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TIMP-1 is a promising new candidate as a prognostic marker in colorectal and breast can-
cer. We now describe the discovery of two alternatively spliced variants of TIMP-1 mRNA.
The two variants lacking exon 2 (del-2) and 5 (del-5), respectively, were identified in human
cancer cell lines by RT-PCR. The del-2 variant was, furthermore, detected in extracts from
12 colorectal cancer tissue samples. By western blotting additional bands of lower molec-
ular mass than full-length TIMP-1 were identified in tumor tissue, but not in plasma sam-
ples obtained from cancer patients.

The two splice variants of TIMP-1 may hold important clinical information, and either
alone or in combination with measurement of full-length TIMP-1 they may improve the
prognostic and/or predictive value of TIMP-1 analyses.

© 2007 Published by Elsevier B.V. on behalf of Federation of European Biochemical Societies.

Cancer cell lines

1. Introduction

Despite an increasing knowledge on the molecular mecha-
nisms underlying malignant transformation and dissemina-
tion of disease, the overall survival rates for the most
common malignancies in the Western world have only im-
proved slightly over the last decade. The obvious challenge
in future management of cancer patients is therefore to im-
prove existing therapy and/or to develop new therapy strat-
egies. Another approach is to improve detection of early
cancer disease, as patients diagnosed at the early stages
of, e.g., colorectal cancer often will be cured by primary

* Corresponding author. Tel.: +45 35283171; fax: +45 35353514.
E-mail address: haof@life.ku.dk (H. Offenberg).

surgery alone (Ouyang et al., 2005). Furthermore, since
stratification of cancer patients for therapy is based on
prognostic evaluations, this calls for new and better prog-
nostic markers. Tissue inhibitor of metalloproteinases-1
(TIMP-1) is a promising new marker for early detection
and prognostic stratification of patients suffering from colo-
rectal cancer (Holten-Andersen et al,, 2002b; Waas et al,,
2005). In addition, TIMP-1 also carries the potential as a pre-
dictive marker for response to chemotherapy (Davidsen
et al., 2006; Schrohl et al., 2006).

TIMP-1 is a naturally occurring inhibitor of matrix metallo-
proteinases (MMPs), a large family of proteases involved in

Abbreviations: CRC, colorectal cancer; ELISA, enzyme-linked immunosorbent assay; GAPDH, glyceraldehyde-3-phosphate dehydroge-
nase; HRP, horseradish peroxidase; MMP, matrix metalloproteinase; a-SMA, ¢-smooth muscle actin; TIMP-1, tissue inhibitor of metallo-

proteinases-1; TNP, trinitrophenyl hapten.
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many physiological and pathological processes like embry-
onic development, tissue morphogenesis, wound healing, in-
flammation and cancer invasion (for reviews see Egeblad
and Werb, 2002; Lemaitre and D’Armiento, 2006). Four TIMPs
(TIMP-1 to -4) have been identified and they differ in tissue dis-
tribution and ability to inhibit different MMPs (Baker et al,,
2002). Mature TIMP-1 is a 28.5 kDa glycoprotein, consisting of
184 amino acid residues. The unprocessed precursor contains
a signal peptide of 23 residues, which is cleaved during the
maturation of the protein (Brew et al., 2000). TIMP-1 contains
two sites of N-glycan linkage and six disulfide bonds. The lat-
ter is folding the protein into a two-domain structure. These
disulfide bonds render TIMP-1 very robust to changes in pH,
temperature and denaturing conditions (Stricklin and Welgus,
1983). The MMP inhibitory activity has been located to the N-
terminal domain of TIMP-1, which forms non-covalent com-
plexes with MMPs or proforms of these, in particular
proMMP-9 (Murphy et al., 1991).

Although now named for its ability to inhibit MMPs, TIMP-1
was first identified for its growth stimulating activity of ery-
throid progenitors (Westbrook et al., 1984), and its mitogenic
ability has since been demonstrated in many cell types
(Bertaux et al., 1991; Hayakawa et al., 1992). TIMP-1 has also
been shown to inhibit apoptosis (Guedez et al., 1998; Liu
et al., 2005) and to participate in regulation of angiogenesis
(Akahane et al., 2004). It therefore seems that TIMP-1 is a mul-
tifunctional protein demonstrating a range of activities that in
relation to cancer can be both tumor promoting and suppress-
ing. Some functions of TIMP-1 can be ascribed to its MMP in-
hibitory ability, while others appear to be independent of
binding to MMPs.

TIMP-1 may exist in multiple molecular forms in the cancer
environment and subsequently in the circulation, e.g. in com-
plex with other proteins like MMPs (Holten-Andersen et al.,
2002a) or as different glycosylation variants (Thaysen-Ander-
sen et al., 2007). The clinical value of TIMP-1 measurements
may be improved by detection of specific forms of TIMP-1, as
shown in breast cancer, where measurement of unbound
TIMP-1 versus total TIMP-1 adds to the prognostic evaluation
of the patients (Holten-Andersen et al., 2002b; Wurtz et al.,
2005). We now describe the expression of two newly discov-
ered splice variants of TIMP-1 mRNA in cancer cell lines and
in colon cancer tissue. They may hold important clinical infor-
mation and could either alone or in combination with mea-
surement of full-length TIMP-1 improve the already
established clinical value of TIMP-1 as a biological tumor
marker.

