Proc. Natl. Acad. Sci. USA
Vol. 86, pp. 1500-1503, March 1989
Biochemistry

Jun-D: A third member of the Jun gene family

(transcription factor AP-1/oncogene/growth response/DNA-binding protein)

KEVIN RYDER, ANTHONY LANAHAN, EVELIO PEREZ-ALBUERNE, AND DANIEL NATHANS

Howard Hughes Medical Institute Laboratory and Department of Molecular Biology and Genetics, Johns Hopkins University School of Medicine,

Baltimore, MD 21205
Contributed by Daniel Nathans, December 12, 1988

ABSTRACT The protooncogene c-jun encodes a compo-
nent of the transcription factor AP-1. Both murine c-jun and a
related gene (jun-B) are rapidly activated in BALB/c 3T3 cells
by serum growth factors. We report here the cloning and
analysis of a cDNA encoding a third member of the murine jun
family, jun-D. The amino acid sequence encoded by jun-D has
two extensive regions of homology with the other Jun proteins.
One homology region includes the DNA-binding domain and
sequences required for dimer formation and interaction with
the Fos oncoprotein; the other includes the acidic sequence
thought to be involved in gene activation. All three jun mRNAs
are present in a variety of murine tissues and cell lines. In
resting 3T3 cells, jun-D is expressed at a higher level compared
to c-jun and jun-B, and its transcription is stimulated only
slightly by serum growth factors. Thus, jun-D appears to be
regulated differently than c-jur and jun-B.

The cellular homolog of the avian sarcoma virus oncogene
v-jun (1-3) encodes a component of the complex transcription
factor AP-1 (2-4). Both the murine protooncogene c-jun (also
called jun-A) and a related gene (jun-B) have been identified
as immediate early genes activated by serum growth factors
in BALB/c mouse 3T3 cells (5-11). Based on restriction
analysis of genomic DNA, it appeared that other jun-related
genes are present in the mammalian genome (7). To search for
these additional jun-related genes, we screened mouse cDNA
and genomic libraries for clones that would hybridize to
murine c-jun and/or jun-B cDNA probes. By this means we
detected a third member of the jun family called jun-D (10).
Here we report that jun-D cDNA encodes a protein closely
related to c-Jun and Jun-B. Compared to c-jun and jun-B,
jun-D is expressed at a higher level in nongrowing 3T3 cells
and is activated only slightly by serum growth factors.
Recently, we learned that jun-D cDNA has also been isolated
by S.-I. Hirai, R. C. Ryseck, F. Mechta, R. Bravo, and M.
Yaniv (personal communication).

MATERIALS AND METHODS

Cell Culture. BALB/c 3T3 cells and conditions of growth
have been described (6).

Cloning of ¢cDNA and Genomic DNA. A previously de-
scribed A bacteriophage cDNA library prepared from
poly(A)* RNA of BALB/c 3T3 cells stimulated with serum
for 3 hr in the presence of cycloheximide (6) was probed with
32p.labeled murine c-jun or jun-B cDNA. Filters were washed
at reduced stringency (0.5 M NaCl at 65°C) or at high
stringency (0.1 M NaCl at 65°C) to detect phage that hybrid-
ized only at reduced stringency. Seventeen A phage libraries
(12) were prepared from size-selected EcoRI fragments of
mouse genomic DNA, the sizes corresponding to fragments
previously shown by Southern blotting to cross-hybridize
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with jun-B cDNA (7). The libraries were screened with
32p_Jabeled jun-B or murine c-jun cDNA (or cloned fragments
thereof) at 65°C in 1 M NaCl and washed with 0.3 M NaCl/
0.03 M sodium citrate at 57°C.

Other Methods. DN A sequencing (13), mRN A mapping (7),
nuclear run-on assays (14, 15), and blot-hybridization anal-
ysis of cellular or tissue RNA (Northern analysis; refs. 16-18)
were performed as described (7, 8).

