp Arg Ala Asn Thr Asp Arg Ala Phe Leu GIn Asp Gly Phe Ser Leu Ser Asn Asn Ser Leu Leu Val Pro Thr Ser Gly
1834 TCA CTG CTC T6G AGA GCA AAC ACG GAC CGT GCC TTC CTC CAG GAT GGT TTC TCC TT6 AGC AAC AAT TCT CTC CTG GTC CCC ACC AGT GGC

80 90 100
Ile Tyr Phe Val Tyr Ser GIn Val Val Phe Ser Gly Lys Ala Tyr Ser Pro Lys Ala Thr Ser Ser Pro Leu Tyr Leu Ala His Glu Val
1924 ATC TAC TTC GTC TAC TCC CAG GTG GTC TTC TCT GGG AAA GCC TAC TCT CCC AAG GCC ACC TCC TCC CCA CTC TAC CTG GCC CAT 6AG GTC

120 130
GIn Leu Phe Ser Ser Gln Tyr Pro Phe His Val Pro Leu Leu Ser Ser Gln Lys Met Val Tyr Pro Gly Leu GIn Glu Pro Trp Leu His
2014 CAG CTC TTC TCC TCC CAG TAC CCC TTC CAT GTG CCT CTC CTC AGC TCC CAG AAG ATG GTG TAT CCA GGG CTG CAG GAA CCC TGG CTG CAC

150 160

Ser Met Tyr His Gly Ala Ala Phe GIn Leu Thr GIn Gly Asp GIn Leu Ser Thr His Thr Asp Gly Ile Pro His Leu Val Leu Ser Pro

2104 TCG ATG TAC CAC 666 GCT 6C6 TTC CAG CTC ACC CAG GGA GAC CAG CTA TCC ACC CAC ACA GAT GGC ATC CCC CAC CTA GTC CTC A6C CCT
170

Ser Thr Val Phe Phe Gly Ala Phe Ala Leu
2194 AGT ACT GTC TTC TTT G66A GCC TTC GCT CTG TAG AACTTGGAAAAATCCAGAAAGAAAAAATAATTGATTTCAAGACCTTCTCCCCATTCTGCCTCCATTCTGACCATT
2302 TCAGGGGTCGTCACCACCTCTCCTTTGGCCATTCCAACAGCTCAAGTCTTCCCTGATCAAGTCACCGGAGCTTTCAAAGAAGGAATTCTAGGCATCCCAGGEGACCACACCTCCCTGAAC
2422 CATCCCTGATGTCTGTCTGGCTGAGGATTTCAAGCCTGCCTAGGAATTCCCAGCCCAAAGCTGTTGGTCTTGTCCACCAGCTAGGTGGGECCTAGATCCACACACAGAGGAAGAGCAGGC
2542 ACATGGAGGAGCTTGGGGGATGACTAGAGGCAGGGAGGGGACTATTTATGAAGGCAAAAAAATTAAATTATTTATTTATGGAGGATGGAGAGAGGGGAATAATAGAAGAACATCCAAGGA
2662 GAAACAGAGACAGGCCCAAGAGATGAAGAGTGAGAGGGCATGCGCACAAGGC TGACCAAGAGAGAAAGAAGTAGGCATGAGGGATCACAGGGCCCCAGAAGGCAGGGAAAGGCTCTGAAA
2782 GCCAGCTGCCGACCAGAGCCCCACACGBAGGCATCTECACCCTCGATGAAGCCCAATAAACCTCTTTTCTCTGARATGCTETCTGCTTETTGTETGTGTCTGGGAGTGAGAACTTCCCA
2902 GTCTATCTAAGGAATGGAGGGAGGGACAGAGGGCTCAAAGGGAGCAAGAGC TGTGEGGAGAACAAAAGGATAAGGGC TCAGAGAGC TTCAGGGATATGTGATGGACTCACCAGGTGAGGC

3022 CGCCAGACTGCTECAG
Pstl

Figure 3. The human TNF-g gene sequence. Positive numbers denote mature

-8 codmg region amino acids and negative numbers denote putative signal
sequence amino acids. Stars indicate the site of initiation of transcription
(residue 818) and poly(A) addition (position 2854). The TATA box is
overlined and AATAAA sequence is underlined. The first intron is delineated
by the insertion of spaces after positions 979 and 1266.

