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Abstract Extracellular matrix metalloproteinases (MMPs) are activated in dilated cardiomyopathic (DCM) hearts 
[Tyagi et al. (1 996): Mol Cell Biochem 155:13-211. To examine whether the MMP activation is occurring at the gene 
expression level, we performed differential display mRNA analysis on tissue from six dilated cardiomyopathy (DCM) 
explanted and five normal human hearts. Specifically, we identified three genes to be induced and several other genes to 
be repressed following DCM. Southern blot analysis of isolated cDNA using a collagenase cDNA probe indicated that 
one of the genes induced during DCM was interstitial collagenase (MMP-1). Northern blot analysis using MMP-1 cDNA 
probe indicated that MMP-1 was induced three- to fourfold in the DCM heart as compared to normal tissue. To analyze 
posttranslational expression of MMP and tissue inhibitor of matrix metalloproteinase (TIMP) we performed immuno- 
blot, immunoassay, and substrate zymographic assays. TIMP-1 and MMP-1 levels were 37 f 8 ng/mg and 9 2 2 ng/mg 
in normal tissue specimens (P < 0.01) and 2 -t 1 ng/mg and 45 ? 11 ng/mg in DCM tissue (P < 0.01 ), respectively. 
Zymographic analysis demonstrated lytic bands at 66 kDa and 54 kDa in DCM tissue as compared to one band at 66 
kDa in normal tissue. Incubation of zymographic gel with metal chelator (phenanthroline) abolished both bands 
suggesting activation of neutral MMP in DCM heart tissue. TIMP-1 was repressed approximately twentyfold in DCM 
hearts when compared with normal heart tissue. In situ immunolabeling of MMP-1 indicated phenotypic differences in 
the fibroblast cells isolated from the DCM heart as compared to normal heart. These results suggest disruption in the 
balance of myopathic-fibroblast cell ECM-proteinase and antiproteinase in ECM remodeling which is followed by 
dilated cardiomyopathy. 
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Structural anatomic abnormalities are the pri- 
mary cause of congestive heart disease and not 
the effect [Richardson et al., 19961. A great 
many studies have been focused on cardiac dys- 
rhythmias or conduction abnormalities. Struc- 
tural changes may also lead to cardiac dysfunc- 
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tion. Little is known about the structural 
alteration leading to dilated cardiomyopathy. 
The extracellular matrix (ECM), including type 
I fibrillar collagen and its receptor integrins 
which surround the cardiac cell, forms a three- 
dimensional network and bridges the ECM and 
the cellular cytoskeletal myofibril [Borg and Bur- 
gess, 19931. This skeletal framework provides 
tensile strength to the tissue, governs tissue 
stiffness, and preserves the alignment of cardiac 
myocytes [Borg and Burgess, 1993; Weber et al., 
1994bl. It, therefore, indirectly governs the 
structural architecture and geometry of the myo- 
cardium and its ventricular chambers [Gerdes 
et al., 19921. Morphologic evidence of fibrillar 
collagen disruption and myocyte slippage has 
been observed in the dilated failing heart [Ol- 
ivetti et al., 19901. During the development of 
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dilated cardiomyopathy (DCM) in patients and 
animals disruption and discontinuity in collagen 
fibers has been observed leading to cardiac re- 
modeling [Cannon et al., 1983; Zhao et al., 19871. 
Remodeling of ECM implies an alteration in the 
extracellular matrix and in the spatial orienta- 
tion of cells and intracellular components. Spe- 
cialized proteinases that are capable of breaking 
down the extracellular matrix (i.e., matrix metal- 
loproteinases [MMPsl) and the inhibitors of pro- 
teinases (i.e., tissue inhibitor of metalloprotein- 
ases [TIMPsl) appear to be balanced in the 
normal myocardium, thereby maintaining the 
integrity of the myocardium [Tyagi et al., 1993a, 
1995a, Tyagi and Simon, 19941. It is possible 
that the balance equilibrium between protein- 
ase and antiproteinase is altered following DCM. 

The genetic basis of ECM disruption following 
DCM is not well addressed [Kelly and Strauss, 
19941. The inability of ECM to maintain cardio- 
vascular integrity is the primary result of weak- 
ened connective tissue seen in rare single-gene 
disorders of structural artitechure, such as 
Ehlers-Danlos IV, which is a defect in type 111 
collagen gene [O’Connor et al., 19851. Fibrillin is 
required for ECM assembly at  the cell surface, 
and Marfan’s syndrome is due to a defect in the 
fibrillin-1 gene [Boileau et al., 19931. Elastin 
deficiency causes Williams’ syndrome and vascu- 
lopathy [Ewart et al., 19941. The mutations in 
the TIMP-3 gene [Weber et al., 19941 in patients 
with Sorsby’s fundus dystrophy have been iden- 
tified. Disruption of connective tissue turnover 
and the consequent effect on matrix stability 
has been implicated in a number of diseases 
[Tyagi and Simon, 1990; Tyagi et al., 1995b, 
1996a1, and the role of MMPs has been demon- 
strated in the ECM/MMP/TIMP family [Tyagi 
et al., 1995b, 1996al. Collectively, these studies 
suggested that disruption of MMP-mediated ma- 
trix remodeling does affect the composition and 
function of tissues. It also suggests that more 
common genetic variation in these genes may 
contribute to the pathogenesis of common mul- 
tifactorial disorders in cardiovasculature. It 
seems likely that mild mutations in some of the 
components of ECM may cause severe cardio- 
myopathic abnormalities. For the first time we 
indicated a MMP gene malupregulation during 
DCM that regulates ECM remodeling. This will 
provide target for therapeutic intervention. 

