
Biochem. J. (1993) 291, 441-446 (Printed in Great Britain)

Homology cloning of rat 72 kDa type IV collagenase: cytokine and
second-messenger inducibility in glomerular mesangial cells
Hans-Peter MARTI,* Leslie McNEIL,* Malcolm DAVIES,t John MARTINt and David H. LOVETT*T
*Department of Medicine, San Francisco VAMC-University of California at San Francisco, 4150 Clement Street, San Francisco, CA 94121, U.S.A.,
and tlnstitute of Nephrology, University of Wales College of Medicine, The Royal Infirmary, Cardiff CF2 1SZ, Wales, U.K.

Glomerular mesangial cells (MC) play a central role in the
synthesis and turnover of the glomerular extracellular matrix.
Prior studies [Davies, Thomas, Martin and Lovett (1988)
Biochem. J. 251, 419-425; Martin, Davies, Thomas and Lovett
(1989) Kidney Int. 36, 790-801] have characterized at the protein
level a 72 kDa type IV collagenase that is secreted by cultured
human and rat MC. While exposure of most cell types to
interleukin-l, (IL-1,8), tumour necrosis factor-a (TNF-a) or
phorbol ester has little or even an inhibitory effect on 72 kDa
type IV collagenase secretion, these factors significantly increased
the synthesis of this enzyme by rat MC. Given this divergent
pattern of expression, a homology-based PCR cloning strategy
using rat MC cDNA templates was employed to define at the
molecular level the structure of the mesangial 72 kDa type IV
collagenase. The nucleotide sequence within the open reading

INTRODUCTION

The extracellular matrix (ECM), which includes the glomerular
basement membrane and the mesangial matrix, fulfils an im-
portant structural and regulatory function in the renal glom-
erulus. This highly specialized matrix forms a negatively charged,
permselective filtration barrier and provides structural support
against the high intraglomerular hydrostatic pressure. A common
feature of most chronic forms of glomerulonephritis is the
excessive accumulation of multiple glomerular ECM proteins, a

process leading to glomerulosclerosis and loss of filtration
function [1,2]. To date, the processes involved in the catabolism
of this matrix compartment under basal or pathological
conditions remain incompletely understood. As a consequence of
its central location within the glomerulus, the intrinsic mesangial
cell (MC) plays a key role in both the synthesis and the
degradation of the glomerular ECM [3]. Numerous studies have
documented the ability of cultured MC of either human or

rodent origin to synthesize a broad variety of intrinsic glomerular
ECM proteins, including type IV and V collagens, interstitial
collagens I and III, fibronectin, laminin, thrombospondin and
sulphated proteoglycans [3-7]. Considering the diverse com-

positional nature of the glomerular mesangial ECM, we have
postulated that a parallel group of matrix-degrading enzymes
must exist to provide for the turnover of these proteins. Given
their ability to act extracellularly, the activities of the matrix
metalloproteinases have received particular attention.

Prior protein purification and characterization studies from
our laboratories have documented the synthesis of a specific
72 kDa type IV collagenase by cultured rat and human MC lines

frame of the rat mesangial 72 kDa type IV collagenase cDNA
diverges from the sequence of the human homologue by approx.
9 %. The divergence in the 3' untranslated region was much more
extensive. Steady-state levels of the 3.1 kb transcript of the
72 kDa type IV collagenase were low or undetectable in resting
MC, but were greatly stimulated following incubation with IL-,8,
TNF-a or phorbol ester. None of these factors induced synthesis
by MC of the closely related 92 kDa type IV collagenase.
Synthesis by MC of the 72 kDa type IV collagenase was also
induced by second-messenger analogues, including 8-bromo-
cyclic AMP and forskolin. It is concluded that MC regulate the
expression of this enzyme in an unusual, tissue-specific fashion.
Cytokine and second-messenger inducibility may contribute to
the enhanced expression of the enzyme during glomerular
inflammatory disorders.

[8-10]. Amino acid sequence analysis of tryptic peptides derived
from the purified human MC 72 kDa type IV collagenase
suggested structural identity with the 72 kDa type IV collagenase
recently cloned from H-ras-transformed tracheal bronchial epi-
thelial cells [11,12]. In almost all evaluated cell lines of either
malignant or non-malignant nature, the synthesis of the 72 kDa
type IV collagenase is constitutive and exhibits little, if any,
response to inflammatory cytokines or phorbol esters [12-14]. In
contrast, our earlier studies with cultured rat MC suggested that
the synthesis of the MC type IV collagenase exhibited certain
tissue-specific features, including stimulation by monocyte
supernatants or interleukin-1, (IL-1/?) [15]. Given these dif-
ferences of potential pathophysiological significance, a PCR-
based homology cloning strategy was devised to define at the
nucleic acid level the precise molecular and structural charac-
teristics of the rat MC 72 kDa type IV collagenase. In this paper
the molecular structure of the rat 72 kDa type IV collagenase is
defined and the patterns of response to cytokines, phorbol ester
and second messenger analogues are detailed.

