Distinct roles for cysteine cathepsin
genes in multistage tumorigenesis
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Multiple types of degradative enzymes, including cathepsins of the cysteine protease family, have been
implicated in the regulation of angiogenesis and invasion during cancer progression. Several cysteine
cathepsins are up-regulated in a mouse model of pancreatic islet cell carcinogenesis (RIP1-Tag2), and tumor
progression is impaired following their collective pharmacologic inhibition. Using null mutations of four of
the implicated cysteine cathepsins, we have now dissected their individual roles in cancer development.
Mutants of cathepsins B or S impaired tumor formation and angiogenesis, while cathepsin B or L knockouts
retarded cell proliferation and tumor growth. Absence of any one of these three genes impaired tumor
invasion. In contrast, removal of cathepsin C had no effect on either tumor formation or progression. We have
identified E-cadherin as a target substrate of cathepsins B, L, and S, but not cathepsin C, potentially explaining
their differential effects on tumor invasion. Furthermore, we detected analogous increases in cathepsin
expression in human pancreatic endocrine neoplasms, and a significant association between increased levels of
cathepsins B and L and tumor malignancy. Thus individual cysteine cathepsin genes make distinctive

contributions to tumorigenesis.
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Cathepsin cysteine proteases have been implicated in
processes important for tumor development and progres-
sion, including angiogenesis, cell proliferation, apopto-
sis, and invasion (B. Turk et al. 2002; Rao 2003; Jedeszko
and Sloane 2004; Joyce and Hanahan 2004; Joyce et al.
2004). The human cysteine cathepsin family comprises
11 genes (cathepsins B, C, H, F, K, L, O, S, V, W, and X/Z),
encoding intracellular proteases that are crucially impor-
tant for terminal protein degradation in the acidic envi-
ronment of lysosomes (V. Turk et al. 2002). Cysteine
cathepsins are also recognized to have many additional
functions in normal cells. For example, they are required
for the processing of proteins such as enkephalin in hor-
mone secretory granules (Yasothornsrikul et al. 2003),
and of transcription factors like CDP/Cux in the nucleus
(Goulet et al. 2004).

Corresponding authors.

SE-MAIL joycej@mskec.org; FAX (212) 717-3298.

7E-MAIL dh@biochem.ucsf.edu; FAX (415) 731-3612.

Article published online ahead of print. Article and publication date are
at http://www.genesdev.org/cgi/doi/10.1101/ gad.1407406.

Furthermore, the analysis of mice mutant in indi-
vidual cysteine cathepsins, although viable and fertile,
has uncovered specific physiological functions for sev-
eral family members. For example, cathepsin L mutant
mice have defects in epidermal homeostasis and in regu-
lation of the hair cycle (Roth et al. 2000) and develop
cardiomyopathy with age (Stypmann et al. 2002). Ca-
thepsin K-deficient mice develop osteopetrosis due to
impaired osteoclastic resorption of bone matrix (Saftig et
al. 1998). Mice deficient in the other cysteine cathepsins
have more subtle defects, such as a failure to activate
granzymes A and B in the cytotoxic lymphocytes of ca-
thepsin C mutant mice (Pham and Ley 1999), or de-
creased MHC class II antigen presentation in cathepsin
S-deficient mice (Shi et al. 1999). Cathepsin B mutant
mice can only be distinguished from their wild-type lit-
termates when subjected to pathologic stress, such as
experimental pancreatitis (Halangk et al. 2000) or liver
injury (Guicciardi et al. 2001), to which they are resis-
tant. However, when mice are deficient in both cathep-
sins B and L, they die shortly after birth with severe brain
atrophy associated with select neuronal loss in the cere-
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bral cortex and in the cerebellar Purkinje and granule cell
layers (Felbor et al. 2002), clearly implicating redundant
actions of both enzymes in maintenance of the central
nervous system.

Increased levels of cysteine cathepsin expression and
activity have been detected in several human and mouse
cancers (Jedeszko and Sloane 2004; Joyce et al. 2004). In
addition, in some cancer cells, cathepsins are mislocal-
ized from their normal intracellular compartments to
the cell surface, and can be secreted into the extracellu-
lar milieu (Mort et al. 1985; Mai et al. 2000). This redis-
tribution of cathepsins has also been observed in normal
cells; for example, cathepsin B traffics to the cell surface
in cytotoxic T lymphocytes following degranulation
(Balaji et al. 2002).

Six cathepsin family members (B, C, H, L, S, and Z) are
specifically up-regulated as tumors develop in the RIP1-
Tag2 (RT2) mouse model of pancreatic islet carcinogen-
esis (Joyce et al. 2004). Analysis of the constituent cell
types of these tumors revealed that cathepsin L was ex-
pressed predominantly in the cancer cells, whereas ca-
thepsins C and H were exclusively found in innate im-
mune cells. Cathepsin S was expressed in the infiltrat-
ing, proangiogenic (Grl*/Macl*) innate immune cells,
and to a lesser extent in endothelial cells, while cathep-
sins B and Z were broadly expressed in cancer cells, en-
dothelial cells, and immune cells (Joyce et al. 2004).
When cysteine cathepsin activity was inhibited in this
model, using a pan-cathepsin inhibitor (“JPM”), we ob-
served defects in tumor growth, invasion, and angiogen-
esis (Joyce et al. 2004). While the pharmacological stud-
ies revealed the functional importance of cathepsins in
cancer, these experiments did not allow us to assign spe-
cific functions to individual cathepsin enzymes. There-
fore, we have now used a genetic approach to define the
individual roles of cathepsins B, C, L, and S in cancer.
Furthermore, we show that increased expression of ca-
thepsins B and L correlates with tumor invasion and me-
tastasis in human pancreatic endocrine tumors.

