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Down-regulation of TIMP-1 inhibits cell migration, invasion,
and metastatic colonization in lung adenocarcinoma
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Abstract Tissue inhibitor metalloproteinase-1 (TIMP-1) is
clinically associatedwith a poor prognosis for various cancers,
but the roles of TIMP-1 in lung cancer metastasis are contro-
versial. Our previous secretomic study revealed that TIMP-1
is highly abundant in high invasiveness cells of lung adeno-
carcinoma. In the current study, TIMP-1 abundances in

primary lung adenocarcinoma tissues, as revealed by immu-
nohistochemistry, are significantly higher in patients with
lymph invasion and distant metastasis than in those without.
Receiver operating characteristic curve analyses suggest 73.7
and 86.2 % accuracy to separate patients with lymph node and
distant metastasis and those without, respectively. Moreover,
we demonstrate that the expression level of TIMP-1 positively
associates with cell mobility, invasiveness, and metastatic col-
onization. Most notably, the novel mechanism in which
TIMP-1 facilitates metastatic colonization through the media-
tion of pericellular polyFN1 assembly was revealed. In sum-
mary, this study presents novel functions of TIMP-1 in pro-
moting cancer metastasis and suggests TIMP-1 is a potential
tissue biomarker for lymph invasion and distant metastasis of
lung adenocarcinoma.
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Introduction

Lung cancer is one of the most serious threats to human health
worldwide. Non-small cell lung cancer (NSCLC) accounts for
approximately 85% of all cases. Among the histological types
of NSCLC, lung adenocarcinoma is the most common.
Metastasis and recurrence are the leading cause of death in
patients with lung cancer. About 90 % of lung cancer patients
die from tumor metastasis. Overall, less than 10 % of people
with primary lung cancer survive 5 years after diagnosis.
However, 5-year survival rates can be as high as 35–
40 % for those who have localized lung cancer removed
in its early stage [1]. Thus, an in-depth study of molec-
ular mechanisms in lung cancer invasion and metastasis
is of immediate importance.
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A family of tissue inhibitors known as metalloproteinase
(TIMP) are extracellular proteins with four identified mem-
bers (TIMP-1, TIMP-2, TIMP-3, and TIMP-4) to date. TIMP-
1 is highly expressed by glandular cells in reproductive sys-
tems and is also known as fibroblast collagenase inhibitor and
erythroid-potentiating activity (EPA) protein [2–4]. It is a
28.5-kDa glycoprotein and one of the endogenous inhibitors
of matrix metalloproteinases (MMPs), the latter being en-
zymes involved in degradation of the extracellular matrix
(ECM) and can promote cancer progression [5]. Given the
role of MMPs in degrading matrices and thus promoting me-
tastasis, TIMP-1 has been deemed a suppressor of tumor ma-
lignancy [6, 7]. TIMP-1 has been studied for its clinical ex-
pression in tissue specimens and plasma. There are many pub-
lished results that have shown that higher expression levels of
TIMP-1 appear in advanced or during aggressive stages of
cancer and are associated with low chances of survival among
patients with breast, gastric, colorectal, prostate, endometrial
cancer, as well as NSCLC [8–13]. Interestingly, high expres-
sion levels of TIMP-1 could inhibit cancer progression, since
TIMP-1 would be expected to inhibit MMP-facilitated break-
down of the ECM and basement membranes. However, the
clinical results demonstrate distinct findings. One explanation
for the high levels of TIMP-1 observed in the most aggressive
tumors is that TIMP-1 may carry several MMP-independent
functions that facilitate cancer cell progression [14, 15]. For
instance, TIMP-1 could inhibit apoptosis by stimulating the
Akt, FAK/PIK-3, or MAPK signaling pathway [16, 17] and
regulate cell proliferation [18–20]. Additionally, the number
of F-actin stress fibers and focal adhesions will be reduced as
TIMP-1 causes both FAK (pY397) and paxillin to dephos-
phorylate. Likewise, phosphorylation of FAK will be re-
duced and cell migration will be inhibited when PTEN
expression is stimulated by TIMP-1 [18]. More evidences
have been studied that verify TIMP-1 could promote an-
giogenesis, invasion, and metastasis [19–23]. The role of
TIMP-1 in cancer progression is very perplexing. These
MMP-independent functions of TIMP-1 may be directly
involved in the spread of cancer cells and eventually lead
to the death of cancer patients.