2. Materials and methods
2.1. Cell culture

The following human breast cancer cell lines were used: MDA-
MB-231-BAG (Brunner et al., 1992), MDA-MB-435-BAG (Brunner
et al,, 1992), CAMA-1, EVSA-T, ZR75.1, T47-D, SKBR-3 and
MCF7-S1 (kindly provided by Professor Marja Jadttela, Danish
Cancer Society, Copenhagen, Denmark). Furthermore, three
colon cancer cell lines DLD-1, LoVo and LS 174T (all from

ATCC, Manassas, USA) as well as the prostate cancer cell
line PC-3, the human acute promyelocytic leukemia cell line
HL-60 (kindly provided by Professor Hau C. Kwaan, North-
western University, Chicago, USA) and the endothelial cell
line EAHY-926 were used. MCF7-S1 cells were propagated in
RPMI medium supplemented with 10% heat inactivated fetal
calf serum (FCS), and HL-60 cells were propagated in IMDM
medium with 20% FCS. ZR75.1, T47-D, SKBR-3 and EAHY-926
were propagated in HAMF/DME medium with 10% FCS,
0.15% Na,HCO;5; and 45 pg/ml Gentamycin. ZR75.1 cells were
furthermore supplemented with 10nM estradiol and to
EAHY-926 cells 1 x HAT medium was added. DLD-1 cells
were propagated in modified RPMI-1640 medium (ATCC, Man-
assas, USA) supplemented with 10% FCS. LoVo cells were
propagated in modified F-12K medium (ATCC, Manassas,
USA) supplemented with 10% FCS. LS 174T cells were propa-
gated in modified EMEM (ATCC, Manassas, USA) supple-
mented with 10% FCS. All other cell lines were propagated in
DMEM medium. MDA-MB-231-BAG and MDA-MB-435-BAG
cells were supplemented with 10% FCS and CAMA-1, EVSA-T
and PC-3 cells with 5% FCS. All media (except for the colon
cancer cell lines) used were purchased from Invitrogen,
Taastrup, Denmark and were supplemented with penicillin
and streptomycin. The cells were grown at 37 °C in a humidi-
fied air atmosphere with 5% CO,.

2.2. Patient material

Tumor tissue and blood samples from 12 patients who under-
went surgery for colorectal cancer (CRC) were obtained from
Hvidovre Hospital, Denmark in accordance with an approval
by the Scientific Ethical Committee for Copenhagen and Fred-
eriksberg, Denmark (Journal no. KF 01-078/93) and with in-
formed consent from the patients. The tissue samples were
taken from the peripheral area of the tumor, snap frozen in
liquid nitrogen and stored at —80 °C. At the time of surgical re-
moval of the tumor, blood samples were collected and EDTA
plasma samples prepared according to a previously described
protocol (Holten-Andersen et al., 1999). A pool of control EDTA
plasma and platelets were obtained from the blood bank at
Rigshospitalet, Copenhagen, Denmark.

Each tissue sample was divided into three parts. One part
was used for RNA extraction and RT-PCR and one part was
used for protein extraction and ELISA. The middle part of
each tissue was thawed and fixed in 4% neutral buffered para-
formaldehyde overnight at 4 °C and processed for paraffin em-
bedding prior to histological analyses. The diagnosis of colon
cancer was confirmed in H&E stained sections of the paraffin
embedded material and the relative area of neoplastic cells
was estimated (0-100%).

For western blotting analysis we obtained an additional six
CRC tissue samples from the same source as the 12 CRC sam-
ples described above.

2.3. RNA extraction and reverse transcription

RNA was extracted from tissue samples or cells using a spin
column kit (SV Total RNA isolation system, Promega, Madison,
USA) according to the manufacturer’s instructions. This pro-
cedure includes an on-column DNase treatment, minimizing
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the risk of DNA contamination. Prior to extraction approx.
30 mg of tissue sample was homogenized in 1 ml lysis buffer.
The cells were grown to a confluency of approx. 60% in 900 ml
flasks, washed twice in PBS and lysed in 0.5 ml lysis buffer.
RNA was extracted from 175 ul lysate and the concentration
of total RNA was measured spectrophotometrically.

One microgram of total RNA was transcribed into cDNA us-
ing the First Strand cDNA Synthesis Kit (Fermentas, Helsing-
borg, Sweden). The total volume of the reaction was 25 pl
consisting of 1x reaction buffer, 0.8 mM dNTPs, 20 U RiboLock
RNase inhibitor, 0.5 pg oligo(dT) primer, 0.2 ug random hex-
amer primer and 40 U M-MuLV Reverse Transcriptase. Sam-
ples were incubated at 25 °C for 10 min, followed by 42 °C for
1h. The reaction was terminated by incubating at 95 °C for
5 min followed by cooling on ice.

