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ABSTRACT

Treatment of rodent cells with the tumor promotor 12-0-tetradeca-
noylphorbol-13-acetate activates protein kinase C, leading to increased
expression of several genes, including a gene originally designated TPA-
Sl or phorbin (M. D. Johnson, G. M. Housey, P. T. Kirschmeier, and I.
B. Weinstein, Mol. Cell Biol., 7: 2821-2829, 1987). Sequence analysis
of this cloned gene indicated homology with human erythroid-potentiating
activity and tissue inhibitor of metalloproteinase (TIMP-1). Elevated
levels of phorbin inK.N'Ahave been observed in human colon tumors (J.

G. Guillem, M. F. Levey, L. L. Hsieh, M. D. Johnson, P. LoGerfo, K.
A. Forde, and I. B. Weinstein, Mol. Carcinogen., 3: 68-74, 1990) and
this increase correlated with the extent of invasion. To further investigate
this phenomenon at the protein level, monoclonal antibodies were devel
oped against the recombinant form of TIMP-1. A competitive enzyme-
linked immunosorbent assay was developed for quantitation of the TIMP-
1 protein in tissue extracts. Elevated levels of TIMP-1 protein were
found in 31 human colon tumors, compared to paired samples of adjacent
normal mucosa. In a subset of samples, previously analyzed for phorbin
mKNA levels (n = 25), there was a good correlation between the
abundance of TIMP-1 protein and phorbin mUNA. Immunoaffinity col
umn purification of tumor extracts followed by Western blot analysis was
used to confirm the enzyme-linked immunosorbent assay data. These
results provide evidence that phorbin and TIMP-1 represent the same
gene. In addition, the immunoassays we have developed may be useful in
further studies on the role of TIMP-1 in human colon cancer.

INTRODUCTION

Human tissues contain TIMP3 that inhibit collagenolysis and
degradation of the connective tissue matrix (1-4). TIMP has
been implicated in the pathology of numerous diseases includ
ing tumor invasion, tumor angiogenesis, aortic aneurysms,
rheumatoid arthritis, and emphysema (3, 5, 6 and references
therein). Two TIMP genes have been identified to date. TIMP-
1 is an Mr 28,500 glycoprotein which forms a complex with
activated interstitial collagenase, activated stromelysin, and the
M, 92,000 type IV collagenase (1, 2, 5). TIMP-1, or a closely

related molecule, has been found in a wide variety of fetal and
adult mesodermal tissues. These include cell cultures of human
skin and lung, fibroblasts, cartilage, amniotic fluid, calvarÃa,
serum, and human rheumatoid synovial fluid (1,4). TIMP-2 is
an A/r 21,000 protein which selectively forms a complex with
the proenzyme form of the M, 72,000 type IV collagenase (6-
8). It shares significant homology with TIMP-1 (71%) including
conservation of the positions of 12 cysteine residues and 3 of 4
tryptophan residues (6).

The sequence of TIMP-1 is highly homologous with two
independently isolated genes, TPA-S1 or phorbin, a gene in-
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duced by protein kinase C activation (9), and EPA, originally
isolated from the Mo human T-lymphoblast cell line (10, 11).
Elevated levels of phorbin mRNA have been demonstrated in
human colon tumors, when compared to their corresponding
adjacent normal colonie mucosa (12). There also appeared to
be a correlation between the abundance of phorbin mRNA in
the tumors and the extent of tumor invasion (12). These results
suggest that phorbin could serve as a useful biomarker in the
study of human colon cancer (12). Since it appears that phorbin,
EPA, and TIMP-1 are identical, we shall use the term TIMP-
1 in the remainder of this paper.

To evaluate expression of TIMP-1 at the protein level in
human cancers, we have developed and characterized monoclo
nal antibodies that recognize the native TIMP-1 protein by
immunizing mice with a recombinant nonglycosylated form of
TIMP-1. These antibodies were used in Western blot analysis
and ELISA for quantitation of TIMP-1 in a series of human
colon tumors and adjacent normal colonie mucosa.