Previously, in a hamster model of DCM, we 
demonstrated temporal expression of MMP ac- 
tivity [Janicki et al., 1993, 19941. MMP activity 

was increased at day 180 and remained elevated 
up to 310 days when the heart failed [Tyagi et 
al., 1993bl. This MMP activity was associated 
with a reduction in TIMP expression [Tyagi et 
al., 1993bl. In human heart end-stage failure 
secondary to ischemic cardiomyopathy, we dem- 
onstrated activation of collagenase and disrup- 
tion of ECM components [Tyagi et al., 1996al. 
Here we report that MMP-1 was specifically and 
differentially induced and the level of TIMP was 
repressed following dilated cardiomyopathy. 

MATERIALS AND METHODS 
Tissue Sources 

Human heart tissue from different regions of 
explanted idiopathic dilated cardiomyopathic 
(DCM) hearts were obtained during transplant 
surgery at the University of Missouri-Colum- 
bia. Institutional Review Board (IRB) approval 
was obtained for the study. Normal left atrial 
(LA) tissue was obtained from donor hearts 
prior to implantation. Previously we have dem- 
onstrated similar MMP activity in LA and LV 
[Tyagi et al., 1996al. Tissue blocks, from the 
epimyocardium, endomyocardium, and transmu- 
ral, were collected from the left and right ven- 
tricles from all explanted hearts (n = 6 for DCM 
and n = 5 for normal). Normal left atrial (LA) 
tissue was obtained from donor hearts prior to 
implantation. Similar MMP expression was ob- 
served in normal LA and LV [Tyagi et al., 1996al. 
The tissue was directly frozen in liquid nitrogen 
and stored at -80°C until used. Tissue for histo- 
logical analysis was preserved in 10% zinc forma- 
lin. DCM was diagnosed by identifying thin wall 
and an increase in ventricular size by echocardi- 
ography. The coronary in these hearts were 
apparently normal. 

Histology 

Tissue sections from DCM and normal hearts 
were prepared using standard histological tech- 
niques. Briefly, tissue was fixed with 10% buff- 
ered formalin and embedded in paraffin and the 
sections were stained with hematoxylin and eo- 
sin (H & E) for histological examination [Brad- 
bury and Gordon, 1982; Tyagi et al., 1995bl. 

Preparation of Cardiac Tissue Extract 

Cardiac tissue extracts were prepared as de- 
scribed previously and used within 1-2 h [Tyagi 
et al., 1993~1. Bradford [1976] dye binding assay 
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was applied to estimate the total protein concen- 
tration in the tissue extract. 

Electrophoresis and Zyrnography 

Sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE) was performed with 
or without reduction according to the method of 
Laemmli [19701. Proteins were stained with Coo- 
massie Brilliant Blue R 250. Intrinsic myocar- 
dial matrix metalloproteinase activity in the gel 
was measured as described previously using type 
I collagen, gelatin, or casein (Sigma, St. Louis, 
MO) as substrates [Tyagi et al., 1993~1. 

Western Blot 

Following electrophoresis and under reducing 
conditions, gels were equilibrated in transfer 
buffer. Proteins in the gel were transferred to 
nitrocellulose paper using a Bio-Rad (Rich- 
mond, CAI Trans Blot apparatus as described 
[Tyagi et al., 1995a1. Before probing, the nitrocel- 
lulose paper was blocked in PBS containing 5% 
fat-free milk for 2 h and then probed in fresh 
bloclung buffer containing either anti-proMMP-1 
or anti-TIMP-1 (Binding Site Corp., CA) anti- 
body (1/200 dilution) and 0.5% fat-free milk. 
After extensive washing with PBS containing 
0.05% Tween-20, alkaline phosphatase-conju- 
gated secondary antibody (Sigma) was added 
and incubated for 1 h. Following a final wash, 
nitrocellulose paper was stained with buffer con- 
taining 5-bromo-4-chloro-3-indolyl phosphate (p- 
toluidine salt) and nitro blue tetrazolium chlo- 
ride. MMP-1 and TIMP-1 were purified as 
described [Tyagi et al., 1995al. A similar proto- 
col was employed for type I collagen-derived 
fragments with antibody to rabbit anti-collagen 
type I (Bio-Design, Medford, MA). 

lrnrnunoassay 

Microtitration plates were coated with 100 
p,l/well of proMMP-1 or TIMP-1 antibody di- 
luted 11200 in 0.1 M carbonate buffer, pH 9.6, 
for 8 h. Plates were washed three times with 
TBS-T (50 mM Tris-C1, pH 7.5, 150 mM NaC1, 
0.05% Tween-20). Wells were filled with either 
100 ~1 of tissue sample or a MMP-1 or TIMP-1 
standard diluted in TBS-T, followed by a 16 h 
incubation. The concentrations of MMP and 
TIMP were estimated using AiFonm of 12 and 10, 
respectively [Suzuki et al., 1990; Ward et al., 
19911. After bloclung empty sites with TBS-T 
containing rabbit antisheep IgG (Sigma) (1 / 

2001, 100 p,1 primary antibody diluted 1:200 
with TBS-T was incubated for 8 h. Antibody 
dilution (1/200) was identified by serial dilution 
and color formation at a fixed total protein con- 
centration from the extract. After washing with 
TBS-T, 100 pl of secondary antibody (alkaline 
phosphatase conjugate) diluted 1:200 with 
TBS-T containing 5% nonfat dry milk was added 
to each well. Microwell plates were incubated for 
2-3 h at room temperature and then washed 
three times with TBS-T. Enzyme substrate (p- 
nitrophenylphosphate in diethanolamine buffer; 
Bio-Rad) was added until color developed (10-20 
m i d ,  and the reaction was stopped by NaOH. 
Plates were read at 405 nm. A standard plot was 
developed between purified MMP-1 or TIMP-1 
concentration and OD405. Amounts of MMP-1 
and TIMP-1 were calculated from the standard 
plot. 

