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Expression and immunohistochemical localization of
cathepsin L during the progression of human gliomas
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Recent studies suggest that cysteine proteinase cathepsin L is involved in the process of tumor invasion and
metastasis. We examined cathepsin L activity in brain tumor tissue samples by an enzymatic assay, and cathepsin
L protein content by enzyme-linked immunoadsorbent assays and Western blotting to determine whether increased
levels of cathepsin L correlate with the progression of human gliomas. Native and acid-activatable cathepsin L
activities were highest in glioblastomas followed by anaplastic astrocytomas and were lowest in low-grade gliomas
and normal brain tissues. Significantly higher amounts of an M, 29 000 cathepsin L were present in glioblastomas
and anaplastic astrocytomas than in normal brain tissues and low-grade glioma tissue extracts. Using specific
antibodies to cathepsin L, we also studied its cellular distribution by immunohistochemical procedures. Higher
diffuse cathepsin L immunoreactivity was found in glioblastomas than in low-grade gliomas and normal brain
tissue samples. Finally, the addition of cathepsin L antibody inhibits the invasion of glioblastoma cell lines through
Matrigel invasion assay. These results suggest the expression of cathepsin L is dramatically upregulated in malignant
gliomas and correlates with the malignant progression of human gliomas in vivo.
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Introduction

Transformed cells are associated with increased release
of proteolytic enzymes that are thought to facilitate
tumor cell growth and invasiveness by degrading
components of basement membrane (BM). The
identification of metalloendopeptidases [1], plasmin-
ogen activators [2], and lysosomal enzymes, such as
cathepsin B [3], cathepsin L [4], cathepsin D [5],
and cathepsin H [6] in human and rodent tumor
tissues and cell lines and their association with tumor
invasion and metastasis has been reported. Increased
synthesis of these proteolytic enzymes has been found
at different stages during neoplastic progression, and
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their role is thought to be in the ability of metastatic
tumor cells to extravasate or invade through BMs.
Dissolution of the BM during the extravasation of
metastatic tumor cells may be dependent on the
sequential action of several classes of endopeptidases.
Lysosomal enzymes are synthesized as high molecular
weight precursor molecules that are subsequently
post-translationally converted to the mature enzymes
with increased proteolytic activities. This can be seen
in vitro by incubating the fractions under acidic
conditions [7] or by limited proteolysis that removes
the proenzyme segment [8]. Proteolytic conversion of
pro-cathepsin B [8], pro-cathepsin L [8], and
pro-cathepsin H [9] to mature forms is strongly
inhibited by pepstatin, suggesting that aspartic pro-
teinase cathepsin D is involved in the proteolytic
processing [8]. These lysosomal cysteine proteinases
may undergo the similar post-translational processing
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and activation mechanisms within the lysosomes.
Although both cathepsin B and L can degrade isolated
components of the BM, cathepsin L has been reported
to be more effective against intact BM [10].

Cathepsin L is a lysosomal cysteine proteinase that
is important in intracellular protein catabolism
[11] and shows the most potent collagenolytic and
elastinolytic activity in vitro [12]. It has also been
implicated in pathological processes, including myo-
fibril necrosis [13], myopathies and myocardial ischemia
[14] and in the renal tubular response of protein urea
[15].

The secretion of cathepsin B by human glioma cell
lines in vitro [16] and the expression of significantly
greater levels of cathepsin B during the progression of
human gliomas [17] have been reported recently. A
possible role for cathepsin L in malignant transforma-
tion of murine and human tumors and cell lines has
also been described [4]. Although cathepsin B, L, and
D are lysosomal enzymes, the expression and activity
of cathepsin B are relatively higher in melanomas,
whereas the expression and activity of cathepsin L are
relatively higher in hepatoma [18]. There are no
reports on the expression and activity of cathepsin L
in the central nervous system (CNS). Therefore we
measured the cathepsin L expression and activity in
human gliomas at different stages of tumor progression.
We show here that there is a direct correlation between
cathepsin L expression and the degree of malignancy
of human gliomas.

