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rabbit fibroblasts or stabilize the collagenase message (22,
Vincenti, unpublished observations), thereby making these
reagents unsuitable for studies of mRNA decay in this system.
Instead, we placed the collagenase gene under the constitutive
tanscriptional control of the SV40 early promoter, and t ly
transfected the SV40-collagenase chimeric constructs into rabbit
fibroblasts. The SV40 promoter drives ranscription at high levels
in mammalian cells (48,49) and is not modulatable in primary
fibroblasts by external stimuli (48). This approach eliminates
transcriptional activation of collagenase by IL-1,, so that the
effects of IL-1B on mRNA stability can be determined.
We confirmed our previous finding (48) that the SV40

promoter drives transcription of the CAT gene at high levels in
primary rabbit fibroblasts, and that this level of transcription is
not modulatable by PMA (Figure 4). Furthermore, the SV40
early promoter is not modulatable in RF by IL-1,8 (Figure 4).
Thus transient transfection of collagenase constructs under the
transcriptional control of this promoter is an effective system for
examining post-transcriptional regulation of the collagenase gene.

First we created the pSG5HuCol construct by placing 1.7 kb
of the human collagenase gene under the constitutive transcrip-

tional expression of the SV40 promoter (Figure 5, panel A). The
human collagenase cDNA was used for these experiments because
sequence divergence in the 3' UTR of the human (5) and rabbit
genes (28,50) allows specific detection of a human transcript in
rabbit cells, but does not detect endogenous rabbit sequence.
pSG5HuCol (Figure 5, panel A) was transfected into RF which
were then allowed to recover in media containing 10% serum
for 18 h (51). At this point, serum was removed and half of the
cultures were treated with IL-1,B. Total RNA was harvested at
various time points after serum wash-out and the stability of
transfected gene transcripts was assayed by RNAse protection
assay (Figure 5, panel B). The figure shows that cells cultured
for 18 h in serum contain high levels of human collagenase
mRNA. After 4 h in serum-free conditions, the human transcript
has not decayed in untreated or IL-l(3-treated cells. In untreated
cells, this transcript decays to about one half of its original level
after 12 h. In contrast, cells placed in serum-free media conining
IL-1I3 contained pSG5HuCol transcript levels at 12 h comparable
to those at the 0 h time point. This IL-1I-dependent enhancement
of pSG5HuCol transcripts was concomitant with an IL-1(3-
dependent rise in steady-state collagenase mRNA from the
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Figure 6. Expression of the transfected wild-type and ATTTA mutant-containing human collagenase cDNA in RF. (A) Homology analysis of part of the coding
sequence and the 3' UTR sequence of the human and rabbit colLagenase genes using the University of Wisconsin GCG 'GAP' program. Each line a
point of nucleotide identity. The stop codons are in bold and the polyadenylation signals are underlined. The consensus ATTTA sequences described by Shaw and
Kamen (35) are in bold and underlined. (B) The wild-type and mutant pSG5HuCol cDNAs were transfected into RF and assayed as in Figure 5 using anti-sense
riboprobes of the wild-type and mutant 3' UTRs.
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endogenous rabbit gene (Figure 5, panel C). These results suggest
that IL-1,8 increases steady-state levels of collagenase mRNA by
increasing the stability of the transcript.
Next we tested the role of the ATTTA motif in collagenase

mRNA stability (35,36). The 3' UTRs of the human and rabbit
collagenase genes each contain three copies of the mRNA
instability motifAT'TA (Figure 6, panel A) and the conservation
of this motif suggests that it may play a role in gene regulation.
Thus the ATTTA elements of the human gene were mutated in
the context ofpSG5HuCol (see Figures 5A and 6A). The resulting
clone, pSG5HuCol,u, was transiently transfected into RF, and
some cultures were treated with IL-lIO. The stability of transcripts
from the mutated human gene was then assayed by RNAse
protection (Figure 6 panel B). In untreated cells, the wild-type
transcript decays between 5 and 10 h of culture in serum-free
media, while it is stable during this time period in IL-1I3-treated
cells. In contrast, transcripts from the construct with mutated
ATTTA elements are stable between 5 and 10 h in untreated cells.
In IL-1(3-treated cells, the mutant transcript appears to be even
further stabilized. A lower molecular weight band is present in
pSG5HuCol- and pSG5HuColliu-transfected cells which appears
to be a product of RNA decay. These data suggest that the
ATTTA elements, which have been shown to destabilize cytokine
and proto-oncogene transcripts (35,36), also destabilize human
collagenase mRNA (see Discussion).
We have shown that the ATTTA motifs in the human