2.4. PCR

All primer sets used were intron-spanning to avoid false
positive results from contaminating genomic DNA. Prior to
PCR with TIMP-1 primers all cDNA samples were subjected
to PCR with primers for GAPDH (Table 1) to ensure that
RNA extraction and reverse transcription (RT) were carried
out efficiently. PCR was performed in 25 pl reactions con-
taining 1x HotStarTaq Mastermix (Qiagen Nordic, West
Sussex, UK), 1uM of each gene-specific primer and 1ul
cDNA. Reaction conditions were 95°C for 15 min followed
by 40 cycles of 94 °C for 1 min, 60°C for 30s and 72°C for
1 min.

PCR products were separated on a 1.5% agarose gel (Fer-
mentas, Sweden) stained with ethidium bromide and visual-
ized by UV light.

2.5. Quantitative real-time PCR (qPCR)

In order to estimate the expression level of the del-2 TIMP-1
variant compared with full-length TIMP-1, a gPCR assay deter-
mining relative expression levels was developed. Relative
quantification was chosen in contrast to absolute quantifica-
tion, since tumor samples contain various amounts of cells
expressing TIMP-1. The absolute amount of transcript will

therefore depend on the composition of each sample. Relative
quantification using either total TIMP-1 or full-length TIMP-1
as reference gene will reflect only changes in transcription
of the cells expressing TIMP-1.

gPCR was carried out using SYBR Green I detection and the
LightCycler System 2.0 (Roche Diagnostics, Hvidovre, Den-
mark) essentially as previously described (Offenberg and
Thomsen, 2005). PCR conditions for each primer set were op-
timized by determining the MgCl, concentration and anneal-
ing temperature at which only the specific product was
seen. Reactions were carried out in 20 pl volumes consisting
of 1x FastStart Master SYBR Green Mix, 5 mM MgCl, and
0.5 pM of the gene-specific primer. The amplification program
was as follows. Preincubation for Fast Start Polymerase activa-
tion at 95 °C for 10 min, followed by 45 amplification cycles
(95°C for 5s (20°C/s), 65 °C for 10s (20 °C/s) and 72 °C for 6-
10s (20°C/s)). SYBR Green fluorescence was acquired at
72 °Cin each amplification cycle. After the end of the last cycle
the melting curve was generated by starting the fluorescence
acquisition at 65 °C and taking measurements every 0.1 s until
95 °C was reached.

A standard curve for each primer set was generated using
10-fold dilutions of a pool of tumor cDNA. The standard curve
was used to correct differences in PCR efficiencies between
primer sets. Dilutions of tumor cDNA samples were chosen
for the generation of standard curves to ensure the same
PCR efficiency in standards and samples. Relative quantifica-
tion was done using the Relative Quantification software
(LightCycler 2.0, Roche, Denmark).

2.6.  Protein extraction for western blotting and ELISA

The frozen tissue samples used for ELISA were fragmented on
dry ice using a pestle and mortar device (Arrow Fastener Co.
Inc., Saddle Brook, N.J., USA). The powdered tissue was
weighed and dissolved in Camiolo buffer (75 mM CH3;COOK,
0.3 M NacCl, 0.1 M tr-argenine, 10 mM EDTA, 0.25% Triton X-
100, pH 4.2) in a 3:1 ratio of buffer to tissue. Samples were
centrifuged for 1 h at 20,0009, and the supernatant containing
the proteins was used for further analysis. For western blot-
ting, the tissue powder was dissolved in modified RIPA buffer

Table 1 — Primers used for RT-PCR and qPCR analyses

Gene Specificity Forward primer 5 — 3 Reverse primer 5" — 3/ Product size (bp)
TIMP-1 All exon-skipping Forward exon 1 Reverse exon 6 648 (full-length)
variants® CCCTAGCGTGGACATTTATC AAGGTGACGGGACTGGAAG
TIMP-1 Full-length + Forward exon 1 Reverse exon 3 263+ 134
del-2 CCCTAGCGTGGACATTTATG GGTATAAGGTGGTCTGGTTG
TIMP-1 Full-length + Forward exon 4 Reverse exon 6 252 +127
del-5 ACTTCCACAGGTCCCACAAGC AAGGTGACGGGACTGGAAG
TIMP-1 Full-length® Forward exon 2 Reverse exon 3 153
CTTCTGGCATCCTGTTGTTG GGTATAAGGTGGTCTGGTTG
TIMP-1 Del-2° Forward exon 1/3 Reverse exon 4 196
CCCAGAGAGACACCAGAGTCA GTGGGACCTGTGGAAGTATGC
GAPDH Full-length CAATGACCCCTTCATTGACC TTCACACCCATGACGAACAT 309

a Except variants lacking exon 1 or 6.
b gPCR assay.
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(50 mM Tris-HCl (pH 7.4), 1% NP-40, 0.25% Na-deoxycholate,
150 mM NaCl, 1mM EDTA) supplemented with protease
inhibitors (Pefabloc, Aprotinin, Leupeptin, Pepstatin: 1 pg/ml
of each).

The tumor cell lines were seeded in Petri dishes (1 x 10%/
dish). After 24 h, the cells were harvested in ice-cold PBS by
scraping followed by centrifugation for 5 min at 400g. Platelets
were centrifuged for 5 min at 300g. The tumor cells and plate-
lets were resuspended in lysis buffer (25 mM Hepes, 5 mM
MgCl,, 1 mM EDTA, 0.5% Triton; pH 7.5) supplemented with
protease inhibitors (see above), incubated for 30 min on ice
followed by centrifugation for 5 min at 20,000g. Protein con-
centration in plasma, tissue samples and cell lysates was de-
termined by protein BCA Protein assay kit (Pierce, Rockford,
IL, USA).