Materials and methods

Materials

Cathepsin L and anti-rabbit cathepsin L antibody
were purchased from Athens Research and Technology
(Athens, GA, USA). Z-Phe-Arg-(4-methyl)coumaryl
amide, 7-amino-4-methyl coumarin, and peroxidase-
conjugated anti-rabbit IgG were purchased from
Sigma (St Louis, MO, USA). Z-Phe-Phe-CHN, was
purchased from Enzyme Systems Products (Livermore,
CA, USA). Nitro-cellulose membranes were purchased
from BioRad (Hercules, CA, USA). All other chemicals
were of analytical grade.

Samples

Normal brain tissue and various types of tumor tissues
were collected in the operating room from patients
undergoing craniotomy. The samples were flash-frozen
in liquid nitrogen immediately after surgical removal
and stored at —80°C. The samples included six
meningiomas, five low-grade gliomas, seven anaplastic
astrocytomas, 10 glioblastomas, and five normal brain
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tissues. The category of low-grade gliomas included
only low-grade astrocytoma (fibrillary astrocytoma)
and low-grade oligodendro. All tumor tissues examined
in the present study were from primary resections;
none of the patients had been subjected to chemo-
therapy or radiation therapy before resection.

Preparation of tissue

The frozen normal brain tissue and tumor tissues were
thawed, homogenized in 50 mm acetate buffer (pH 5.5
with 0.1 M NaCl, 1 mm EDTA and 0.2% Triton X-100)
on ice, and centrifuged at 10000 g at — 10°C for 30
min. The pellet was discarded, and the supernatant
was divided into aliquots that were used to determine
total protein content [19].

Cathepsin L assay

Cathepsin L activity was determined in tissue extracts
by Z-Phe-Arg-NHMec hydrolysis [20]. Enzyme assays
were performed at pH 5.5. Acid-activatable cathepsin
L was assayed after pretreatment at 37°C for 4 h at
pH 3.8. Normal brain tissue and tumor tissue extracts
(50 ug protein) were incubated with 50 ul of activation
buffer (340 mM sodium acetate, 60 mm acetic acid, 4
mwm disodium EDTA, pH 5.5, and freshly prepared 8
mM dithiothreitol) at 30°C for 1 min. The reaction was
initiated by adding 50 ul of 20 um substrate
(Z-Phe-Arg-N H Mec) and incubation occurred at
37°C for 10 min. The enzymatic reaction was stopped
by addition of 150 ul of 100 mM sodium monochloro
acetate, 30 mM sodium acetate, and 70 mM acetic acid,
pH 4.3 (made up to 2.0 ml with 1:1 stopping reagent
and buffer-activator). Controls were performed by
adding the enzyme after stopping reagent standards
were prepared with 0.1-2.0 nm of 7-amino-4 methyl
coumarin. The fluorescence was measured on a
Shimadzu fluorescence spectrometer with excitation
and emission wavelengths set at 370 and 460 nm,
respectively. Cathepsin L activity was expressed as
nmoles of methyl coumarin liberated per min per mg
of protein. A specific and irreversible inhibitor,
Z-Phe-Phe-CHN, [21] for cathepsin L was in-
corporated into the reaction mixture to confirm that
the measured activities were indeed due to cysteine
protease cathepsin L.

Western blotting

Normal brain tissue and brain tumor extracts (50 ug
protein) were electrophoresed on a 12% SDS-poly-
acrylamide gel [22], followed by transfer of the
proteins onto nitrocellulose paper according to the
method of Towbin et al. [23]. The nitrocellulose paper
was then incubated in blocking buffer for 2 h at room



temperature (1.5% bovine serum albumin, 0.15 M
NaCl, 0.1 mm phenylmethyl sulfonyl fluoride, 20 mm
Tris—HCl, pH 7.6) and washed with antibody buffer
(0.3% bovine serum albumin, 0.15 M NaCl, 20 mm
Tris-HCI, pH 7.6) three times at 10-min intervals.
Stripes were then incubated with rabbit cathepsin L
antibody (1:1000 dilution) at 4°C overnight or at room
temperature for 2 h, washed as above, and incubated
with a second antibody (anti-rabbit 1gG peroxidase
conjugate, 1:1000) for 2 h at room temperature. The
strips were washed with Tris-HCI buffer as described
above, and incubated with the substrate 2, 4-chloro-
naphthol in the dark for 15-30 min to develop color.