RESULTS

Isolation and Analysis of jun-D ¢cDNA. To detect additional
Jjun-related mouse genes, we screened cDNA libraries and
genomic libraries with jun-B or c-jun cDNA probes, or both,
under conditions of moderate to low stringency. A number of
different genomic clones hybridized to one or more cDNA
probes. One class of these corresponded to murine c-jun (8),
another to jun-B (7), and another to a third member of the jun
family (jun-D) whose cDNA was detected in a BALB/c 3T3
cell library (6). Of the remaining genomic clones, the most
promising hybridizing isolates were found to have only short
regions of sequence similarity to jun-B or c-jun.

The sequence of the longest jun-D cDNA detected in the
3T3 cell library and the sequence derived from a 5’ overlap-
ping mouse genomic fragment of jun-D are shown in Fig. 1.*
The complete cDNA is 1675 nucleotides long, corresponding
to an electrophoretically estimated length of 1.8 kilobases for
jun-D mRNA. The 5’ end of the mRNA (nucleotide 1 in Fig.
1) was mapped by primer extension on 3T3 cell RNA as well
as by S1 nuclease analysis with a probe derived from genomic
DNA as described (7). Sequencing of the overlapping ge-
nomic fragment revealed a typical TATA motif 25-30 nucle-
otides 5' to the inferred transcription start site.

The first ATG at position 121 is preceded by a leader
sequence with a G+C content of 85%. This ATG is followed
by 1020 nucleotides of additional coding sequence, a termi-
nation codon, 532 nucleotides of 3’ noncoding sequence, and
a poly(A) tail. Although there is no characteristic poly(A)
addition signal, there is an AGTAAA sequence near the 3’
end that may serve as the signal. In addition, there is a single
ATTTA element in the 3’ noncoding region (nucleotides
1434-1438), multiple copies of which are associated with
mRNA instability (19).

Comparison of jun Sequences. When the predicted amino
acid sequence of Jun-D is compared with those of murine
c-Jun and Jun-B, two long homology regions (HR-1 and
HR-2) are seen (Fig. 2). Between HR-1 and HR-2 and at the
amino end are segments with only short stretches of sequence
similarity. In each homology region, Jun-D is more similar to
murine c-Jun than it is to Jun-B. The C-terminal 40-50% of
each Jun protein (including HR-2) retains specific DNA-
binding activity and is able to form dimers and interact with
Fos (20). This segment has the heptad repeats of leucine,