In lung cancer, TIMP-1 has been shown as a potential
prognostic marker in NSCLC tissue specimens [12, 24].
However, the functions of TIPM-1 in lung adenocarcinoma
metastasis are still not fully confirmed. According to the pre-
vious findings of our secretome proteomics data, we found
that TIMP-1 was up-regulated in a high invasiveness cell line
(CL1-5) compared to a low invasiveness cell line (CL1-0) [25,
26]. In this study, the clinical examination and in vitro and
in vivo functional assays were utilized to investigate the func-
tions of TIMP-1 in lung adenocarcinoma metastasis. The re-
sults showed that the expression levels of TIMP-1 were sig-
nificantly increased in patients with lymph node and/or distant
metastasis. Moreover, functional assays affirmed that TIMP-1

could positively influence cell migration, invasion, and colo-
nization, but not proliferation.

Materials and methods

Cell lines and culture

The poorly differentiated adenocarcinoma cell lines CL1-0
and CL1-5 were provided by Dr. P.-C. Yang (Department of
Internal Medicine, National Taiwan University Hospital,
Taipei, Taiwan, R.O.C) [27] and cultured at 37 °C with 5 %
CO2 in RPMI 1640 media supplemented with 10 % fetal bo-
vine serum (FBS) (Gibco BRL, Gaithersburg, MD), 1 % pen-
icillin (Invitrogen, Carlsbad, CA), and 2 g/L NaHCO3. CL1-0
and CL1-5 cells showed low and high invasiveness, respec-
tively, according to previous research in which the migration
protein marker, vimentin, matrigel invasion assays, and lung
colonization assays were used [27]. The samples of cell lysate
and conditioned medium (CM) were collected according to
the previous study [25].

Western blot

SDS-PAGE (12 % gel) was used to separate the CM and cell
extract samples (30–50 μg). When transferring the proteins to
a PVDF membrane, iBlot (Invitrogen, Carlsbad, CA) was
used in accordance with the manufacturer’s protocol. The
membrane was placed in a 5 % nonfat milk solution for 1 h
at room temperature. Then, anti-TIMP-1 antibody (Epitomics,
Burlingame, CA, USA) at 1:1,000 dilution was probed on the
membranes overnight (4 °C). The membranes were then
washed with Tris-buffered saline and Tween-20 (TBST) three
times before being incubated with horseradish peroxidase-
conjugated secondary antibody (goat anti-rabbit IgG) for 1 h
at room temperature (Sigma-Aldrich, St. Louis, MO). Before
the membranes were developed using enhanced chemilumi-
nescence detection, they were washed with TBST five more
times.

Tissue microarray and immunohistochemistry

Patients were selected if lung adenocarcinoma was their pri-
mary diagnosis, they had no prior history of cancer, and they
received surgery as their first treatment. The testing samples
were obtained from their surgery. The lung adenocarcinoma
tissue samples were provided by the tissue bank of National
Cheng Kung University Hospital from 2003 to 2009. All of
the patients who provided tumor tissue specimens gave writ-
ten informed consent in accordance with the rules and require-
ments of National Cheng Kung University Hospital’s ethics
committee. The tissue microarray (TMA) slides were pur-
chased from the tissue bank of hospitals. Each tissue specimen
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was sampled in replicate by sampling tumor tissue cores
(1.0 mm in diameter). Immunohistochemistry (IHC) was per-
formed on 4-μm-thick formalin-fixed paraffin-embedded sec-
tions. Rabbit anti-human TIMP-1 polyclonal antibody (1:100
dilution, Spring bioscience) was used as the primary antibody.
The procedures were done with the Bond-Max Automated
IHC stainer (Leica Biosystems Newcastle Ltd, Australia) ac-
cording to the following protocol. Tissues were deparaffinized
with xylene and pre-treated with the Epitope Retrieval
Solution 1 (citrate buffer, pH 8.5) at 100 °C for 30 min,
followed by hydroperoxide blocking for 5 min using the
Bond Polymer Refine Detection Kit (Leica Biosystems
Newcastle Ltd, UK). The primary antibody was incubated at
room temperature for 30 min. Subsequently, tissues were in-
cubated with polymer at room temperature for 8 min then
developed with 3,3′-diaminobenzidine chromogen for
15 min. Counterstaining was carried out with hematoxylin.
Image analysis of TIMP-1-positive cells was further quanti-
fied using the TissueFaxs microscopy system with the
HistoQuest software module (TissueGnostics, Vienna,
Austria).