Northern Blot Analysis 

Total tissue RNA was isolated from 200 mg of 
tissue using 4 M guanidine thiocyanate buffer 
[Churgwin et al., 19791. The mRNA blot were 
prepared as described [Tyagi et al., 1995aI. In 
Northern blot analysis MMP-1 was probed us- 
ing MMP-1 cDNA. The plasmid containing TIMP 
cDNA probe was obtained from Synergen Corp. 
(Boulder, CO). The TIMP-1 probe was a 0.7 kb 
EcoRI fragment of a human TIMP-1 cDNA. A 
4.5 kb EcoRI fragment from 18 S RNA (18SR) 
gene was used as an internal control (a gift from 
Dr. R. Guntaka). The membrane was washed in 
0.1 standard saline citrate plus 0.1% SDS at 
42°C for 1 h and then exposed to X-ray films at 
-70°C for 24 h. Scan values for TIMP-1 and 
MMP-1 mRNA signals were normalized for the 
scan reading of the internal standard 18SR. 
Ratios were expressed in arbitrary units. 

Isolation of Nuclei 

The procedure described by Franke [19661 
has been modified to minimize contamination 
with cytoplasmic membranes. Human heart tis- 
sue (1 g) was frozen in liquid nitrogen and 
crushed and powdered under liquid nitrogen in 
a porous clay tray. The powder was homog- 
enized with a glass homogenizer in STM buffer 
(250 mM sucrose, 50 mM Tris-C1 (pH 7.4 at  
4"C), and 5 mM MgS04). The homogenate was 
filtered through cheese cloth and centrifuged at 
800g for 10 min. The pellet was washed with 
STM buffer. The pellet was suspended in STM 
buffer and layered onto DS buffer (2.1 M su- 
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crose, 50 mM Tris-C1 (pH 7.4 at 4"C), and 5 mM 
MgS04). The suspension was centrifuged in a 
SW 27 rotor at 4°C for 60 min at 70,OOOg. The 
pellet was suspended in STM buffer, layered on 
DS buffer, and recentrifuged at  70,OOOg for 30 
min. The nuclei were extracted from the pellet 
in nuclei extraction buffer (20 mM Hepes, 0.4 M 
NaC1,l mM EDTA, 1 mM EGTA, 1 mM DTT, 
and 1 mM PMSF, 10% v/v glycerol) by incubat- 
ing for 30 min at 4°C and centrifuging at 14,000 
rpm for 20 min. Morphologically, the nuclei 
appeared as intact bilayer spheres as judged by 
phase contrast light transmission microscopy. 

Nuclear Extract Preparation and Electrophoretic 
Mobility Shift Assay (EMSA) 

Nuclear proteins were purified by a modifica- 
tion of the Dignam et al. [1983] protocol. Briefly, 
after washing with PBS, isolated nuclei were 
centrifuged, and the nuclei pellet was suspended 
in 500 ~1 buffer A (10 mM Hepes, pH 7.9, 1.5 
mM MgC12, 10 mM KC1, and 1 mM DTT). After 
recentrifugation, the nuclei were resuspended 
in 80 pl buffer A containing 0.1% Triton X-100 
by gentle pipeting. After incubating for 10 min 
at  4"C, the homogenate was centrifuged, and the 
nuclear pellet was washed once with buffer A 
and resuspended in 70 p1 of buffer C (10 mM 
Hepes, pH 7.9, 25% (v/v) glycerol, 0.4 M NaC1, 
1.5 mM MgC12, 0.2 mM EDTA, and 1 mM DTT). 
The suspension was incubated for 30 min at 4°C 
followed by centrifugation at 20,OOOg for 10 
min, and the resulting supernatant was stored 
at - 70°C. Protein concentrations was deter- 
mined by the Bradford method [1976]. To mini- 
mize proteolytic degradation of nuclear proteins, 
the buffer contained 1 mM PMSF. The oligonucleo- 
tide containing part of AP1 of human collage- 
nase promoter, -77 to -54 nucleotides [Angel 
et al., 19871 sequence (5'-AAGCATGAGTCAGA- 
CACCTCTGGC-3'1, was synthesized. A double- 
stranded oligonucleotide containing the collage- 
nase promoter was prepared by annealing 
complementary synthetic oligonucleotide. All nu- 
cleotides were prepared by the University of 
Missouri-Columbia DNA core facility. Radiola- 
beled double-stranded DNA was made by anneal- 
ing an oligonucleotide complementary to the 3' 
end of the sequence and the end labeled with 
[32P]ATP and polynucleotide kinase. Unincorpo- 
rated nucleotides were removed by column chro- 
matography over a Sephadex G-50 column. Cold 
double-stranded DNA was similarly constituted. 
The DNA binding reaction was performed at 

30°C for 15 min in a volume of 20 PI, which 
contained 2-5 pg of nuclear extract, 225 pg/ml 
BSA, 1 x lo5 cpm 32P-labeled probe ( - 1 ng). 0.1 
mg/ml poly(d1-dC), and 15 pl binding buffer (12 
mM Hepes, pH 7.9, 4 mM Tris, 60 mM KC1, 1 
mM EDTA, 12% glycerol, 1 mM DTT, and 1 mM 
PMSF). Samples were subjected to 6% Tris- 
glycine-PAGE . 