MATERIALS AND METHODS
MC cultures
The methods for the establishment, characterization and main-
tenance of homogenous cultures of rat glomerular MC have been
reported in detail [9,15]. Experiments were undertaken with cells
in passages 8-10 and results were obtained with three independent
MC lines. For preparation of conditioned media, subconfluent
cultures were washed three times with PBS and cultured for
3 days in a rest medium consisting of RPMI 1640 medium

Abbreviations used: MC, mesangial cell(s); IL-1fl, interleukin-1/.?; TNF-a, tumour necrosis factor-a; ECM, extracellular matrix; PMA, phorbol myristate
acetate; cAMP, cyclic AMP; RT-PCR, reverse transcription PCR; MMLV, Moloney murine leukaemia virus.
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supplemented with 1% non-essential amino acids, 2 mM glut-
amine, 100 ,ug/ml streptomycin, 100 units/ml penicillin and
0.1 °h fetal bovine serum (culture reagents obtained from Gibco,
Grand Island, NY, U.S.A.). Subsequently, the MC were
incubated for 48 h in fresh rest medium supplemented as indicated
with recombinant human IL- 1/, (25 units/ml; Genzyme, Boston,
MA, U.S.A.) or IL-l/ plus recombinant human tumour necrosis
factor-a (TNF-a; 25 ng/ml; Genzyme). Phorbol myristate
acetate (PMA; 10 nM), forskolin (50 ,uM) or 8-bromo-cyclic
AMP (cAMP) (0.5 mM; Sigma Chemical Co., St. Louis, MO,
U.S.A.) were used in a similar fashion for the times indicated.
After harvesting of the conditioned media, the cell layers were
washed twice in PBS at 4 °C and twice in 5 % trichloroacetic acid
at 4 °C, followed by protein determination as reported [9]. The
conditioned media were stored at -80 °C prior to assay or use
in SDS/gelatin substrate gels (see below). [3H]Gelatin was used
to quantify type IV collagenase activity as reported in detail
previously [9,10]. The assay incubation mixture included 0.7 mM
p-aminophenylmercuric acetate to permit complete activation of
any latent enzyme. One unit of type IV collagenase activity is
defined as that amount which degrades 1 ,ug of substrate/h under
the given assay conditions; units are expressed in relation to
100 ,ug of cellular protein.

Electrophoretic procedures
SDS/PAGE gelatin substrate gels were prepared by including
1 mg/ml gelatin (from rat tail type I collagen) in the
polymerization mixture. Enzyme samples were solubilized in
non-reducing sample buffer, incubated at 37 °C for 5 min and
electrophoresed at 7 °C at 25 mA/gel. Following electrophoresis,
the gels were incubated at room temperature in 2.5 % Triton X-
100 and 50 mM Tris/HCl, pH 8.0, for 30 min, and then overnight
at 37 °C in 50 mM Tris/HCl, pH 5.0, 5 mM CaC12 and 1 ,tM
ZnCl2. Thereafter, the gels were stained with Coomassie Blue
and zones of lysis were visualized. Standard proteins were utilized
for assignment of molecular mass.

cDNA library construction and structural homology cloning
Oligo(dT)-selected poly(A)+ RNA was extracted from sub-
confluent cultures of rat MC stimulated for 48 h with a com-
bination of IL-I,f (25 units/ml) and TNF-a (25 ng/ml). A
homology-based reverse transcription PCR (RT-PCR) was
performed in two steps. For the RT part of the protocol, 600 ng
of poly(A)+ RNA template in 5 ,u of water was combined with
3 ,ul of random hexamers, 2 ,uL of 0.1 M dithiothreitol, 5 ,ul of
2 mM dNTPs, 1 Itl of Moloney murine leukaemia virus (MMLV)
reverse transcriptase (200 units/,ul; Superscript, Gibco-BLR)
and 4 ,ul of 5 x 250 mM Tris/HCl, pH 8.3, 375 mM KCl, 15 mM
MgCl2 and 10 mM dithiothreitol. For the subsequent PCR, 25 %
of the RT reaction mixture was used as the starting DNA
template, along with dNTPs (200 ,uM each) and 2.5 units of Taq
polymerase (Perkin-Elmer Cetus). There were a total of 31
amplification cycles consisting of 30 s at 94 °C, 30 s at 52 °C and
90 s at 72 'C. A final extension time of 10 min was used in all
cases. PCR priming pairs were based on the nucleotide sequences
for the human 72 kDa type IV collagenase [12]. The sequence
encoding the highly conserved activation locus (residues
P71RCGNPDVAN) was used as the 5' primer (5'-CCA-CGC-
TGC-GGC-AAC-CCA-GAT-GTG-GCC-AAC-3') and the se-
quence encoding the conserved zinc-binding domain (residues
V371AAHEFGHA) as the 3' primer (5'-GTG-GCA-GCC-CAC-

form). The PCR product was electrophoresed on a 1 °h3 agarose

gel and eluted by repeated freeze-thawing. For ligation into
vectors, the recovered PCR product was end-polished with T4
polymerase, ligated with EcoRI adaptors, phosphorylated and
subcloned into the plasmid vector pGem-7Zf( +) (Promega)
using standard procedures [16].
A non-amplified A gtlO cDNA library containing 1.2 x 106

primary recombinants was prepared using 5 ,ag of oligo(dT)-
selected poly(A)+ RNA from rat MC stimulated for 48 h with
10 nM PMA. To obtain more complete 72 kDa type IV
collagenase cDNA inserts, 7.5 x 104 primary recombinants from
the unamplified AgtIO cDNA library were screened using the
900 bp activation locus-zinc-binding domain PCR product as a

probe. The probe was labelled by the random hexamer method
with [32P]dCTP (NEN). Library screening, identification of
positive clones and subcloning into pGem-7Zf( +) were

performed using standard methodology [16]. Sequencing of
double-stranded plasmid DNA was performed according to
Sanger et al. [17], using Sequenase II (USB). Both strands of the
mesangial type IV collagenase 2.7 kb cDNA insert obtained
from the rat MC A gtlO library were sequenced in their entirety
using a series of synthetic oligonucleotide primers.

