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The DNA sequence of the c-myc-regulated gene mrl (G. C. Prendergast and M. D. Cole, Mol. Cell. Biol.
9:124-134, 1989) reveals that it encodes plasminogen activator inhibitor 1 (PAI-1), a regulator of extracellular
proteolysis. Comparison of the human and mouse PAI-1 promoters and cDNA 3’ noncoding regions revealed
several highly conserved sequence domains, potential targets for c-myc and other factors influencing PAI-1
expression. We discuss possible roles for PAI-1 in normal and neoplastic cell growth control.

Identification of the targets of oncogene activity is a
central problem in the molecular biology of cancer. The
c-myc oncogene encodes a nuclear protein which plays an
important role in normal and abnormal cell proliferation
(reviewed in references 7 and 14), although its targets and
molecular function remain unknown. We recently identified
a novel serum-regulated cellular gene, mrl, which is dereg-
ulated in c-myc-immortalized primary rodent fibroblasts and
specifically induced by c-myc protein in 3T3 cell lines (30).
The DNA sequence of murine mr! indicates that it is the
rodent homolog of plasminogen activator inhibitor 1 (PAI-1),
a regulator of extracellular proteases involved with various
normal and pathological phenomena, including neoplasia
(reviewed in references 8, 15, and 32).

A full-length murine mrl cDNA was obtained by standard
methods (23) from a cDNA library constructed with RNA
from BALB/c 3T3 cells treated with fetal calf serum plus
cycloheximide (17), conditions which strongly induce mrl
expression (G. C. Prendergast, Ph.D. thesis, Princeton Uni-
versity, Princeton, N.J., 1989). A restriction map and se-
quencing strategy are shown in Fig. 1A, and the complete
cDNA sequence and predicted translation product are
shown in Fig. 1B. The mrl cDNA is 3,014 base pairs (bp)
long and contains a 1,206-bp open reading frame, encoding a
402-amino-acid polypeptide with a calculated molecular
mass of 45,167 daltons. The predicted polypeptide sequence
is ~78% identical (~82% with conservative substitutions) to
that encoded by human PAI-1 cDNA (1, 26, 28) (Fig. 1C). A
comparison of the 3’ noncoding domains in the human and
mouse PAI-1 cDNAs revealed extensive similarity in a
200-bp region about 400 bp upstream of the poly(A) tract
(Fig. 2). Within this region is an unusual 100-bp stretch,
starting at nucleotide 2445 in the mouse cDNA, which is
>90% identical to the human PAI-1 message. The high
conservation strongly suggests a role for this element in
regulation of PAI-1 gene expression.

Transcriptional induction of PAI-1 in 3T3 cells by platelet-
derived growth factor (30) prompted us to locate control
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elements in the PAI-1 promoter. As a first step toward this
goal, we searched the mouse PAI-1 promoter for DNA
sequence conserved in the human gene (3). Genomic clones
were isolated from an EMBL 3 library (Clontech Laborato-
ries), and a region of ~1.4 kilobases encompassing the
murine promoter and noncoding exon 1 was sequenced and
compared with the human gene (Fig. 3). Three broad seg-
ments of conserved DNA sequence were observed. The first
was across the exon 1 splice donor junction, a 45-bp block
which is 87% identical to human PAI-1. The second was an
~210-bp segment within the proximal region of the pro-
moter. At 29 bp upstream of the 5’ PAI-1 mRNA cap site was
a TATAA transcription start consensus sequence, which
was embedded within a 65-bp region with 96% identity
between human and mouse genes (proximal box). Two cap
sites are utilized by the PAI-1 promoter in mouse 3T3
fibroblasts, both adenosine residues; each site is used with
about equal efficiency (Prendergast, Ph.D. thesis; data not
shown). Approximately 400 bp distal to the TATAA consen-
sus is a 300-bp segment which is 76% identical between the
genes; within this region are several blocks of sequence
identity (distal box). Relative to the human PAI-1 promoter,
the mouse promoter has a gap of ~100 bp between the
proximal and distal boxes of homology.