Differential Display Analysis of mRNA 
in the DCM and Normal Hearts 

To identify alterations in the gene expression 
following dilated cardiomyopathy, mRNA was 
analyzed by differential display methodology [Li- 
ang and Pardee, 1992; Zimmermann and Sch- 
ultz, 19941. This methodology visualizes mRNA 
compositions by displaying subsets of mRNAs as 
short cDNA bands (100-600 bp). The tissue (50 
mg) was processed directly for RNA isolation as 
described [Tyagi et al., 1995al. Polyadenylated 
RNAs was isolated using the Quickprep mRNA 
purification kit from Pharmacia-LKB Biochemi- 
cals (Piscataway, NJ). The purified mRNA 1.0.5 
mg) was reverse-transcribed to cDNA by AMV 
reverse transcriptase (RT) with dNTP and oli- 
go(dT)CA/GC primers. The cDNA was ampli- 
fied by polymerase chain reaction (PCR) with 
either TllCA (5'-TTTTTTTTTTTCA-3') or 
TlzGC (5'-TTTTTTTTTTTTGC-3') as anchor 
and 10-mers (5'-CTGATCCATG-3' or 5'-CTT- 
GATTGCC-3') as random sets of primers using 
dNTP plus [32PldCTP and Tuq DNA polymer- 
ase. Identical amounts of total RNA were used 
in each experiment. The PCR products were 
analyzed by resolving in 6% acrylamide urea 
gels and by autoradiography. The PCR products 
were observed only in samples with RNA during 
RT. Negative control reactions containing water 
instead of mRNA showed no RT activity. From a 
band(s) induced in the DCM tissue, DNAs were 
isolated by cutting out the bands and eluting the 
samples by boiling the gel piece. 

Polymerase Chain Reaction 

The PCR reaction was carried out in buffer 
containing 10 mM Tris-C1 (pH 8.3), 3 mM MgC12, 
2 pM dNTP, and 1 mCi [32PldCTP plus 1 unit of 
Taq polymerase. Reaction was carried out in a 
Perkin-Elmer (Oak Brook, IL) 9600, using ther- 
mal cycling at 94°C for 30 s, 40°C for 2 min, and 
72°C for 30 s for a total of 40 cycles with a final 
10 min extension at 72°C. The reaction product 
was dried and dissolved in sample buffer prior to 
loading onto the sequencing gel. 
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Southern Blot Analysis 

Bands separated by differentially expressed 
cDNAs were excised from the gel, soaked in 100 
p1 of distilled water for 10 min, boiled for 15 
min, and centrifuged to clarify the supernatant. 
The gel-free supernatant material was precipi- 
tated with 10 pl of 3 M sodium acetate, 5 pl of 
glycogen (10 mg/ml) (Boehringer-Manneheim, 
Indianapolis, IN), and 450 p,1 of 100% ethanol 
overnight at - 20°C. After centrifugation the 
pellet was rinsed with ice-cold 100% ethanol. 
These cDNAs were dissolved in 10 p1 water. For 
each band the total RNA was amplified in a total 
volume of 50 pl using the same primers sets and 
PCR condition as described in section of polymer- 
ase chain reaction. After PCR reaction the prod- 
ucts were analyzed by 1% agarose gel and visual- 
ized by ethidium bromide. The cDNAs were 
blotted onto nitrocellulose membrane. The trans- 
ferred cDNAs were immobilized by UV illumina- 
tion. The membrane was prehybridized and then 
hybridized with collagenase probe-labeled with 
32P by the random primer labeling method (Phar- 
macia) a t  42°C for 36 h. The plasmid containing 
fibroblast collagenase and collagen cDNA were 
obtained from American Type Culture Collec- 
tion (ATCC, Rockville, MD). The MMP-1 probe 
was a 2.05 kb Hind I11 and Sma I fragment from 
human MMP-1 cDNA. The membrane was first 
washed with IX SSC containing 0.1% SDS and 
then with 0.1 M SSC and kept for autoradlography. 

Isolation of Myopathic Fibroblast Cells 
and In Situ lmmunolabeling 

DCM interstitial fibroblast cells (p-2) were 
isolated as described [Tyagi et al., 1995~1. The 
cells were grown on coverslips in 5% serum plus 
10 ng/ml monensin (Sigma) to block protein 
secretion. The MMP-1 immunostaining was per- 
formed as described [Tyagi et al., 1995~1. 

Statistical Analysis 

Data are expressed as mean k SD. Differences 
between experimental condition of DCM vs. nor- 
mal tissue were assessed by paired t-test. A 
value of P < 0.05 was considered significant. 

RESULTS 
Gene Expression in Dilated Cardiomyopathy 

To identify induction of the gene responsible 
for interstitial structural alteration in the DCM 
heart, we analyzed tissue at the cellular and 
nuclear levels. The morphometric analysis re- 

vealed an increase in cardiac cell size and fibrous 
tissue in between the myocytes in the DCM 
tissue as compared to normal tissue (Fig. lA,B). 
The size of nuclei was increased twofold in the 
DCM heart when compared with normal heart 
(Fig. lC,D). 