TIMP-1 knockdown and overexpression

The siRNA of TIMP-1 was purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). The siRNA transfection
process was performed in accordance with the manufacturer’s
instructions. CL1-5 cells (3×105) were seeded in a six-well
plate with 2 mL antibiotic-free RPMI 1640 with 10% FBS for
over 24 h. A half microgram of TIMP-1 siRNA or scramble
control siRNA was mixed with 6 μL of siRNA transfection
reagent and 100μL of siRNA transfectionmedia. The mixture
was carefully overlaid onto cells for 6 h before replacing with
RPMI 1640with 10% FBS. TIMP-1 overexpression in CL1-0
cells was achieved by transient transfection with TIMP-1 plas-
mids (human gene BC000866, OriGene Technologies, Inc.,
Rockville, MD, USA) using TurboFect transfection reagent
following the manufacturer’s instructions (Thermo Fisher
Scientific Inc., Huntsville, AL, USA). Briefly, 70 % confluent
CL1-0 cells seeded in six-well plates were transfected with
4 μg of plasmid DNA or control plasmid DNA mixed with
12 μL of TurboFect transfection reagent in a 100 μL serum-
free medium. The mixture was overlaid onto the cells in RPMI
1640 with 10 % FBS.

Cell growth test

When evaluating the direct effect of TIMP-1 knockdown and
overexpression on cancer cell growth in vitro, cell counting
and 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium
bromide (thiazolyl blue, MTT) assay were performed. In the
cell counting experiment, 3×105 cells were seeded in a six-
well plate and cells were harvested after 24 h of siRNA or

plasmid DNA treatments. Trypan blue was used for viable cell
counting. For the MTT assay, a 96-well plate was used, and
the cells were seeded at a concentration of 1×103 cells per
well. The cells were incubated for 24 h before being treated
with siRNA or plasmid DNA. After 24 h, 2 μL of MTT
(10 mg/mL) was added to each well and incubated for 3 h at
37 °C. The cells were lysed with 100 μL of dimethyl sulfox-
ide. Microplate photometers measured the absorbance at
595 nm (Thermo Fisher Scientific Inc., Waltham, MA,
USA). The cell growth of each group was monitored every
24 h for 72 h.

Cell wound healing, transwell migration, and matrigel
invasion assays

Cells were seeded on a plate with an ibidi Culture-Insert
(Applied BioPhysics, Inc., Troy, NY, USA), which was re-
moved after 12 h for initiation of the cell wound healing assay.
Images of the gap were taken at 0, 12, and 24 h at the same
position. Cell transwell migration was performed in BD Falcon
multi-well insert systems with 8 μm pores (BD Biosciences,
San Jose, CA, USA). Cells (1×105) seeded in the upper wells in
serum-free mediumwere induced to migrate to lower chambers
in which completed medium with 10 % FBS was filled. After
24 h, the cell counts in lower chambers were collected from six
different fields per filter after methanol fixation and Giemsa
staining. For invasion assays, BD Falcon multiwell insert sys-
tems with 8 μm pores were coated with 2 mg/mL BDMatrigel
basement membrane matrix (BD Biosciences, San Jose, CA,
USA) before seeding cells (1×105). The following steps were
the same as those of the transwell migration assay.

