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Abstract
It is generally accepted that the role of cathepsin L
in cancer involves its activities outside the cells once
it has been secreted. However, cathepsin L isoforms
that are devoid of a signal peptide were recently
shown to be present in the nucleus where they
proteolytically process the CCAAT-displacement
protein/cut homeobox (CDP/Cux) transcription factor.
A role for nuclear cathepsin L in cell proliferation could
be inferred from the observation that the CDP/Cux
processed isoform can accelerate entry into S phase.
Here, we report that in many transformed cells the
proteolytic processing of CDP/Cux is augmented and
correlates with increased cysteine protease expression
and activity in the nucleus. Taking advantage of an
antibody that recognizes the prodomain of human
cathepsin L, we showed that human cells express short
cathepsin L species that do not contain a signal
peptide, do not transit through the endoplasmic
reticulum, are not glycosylated, and localize to the
nucleus. We also showed that transformation by the
ras oncogene causes rapid increases both in the
production of short nuclear cathepsin L isoforms and
in the processing of CDP/Cux. Using a cell-based
assay, we showed that a cell-permeable inhibitor of
cysteine proteases is able to delay the progression
into S phase and the proliferation in soft agar of
ras-transformed cells, whereas the non–cell-permeable
inhibitor had no effect. Taken together, these results

suggest that the role of cathepsin L in cancer might not
be limited to its extracellular activities but may also
involve its processing function in the nucleus.
(Mol Cancer Res 2007;5(9):899–907)

Introduction
Proteolytic processing has emerged as an important post-

translational mechanism that modulates the subcellular local-
ization and/or biochemical activities of proteins with functions
as diverse as receptor, ligand, signaling molecules, and
transcription factors (1). In the case of transcription factors,
the consequence of proteolytic processing is often to redirect
the localization of proteins from a cytoplasmic site to the
nucleus (reviewed in ref. 2). However, in some instances, the
peptides generated by processing exhibit specific half-life,
biochemical properties, and biological functions, which are
distinct from that of their precursors (reviewed in ref. 3).

CCAAT-displacement protein/cut homeobox (CDP/Cux)
belongs to a family of transcription factors involved in the
control of proliferation and differentiation (reviewed in ref. 4).
Genetic studies in Drosophila and the mouse showed that the
CDP/Cux/Cut gene plays an important role in the development
and homeostasis of several tissues (5-7). The CDP/Cux
transcription factor was reported to acquire novel DNA binding
and transcriptional properties as the result of a proteolytic
processing event that takes place at the end of the G1 phase
(8, 9). At the cellular level, the p110 processed isoform was
shown to stimulate cell proliferation and to accelerate S phase
entry in various cell types (10). These results extended early
observations linking CDP/Cux to the control of gene expression
in S phase (11, 12). In transgenic mice, two short CDP/Cux
isoforms, p75 and p110, were shown to cause malignancies in
several organs and cell types (13).

A nuclear isoform of cathepsin L was found to be
responsible for the proteolytic processing of CDP/Cux (14).
Cathepsin L is a ubiquitously expressed cysteine protease that
localizes primarily to the lysosomes and can be secreted
(15-17). However, translation initiation within the murine
cathepsin L mRNAwas shown to take place with low efficiency
at two internal start sites, thereby generating cathepsin L
species devoid of the NH2-terminal signal peptide (14).
Moreover, immunofluorescence imaging revealed the presence
of cathepsin L in the nucleus after the G1 phase of the cell
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cycle. These results uncovered a novel role for cathepsin L in
the processing of a nuclear protein and, by extension, in the
regulation of gene expression.

Expression of cysteine cathepsins was reported to be
elevated in many types of cancers (reviewed in refs. 18, 19).
In particular, tumor promoters, such as phorbol ester, and
certain oncogenes, such as ras, v-src, SV40 large T, and raf,
were shown to induce cathepsin L expression and secretion
(20-25). Abundant literature has extended this observation to
human tumors originating from various tissues. Notably, human
colorectal carcinomas containing K-ras mutations showed
greater increases in cathepsin L activity (26-29). Moreover,
the metastatic potential of transformed cell lines was shown to
correlate with cathepsin L expression levels (22). More
recently, a role in cell proliferation and tumor growth was
suggested from studies of multistage carcinogenesis in a mouse
model (30, 31).

Short CDP/Cux isoforms were reported to be expressed at
higher level in human uterine leiomyomas and in breast tumors
(32, 33). In the present study, we have compared CDP/Cux
expression in normal and transformed cell lines. We report that
proteolytic processing of CDP/Cux is activated in many
transformed cell lines and correlates with increased cathepsin
L expression and activity in the nucleus. These results suggest
that the role of cathepsin L in cancer may also involve its
nuclear functions.