Results

Stage-dependent effects of cathepsin mutants
on RIP1-Tag2 tumor progression

Of the six cysteine cathepsin family members we had
previously implicated in tumorigenesis, gene knockout
mice have been generated for cathepsins B, C, L, and S.
Mice mutant for each of these genes are viable, fertile,
and lack gross developmental defects (Pham and Ley
1999; Shi et al. 1999; Halangk et al. 2000; Roth et al.
2000; Reinheckel et al. 2001). We generated congenic
mice for each individual cathepsin knockout and crossed
them to congenic RIP1-Tag2 (RT2) mice (all in the
C57BL/6 background) (see Materials and Methods). RT2
transgenic mice develop multiple pancreatic islet tu-
mors by 12-14 wk of age, as a consequence of expressing
the SV40 T antigen (Tag) oncogenes in insulin-producing
B-cells (Hanahan 1985). Tumor development in these
mice proceeds through a series of discrete stages. Ap-
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proximately 50% of the ~400 islets in the pancreas be-
come hyperproliferative, of which a subset (~25%) sub-
sequently acquire the ability to switch on angiogenesis
(Folkman et al. 1989). Some of these angiogenic islets
(15%-20%) progress into cancers that can be classified as
either encapsulated tumors or invasive carcinomas
(Lopez and Hanahan 2002).

We first evaluated angiogenic switching (at 10.5 wk of
age) in all four homozygous cathepsin knockout RT2
mice in comparison to control RT2 littermates (cathep-
sin +/- RT2 and cathepsin +/+ RT2). RT2 mice mutant
for cathepsin B (CtsB~/~ RT2) showed a 24% reduction
(P =0.0086) in angiogenic switching when compared
with RT2 littermate controls at 10.5 wk (Fig. 1A). Simi-
larly, cathepsin S mutant RT2 mice (CtsS~/~ RT2) had a
24% reduction in angiogenic switching (P = 0.0066).
However, ablation of cathepsin C (CtsC~/~ RT2) or ca-
thepsin L (CtsL~~ RT2) had no significant effect on the
development of these precursor lesions. This result is
consistent with our previous finding that neither cathep-
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Figure 1. Differential effects of cysteine cathepsin knockouts
on angiogenic switching and tumor growth. (A) Angiogenic
switching was assessed in RIP1-Tag2 (RT2) mice at 10.5 wk of
age by counting the number of angiogenic islets from each in-
dividual pancreas and comparing cathepsin knockout RT2 mice
to RT2 littermate controls (cathepsin +/+ and +/- littermates) of
the same age. (B) The cumulative tumor volume for all tumors
in the pancreas was calculated for each RT2 mouse at 13.5 wk
of age and grouped by genotype. In both graphs, the means and
standard errors are shown, and P values were calculated by com-
parison to the RT?2 littermate control group, using the Wilcoxon
t-test; (***) P value of <0.0001; (*) P value of <0.01. The numbers
of mice evaluated are indicated below each genotype.



sin C nor L is detected in the hyperplastic precursor le-
sions that undergo angiogenic switching (Joyce and
Hanahan 2004; Joyce et al. 2004).

We next assessed the cumulative tumor volume in ca-
thepsin mutant RT2 mice at later stages (13.5 wk of age),
which revealed more pronounced differences between
cathepsin family members (Fig. 1B). When compared
with 13.5-wk-old RT2 littermates, both CtsB~/~ RT2
(72% decrease, P < 0.0001) and CtsL™/~ RT2 mice (88%
decrease, P <0.0001) had substantial reductions in tu-
mor volume. CtsS”/~ RT2 mice had a less pronounced
decrease in tumor volume of 47% (P = 0.0012), whereas
there was no significant effect on tumor growth in
CtsC~/~ RT2 mice. These phenotypic effects are collec-
tively consistent with our previous findings that angio-
genic switching and tumor growth were reduced in RT2
mice treated with a pan-specific cathepsin protease in-
hibitor (Joyce et al. 2004). The quantitation of angiogenic
switching and tumor volume did not reveal any statisti-
cally significant differences among any of cathepsin +/-
RT?2 or cathepsin +/+ RT2 littermates generated from all
four crosses (all congenic in the C57BL/6 background).
The complete data sets are shown in Supplementary
Tables 1 and 2, and the quantitation of angiogenic
switching and tumor volume for individual animals is
shown in Supplementary Figure 1.

Genetic analysis of cysteine cathepsins in cancer

We then examined the effects of cathepsin gene abla-
tion on key parameters of tumorigenesis: angiogenesis,
apoptosis, cell proliferation, and tumor invasion.

Tumor vascularity was reduced in CtsB™~~ and CtsS™/~
but not CtsC/~ or CtsL™/~ RT2 mice

The density of tumor blood vessels was assessed by per-
fusion of a FITC-labeled lectin through the circulatory
system. The tumor microvascular density (MVD) in
CtsB~/~ RT2 mice was considerably reduced, by 56%
(P < 0.0001) compared with RT?2 littermate controls (Fig.
2). Tumors from CtsS~/~ RT2 mice showed a similar de-
crease of 48% (P <0.0001). In contrast, there were no
significant effects on MVD in tumors from CtsC~/~ RT2
or CtsL™/~ RT2 mice. We confirmed the reductions in
vascularity by immunostaining with endothelial-selec-
tive antibodies, CD31 and MECAA32, and observed simi-
lar results (data not shown). The vasculature of the exo-
crine pancreas was not affected in any of the cathepsin
knockout RT2 mice (data not shown). The reductions in
tumor vascularity in the CtsB~/~ RT2 and CtsS~/~ RT2
mice closely correlate with their decreased frequency of
angiogenic switching in dysplastic islet progenitor le-
sions (Fig. 1A), consistent with the proposition that
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Figure 2. Deletion of cathepsins B or S reduces tumor vascularization. FITC-lectin injection was used to visualize the functional
vasculature in tumors from wild-type control RT2 (A), CtsB~~ RT2 (B), CtsS”/~ RT2 (C), CtsL™/~ RT2 (D), and CtsC~/~ RT2 (E) mice,
treated under identical conditions. Representative FITC/DAPI merged images from each genotype are shown (FITC: green; DAPI: blue).
(F) The MVD was calculated by counting the number of vessels per field of each tumor in each mouse analyzed. The total numbers
of fields scored are as follows: RT2 controls: 75 fields from nine mice; CtsB~/~ RT2: 70 fields from nine mice; CtsS~/~ RT2: 41 fields
from seven mice; CtsL/~ RT2: 25 fields from four mice; CtsC~/~ RT2: 37 fields from three mice. The “controls” column corresponds
to both +/+ and +/- RT2 littermates generated from the four cathepsin mutant/RT2 crosses. The means and standard errors are shown,
and P values were calculated by comparison to the RT2 littermate control group using the Wilcoxon t-test; (***) P value of <0.0001.