Northern blot analysis
Poly(A)+ RNA (2.5 ,ug/lane) from quiescent rat MC and from
cultures incubated for 48 h with recombinant IL-14/
(25 units/ml), IL-138 (25 units/ml) plus TNF-a (25 ng/ml) or

PMA (10 nM) was electrophoresed on 1.2% denaturing agarose

gels and transferred to nylon membranes. Poly(A)+ RNA
(2.5 ,ug/lane) from quiescent controls and cultures incubated for
24 h with 10 nM PMA, 50 ,aM forskolin or 0.5 mM 8-bromo-
cAMP (or combinations thereof) were processed in an identical
manner. The blots were probed with the 900 bp cDNA activation
locus/zinc-binding domain probe and with a full-length /3-actin
cDNA probe. Hybridizations were performed under standard
conditions, followved by washing at high stringency in 1%
SDS/O. 1 x SSC at 65 °C for 45-60 min. Densitometry and
normalization of the exposed films to /3-actin mRNA abundance
were performed as reported [11].

RESULTS

Cytokine and phorbol ester stimulation of MC type IV collagenase
secretion
Non-stimulated cultures of rat MC constitutively release low
levels of type IV collagenase activity (Table 1). Incubation for
48 h with recombinant human IL-/1,8 (25 units/ml) led to an

Table 1 Induction of synthesis of rat MC type IV collagenase by IL-1/land
TNF-a

Culture supernatants from rat MC incubated for 48 h with either rest medium (Control), IL-1i/i
(25 units/ml), TNF-x (25 ng/ml) or IL-1,8 plus TNF-x were assayed for enzyme activity using
a [3H]gelatin assay. Results are expressed as units of enzyme activity/i 00 ,cg of cell protein
(means+S.D.; n = 6); *P< 0.05; **P< 0.01 compared with control.

Type IV collagenase activity
(units/100 ,ug of protein)

Control
IL-1/,
TNF-a
IL-1i8 plus TNF-cx

9.7 +1.1
22.3 1.7*
40.1 +3.4**
55.4+5.7**

GAG-TTT-GGC-CAC-GCC-3', used in the reverse complement
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Figure 1 Gelatin substrate SDS/PAGE of MC culture supernatants following Northern blot analysis of rat MC mRNA
stimulation with cvtokines or ohorbol ester

Culture supernatants from MC incubated for 48 h with rest medium (control), IL-1,f
(25 units/ml), TNF-a (25 ng/ml) or IL-i1f6 plus TNF-cx were analysed by SDS/PAGE containing
1 mg/ml gelatin. Lane a, culture medium from unstimulated rat MC; lane b, medium from cells
stimulated with IL-1,B; lane c, cells stimulated with IL-1,8 plus TNF-x; lane d, culture medium
from unstimulated cells; lane e, culture medium from cells stimulated with PMA (10 nM). The
molecular masses of the proteolytically active proteins are denoted for lane c.

approx. 2-fold increase in secreted enzymic activity, while in-
cubation with TNF-a (25 ng/ml) induced a nearly 4-fold increase.
The combination of IL-i1, and TNF-ac resulted in an additive
increase in type IV collagenase secretion (Table 1). In a previous
study [9] with rat MC we found that the control type IV
collagenase activity was accounted for exclusively by the 72 kDa
enzyme. The present work confirms this and further demonstrates
that the cytokine-stimulated activity was the consequence of an
exclusive increase in 72 kDa type IV collagenase synthesis, as

demonstrated by SDS/gelatin zymograms (Figure 1). Culture
supernatants of rat MC incubated with a combination of IL-1,/
and TNF-a also exhibited an increased abundance of the
catalytically active 62 and 59 kDa forms of the enzyme (Figure
1, lane c), indicative of an increased conversion of latent to active
enzyme under these conditions. Incubation with 10 nM PMA for
48 h also increased the synthesis ofthe 72 kDa type IV collagenase
by cultured rat MC (Figure 1, lanes d and e). Interestingly, rat
MC did not respond to any of these agents by synthesizing
significant levels of the 92 kDa type IV collagenase, an enzyme

which is induced by these factors in many cell types [18-21].