Results
ras-3T3 Cells Express Higher Level of Short CDP/Cux
Proteins

We observed that the ratio of full-length and truncated CDP/
Cux isoforms was different in ras-3T3 cells compared with the
parental 3T3 cells (Fig. 1A). DNA binding by p110 CDP/Cux
was correspondingly increased in ras-3T3 cells (Fig. 1B, lanes
1 and 2). In contrast, DNA binding to an Oct consensus binding
site was similar in both cells (Fig. 1B, lanes 3 and 4). The two
retarded complexes observed with the CDP/Cux consensus
binding site in Fig. 1B (lane 2) correspond to the p110 (1) and
the p200 (2) isoforms, as shown from supershift analysis with
various antibodies and competition with cold oligonucleotides
(Fig. 1B, lanes 5-9 and 10-13). The NFY-ATCG oligonucleo-
tides, which contain an optimal binding site for p200 but a low
affinity binding site for p110, competed away the #2 retarded
complex at low concentration and the #1 retarded complex only
at higher concentration (Fig. 1B, compare lane 5 with lanes
14-17; ref. 34). To confirm the link between transformation by
ras and the increase in CDP/Cux processing, 3T3 cells were
infected de novo with a retrovirus expressing ras-V12 or with
an empty vector and CDP/Cux expression was analyzed after
5 days. The ras-expressing cells displayed higher levels of the
endogenous p110 CDP/Cux isoform (Fig. 1C).

Processing of CDP/Cux Is Increased in ras-Transformed
3T3 Cells

To begin to assess the mechanism responsible for the higher
expression of p110 CDP/Cux, we transfected 3T3 and ras-
transformed 3T3 cells with a vector that expresses the full-
length CDP/Cux protein with the influenza virus hemagglutinin
(HA) epitope tag at its COOH terminus (diagram in Fig. 1F). As

seen in Fig. 1D, a higher level of the processed p110 isoform
was observed in ras-3T3 cells. Yet, the half-life of a
recombinant protein similar to p110 was not significantly
different in the two cell lines (Fig. 1E). Altogether, these results
indicated that processing of CDP/Cux is increased in ras-
transformed cells.

p110 CDP/Cux Levels Are Increased in Many Tumor Cell
Lines

We next asked whether the observation made in ras-
transformed cells could be extended to tumor-derived cell lines.
Western blot analysis of a panel of human breast tumor cell
lines indicated that the p110 CDP/Cux steady-state level was
also elevated in many but not all transformed cells (Fig. 2A,
lanes 2, and 6). Consistent with this findings, SkBr3, Hs578T,
and MDA231 cells displayed higher levels of short CDP/
Cux isoforms following transfection of the CDP-HA vector
(Fig. 2B, lanes 1, 2, and 5). Indeed, an activating ras mutation
is present in MDA231and Hs578T cells, and ras activity was
reported to be elevated in SkBr3 cells, whereas it was low in
MCF7 and TD47D (35). Overall, these results suggest that the
proteolytic processing of CDP/Cux is more efficient in some
human tumor cell lines.

Expression of p110 CDP/Cux Is Not Regulated in a Cell
Cycle–Dependent Manner in Transformed Cells

Proteolytic processing of CDP/Cux was previously shown to
augment as cells approach S phase (8, 14). To verify whether
expression of p110 CDP/Cux remained cell cycle dependent in
transformed cells, fractions of cells in different phases of the
cell cycle were obtained by counterflow centrifugal elutriation.
In NIH3T3 cells, little or no p110 was detected in fractions 1
and 2, which are enriched in G1; expression of p110 became
apparent in fraction 3 and increased steadily up to fractions 6
and 7 (Fig. 2C, NIH3T3). In contrast, in ras-NIH3T3 cells,
expression of both p200 and p110 was relatively constant
throughout the cell cycle (Fig. 2C). We conclude that
expression of p110 CDP/Cux is constitutive in ras-transformed
NIH3T3 cells.

Human Breast Tumor Cells Express Short Nuclear
Cathepsin L Isoforms

We have established thus far that ras-transformed cells as
well as some human cancer-derived cell lines express higher
levels of the p110 CDP/Cux isoform through a mechanism that
does not involve protein stabilization but, more likely, increased
processing. CDP/Cux was previously shown to be proteolyti-
cally processed by cathepsin L in the nucleus (14). We therefore
hypothesized that the increased processing of CDP/Cux might
be associated with an elevation in the level of cathepsin L in the
nucleus of transformed cells. Targeting of cathepsin L to the
endoplasmic reticulum depends on the presence of an NH2-
terminal signal peptide, and subsequent activation of cathepsin
L in the endosomes involves cleavage of the prodomain
(36-39). In a previous study, the presence of cathepsin L in the
nucleus of mouse cells was associated with the synthesis of
cathepsin L species that are devoid of the NH2-terminal signal
peptide as a result of translation initiation taking place at
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internal AUG sites within the cathepsin L mRNA (14). We
speculated that shorter cathepsin L prodomain would not bind
as tightly to the active groove, thereby allowing catalytic
activity (14).

To verify whether shorter cathepsin L species devoid of a
signal peptide could be detected in human cells, we first
confirmed that translation of human cathepsin L mRNA could
start at internal AUG sites. In humans, there are four alternative
cathepsin L mRNAs that differ at their 5¶ end and a switch in
favor of the short mRNAs was found to occur in cancer cells
(40). Human cathepsin L AI and AIII mRNAs were tested in
an in vitro transcription-translation system. As previously des-
cribed, translation was more efficient with the AIII cathep-
sin L mRNA, which contains a shorter 5¶ untranslated region
(Fig. 3A, lanes 1 and 2). Importantly, the presence of several

bands suggested that translation could initiate at more than
one site. Indeed, replacement of the first AUG codon with a
UUG codon eliminated the slowest migrating species without
preventing expression of the shorter species (Fig. 3A, lane 3).