Abbreviation: HR-1 and HR-2, homology regions 1 and 2.
*The sequence reported in this paper is being deposited in the
EMBL/GenBank data base (accession no. J04509).
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-53 CGGTGAGCTCATCGCGGGGGCCGAGGCTATAAGAGTGC
-18 GCGCGGGCGGCGCGGGGCAGAGCGGCCGGCATCGGAGCCGGTCTGTACGGGCAGCGGACTGGGGGGCATACGGGGCCCCCCGGGGAGGCCGCGGCCACTC
83 CCCCCGCCCCGGGGCCGAGCGCGGCGGGGGAGGTGGGG ATG GAA ACG CCC TTC TAT GGC GAG GAG GCG CTG AGC GGC CTG GCT
(1) MET Glu Thr Pro Phe Tyr Gly Glu Glu Ala Leu Ser Gly Leu Ala
166 GCG GGT GCG TCG AGC GTC GCT GGT GCT ACT GGG GCC CCC GGC GGT GGT GGC TTC GCG CCC CCG GGC CGC GCT TTC
(16) Ala Gly Ala Ser Ser Val Ala Gly Ala Thr Gly Ala Pro Gly Gly Gly Gly Phe Ala Pro Pro Gly Arg Ala Phe
241 CCC GGG GCG CCC CCG ACG AGC AGC ATG CTG AAG AAA GAC GCG CTG ACG CTC AGC CTG GCG GAG CAG GGA GCG GCG
(41) Pro Gly Ala Pro Pro Thr Ser Ser MET Leu Lys Lys Asp Ala Leu Thr Leu Ser Leu Ala Glu Gln Gly Ala Ala
316 GGA TTG AAA CCA GGG TCG GCC ACT GCA CCT TCT GCG.CTG CGC CCC GAC GGC GCC CCC GAC GGG CTG CTG GCT TCG
(66) Gly Leu Lys Pro Gly Ser Ala Thr Ala Pro Ser Ala Leu Arg Pro Asp Gly Ala Pro Asp Gly Leu Leu Ala Ser
391 CCG GAT CTT GGG CTG CTC AAA CTC GCG TCG CCG GAG CTG GAG AGG CTG ATC ATC CAG TCC AAC GGG CTG GTG ACC
(91) Pro Asp Leu Gly Leu Leu Lys Leu Ala Ser Pro Glu Leu Glu Arg Leu Ile Ile Gln Ser Asn Gly Leu Val Thr
466 ACT ACC CCG ACC AGT ACG CAG TTC CTC TAC CCG AAG GTG GCA GCC AGC GAG GAG CAG GAG TTC GCC GAA GGC TTC
(116) Thr Thr Pro Thr Ser Thr Gln Phe Leu Tyr Pro Lys Val Ala Ala Ser Glu Glu Gln Glu Phe Ala Glu Gly Phe
541 GTC AAG GCG CTG GAG GAC CTG CAC AAG CAA AGC CAG CTG GGT GCG GCC ACC GCG GCC ACC TCA GGG GCT CCC GCG
(141) Vval Lys Ala Leu Glu Asp Leu His Lys Gln Ser Gln Leu Gly Ala Ala Thr Ala Ala Thr Ser Gly Ala Pro Ala
616 CCT CCC GCG CCC GCC GAC CTG GCC GCC ACC CCC GGG GCC ACG GAG ACC CCG GTC TAC GCC AAC CTG AGC AGT TTC
(166) Pro Pro Ala Pro Ala Asp Leu Ala Ala Thr Pro Gly Ala Thr Glu Thr Pro Val Tyr Ala Asn Leu Ser Ser Phe
691 GCG GGT GGC GCC GGG CCC CCT GGG GGC GCG GCC ACC GTG GCT TTC GCC GCG GAG CCA GTG CCC TTC CCG CCG CCC
(191) Ala Gly Gly Ala Gly Pro Pro Gly Gly Ala Ala Thr Val Ala Phe Ala Ala Glu Pro Val Pro Phe Pro Pro Pro
766 CCG GGC GCG CTG GGG CCG CCG CCA CCT CCG CAT CCA CCG CGC CTG GCC GCG CTC AAG GAC GAG CCG CAG ACC GTG
(216) Pro Gly Ala Leu Gly Pro Pro Pro Pro Pro His Pro Pro Arg Leu Ala Ala Leu Lys Asp Glu Pro Gln Thr Val
841 CCG GAC GTG CCG AGC TTC GGC GAC AGC CCT CCG CTG TCG CCC ATC GAC ATG GAC ACG CAA GAA CGC ATC AAG GCG
(241) Pro Asp Val Pro Ser Phe Gly Asp Ser Pro Pro Leu Ser Pro Ile Asp MET Asp Thr Gln Glu Arg Ile Lys Ala
916 GAG CGC AAG AGG CTG CGC AAC CGC ATC GCC GCC TCC AAA TGC CGC AAG CGC AAG CTG GAG CGT ATC TCG CGC CTG
(266) Glu Arg Lys Arg Leu Arg Asn Arg Ile Ala Ala Ser Lys Cys Arg Lys Arg Lys Leu Glu Arg Ile Ser Arg Leu
991 GAG GAG AAA GTC AAG ACC CTC AAA AGC CAG AAC ACC GAG CTG GCG TCC ACC GCC AGC CTG CTG CGC GAG CAG GTG
(291) Glu Glu Lys Val Lys Thr Leu Lys Ser Gln Asn Thr Glu Leu Ala Ser Thr Ala Ser Leu Leu Arg Glu Gln Val
1066 GCG CAG CTC AAA CAG AAA GTC CTC AGC CAC GTC AAC AGC GGC TGC CAG CTG CTG CCC CAG CAC CAG GTC CCG GCG
(316) Ala Gln Leu Lys Gln Lys Val Leu Ser His Val Asn Ser Gly Cys Gln Leu Leu Pro Gln His Gln Val Pro Ala
1141 TAC TGA GCCCGAGCNCGGGGCGCATGCGCGGACTAGCTGCGGTGGGGGGGCGCCCCGGACTCTTTCGAGACTCGGTGCCCCCGGACTCGACAAGCCGG