Lung colonization

CL1-5 cells transfected with scramble or TIMP-1 siRNAwere
incubated in suspension for 2 h in 20 % FBS media followed
by a 20-min treatment of myelin basic protein (MBP) and
soluble truncated dipeptidyl peptidase IV (DPP IV) [28].
The cell suspensions (2×106 cells in 200 μL RPMI 1640 base
medium) were subsequently injected into the lateral tail vein
of 8-week-old nude mice, which were sacrificed after 8 weeks
to remove and fix the lungs with 3.7 % formalin. Five mice in
each group were used, and the representative lung tumors
were embedded in paraffin, sectioned into 4-mm layers, and
stained with hematoxylin and eosin (H&E) for histologic
analysis.

Pericellular fibronectin assembly and flow cytometry

Pericellular fibronectin assembly was induced by incubating
trypsinized cells in suspension with 20 % FBS media for 2 h at
37 °C [4]. After being washed with PBS, cells were incubated
with FN1 antibody (Sigma-Aldrich, St. Louis, MO, USA),
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diluted 1:600 in PBS-1 % BSA for 1 h at 4 °C, followed by
fluorescein isothiocyanate-conjugated secondary antibody in
PBS with 1 % BSA for 1 h at 4 °C, and fixed in 2 % para-
formaldehyde in PBS. Fluorescence-activated cell sorting
(FACS) was performed to quantify polymeric FN (polyFN)
on the cell surface using Coulter Epics Profile (FACSCalibur,
BD Biosciences, San Jose, CA, USA). Non-immune serum
was used in this assay as a negative control, replacing the
primary antibody, to evaluate the nonspecific fluorescence
signal.

Statistical analysis

Statistical analyses were performed using SPSS 18.0 (SPSS
Inc., Chicago, IL). A statistically significant p value less than
0.05 was required for the two-tailed tests. All experiments
were performed in biological triplicate, and the results are
shown as the mean±S.D. The nonparametric Mann–
Whitney U test was employed to analyze all of the differ-
ences between groups.

Results

Clinical expression levels of TIMP-1 in lung adenocarcinoma
tissues

TIMP-1 was found up-regulated in the advanced stages of
various kinds of cancer tissues. Here, TIMP-1 expression
levels in lung adenocarcinoma and its associations with clin-
ical features were investigated. Table 1 exhibits the TIMP-1
IHC results concerning the correlation of several clinical path-
ologic factors with the expression level of TIMP-1 among 85
tissue specimens. No significant correlations were found
among age, sex, or the tumor size. The expression levels of
TIMP-1 were significantly correlated with lymph node metas-
tasis and distant metastasis (Table 1 and Fig. 1a).

TIMP-1 expression levels were highly increased in patients
with lymph node metastasis and distant metastasis compared
to patients without. Receiver operating characteristic (ROC)
curve analyses were used to evaluate the separate efficacy of
patients with or without lymph node or distant metastasis.
When evaluating lymph node metastasis, the area under the
ROC curve (AUC) was determined to be 73.7 % (95 % CI,
0.62–0.84) for TIMP-1 (Fig. 1b). When the cutoff point gray
value was chosen as 28.3, sensitivity and specificity values
were 71.4 and 75.7 %, respectively. To assess if TIMP-1 can
serve as a distant metastasis biomarker, the AUC was deter-
mined to be 86.2 % (95 % CI, 0.52–0.92) with 75.0 % sensi-
tivity and 63.6 % specificity, when a cutoff of TIMP-1 gray
value was set at 32.67 (Fig. 1c).