Human cathepsin L isoforms were analyzed by immuno-
blotting following cell fractionation. Absence of contamination
from the endoplasmic reticulum in the nuclear fraction was
confirmed by immunoblotting with an anticalnexin antibody
(Fig. 3B, bottom, lanes 5 and 6). In addition, glycosylated
species (which have transited through the endoplasmic
reticulum) were identified by their lower molecular weight
following treatment with N-glycanase (Fig. 3B, compare lane 7
with lane 8). Samples were migrated in parallel with the
products of in vitro transcription-translation system to help
identify the full-length and short cathepsin L species (Fig. 3B,

FIGURE 1. Increased DNA binding activity and constitutive processing of CDP/Cux in transformed cells. A and B. Nuclear extracts were prepared from
3T3 and ras-transformed 3T3 cells (Ras-3T3 ) and analyzed by immunoblotting with anti-CDP/Cux a861 antibody (A) and electrophoretic mobility shift assay
(EMSA ) with a CDP/Cux consensus binding site (B). The CDP/Cux retarded complexes are indicated by the numbered arrows: 1, p110; 2, p200; 3, supershift
of p110 with a861 or a1300; 4, supershift of p200 with a861 or a1300; 5, supershift of p200 with aN-term. C. Immortalized mouse fibroblasts were infected
with a retrovirus expressing ras-V12 or with an empty vector. Top, 5 d later, nuclear extracts were prepared from populations of puromycin-resistant cells and
analyzed for CDP/Cux processing using the anti-CDP/Cux a1300 antibody; middle, cytoplasmic fraction (20 Ag) was used to analyze ras expression; bottom,
equal loading was confirmed by reblotting the membrane with an anti-actin antibody. D. 3T3 and ras-3T3 cells were transfected with a vector encoding
CDP-HA. Nuclear extracts were analyzed by immunoblotting with an anti-HA antibody. E. A vector coding for a HA-tagged p110 CDP/Cux protein was
introduced into 3T3 and ras-3T3 cells and pulse-chase analysis was done. The pixel decay for both cell lines is shown on the graph. F. Schematic
representation of the full-length (p200) and proteolytically processed (p110) CDP/Cux isoforms and of the recombinant proteins. The regions recognized by
each antibody are indicated.
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lanes 1 and 2). We also took advantage of the existence of
antibodies that can recognize epitopes in different regions of
human cathepsin L (41). The 33-1 antibody, which recognizes
an epitope present in all cathepsin L species, revealed three
major bands in the cytoplasmic fraction. These bands
correspond to the full-length, single chain, and heavy chain
species and are sensitive to N-glycanase (Fig. 3B, lanes 7 and
8). The 2D4 antibody, which was raised against an epitope
present in the prodomain, as expected did not recognize the
single and heavy chains but detected the full-length cathepsin L
and several faster migrating species (Fig. 3B, lanes 3-8). Two
of these faster migrating bands were detected by both the 2D4
and 33-1 antibodies, they were present in the nuclear fraction,
they comigrated with the short cathepsin L species produced in
the in vitro transcription-translation system system, and their
migration was not affected by the N-glycanase treatment
(Fig. 3B, see identical bands labeled ‘‘S’’ in lanes 5 and 6 and
compare with lane 2 ; also note that the band labeled with an
asterisk corresponds to N-glycanase itself).

Similar cathepsin L species were observed in MCF10A
mammary epithelial cells and in Wi-38 human diploid fibro-
blasts (Fig. 3C and D, lanes 3 and 4). That these bands indeed
correspond to cathepsin L species was confirmed by the fact
that their intensity was decreased when cells were transfected
with RNA interference against cathepsin L, whereas a random

siRNA duplex had no effect (Fig. 3C, compare lane 3 with
lane 4). Altogether, these results show that human cells express
short cathepsin L species that do not contain a signal peptide,
do not transit through the endoplasmic reticulum, are not
glycosylated, and localize to the nucleus.

Oncogenic ras Increases Both Expression of Nuclear
Cathepsin L and Processing of CDP/Cux in Human
Diploid Fibroblasts

We then verified whether oncogenic transformation would
affect the expression of short nuclear cathepsin L isoforms and,
as a consequence, the processing of CDP/Cux. Wi-38 human
diploid fibroblasts were infected with a retrovirus expressing
ras-V12, and cathepsin L expression was analyzed 48 h later.
Immunoblotting with both the 33-1 and 2D4 antibodies showed
that cathepsin L expression was augmented in cells expressing
ras-V12 (Fig. 3D, lanes 8 and 9). These results agree with
previous reports (20-25). Moreover, analysis of nuclear
fractions with the 2D4 antibodies also revealed that higher
amounts of short nuclear cathepsin L species were present in
cells that were infected with the ras-V12–expressing vector
compared with cells infected with an empty vector (Fig. 3D,
lanes 3 and 4). In accordance with this result, coexpression of
ras-V12 with a recombinant CDP/Cux protein in Wi-38 cells
led to an increase in processing (Fig. 3E). These results show
that activated ras causes an increase in the expression and
activity of cathepsin L in the nucleus of human cells.