As the first cellular gene known to be regulated by c-myc
protein in stable cell assays (30), the PAI-1 gene may be
potentially useful as a substrate with which to uncover the
molecular function of the c-myc oncoprotein. PAI-1 is some-
what unusual (like c-myc) in that it is expressed during both
the G, to G, cell cycle transition and in cycling cells (30),
which do not enter the G, phase (29). More commonly,
serum- and platelet-derived growth factor-regulated genes
are well expressed during G, to G, but not in cycling cells
(31; unpublished observations). We speculate that PAI-1
expression is required generally during fibroblast prolifera-
tion. Platelet-derived growth factor is added to a growing list
of factors which regulate the PAI-1 gene in several systems,
including transforming growth factor-beta (16, 21), glucocor-
ticoids (12), interleukin-1 (2), lipopolysaccharide (33), tumor
necrosis factor alpha (33), thrombin (10) and other factors
(see reference 33 for an extensive listing). PAI-1 cDNA has
also been isolated by Bravo and his associates (4) in a screen
for serum-induced mRNAs in NIH 3T3 cells.



1266 NOTES MoL. CELL. BioL.

A5 P S Bgl Xho Bgl D Nco D Hec2 H D
[ T B | ] ] —il ]

L 1 | | —1T1 !

E; TCAGGCTGCAGCAGAGCCCCGAGAGCTTTGTGAAGGAGGACCGCCGCACACCCGCCTCCGGCACACACAGCCAACCACAGCTGAGCGACAGCCAACAAGA 100
1 M QMSSALACLTIULGLVLVYVYSGKSGTFT
GCCAATCACAAGGCACCTTTGAATACTCAGGATGCAGATGTCTTCAGCCCTTGCTTGCCTCATCCTGGGCCTGGTTCTGGTCTCTGGGAAAGGGTTCACT 200
26 L PLRESUHTAHOQATDT FGV KV FQQVVQAQASKTDRNVVEF
TTACCCCTCCGAGAATCCCACACAGCCCATCAGGCCACCGACT TCGGAGTAAAAGTGTTTCAGCAGGTGGTCCAGGCCTCCAAAGACCGGAATGTGGTCT 300
58 S PYGVSSVLAMLOQMTTAGKTRRA QI @DAMGTFTIKUVN
TCTCTCCCTATGGCGTGTCCTCGGTGCTGGCTATGCTGCAGATGACCACAGCGGGGAAAACCCGGCGGCAGATCCAAGATGCTATGGGATTCAAAGTCAA 400
91 E K GTAMHALROQLSKETLMGE®PUWNIKNETISTADATITFUVaAaQ
TGAGAAGGGCACAGCTCATGCCCTCCGCCAGCTCTCCAAGGAGCTCATGGGGCCGTGGAACAAGAATGAGATCAGTACTGCGGATGCCATCTTTGTCCAG 500
124 R D L E L VQ G F M P HF F K LFQTMVKaQVDTFSEVETRARTF
CGGGACCTAGAGCTGGTCCAGGGCTTCATGCCCCACTTCTTCAAGCTCTTCCAGACTATGGTGAAACAGGTGGACT TCTCAGAGGTGGAAAGAGCCAGAT 600
158 1 1 ND WV ERWHTIKGMINDILLAKSGAVDELTRLVLUVN
TTATCATCAATGACTGGGTGGAAAGGCATACCAAAGGTATGATCAATGACT TACTGGCCAAGGGGGCTGTAGACGAGCTGACACGCCTGGTGCTGGTGAA 700
199 ALY F S 6 Q W KTWPTFILEASTHO QRLTFU HKSDGSTVSVEP
TGCCCTCTACTTCAGTGGCCAATGGAAGACCCCTTTCTTAGAGGCCAGCACCCACCAGCGCCTCTTCCACAAGTCTGATGGCAGCACCGTCTCTGTGCCC 800
226 M M A Q S N K F NY T E FTTPDGLTEYDVVELPYQQRDTILS
ATGATGGCTCAGAGCAACAAGTTCAACTACACTGAGTTCACCACCCCCGATGGGCTCGAGTATGACGTCGTGGAACTGCCCTACCAGCGGGACACCCTCA 900