MATERIALS AND METHODS

Chemicals. Recombinant human TIMP-1 protein, derived from an
Escherichia coli B strain expression system, was obtained from Syner-

gen Corp., Boulder, CO, and is in the nonglycosylated form. Alkaline
phosphatase-conjugated goat anti-mouse IgG was obtained from Boeh-
ringer Mannheim, Indianapolis, IN. p-Nitrophenyl phosphate was ob
tained from Sigma Chemical Co., St. Louis, MO. Fetal bovine serum
was purchased from Flow Laboratories, Inc., McLean, VA. Lentil lectin
coupled to Sepharose 4B was purchased from Pharmacia, Piscataway,
NJ.

Cell Culture and Purification of Protein. A Chinese hamster ovary
cell line transfected with the EPA gene (2G EPA Cl) was provided by
Genetics Institute, Cambridge, MA, and grown in Ham's F-12 and
Iscove's modified Dulbecco's medium (Gibco, Grand Island, NY) sup

plemented with 1% fetal bovine serum. When the cells reached conflu
ence, the medium was replaced with serum-free medium. Supernatants
were collected 48 h later, and proteins were precipitated with 50%
ammonium sulfate and dialyzed against 0.05 M Tris-0.15 M NaCl, pH
7.5.

Monoclonal Antibody Development. BALB/c mice were immunized
by i.p. injection of 150 n%of recombinant human TIMP-1 in Freund's

complete adjuvant. Animals were boosted at weeks 4 and 5 with 100
Mgof antigen in Freund's incomplete adjuvant. Three days before fusion

the mice received 50 /jg of antigen without adjuvant by tail vein
injection. Spleen cells were fused with the myeloma cell line P3x63-
AG8.653 essentially as described before (13). ELISAs were carried out
as described previously (14) on plates coated with 20 ng of recombinant
TIMP-1 in 0.1 M sodium carbonate at 4Â°Covernight. Nonspecific

binding was blocked with 1% fetal calf serum in phosphate-buffered
saline-Tween. Antibody 6B1 (50 /il, 1:2000 dilution) was mixed with
50 n\ of competitor on the plate. Goat anti-mouse IgG-alkaline phos-
phatase was used at a 1:750 dilution. p-Nitrophenylphosphate (0.1 ml,
l mg/ml in l M diethanolamine, pH 8.6) was used as the enzyme
substrate and absorbance at 405 nm was read on a Flow Multiscan MC
microplate reader (Flow Laboratories).

Purification of Tissue Samples. All specimens were obtained at the
time of surgery. After the colectomy specimen was opened, particulate
matter was rinsed off with cold saline. A rectangular, near full-thickness
slice of the tumor, representative of the peripheral and central zones,
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was carefully obtained in order to avoid necrotic tissue. Normal mucosa
samples were obtained at least 12 cm from the tumor. The tissue
samples were stored at â€”¿�70Â°for later use. The samples were homoge

nized with 1 M NaCl-50 miviTris-2 M urea-I HIMphenylmethylsulfonyl
fluoride, pH 7.5, at a ratio of l g of tissue to 3 ml of buffer to yield
soluble proteins. The homogenate was centrifuged at 10,000 x g for 30
min at 4Â°C.The supernatant was dialyzed against 150 mivi NaCl and

50 m.MTris.
Protein from the tumor of patient 32 was further purified by lentil

lectin Sepharose 4B affinity chromatography. The column was washed
with 150 mM NaCl-50 miviTris, pH 7.5, buffer. After sample applica
tion (15 mg of total protein) and washing, bound glycosylated proteins
were eluted with 0.5 M methyl-a-D-mannosine in washing buffer. The
yield was 86 ^g of protein.

Preparation of Antibody Immunoaffinity Column. Ammonium sulfate-
purified ascites fluid of antibody 6G11 was coupled to an agarose
support matrix (Affi-Gel Hz hydrazide gel, Bio-Rad, Richmond, CA)
as suggested by the manufacturer. A protein extract from the tumor
from patient 33 (10 mg) was applied to the column, and unbound
material was eluted with 0.5 M NaCl. Bound material was eluted with
0.1 M glycine HCl, pH 2.8, dialyzed, and concentrated for electropho-
resis. The yield was 190 Mgof protein.

Western Blot Analysis. Proteins were separated by gel electrophoresis
on a 12% sodium dodecyl sulfate-polyacrylamide gel and electrotrans-
ferred to nitrocellulose (Schleicher and Schuell, Keene, NH) in transfer
buffer (48 mM Tris-39 mM glycine-20% methanol, pH 9.2). Unoccupied
binding sites were blocked with 3% bovine serum albumin for l h at
room temperature. Filters were incubated with undiluted antibody
6G11 for 1.5 h at room temperature and then with I25l-labeled sheep
anti-mouse IgG (5 ^Ci/ml) for 1.5 h at room temperature. Protein
levels were quantitated by densitometric scanning of films with a
densitometer (model 300A, Molecular Dynamics, Sunnyvale, CA).