6365



Nucleic Acids Research

1 é:x? {’CCGBGTGAYTTCACTCCCGGCTGTCCM‘:GCTTGTCCTGCTACCCCACCCAGCCTTTCCTGAGGCCTCAAGCCTGCCACCAAGCCCCCAGCTCCTTCTCCCCGCAGGACCCMA
121 CAGGCCTCAGGACTCAACACAGCTTTTCCCTCCAACCCGTTTTCTCTCCCTCAACGGACTCAGCTTTCTGAAGCCCCTCCCAGTTCTAGTTCTATCTTTTTCCTGCATCCTGTCTGGAAG
241 TTAGAAGGAAACAGACCACAGACCTGGTCCCCAAAAGAAATGGAGGCAATAGGT TTTGAGGGGCATGGGGACGGGGTTCAGCCTCCAGGGTCCTACACACAAATCAGTCAGTGGCCCAGA
361 AGACCCCCCTCGGAATCGGAGC TGGGGAGTGTG: TATCCTTGATGCTTGTGTGTCCCCAACTTTCCAAATCCCCGCCCCCGCGA CGAGACAGAAGG
481 TGCAGGGCCCACTACCGCTTCCTCCAGATGAGCTCATGGGTTTCTCCACCAAGGAAGTTTTCCGCTGETTGAATGATTCTTTCCCCRCCCTCCTCTCGCCCCAGGGACATATARRGGCAG
601 TTGTTE6CACACCCAGCCAGCAGACHC TCCCTCAGCAAGGACAGCAGAGGACCAGC TAAGAGGGAGAGAAGCAAC TACAGACCCCCCCTGAARACAACCCTCAGACGCCACATCCCCTGA
-70

er thr glu ser met ile arg asp val glu

721 CAAGCTGCCAGGCAGGTTCTCTTCCTCTCACATACTGACCCACGGCTTCACCCTCTCTCCCCTGGAAAGGACACC ATG AGC ACT GAA AGC ATG ATC CGG GAC GTG GAG
-50 -40

leu ala glu glu ala leu pro lys lys thr gly gly pro gln gly ser arg arg cys leu phe leu ser leu phe ser phe leu ile val
829 CTG GCC GAG GAG GCG CTC CCC AAG AAG ACA GGG GGG CCC CAG GGC TCC AGG CGG TGC TTG TTC CTC AGC CTC TTC TCC TTC CTG ATC GTG

-30 -20
ala gly ala thr thr leu phe cys leu leu his phe gly val ile gly pro gIn arg glu glu
919 GCA GGC GCC ACC ACG CTC TTC TGC CTG CTG CAC TTT GGA GTG ATC GGC CCC CAG AGG GAA GIG GTGAGTGCCTGGCCAGCCTTCATCCACTCTCCCAC

1017 CCi \TGAGAGACGC TGGGA TGTGCGCTGAT A TGCAGAAAGAGATG

1137 T68C AGGATGTCTGGCACATGGAAGGTGCTCACTAAGTGTGTATGGAGTGAATGAATGAATGAATGAATGAACAAGCAGATA

1257 TATAAATAAGATATGGAGACAGATGTGGGGTG AAGTGATATGAATAAAGATGGTGAGACAGAAAGAGCGGGARATATGACAGC TAAGGAGAGAGA

13717 T AGAAGATAGGGTGTCTGGCACACAGAAGACACTC TGTTGAATGCT TACACAGATGAA AACCAGACACCT
-10

phe pro arg asp leu ser leu
1497 CAGGGCTAAGAGCGCAGGCCAGACAGGCAGCCAGCTGTTCCTCCTTTAAGGGTGACTCCCTCGATGTTAACCATTCTCCTTCTCCCCAACAG TTC CCC AGG GAC CTC TCT CTA