(341) Tyr *

1239 ACCCCCCTTAACTCTGGATGGGGAACCCGAGCGCACGACCCCCGCCCTCGCGCCGCCTCTCTACNCCCAGTCCTGCGCGTGGCTGCCCCTTTGTACCTCC
1339 GAGTAGGGGCTCTAAGGGGCGCGCAGCCTCACNCTCTGCCTTTCCTTTTTTTT TTGCCTTTTGGAAGAGAGAACGGGAGTGTCCGATTCCGCCCTATTTA
1439 TGTTTCTACTCGGGAACAAACGTTGGTTGCGTGTTGAGTGTGTGT TTCCTTGTGTTGGTTTTTTAAAGAAACGGGAAGAAGAAAAAAAAAACCCTCCCCC
1539 CTCCCCCCCCCGCTCTCTCTCCTCCCGACACCATCCCCTCTCTTTTTGTTTIGGTTTTGTTTTGCTACGAGTCCACATTCCTGTTCCGTAATCCTTGGTTC

1639 GCCGGTTTTGTGTTTTCAGTAAAGTCTTCGTTACGCCAy

FiG.1. Nucleotide sequence of jun-D cDNA and the predicted Jun-D protein sequence. Also shown is the sequence from a genomic fragment
that overlapped the 5’ end of the cDNA. Numbers at the left refer to the first nucleotide on each line or (in parentheses) to the first amino acid.
The adenine at nucleotide 1 (nRNA start site) is indicated in relief. A TATAA sequence in the genomic DNA is underlined. The predicted
termination codon is noted, and the poly(A) tail is indicated (Ax). The identity of two nucleotides (positions 1293 and 1371) was uncertain.

present in all three Jun proteins, postulated to form an regulatory role in many cell types and that they are often not
amphipathic helix and a dimerizing ‘‘leucine zipper’’ (25). regulated coordinately. Moreover, since different Jun pro-
HR-1, which is not required for specific DNA binding (2, 3, teins interact in vitro to form heterodimers (20), it is possible
20), contains the stretch of acidic amino acids of c-Jun that is that in cells expressing more than one jun gene, heterodimers
able to substitute for the activator domain of the yeast contribute distinct regulatory activities.
transcription activator protein GCN4 (21); all 5 of the acidic
amino acids in a 16-amino acid segment of c-Jun HR-1 are
also present in Jun-B and Jun-D. DISCUSSION

Serum Stimulation of Murine jur Genes. Both jun-B and Three members of the mammalian jun family have now been
c-jun are immediate early genes in 3T3 cells, characterized by identified: murine c-jun, jun-B, and jun-D. The three Jun

rapid and transient activation by serum growth factors proteins are closely related in amino acid sequence, partic-
independent of new protein synthesis (5-9). Compared with ularly in the region (HR-2) containing the DNA-binding
Jjun-B and c-jun, jun-D mRNA is more abundant in nongrow- domain (2, 3, 20), the heptad leucine repeats (25), and
ing 3T3 cells and is stimulated less by serum (Fig. 34) or by domains for dimerization and interaction with Fos (20, 22—
platelet-derived growth factor or fibroblast growth factor 24), and in the segment (HR-1) containing a putative tran-
(results not shown). Moreover, there is little increase in scription activation domain (21). Jun-D is more closely