2.7.  Western blotting

Protein samples were mixed with 0.25x volume of 4x
Laemmli sample buffer, boiled for 5 min and equal amounts
of protein (100 or 150 pg) were separated on a 12% polyacryl-
amide gel and blotted on nitrocellulose membrane. The blot
was blocked in PBS containing 0.1% Tween 20 and 5% dry
milk powder for 1h, and then incubated overnight with
monoclonal anti-human TIMP-1 (VT7; 1 ug/ml) (Moller et al.,
2005). Subsequently, the blot was washed 3 x 10 min in PBS
containing 0.1% Tween 20, incubated with horseradish perox-
idase (HRP)-conjugated goat anti-mouse antibody diluted
1:1000 (DAKO, Glostrup, Denmark) in PBS with 0.1% Tween
20 and 1% dry milk powder for 1h followed by 3 times for
10 min washing in PBS with 0.1% Tween 20. The blot was
developed by the ECL+ detection system (Amersham, UK)
according to the manufacturer’s instructions. Recombinant
human TIMP-1 (thTIMP-1) and platelet lysate were used as
positive controls, and as a control for the sensitivity of the
assay we also included a pool of control EDTA plasma (see
Section 2.2) with a known low level of TIMP-1 (Table 2).

Table 2 — TIMP-1 levels in plasma and tumor extracts measured by
ELISA

Sample EDTA plasma Tumor extracts TIMP-1 Tumor
number TIMP-1 (ng/ml) (ng/mg protein) area (%)*
1 213 33.17 25
2 274.5 28.29 75
3 511.1 7 10
4 272.1 12.67 75
5 523.8 6.7 10
6 530 19.34 75
7 530 29.5 50
8 115.8 10.78 90
9 258.5 28.92 90
10 395.2 13.02 50
11 160.8 14.1 10
12 131.7 19.27 5
Control 45.7

plasma

a Relative area of neoplastic cells in tissue section.

2.8. ELISA

A well established sandwich ELISA was used to measure total
levels of human TIMP-1 in tissue and plasma samples (Holten-
Andersen et al., 1999). In brief, the immunoassay employs an
affinity-purified polyclonal sheep anti-TIMP-1 antibody as
capture antibody and a monoclonal anti-TIMP-1 antibody for
detection. The complex was detected with alkaline phospha-
tase-conjugated rabbit anti-mouse antibodies (Dako, Den-
mark) that enable a kinetic rate assay. The plate was read at
405 nm, and the rate of the color development was collected
automatically over a 1 h period in a Power Wave, Microplate
Reader (Biotek Instruments Inc., VT, USA) and the results
were evaluated using the KC4 software (Biotek Instruments
Inc., USA). A four-parameter fitted standard curve was gener-
ated from which the TIMP-1 concentration of each sample
was calculated. TIMP-1 concentrations in tissue samples
were correlated for differences in protein concentrations.

2.9. Generation and sequencing of TIMP-1 cDNA
fragments

Full-length human TIMP-1 cDNA (Genbank accession no.
NM_003254) was used as a template to generate two non-over-
lapping cDNA fragments of TIMP-1 by PCR named TIMP-1 01
(56-378 bp) and TIMP-1 02 (398-680bp). The PCR reactions
were carried out with upstream primers flanked by a T3 RNA
polymerase site and downstream primers flanked by a T7
RNA polymerase site (polymerase sites in bold). The primers
used for fragment 01 were: up 5-CAT TAA CCC TCA CTA
AAG GGA GAA CCC ACC ATG GCC CCC TTG-3 and down 5'-
TAA TAC GAC TCA CTA TAG GGA GAC TCC TCG CTG CGG
TTG TGG-3', and for fragment 02: up 5-CAT TAA CCC TCA
CTA AAG GGA GAG CAG GAT GGA CTC TTG CAC A-3 and
down 5-TAA TAC GAC TCA CTA TAG GGA GTA TCT GGG
ACC GCA GGG ACT-3'. The PCR was carried out in a 25 pl reac-
tion containing 1x Taq buffer, 0.2 mM dNTP mix, 2 mM MgCl,,
1 pM of each primer, 1 U Taq polymerase and 0.1-0.5 pg cDNA
template using standard reagents from Fermentas (Sweden).
The PCR products were analysed by gel electrophoresis and
purified using MinElute Gel Extraction kit from Qiagen Nordic
(UK) according to the manufacturer’s instructions.

For the two splice variants of TIMP-1 lacking exon 2 (del-2)
or exon 5 (del-5), RT-PCR products from cell lines and colon
cancer tissue samples were gel purified as described above
and used as a template for a PCR reaction with the following
T3 and T7 flanked primers: up 5-CAT TAA CCC TCA CTA
AAG GGA GAA GTG GGT GGA TGA GTA ATG C-3' and down
5'-TAA TAC GAC TCA CTA TAG GGA GTC TGG TTG ACT TCT
GGT GTC C-3..