TIMP-1 mediates lung adenocarcinoma cancer cell migration
and invasion in vitro

In order to investigate whether TIMP-1 could influence cell
behavior in metastasis processes, TIMP-1 protein was either
specifically knocked down in the high invasiveness cell line
(CL1-5) by siRNA (Fig. 2a) or over-expressed by transient
transfection with TIMP-1 plasmid in the low invasiveness cell
line (CL1-0) (Fig. 3a). The protein level was validated in both
cell lysate and conditioned media (CM) using western blots;
since TIMP-1 is a secretory protein, the protein was abundant
in CM but barely detectable in cell lysates. We found that
knocking down TIMP-1 significantly impaired the cell wound
healing process in CL1-5 cells (Fig. 2b), while TIMP-1 over-
expression enhanced the efficiency of wound closure in CL1-
0 cells (Fig. 3b). Likewise, TIMP-1 siRNA reduced the num-
ber of migrating CL1-5 cells by 62.3 % (Fig. 2c), and overex-
pression of TIMP-1 increased CL1-0 migration by 1.75-fold
in the transwell migration assay (Fig. 3c). We further assessed
the invasive potential of TIMP-1 knockdown or over-
expressed cells and found that TIMP-1 knockdown inhibited
CL1-5 cell invasion through matrigels by 90.9 % (Fig. 2d),
and exogenous TIMP-1 expression increased CL1-0 invasion
by 3.2-fold (Fig. 3d). In addition, cell counting andMTTassay
data revealed that TIMP-1 did not influence cell growth/
number as the confounding factor when evaluating cell migra-
tion and invasion assays (Figs. 2e, f and 3e, f). Taken together,
these cell-based results suggest that TIMP-1 expression is

Table 1 TIMP-1 abundance determined by immunohistochemistry in
the tissue sections of primary lung adenocarcinoma

Variable No. of patients (%) Gray values
(mean±S.D.)

p values

Age

<60 36 (42) 29.24±14.23 0.439
≥60 49 (58) 27.70±10.39

Gender

Male 33 (38) 27.61±11.78 0.295
Female 52 (62) 30.18±9.44

Overall malignant tumors (TNM) stage

I+II 50 (59) 27.29±8.75 0.219
III+IV 35 (41) 30.49±13.39

Tumor size

T1+T2 67 (79) 28.73±11.22 0.966
T3+T4 18 (21) 28.16±10.13

Lymph node metastasis

Negative 37 (44) 23.63±9.34 <0.01
Positive 48 (56) 32.02±12.84

Distant metastasis

Negative 77 (91) 26.96±9.16 <0.01
Positive 8 (9) 44.44±14.53
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Fig. 1 TIMP-1 abundance in
tissue is associated with the
metastasis of primary lung
adenocarcinoma. a
Immunohistochemical staining of
TIMP-1 in tissue sections from
lung adenocarcinoma patients of
indicated stages. b, c ROC curve
analyses of TIMP-1 as a lymph
invasion and distant metastasis
biomarker, respectively

Fig. 2 TIMP-1 knockdown in CL1-5 cells impaired cell mobility and
invasiveness. a TIMP-1 siRNA substantially reduced TIMP-1 abundance
in the cell extract (CE) and conditioned media (CM) as shown by western
blotting with indicated antibodies. Approximately, 55 and 87% of TIMP-
1 levels were knocked down in CE and CM, respectively. Equal amounts
of each CM sample with coomassie blue staining were used as loading

controls. b TIMP-1 siRNA prohibited CL1-5 cell migration in the cell
wound healing assay. c, d TIMP-1 siRNA significantly reduced the
number of transwell migrated and invaded cells, respectively. e MTT
assay. f Trypan blue cell counting. No significant differences were
shown between scramble siRNA and TIMP-1 siRNA groups from 24 to
72 h. N.S. means no significance

Tumor Biol. (2015) 36:3957–3967 3961



sufficient and necessary to promote the migration and inva-
sion of lung adenocarcinoma cells.

Down-regulation of TIMP-1 expression inhibited metastatic
colonization in vivo

To further identify the role of TIMP-1 in the metastasis of lung
adenocarcinoma in vivo, an experimental metastasis model
was further applied to determine if TIMP-1 participates in
tumor colonization. The size of colonized lungs for the group
in which TIMP-1 synthesis was knocked down in CL1-5 cells
by siRNA was significantly reduced as compared to that of
scramble siRNA-treated CL1-5 (Fig. 4a, left). For each ex-
cised lung, pulmonary tumor nodules (>0.5 mm) revealed by
hematoxylin and eosin stains were counted. The average num-
ber of pulmonary nodules from five animals injected with
scramble siRNA- or TIMP-1 siRNA-treated CL1-5 cells was
539.4 and 204.2, respectively (p<0.05) (Fig. 4a, right). The

H&E staining of the tissue sections further confirmed the re-
duction of cancerous cells by TIMP-1 knockdown (Fig. 4b).