Bars, 50 pm.
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these cathepsins are affecting both the initial induction
and the continuous maintenance of tumor angiogenesis.

Increased cell death in CtsB™/~, CtsL™/~, and CtsS™"~
RT2 mice

Defects in angiogenesis can have secondary conse-
quences for tumor cell survival (Kerbel and Folkman
2002); thus we examined apoptosis in each cathepsin
knockout/RT2 cross (Fig. 3). When compared with RT2
littermate controls, a significant increase in apoptosis
was observed in tumors from CtsB”/~ RT2 (229% in-
crease, P < 0.0001) and CtsS~/~ RT2 mice (164% increase,
P <0.0001). Thus, increased cell death in these two ca-
thepsin knockout RT2 mice correlated with their ob-
served defects in tumor angiogenesis. However, CtsL ™/~
RT2 tumors had the most pronounced increase in cell
death in the islet tumors (337% increase, P < 0.0001),
without evident defects in tumor vascularity. This result
indicates there are effects on apoptosis independent of
angiogenesis defects in CtsL~/~ RT2 tumors. There was a
small, though not significant, increase in the number of
apoptotic cells in the CtsC~/~ RT2 tumors (25% increase,
P=0.2791).

Tumor cell proliferation was reduced in CtsB~/~

and CtsL™~ but not CtsC™~ or CtsS™~ RT2 mice

Given the substantial differences observed in tumor vol-
ume between the four cathepsin knockouts, we exam-

: %‘RW control

ined tumor cell proliferation, which we expected to cor-
relate with tumor growth (Fig. 4). A 44% reduction in
cell proliferation was observed in tumors from CtsB~/~
RT2 mice (P <0.0001), compared with RT2 littermate
controls. Tumors from CtsL ™/~ RT2 mice showed a more
pronounced decrease of 58% (P < 0.0001), which corre-
lated closely with the substantial reduction in tumor
burden in CtsL~/~ RT2 mice (Fig. 1B). In notable contrast,
cell proliferation in the tumors of CtsS~/~ RT2 mice was
not reduced. This result was unexpected and suggests
that a combination of increased cell death and impaired
tumor angiogenesis accounts for the reduction in tumor
growth in this knockout. There were no significant ef-
fects on cell proliferation in the CtsC~/~ RT2 mice.

Tumor invasion was impaired in CtsB~/~, CtsL™/",

and CtsS™~ RT2 mice

Tumors in the RT2 model can be classified into three
types: encapsulated tumors (Tum), microinvasive carci-
nomas (IC1), and highly invasive carcinomas (IC2)
(Lopez and Hanahan 2002), with representative images
shown in Figure 5A-C. We observed significant reduc-
tions in the formation of invasive carcinomas in CtsB~/~
RT2, CtsL™/~ RT2, and CtsS~/~ RT2 mice (P < 0.0001 for
all three genotypes) (Fig. 5H, with representative images
in D-G). Highly invasive (IC2) tumors were never ob-
served in the CtsB~/~ RT2 mice, and only rarely in
CtsL™/~ RT2 (1.6% of total tumors) and CtsS~~ RT2 mice
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Figure 3. Deletion of cathepsins B, L, or S significantly increases tumor cell death. TUNEL staining was used to visualize apoptotic
cells in tumors from control RT2 (A), CtsB~~ RT2 (B), CtsS~/~ RT2 (C), CtsL'~ RT2 (D), and CtsC~/~ RT2 (E) mice, stained under
identical conditions. Positive cells are stained in brown, and hematoxylin (blue) is used as a counterstain. Representative images from
each genotype are shown. (F) The percentage of apoptotic (TUNEL+) cells was calculated from several fields of each tumor in each
mouse analyzed, and the means and standard errors are shown for each genotype. The total numbers of fields scored are as follows: RT2
controls: 209 fields from 21 mice; CtsB~/~ RT2: 94 fields from 10 mice; CtsS~/~ RT2: 122 fields from 12 mice; CtsL~/~ RT2: 36 fields
from four mice; CtsC~/~ RT2: 86 fields from eight mice. The “controls” column corresponds to both +/+ and +/- RT2 littermates
generated from the four cathepsin mutant/RT2 crosses. The means and standard errors are shown, and P values were calculated by
comparison to the RT2 littermate control group using the Wilcoxon t-test; (***) P value of <0.0001. Bars, 50 pm.
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Figure 4. Mice mutant for cathepsins B or L, but not S and C, show decreases in tumor cell proliferation. BrdU staining was used to
visualize proliferating cells in tumors from control RT2 (A), CtsB/~ RT2 (B), CtsS~/~ RT2 (C), CtsL™/~ RT2 (D), and CtsC~/~ RT2 (E)
mice, stained under identical conditions. Positive cells are stained in brown, and hematoxylin (blue) is used as a counterstain.
Representative images from each genotype are shown. (F) The percentage of proliferating (BrdU+) cells was calculated from several
fields per tumor in each mouse analyzed, and the means and standard errors are shown for each genotype. The total numbers of fields
scored are as follows: RT2 controls: 255 fields from 19 mice; CtsB~/~ RT2: 81 fields from seven mice; CtsS~/~ RT2: 51 fields from five
mice; CtsL~/~ RT2: 33 fields from three mice; CtsC~/~ RT2: 69 fields from five mice. The “controls” column corresponds to both
+/+ and +/- RT2 littermates generated from the four cathepsin mutant/RT2 crosses. The means and standard errors are shown, and
P values were calculated by comparison to the RT2 littermate control group using the Wilcoxon t-test; (***) P value of <0.0001.

Bars, 50 pm.

(2.5% of total tumors). This contrasts with the CtsC~/~
RT2 mice, which had a similar tumor spectrum and
number of IC2 tumors (8.7% of total tumors) to the con-
trol littermates (8.5% of total tumors) (Fig. 5H). These
results closely parallel our previous finding that the de-
velopment of invasive carcinomas was significantly im-
paired in RT2 mice treated with a broad-spectrum ca-
thepsin family inhibitor (Joyce et al. 2004). Interestingly,
mutation of any one of the cathepsin B, L, or S genes
interfered with the progression to invasive carcinoma,
indicating that each enzyme has an important, nonre-
dundant role in the process of tumor invasion.