All TIMP-1 fragments generated with T3 and T7 flanked
primers were sequenced (AGOWA, Berlin, Germany) with
both T3 and T7 primers and the sequences were confirmed
by BLAST search.

2.10. Preparation of digoxigenin-labeled RNA probes

Antisense and sense RNA probes were synthesized by in vitro
transcription from TIMP-1 fragment 01, 02 and del-2 variant
using T3 and T7 polymerases and Dig RNA labeling mix
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(Roche, Basel, Switzerland) according to the manufacturer’s
instructions. The labeled probes were purified using RNeasy
MinElute Cleanup Kit (Qiagen, UK) and the yield of labeled
probe was estimated by spot blot analysis. Antisense and cor-
responding sense probes were adjusted to the same concen-
tration and diluted with de-ionized formamide to a final
concentration of 50%.

2.11. In situ hybridization

Paraffin sections were cut at 3 um, dried overnight, dewaxed
and treated with 10-15 pg/ml of proteinase K for 5 min, dehy-
drated and air-dried before 25 ul of hybridization solution con-
taining 5ul probe (50ng) was added to each section.
Hybridization was carried out overnight at 42 °C. After hybrid-
ization, the sections were washed with 2x SSC/0.1% SDS for
1h and with 0.5x SSC/0.1% SDS for 30 min at 55 °C. The sec-
tions were then treated with RNase A for 10 min at 37 °C to
remove non-hybridized probe followed by a final stringency
wash with 0.1x SSC/0.1% SDS for 30 min at 37 °C. Prior to im-
munological detection of hybridized probe, the sections were
blocked with 5% BSA in 0.1 M Tris, 0.15 M NaCl pH 7.5 contain-
ing 0.1% Triton X-100 for 30 min. Alkaline phosphatase-
labeled anti-digoxigenin antibody diluted 1:500 was then ap-
plied to the sections for 2 h, and the reaction was visualized
by incubating the sections with NBT/BCIP (Roche, Switzer-
land) overnight in the dark. The sections were counter-stained
with Mayer’s hematoxylin and mounted with Glycergel (Dako,
Denmark). Sense probes were applied to each case as negative
controls. For each in situ hybridization experiment, a positive
control case (human colon carcinoma known to contain TIMP-
1 mRNA) was included.

2.12. Immunohistochemistry

Paraffin sections (3 pm) were dewaxed in xylene and rehy-
drated through a graded series of ethanol. Antigen retrieval
was carried out by boiling the sections for 10 min in a conven-
tional microwave oven in 10 mM citrate buffer pH 6.00 fol-
lowed by 30 min in the hot buffer at room temperature. To
block endogenous peroxidase activity, the sections were
treated with 0.5% hydrogen peroxide in 99% ethanol for
10 min. Sections were incubated at 4 °C overnight with pri-
mary antibodies diluted to the following IgG concentrations:
0.25 ug/ml monoclonal anti-TIMP-1 antibody, clone VT7
(Moller et al., 2005) and 3.75 pg/ml monoclonal anti-a-smooth
muscle actin (2-SMA; Dako, Denmark). Anti-TIMP-1 antibody
was detected with HRP-labeled PowerVision Kit (ImmunoVi-
sion Technologies, Brisbane, CA, USA), and anti-a-SMA anti-
body was detected with HRP-labeled rabbit Envision (Dako,
Denmark). The reactions were in all cases visualized by incu-
bating the sections with 0.1% diaminobenzidine containing
0.02% H,0, for 5min. The sections were counter-stained
with Mayer’s hematoxylin. For each tissue sample a negative
control was performed on a serial section, where the primary
antibody was substituted by an irrelevant monoclonal anti-
body against trinitrophenyl hapten (TNP) (IgG; subtype) di-
luted to the same IgG concentration as the respective
primary antibodies. For each immunohistochemical

experiment, a positive control case (human colon carcinoma
known to contain TIMP-1) was included.

3. Results
3.1. RT-PCR

The TIMP-1 gene consists of six exons and the initial RT-PCR
screening of the cultured cell lines was carried out using a for-
ward primer in exon 1 and a reverse primer in exon 6 (Table 1
and Figure 1A). After detection of more than one PCR product,
indicating various splice variants, RT-PCR was performed us-
ingcombinations of primerslocated in two exons apart toiden-
tify any exon-skipping variants. All cell lines except EVSA-T
and CAMA-1 expressed more than one TIMP-1 transcript
(Figure 1A). These were identified as a variant lacking exon 2
(del-2) (Figure 1B), and in MDA-MB-231-BAG, MDA-MB-435-
BAG, PC-3 and EAHY-926 cells also a variant lacking exon 5
(del-5) (Figure 1C). The identification of full-length, del-2 and
del-5 transcripts was confirmed by sequencing. No variants
lacking exon 3 or 4 could be detected. MDA-MB-231-BAG,
MDA-MB-435-BAG and PC-3 cells also expressed additional
variants, which could not be identified by the single exon-skip-
ping analysis and were therefore not analysed further.