258 M F 1T AAPFEIKDVHLSALTNTIULDAETILTIR® QWKGNMT
GCATGTTCATCGCTGCACCCTTTGAGAAAGATGTGCACCTCTCCGCCCTCACCAACATCTTGGATGCTGAACTCATCAGACAATGGAAGGGCAACATGAC 1000
291 R L PR L L I L PKTF SLETEVDILRGPLEIKTLGMPDMTEFS
CAGGCTGCCCCGCCTCCTCATCCTGCCTAAGTTCTCTCTGGAGACTGAAGTGGACCTCAGAGGGCCCCTGGAGAAGTTGGGCATGCCTGACATGTTTAGT 1100
326 AT L ADFT SL SDQE QL SV AQALUOQKVR RTIEVNESSGTUV
GCAACCCTGGCCGACTTCACAAGTCTTTCCGACCAAGAGCAGCTCTCTGTAGCACAGGCACTGCAAAAGGTCAGGATCGAGGTAAACGAGAGCGGCACAG 1200
358 A S S S TAFVISARMAPTEMVYIDRST FLTFVVRHNPT
TGGCGTCTTCCTCCACAGCCTTTGTCATCTCAGCCCGCATGGCCCCCACGGAGATGGTTATAGACCGATCCTTTCTCTTTGTGGTTCGGCACAACCCGAC 1300
399 E T I L FMGQV MEUP *
AGAGACAATCCTCTTCATGGGGCAAGTGATGGAGCCTTGACAGTGGGAAGAGACGCCTTCATTTGGACGAAACTGGAGATGTTATAAGCAGAAACTCTGA 1400
AGAAAAGGTTATTTAAAGGACTCTATGGGGAGAAAGAGAAGGCAACTCCTCCTTACCCCCCACACTGGTAATCTTTCCAACCAGCATCCCAGACCTCGGA 1500
CTCTTGAAGGGAAAAGAGTCTAACTCCCTCCTCCCTAGGGATTCCTACCCCACAAAGGTCTCATGGACCATAGAACTCACAGTACCTGGATCTGCCCAGC 1600
ATGCCCTTTGGACCCAGTTCCCACCGAGGCCCCAGCAGAGTGGAGGGCACAACACTTTCATTCAGCAAAATCGTTTGTGTTCCAGTCACACTGTGGGCAC 1700
CTCTTGCATCGCCTGCCATTGCTGTGGAGGGTGCCATGGGCCAAAGGAAAAAGCACTGTCCTATCTCAAGGTCCACTGTGGAAATGTCCACCTTGCCCAC 1800
CTCCAAGGGGCAACGGATAGACAGATCAAATGGTGGCCCAATAGCGAGCCTTCTCCCTGCTCCCTCCCTTGACACAGCTTGCTTATGTTATTTCAGAGTG 1900
TAGGTGACTTGTTTACACAGCTTTTTTCGACCCACAAACTTTTTTCATTTGGAAAGGGTGTAAGAAAAGTCGGACGTGTGTGTGCCTGGCTCTTCGTCCC 2000
CAGTCTCCCAGTGGGGGGGCCCTGGGGAGATTCCAGGGGTGTGATTGAATATTTATCTCTTGCTCTTGTATGTTTGTTGGGGAGAAGAAGCACTTTTAAG 2100
GAAAATGCTTCTTATTTAAACCGTGGCATACGGCATCCCATTTGGGGTCTGCATCCCTGTATGTCAGGGGTGCATCACTCCACAAACCTGCCCCTCTGGG 2200
TAGCCTCGTGATGGGGCTCACACTGCCGCCTAGTGGCAGCCGAACACACCCTTACCCGGTCCCTCCCTCCCTCCCCCCCCCCCCCCCCCCCCGTGGETCT 2300
TTTTCCTTAGGGACCTTGCCAAGGTGATGCTTGGCAACCCACGT TAAAGGAAGGGGGGAAAAAAGATTAGATGGAAGAGAGAGAGAT TTGAGAGAGGGCA 2400
AAGTGGTTTCAAATTTTTCCAAGGCATCCAGAAGCAGAGAGGGAAAAGGGGCTGTGTGACCTAACAGGACAGAACTTTCTCCAATTACTGGGTGAGTCAG 2500
AGCTGCACTGGTGACTCACTTCAATGTGTCATTTCCGGCTGCTGTATGTGAGCAGTGGACACGTGGGGGGGCGGGGGGGGGATGAAAGAGACAGCAGCTC 2600
CTGGTCAACCACCTTAGTTAGATAATCTTTTTTGAAAGCTTCCTAGCTGGAGGTATGATCAGAAAACCAATTTACTGAAAAACTGCACAAGAAGGTACCG 2700
TGAATGAATTTCCTAGCAGGCCACTCTGCATCTGTTATGTCTCCACCGGAAAAAAAATAATCATGTTGGTGTTTTTGCTTTTCTCTCTCTCCCTCTTTCT 2800
CTCTGATTTTTTTTTCCTCTCTTTTCATTATGCACTGGACAGCCACACACCGTGTACCATAGGGCCCCAAATGTGGGGTCACATGGTCTTGAATTTTGTT 2900
GGTTACATATGCCTTTTTGTTGTTGTTTGTCTTCACTTTTGATATATAAACAGGTAAATATGTTTTTTAAAAAATACTAAATATAGAGAATATGCAAACA 3000
AAAAAAAAAAAAAA 3014