Inhibition of Intracellular Cysteine Protease Activity
Delays S-Phase Entry and Hinders Proliferation

We used cysteine protease inhibitors that are cell permeable
or not to investigate the role of intracellular cysteine proteases in
cell proliferation. The permeability and efficiency of the
inhibitors was assessed by adding to the inhibitor-treated cells
the fluorescent small activity-based probe GB111 (42). Follow-
ing a 1-h treatment with either inhibitor, the activity-based probe
was added for another hour before cell fixation. A strong
fluorescent signal was observed in cells that had received the
vehicle or the non–cell-permeable inhibitor JPM-565 (Fig. 4A).
In contrast, a much lighter signal was detected in cells that
received the cell-permeable inhibitor JPM-OEt, indicating that
most papain family of cysteine proteases was inhibited
(Fig. 4A). Inhibition of papain family cysteine proteases in this
context was further confirmed by subjecting whole-cell lysates
to SDS-PAGE followed by analysis of the GB111 fluorescence
using a Typhoon scanner. As shown previously, only the cell-
permeable inhibitor JPM-OEt efficiently prevented labeling of
active proteases by GB111 (Fig. 4B; ref. 42). We then tested
whether those inhibitors could affect on cell proliferation.
Whereas the non–cell-permeable inhibitor JPM-565 had no
effect on cell cycle progression or growth in soft agar, the cell-
permeable inhibitor JPM-OEt delayed entry into S phase
following serum starvation and restimulation (Fig. 4C) and
hindered the growth of ras-3T3 cells in soft agar (Fig. 4D). Not
only was there a significant reduction in the number of colonies,
but the size of colonies also was considerably reduced (Fig. 4D).
These findings strongly suggest that the intracellular activity of
cysteine proteases is required for rapid cell cycle progression and
maximal cell proliferation.

FIGURE 2. Increased levels of the p110 CDP/Cux isoform in
transformed cells from fibroblastic and epithelial origin. A. Nuclear
extracts were prepared from various breast tumor cell lines and primary
human mammary epithelial cells (HMEC ) and submitted to immunoblot-
ting using the anti-CDP/Cux 861 antibody. B. The indicated cell lines
were transfected with the vector encoding CDP-HA and nuclear extracts
were analyzed by immunoblotting using anti-HA antibodies. C. Cells were
subjected to counterflow centrifugal elutriation. For each fraction, nuclear
extracts were analyzed by immunoblotting with the anti-CDP/Cux a861
antibody, and the cell cycle profile was monitored by fluorescence-
activated cell sorting analysis after DNA staining with propidium iodide.
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Discussion
Results from the present study revealed two novel findings.

We showed that proteolytic processing of the CDP/Cux
transcription factor was activated in many cancer cells. In
parallel, we showed that cathepsin L expression and activity
were also increased in the nucleus of transformed cells. Below,
we discuss the significance of these findings and we argue that
the processing activity of cathepsin L in the nucleus can
contribute to the development of cancer.

Microarray analyses revealed that CDP/Cux mRNA
expression was elevated in several cancers originating from

various tissues (43-47). In a survey of human breast cancers,
CDP/Cux protein expression was found to be significantly
increased in high-grade carcinomas and was inversely correlated
with survival (48). Collectively, these data suggested that
increased expression of CDP/Cux is a contributing factor in
tumor development and/or progression. In the present study, we
uncovered not only a quantitative but also a qualitative
difference in the expression of CDP/Cux, as relatively more
of the processed isoform was expressed in many transformed
cells. Importantly, increased processing of CDP/Cux is not a
phenomenon that is limited to transformed cells in tissue culture

FIGURE 3. Human diploid fibroblast infected with pBabe-ras and Hs578T cells display higher levels of nuclear short cathepsin L isoforms. A.Wild-type or
mutated human cathepsin L (CatL ) vectors were expressed in vitro using the Promega transcription-translation system (TNT ). AI and AIII refer to the two
alternatively spliced human cathepsin L isoforms (lanes 1 and 2), and M1 refers to the methionine codon that was mutated (AUG to UUC). Arrow, full-length
cathepsin L species; bracket, short cathepsin L species. B. Nuclear and cytoplasmic fractions were isolated from Hs578T cells and analyzed, along with total
extracts, by immunoblotting using the indicated antibodies. Where indicated, the extracts were pretreated with N -glycanase F (N-Glyc). Asterisk,
N -glycanase enzyme; PF, human cathepsin L (hCat L) proform; SC, single chain; HC, heavy chain; S, short isoforms.C.MCF10A cells were transfected with
a random or human cathepsin L–specific siRNA. Extracts and immunoblots were done as described in B. D. Human diploid fibroblasts Wi-38 were infected
with a retrovirus expressing ras-V12 for 48 h. Total extracts and cellular fractions were prepared as in B and blotted with the indicated antibodies. E. Wi-38
cells were infected with a retroviral vector coding for ras-V12 or with an empty vector and then transfected with a plasmid expressing the recombinant
CDP/Cux protein 612-1328/HA. Nuclear extracts were analyzed by immunoblotting with anti-HA antibodies. F. Schematic representation of the human
cathepsin L isoforms. The AUGs are indicated above, and the epitopes recognized by the two antibodies 2D4 and 33-1 are shown below.
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because in human uterine leiomyomas p110 CDP/Cux was
found to be frequently expressed at higher level in the tumor
than in the adjacent myometrium (32). Interestingly, more than
one mechanism seems to be used in cancer cells to favor the
expression of short CDP/Cux isoforms. Transcription initiation
at a downstream site within intron 20 was also found to
contribute to the expression of another short CDP/Cux isoform
called p75 (33). In invasive breast tumors, a significant
association was established between higher intron 20-mRNA
expression and a diffuse infiltrative growth pattern (33). The
functional significance for the overexpression of short CDP/Cux
isoforms was established in mouse models. Transgenic mice
engineered to express the p75 CDP/Cux isoform displayed
heightened susceptibility to a disease defined as a myeloproli-
ferative disease-like myeloid leukemia (49). Interestingly, the
p110 CDP/Cux transgenic mice did not display a higher
incidence of myeloproliferative diseases but developed malig-
nancies in other tissues and cell types.8 Thus, globally, results
from several studies indicate that higher expression of CDP/Cux
short isoforms is associated with, and contribute to, the
development of cancer.