Metastatic colonization was mediated by pericellular
polymeric FN assembly on suspended CL1-5 lung
adenocarcinoma cells

Malignant cancer cells acquire the ability to reside in the
secondary site as a metastatic tumor. According to our
previous findings, pericellular polyFN is required for
suspended CL1-5 cells to colonize the lungs. They do this
by adhering to DPP IV on the cell surface of lung capil-
lary endothelia to complete colonization [25]. We assumed
that TIMP-1 might facilitate colonization through the reg-
ulation of pericellular polyFN assembly. Suspended CL1-5
cells treated with scramble siRNA were capable of assem-
bling globular polyFn on the surface as shown by immu-
nofluorescence staining and flow cytometry (Fig. 4c, upper
panel). However, TIMP-1 siRNA substantially reduced the

Fig. 3 TIMP-1 overexpression in CL1-0 cells up-regulates cell mobility
and invasiveness. a Transient transfection with TIMP-1 plasmids in CL1-
0 cells substantially enhanced TIMP-1 protein abundance in the cell
extract (CE) and conditioned media (CM), as shown by western
blotting with indicated antibodies. The expression level of TIMP-1
exceeded that of the control by approximately 79 % in CE and the level
in CM is apparent after over-expression. Equal amounts of each CM

sample with coomassie blue staining were used as loading controls. b
Exogenous TIMP-1 expression elicited CL1-0 cell migration in the cell
wound healing assay. c, d Exogenous TIMP-1 expression provoked
transwell migrated and invaded CL1-0 cells, respectively. e MTT assay.
f Trypan blue cell counting. No significant differences were shown
between scramble siRNA and TIMP-1 siRNA groups from 24 to 72 h.
N.S. means no significance
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population of cells that assembled pericellular Fn from
76.14 to 22.80 % (Fig. 4c, lower panel). In summary,
these findings imply that it is likely TIMP-1 plays a role
in facilitating metastatic colonization through the coordina-
tion of cell surface polyFn assembly.

TIMP-1 positively modulates MMP-2 expression in invasive
cells

To understand whether TIMP-1 is involved in the MMP-
dependent pathway of invasive cells, the MMP-2 and MMP-
9 protein levels in CMwere studied as TIMP-1 knocked down
CL1-5. The MMP-2 and MMP-9 protein levels were
inspected in our own cell model. As shown in Fig. 5a, com-
pared to CL1-0, higher levels of TIMP-1 and MMP-2 were
discovered in CL1-5 CM, but not MMP-9. Once the TIMP-1

was knocked down in CL1-5, the MMP-2 level was signifi-
cantly down-regulated (Fig. 5b).

Discussion

Cancer metastasis is a convoluted process. During metastatic
progression, tumor cells go through several critical steps, in-
cluding uncontrolled growth in the primary site, local inva-
sion, intravasation, survival in circulation, extravasation, and
eventually colonize, survive, and thrive in the secondary or-
gans of distant tissues [29]. Unfortunately, the mechanisms
that drive these metastatic processes are still being explored.
Therefore, the effective diagnosis and treatments for lung
adenocarcinoma metastasis are restricted by our limited

Fig. 4 TIMP-1 facilitates
metastatic colonization. a (Left)
The size of colonized lungs was
reduced when TIMP-1 siRNA
was applied to CL1-5 cells before
being intravenously injected into
mice. (Right) The number of
visible nodules in excised lungs
was decreased by TIMP-1 siRNA
treatment. b H&E staining of the
represented lung sections. c Cells
labeled by immunofluorescence
staining of fibronectin was
subjected to microscope imaging
(left) and flow cytometry (right),
showing that fibronectin
assembly on the surface of CL1-5
cells was reduced by TIMP-1
siRNA
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knowledge, which leads further ineffective prognoses and
high mortality rates among lung adenocarcinoma patients.