FIG. 1. mrl cDNA encodes murine PAI-1. (A) Restriction map and sequencing strategy of a full-length murine mr! cDNA. The dark bar
represents the 1,206-bp polypeptide open reading frame; the open box indicates a 3’ noncoding region highly similar to the human PAI-1
cDNA (see text). Enzyme abbreviations are Bgl, BgI1; D, Dral; H, HindllI; Hc2, Hindll; Nco, Ncol; S, Sacl; Xho, Xhol. (B) Complete DNA
sequence of the mrl cDNA. The single-letter amino acid code is used for the inferred translation product of the 1,206-bp polypeptide open
reading frame. (C) Amino acid similarity between human PAI-1 and the inferred polypeptide encoded by the mrl cDNA. Dashes indicate
identity; colons indicate conservative substitutions.
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PAI-1 MQMSSALACLILGLVLVSGKGFTLPLRESHTAHQATDFGVKVFQQVVQASKDRNVVFSPYGVSSVLAMLQMTTAGKTRRQIQDAMGFKVNEKGRAHALRQ 100
IR R e R e

mr1  MQMSPALTCLMLGLALVFGEGSAVHHPPSYVAHLASDFGVRVFQQVAQASKDRNVVFSPYGVASVLAMLQLTTGGETQQQIQAAMGFKIDDKGNAPALRH 100

PAI-1 LSKELMGPWNKNEISTADAIFVQRDLELVQGFNPHFFKLFQTMVKQVDFSEVERARFI INDWVERHTKGMINDLLAKGAVDELTRLVLVNALYFSGQWKT 200
R N,

mr1  LYKELMGPWNKDEISTTDAIFVQRDLKLVQGFMPHFFRLFRSTVKQVDFSEVERARFI INDWVKTHTKGMISNLLGKGAVDQLTRLVLVNALYFNGQWKT 200

PAI-1 PFLEASTHQRLFHKSDGSTVSVPMMAQSNKFNYTEFTTPDGLEYDVVELPYQRDTLSMFIAAPFEKDVHLSALTNILDAEL IRQWKGNMTRLPRLLILPK 300
IR T e

mr1  PFPDSSTHRRLFHKSDGSTVSVPMMAQTNKFNYTEFTTPDGHYYDILELPYHGDTLSMFIAAPYEKEVPLSALTNILSAQLISHWKGNMTRLPRLLVLPK 300

PAI-1 FSLETEVDLRGPLEKLGMPDMFLATLADFTSLSDQEQLSVAQALQKVRIEVNESGTVASSSTAFVISARMAPTEMVIDRSFLFVVRHNPTETILFMGQVMEP 402
R e T e T T YR