L 123456 78 9101112

D
263

134

Figure 1 - RT-PCR on cultured cell lines (A-C) and colon cancer
tissue samples (D). The following primer combinations were used.
Panel A: forward exon 1 and reverse exon 6; panel B and D: forward exon
1 and reverse exon 3; panel C: forward exon 4 and reverse exon 6. Full-
length TIMP-1 mRNA was detected in all cell lines (A, upper band at
648 bp), and all cell lines except EVSA-T and CAMA express more than
one transcript, most abundantly a second transcript of 515/519 bp
(lower band in A). RT-PCR with primers located in exon 1 and 3 shows
that all cell lines except EVSA-T and CAMA express del-2 variant (B,
lower band at 134 bp), and RT-PCR with primers located in exon 4 and
6 shows that MDA-MB-231-BAG, MDA-MD-435-BAG, EAHY-926
and PC-3 cell lines express del-5 variant (C, lower band at 127 bp). Both
full-length TIMP-1 and del-2 variant mRNA were detected in 11 of the
12 colon cancer tissue samples (D). L: 100 bp DNA ladder.
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Screening of the 12 colon cancer tissue samples revealed
both full-length and del-2 variant in 11 samples (Figure 1D).
In one of the samples no transcript could be detected when
the primer located in exon 1 was used. However, amplification
with both GAPDH primers and TIMP-1 primers other than the
one located in exon 1 revealed that there was TIMP-1 expres-
sion in this sample (data not shown). gPCR in which the
primer partly located in exon 1 (see below) was used, showed
that in this sample the del-2 variant was also expressed. The
results indicate that in this sample exon 1 is either partially
missing or the sequence located at the 5’ end is altered com-
pared to the other samples. No del-5 variant could be detected
in any of the 12 tissue samples.

3.2 qPCR

To detect full-length TIMP-1 transcript, the forward primer lo-
cated in exon 2 was combined with the reverse primer located
in exon 3 (Table 1). To detect only the del-2 transcript a forward
primer designed to anneal to the last 18 bases of exon 1 and
the first three bases of exon 3 (Table 1) was combined with a
reverse primer in exon 4.

In the 12 CRC samples, the mean relative expression level
of the del-2 variant compared to the full-length transcript

was 0.00802 (+0.00206 SD). This means that the variant is tran-
scribed at a level approx. 1/1000 of the full-length transcript.
The cancer cell lines generally displayed a higher level of
del-2 variant expression ranging from 0.0021 to 0.05.

3.3. Western blot analysis

Next, it was investigated if the splice variants detected by RT-
PCR and gPCR also generated a protein product detectable by
western blotting analysis. To analyse if the presence of differ-
ent transcripts results in different protein expression we
chose to analyse one cell line that only express full-length
TIMP-1 mRNA (EVSA-T), two cell lines that express both full-
length TIMP-1 mRNA and the del-2 variant (MCF-7S1 and
HL-60) and two cell lines that express both full-length TIMP-
1 mRNA, the del-2 variant and the del-5 variant. We also
included all three colon cancer cell lines to compare with the
tumor tissue. As shown in Figure 2A, all the tumor cell lines,
except for EVSA-T, expressed full-length TIMP-1 protein, al-
though at different levels of expression. The anti-TIMP-1 anti-
body recognized two bands around 24 kDa in the positive
controls and in the tumor cell lines, probably representing gly-
cosylation variants of full-length TIMP-1. Below full-length
TIMP-1 additional bands were detected, in particular, in
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Figure 2 — Detection of TIMP-1 and alternative TIMP-1 products in cancer cell lines (A), lysates of tumor samples from CRC patients (B) and in
plasma from CRC patients (C). Equal amounts of protein were separated by SDS-PAGE, and TIMP-1 was subsequently detected with a monoclonal
anti-TIMP-1 antibody (VT7). Low control, platelet lysate (contains high TIMP-1 protein levels) and recombinant human (th) TIMP-1 serve as

controls. The plasma samples are representative of a total of 12 samples analysed. The experiment was repeated once with similar results.
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PC-3, DLD-1, LoVo and LS 174T cell lines. When tumor tissue
extracts from CRC patients were analysed for presence of
TIMP-1 protein, additional bands were detected below full-
length TIMP-1in tissue sample 1, 3 and 6 (Figure 2B). Both cells
and tumor extracts were lysed in a buffer containing a cocktail
of protease inhibitors minimizing the risk of break-down
products, and therefore the alternative products may repre-
sent splice variants. When plasma samples from CRC patients
were analysed by western blotting no alternative TIMP-1
products were detected (Figure 2C).

3.4. ELISA

ELISA detecting the amount of total TIMP-1 protein was per-
formed on both plasma samples and tumor tissue extracts.
The results are displayed in Table 2. Compared with a control
plasma pool, it is evident that all the plasma samples from
CRC patients displayed an elevated level of TIMP-1 protein
(mean 326.4 + 163.4 ng/ml), supporting our previous reports
(Holten-Andersen et al., 2000, 2002b). In the tumor tissue sam-
ples, the mean concentration of TIMP-1 was 18.6 + 9.3 ng/mg

of protein. In order to evaluate if the tumor extract levels
were elevated we would need to compare with a matched
sample of normal colon tissue, which unfortunately was not
available for this study. There was no obvious correlation be-
tween TIMP-1 levels in plasma samples and tumor extracts.
As TIMP-1 levels in the tumor tissue samples are likely to re-
flect the amount of tumor tissue/invasive front present in
the sample, we evaluated histopathologically a section taken
from the middle part of each biopsy. However, there was no
apparent correlation between TIMP-1 levels in the tumor ex-
tracts and the relative area of neoplastic cells in the corre-
sponding tissue sections (Table 2).