1
ile ser pro leu ala gln ala vVal A
1610 ATC AGC CCT CTG GCC CAG GCA GTC A GTAAGTGTCTCCAAACCTCTTTCCTAATTCTGGGTTTGGGTTTGGGGGTAGGGTTAGTACCGGTATGGAAGCAGTGGGGGARATT

g Ser Ser Ser
1720 TAAAGTTTTGGTCT TGGATGGAGGTGAA TATTTTCTAGGAAGTTTAAGGGTCTCAGCTTTTTCTTTTCTCTCTCCTCTTCAG GA TCA TCT TCT

10
Arg Thr Pro Ser Asp Lys Pro Val Ala His val val A
1833 CGA ACC CCG AGT GAC AAG CCT GTA GCC CAT GTT GTA G GTAAGAGCTCTGAGGATGTGTCTTGGAACTTGGAGGGCTAGGATTTGGGGATTGAAGCCCGGCTGATGG

1939 TAGGCAGAACTTGGAGACAATG TCGCTGAGCTC AGCACAGGCCTTAGTGGGATACTCAGAACGTCATGGCC! TGTGGGATGACA

1a Asn
2059 GAC AGGAACCGGATG AGAGCTCGAGGGCCAGGATGTGGAGAGTGAACCGACATGGCCACACTGACTCTCCTCTCCCTCTCTCCCTCCCTCCAG  CA AAC

20 30
Pro GIn Ala Glu Gly GIn Leu GIn Trp Leu Asn Arg Arg Ala Asn Ala Leu Leu Ala Asn Gly Val Glu Leu Arg Asp Asn Gln Leu Val
2176 CCT CAA GCT GAG GGG CAG CTC CAG TGG CTG AAC CGC CGG GCC AAT GCC CTC CTG GCC AAT GGC GTG GAG CTG AGA GAT AAC CAG CTG GTG

50 60 70
val Pro Ser Glu Gly Leu Tyr Leu Ile Tyr Ser Gln Val Leu Phe Lys Gly Gln Gly Cys Pro Ser Thr His Val Leu Leu Thr His Thr
2266 GTG CCA TCA GAG GGC CTG TAC CTC ATC TAC TCC CAG GTC CTC TTC AAG GGC CAA GGC TGC CCC TCC ACC CAT GTG CTC CTC ACC CAC ACC
80 90 100
Ile Ser Arg Ile Ala Val Ser Tyr GIn Thr Lys Val Asn Leu Leu Ser Ala Ile Lys Ser Pro Cys GIn Arg Glu Thr Pro Glu Gly Ala
2356 ATC AGC CGC ATC GCC GTC TCC TAC CAG ACC AAG GTC AAC CTC CTC TCT GCC ATC AAG AGC CCC TGC CAG AGG GAG ACC CCA GAG GGG GCT
110

120 130
Glu Ala Lys Pro Trp Tyr Glu Pro Ile Tyr Leu Gly Gly Val Phe GIn Leu Glu Lys Gly Asp Arg Leu Ser Ala Glu Ile Asn Arg Pro
2446 GAG GCC AAG CCC TGG TAT GAG CCC ATC TAT CTG GGA GGG GTC TTC CAG CTG GAG AAG GGT GAC CGA CTC AGC GCT GAG ATC AAT CGG CCC

140
Asp Tyr Leu Asp Phe Ala Glu Ser Gly GIn Val Tyr Phe Gly Ile Ile Ala Leu
2536 GAC TAT CTC GAC TTT GCC GAG TCT GGG CAG GTC TAC TTT GGG ATC ATT GCC CTG TGA GGAGGACGAACATCCAACCTTCCCAAACGCCTCCCCTGCCCCA