To identify whether the morphological changes 
in the cardiac cell are associated with induction 
of ECM gene expression and to identify tran- 
scriptionally regulated genes potentially in- 
volved in the progression of DCM, we compared 
differential mRNA display patterns for DCM 
and normal hearts. We performed PCR amplifi- 
cations with eight primer combinations on all 
six DCM samples and five normal samples and 
identified three PCR products greater than 300 
bp. The differential display mRNA approach al- 
lows for the identification of candidate factors 
that may be induced in the DCM hearts. The 
limitation of differential display analysis is that 
some of the lower molecular size gene fragments 
may be a premature tunacated product(s1 of the 
high molecular size differentiated and/or com- 

Fig. 1. Morphologic analysis of nuclei in the DCM heart. 
Nuclei from normal and DCM heart tissue were isolated (Mate- 
rials and Methods). A,B: H & € staining of normal and DCM 
tissue, respectively. X40. C,D: Normal and DCM nuclei, respec- 
tively. x400. Note the presence of a bilayer nuclear membrane 
and that the size of DCM nuclei is larger than normal nuclei. 
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mon gene(s). Therefore, we analyzed only the 
longer size ( - 400 bp) fragments in the differen- 
tial display mRNA analysis. Our analysis com- 
pared a series of six explanted hearts simulta- 
neously; therefore, we avoided isolating factors 
that might have been related to a single heart or 
the procedure rather than to the disease itself. 
Most importantly, we performed each differen- 
tial display analysis at least three times to re- 
duce nonspecific (background) PCR signal inter- 
ference, and we restricted the selection of cDNA 
bands for further study to those that reproduced 
the regulation pattern for the first differential 
display analysis in at least three subsequent 
analyses. Figure 2A shows representative PCR 
amplification obtained with two sets of primers. 
Normal and DCM samples that ran in parallel 
revealed differences in their mRNA patterns. 
The distinct three bands marked + (Fig. 2A) 
were differentially expressed in DCM hearts 
when compared with the normal samples. There 
were some genes which were specifically re- 
pressed in the DCM hearts and marked with - 
sign (Fig. 2A). These results suggested differen- 
tial (up and down) regulation of genes following 
dilated cardiomyopathy . 

Southern Blot Analysis With PCR-Amplified 
Fragments 

To confirm the gene regulation patterns ob- 
served in the differential display experiments, 
we recovered the three selected bands which 
were upregulated in the DCM heart, reamplified 
them, and used them to probe with cDNA for 
MMP-1 (Fig. 2B). The MMP-1 cDNAprobe cross- 
reacted with band 1. The other bands did not 
react with the MMP-1 cDNA probe. This indi- 
cated that band 1 obtained from differential 
mRNA analysis is most likely to be the MMP-1 
gene induced following DCM. 

Northern Blot Analysis 

To analyze whether the differential induced 
bands in DCM heart are initiated at the gene 
transcription level following DCM, we per- 
formed Northern blot analysis using cDNA ob- 
tained from differentially expressed mRNA as 
the probe for MMP-1. TIMP-1 was analyzed 
using cDNA clone (Fig. 3) .  The level of MMP-1 
mRNA was increased three- to fourfold in DCM 
ventricle when compared with normal tissue 
(P  < 0.01). The level of TIMP-1 mRNA was 
repressed in DCM (Fig. 3 ) .  These results suggest 

Fig. 2. A typical differential display of mRNA analysis from 
human normal and DCM hearts. A [ cY -~~PI~CTP was incubated 
in the PCR reaction (Materials and Methods). The samples were 
loaded onto 6% urea gels. The gel was exposed to  X-ray film for 
4 h. The marker at the left represents the base pair (bp) size of 
the PCR product. The (+) and (--) signs represent bands present 
and absent in the DCM tissue relative to normal tissue. The 
bands noted by arrows were excised, reamplified, and selected 
for Southern blot (5) analysis using a collagenase [3zP]cDNA 
probe. Molecular weight markers (bp) are shown on the left. B: 
Southern analysis of bands 1, 2, and 3 isolated from A and 
reamplified in the PCR reaction as described. The reamplified 
product was run on agarose gel and transferred to  nitrocellulose 
membrane and blotted using [32P]cDNA probe of human colla- 
genase. Results indicated cross-reaction between band 1 in A 
and collagenase probe, suggesting that band 1 is due to collage- 
nase expression. Note the induction of collagenase expression 
in the DCM heart as compared to normal tissue. 

that MMP-1 is induced and TIMP-1 is repressed 
at the gene transcription level during DCM. 

Induction of Collagenase Promoter Binding 
Protein Activity in DCM Hearts 

To determine whether MMP-1 induction is 
related to the increase in collagenase promoter 
activity through transcriptional regulatory fac- 



ECM Gene Expression in Cardiomyopathy 191 

t 2 0.5 

E 

2 
w 

L I 
n. 
z 
I- 0.0 

1 2 

1.6 I I I 
c .- 
C 
3 I 

.. - 
\ 
4 
2 
lY 0.4 - 
E 

i 
a 
I 

c 

0.0 - 

T I 

1 2 

Fig. 3. A Steady-state mRNA (Northern blot) analysis of TIMP-1 
and MMP-1 and their comparison with the 18s RNA gene 
(1 8SR) in end-stage DCM human heart tissue. Total RNA from 
frozen tissue samples (220 mg) was separated by agarose gel, 
transferred to nitrocellulose membrane, and hybridized with 
cDNA probes for MMP-1, TIMP-1 and 18SR. LA, left atrium 
(lanes 7); DCM, left ventricle (lanes 2). The size of transcript is 

2.4 kb for MMP-1, 1.5 kb for TIMP-1, and 4.5 kb for 18SR. B: 
Histographic representation of the scanned data normalized to 
18SR mRNA (arbitrary unit). Results suggest induction of MMP-1 
and repression of TIMP-1 expression at the gene transcription 
level in DCM tissue. Mean values 2 SD of triplicates are 
reported. 