E-cadherin is a target substrate of cathepsins B, L,
and S

One widely used marker of tumor invasion is the cell-
adhesion protein E-cadherin, which is typically reduced
in levels or absent in invasive tumors, as a result of mu-
tation, transcriptional silencing, or protease-mediated
ectodomain shedding (Vleminckx et al. 1991; Perl et al.
1998; Beavon 2000; Noe et al. 2001). Notably, E-cadherin
down-regulation has been functionally implicated in ac-
quisition of the invasive growth phenotype, both in the
RIP1-Tag2 pathway (Perl et al. 1998) and other model
systems (for review, see Cavallaro and Christofori 2004).
Immunostaining for E-cadherin showed that levels of
E-cadherin protein were maintained in RT2 tumors from

CtsB~/~ RT2, CtsL/~ RT2, and CtsS~~ RT2 mice, even
in the microinvasive IC1 tumors (Fig. 6C-H). This con-
trasts with IC1 tumors in control RT2 mice (Fig. 6A,B)
and in CtsC~/~ RT2 mice (Fig. 6L]), in which down-regu-
lation of E-cadherin, particularly at the invasive edges,
was observed.

The maintenance of E-cadherin protein levels in tu-
mors from CtsB~/~ RT2, CtsL~/~ RT2, and CtsS/~ RT2
mice motivated us to investigate whether these cathep-
sins might directly cleave E-cadherin so as to release the
extracellular domain, thereby abrogating its adhesive
(anti-invasive) function. The N-terminal extracellular
domains of E-cadherin proteins on adjacent cells bind to
each other in a homophilic manner to establish cell-cell
junctions (for review, see Beavon 2000). Thus, proteoly-
sis of its extracellular domain represents an alternative
to the well-documented mechanisms of mutational in-
activation or transcriptional down-regulation as a means
of losing E-cadherin function. Such loss of E-cadherin
function by proteolysis has been demonstrated for sev-
eral types of protease, including MMP3, MMP7,
ADAMI0, and plasmin (Lochter et al. 1997; Noe et al.
2001; Ryniers et al. 2002; Maretzky et al. 2005). In prin-
ciple, cathepsins could effect E-cadherin loss of function
by directly cleaving the ectodomain, or by activating
other proteases to perform this task.

To test whether E-cadherin might be a direct target
substrate for cysteine cathepsins, recombinant E-cad-
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Figure 5. Deletion of cathepsins B, L, or S, but not C, impairs tumor invasion. H&E staining was used to grade tumors from cathepsin
knockout RT2 mice and RT2 littermate controls. Tumors in RT2 mice can be divided into three different classes, as shown in
representative H&E images from control RT2 mice: (A) Encapsulated tumors (Tum). (B) Microinvasive carcinomas (IC1). (C) Invasive
carcinomas (IC2). Representative images for the predominant grade of tumors in cathepsin knockout/RT2 mice are indicated. (D)
CtsB~/~ RT2: Tum. (E) CtsS~~ RT2: IC1. (F) CtsL™/~ RT2: IC1. (G) CtsC~~ RT2: IC1. In all H&E panels, the normal exocrine tissue (exo)
is shown at the top of the image for comparison to the tumor below. (H) Graph showing the relative proportions of encapsulated,
microinvasive, and invasive carcinomas in RT2 controls versus the different cathepsin knockout/RT2 mice at 13.5 wk of age. The
“controls” column corresponds to both +/+ and +/- RT2 littermates generated from the four cathepsin mutant/RT2 crosses. The total
numbers of tumors scored are as follows: controls: 1416 tumors from 89 mice; CtsB~/~ RT2: 269 tumors from 19 mice; CtsS~/~ RT2:
277 tumors from 23 mice; CtsL’- RT2: 64 tumors from 10 mice; CtsC~/~ RT2: 288 tumors from 16 mice. The distribution of tumor
types in the control group was compared with the distribution of tumors in the other four groups using a cumulative logit model with
generalized estimating equations to correct for correlations within individual mice. (***) P value of <0.0001 compared with the
controls group using this test. Bars, 50 um.

herin was incubated with each of the active cathepsin
enzymes (cathepsin B, C, L, or S) in vitro under defined
conditions, followed by Western blotting. The data
clearly reveal that E-cadherin is specifically cleaved by
cathepsins B, L, or S, but not by cathepsin C (Fig. 6K).
A set of distinctive antibodies was used to demon-
strate specific cleavage of E-cadherin in the extracellular
portion of the protein by cathepsins B, L, or S, but not by
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cathepsin C (Fig. 6K): The MAb ECCD2 recognizes an
epitope in the EC1 extracellular subdomain of E-cad-
herin; the MAb HECD-1 binds the EC2 extracellular sub-
domain; while anti-human polyclonal IgG-Fc detects an
IgG linker domain near the C terminus of the recombi-
nant E-cadherin protein. Several cleaved E-cadherin frag-
ments of ~64 kDa and 30-35 kDa were detected, depend-
ing on the antibody used (Fig. 6K). We confirmed that all
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Figure 6. E-cadherin is a target substrate for cathepsins B, L, or S, but not C, in vivo and in vitro. E-cadherin staining was used to
confirm the H&E grading and revealed a consistent maintenance of E-cadherin levels even in microinvasive carcinomas (IC1) from
CtsB~ RT2 (C,D), CtsS/~ RT2 (E,F), and CtsL~~ RT2 (G,H) mice, but not in CtsC”/~ RT2 (I,]) or control RT2 (A,B) IC1 tumors.
E-cadherin-stained images (red) are shown in the left panels, with E-cadherin/DAPI merged images in the right panels. The normal
exocrine tissue (in which levels of E-cadherin are the same in all genotypes) is shown at the top of the image for comparative reference
to the IC1 tumor below. Bars, 50 um. (K) Recombinant E-cadherin is cleaved by cathepsins B, L, and S, but not cathepsin C in vitro.
E-cadherin was incubated under identical conditions with each activated cathepsin, as indicated above the top panel, and Western
blots were hybridized with HECD-1 (E-cadherin extracellular subdomain EC2), ECCD2 (extracellular subdomain EC1), or IgG (to
detect recombinant E-cadherin, which has an IgG linker at the C terminus). Full-length and cleaved E-cadherin fragments are indicated

at the Ieft side.

four purified cathepsin enzymes (in particular, cathep-
sin C) were, indeed, active as proteases by incubating an
aliquot of each with fluorogenic peptide substrates
(Supplementary Fig. 2) immediately before performing
the E-cadherin cleavage assay.