RESULTS

A total of 8 monoclonal antibodies have been developed from
the spleen cells of mice immunized with recombinant human
TIMP-1 protein. The protein that is produced by the bacterial
expression system is in the nonglycosylated form. To determine
which of the clones produced antibodies that cross-reacted with
the in vivo glycosylated form of the protein, the ammonium
sulfate-purified protein obtained from the 2G EPA Cl cell
supernatant was tested by competitive ELISA. Antibodies from
four clones which recognized the nonglycosylated form of the
protein also recognized the glycosylated form. These antibodies
were characterized by competitive ELISA on plates coated with
the nonglycosylated protein. Typical standard curves for the
binding of the most sensitive clone, 6B1, to pure recombinant
protein and a partially purified 2G EPA Cl cell culture super
natant are shown in Fig. 1. With the purified protein, 50%
inhibition was obtained with 6.5 ng of protein, while with the
partially purified cell culture supernatant the corresponding
value was 26.5 ng of total protein.

Prior studies (12) had demonstrated elevated levels of TIMP-
1 mRNA in colon tumors compared to normal adjacent tissue
from the same individual. To determine whether this increase
also occurred at the protein level, tissue homogenates from
paired tumor and adjacent normal mucosa samples were ana
lyzed by competitive ELISA. Increased levels of the TIMP-1
protein were seen in all of the 31 tumor samples, when com
pared to the paired normal tissues (Table 1). The ratios of this
protein in tumor to normal tissue ranged from 1.3 to 18.9.
Twenty-five of these 31 paired samples had been analyzed
previously for levels of TIMP-1 mRNA (12). These 25 paired
samples showed good agreement between the ratio of tumor to
nontumor tissue levels of mRNA and the corresponding protein
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Fig. 1. Competitive ELISA of antibody 6B1 binding to recombinant TIMP-1-
coated plates. The competitors were purified recombinant TIMP-1 protein (O)
and partially purified ammonium sulfate-precipitated protein from 2G EPA Cl
cell culture supernatant (D).

ratios (r = 0.66, 0.0005 < P < 0.005, Table 1). Prior studies
(12) had suggested a correlation between TIMP-1 mRNA levels
and the extent of tumor invasion, using the Dukes' staging

system. Mean TIMP protein ratios were 2.8, 6.3, and 4.5 ng
TIMP/mg of cell protein, for Dukes' A, B, and C tumors,
respectively (Table 2). Dukes' B tumors had a significantly
higher mean ratio than the Dukes' A tumors (0.005 < P <
0.01), but the Dukes' C tumors were not higher than the Dukes'
B tumors. Combined Dukes' B and C patients also had signifi
cantly higher mean ratios than Dukes' A (0.025 < P < 0.05).

The corresponding values for the mRNA ratios are also shown
in Table 2.

To further confirm the ELISA data, proteins were extracted
from two colon tumor samples and purified by either affinity
chromatography on an antibody 6G11 affinity column (patient
33) or on a lentil lectin Sepharose 4B column (patient 32).
Western blot analyses showed a band at M, 28,000 with both
purified protein samples (Fig. 2). The sample purified by affinity
chromatography appeared to have fewer nonspecific bands. A
standard curve was generated by densitometric scanning of the
autoradiographic film of a Western blot analysis that contained
serial dilutions of partially purified TIMP-1 protein. Protein
levels in the tumor samples were calculated by scanning the
appropriate band and determining the protein concentration
from a standard curve generated the same day. Values were 847
and 533 ng/mg of total protein for tumors from patients 32
and 33, respectively. Tissue extracts from the same tumors were
also analyzed for TIMP-1 by ELISA, and these assays gave
values of 628 and 418 ng TIMP/mg of total protein for tumors
from patients 32 and 33, respectively. Thus, determination of
TIMP-1 levels by Western blot analyses gives values that are
about 30% higher than those obtained by ELISA, but the results
are qualitatively similar. The overestimation of protein levels
by Western blot is probably due to the partial purity of the
TIMP-1 sample used for the standard.