Molecular characterization of the mesengial 72 kDa type IV
collagenase
The induction of the MC 72 kDa type IV collagenase by IL-1i,
TNF-a or phorbol ester is at variance with experience obtained
with multiple cell types, in which synthesis of the enzyme is either
constitutive or even inhibited by cytokines such as IL-i1, [12-14].
To evaluate this issue in more detail, we utilized a homology-
based RT-PCR protocol to amplify rat MC 72 kDa type IV
collagenase transcripts. Using PCR priming pairs encoding the
conserved activation locus and the zinc-binding domain of the
human cDNA, a prominent 900 bp product was obtained with
RNA templates prepared from cells incubated with a com-

bination of IL-1,i and TNF-a (Figure 2a). The product size is
consistent with the distance between these priming pairs in either
the human 72 kDa or the 92 kDa type IV collagenase cDNAs
[12,22]. However, when used as a cDNA probe for Northern
analysis under conditions of high stringency, this RT-PCR
product yielded a single hybridizing 3.1 kb transcript (Figure
2b). The size of this transcript is identical to that found within

(a) cDNA templates were prepared by RT with mRNA from rat MC incubated for 48 h with IL-
(25 units/ml) plus TNF-a (25 ng/ml). Following 31 cycles of PCR amplification using

priming pairs specific for the activation locus and the zinc-binding domain of the 72 kDa type
IV collagenase, the products were separated on 1 % agarose gels. The closed arrow beside
lane 2 indicates the predicted 900 bp PCR product; lane 1 contains an appropriate ethidium
bromide-stained DNA reference ladder. (b) Northern blot analysis of MC poly(A)+-selected RNA
(2.5 jg/lane) following hybridization at high stringency with a labelled 900 bp activation
locus/zinc-binding domain 72 kDa type IV collagenase cDNA probe. Lane 1, control rat MC.
Cells with stimulated for 48 h with IL-1,l (25 units/ml; lane 2), IL-1,8 plus TNF-ac (25 ng/ml,
lane 3), or PMA (10 nM, lane 4).

human cells expressing the 72 kDa type IV collagenase. Probing
of the same Northern blot with the cDNA of the human 92 kDa
collagenase did not yield hybridizing bands (results not shown).
Under similar hybridization conditions this human probe readily
hybridized with 92 kDa type IV collagenase mRNA obtained
from rat leucocytes. The abundance of the 3.1 kb 72 kDa type IV
collagenase transcript was significantly and specifically enhanced
in rat MC by incubation with IL-18 or IL-I4 plus TNF-a (1.7-
and 3.9-fold increases respectively, as measured by normalized
densitometry). Northern blot analysis of RNA extracted from
PMA-stimulated cells also revealed a significant increase in
steady-state 72 kDa type IV collagenase mRNA levels (approx.
6-fold by normalized densitometry; Figure 2b).

Because of the unexpected pattern of cytokine responses
manifested by MC, the possibility of a variably regulated second
isoform of the 72 kDa type IV collagenase was considered.
Therefore, to unequivocally identify this transcript, we deter-
mined the nucleotide sequence of the 900 bp activation
locus/zinc-binding site PCR product following subcloning into a

plasmid vector. Sequence analysis of multiple clones of this
product on both strands demonstrated minimal nucleotide di-
vergence (9%) from the human 72 kDa type IV collagenase
cDNA sequence [12]. In no case were clones obtained containing
cDNA inserts encoding the 92 kDa type IV collagenase. There-
after, the 900 bp cDNA activation locus/zinc-binding domain
fragment was used to screen a non-amplified rat MC cDNA A
gtlO library prepared from PMA-stimulated cells. There were

two immediate reasons for this step. First, we wished to obtain
a more extensive cDNA sequence containing the complete open
reading frame. Secondly, it was important to confirm the pattern
of minimal sequence divergence of the rat mesengial type IV
collagenase using a cDNA obtained independently of a PCR
reaction. Screening of 1 x 106 primary recombinants yielded a

series of individual clones, of which one, pTIVSF, was the
largest, containing a 2681 bp insert. The sequence of pTIVSF is
shown in Figure 3 and includes the complete coding sequence for
a 627-amino-acid pro-type IV collagenase protein, as well as

754 bp of 3' untranslated region. At the extreme 5' end of the
cDNA clone, 13 nucleotides encoding a partial signal peptide
were obtained. Repeated screening of the PMA-stimulated A