3.5. Localization of TIMP-1 mRNA and protein

TIMP-1 full-length mRNA expression was detected in nine of
the 12 colon cancer samples by in situ hybridization. The pos-
itive signal was seen in single cells located adjacent to tumor
cells. The cells were elongated and resembled in all cases fi-
broblasts (Figure 3A and C). No signal was observed in tumor
cells in any of the samples. The specificity of the in situ
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Figure 3 — TIMP-1 expressions in colon cancer. Serial sections from a colon adenocarcinoma were hybridized with antisense or sense probes for full-
length TIMP-1 (A, C, D) or exon 2 splice variant of TIMP-1 (B). Full-length TIMP-1 mRNA is seen in fibroblast-like cells localized in the stroma (St)
adjacent to the cancer cells (Ca) with similar hybridization patterns seen with two non-overlapping antisense probes (transcribed from pTIMP-1 01
and 02) (arrows in A and C). The exon 2 variant of TIMP-1 mRNA is detected in some of the same fibroblast-like cells seen in a parallel section (arrows
in B). No signal is detected with a sense probe corresponding to the antisense probe shown in panel A (D). Scale bar: A-D = 50 pm.
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hybridization signal was evaluated using probes transcribed
from two non-overlapping fragments of TIMP-1 cDNA. In all
nine positive samples, the two non-overlapping antisense
probes gave identical hybridization patterns (Figure 3A and
C), while no specific signal was seen with the two correspond-
ing sense probes (Figure 3D). The intensity of the hybridization
signal was generally weaker than the signal observed in the
positive control tissue, possibly due to differences in fixation
procedure. The 12 colon cancer samples were also hybridized
with a specific antisense probe against the TIMP-1 del-2 splice
variant, and very weak signal was observed in two of the sam-
ples. However, a stronger signal was seen in the control tissue,
where the positive cells co-localized with a proportion of cells
expressing full-length TIMP-1 mRNA (Figure 3B).

TIMP-1 protein was detected in all 12 colon cancer samples
by immunohistochemistry using a monoclonal antibody
against human TIMP-1. This antibody recognizes a linear epi-
tope located in the C-terminal end of TIMP-1 translated from
part of exon 6 (Moller et al., 2005). Intense positive immunos-
taining was seen in fibroblast-like cells in all samples

(Figure 4B), and in addition tumor cells also showed weak
staining in nine of the 12 samples investigated. No staining
was observed in any of the samples when the primary anti-
body was replaced by an irrelevant control antibody against
TNP (Figure 4D).

There was a good correlation between TIMP-1 immunohis-
tochemistry and in situ hybridization for full-length TIMP-1
mRNA performed on serial sections (Figure 4A and B). The pos-
itive cells were further characterized by immunostaining with
a monoclonal antibody against «-SMA. On serial sections,
TIMP-1 mRNA and protein positive cells co-localized with
a sub-population of «-SMA positive cells (Figure 4A-C), indi-
cating that the TIMP-1 expressing cells are smooth muscle
cells or myofibroblasts.

4. Discussion

By screening tumor tissue from 12 patients suffering from
colorectal cancer and a panel of human cancer cell lines,

Figure 4 — Identification of TIMP-1 positive cells in colon cancer. Serial sections from a colon adenocarcinoma were processed for in situ
hybridization with TIMP-1 antisense probe 01 (A), or immunostained with monoclonal antibodies against TIMP-1 (B) or a-SMA (C). TIMP-1
mRNA expressing cells (arrows in A) are seen the stroma (St) with no signal observed in the cancer cells (Ca), and immunoreactivity for TIMP-1 is

detected in the same cells (arrows in B). TIMP-1 mRNA and protein co-localize with a sub-population of a-SMA positive cells, as seen on an

adjacent section (arrows in C). No immunoreactivity is seen when the primary antibody is substituted with an irrelevant antibody against TNP (D).

Scale bar: A-D = 50 pm.
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Figure 5 — Schematic representation of full-length and alternatively
spliced TIMP-1. Exons are numbered from 1 to 6 and translated
regions are shown in grey. White boxes indicate untranslated regions.
Translation initiation sites are marked by black arrow and ATG. The
corresponding translated proteins are shown underneath the mRNAs
and the theoretical size is marked with number of amino acids (aa).
The signal peptide sequences are shown as black boxes at the
N-terminal end of full-length TIMP-1 and del-5 variant. The
translation initiation site in del-2 TIMP-1 is shifted from exon 2 to
exon 3, which results in a shorter protein lacking the signal peptide. A
theoretical translation of the del-5 variant results in a protein
consisting of 136 aa due a shift in reading frame of the exon 6

sequence.

we have, in addition to full-length TIMP-1 mRNA, identified
two exon-skipping splice variants. In most cell lines and in
all the cancerous tissue samples we detected a variant of
TIMP-1 lacking exon 2 (del-2), and in a few of the cell lines
a variant lacking exon 5 (del-5). The observed splice variants
were all sequenced, confirming that they represented TIMP-
1 transcripts.