2636 ATCCCTTTATTACCCCCTCCTTCAGACACCCTCAACCTCTTCTGGCTCAAAAAGAGAATTGGGGGC TTAGGGTCGGAACCCAAGCTTAGAACTTTAAGCAACAAGACCACCACTTCGAAA
2756 CCTGGGATTCAGGAATGTGTGGCCTGCACAGTGAAGTGCTGGCAACCACTAAGAAT TCAAACTGGGGCCTCCAGAACTCACTGGGGCCTACAGCTTTGATCCCTGACATCTGGAATCTGG
2876 AGACCAGGGAGCCTTTGETTCTGGCCAGAATGCTGCAGGACTTGAGAAGACCTCACCTAGAAATTGACACAAGTGEACCTTAGGCCTTCCTCTCTCCAGATGTTTCCAGACTTCCTTEAG
2996 ACACGGAGCCCAGCCCTCCCCATGGAGCCAGCTCCCTCTATTTATGTTTGCACTTGTGATTATTTATTATTTATTTATTATTTATTTATTTACAGATGAATGTATTTATTTGE6AGACCG
3116 GGGTATCCTGGGGGACCCAATGTAGGAGCTGCCTTGGCTCAGACATGTTTTCCGTGAAAACGGAGCTGAACAATAGECTGTTCCCATGTAGCCCCCTGECCTCTGTGCCTTCTTTTGATT
3236 ATGTTTTTTAAAATATTTATCTGATTAAGTTGTCTAAACAATGCTGATTTGGTGACCAACTGTCACTCATTGCTGAGCCTCTGCTCCCCAGGGGAGTTGTGTCTGTAATCGCCCTACTAT
3356 YCMSTSGCWMGTTTGCYTXGMAAGAAMATGGTCTCCTTCTT@.“AAYTMTYCYGCATCTGCCTCTTCYTGTGGGYGBGAAGAAGCTCCCTMGTCCTCTCTCCACAGGCT
3476 TTAAGATCCCTCGGACCCAGTCCCATCCTTAGACTCCTAGGGCCCTGGAGACCCTACATAAACAAAGCCCAACAGAATATTCCCCATCCCCCAGGAAACAAGAGCCTGAACCTAATTACC

3596 TCTCCCTCAGGGCATGGGAATTTCCAACTCTGGGAATTC
EcoRl

FIEure 4. The human TNF-a gene sequence. Positive numbers denote mature
-a codlng region amino acids and negative numbers denote putative signal
sequence amino acids. Stars indicate the putative site of initiation of
transcription (residue 615) and poly(A) addition (residue 3382). The TATA
box is overlined and AATAAA sequence is underlined.
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The start of the TNF-g mRNA (Figure 3) was identified by S1 nuclease
mapping (30,31). Poly(A) RNA isolated from mitogen activated PBL was
annealed to a 32P-]abeled fragment containing the beginning of the TNF-g
gene. Four fragments were protected by the RNA (data not shown) which
differed in length by a few bases, suggesting that the 5' end of the TNF-g
mRNA may be heterogeneous or that S1 nuclease may not precisely trim the
single stranded DNA. These results indicate that transcription begins at
approximately nucleotide 818. Consequently, the 5'-untranslated region of
the TNF-g mRNA is approximately 170 bases in length. The predicted length
of the processed TNF-8 mRNA is thus 1420 bases without poly(A) addition.
This agrees well with the observed size (14S) determined by Northern
hybridization (13).