tor, nuclear extracts from DCM and normal 
hearts tissue were assayed for DNA binding 
activity to a double-stranded oligonucleotide 
which contained part of AP1 collagenase pro- 
moter elements located at positions - 77 to - 54 
[Angel et al., 19871. As shown in Figure 4, the 
nuclear extract from DCM tissue contained a 
factor which forms a complex with a specific 
promoter sequence. The specificity of this pro- 
tein-DNA complex for the MMP promoter se- 

quence was determined by competition binding 
assays. Competition with excess cold (nonradio- 
active) DNA probe resulted in 95% inhibition of 
binding, which suggests specificity of binding 
between MMP promoter and the nuclear tran- 
scription factor. The nuclear extracts from nor- 
mal tissue demonstrates no DNA binding activ- 
ity and no complex formation, which indicates 
that in the DCM heart MMP promoter activity 
is induced. 
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Fig. 4. Electrophoretic mobility shift assays (EMSA) of collage- 
nase promoter binding protein in DCM heart tissue. Double- 
stranded oligonucleotide of promoter sequence was labeled 
with [32P] at the 3'-end, and 10 pM was incubated with in vitro 
nuclear extract isolated from normal and DCM heart tissue. 
Normal (lane 4 )  and DCM (lane 3) represent nuclear extract 
from normal and DCM heart tissue, respectively. DCM (lane 1 )  
represents from dilated heart tissue. DCM + 100 x Cold Probe 
(lane 2) indicates displacement of nuclear DNA binding protein 
from [32P]-DNA in competition with cold probe. Results indi- 
cate induction of specific transcription factor activity following 
DCM on collagenase promoter. 

CollagenolyWCelatinolytic Activity 
in DCM Hearts 

To measure MMP activation in DCM hearts, 
we analyzed MMP activity expression by zymog- 
raphy. MMP-2 (66 kDa) activity in normal hu- 
man heart was constitutively expressed (Fig. 5). 
However, in the DCM heart MMP-2 activity was 
induced. Interstitial collagenase (MMP- 1) is a 
poor gelatinase. However, the interstitial collage- 
nase band, at 54 kDa, below MMP-2 was specifi- 
cally induced in the DCM tissue when compared 
with normal heart tissue (Fig. 5). The activity of 
both MMP-1 and MMP-2 was completely abol- 
ished by treatment with phenanthroline, sug- 
gesting that the lytic activity in the zymographic 
gels was due to metalloproteinases (Fig. 5B). 

Intrinsic Activity of Interstitial Collagenase 

In the myocardium 90% of collagen is type I 
fibrillar collagen, and interstitial collagenase is 
the enzyme responsible for initial breakdown 
and solubilization of collagen. Functional activ- 
ity of MMP-1 was further confirmed by the 
analysis of soluble collagen-derived peptide 
(CDP) of type I fibrillar collagen in the cardiac 
extracts which was obtained from DCM and 
normal hearts. To determine whether the activ- 

A B 
Fig. 5. A: Zymographic analysis (10% SDS-PACE) of MMP 
activity in normal (LA) (lane 7 )  and in end-stage dilated cardio- 
myopathic (DCM) (lane 2) human heart tissue. Numbers on the 
side refer to the size of molecular markers. The band below 
gelatinase A (66 kDa) is 54 kDa MMP-1. B: Gel impregnated 
with phenanthroline indicates the elimination of MMP bands in 
both the normal (lane 7 )  and DCM (lane 2) tissues. Identical 
amounts of total protein (40 Kg) were loaded onto each lane in 
the gel. Celatinase A (66 kDa) and MMP-1 are induced follow- 
ing DCM. 

ity of MMP-1 related specifically to the collagen 
degradation, we performed immunoblot analy- 
sis on the protein in cardiac extracts, including 
soluble collagen-derived fragments using a spe- 
cific antibody to type I collagen. The antibody 
recognizes soluble CDP (i.e., % and '/4 fragments 
of a-chain). There was more CDP (i.e., collagen 
degradation) in the DCM endocardium than in 
normal endocardium (Fig. 61, suggesting active 
MMP-1 expression and collagen degradation in 
the dilated cardiomyopathic heart. 

Interstitial Collagenase Protein Expression 

To further determine that the collagenolytic 
band at 54 kDa in Figure 5 is due to interstitial 
collagenase, we measured the protein level of 
MMP-1 in normal and the DCM heart using 
Western blot and ELISA analysis (Fig. 7). The 
antibody to MMP-1 recognized a band at 54 kDa 
in immunoblot analysis as compared to stan- 
dard MMP-1 when used in the same gel (Fig. 7). 
The results suggest the presence of MMP-1 in 
the normal and DCM extract. The antibody label- 
ing was increased by increasing the amount of 
tissue extract, suggesting specificity of the anti- 
body. MMP-1 protein expression was remark- 
ably higher in DCM tissue. Based on immunoas- 
say we observed a four- to fivefold increase in 
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Fig. 6. A Analysis of collagen degradation in DCM tissue of 
end-stage heart failure. Soluble collagen-derived peptide (5 
and % fragments of a-chain) were identified by immunoblot 
analysis. Total protein (1 00 Fg) from extracts of DCM heart was 
loaded onto each lane in SDS-PAGE under reducing conditions. 
The gel was transferred to nitrocellulose membrane and blotted 
using type I collagen antibody (Bio-Design). Lanes 7, 2: Endo- 
and epimyocardium of RV. Lanes 3, 4: Endo- and epimyocar- 
dium from LV. Lane 5: Normal LA tissue. B: Histographic 
representation of densitometric scanned intensity values (arbi- 

MMP-1 protein expression in the DCM heart 
compared to normal tissue (Fig. 7B). The level of 
MMP-1 was 45 k 11 ng/mg in the DCM heart 
and 9 -+ 2 ng/mg in normal tissue. 