(kDa)
>, 72
- 68

62, 59



444 H.-P. Marti and others

07 16 25 34
"UK" A GC C G G

RAT C CGC GCC ATC GCT GCA CCA TCG CCC ATC ATC AAG
tAT A I A A P S P I I K

HUMAN6. H A

43 52 61 70 79 88
C G

TTC CCC GGC OAT GTC 6CC CCT AAA ACA GAC AAA GAG TTG OCA GTG CAA TAC CTG
F P G 0D A P K T D K E L A V D Y L

97 106 115 124 133 142
c c C G G C

AAT ACT TTC TAT GGC TGC CCC AAG GAG AGT TGC AAC CTC TTT GTG CTG AAA GAT
N T F Y 6 C P K E S C N L F V L K 0

151 160 169 178 187 196
A A A T

ACC CTC AMO AAG ATG CAG AAM TTC TTT 000 CTG CCC CAG ACA GOT GAC CTT GAC
T L K K M O K F F 6 L P 0 T G D L 0

205 214 223 232 241 250
T C C C

CAG AAC ACC ATC GAG ACC ATG CGG AAG CCA AGA TGT G6C AAC CCA GAT GT6 0CC
o N T I E T M R K P R C O N P 0 Y A

259 268 277 286 295 304
T

MC TAC AAC TTC TTC CCC CGC MAG CCC AAM TOG GAC AAG AAC CAO ATC ACA TAC
N Y N FF P R K P K W 0D NE O T Y

313 322 331 340 349 358
C C T A G A C

AGO ATC ATT GGT TAC ACA CCT GAC CTG GAC CCT GAM ACC GTG GAT GAT GCT m
AR I O Y T P D L 0 P E T V 0 0 A F

367 376 385 394 403 412
T C C C T G C A G

GCT COG 0CC TTA AAA GTA TGO AGC GAC GTC ACT CCG CTG CGC TTT TCT CGA ATC
A R A L K Y W S 0 T P L R F S R I

F 0
421 430 439 448 457 466

A A C C
CAT GAT G00 GAG GCT OAC ATC ATG ATC AAC TTT GGA CGC TGG GA0 CAT GGA GAT
H 0 G E A D I M I N F O R W E H6 0

475 484 493 502 511 520
C C T C T C A

00A TAC CCG m GAT GGC AAG OAT GOA CTC CTG GCA CAT 0CC TTT GCC CCG GGC
G0 P F D G K 0 G L L A H A F A P 6

529 538 547 556 565 574
C C T C A T

ACT GGT GTT G0G GGA GAT TCT CAC TTT GAT OAT GAT OAG CTG TGO ACC CTG GOA
T O Y 0G D S H F O 0 D E L W T L 0

583 592 601 610 619 628
C T G C 6

GAA GOA CAA GTG GTC CGC GTA AAG TAT GGO AAC GCT GAT GGC GAO TAC TGC AAM
E 6 0 V V R V K Y G M A 0 G E Y C K

637 646 655 664 673 682
T T CAA G A C T T C

TTC CCC TTC CTG TTC AAC GGT CGO GAA TAC AGC AGC TGT ACA GAC ACT OOT CGC
F P F L F N G R E Y S S C T O T G R

K N
691 700 709 718 727 736

C C C
AGT GAT GGC TTC CTC TOG TGC TCC ACT ACA TAC AAC TTT GAG AAM GAT GGC AAG
S D G F L W C S T T Y N F E K 0 G K

745 754 763 772 781 790
C T C C C C A

TAT GGC TTC TGC CCC CAT GAA GCC TTG TTT ACC ATG GGT GGC AMT GCT GAT GOA
Y G F C P H E A L F T M G G N A D G

799 808 817 826 835 84
A A TO C

CAG CCC TGC AMT CCG TTC CGC TTC CAG GGC ACC TCC TAC MC AGC TOT ACC
0 P C K F P F R F D G T S Y R S C T

853 862 871 880 889 898
T G r C T C

ACC GAO GGC CGC ACC GAC GGC TAC CGC TGO TGT GGC ACC ACC GAG GAC TAT GAC
KE G R T D G Y R U C GO T E D T I

907 916 925 934 943 952
C C G C T C T G

CGO GAT MO AAA TAT GOA TTC TGC CCC GAG ACC GCT ATG TCC ACT GTG GGT GGA
A O K E Y G F C P E T A R S TT 6 G

961 970 979 988 997 1006
C C A

AMT TCA GAA GOT 0CC CCA TGT GTC TTC CCC TTC ACT TTC CTG GGC AMC AAG TAT
OS E G A P C V F P F T F L G0 K Y

1005 1024 1033 1042 1051 1060
ST C A A 0

GAG AGC TGC ACC AGC GCC GGC CGC AAC GAT GGC AAG GTG TOG TOT GCA ACC ACA
E S C T S A G R 9 0 G K VY C A T T

S M
1069 1078 1087 1096 1105 1114

G C C C G C
ACC AAC TAC GAT GAT GAC CGO AAG TGG GrC TTC TGT CCT GAC CAA GGA TAT AGC
T N Y 0 D 0 R K W 6 F C P 0 0 G Y S

1123 1132 1141 1150 1059 1168
G C T C 0 C

CTA TTC CTC GTG GCA GCC CAT GAG TTC G6C CAT GCC ATG G00 CTG GAA CAC TCT
L F L V A A H E F S H A OG L E H S

1177 1186 1190 1204 1213 1222
A 0 C A C T T

CAG GAC CCT GGA GCT CTG ATG GCC CCT ATC TAC ACC TAC ACC AAG AAC TTC CGA
QD P G A L M A P I Y T Y T K N F R

1231 1240 1249 1258 1267 1276
C G G C T G T C
TTA TCC CAT GAT GAC ATC 4AG GGG ATC CAB GAG CTC TAT GG0 CCC TCC CCT GAT