DISCUSSION

In this paper we describe the development of monoclonal
antibodies that recognize the protein TIMP-1. These antibodies
can be used in both Western blot analysis and ELISA for the
quantitation of TIMP-1 levels in human colon tumors. ELISA
studies of 31 pairs of human colon tumors and adjacent normal

6232

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/23_Part_1/6231/2445854/cr05123p16231.pdf by guest on 19 M

ay 2023



TIMP-1 PROTEIN IN COLON TUMORS

Table 1 Determination of TIMP-1 protein levels by ELISA using a monoclonal antibody in paired tumor and normal tissue samples from colon cancer patients
TIMP-1protein"PatientNo.123456789101112131415161718192021222324252627282930311233Age(yr)766878697166545173768578675474777677677181936466827968788276688589SexFFMFFFFFMMMFMMFMFMMFFFFMMFMMMMFMFSite

oftumorAscending

colonSplenic
flexureSigmoidSigmoidSigmoidColonRectumRight

colonSplenic
flexureRectumRectosigmoidAscending

colonTransverse
colonSplenic
flexureSigmoidDescending

colonRight
colonSigmoidAscending

colonTransverse
colonSigmoidSigmoidColonCecumSigmoidSigmoidTransverse

colonSigmoidAscending

colonRectumLeft

colonRight
colonSigmoidDukes'

StageBBCBABCBACABBBCACBBCCBBBAAABACCCAGradeWell-mod'Well-modModModModModMod-poorMod-poorWell-modMod-wellMod-wellModModModModModPoorWellMod-wellModMod-wellModModWellModModMod-wellMod-wellMod-poorMod-wellMod-wellMod-poorModTumor(ng/mg)80046034427531732793656725456516241229230922611598222216168304301549480251509215432313311336628418Normal(ng/mg)818530'1661894019430C85191128127129514630'577046338147738499731616518810479Ratio
of

tumor/normal9.95.411.41.71.78.24.818.93.03.01.33.21.36.04.93.81.73.24.75.13.76.47.55.72.57.01.36.71.73.04.2TIMP-1

mRNA*

ratio of tumor/
normalND6.520.0NDND12.5ND10.22.7ND3.63.5ND6.010.03.23.51.56.29.76.38.49.45.88.55.03.57.01.73.71.4

' Values are the mean of three ELISA determinations. The triplicates agreed within 20%. Samples giving <20% inhibition in the competitive ELISA were assigned

a value of 30 ng/mg, the lowest detectable value for the statistical analysis of data.
b The tumor/normal tissue ratios of TIMP-1 mRNA are based on previously published data (12) plus unpublished data from 10 additional samples.
' Mod, moderate; ND, not determined.

Table 2 Summary of increases in TIMP-I expression as determined by ELISA of TIMP-1 protein and mRNA levels

Dukes' stage No.

TIMP-1 protein

Ratio of tumor/normal

Tumor Normal
(mean ng/mg)

Mean Range

" Data from individual samples shown in Table 1.

TIMP-1 mRNA

Ratio of tumor/normal

Mean Range

ABC814926740336511978912.86.34.51.3-7.01.3-18.91.7-11.44.07.07.81.7-8.51.5-12.51.4-20

mucosa samples revealed increased levels of TIMP-1 protein in
all of the tumor samples. Although the number of cases in each
group was small, there was no apparent difference in levels of
TIMP-1 protein between tumors in different regions of the
colon (Table 1). Prior studies had demonstrated higher levels
of TIMP-1 mRNA in 26 colon tumor samples when compared
to adjacent normal colon mucosa, by Northern blot analysis of
polyadenylated mRNA (12). Although in the latter study there
was considerable interindividual variation, there appeared to be
a correlation between the abundance of TIMP-1 mRNA in the
tumor and the extent of tumor invasion. The present study
suggests that this correlation also holds for the abundance of
TIMP-1 protein in Dukes' A and B tumor samples, but not
Dukes' C tumors, when measured by ELISA. We should cau
tion, however, that the higher level of TIMP-1 in Dukes' B and

C tumors might be due to the possibility that the samples
contain a higher percentage of tumor cells than the Dukes' A

samples. Future immunohistochemical studies (see below) may
help to clarify this question. TIMP-1 and -2 mRNA levels have
also been analyzed by others in matched tumor and normal

tissue samples obtained from patients with colorectal carcinoma
(5). While elevated levels of TIMP-1 transcripts were seen in
tumor samples, there was no change in TIMP-2 levels in most
of the samples. Thus, there appears to be differential regulation
of TIMP-1 and -2 and, for reasons that are not apparent, colon
tumors display increased expression of TIMP-1.