Evaluation of cathepsin expression in mouse islet
tumor sections

To substantiate and extend upon the analysis of cell-
type-specific expression of the individual cathepsins pre-

viously discerned by flow cytometry (Joyce et al. 2004),
and to set the stage for cross-correlative analysis of ar-
chival human tumor samples, we analyzed cathepsin ex-
pression patterns in RT2 tissue sections by immuno-
staining with specific antibodies (Fig. 7). The data reveal
that in mouse RT2 tumors, cathepsin B was expressed to
different degrees by all three cell types (tumor, endothe-
lial, and immune) (Fig. 7E), cathepsin L was predomi-
nantly expressed by tumor cells (Fig. 7F), cathepsin S was
expressed by endothelial cells and associated innate im-
mune cells (Fig. 7G), and cathepsin C was apparently
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Figure 7. Cell-type-specific expression of cathepsins in mouse RT2 pancreatic tumors. Normal pancreas and RT2 tumors were
stained with antibodies against cathepsins B, L, S, and C as indicated. (A-D) Representative images of normal mouse pancreas stained
for each antibody are shown in the first row, with normal islets indicated with a dotted black line, surrounded by normal exocrine cells.
(E-H) Representative images of RT2 tumors stained for each antibody are shown in the second row. Cathepsin-positive cells are stained
in brown, and hematoxylin (blue) was used as a counterstain. Tumor cell staining is indicated by asterisks, endothelial cell staining
by arrows, and immune cell staining by arrowheads. (I-L) The specificity of antibodies against cathepsins B, C, L, and S is demonstrated
by the absence of staining in the corresponding cathepsin-null/RT2 tumors, as indicated in the third row. Bars, 50 pm.

associated with infiltrating immune cells (Fig. 7H).
Thus, in addition to a general up-regulation in cathepsin
protein levels when normal islets and RT2 tumors are
compared (Fig. 7), these immunostaining data are com-
pletely consistent with our previous analyses of cell-spe-
cific cathepsin expression using flow cytometry (Joyce et
al. 2004).

Cathepsins B and L are up-regulated in human
pancreatic endocrine tumors

To address the prospect that our findings of distinctive
roles for specific cathepsin genes might be predictive of
similar involvements in human cancers, we examined
cathepsin expression in human pancreatic endocrine
neoplasms (PEN). PEN are rare epithelial tumors that
can be broadly classified as either benign or malignant,
and functional or nonfunctional (Hochwald et al. 2002).
Functional tumors have a clinical syndrome because of
excess hormone secretion, and include insulinomas, gas-
trinomas, and glucagonomas among others, with insuli-
nomas constituting the majority (Viola and Sosa 2005).
Most insulinomas develop sporadically, but a small pro-
portion arise as part of the hereditary multiple endocrine
neoplasia type 1 (MEN1) syndrome. While the MEN1
gene, encoding menin, is mutated in most hereditary
cases, MEN1 mutations are rare in the sporadic insuli-
nomas analyzed to date (four mutations in 105 cases)
(Zhuang et al. 1997; Shan et al. 1998; Cupisti et al. 2000;
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Jonkers et al. 2005); thus little is currently known about
the molecular mechanisms underlying the majority of
sporadic insulinomas.

A tissue microarray (TMA) was constructed, com-
posed of normal pancreas tissue controls and 80 PEN, the
majority of which were insulinomas, islet cell tumors,
and associated metastatic lesions. We performed immu-
nostaining for cysteine cathepsins B, C, L, and S and
scored each lesion based on staining intensity (see Ma-
terials and Methods). For those tumors with extensive
pathology records (n = 74), we grouped PEN lesions into
four classes. Benign tumors were classified as lesions in
which there was no evidence of either tumor or vascular
invasion (Benign, n = 22). Vascular invasive tumors were
classified by the presence of tumor cells or tumor emboli
in the blood or lymphatic vasculature (Vascular Invasive,
n = 12). Invasive tumors were classified into two groups:
those showing either frank tumor cell invasion, but no
evidence of metastases (Invasive Tumor, n = 11), or those
in which the primary PEN lesion had metastasized to a
secondary organ (Metastatic Primary, n =23). Finally
metastases, to the liver and/or lymph nodes, were also
scored (Metastasis, n = 6).

We found that cathepsins B and L were progressively
up-regulated as PEN become more aggressive, when
compared with normal islets and the exocrine pancreas
(Fig. 8A-F,G-L). For both proteins, this gradual increase
in immunostaining was statistically significant (Fig. 8Y)
(P <0.0001 for both). In contrast, cathepsin S immuno-
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Figure 8. Increased levels of cathepsins B and L are positively associated with tumor progression in human PEN lesions and associated
metastases. A TMA was constructed from a panel of human PEN and normal pancreas tissues. (A-X) Tissue arrays were stained with
antibodies against cathepsins B, L, S, and C as indicated. Cathepsin-positive cells are stained in brown, and hematoxylin (blue) was
used as a counterstain. Representative images of normal human pancreas (n = 6) stained for each antibody are shown in the first row,
with normal islets indicated with a dotted black line, surrounded by normal exocrine cells. Representative images for each of the
tumor stages—Benign Tumor (n = 22), Vascular Invasive Tumor (n = 12), Invasive Tumor (n = 11), Metastatic Primary (n = 23), and
Metastasis (n = 6)—are shown in the rows below. The PEN number corresponds to the position on the tissue array. Tumor cell staining
is indicated by asterisks, endothelial cell staining by arrows, and immune cell staining by arrowheads. (Y) The cathepsin staining for
each tissue specimen was scored as negative (0) or positive [three levels: weak (1); moderate (2); strong (3)] and graphed as the percentage
of staining intensity for each stage. For each cathepsin, an overall test of differences among any of the groups (normal and tumor) was
performed. An exact version of Mantel Haenszel’s test for trend was performed to look for differences in staining in each tumor group
compared with the normal controls and to calculate P values, which are shown next to each data set. Bars, 50 pm.
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staining was only weakly positive in PEN lesions (Fig.
8M-R) and did not show an association with tumor ma-
lignancy (Fig. 8Y) (P = 0.27). Similarly, cathepsin C was
either not expressed or weakly expressed at all stages
(Fig. 85-X), and the level of staining did not appreciably
increase as tumors progressed (Fig. 8Y) (P =0.51). The
detailed statistical analysis of cathepsin staining across
all groups is shown in Supplementary Table 3.