collagenase 3' UTR contribute to instability of the mRNA.
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However, it is not clear if the destabilizing function of the
ATTTA motif is conserved in the rabbit gene. Furthermore, it
is not known if the collagenase 3' UTR is a destabilizing element
in and of itself, as has been described for the GM-CSF 3' UTR
(35), or requires additional upstream sequences. To answer these
questions, we have tested the ability of the rabbit collagenase
3' UTR to act as a destabilizing element for the constitutively
expressed construct SV2CAT. For these studies, we cloned the
rabbit 3' UTR downstream of CAT coding sequences in the
SV2CAT construct. The resulting construct, SV2CATH9
(Figure 7, panel A) was then transfected into RF, and CAT gene
expression was assayed (Figure 7, panels B and C). The presence
of the rabbit collagenase 3' UTR resulted in decreased CAT gene
expression, as determined both by CAT activity assay and RNAse
protection of CAT transcript. The decreased CAT gene
expression was not due to reduced transfection efficiency of
SV2CATH9, as determined by Hirt's assay (Figure 7, panel D).
Thus, the 3' UTR of the rabbit collagenase gene is capable of
acting as a destabilizing element, and this ability does not require
upstream coding sequences.

DISCUSSION
In the present study, we have examined the induction of
collagenase gene expression in synovial fibroblasts treated with
IL-1$3. IL-lI3 treatment induced collagenase mRNA levels
comparable to PMA, but the time course for this cytokine was
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Figure 7. Expression of SV2CAT and SV2CATH9 in RF. (A) The construct SV2CATH9 was cloned by replacing the SV40 polyadenylation sequence of SV2CAT
with the rabbit 3' UTR. The rabbit 3' UTR contains 108 nt of coding sequence, three ATTTA elements, and a polyadenylation site (see Figure 6A). (B) CAT
protein expression in cells transfected with SV2CAT and SV2CATH9 was assayed as previously described. Transfection efficiency was determined by Hirt's assay

(40). (C) CAT transcript levels were assayed by RNAse protection assay in SV2CAT- and SV2CATH9-transfected cells.
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more rapid than PMA. In addition, induction by IL-I did not

involve a large transcriptional component, and depended on the
presence of distal promoter sequences. Finally, transcripts from
a transfected human collagenase gene decayed more slowly in
IL-1,-treated cells. The decay rate observed in untreated cells
depends, at least in part, on the presence of ATTTA sequences

in the 3' UTR, since mutation of these sequences stabilized
mRNA. These results suggest that IL-13 increases collagenase

gene expression by mechanisms that are distinct from PMA and
that involve increased mRNA stability.
We found that regions of the collagenase promoter which are

known to be responsive to PMA (29,30) are not sufficient for
IL-l3-mediated transcriptional activation. The 1176 bp
collagenase promoter construct transfected into fibroblasts
demonstrated a transcriptional response to IL-1,8 of only 2.9-fold
above control values. The minor IL-1,8 response of the 1176 bp
construct contrasted with the 18-fold induction observed for the
same construct in PMA-treated cells. The positive IL-1,8-
responsive elements appear to reside farther 5' in the collagenase
promoter, with increasing responsiveness observed with
increasing promoter size. Given the gradient of responsiveness
observed with increasing promoter size, multiple elements
probably cooperate for IL-1 -mediated transcriptional induction,
as has already been demonstrated for phorbol ester activation of
collagenase (30,43).