TIMP-1 is a naturally occurring inhibitor of the MMPs
involved in tissue invasion, angiogenesis, cell growth, and
apoptosis [30–34]. It has generally been considered a negative
regulator of cancer metastasis [35–38]. As its name suggests,
one of TIMP-1’s major functions is inhibiting cancer cell mi-
gration and invasion abilities by proteolysis of matrix metal-
loproteinases, which are capable of degrading all kinds of
extracellular matrix proteins to promote cell invasion, such
as MMP-2 and MMP-9 [31, 39]. Previous studies revealed
that the up-regulation of TIMP-1 could reduce MMP-9 acti-
vation and therefore suppress tumor invasiveness and meta-
static potential in breast, colon, and lung cancer [31, 40, 41].
However, there is increasing evidence that suggests TIMP-1 is
multifunctional [5, 22, 42]. It plays a role not only as an in-
hibitor but also a promoter in metastasis. For instance, re-
search has found that TIMP-1 has both MMP-dependent and
MMP-independent pathways to differentially regulate metas-
tasis processes [17, 18, 20, 31, 39]. Also, the balance between
TIMP andMMP is a critical factor in triggering different steps
of metastasis [20]. Clinical significance also exists in that
higher TIMP-1 levels reflect advanced stages in various can-
cers [8–13, 40, 43]. Moreover, the presence of TIMP-1 creates
a negative effect on the body as increased levels have been
associated with poorer responses to chemotherapy and lower
survival rates [44–48].

In previous research, a high concentration of TIMP-1 se-
creted by cancer cells has been connected with malignant
progression in several cancer cell lines [22, 49–51].
Additionally, a previous study illustrated that TIMP-1 pro-
motes cancer progression and the accumulation of cancer-
associated fibroblasts that in turn provide a pro-tumor micro-
environment [52]. TIMP-1 significantly reduced apoptosis in-
duced by promyelocytic leukemia zinc finger protein (PLZF)
in cervical carcinoma cells [53]. TIMP-1 can elicit an HIF-1-
induced stress response and lead to increased metastasis [54].
TIMP-1 promotes liver metastasis in two independent tumor

models by inducing the hepatocyte growth factor (HGF) sig-
naling pathway and via the expression of several metastasis-
associated genes, including HGF and HGF-activating prote-
ases [22]. John and coworkers found that a matrix-bound ad-
hesive glycoprotein, thrombospondin-1 (TSP-1), is not only
capable of stimulating MMPs involvement in tumor invasion
but also its corresponding inhibitor, TIMP-1, thereby promot-
ing cancer invasion in both human breast and prostate cancer
cell lines. Hence, they had proposed that the critical balance
between proteases and their inhibitors could be a key determi-
nant in cancer metastasis [20]. Interestingly, our previous find-
ings in secretome analyses also explain that TSP-1, MMP-2,
and TIMP-1 were all up-regulated in high invasiveness cells
(CL1-5) in comparison to low invasiveness cells (CL1-0). Our
current data indicates that MMP-2 levels were reduced while
TIMP-1 was knocked down in CL1-5 (Fig. 5). Besides, the
data showed that the migration and invasion abilities of high
invasiveness CL1-5 cells were suppressed while TIMP-1 was
knocked down. Likewise, the migration and invasion abilities
of low invasiveness CL1-0 cells were promotedwhile TIMP-1
was over-expressed. The data suggested that the balance be-
tween TIMP-1 and MMP-2 levels could be a critical factor in
promoting cell migration and invasion which means that high
TIMP-1 levels could stimulate the secretion of MMP-2.