TMAs have been extensively used in recent years, and
multiple studies have addressed the valid concern that
0.60-mm “cores” may not be representative of entire tis-
sues or tumor samples (for review, see Simon and Sauter
2003). Several studies have compared immunostaining
in TMAs versus large tissue sections and the consensus
is of a high concordance between the results obtained
from the different procedures (for review, see Simon and
Sauter 2003). Increasing the number of tissue cores pro-
vided more representative information than if a single
core was used, although adding more than four samples
had little additional effect on the concordance level
(Camp et al. 2000; Simon and Sauter 2003). In this study,
we used TMAs constructed using three core samples per
tumor or control tissue, and found complete concor-
dance in the cathepsin staining, both in terms of inten-
sity of staining and the cell type(s) that were positive.
Furthermore, for several cases, we were able to immu-
nostain the entire tumor specimen from which the three
cores had been sampled, and again found a complete cor-
relation between the two approaches (data not shown).

Notably, the expression and localization of cathepsins
B and L in human PEN lesions is consistent with the
immunostaining of RT2 tumors (Fig. 7), and with our
previous data describing expression profiles of the indi-
vidual cathepsins in constituent cell types purified from
RT2 tumors by flow cytometry (Joyce et al. 2004). Ca-
thepsin B was expressed by both tumor cells and endo-
thelial cells in human PEN (Fig. 8 A-F), and was particu-
larly intense in the pancreatic tumor cells that had me-
tastasized to the lymph nodes (Fig. 8F). Cathepsin L was
predominantly expressed by tumor cells, with little or no
positive staining in endothelial or immune cells in hu-
man PEN (Fig. 8G-L). Although cathepsins C and S are
up-regulated in mouse islet tumors, in the human PEN
lesions analyzed both proteins were either absent or ex-
pressed at low levels (Fig. 8M-R,S-X). While this may
indicate a more pronounced innate immune cell infil-
trate in RT2 lesions compared with most of the human
PEN analyzed, it is also possible that differences in fixa-
tion methods and the antibodies used may account for
the apparently weaker staining in human tissues.

Discussion

Using null mutants of cysteine cathepsin genes, we
found that members of this family have distinct roles in
promoting pancreatic islet tumorigenesis in the RT2
mouse model. We show that removing cathepsins B or S
reduces the frequency of initial angiogenic switching in
dysplastic progenitors, and impairs subsequent develop-
ment of the tumor vasculature. We show that absence of
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cathepsins B, L, or S reduced tumor growth in this
model, whereas removal of cathepsin C, which was also
up-regulated in RT2 tumors (Joyce et al. 2004), had no
significant effect on any parameter of tumorigenesis ex-
amined. The marked reductions in tumor growth in
CtsB~/~ RT2 and CtsL~/~ RT2 mice presumably resulted
from decreased cell proliferation and increased apopto-
sis. We attribute the moderately reduced tumor growth
in CtsS/~ RT2 mice to increased apoptosis and an im-
paired tumor vasculature, since tumor cell proliferation
was unaffected. Interestingly, null mutations in any one
of the three cathepsins B, L, or S perturbed the progres-
sion to invasive carcinoma, indicating that each enzyme
has an important, nonredundant role in the process of
tumor invasion.

With regard to the invasive phenotype, we identified
E-cadherin, a suppressor of invasive growth, as a candi-
date substrate that likely underlies the differential ef-
fects of cathepsins B, L, and S versus cathepsin C. We
show that cathepsins B, L, and S cleave E-cadherin in
vitro, whereas cathepsin C does not. Furthermore, when
cathepsins B, L, and S are deleted in RT2 mice, there is
maintenance of E-cadherin protein levels, associated
with a pronounced reduction in tumor invasion in vivo.
It has been hypothesized that cleavage of the extracellu-
lar domain of E-cadherin and the subsequent loss of cell-
cell adhesion leads to enhanced tumor invasion (for re-
view, see Noe et al. 1999). Now we have demonstrated
that cathepsins B, L, and S can cleave E-cadherin, adding
these enzymes to the list of proteases that mediate tu-
mor invasion, at least in part, through E-cadherin prote-
olysis. Intriguingly, while the biochemical data suggest
that any one of the three cathepsins is sufficient to
cleave E-cadherin and promote invasion, the genetic data
argue that their concerted actions are necessary for
E-cadherin down-regulation and promotion of invasion.
We foresee two likely explanations. First, the cell-cell
and tissue microenvironment may require all three ca-
thepsins in order to produce efficient extracellular pro-
teolysis of ligated E-cadherins linking adjacent cells,
with consequent loss of adhesion function and facilita-
tion of invasiveness, whereas in vitro, acting on a pure
substrate, any one of the three is capable of cleaving
E-cadherin. Second, each of the three proteases may have
independent substrates above and beyond E-cadherin,
whose proteolysis is necessary for invasive growth and
for full loss of functional E-cadherin. These mechanisms
could reconcile the in vitro biochemical data and the in
vivo genetic data, and deserve future investigation.