mr1  FSLETEVDLRKPLENLGMTDMFRQFQADFTSLSEP- - LAVAWALQKVKIEVNESGRVASSSTAVIVSARMAPEE I IMDRPFLFVVRHNPTGTVLFMGQVMEP 400

FIG. 1.-Continued.

Since it is targeted by c-myc and other factors which
influence cell cycle decisions in fibroblasts, PAI-1 may play
a role in normal and neoplastic cell growth control. How-
ever, it is not immediately clear how its protease inhibition
activity might fit into the picture. Along with two other
well-characterized PAIs, PAI-2 and protease nexin, PAI-1is
a member of the serine protease inhibitor superfamily of
proteins (serpins [5]). PAIs control a variety of physiological
processes including matrix turnover, cell migration, coagu-
lation, fibrinolysis, complement activation, and inflamma-
tory reactions (reviewed in references 15, 32, and 34). Early
studies of PAI-1 centered on the characterization of its
ability to rapidly inhibit the proteinase activity of tissue-type
PA, a central regulator of the fibrinolytic cascade (9, 19, 20,
35). The finding that PAI-1 localizes in the extracellular
matrix of tissue culture cells (16, 18) and interacts specifi-
cally with vitronectin (36) is intriguing in light of the role of
extracellular proteolytic enzymes in tissue remodeling, tu-
mor invasion, and metastasis (8, 25, 27). Potential roles for
PAIs in affecting cell growth indirectly, for example, via
extracellular matrix organization, have been discussed in
recent reviews (15, 32). The finding that c-myc induces
expression of a PAI might be considered somewhat counter-
intuitive, given that activation (rather than suppression) of
protease activity is known to be important in tumorigenesis.
Consistent with the fact that a protease inhibitor is targeted
by myc is the observation that c-myc-immortalized primary

fibroblasts (which exhibit deregulated PAI-1 expression) are
neither morphologically transformed nor tumorigenic (13).
Others have reported that rat-1 cells morphologically trans-
formed by v-myc have decreased steady-state PAI-1 protein
levels compared with parental rat-1 cells (6), although the
level of PAI-1 transcription or mRNA was not examined.
However, even if these latter levels of PAI-1 gene expres-
sion were down-regulated, it is likely that the cellular con-
text (e.g., flat immortalized versus morphologically trans-
formed cells) would impinge on the regulation of PAI-1 by
c-myc.

There exists some circumstantial support in the literature
for the proposition that extracellular protease inhibitors can
directly influence mitogenic decisions. First, evidence that
plasmin can activate the latent serum form of transforming
growth factor-beta in vitro (22) suggests a role for PAI-1 in
regulating the cellular response to this factor. Second, two
growth factors secreted by human HepG2 hepatoma cells
(endothelial cell growth factors 2a and 2b) which stimulate
the growth of human endothelial cells in serum-free mono-
layer culture have been found to be protease inhibitors (24).
Finally, the glia-derived neurite-promoting factor, a serine
protease inhibitor, is reported to be mitogenic for astrocytic
cells (11). One might speculate that the serine protease
inhibition activity of PAI-1 is not relevant to normal or
transformed cell growth. This notion is intriguing because it
implies that PAI-1 has other undefined functions in addition

H
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FIG. 3. Sequence similarity between 5' noncoding regions of the murine and human PAI-1 genes. The human sequence and mRNA cap
desngnatlon are from Bosma et al. (3). The asterisks designate exon 1, and the carats indicate the mRNA caps sites; the TATAA consensus

underlined.

further studies are necessary to assess the contributions of Steele for technical assistance.

PAI-1 to cell growth decisions.
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