Enzyme-linked immunosorbent assay ( ELISA)

Quantitative analysis of the content of cathepsin L in
normal brain tissue and various grades of human
glioma tissue extracts (50 ug) was performed by ELISA
using cathepsin L specific antibodies. Tissue extracts
and buffer containing cathepsin L were mixed with
phosphate buffer and incubated overnight. The wells
were washed with phosphate-buffered saline (PBS) and
incubated with anti-cathepsin L antibody at 25°C for
3 h. The plates were washed and incubated with a
second antibody, alkaline-phosphate conjugate, and
the color was developed with p-nitrophenyl phosphate.
The concentration of cathepsin L in the tissue extracts
was determined based on a cathepsin L standard curve.

Immunohistochemistry for cathepsin L

Cathepsin L immunoreactivity was analysed in 10%
formalin-fixed and paraffin-embedded sections using
a cathepsin L-specific polyclonal antibody (rabbit
anti-human cathepsin L polyclonal antibody; Athens
Research and Technology, Athens, GA, USA). An
appropriate concentration of the primary antibody
was determined by titration on positive control tissues.
Sections of 4 um thick were cut and mounted on
aminoethoxysilane-coated glass slides. Cathepsin L
expression was detected by using an indirect avidin—
biotin complex immunohistochemical method. The
slides were dewaxed and blocked with normal goat
serum. The sections were then incubated with rabbit
anti-human cathepsin L polyclonal antibody diluted
1:1000 in 1% bovine serum albumin in PBS (10.4
ug/mi) overnight at 4°C in a humidified chamber. After
a brief washing in buffer, the tissue samples were
incubated in biotinylated goat anti-rabbit secondary
antibody (Vector Laboratories, Burlingame, CA,
USA) and streptavidin-alkaline phosphatase (Dako,
Carpinteria, CA, USA). Alkaline phosphatase activity
was visualized by the addition of a substrate solution
consisting of new fuchsin, levamisole, and naphthol
AS-BI phosphate (Sigma) in N,N-dimethylformamide,
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which forms an intense pinkish color in the cell
cytoplasm. Sections were counterstained in hematoxylin,
and coverslips were mounted with Aquamount (Lerner
Laboratories, Pittsburgh, PA, USA). A control study
was performed by using a normal rabbit immuno-
globulin fraction (Dako) as the primary antibody
instead of rabbit anticathepsin L.

Invasion assay

Glioblastoma cell invasion was carried out using a
method described previously [24, 25]. The glioblastoma
cell lines (U251, UWR! and UWR2) were incubated
with various concentrations of cathepsin L antibody
and the invasion assay was performed as described
previously [24, 25]. We also stained the invaded cells
through Matrigel in the presence and absence of
cathepsin L antibody.

Results

Enzyme activity assay

Cathepsin L activity was determined in normal brain
tissue and tumor tissue extracts at pH 5.5 (Figure 1).
The activity of cathepsin L was 2- to 3-fold higher in
anaplastic astrocytoma (P <0.001) and 6- to 7-fold
higher in glioblastoma (P <0.0001) than in normal
brain tissues and low-grade gliomas.

Western blotting
The molecular size of cathepsin L in normal brain
tissue and glioma tissue extracts was determined by
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Figure 1. Activity of cathepsin L in normal brain and
various types of human gliomas. The enzyme activity was
expressed as nmoles of methyl coumarin liberated/min/mg
of protein. Each value is the mean +SD of five different
tumors from each group. NB, normal brain tissue; LGG,
low-grade glioma; AA, anaplastic astrocytoma; GBM,
glioblastoma. *P <0.001; **P <0.0001.
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Figure 2. Western blots of normal brain tissue and glioma
tissue tumor extracts. Tissue extracts (50 ug) and purified
cathepsin L were subjected to SDS-PAGE polyacrylamide
gel electrophoresis. The resulting proteins were transferred
to nitrocellulose and detected as described in Materials and
methods. CL, cathepsin L; NB, normal brain tissue; LGG,
low-grade glioma; AA, anaplastic astrocytoma, GBM,
glioblastoma.