The higher expression of cathepsin L in many transformed
cells and primary human material has been abundantly reported
(26, 29, 50, 51). A causal link between ras activation and the
higher expression of cathepsin L has also been documented in
numerous studies (16, 20, 22-25). Whereas previous studies
reported the overall increase in cathepsin L expression as well
as its secretion, our results revealed that cathepsin L expression
and activity were also increased in the nucleus of transformed
cells (Fig. 3). It is generally accepted that cathepsin L plays a
role in metastasis through its extracellular activities once it has
been secreted (22, 26, 27, 30, 52). Our results lead us to
propose that cathepsin L also plays a role within cells and
notably within the nucleus where it can change the properties
of some transcriptional regulators. We acknowledge that the
catalytic activity of short cathepsin L isoforms remains to be
shown in an in vitro system. Despite our efforts with many
expression systems, cathepsin L isoforms that include a partial
prodomain did not fold properly in our hands and did not
exhibit catalytic activity (data not shown). These negative
results could mean that short cathepsin L species simply have
no enzymatic activity or, alternatively, that our in vitro systems
do not adequately recapitulate the in vivo situation. We favor
the latter hypothesis because our results established a clear link
between ras transformation, the level of cathepsin L in the
nucleus, and the processing of CDP/Cux (Figs. 1A, C, D, and E

FIGURE 4. Inhibition of intracellular cysteine protease activity delays cell cycle progression and the anchorage-independent proliferation of ras-3T3 cells.
A. ras-3T3 cells were treated with either DMSO (vehicle) or 100 Amol/L of the cell-permeable (JPM-OEt) or non–cell-permeable (JPM-565) cysteine
protease inhibitor before labeling with 1 Amol/L of the GB111 activity-based probe. Cells were fixed and visualized by fluorescence. B. ras-3T3 cells were
treated with the protease inhibitors and GB111 as in A. Whole-cell lysates were subjected to SDS-PAGE and labeled active proteases were visualized by
scanning the gel using a Typhoon scanner (top ). The fluorescence in each lane was measured by counting pixels from the single and heavy chain bands. The
relative percentages of pixels are indicated below the panel and are expressed relative to the untreated sample (100%; lane 1 ) and the unlabeled sample
(0%; lane 5). Bottom, equal loading was confirmed by Western blot using a cathepsin L antibody. C. ras-3T3 cells were serum starved for 72 h and
restimulated with fresh medium supplemented with 10% serum in the presence of either DMSO or 100 Amol/L of JPM-OEt or JPM-565. At the indicated times,
cell cycle distribution was monitored by fluorescence-activated cell sorting analysis. D. ras-3T3 cells were plated in soft agar in the presence of DMSO, JPM-
OEt, or JPM-565. Shown is one plate from a triplicate for each condition and a !10 magnification of a representative field is also depicted (bottom ). The
variation in colony numbers is presented in the histogram below. Asterisk, statistically significant difference (P < 0.05, Student’s two-tailed t test).

8 Cadieux et al., in preparation.

Goulet et al.

Mol Cancer Res 2007;5(9). September 2007

904



and 3D and E). These findings agree with previous results
showing a correlation in normal cells between the increase in
CDP/Cux processing in S phase and the increase in cathepsin L
signal in the nucleus in indirect immunofluorescence (14). A
role for cathepsin L inside the cells was also supported by the
difference in the effects of protease inhibitors that are
permeable or not. A cell-permeable cysteine protease inhibitor
was able to delay entry into S phase and hinder the formation
of foci in soft agar, whereas the inhibitor that was not
permeable had no effect on these processes (Fig. 4C and D).
This result strongly suggests that intracellular cysteine
proteases play a role in cell proliferation. As the processed
CDP/Cux isoform was shown to stimulate cell proliferation by
accelerating S-phase entry, we speculate that the effect of
cysteine proteases on proliferation is mediated, at least in part,
through the proteolytic processing of CDP/Cux (10, 14).
Whether cathepsin L is the sole cysteine protease that accounts
for the effect on cell proliferation could not be verified using
cathepsin L RNA interference because its expression, in
particular of its nuclear isoforms, could not be reduced to a
sufficiently low level (Fig. 3C, top , compare lanes 3 and lanes

4-6 and lanes 7 and 8).
The findings reported in the present study add to the

increasing evidence linking the aberrant activity of certain
proteases with the altered localization or change in biochemical
properties of proteins in cancer cells (53-57). As site proteolysis
has the potential to generate truncated protein isoforms with
novel biochemical properties, the aberrant expression or activity
of intracellular proteases may lead to the activation of some
proto-oncogenes and inactivation of some tumor suppressors. In
the case of cathepsin L, thus far, only one substrate has been
identified in the nucleus but there is no doubt that other proteins
must be targeted particularly in cancer cells. Future studies
should attempt to identify the full repertoire of targets in the
nucleus and define the functional consequences of their
cleavage. Notably, nuclear cathepsin L has the potential to
influence the transcriptional program of cells by changing the
properties of transcriptional factors. In this manner, higher
nuclear cathepsin L activity could potentially affect many stages
of tumorigenesis, including hyperplasia, angiogenesis, cell
movement, and invasion.