The TNF-a gene sequence (Figure 4) also contains three intervening
sequences. Only one of these introns, however, is in a position homologous
with the TNF-g gene. The first intron (607 bp in length) in the TNF-a gene
interrupts the precursor sequence after the codon for residue 62. The
second intron (187 bp in length) interrupts the gene at the start of the
mature TNF-a coding sequence, in the codon for the second residue. The
third intron (301 bp) occurs at a homologous position with respect to the
TNF-8 gene, in the codon for residue 18. The intron-exon junctions are
similar to consensus splice site sequences observed for other eucaryotic
genes (37). Recently, Shirai and coworkers (38) reported the sequence of
the human TNF-a gene isolated from the same genomic DNA source described
here. Their sequence is 325 bp shorter at the 5' end than reported here,
but otherwise in agreement.

The 5'-untranslated region of TNF-a is approximately 180 nucleotides and
most Tikely begins at nucleotide 615 (Figure 4). This was deduced from the
limited homology observed in the putative 5' control regions of TNF-a and
TNF-g (see below). We have also isolated a TNF-a cDNA from the RPMI 1788
cell Tline which begins at nucleotide 616 (unpublished results). The
predicted length of TNF-a mRNA is 1672 bases which compares favorably with
the size (18S) observed by Northern analysis (14).

The most significant region of homology between the two TNF genes is
found in the last exon, which codes for 80 percent of secreted TNF-g and 89
percent of secreted TNF-a. Previous comparison of TNF-a and TNF-g suggested
that the proteins were 28 percent homologous (14). By rearranging the
positions of gaps, this homology can be increased to 35 percent (17). This
maximal homology, reflected at the nucleotide level, is 56 percent in the
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TNF-8 TTTCCCAGAACTCAGTCECCTGAACCCCCAGCCTETGGTT
TNF-e CTTGTGTGTCCCCAACTTTCCAAATCCCCGCCCCCGCGAT
CONSENSUS ~TT=~--6--C-CA-----C--AA-CCCC--CC--=-6-T
TNF-8 CTCTCCTAGGCCTCAGCCTTTCCTGCCTTTGACTGAAACA
TNF-a GGGAGAAGAAACCGAGACAGAAGGTGCAGGGCCCACTACCG
CONSENSUS ===ne==p==(C-===C-=====TGC-====~C~--A-C~
TNF-8 GCAGTATCTTCTAAGCCCTBGGE6CTTCCCCE66CCCCAG
THF-a CTTCCTCCAGATGAGCTCATEGETTTCTCCACCAAGGAAG
CONSENSUS -==--=-~C---T-A6C-C--6GG6--TC-CC--------AG
TNF-8 CCCCGACCTAGAACCCGCCCGCTGCCTGCCACGCTGCCAC
TNF-a TTTTCCGCTGGTTGAATGATTCTTTCCCCBCCCTCCTCTC

C CT-6 CT--C--C--C-----C-C
TNF-8 T6CCOCTTCCTCTATAAAGGBACCTGAGCGTCCGGECCCA
TNF-a GCCCCAGGGACATATAAAGGCAGTTGTTGGCAC--ACCCA
CONSENSUS ==CC-mmm=mmn TATAAAGG-A--TG---G--C---CCCA
ch

Figure 5. Comparison of the putative promoter regions of the TNF-a and
TNF-g genes. The sequences represent 200 bases upstream from the putative
cap site, shown at the 3' end. The TNF-g sequence begins with residue 619
of Figure 3 and the TNF-a sequence begins with residue 418 of Figure 4. The
underlined nucleotides indicate the region of greatest homology between the
two genes (15 out of 16 identical residues).

coding region of the fourth exon. The 3' untranslated sequences of TNF-a
and -g (793 and 633 bases, respectively) are 43 percent homologous, and each
contain a large stretch of A-T residues (position 2597-2620 in the TNF-8
gene, and position 3032-3075 in the TNF-a gene).

Other regions of the TNF-a and -g transcripts do not appear to be
significantly homologous. The introns in particular are quite dissimilar
(less than 35 percent homology); even the third introns, which occur in a
homologous position in these genes, exhibit no obvious homology. The coding
regions of the signal sequences are not homologous, an expected result
considering the large size differences of the precursors (76 residues for
TNF— and 34 residues for TNF-g). The 5'-untranslated sequences also do not
appear to be significantly homologous.