Expression of Tissue Inhibitor 
of Metalloproteinase 

Activity of MMP-1 is regulated by TIMP-1 
posttranslationally. To determine whether the 
elevated MMP-1 level is due to  reduction of the 
TIMP-1 protein expression level, we measured 
the TIMP-1 level in DCM and compared it with 
normal tissue by using immunoblot and ELISA 
analyses (Fig. 8). To validate the antibody for 
TIMP-1, we have analyzed tissue extracts from 
normal and DCM hearts using anti-TIMP-1 an- 
tibody on Western blot analysis. Extract from 
both normal and DCM tissue showed different 
amounts of immunoreactivity to the TIMP-1 
band at -28 kDa (Fig. 81, suggesting greater 
reduction in the TIMP-1 protein level in the 
DCM tissue than in normal tissue. Further- 
more, the TIMP-1 antibody reacted only to the 
band corresponding to TIMP-1 at 28 kDa when 
compared with standard TIMP-1 protein, sug- 
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sue. trary unit) of collagen-derived peptide. Bar 7: Normal i 
Bars 2, 3: LV epi- and endomyocardium. Bars 4, 5; RV epi- and 
endomyocardium. Mean average -t SD is presented. Enhanced 
collagen degradation was observed in the endomyocardium of 
DCM heart. Collagen degradation by intrinsic activation of 
interstitial collagenase (MMP-1) produces '/4 and fragments 
of type I fibrillar collagen. Sometimes the $ fragment is easily 
diffused during gel transfer to the nitrocellulose paper as com- 
pared to the % fragment. Therefore, in quantitation we scanned 
mostly the % fragment. 

gesting no evidence of cross-reactivity with other 
proteins in the extracts. 

To quantitate TIMP-1 levels in normal and 
DCM tissue, we employed a sandwich immuno- 
assay for TIMP-1 (Fig. 8B) and compared tissue 
extracts from six different DCM and five differ- 
ent normal tissue lesions. Based on ELISA the 
TIMP-1 level was 2 * 1 ng/mg in DCM tissue 
and 37 2 8 ng/mg (P < 0.01) in normal tissue. 
These results suggested repression in the TIMP 
level following dilated cardiomyopathy . 

To identify the cellular origin of MMP expres- 
sion in the DCM heart, we isolated interstitial 
fibroblast cells from the DCM tissue. The DCM 
fibroblast cells were roundish in shape and big- 
ger in size as compared to elongated cells in the 
normal tissue. The immunostaining of MMP-1 
indicated apparent increased expression of 
MMP-1 in the myopathic fibroblast cells com- 
pared to the normal fibroblast cells (Fig. 9). 

DISCUSSION 

Dilated cardiomyopathy includes a disruption 
of the myocardial collagen matrix. Differential 
display mRNA analysis reveals an induction of a 
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Fig. 7. A: lmmunobfot analysis of human myocardial MMP-1 
in normal and DCM tissue extract. lanes 7, 2: Normal extract 
(20 and 40 pg, respectively). lane 3: DCM cardiac tissue extract 
(20 pg). Lane 4: Standard MMP-1 (1 pg). Proteins were electro- 
phoresed by SDS-PACE (8%) gels and transferred to nitrocellu- 

lose membrane and blotted using MMP-1 antibody. B: Immuno- 
assay data for MMP-1 obtained from normal (bar 1 )  and DCM 
(bar 2) tissue extracts. Errors bars are based on the deviations 
from the mean value. MMP-1 was induced in the DCM tissue. 
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Fig. 8. A: lmmunoblot analysis of human myocardial TIMP-1 
in normal and D C M  tissue extract. Lane 1: D C M  extract. Lane 2: 
Normal extract. Lane 3: Standard TIMP-I. Extract (40 Kg) was 
electrophoresesed by SDS-PACE (8%) gels and transferred to 
nitrocellulose membrane and blotted using TlMP-I antibody. B: 
Sandwich ELISA data for TIMP-1 obtained from normal (bar 7 )  

number of genes in DCM. The gene for MMP-1 
and its promoter activity was found to be ele- 
vated in the DCM heart. Protein analysis at the 
activity level indicated that indeed the gene of 
MMP-1 which was elevated during DCM was 
translated. Collagen degradation was observed 
in the DCM heart. The elevation of MMP-1 
activity coincided with the repression of TIMP-1 
levels leading to an induction of MMP-1 activity 
and ECM disruption following dilated cardiomy- 
opathy. 

Human cardiac nuclei display polyploidy in 
congenital heart disease Wander Laarse et al., 
1989; Gerdes et al., 19911. We observed that in 
DCM the cardiac nuclei are doubled in size com- 
pared to nuclei from normal hearts (Fig. l), and 
this increase in size is associated with an in- 
crease in nuclear transcription activity of activa- 
tor protein (AP-1) on collagenase promoter (Fig. 
4). The AP-1 is a strong promoter in the - 77 to 
- 55 region of the collagenase gene [Angel et al., 
19871. Transcription factors associated with car- 
diomyocyte differentiation and enhancement are 
expressed early in cardiac embryogenesis and 
are critical in activation of cardiac specific genes 
[Komuro and Izumo, 1993; Lints et al., 19931. 
Lints et al. [19931 created mice homozygous for 
ablation of the transcription factor responsible 
for the development of the heart. In these mice 

1 2 

and D C M  (bar 2) tissue extracts. Errors bars are based on the 
deviations from the mean value. TIMP-1 was repressed in the 
D C M  heart. When comparison was made between the levels of 
M M P  and TIMP, all experiments were carried out under identi- 
cal conditions. 

they observed early embryonic lethality second- 
ary to arrested cardiac development, with a thin- 
walled, poorly functioning (similar to DCM 
hearts), incompletely septated heart. These stud- 
ies indicated a critical role of gene promoter 
binding proteins in proper adaptive function in 
maintaining cardiac-specific gene structure and 
expression at different stages of cardiac develop- 
ment and function. The up- and/or downregula- 
tion of these genes may cause cardiac maladap- 
tion and the progression of certain disease states. 
Ye et al. [19951 described a common stromelysin 
promoter variant that was associated with the 
progression of atherosclerosis. For the first time 
we demonstrated that collagenase promoter 
(AP-1) function is altered in DCM. Explanations 
for this abnormality include mutations in tran- 
scription factor or the overproduction of the 
transcription factor causing uncontrolled gene 
expression. However, these possibilities remain 
to be examined. 