Our results and those reported in Ref. 5 appear to be in
contrast to studies demonstrating decreased TIMP levels in the
culture media of invasive intracranial tumors, when compared
to noninvasive tumors after short-term culture (15). When a
fibrosarcoma model derived from mouse embryo cells was used,
a 10- to 20-fold reduction in TIMP secretion by tumor cells of
high invasive potential compared to normal or tumor cells with
low invasive potential was found (16). Other studies have dem
onstrated that excess TIMP-1 and recombinant TIMP-1 can
block the invasion of human amniotic membranes and also lung
colonization by B16 murine melanoma cells (17,18). It appears,
therefore, that primary human colon tumors differ from these
model systems.

A polyclonal antiserum to the glycosylated form of TIMP-1
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A B C D
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Fig. 2. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis of T1MP-1.
The proteins were electrotransferred to a nitrocellulose membrane and visualized
using antibody 6G11 and 12!I-labeled sheep anti-mouse IgG. Lane A, 0.5 ng of

nonglycosylated recombinant TIMP; lane B, 2 Mgof 2G EPA protein isolated by
ammonium sulfate precipitation of culture supernatant; lane C, 44 ^g of protein
from the tumor of patient 32 purified by lentil lectin affinity chromatography;
lane D, 160 /<gof protein extracted from the tumor of patient 33 and purified by
affinity chromatography on an antibody 6G11 column.

has been developed previously from animals immunized with a
human skin fibroblast collagenase inhibitor (1). This antiserum
was used in an ELISA, with a minimum sensitivity of 10 ng/
ml, to monitor levels of this inhibitor in tissues and serum.
Protein levels measured by ELISA correlated well with those
determined by a functional assay for collagenase inhibitor ac
tivity. Polyclonal and monoclonal antisera have also been used
in a sandwich assay to measure TIMP with a sensitivity of 0.6
ng/ml (19). A polyclonal antiserum was previously developed
(3) against the same recombinant TIMP protein used in the
present study to obtain monoclonal antibodies. This antiserum
was used in an radioimmunoassay to measure immunoreactive
protein in fibroblast-conditioned medium, human serum, and
aortic extracts. The levels of TIMP in urea extracts of aorta
were higher than in soluble salt extracts, suggesting that TIMP-
1 protein is matrix associated in that tissue. To our knowledge,
this is the first study demonstrating increased levels of TIMP-

1 protein in colon cancers.
Antibodies to TIMP-1 could be used in immunocytochemical

methods to investigate the cell-specific production of this pro
tein. In preliminary studies, we have utilized the antibodies to
TIMP-1 to demonstrate focal increases of this protein in human
colon tumor cells compared to adjacent normal mucosa cells.4

However, the level of staining is weak and we are currently
attempting to increase the sensitivity of the method. A prior
immunohistochemical study using antisera against TIMP iden-

' X. Lu, I. B. Weinstein, and R. M. Santella. unpublished studies.

tified this protein in hyperplastic synovial lining cells in rheu
matoid synovium but not in cells of normal synovium (20). For
these studies cells were treated in culture with monensin, a
monovalent ionophore which is known to cause intracyto-
plasmic accumulation of collagenase. Without pretreatment,
little or no immunostaining was detectable.

It is curious that TIMP-1, a collagenase inhibitor, is increased
in invasive colon tumors, since increased levels of type IV
collagenase are associated with invasive tumors (21). This may
simply reflect the fact that both proteins are coordinately reg
ulated and that the collagenase activity predominates. Alter
natively, it is possible that TIMP-1 exerts a growth-enhancing
effect in addition to its role as a collagenase inhibitor. It is
known, for example, that TIMP-1 can promote the growth of
erythroid cells (22, 23). It may, therefore, have other growth-
promoting activities.

The availability of monoclonal antibodies to TIMP-1 and a
sensitive ELISA assay, described in the present study, may
facilitate further studies of the possible role of TIMP-1 in the
development of human colon tumors and other tumors.
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