Putative control regions

The 5' putative control regions of the TNF-a and TNF-g genes have
several stretches of exact nucleotide homology and an overall homology of
35 percent for the sequences shown in Figure 5. On a completely random
basis, 25 percent of the nucleotides should be coincident. Both of the TNF
genes have the same Goldberg-Hogness TATAAA sequence (39,40). Presumably
involved in promoting transcription initiation, this sequence is located
27 bp and 28 bp 5' of the putative cap site in the TNF-a and TNF-g genes,
respectively.  Another consensus sequence (GG(T:CAATCT) thought to be
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TABLE 1
SEGREGATION OF TNF—a AND TNF-g GENES WITH HUMAN CHROMOSOMES IN SOMATIC CELL HYBRIDS
HUMAN CHROMOSOME S
HYBRIDIZATION WITH
HYBRID TNF-a PROBE TNF-g PROBE 1 2 3 4 5 6 7 8 9 1011 121314151617 1819 20 21 22 X TRANSLOCATION
TSL-2 + + D D 17/3
ATR-13 + + L T i S S 5/X
NSL-9 - - - - - -+ o - -+ -+ 4+ + - -+ 4+ o+ 17/9
NSL-7 + 4 - - - . - + - - B T S 12p-
NSL-15 + + -+ -+ o+ B T T A I T
JSR-17S - - L R T A L R SR T T TR U S T S 79-
EXR-5CSAZ + + - LR R R S IR I 2 T SRR S N X/11
WIL-6 + + B S e S
WIL-8X - - R T e T T e e T T T R
WIL-7 + + - + -+ o+ L R U L e S
JWR-26C + + B T T I T T e 1p-
JWR-22H + + T T T P T 2/1
REW-11 - e, D R
XER-11 + + L T L I S T T T I 11/X X/11
XTR-22 + + T e + 0+ o+ 4+ X/3
% DISCORDANCE 60 27 53 33 47 6 40 40 67 33 60 47 67 40 53 80 40 27 40 53 33 60 47

important in modulating RNA polymerase II transcription (41) and usually
located 70 to 80 bp upstream of the cap site, is not readily identifiable in
either gene. The longest stretch of exact homology (underlined, but not
aligned in Figure 5) begins at residue 775 of the TNF-g gene (just before
the TATAAA sequence) and residue 489 of the TNF-a gene (100 bp before the
TATAAA sequence); fifteen of sixteen residues are identical when these
positions are compared.
Chromosomal localization

Southern blot analysis of DNA from 15 independently derived human-murine
somatic cell hybrids was performed with both TNF cDNA probes. Hybridization
with the human TNF-g probe to an EcoRI digest of DNA from these hybrids
revealed a human TNF-g band at 2.4 kbp and a murine TNF-g band at 3.4 kbp.
As shown in Table 1, the TNF-g probe hybridized with the 2.4 kbp human band
only in somatic cell hybrids containing human chromosome 6.

Since the murine TNF-a gene hybridized at the same position (2.8 kbp) as
the human TNF-a gene using EcoRI digested DNA, HindIII digestions were
performed. Two bands were detected of greater than 20 kbp and 2.8 kbp for
murine and human TNF-a, respectively, when hybridized with the human TNF-a
cDNA probe. As observed for TNF-g, the TNF-a probe hybridized with DNA from
hybrids containing human chromosome 6. Both probes hybridized weakly to DNA
from one hybrid which did not contain chromosome 6 by karyotype analysis;
however, the overall discordance for chromosome 6 localization is much lower
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Hybridization Chromosome 6

Hybrid TNF-a TNF-8 Region

—_ _—— TNF-a
Call A9 1-9-3 - - 6pter — 6p23 TNFS
GM6IO RAG4-5-2 +  + 6pter — 6q2!
RAG SU 3-1-2-3 + + 6pter —6ql4
Call A9 I-13 + + 6p23 —6qter
ITA9 I-2 - - 6ql2 —6qter
GMEIORAG5-23 ~— — 6q2l —6qter

Figure 6. Regional localization of the TNF-a and TNF-g genes to human
chromosome 6. The chromosome 6 banding pattern is redrawn from reference 48.

than for all other chromosomes (6 percent compared with 27-80 percent). This
suggests that both genes are indeed encoded by chromosome 6.