L S H 0 0 I K G I D E L Y G P S P 0
0 A

1285 1294 1303 1312 1321 1330
T CT C C C C C C T

GCT OAT ACT GAC ACT GGT ACT GGC CCC ACA CCG ACA TTG 0G0 CCT GTC ACT CCG
A D T o T G T 6 P T P T L 6 P V T P

I L
1339 1348 1357 1366 1375 1384

A
GAG ATC TGC AM CAG OAC ATT GTC TTT OAT GGC ATC OCT CAG ATC COT GGT GAG
E I C K Q 0 1 V FP G 0A 0 I R G E

1393 1402 1411 1420 1429 1438
C T 0

ATC TTC TTC TTC AAG OAC COG TTT ATT TGG CGO ACA GrT ACA CCA CGT GAC MO
I F F F K 0 R F I W R T V T P R 0 K

147 1456 1465 1474 1483 1492

CCC ACA GOT CCC TTG CTG GrT GCC ACA TTC TrG CCT GAG CTC CCA GAA MG ArT
P T G P L L V A T F U P E L P E K I

N
1501 1510 1519 1528 1537 1546

T O A C T
GAC OCT GTG TAT OAG 0CC CCA CAB GAG GAG AMG OCT GTG TTC TTC GCA GGG AAT
0 A V Y E A P o E E K A V FF 5AG

1555 1564 1573 1582 1591 1600
A A C A CrT

GAG TAC TGO GTC TAT TCT GCC AGC ACT CTG GAG CGA GBA TAC CCC AAM CCA CT6
E YT R Y S A S T L E R G Y P K P L

1609 1618 1627 1636 1645 1654
AC B G C

ACC AGC CTG GGG oTG CCC CCT OAT GTC CAG CAA GTA GAT OCT GCC TTT AAC TOO
T S L S L P P 0 V 0 0 V D A A F N R

1663 1672 1681 1690 1699 1708
C A T A

AGT AAG MC MO AAG ACA TAC ATC TTT GCA G0A GAC MG TTC TGO AGA TAC AAT
S K EK K T Y I F A G D K F R R Y N

1717 1726 1735 1744 1753 1762
O T T C C T G

GAA GTG AAM AAG AAA ATG GAC CCG GGT TTC CCT AAM CTC ATC GCA GAC TCC TOG
E Y K K K M O P G F P K L I A D S W

A
1771 1780 1789 1798 1807 1816

C C C C
AAT GCC ATC CCT OAT AAC CTG GAT GCT GTC GTG GAC CTG CAG GGC GOT 6GT CAT
6 A I P D N L 0 A Y V 0 L 0 G G G H

1825 1834 1843 1852 1861 1870
C G

AGC TAC nTc TTC MG GOT GCT TAT TAC CTG AA4 CTG GAG AAC CAA AGT CTC AAG
S Y f F K 6 A T Y L K L E N 0 S L K

1879 1888 1897 1906 1915 1925
C A

A6C GrT MB TTT 004 AGC ATC AM TCA GAC TOO CTG GGC TGC TGA GCTGGCCCTO
S V K F G S l K S 00 L 0 C *

1935 1945 1955 1965 1975 1985 1996
HUMAN GCTCCCACAG GCCCTTCCTC TCCACTGCCT TCGATACACC GGGCCTGGAG AACTAOAMAA GGACCCOOAG

RAT TTCCCACGGG CCCTATCATC TTCATCGCTG CACACCAGGT GAAOTGTGAMGCAGCCTG GCGGCTCTGT

2005 2015 2025 2035 2045 2055 2065
GGGCCTGGCA GCCGTGCCTT CAGCTCTACA GCTMTCAGC ATTCTCACTC CTACCTGGTA ATTTAAGATT
CCTCCTCTGT AGTTMCCAG CCTTCTCCTT CACCTGGTOA CTTCABATTT AAGAGGGT66 CTTCTTTTTG

2075 2085 2095 2105 2115 2125 2135
CCAGAGA6TG GCTCCTCCCG GTGCCCAAGA ATABATOCTG ACTGTACTCC TCCCAGGCGC CCCTTCCCCC
TGCCCAAGA AAGGTGCTGA CTGTACCCTC CTGOGT6CTG CTTCTCCTTC CTGCCCACCC TAGGG6ATGC

2145 2155 2165 2175 2185 2195 2205
TCCMTCCCA CCAACCCTCA GAGCCACCCC TAAAGAGATA CTTTGATATT TTCAACGCAG CCCTGCTTTG
TTGGATATGT GCAAT6CA6C CCTACTCT0G GCTGCCCTGG TGCTCCACTC TTCTGGTTCT TCAACATCTA

2215 2225 2235 2245 2255 2260 2275
GGCTGCCCTG GTGCTOCCAC ACTTCAGGCT CTTCTCCTTT CACAACCTTC TGTGGCTCAC AOAACCCTTG
TOACCTTTT ATGGCTTCAG CACTCTCAGA GTTMATAGAG ACTGGCTTAG GAGGOCACTG GTGGCCCTGT

2285 2295 2305 2315 2325 2335 2345
GAGCCAATGG AGACTGTCTC AAGAGGGCAC TGGTGGCCCG ACAGCCT6GC ACAGGGCAGT GGGACAGGGC
TAACAGCCTG GCATOGGGCA GT6G66TACA GGT6T6CCAA GGTGGAAATC AAACACCT GGTTTCACCC

2355 2365 2375 2385 2395 2405 2415
ATGGCCAGGT GGCCACTCCA GACCCCTGGC TTTTCACTGC TGGCTGCCTT AGAACCTTTC TTACATTAGC
TTTCTGATGC CCAGATACCT GCACCACCTT MCTGTTGCT TTTGTATGCC CTTCGCTCGT TTCCTTCMC

2425 2435 2445 2455 2465 2475 2485
AGTTTGCTTT GTATGCACTT TGTTTTTTTC TTTGGGTCTT GTTTTTTTTT TCCACTTAGA AATTGCATTT
CTTTTCAGTT TTCCACTCCA CTGCATTTCC TGCCCAMAG ACTCGGGTTG TCTOACATCG CTGCATOATG

2495 2505 2515 2525 2535 2545 Z555
CCTGACAGM GACTCAGGT TGTCT6AAGT CACTGCACAG TGCATCTCAG CCCACATAOT GATGGTTCCC
CATCTCAGCC CGCCTAGTGA T&GTTCCCCT CCTCACTCTG TGCAGTCATG CCCAGTCACT TCCTCCACTG