Materials and Methods
Cell Culture

NIH3T3, Ha-ras-V12 transformed 3T3, and SkBr3 cells
were cultured in DMEM supplemented with 10% fetal bovine
serum; MCF7, MDA231, T47D, and Hs578T cells were
cultured in DMEM with 5% fetal bovine serum. Human
mammary epithelial cells were purchased from Clonetics and
cultured using the manufacturer’s instructions. All transfections
were done using ExGene500 (Fermentas) or Gene Juice
(Novagen) according to the manufacturer’s instructions. Cell
synchronization was done as before (14).

Counterflow Centrifugal Elutriation
Cells (2 ! 108) in 10 mL of cold PBS + 1% fetal bovine

serum were submitted to counterflow centrifugal elutriation
using a JE-5.0 rotor at constant speed (2,460 rpm) in a

Beckman Coulter Avanti J-20 centrifuge. Fluorescence-acti-
vated cell sorting analysis was done as before (58).

Retroviral Infections
Cells were infected by the addition of virus-containing

supernatant from 293VSV producer cells in the presence of
polybrene (8 Ag/mL; ref. 59). Forty-eight hours later, cells were
either analyzed or trypsinized and selected for 5 days with the
appropriate drug.

Soft Agar Assays
ras-3T3 cells (10,000) previously mixed with 0.3% agar-

DMEM supplemented with 10% fetal bovine serum and either
DMSO or 100 Amol/L JPM-OEt or JPM-565 were seeded on a
4% agar cushion. Cells were fed every 3 days with 0.3% agar-
DMEM-10% fetal bovine serum with the appropriate inhibitor
or DMSO. After 3 weeks, the colonies were fixed with PBS-
formalin and stained with Giemsa.

Cell Extracts and Electrophoretic Mobility Shift Assay
Nuclear extracts and electrophoretic mobility shift assay

were obtained as described in ref. 8. Alternatively, nuclei were
prepared using the Nuclei EZ Prep (Sigma) kit according to the
manufacturer’s protocol. Total extracts were made in radio-
immunoprecipitation assay buffer [50 mmol/L Tris (pH 7.5),
150 mmol/L NaCl, 1% NP40, 0.5% sodium deoxycholate,
0.1% SDS]. Buffers were supplemented with protease inhibitor
mix tablets (Roche), 1 mmol/L phenylmethylsulfonyl fluoride,
100 Amol/L E-64, and 1 mmol/L DTT. Where indicated,
extracts were treated with N-glycanase F for 1 h at 37jC
(Biolabs).

Pulse-Chase Labeling
Two days after transfection, cells were incubated 1 h with

methionine/cysteine-free medium followed by a 4-h pulse with
medium containing 0.1 mCi/mL [35S]methionine. Cells were
then chased with cold medium. At different time points, cells
were harvested and lysed. Immunoprecipitation was done using
HA antibody (Covance) and protein G-agarose (Amersham
Pharmacia Biotech).

Plasmid Description
All plasmids have been described previously (8, 14).

Acknowledgments
We thank Dr. Ann Erickson for providing us with mouse cathepsin L antibody,
Dr. John J.M. Bergeron for the calnexin antibody, and Dr. Scott Lowe for the
pBabe-ras V12 construct.

References
1. Ehrmann M, Clausen T. Proteolysis as a regulatory mechanism. Annu Rev
Genet 2004;38:709– 24.

2. Brown MS, Ye J, Rawson RB, Goldstein JL. Regulated intramembrane
proteolysis: a control mechanism conserved from bacteria to humans. Cell 2000;
100:391–8.

3. Goulet B, Nepveu A. Complete and limited proteolysis in cell cycle
progression. Cell Cycle 2004;3:986 –9.

4. Nepveu A. Role of the multifunctional CDP/Cut/Cux homeodomain

Nuclear Cathepsin L in Cancer Cells

Mol Cancer Res 2007;5(9). September 2007

905



transcription factor in regulating differentiation, cell growth and development.
Gene 2001;270:1 –15.

5. Ellis T, Gambardella L, Horcher M, et al. The transcriptional repressor CDP
(Cutl1) is essential for epithelial cell differentiation of the lung and the hair
follicle. Genes Dev 2001;15:2307 –19.

6. Sinclair AM, Lee JA, Goldstein A, et al. Lymphoid apoptosis and myeloid
hyperplasia in CCAAT displacement protein mutant mice. Blood 2001;98:
3658–67.

7. Luong MX, van der Meijden CM, Xing D, et al. Genetic ablation of the CDP/
Cux protein C terminus results in hair cycle defects and reduced male fertility.
Mol Cell Biol 2002;22:1424–37.

8. Moon NS, Premdas P, Truscott M, Leduy L, Berube G, Nepveu A. S phase-
specific proteolytic cleavage is required to activate stable DNA binding by the
CDP/Cut homeodomain protein. Mol Cell Biol 2001;21:6332– 45.

9. Truscott M, Raynal L, Premdas P, et al. CDP/Cux stimulates transcription from
the DNA polymerase a gene promoter. Mol Cell Biol 2003;23:3013–28.

10. Sansregret L, Goulet B, Harada R, et al. The p110 isoform of the CDP/Cux
transcription factor accelerates entry into S phase. Mol Cell Biol 2006;26:
2441–55.