While the precise molecular mechanisms by which
each cathepsin elicits its other protumorigenic functions
remain to be defined, our findings have identified the
stages and processes in tumorigenesis in which each
plays a role. These genetic studies will enable us to de-
sign experiments aimed to elucidate the biochemical ba-
sis for the functional differences between members of a
protease gene family that play distinct roles in tumor
progression. There are several considerations. First,
while the cathepsins we have investigated are all mem-
bers of the papain family of cysteine proteases, there are



differences in their enzymatic activities that could result
in distinct substrate preferences. For example, most cys-
teine cathepsins (including cathepsins L and S) are endo-
peptidases, whereas cathepsin B has both endopeptidase
and carboxyopeptidase activity, while cathepsin C is ex-
clusively an aminopeptidase (Turk et al. 2001). Second,
the cell type that produces each cathepsin may affect the
range of substrates available, such that cathepsin B ex-
pressed by endothelial cells may have access to a very
different set of targets compared with cathepsin B ex-
pressed by tumor cells. Third, the period in cancer pro-
gression during when each enzyme is expressed and ac-
tive will ultimately influence the targets available in a
temporal manner, and consequently the stage-specific
tumorigenic processes where those enzymes could play a
role.

The molecular mechanisms underlying the effector
functions these proteases have on tumorigenesis may ul-
timately involve some combination of all three possibili-
ties, and the results presented here point toward that
conclusion. The simplest explanation, that differences in
substrate specificity or mechanism of action account for
the distinct functions of these enzymes, may apply in
the case of cathepsin C versus the other three cathepsins,
as we show here for E-cadherin. Importantly, targeting
E-cadherin cannot be the sole manifestation of their ac-
tivities in this neoplastic microenvironment. While all
three enzymes evidently contribute to tumor invasion
and resistance to apoptosis, only cathepsins B and S im-
pact tumor angiogenesis, whereas only cathepsins B and
L affect tumor cell proliferation. Moreover, the finding
that only those cathepsins expressed by endothelial cells
(cathepsins B and S) mediate angiogenic switching and
development of the tumor vasculature suggests that the
cell type that produces a particular cathepsin is also im-
portant. Similarly, cathepsins B and L are expressed in
tumor cells, but cathepsin S is not—thus their removal
could have a direct impact on tumor cell proliferation,
whereas cathepsin S may only be able to impact tumor
proliferation indirectly. Future experiments aimed to re-
move individual cathepsins using cell-type-specific and
conditional gene deletions should help address these al-
ternative explanations.

It is also interesting to note that while cathepsin C
was identified as one of a subset of cysteine cathepsins
that were up-regulated as islet tumors develop (Joyce et
al. 2004), when RT2 mice carry a null mutation in this
gene, there is no apparent phenotype. This result illus-
trates the importance of thorough functional validation
for candidates arising from microarray screens of cancers
as, not surprisingly, there will be genes whose expression
is up-regulated as a result of changes in the transcrip-
tional program but that do not contribute to cancer de-
velopment.

Finally, our analysis of human pancreatic endocrine
tumors has revealed a significant association between
increased cathepsin B and L staining and progression to-
ward malignancy. Interestingly, a recent study of spo-
radic insulinomas using comparative genomic hybridiza-
tion (CGH) identified gain of chromosome 9q (which in-
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cludes the cathepsin L gene) as the most frequent
genomic aberration (Jonkers et al. 2005). However, it
should be noted that mouse cathepsin L is closely related
to both human cathepsin L and human cathepsin V (also
known as cathepsin L2) (72% and 75% amino acid se-
quence identity, respectively), thus warranting the fu-
ture analysis of cathepsin V in islet cell tumors. The data
presented here add PEN to a growing list of tumors in
which increased cathepsin expression and activity are
associated with more advanced and aggressive cancer (for
review, see Jedeszko and Sloane 2004).

In summary, our data provide several important in-
sights. First, they confirm and extend our previous find-
ings that pharmacological inhibition of the cysteine ca-
thepsin family appreciably reduces tumor formation and
progression in the RT2 tumor model. Second, distinct
functions in tumorigenesis can be attributed to specific
cathepsin family members, excluding a role for one even
though all were similarly up-regulated in tumors. Third,
we have identified multiple tumorigenic processes that
are impacted by different cathepsin family members.
This knowledge will enable a focused search for the spe-
cific substrates of particular cathepsins that are impor-
tant in angiogenesis, tumor invasion, resistance to apo-
ptosis, or tumor cell proliferation. Fourth, we have iden-
tified E-cadherin as a target substrate for cathepsins B, L,
and S, which may explain, in part, their proinvasive
functions. Finally, we found that human pancreatic en-
docrine tumors up-regulate cysteine cathepsins B and L
much as in the mouse model. These data may be appli-
cable to the design of enzyme-specific cathepsin inhibi-
tors and potentially in selecting stages of cancer progres-
sion to target for optimal efficacy; in particular, our
mouse functional studies and analysis of human PEN
suggest that a selective inhibitor of cathepsins B and L
could have therapeutic value against invasive islet car-
cinomas, and perhaps other tumor types.

Materials and methods

Generation and analysis of cathepsin knockout/RT2 mice

The generation of RIP1-Tag2 (RT2) mice (Hanahan 1985) and
the four cathepsin mutant mice used in this study has been
previously reported (Pham and Ley 1999; Shi et al. 1999; Ha-
langk et al. 2000; Roth et al. 2000). Each cathepsin gene knock-
out and RT2 mice were backcrossed into the C57BL/6 back-
ground for at least 10 generations. They were then intercrossed
to generate congenic homozygous, heterozygous, and wild-type
cathepsin mutants together with the RT2 transgene. Tumor
volume and angiogenic islet quantitation was performed as pre-
viously described (Inoue et al. 2002; Bergers et al. 2003). All
animal studies were performed using protocols approved by the
animal care and utilization committees at Memorial Sloan Ket-
tering Cancer Center (MSKCC) and the University of California
at San Francisco. Data are presented as arithmetic means and
standard errors. The Wilcoxon t-test was used for statistical
comparison of groups. As the littermate controls from the four
crosses were pooled, a stricter P value of <0.01 was considered
significant.
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Immunohistochemistry: staining and analysis