Analysis of human-murine hybrids which contain fragments of human
chromosome 6 provide information on the regional localization of the TNF-a
and - genes. As shown in Figure 6, both genes hybridize with cell hybrid
DNA containing the 6p23»6ql2 segment of chromosome 6. This encompasses
approximately one-third of this chromosome. The two genes have thus been
mapped to a region containing about 2 percent of the human genome, indicating
that these genes are closely linked.

DISCUSSION

TNF-a and TNF-g are cytotoxic proteins with similar biochemical
characteristics and biological activities. Their gene structures share
certain similarities but also contain distinctive differences. Both genes
are of similar size, with a primary transcript of 2762 bp for TNF-a and
2038 bp for TNF-s. Each gene contains three intervening sequences, but only
the third intron is in a homologous position. Both genes share homologous
regions in the fourth exon (56 percent in the coding region) and perhaps in
the putative promoter region (35 percent). In contrast, these genes have
distinctive, non-homologous sequences in the first three exons and all
introns. The higher degree of nucleotide homology in the last exon is
reflected in the overall homology of the secreted proteins, since the last
exon codes for greater than 80 percent of mature TNF-a« and -g. Based on this
extensive nucleotide homology, it appears 1likely that the last exon of the
two genes was derived from a common ancestral sequence. Also, it is highly
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probable that the conserved amino acids encoded by the last exon are
necessary for their shared cytotoxic activities. This analysis supports the
exon shuffling theory of Gilbert (42), which proposes that exons coding for
important protein domains may be rearranged to mediate the rapid evolution
of new protein sequences.

The differences in the signal sequences and the gene structures which
encode them may be important for their observed mode of action. TNF-g is
secreted from T-lymphocytes one to two days after mitogenic stimulation
(22); these kinetics are similar to other lymphokines derived from T-cells,
such as IFN-y (43). The TNF-g signal sequence is characteristic of most
signal sequences in that it is short, very hydrophobic and has charged
residues near the amino terminus (44,45). TNF-a, on the other hand, has a
very long precursor sequence of 76 residues containing both hydrophilic and
hydrophobic regions. Interleukin-1, like TNF-a, is a product of activated
macrophages, and also contains a long precursor sequence of 114 amino acids
(46). The precursor sequence of TNF-a may be important for the directed
release of this cytolytic protein; this may provide the motile macrophage
with a mechanism for secreting TNF-a at a specifically desired site.

The limited homology of the putative promoter regions of the TNF genes
(Figure 5) may aid in explaining the induction of these genes. Both genes
are induced by similar mitogenic stimuli, such as staphylococcal enterotoxin
or phorbol esters (13,14), and conserved nucleotide regions may be essential
for a common induction. However, the kinetics of induction are quite
different: TNF-a transcription begins within two hours of mitogenic stimu-
lation, whereas no TNF-g mRNA is detectable until after eight hours (22).
The roles that cell type and DNA sequence play in this regulation remain to
be determined.

Both genes are encoded by chromosome 6. This close linkage and limited
nucleotide and protein homology imply that these genes are ancestrally
related. This is similar to IFN-g and the IFN-a gene family, which share
approximately 30 percent amino acid homology (47) and are closely linked on
human chromosome 9 (48). Interestingly, the HLA genes of the major histo-
compatibility complex map to the same region of chromosome 6 as the TNF-a
and TNF-g genes (49); this adjacent genetic localization may be useful for a
coordinate regulation of immune system gene products.
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