SDS-PAGE, followed by Western blotting using a
specific antibody for cathepsin L (Figure 2). From the
Western blot the prominent cathepsin L at M, 29 000
band was present in low-grade gliomas, anaplastic
astrocytomas and glioblastomas. The M, 29000
cathepsin L band was faintly detectable in normal
brain tissue extracts. Based on the intensity of the M,
29000 band, it is apparent that there is an increase in
cathepsin L protein with progression and histological
grade of gliomas (glioblastomas>anaplastic astro-
cytomas > low-grade gliomas).

ELISA

Using specific antibodies for cathepsin L, we determined
the levels of cathepsin L in normal brain tissue and
tumor extracts by ELISA. Figure 3 shows that
cathepsin L was increased in anaplastic astrocytomas
3-fold (P <0.001) and glioblastomas 6-fold (P < 0.0001)
compared to normal brain tissue and low-grade
glioma.

Immunohistochemical localization of cathepsin L in
human brain tumors and normal brain tissues

Using paraffin-embedded sections by immunohisto-
chemical analysis we determined the relative levels of
expression and the distribution of cathepsin L in the
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tumor and normal brain tissue. Antibodies against
cathepsin L showed diffuse, strong immunoreactivity
in glioblastomas. Immunoreactivity was localized to
tumor cells (Figure 4a, b). Adjacent normal brain
exhibited little detectable immunoreactivity (Figure
4b). The endothelial cells within capillaries and larger
vessels in the tumor tissues were devoid of cathepsin
L immunoreactivity. Anaplastic astrocytomas displayed
weak, focal immunoreactivity in scattered tumor cells
(Figure 4c). Low-grade astrocytomas showed almost
no immunoreactivity, except for two samples out of
five that showed a few areas with weak immunostaining
(Figure 4d), whereas normal CNS white matter
exhibited almost no immunoreactivity (Figure 4e). In
benign meningiomas, only one sample showed focal
weak immunoreactivity in tumor cells, whereas the
remaining four cases were negative (Figure 4f). There
was no detectable staining of the tumor cells in the
presence of a nonspecific rabbit IgG instead of primary
antibody (data not shown). These results correlate well
with the ELISA and Western blot analyses and
demonstrate that there are higher levels of cathepsin
L protein in glioblastomas and anaplastic astro-
cytomas and low levels in low-grade gliomas, normal
brain tissues, and benign meningiomas.

Inhibition of glioblastoma cell invasion by cathepsin
L antibody

Cathepsin L antibody at a concentration of 20 ug/ml
inhibited 90-95% of glioblastoma cell invasion through
Matrigel (Figure 5) and the number of cells stained
in the lower filter at a higher concentration of cathepsin
L antibody was less compared to controls without
antibody (Figure 6).
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Figure 3. Cathepsin L content in normal brain tissues and
in tumor extracts was determined by ELISA using cathepsin
L-specific antibodies. The data are shown as mean +SD of
five different samples from each group. NB, normal brain
tissue; LGG, low-grade glioma; AA, anaplastic astrocytoma;
GBM, glioblastoma. *P <0.001; **P <0.0001.
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Figure 6. The invaded cells were
e . stained without cathepsin L antibody
(a), and with 5, 10 and 20 pg/ml of
cathepsin L antibody (b, ¢ and d,
respectively).
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Discussion

The possible involvement of metallo, serine and
cysteine proteinases and their inhibitors in degrada-
tion of the BM and regulation of fibrinolysis during
physiological and pathological conditions in vivo and
in vitro have been reported previously [1]. In
particular, there is increasing evidence correlating the

invasive or meta-static abilities of a number of cell
lines and tumors with increased activities of the
cysteine proteases cathepsin B and cathepsin L [3, 4,
26, 27}. In normal cells these enzymes are targeted to
lysosomes, but in malignant cells where they are
overexpressed, they are also secreted or associated with
the plasma membrane where they can interact with
the extracellular environ-ment. Extracellular cell-
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Figure 5. Invasion assays with glioblastoma cells in the
presence of cathepsin L antibody. Glioblastoma cells were
first plated on Matrigel-coated transwell clusters with
different concentrations of cathepsin L antibody and
irrelevant antibody. Columns (bars) represent the mean
values (+ SD) from five experiments. *P <0.05; **P <0.001;
*** P < 0.0001. [, U251 cells +irrelevant antibody; 1, U251
cells + cathepsin L antibody.