transcription of jun-D after serum stimulation of resting cells, related by sequence to c-Jun than to Jun-B. Functionally, the
in contrast to what is found for c-jun and jun-B and other three Jun proteins show similar nucleotide sequence speci-
immediate early genes (Fig. 3B). In addition, jun-D mRNA is ficity for binding to a series of oligonucleotides, and DNA-
more stable than the other jun mRNAs after serum stimula- binding by each protein is stimulated markedly by Fos (20).
tion (data not shown). These results suggest that regulation of Although no activities unique to a particular Jun protein have
Jjun-D expression by serum growth factors is different from been observed so far, the fact that regions of dissimilar

regulation of c-jun and jun-B. sequence in the Jun proteins are evolutionarily conserved [in
Presence of jun-D mRNA in Tissues and Cell Lines. We have the case of c-Jun (8)] suggests that these regions are func-
shown (8) that jun-B and c-jun mRNASs are present in many tionally important and therefore that each protein has dis-
adult mouse tissues and in mouse placenta at days 8-14 of tinctive biological properties.
gestation. Similar results have been obtained with jun-D Two observations indicate that regulation of the different
mRNA (Fig. 44). With the exception of spleen and thymus, murine jun genes is not coordinate. First, the relative
the distribution in tissues is similar to that found for c-jun and amounts of c-jun, jun-B, and jun-D mRNAs in different cells
jun-B mRNAs; jun mRNAs are also present in many cell or organs vary, in some cases markedly. Second, the level of
lines, but the relative amount of each jun RNA is different in jun-D mRNA in nongrowing 3T3 cells is higher than that of
some cell lines compared with others (Fig. 4B). These c-jun and jun-B mRNAs, and jun-D mRNA is more stable
observations suggest that the Jun proteins play an important after serum stimulation. Moreover, transcriptional activation



1502

Biochemistry: Ryder et al.

Proc. Natl. Acad. Sci. USA 86 (1989)

JUN-D METPEYGEEAESGLAAGASSVAGATGAPGGGGFAPPGRA FPGAPPTISS MEKKDAETLSLAEQGAAGLKP
C-JUN MTAKMETTEY DDAL NASFLOSESGAYGTSNPKILKQSMTLNLADPYV GSLK 50
JUN-B MCTKMEQPREYHEDSY AAKAGYGRSPGS LS LHDYKLELKPTFLEAENEADPY RGLKG
JUN-D GSATAPSALRPDGAP DGEFASPDLGE LKEASPELERUITG SNGLYTTIPIST OFLYPK VAA
C-JUN PHLRAKNS D LLTSPDVGL IKLASPELERLIIOSSNGHITTITPIPT QFLCPK NV 103
JUN-B PGARGPGPEGSGAGSYFSGOGS DTGASLKLASTELERLIVPNSNGVITTIPIPPGOYFYPRGGGSGGGTGGGY
JUN-D SEEQE FAEGEYKALEDEHKOSQEGAATAAT SGAP APPAPADLAATPG AT ETPVYANESSE A
C-JUN TDEGEGFAEGFVRALAELHSONTEPSYTSAAQPVSGAGMVAPAVASVAGAGGGGGYSASLHSEPPYYANLSNENP 178
JUN-B TEEQEGFADGEVKALDDER K MNHYTPPNVSLGASG GPEQ A GPGGV YAGP EP PPVYTNLESSYSP
JUN-D & GAGPPG GAATVAFAAEPYPF PP PPGALCPPPPPHPPR LAALKDEPOTVEDVPSFGDSPPLSPIDM
C-JUN GALSSGGGAPSYGAAGLAEPSOPQOQQQPPOPPHHEPQQIPVOHPR LQALKEEPOTVPEMPG £ TPPLSPIDM 250
JUN-B ASAPSGGSGTAVGTGS SYPTATIESYL PHAPPFAGGHPAQLGLSRGASAFKEEPQTVPEARSRDATPEVSPINM
JUN-D DTGERIKAERKRIRNRIAASKCRKRKLERISRUEEKVKTEKSONTEUASTASLEREQVAQLKORY LSHYNSGCOL
C-JUN ESOERIKAERKRMRNRIAASKCRKRKLERIARLEEKVKTLKAONSELASTANMLREQVAQLKOKVMNHYNSGCOL 325
JUN-B EDOERIKVERKRURNRLAATKCRKRKLERIARLEDKVKTLKAENAGLSSAAGLLREQVAQLKOKVMTHYSNGCOL
JUN-D EPQHQVPAY
C-JUN METQQLQTE 334
JUN-B LGVKGHAE
B DNA-Binding
Fos interaction
? Effec;tor Leucine repeats
Function
Dimerization
64 122 223 325 334
| HR-1 | HR-2
N | |c
Per cent Similarity