Transcriptional activation of the collagenase gene by PMA is
mediated at least in part by the AP-1 site located 77 bp 5' of
the transcriptional start site (29,30). This does not seem to be
the case for IL-1j, since this cytokine is not a strong inducer
of c-jun gene expression or AP-1 binding activity. It has been
reported (31) that IL-1 stimulates collagenase gene expression
through the AP-1 site in human rheumatoid synovial cells.
However, unlike our cells, these rheumatoid synovial cells

displayed high basal levels of c-jun gene expression. Such high
expression of this proto-oncogene might circumvent the normal
transcriptional activation pathways stimulated by IL-1.
The moderate transcriptional response observed with IL-1,B was

inconsistent with the dramatic increase seen in the level at steady-
state. This implied that post-transcriptional mechanisms may be
important for IL-l,B-mediated collagenase gene expression.
Indeed, post-transcriptional regulation of collagenase gene

expression has been demonstrated by others (22,34). However,
assessing the role of collagenase mRNA stability can be
problematic. This is due in part to the fact that mRNA levels
in unstimulated cells are too low to obtain accurate measurements
of half-life through pulse-chase methodology. Furthermore,
treatment of cells with transcription inhibitors can have a profound
effect on cellular physiology, and thus confound interpretation
of the results (52). MaCachren et al. (26) induced collagenase
mRNA with IL-1, then assayed the half-life in transcriptionally
arrested cells, both in the presence and absence of IL-1. In
contrast to our findings, these authors did not observe increased
mRNA stability in the presence of IL-1. However, since
transcriptional inhibitors themselves can stabilize the collagenase
mRNA (22, Vincenti, unpublished observations), experiments

with these drugs may be difficult to interpret.
To circumvent these difficulties, we used a constitutive

promoter system that does not require induction with cytokine,
and that does not need transcription inhibitors (52). It is important
to note that the plasmid SV2CAT, which is driven by the same

promoter as pSG5HuCol, is not modulatable by IL-1,B, indicating

mechanism of IL-1-mediated enhanced expression. With this
system, we found increased stability of the transfected human
transcript in IL-10-treated cells, and thismicrease is conomitant
with an increase in steady-state mRNA from the endogenous
rabbit gene, thus correlating transcript sbiliion with increased
steady-state levels.
We also found that the 3' UTR of collagenase transcripts play

an important role in mediating mRNA stability. The 3' UTR of
the rabbit collagenase gene acts as a destabilizing sequence when
inserted 3' of the CAT reporter gene. Inlwestingly, this region
of the gene was not sufficient to mediate CAT mRNA stabilization
in response to IL-lIO (data not shown), implying that additional
upstream sequences also play a role. Indeed, regulation of c-fos
mRNA stability is dependent upon sequences within the 3' UTR
as well as elements within the coding region (53). Destabilizing
elements, such as those which exist in the coding region of the
c-jbs taripts, may be required for IL-1-mediatedlization
of collagenase mRNA.
The 3' UTRs of the rabbit and human genes contain three

copies of the ATTTA motif which has been shown to contribute
to the strict post-transcriptional control of proto-onogene and
cytokine transcripts (35,36). Our finding that mutation of these
elements stabilizes the collagenase transcript in untreated and
IL-l,B-treated cells implies a role for these elements in the
collagenase gene as well.
A labile destabilizer has been described which mediates rapid

turnover of the c-nyc transcript (54). This cytosolic factor binds
to A+U-rich elements in the 3' UTR of the c-nyc transcript and
mediates selective degradation of this mRNA (36). An mRNA
destabilizing factor, such as that described for c-nyc, may be
present in resting cells, and may interact with the ATTTA
destabilizing motif found in the 3' UTR of the collagenase gene.
Mutation of this motif would ablate binding of a destabilizing
factor, resulting in increased transcript stability relative to the
wild-type. Similarly, upon stimulation with IL-1(, this factor may
be inhibited or degraded. This could explain the incrased stability
observed for the wild-type human transcript in IRL- 3-treated cells.

Previous studies of the molecular events involved in collagenase
gene induction by cytokines such as IL-1 and TNF have
concentrated on transcriptional activation (31,55). However,
optimal activation of the native collagenase promoter with these
cytokines has not been clearly demonstrated. A recent study
indicates that EGF induction of collagenase and stromelysin
involves post-transcriptional events (22). This cytokine induced
coliagenase steady-state mRNA levels 10-fold above control, with
only a 2-fold increase in transcription rate. Studies such as this
emphasize the importance of examining post-transcriptional
mechanisms when studying cytokine induction of collagenase
gene expression.

IL-1,8 is a potent inducer of interstitial collagenase gene
expression in fibroblasts. In the present study, we have
demonstrated that the molecular mechanism of IL-1l,-mediated
collagenase gene expression has both a trscriptional and a post-
transcriptional component.
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