2565 2575 2585 2595 2605 2615 2625
CTGTTCACTC TACTTAGCAT GTCCCTACCG AGTCTCTTCT CCACTGGATG GAGGAAACC AAGCCGTGGC
GATGGAGGAG AACCAA0TCA GTGGCGTGGA ACTGMAA GGTTGTAAGA MCGAGCGAA GGGCATACAA

2635 2645 2655 2665 2675 3005
TTCCCGCTCA GCCCTCCCTG CCCCTCCCTT CAACCATTCC CCATGGGAAA TGTCAA.... .... GC
AAGCAACAGT TAAGMTGGTG CAGGTATCTG GGCAGCAGM AGGGTGAAAC CAGGTO

Figure 3 Nucleotide and derived amino acid sequence of the rat MC 72 kDa type IV collagenase
The sequence of the cDNA was determined on both strands as detailed in the Materials and methods section. The second line gives the rat nucleotide sequence, while the first line denotes differing
nucleotides in the human sequence. The third line provides the derived amino acid sequence of the rat enzyme, and deviations in the human sequence are given in the fourth line. The translational
stop codon (TGA) is denoted with an asterisk. The proenzyme proper begins at nucleotide 14.

gtlO library and a second A gtl 1 library, prepared from IL- collagenase was encountered by Collier and colleagues [12], and
1f/TNF-a-stimulated rat MC, failed to yield additional cDNA is presumably related to the inhibitory effects of mRNA sec-
clones extending in either the 5' or the 3' direction. A very similar ondary structure on RT extension. Excluding the probable signal
difficulty in extending the 5' end of the human 72 kDa type IV peptide, the open reading frame of the rat MC 72 kDa type IV
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Table 2 Type IV collagenase activity from Northern blotting of RNA
extracted from rat MC treated with various second-messenger analogues

Confluent rat MC were cultured for 24 h in rest medium alone (Control) or treated with forskolin
(50 uM), 8-bromo-cAMP (0.5 mM) or forskolin (50 ,uM) plus PMA (10 nM), and the culture
medium assayed for type IV collagenase activity. Results are expressed as units of enzyme
activity/i 00 ucg of cell protein (means + S.D.; n = 4); *P < 0.05; **P < 0.01 compared
with control. Poly(A)+-selected RNA (2.5 ,tg/lane) from the control and analogue-treated cells
was electrophoresed, transferred to nitrocellulose membranes and probed as described in the
legend to Figure 2. The mRNA levels (relative to /-actin) are expressed in relation to the
controls assigned an abundance level of 1 (n = 1).

Type IV collagenase Type IV collagenase
activity (units/ mRNA (relative
100 jug of protein) units)

Control
Forskolin
8-Bromo-cAMP
Forskolin plus PMA

1000 2000
N ucleotides

12.1 +2.1
27.5+ 3.6
44.3 + 2.2
67.1 + 4.3

1.0
4.1
5.8
8.1

Figure 4 Nucleotide divergence of rat MC 72 kDa type IV collagenase
from the human sequence

The percentage divergence of sequential 30 bp segnments of the nucleotide sequence of the
rat enzyme from the human enzyme sequence is depicted. PRCG and Zn denote the locations
of the respective activation locus and zinc-binding domains within the cDNA sequence. The
asterisk denotes the location of the translational stop codon.

collagenase encodes a proenzyme with a molecular mass of
71 101 Da. The nucleotide sequence within the open reading
frame of the rat cDNA diverges from the human type IV
collagenase cDNA sequence by only 9.91 %. The degree of
nucleotide divergence was much greater within the immediate
sequence encoding the partial signal peptide and the 3' un-

translated region (Figure 4). The majority of the nucleotide
substitutions within the open reading frame were silent or neutral
in nature, with a total of 21 amino acid substitutions. These
amino acid substitutions are diffusely distributed, with the
exception of a cluster of five amino acid substitutions near

residue 410. Most amino acid substitutions are conservative in
nature, and analysis of predicted secondary structure and hydro-
phobicity profiles did not demonstrate any significant deviation
from the predicted structure or profiles of the human type IV
collagenase protein. The rat 72 kDa type IV collagenase cDNA
reveals extensive similarity with the recently published murine
sequence [23], with 1000% nucleotide identity within the open
reading frame and divergence only developing within the 3' end
of the sequence (rat nucleotide 2581 and beyond).

Modulation of mesangial expression of 72 kDa type IV
collagenase by second-messenger analogues
The structure of the human 72 kDa type IV collagenase gene has
been defined [24]. Sequence analysis of the immediate 5' flanking
region (415 bp) is notable for the absence of an AP-1 element, a

cAMP-responsive element or the serum-response element, among
others. The AP-l sequence confers induction by phorbol ester
and is present within the immediate 5' flanking regions of the
phorbol-inducible interstitial collagenase, stromelysin and
92 kDa type IV collagenase genes [18-21]. However, phorbol
ester can also induce transcriptional activation, in co-operation
with cAMP, via the AP-2 factor [25,26]. We postulated, in the
absence of a consensus AP-1 sequence, that the induction of
72 kDa type IV collagenase transcription in MC could be

mediated through an AP-2-like pathway. To examine this
possibility, cultured MC were incubated with the cAMP ana-