c/B/D 22 74 16 75 0

c/B 36 79 25 79 22

¢/D 42 84 39 88 11

B/D 36 78 23 82 22

Fi1G. 2.

(A) Comparison of murine Jun-D, c-Jun, and Jun-B sequences in the single-letter amino acid code. Sequence identities and similarities

(D =E,I=V,K =R, and T = S) are shaded. Numbers to the nght refer to the last residue of c-Jun on each line. (B) Linear representatlon
of murine c-Jun (heavy line, numbers above the line indicating amino acid residue number) with the percent similarity between Jun proteins
for each region taken from A. HR-1 and HR-2 are the homology regions 1 and 2 referred to in the text. Above the line are functions assigned

to HR-1 and HR-2 (refs. 2, 3, 20-24).
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FiG. 3. (A) Changes in jun-D and c-jun mRNA levels after
stimulation of 3T3 cells with serum. Total RNA (10 ug) was
fractionated by electrophoresis, blotted, and hybridized with 32P-
labeled c-jun or jun-D cDNA. Times above each lane refer to hours
after addition of serum to resting cells; 3C refers to treatment with
serum plus cycloheximide for 3 hr, and QC refers to quiescent cells
treated with cycloheximide alone for 3 hr. (B) Changes in transcrip-
tion of jun-D and c-jun genes after serum stimulation of 3T3 cells.
32p.labeled nuclear run-on transcripts were hybridized to jun-D,
c-jun, fos, and myc cDNA immobilized on nitrocellulose filters.
Nuclei were prepared at the times after addition of serum indicated
above each lane. In the last lane, the cells were treated with serum
plus cycloheximide (CHX) for 120 min.
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FiG. 4. (A) Distribution of jun-D mRNA in mouse tissues. Total
RNA (10 ug) was analyzed by Northern blotting. Lanes: B, brain; I,
intestine; K, kidney; L, liver; S, spleen; T, thymus; 8-18, placental
RNA at the indicated day of gestation. (B) Distribution of c-jun,
jun-B, and jun-D mRNAs in cultured cell lines. Total RNA (10 ug)
was analyzed by Northern blotting with one jun probe at a time, and
the three autoradiograms were photographed together. Lanes: 1, 3T3
cells treated with serum plus cycloheximide for 3 hr; 2, quiescent 3T3
cells; 3, NIH 3T3 cells; 4, C1271I cells transformed by bovine
papilloma virus; 5, C3H/10T1/2 mouse fibroblasts; 6, mouse L 929
cells; 7, simian virus 40-transformed mouse testicular cells; 8, BNL
CL.2 fetal hepatocytes; 9, chemically transformed BNL CL.2; 10,
HEPA-1 hepatoma cells; 11, RAW 264.7 mouse macrophages; 12,
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