Tissues were prepared as previously described for frozen and
paraffin embedding (Lopez and Hanahan 2002). FITC-lectin,
BrdU, TUNEL, and E-cadherin staining and H&E grading were
performed as previously described on tumors from 13.5-wk-old
RT2 mice (Lopez and Hanahan 2002; Joyce et al. 2005). For each
of these assays, data were collected using a double-blind proto-
col and independently assessed by two authors (V. Gocheva and
J.A. Joyce). For comparisons of tumor vascularization, fields
were randomly selected using a 20x objective lens from at least
five tumors per mouse (typically 10-15) for three to nine mice
per 13.5-wk-old group (see Fig. 2 legend for the exact numbers
analyzed). The numbers of blood vessels per field were counted
to calculate the MVD, subsequently de-coded, and statistical
analysis performed. For BrdU and TUNEL quantitation, fields
were randomly selected using a 40x objective lens from at least
five tumors per mouse (typically 10-15) for three to 21 mice per
13.5-wk-old group (see the legends for Figs. 3, 4 for the exact
numbers analyzed). The numbers of BrdU* or TUNEL" cells
were counted as a percentage of the total cells per field. For
tumor grading, paraffin or frozen tissue blocks were sectioned
completely and tissue sections were stained with H&E every 50
um. All tumors in the control and cathepsin-null 13.5-wk-old
RT2 mice were graded in a double-blind manner into three
types: encapsulated tumors (Tum), microinvasive carcinomas
(IC1), or invasive carcinomas (IC2) (see the legend for Fig. 5 for
the exact numbers analyzed). Invasion grading was indepen-
dently confirmed by E-cadherin immunostaining on frozen sec-
tions, also graded double-blindly. All MVD, BrdU, and TUNEL
analyses were performed on graded tumors, and there were no
significant differences between the tumor subtypes, such that
when reductions in MVD and cell proliferation or increases in
apoptosis were evident, they were observed in each of the three
tumor grades. The Wilcoxon t-test was used for calculation of P
values in the MVD, BrdU, and TUNEL analyses. A cumulative
logit model (McCullagh 1980) with generalized estimating
equations to correct for correlations within individual mice was
used to compare the distribution of tumor types in the control
RT2 group to the distribution of tumors in the other four ca-
thepsin knockout RT2 groups. Since the cathepsin +/- RT2 and
cathepsin +/+ RT2 littermates were combined as the “controls”
RT2 group, a stricter P value of <0.01 was considered signifi-
cant.

TMA construction and cathepsin immunostaining

A TMA was constructed from archival paraffin-embedded tissue
from a series of 80 pancreatic endocrine tumors surgically re-
sected from patients at MSKCC. Patient anonymity was en-
sured, and the study was performed in compliance with the
Institutional Review Board. The pancreatic tumors used in the
array included the following: 11 insulinomas (including one
arising in a MEN1 patient), 63 nonfunctional PEN (with islet
cell tumors representing the majority), and six metastases from
PEN. Specimens of normal pancreas (n = 6) were also included
in the TMA. Three 0.6-mm tissue cores were punched from
representative areas of the donor block and embedded in a re-
cipient block using an automated TMA machine. Five-micron
tissue sections were cut from this TMA and from representative
RT2 tissues, and staining for cathepsins B, C, L, and S was
performed. All cathepsin antibodies were purchased from R&D
Systems and were used at concentrations of 1:500 to 1:5000 to
immunostain tissues using standard protocols as previously de-
scribed (Joyce et al. 2005). The cathepsin staining for each tissue
specimen was scored independently in a double-blind manner
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by two authors (W. Zeng and J.A. Joyce) as negative (0) or posi-
tive [three levels: weak (1); moderate (2); strong (3)], based on
stain intensity and percentage of cells that stained positive. In
addition, the cell type(s) that stained for each cathepsin were
noted as tumor, endothelial, or immune cell-positive, and this
information was linked to the overall staining score. The per-
centage of staining intensity was graphed for each stage: normal
pancreas, benign tumor, vascular invasive tumor, invasive tu-
mor, metastatic primary tumor, and metastasis (to liver or
lymph nodes). For each cathepsin, an overall test of differences
among any of the groups (normal and all tumor stages) was
performed. An exact version of Mantel Haenszel’s test for trend
(Mantel 1963) was performed to look for differences in staining
in each tumor group compared with the normal controls. Since
multiple comparisons were performed, a P value of <0.01 was
considered significant.

Cathepsin activation and E-cadherin cleavage experiments

Recombinant inactive cathepsins L, S, and B and active mouse
cathepsin C were obtained from R&D systems. Cathepsin L was
activated at 10 ng/pL in 50 mM MES, 5 mM DTT (pH 6.0) for 15
min on ice. Cathepsin B was activated at 10 ng/uL in 25 mM
MES, 5 mM DTT (pH 5.0) for 15 min at room temperature.
Cathepsin S was activated at 10 ng/uL in 50 mM sodium ac-
etate, 5 mM DTT, 0.25 M NaCl (pH 4.5) for 1 h at 37°C. Ca-
thepsin B and L activation was confirmed using fluorogenic pep-
tide substrate VII (R&D systems), cathepsin S activation using
fluorogenic peptide Substrate IT (R&D systems), and cathepsin C
using G-R-AMC (MP Biomedicals). The reactions were carried
out in 50 mM sodium acetate, 5 mM DTT (pH 5.5), and fluo-
rescence was measured on a TECAN SpectraFluor Plus instru-
ment (TECAN).

For the in vitro cleavage reaction, cathepsins were activated
as described above and were incubated with equal amounts of
recombinant human E-cadherin (R&D systems) in reaction
buffer (50 mM sodium acetate, 0.04 mM CaCl,, 5 mM DTT at
pH 5.5) at 37°C for 15 min. The amount of each cathepsin used
was determined based on the specific activity of the enzyme.
The reaction was stopped by addition of the cysteine protease
inhibitor E-64 (15 uM; Roche), followed by incubation for 15
min at room temperature. SDS sample buffer and reducing agent
were added to each reaction, and the samples were boiled at
95°C for 5 min. Aliquots of the reaction mixtures were sepa-
rated on a 10% NuPAGE Novex Bis-Tris gel (Invitrogen) and
subjected to Western blot analysis. The antibodies used were
ECCD?2, 1:1000 (epitope is in E-cadherin extracellular subdo-
main EC1) (Zymed); HECD-1, 1:1000 (E-cadherin extracellular
subdomain EC2) (Zymed); and anti-human IgG-Fc, 1:10,000 (to
detect IgG linker in recombinant E-cadherin) (Biodesign). All
experiments were repeated independently at least three times.
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Note added in proof

An independent study in press describes similar effects of ca-
thepsin S mutants on RIP1-Tag2 angiogenesis (Wang et al.
2006).
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