logue, 8-bromo-cAMP, or with forskolin, an activator of
adenylate cyclase. The potential additive effects of phorbol ester
and forskolin were also considered. The results of these studies
are summarized in Table 2. Incubation for 24 h with 50 ,M
forskolin induced a greater than 2-fold increase in 72 kDa type
IV collagenase activity present in the culture supernatants, while
incubation with 0.5 mM 8-bromo-cAMP yielded a nearly 4-fold
increase. Combination of phorbol ester (10 nM) with forskolin
resulted in an additive increase in enzyme secretion (approx. 6-
fold). A similar additive response was observed with the com-

bination of phorbol ester and 8-bromo-cAMP (results not
shown). The increases in enzyme secretion were matched by
corresponding increments in steady-state 72 kDa type IV
collagenase mRNA levels (Table 2). Thus the pattern of response
by rat MC to phorbol ester and cAMP elevation is consistent
with the activation of a tissue-specific AP-2-like pathway.

DISCUSSION
In this paper, evidence is presented for the tissue-specific regu-

lation of the 72 kDa type IV collagenase by rat glomerular MC.
The pattern of mesangial response to incubation with inflam-
matory cytokines, phorbol ester or second-messenger analogues
is distinctive. For example, Collier and colleagues [12] were

unable to induce expression of 72 kDa type IV collagenase with
phorbol ester in any strain examined, including skin fibroblasts,
endothelial cells, keratinocytes, melanoma cells and fibrosarcoma
cells. Brown and colleagues [13] documented the constitutive
expression of the 72 kDa type IV collagenase by a number of
tumour-derived cell lines, and noted in some cases an inhibitory
effect of IL-1,B or phorbol ester. Fini and Gerard [27] have also
reported an inhibitory effect of phorbol ester on secretion of the
72 kDa type IV collagenase by passaged corneal fibroblasts. The
divergent pattern of 72 kDa type IV collagenase synthesis by MC
initially raised the possibility of second, variably regulated
isoform of the enzyme. A homology cloning strategy permitted
the rapid isolation and identification of the cytokine- and phorbol
ester-induced rat 72 kDa type IV collagenase as the homologue
of the cDNAs from human and murine sources. Further evidence
against the existence of a second 72 kDa type IV collagenase
isoform has been provided by the mapping of the human genomic
sequence, whereby a single gene copy was localized to chromo-
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some 11 [28]. Sequence analysis of the rat cDNA demonstrated
a very high degree of conservation when compared with the open
reading frames of the human (91 %) and murine (100 %)
sequences. This degree of sequence similarity is significantly
higher than the approx. 40-50% conservation maintained be-
tween the rat and human forms of stromelysin-1 and interstitial
collagenase [29].

In most cell types examined, exposure to inflammatory
cytokines or phorbol esters induces synthesis of the 92 kDa type
IV collagenase, an event attributed to the presence of AP-1-
binding sites within the 5' flanking region of the gene [18].
Notably, rat MC failed to respond to these factors with an
induction of 92 kDa type IV collagenase synthesis. Thus MC
appear to regulate the expression of the type IV collagenases in
a pattern which is the functional inverse of that exhibited by
most cell types studied. The additive response in terms of 72 kDa
type IV collagenase synthesis by rat MC to the combination of
phorbol ester and cAMP+ elevation is compatible with the
activation of an AP-2-like pathway. Sequencing of the immediate
5' flanking region of a genomic clone of the rat 72 kDa type IV
collagenase did not reveal a consensus AP- 1-binding site, but did
reveal an AP-2-like consensus sequence (D. H. Lovett, unpub-
lished work). While sequence analysis of the human 72 kDa type
IV collagenase gene reveals a potential AP-2-binding site within
the first exon [24], transcriptional regulation studies by Frisch
and Morisaki [30] have defined an AP-2-binding enhancer region
located 1650 bp upstream of the transcriptional start site.
Significantly, a potent cell-type-specific silencer element was
located immediately adjacent to the AP-2 enhancer region,
suggesting that it may be responsible for a limited range of tissue
expression.

While a functional AP-2 enhancer region could explain the
MC responses to phorbol ester and cAMP elevation, it is likely
that other elements are involved in the response to IL-1l4 and
TNF-ac. Elevation of intracellular cAMP has not been con-
vincingly demonstrated in response to IL-1,? binding, nor is the
classical polyphosphoinositide/diacylglycerol/protein kinase C
pathway commonly involved [31]. Recent studies from our
laboratory have defined an alternative IL- 1 (and TNF) signalling
pathway in MC resulting from the rapid activation of lyso-
phosphatidate acyltransferase and phosphatidate phospho-
hydrolyase [32]. The consequence of this activation is a rapid
stimulation of phosphatidic acid and diacylglycerol synthesis.
The fatty acyl profile of the resultant diacylglycerol differs
radically from that of phosphoinositide-derived diacylglycerol,
suggesting that alternative isoforms of protein kinase C may be
involved. Diaz-Meco and colleagues have recently proposed a
similar pathway for the activation of stromelysin transcription,
in which distinctive species of diacylglycerol derived from
phospholipase C-mediated hydrolysis of phosphatidylcholine are
generated [33]. Future studies utilizing transcriptional analysis
constructs within the context ofMC may be expected to provide
further insights into the unusual regulation of the 72 kDa type IV
collagenase by this cell type and to define the regulatory regions
involved in this process.
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