11. Holthuis J, Owen TA, van Wijnen AJ, et al. Tumor cells exhibit
deregulation of the cell cycle histone gene promoter factor HiNF-D. Science
1990;247:1454–7.

12. van Wijnen AJ, van Gurp MF, de Ridder MC, et al. CDP/cut is the
DNA-binding subunit of histone gene transcription factor HiNF-D: a
mechanism for gene regulation at the G1/S phase cell cycle transition point
independent of transcription factor E2F. Proc Natl Acad Sci U S A 1996;93:
11516–21.

13. Cadieux C, Fournier S, Peterson AC, Bédard C, Bedell BJ, Nepveu A.
Transgenic mice expressing the p75 CDP/Cux isoform develop a myeloprolifer-
ative-disease like myeloid leukemia. Cancer Res 2006;66:9492–501.

14. Goulet B, Baruch A, Moon NS, et al. A cathepsin L isoform that is devoid of
a signal peptide localizes to the nucleus in S phase and processes the CDP/Cux
transcription factor. Mol Cell 2004;14:207–19.

15. Portnoy DA, Erickson AH, Kochan J, Ravetch JV, Unkeless JC. Cloning
and characterization of a mouse cysteine proteinase. J Biol Chem 1986;261:
14697 –703.

16. Troen BR, Ascherman D, Atlas D, Gottesman MM. Cloning and expression
of the gene for the major excreted protein of transformed mouse fibroblasts. A
secreted lysosomal protease regulated by transformation. J Biol Chem 1988;263:
254– 61.

17. Turk B, Turk V, Turk D. Structural and functional aspects of papain-
like cysteine proteinases and their protein inhibitors. Biol Chem 1997;378:
141– 50.

18. Kane SE, Gottesman MM. The role of cathepsin L in malignant
transformation. Semin Cancer Biol 1990;1:127– 36.

19. Lah TT, Kos J. Cysteine proteinases in cancer progression and their clinical
relevance for prognosis. Biol Chem 1998;379:125–30.

20. Chambers AF, Colella R, Denhardt DT, Wilson SM. Increased expression of
cathepsins L and B and decreased activity of their inhibitors in metastatic, ras-
transformed NIH 3T3 cells. Mol Carcinog 1992;5:238 –45.

21. Collette J, Ulku AS, Der CJ, Jones A, Erickson AH. Enhanced cathepsin L
expression is mediated by different Ras effector pathways in fibroblasts and
epithelial cells. Int J Cancer 2004;112:190– 9.

22. Denhardt DT, Greenberg AH, Egan SE, Hamilton RT, Wright JA. Cysteine
proteinase cathepsin L expression correlates closely with the metastatic potential
of H-ras-transformed murine fibroblasts. Oncogene 1987;2:55–9.

23. Joseph LJ, Chang LC, Stamenkovich D, Sukhatme VP. Complete nucleotide
and deduced amino acid sequences of human and murine preprocathepsin L. An
abundant transcript induced by transformation of fibroblasts. J Clin Invest 1988;
81:1621 –9.

24. Kim K, Cai J, Shuja S, Kuo T, Murnane MJ. Presence of activated ras
correlates with increased cysteine proteinase activities in human colorectal
carcinomas. Int J Cancer 1998;79:324–33.

25. Troen BR, Chauhan SS, Ray D, Gottesman MM. Downstream sequences
mediate induction of the mouse cathepsin L promoter by phorbol esters. Cell
Growth Differ 1991;2:23–31.

26. Strojnik T, Zidanik B, Kos J, Lah TT. Cathepsins B and L are markers for
clinically invasive types of meningiomas. Neurosurgery 2001;48:598 –605.

27. Dohchin A, Suzuki JI, Seki H, Masutani M, Shiroto H, Kawakami Y.
Immunostained cathepsins B and L correlate with depth of invasion and
different metastatic pathways in early stage gastric carcinoma. Cancer 2000;89:
482– 7.

28. Park IC, Lee SY, Jeon DG, et al. Enhanced expression of cathepsin L in
metastatic bone tumors. J Korean Med Sci 1996;11:144 –8.

29. Chauhan SS, Goldstein LJ, Gottesman MM. Expression of cathepsin L in
human tumors. Cancer Res 1991;51:1478–81.

30. Joyce JA, Baruch A, Chehade K, et al. Cathepsin cysteine proteases are
effectors of invasive growth and angiogenesis during multistage tumorigenesis.
Cancer Cell 2004;5:443– 53.

31. Gocheva V, Zeng W, Ke D, et al. Distinct roles for cysteine cathepsin genes
in multistage tumorigenesis. Genes Dev 2006;20:543–56.

32. Moon NS, Rong Zeng W, Premdas P, Santaguida M, Berube G, Nepveu A.
Expression of N-terminally truncated isoforms of CDP/CUX is increased in
human uterine leiomyomas. Int J Cancer 2002;100:429 –32.

33. Goulet B, Watson P, Poirier M, et al. Characterization of a tissue-specific
CDP/Cux isoform, p75, activated in breast tumor cells. Cancer Res 2002;62:
6625– 33.

34. Moon NS, Berube G, Nepveu A. CCAAT displacement activity involves
Cut repeats 1 and 2, not the Cut homeodomain. J Biol Chem 2000;275:
31325 –34.

35. Eckert LB, Repasky GA, Ulku AS, et al. Involvement of Ras activation in
human breast cancer cell signaling, invasion, and anoikis. Cancer Res 2004;64:
4585– 92.