Our study demonstrated that differential 
mRNA display techniques can be adapted to  
identify mediators associated with a complex 
multicellular disease such as dilated cardiomy- 
opathy. Differential display has been used to  
study breast cancer [Liang et al., 19921. We 
demonstrated for the first time that extracellu- 
lar matrix gene(s) are induced during the chronic 
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Fig. 9. Light transmission micrograph of fibroblast cells (p-2) 
isolated from normal (a) and DCM (b) hearts. x20. In situ 
immunolabeling of MMP-1 in fibroblast cells isolated from 
normal (c)  and DCM (d). ~ 2 0 0 .  e,f: lmmunostaining with the 
secondary antibody in absence of primary antibody of normal 

cardiovascular disease process. We identified pri- 
marily three differential displayed cDNA bands 
that were reproducible and upregulated in tis- 
sue from DCM hearts. From these three bands, 
we identified that one cross-reacted with MMP-1 
cDNA probe on Southern blot analysis (Fig. 2). 
Furthermore, we demonstrated by Northern blot 
analysis that the increase in MMP-1 cDNA was 
at the gene transcription level (Fig. 3). There are 
two possible consequences of this specific MMP-1 
gene induction in DCM. One is associated with 
the mutation at the propeptide site of MMP-1 
which will produce constitutively active MMP-1. 
This possibility will avoid the posttranslational 
requirement of MMP activation. The isolation 
of a full-length cDNA clone of MMP-1 from 
DCM tissue and fibroblast cells is in progress. 
However, the temporal expression of this gene 
may explain partly the presence of active MMP-1 
in the DCM tissue. Further animal studies are 
needed to support this conclusion. The other 
possible consequence is that the level of TIMP is 
dramatically repressed. The reduced level of 

and myopathic fibroblast cells, respectively. The DCM fibro- 
blast cells are phenotypically different from the normal and 
MMP-1 staining in the myopathic fibroblast cells is greater than 
normal fibroblast cells. 

TIMP in the DCM heart may be due to the 
mutation in the TIMP gene. The mutations in 
the TIMP-3 gene have been identified in noncar- 
diac tissue [Weber et al., 1994al. However, this 
remains to be elucidated in the heart. 

It is important to correlate the differentially 
displayed mRNAs to the protein level to indicate 
the mechanistic role of gene induction. We per- 
formed protein activity assays and indicated that 
MMP-1 is indeed induced at the functional level 
(Figs. 5, 6). Previously, we demonstrated that 
tissue plasminogen activator (tPA) converts plas- 
minogen to plasmin which, in turn, activates 
MMPs and inactivates TIMP-1 posttranslation- 
ally following ischemic cardiomyopathy [Tyagi 
et al., 1996al. Furthermore, in ischemic DCM 
we also observed the induction of gelatinase B 
(92 kDa), gelatinase A (66 kDa), and interstitial 
collagenase (MMP-1). Contrary to  this, in DCM 
heart we found induction of only gelatinase A 
(66 kDa) and interstitial collagenase (MMP- 1) 
and no expression of gelatinase B. In DCM pa- 
tients with cardiac amyloidosis, elevated myocar- 
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dial collagenase activity was associated with fi- 
brillar collagen degradation [Tjahja et al., 19931. 
The collagenase activity in hypertrophic cardio- 
myopathy was also increased. However, in hyper- 
trophic cardiomyopathy TIMP level was - 100- 
fold higher than the normal control, suggesting 
a role of TIMP in hypertrophic cardiomyopathy 
[Tyagi et al., 1993dl. Collectively, our data sug- 
gested generalized induction of MMP during 
DCM and indicated differential gene expression 
of proteinase antiproteinase under various myo- 
pathic conditions. 

The cells responsible for the abnormality of 
ECM metabolism following DCM is possibly the 
phenotypically transformed myopathic fibro- 
blast (Fig. 9). Previously, we have demonstrated 
that the myocardial fibroblast and endothelial 
and myocytic cells are the primary source of the 
synthesis of ECM components, and these cells 
produced MMP and actin in response to serum- 
containing growth factors, suggesting transfor- 
mation of these cells to myofibroblastic and actin- 
producing cells [Tyagi et al., 1995~1. It is known 
that type I and type I1 collagen-derived peptides 
induce collagenase expression in rheumatoid sy- 
novial tissue [Fisher et al., 19821. We observed 
an increased level of collagen peptide in the 
DCM heart (Fig. 6) and demonstrated that colla- 
gen peptide induces phenotypic shift in the fibro- 
blast cells [Tyagi et al., 1996bl. 

In conclusion, we have demonstrated induc- 
tion of MMP-1 by differential display mRNA 
analysis. This induction in collagenase expres- 
sion was associated with an increased level of 
collagenase promoter activity. The increase in 
collagenase gene expression coincided with the 
expression at  the protein level in DCM hearts. 
The level of TIMP-1 was reduced significantly in 
the DCM heart as compared to normal heart 
tissue. However, expression of other ECM com- 
ponents (i.e., collagen, elastin, and proteogly- 
cans) in the DCM hearts remains to be eluci- 
dated. These studies are in progress. 
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