In vivo experiments showed that colonization levels were
significantly decreased when TIMP-1 was knocked down in
CL1-5 cells. We also found a possible mechanism that ex-
plains how TIMP-1 influences colonization within the lungs.
According to our previous findings, when invasive cells CL1-
5 were introduced into the systemic circulation of immuno-
compromised nude mice via intravenous injection, these cells
colonized in the lungs after 8 weeks. Isolated lungs derived
from CL1-5-treated mice were significantly larger in size
compared to those from CL1-0-treated animals [25, 27]. In
addition, the assembly levels of the metastasis-promoting
pericellular fibronectin (FN1), which facilitates colonization
of lung capillary endothelia by adhering to the cell surface
receptor DPP IV, were higher on the surfaces of suspended

Fig. 5 TIMP-1 is involved in MMP-2 up-regulation within CL1-5 cells
but not MMP-9. a Western blot data showed that MMP-2 had higher
levels in CL1-5 than CL1-0 CM. b The MMP-2 level was significantly

reduced in CL1-5 CMwhile TIMP-1 was knocked down. Equal amounts
of each CM sample with coomassie blue staining were used as loading
controls
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CL1-5 cells than on those of the CL1-0 cells. In line with this
finding, polyFN1 assembly and the lung colonization of
suspended CL1-5 cells were inhibited when endogenous
TIMP-1 protein was knocked down using siRNA. The results
suggested that TIMP-1 is a required factor for cellular activi-
ties to enable their colonization in distant organs throughout
supporting pericellular polyFN1 assembly in lung adenocar-
cinoma. According to our previous research, using siRNA to
knock down endogenous A1AT protein would inhibit FN1
assembly and lung colonization of suspended CL1-5 cells
[25]. In line with this finding, A1AT and TIMP-1 could be
involved in the samemechanism as two co-functioning factors
that regulate polyFN1 assembly. This mechanism might be
triggered by phosphorylated protein kinase c epsilon
(PRKCE) [25, 55] andMMP2 could be the downstream target
of TIMP-1. The possible mechanisms need to be further
validated.

In the clinical research regarding TIMP-1 expression, some
studies suggested that TIMP-1 can be applied to the screening
of prognostic markers in various cancers, such as breast, co-
lorectal, gastric, and lung cancers [40, 43, 47, 56]. According
to the results, TIMP-1 expression levels were significantly
higher in the stages with lymph invasion or distant metastasis
in tissue or plasma samples. In addition, the survival rates
decreased among patients with higher TIMP-1 expression
levels. Interestingly, a lot of studies concerning the mecha-
nism support the idea that TIMP-1 is an inhibitor of invasion
or metastasis in cancer progression. Logically, its expression
levels might be suppressed when invasion or metastasis hap-
pen. However, a lot of clinical research found that TIMP-1
oppositely increased its expression levels. These evidences
might imply that TIMP-1 is not only a protease inhibitor; it
could also have other significant roles in cancer metastasis. In
our tissue microarray data, TIMP-1 abundances were signifi-
cantly increased in patients with lymph node and/or distant
metastasis. Additionally, the ROC curve analyses showed that
AUC values were 73.7 and 86.2 % between patients with or
without lymph node and/or distant metastasis, respectively.
The expression levels of TIMP-1 may provide useful informa-
tion to assist doctors in the diagnosis of patients and further
evaluate whether they have lymph node and/or distant
metastasis.

In summary, although current research asserts that TIMP-1
was negatively associated with invasion and metastasis capac-
ity in various cancers, more and more evidences support that
TIMP-1 is multifunctional. TIMP-1 can implicate into MMP-
dependent or MMP-independent pathways to mediate differ-
ent functions and stages in metastasis. In our clinical data, the
higher TIMP-1 levels indicated that lung adenocarcinoma pa-
tients developed lymph node or distant metastasis.
Furthermore, our results regarding molecular functions
showed that the down-regulation of TIMP-1 inhibits cell mi-
gration, invasion, and metastatic colonization in lung

adenocarcinoma. In addition, the novel findings of TIMP-1’s
function in facilitating surface polyFN assembly and tumor
colonization further provide a strong basis to argue that
TIMP-1 acts as a promoter in tumor malignancy.
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