36. Erickson AH. Biosynthesis of lysosomal endopeptidases. J Cell Biochem
1989;40:31– 41.

37. Nishimura Y, Furuno K, Kato K. Biosynthesis and processing of lysosomal
cathepsin L in primary cultures of rat hepatocytes. Arch Biochem Biophys 1988;
263:107–16.

38. Nishimura Y, Kawabata T, Furuno K, Kato K. Evidence that aspartic
proteinase is involved in the proteolytic processing event of procathepsin L in
lysosomes. Arch Biochem Biophys 1989;271:400 –6.

39. Nishimura Y, Kawabata T, Kato K. Identification of latent procathepsins B
and L in microsomal lumen: characterization of enzymatic activation and
proteolytic processing in vitro . Arch Biochem Biophys 1988;261:64 – 71.

40. Arora S, Chauhan SS. Identification and characterization of a novel human
cathepsin L splice variant. Gene 2002;293:123 –31.

41. Weber E, Bahn H, Gunther D. Monoclonal antibodies against cathepsin L
and procathepsin L of different species. Hybridoma 1997;16:159–66.

42. Blum G, Mulliins SR, Keren K, et al. Dynamic imaging of protease
activity with fluorescently quenched activity-based probes. Nat Chem Biol
2005;1:203– 9.

43. De Vos J, Thykjaer T, Tarte K, et al. Comparison of gene expression profiling
between malignant and normal plasma cells with oligonucleotide arrays.
Oncogene 2002;21:6848–57.

44. Buchholz M, Braun M, Heidenblut A, et al. Transcriptome analysis of
microdissected pancreatic intraepithelial neoplastic lesions. Oncogene 2005;24:
6626– 36.

45. Logsdon CD, Simeone DM, Binkley C, et al. Molecular profiling of
pancreatic adenocarcinoma and chronic pancreatitis identifies multiple
genes differentially regulated in pancreatic cancer. Cancer Res 2003;63:
2649– 57.

46. Bhattacharjee A, Richards WG, Staunton J, et al. Classification of human
lung carcinomas by mRNA expression profiling reveals distinct adenocarcinoma
subclasses. Proc Natl Acad Sci U S A 2001;98:13790–5.

47. Korkola JE, Houldsworth J, Chadalavada RS, et al. Down-regulation of stem
cell genes, including those in a 200-kb gene cluster at 12p13.31, is associated with
in vivo differentiation of human male germ cell tumors. Cancer Res 2006;66:
820 –7.

48. Michl P, Ramjaun AR, Pardo OE, et al. CUTL1 is a target of TGFh
signaling that enhances cancer cell motility and invasiveness. Cancer Cell 2005;
7:521–32.

49. Cadieux C, Fournier S, Peterson AC, Bedard C, Bedell BJ, Nepveu A.
Transgenic mice expressing the p75 CCAAT-displacement protein/cut homeobox
isoform develop a myeloproliferative disease-like myeloid leukemia. Cancer Res
2006;66:9492–501.

50. Foekens JA, Kos J, Peters HA, et al. Prognostic significance of cathepsins B
and L in primary human breast cancer. J Clin Oncol 1998;16:1013 –21.

51. Thomssen C, Schmitt M, Goretzki L, et al. Prognostic value of the cysteine
proteases cathepsins B and cathepsin L in human breast cancer. Clin Cancer Res
1995;1:741– 6.

52. Premzl A, Puizdar V, Zavasnik-Bergant V, et al. Invasion of ras-transformed
breast epithelial cells depends on the proteolytic activity of cysteine and aspartic
proteinases. Biol Chem 2001;382:853– 7.

53. Weijzen S, Rizzo P, Braid M, et al. Activation of Notch-1 signaling

Goulet et al.

Mol Cancer Res 2007;5(9). September 2007

906



maintains the neoplastic phenotype in human Ras-transformed cells. Nat Med
2002;8:979 –86.

54. Rios-Doria J, DayKC,Kuefer R, et al. The role of calpain in the proteolytic cleavage
of E-cadherin in prostate and mammary epithelial cells. J Biol Chem 2003;278:1372–9.

55. Wang XD, Rosales JL, Magliocco A, Gnanakumar R, Lee KY. Cyclin E in
breast tumors is cleaved into its low molecular weight forms by calpain.
Oncogene 2003;22:769– 74.

56. Porter DC, Zhang N, Danes C, et al. Tumor-specific proteolytic processing of
cyclin E generates hyperactive lower-molecular-weight forms. Mol Cell Biol
2001;21:6254–69.

57. Carragher NO, Westhoff MA, Riley D, et al. v-Src-induced modulation of the
calpain-calpastatin proteolytic system regulates transformation. Mol Cell Biol
2002;22:257–69.

58. Coqueret O, Berube G, Nepveu A. The mammalian Cut homeo-
domain protein functions as a cell-cycle dependent transcriptional repressor
which downmodulates p21WAF1/CIP1/SDI1 in S phase. EMBO J 1998;
17:4680–94.

59. Ory DS, Neugeboren BA, Mulligan RC. A stable human-derived packaging
cell line for production of high titer retrovirus/vesicular stomatitis virus G
pseudotypes. Proc Natl Acad Sci U S A 1996;93:11400–6.

Nuclear Cathepsin L in Cancer Cells

Mol Cancer Res 2007;5(9). September 2007

907