associated cathepsin B can degrade BM components
either directly or indirectly by activating pro-uPA and
pro-type IV collagenase [10, 28]. Our previous studies
on various types of human intracranial tumors showed
that there were higher cathepsin B activities in
glioblastomas that in normal brain tissues and
low-grade gliomas and moderate levels in anaplastic
astrocytomas [17]. Immunohistochemical localization
of cathepsin B showed intense immunoreactivity in
tumor cells and endothelial cells of glioblastomas and
anaplastic astrocytomas but only weak expression of
cathepsin B in low-grade gliomas and normal brain
tissues [17].

Overexpression of cathepsins has been reported in
a number of transformation and metastatic systems.
For example, in ras-transformed metastatic 10T 1/2
cells, cathepsin L levels are higher than in nontrans-
formed cells [29], and inhibitors of cathepsin L
reduced the invasive abilities of a number of cell lines
[30]. Chambers et al. [31] reported that in ras-
transformed NTH 3T3 cells, the levels of both cathepsin
B and cathepsin L mRNA were increased in metastatic
cells. They found that the association of metastatic
properties with cathepsin L levels was stronger than
the association with cathepsin B, suggesting that
cathepsin L. may be a good marker for tumor
progression. Cathepsin L purified from human liver
has been compared with that isolated from rabbit and
rat liver [32], and it was observed that cathepsin L
from the three different species have similar properties.
However, the presence of cathepsin L in normal human
brain and brain tumor tissues has not been reported.
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Rozhin et al. [18] have found an association of native
and acid-activatable cathepsin L with metastasis of
human and murine melanomas. The finding of plasma
membrane fraction with cathepsin L activity suggests
that this enzyme may participate in a focal pericellular
proteolysis of the BM during the metastatic process
[18].

We have examined whether expression of cathepsin
L is associated with malignant progression in astro-
cytomas in vivo and whether overexpression of
cathepsin L is associated with the invasive properties
of malignant primary CNS tumors. We found
significantly higher levels of cathepsin L activity in
glioblastomas than in low-grade gliomas and normal
brain tissues. An attempt to prove that the increased
activity of an enzyme is not a simple reflection of
increased cellularity secondary to increased malignancy,
prompted several studies, such as normalizing cellular
enzymatic content by comparing enzymatic activity
with total protein content and DNA in vitro, because
comparing enzymatic activity with DNA might be
problematic in vivo. Normalization using an aneuploid
state of tumor DNA is not accurate in an in vivo
system. Immunohistochemical studies clearly showed
that cathepsin L activity was upregulated in tumor
cells in malignant astrocytomas. We also found
inhibition of glioblastoma cell invasion in the presence
of cathepsin L antibody. The rate of synthesis and
secretion of cathepsin L is increased following
malignant transformation by several different oncogenes
[33]. A number of different growth factors like PDGF
and EGF [34] and tumor promoters such as phorbol
myristate acetate (PMA or TPA) have been shown to
increase cathepsin L expression in mouse fibroblast
3T3 cells [35]. In addition, increased synthesis or
secretion of cathepsin L has been reported during
activation of macrophages [36]. Cathepsin L may also
control growth regulation in cells by modulating the
levels of certain proteins involved in signal trans-
duction [37], and its overexpression by transformed
cells might be related to their abnormal growth
properties. Cathepsin L secreted by cancer cells has
also been shown to interfere with antigen processing
[38]. Thus increased amounts of cathepsin L and its
increased localization in human brain tumor samples
during glioma progression may indicate that it is
intimately related to the malignant transformation of
progression and malignancy of CNS tumors.
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