In full-length TIMP-1 mRNA the translation is initiated
from the first ATG site in exon 2. Sequence analysis of infor-
mation on the del-2 variant (Ensembl gene report
OTTHUMGO00000021447) revealed that the most likely initia-
tion site containing part of the Kozak consensus sequence
(Kozak, 1987) is located at the end of exon 3 (Figure 5). This
does not change the reading frame, but results in a shorter
protein (143 amino acids) lacking the signal peptide sequence,
which directs full-length TIMP-1 to the secretory pathway.
Thus, this variant, if translated, is probably a soluble, intracel-
lular protein. In the del-5 variant, any translation initiation is
likely to start at the same ATG site in exon 2 as full-length
TIMP-1. However, a theoretical translation (ExPASy transla-
tion tool) gives a shift in the reading frame of the exon 6 se-
quence with an introduction of a new stop codon, which
would result in a protein consisting of 136 amino acids
(Figure 5). Full-length TIMP-1 is N-glycosylated at position 53
and 101 (Gomez et al., 1997), and although the second site is
retained in the shorter del-2 variant, it is unlikely to be ex-
posed to the N-glycosylation machinery because of the lack
of signal peptide, and thus may not be glycosylated in vivo. Al-
though residues throughout the TIMP-1 molecule are involved
in inhibition of MMPs, the main inhibitory activity has been
assigned to the N-terminal end of the molecule (Murphy
et al,, 1991), more specifically to a region surrounding the

second disulfide knot (Bodden et al., 1994). Part of this region
is missing in a putative del-2 variant of TIMP-1, which may
therefore have compromised MMP inhibitory activity. The
del-5 variant of TIMP-1 is more likely to retain its inhibitory
activity.

By performing western blotting analyses on the tumor tis-
sue samples, we could in addition to full-length TIMP-1 dem-
onstrate additional TIMP-1 bands of lower molecular mass.
However, these extra products are absent in the plasma sam-
ples suggesting that they could represent the exon 2 variant,
which if translated would not be secreted into the circulation
because of the lacking signal peptide. Even though the del-2
mRNA transcript was expressed in all the analysed cell lines
(except EVSA-T) we were only able to detect additional
TIMP-1 bands of lower molecular mass in the PC-3, DLD-1,
LoVo and LS 174T cell lines. The western blot analysis shows
different levels of TIMP-1 in the cell lines and we could only
detect the additional TIMP-1 band in cells with high expres-
sion of the full-length TIMP-1 protein. The additional TIMP-1
bands could therefore be present in the other cell lines as
well, however, below detection level. This is further supported
by the finding that the del-2 variant mRNA is expressed at
a much lower level than full-length TIMP-1 mRNA.

When we quantified the total level of TIMP-1 protein by us-
ing a thoroughly validated ELISA assay, there was no correla-
tion between tumor extracts and plasma either. This,
however, could be explained by the fact that a tumor extract
only represents a small part of the whole tumor, not necessar-
ily from the invasive front, where we have previously demon-
strated that the TIMP-1 expressing fibroblast-like cells are
localized (Holten-Andersen et al., 2005). These fibroblast-like
cells are in this study further characterized as myofibroblasts
or smooth muscle cells and are now shown to also express the
del-2 variant, although at a much lower level than full-length
TIMP-1, which is in agreement with our qPCR data.

The paradox of raised levels of inhibitors of tissue-degrad-
ing enzymes in advanced disease is well-described, but little is
known about the biology of this phenomenon. High levels of
TIMP-1in the circulation and in tumor extracts may simply re-
flect the raised levels of MMPs, but there is increasing data de-
scribing tumor-promoting activities of TIMP-1 independent of
MMP inhibition, including inhibition of apoptosis. It is possible
that different variant forms of TIMP-1 are responsible for the
diverse and contrasting functions of the protein, similarly to
what have been found for other cancer-related proteins
(Venables, 2006). A further investigation of this requires ex-
pression and characterization of the variant forms of the
protein.

The prognostic value of TIMP-1 has been described at both
mRNA and protein level. In breast cancer, however, the mRNA
data are somewhat conflicting. One semi-quantitative study
has shown an inverse correlation between high level of
TIMP-1 expression and lymph node metastasis (Inoue et al.,
2000), whereas other investigators have found high TIMP-1
mRNA levels to be correlated with poor prognosis (Nakopou-
lou et al., 2002; Ree et al., 1997). However, Span et al. (2004)
found no association between levels of full-length TIMP-1
mRNA and disease progression, when measured by a quantita-
tive RT-PCR assay. At the protein level, high TIMP-1 has re-
peatedly proved to be a marker of poor prognosis in both
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colorectal and breast cancer (Holten-Andersen et al., 2002b;
Schrohl et al., 2003, 2004; Waas et al.,, 2005; Wurtz et al.,
2005), making measurements of TIMP-1 protein more attrac-
tive in the clinical setting. The development of quantitative
assays specific for full-length and del-2 variant of TIMP-1
may improve the prognostic and predictive value and is useful
in the management of cancer patients.
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