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Abstract

Transfection of an activated ras oncogene into NIH3T3 fibro-
blasts leads to transformation and induction of a metastatic
phenotype. To identify genes whose activation might mediate
these processes, we used a differential screening strategy. A
1.5-kb transcript is induced fiftyfold, constitutes 1% of ras

transformed cell messenger RNA(mRNA) and is the most
abundantly induced message in these cells. Our sequence data
shows that it encodes murine cathepsin L, a potent collageno-
lytic and elastinolytic lysosomal enzyme. The murine clone was

used to isolate human cathepsin L complementary DNA
(cDNA) clones. The complete nucleotide and deduced amino
acid sequences of human and murine preprocathepsin L are

presented and compared to other papain family cysteine pro-

teinases. Northern analysis shows that both human and murine
cathepsin L probes hybridize to a 1.5-kb transcript in several
tissues, but also to a 4-kb transcript in human kidney. These
clones will facilitate studies of the structure, expression, and
function of cathepsin L, including its unexpected upregulation
in transformation.

Introduction

Differential screening methodology has seen limited but in-
creasing application to cancer biology (1, 2). For example,
Matrisian et al. (3) identified a metalloproteinase secreted by
polyoma-transformed fibroblasts but not by the parent line.
Most recently Hanafusa et al. identified a novel protein whose
expression is elevated after Rous sarcoma virus transformation
of chick embryo fibroblasts (4).

Weapplied differential screening to a cDNA library made
from Ha-ras (activated) transformed NIH 3T3 fibroblasts to
identify genes that show altered levels of mRNArelative to
nontransformed cells. Our choice of the ras system was based
on two considerations: (a) there is substantial work relating
tumorigenicity and metastatic potential to the level of ras ex-

pression (5-9); (b) ras expression occurs in several human ma-

lignancies (prostate, colon, breast, leukemic cell lines (10-12).
It was our expectation that some of the cDNAs isolated using
the NIH3T3-ras model system would encode products that
might play a role not only in tumorigenesis but also in tumor
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progression, an area of clinical importance in which only lim-
ited advances have been made at the molecular level. Wealso
hypothesized that expression of one or more ras-induced
transcripts might correlate with metastatic potential in human
cancers where ras is thought to play a causal role.

In this paper we report on the most abundant transcript
induced by ras transformation. It predicts a protein of 334
amino acids with marked similarity to the papain cysteine
proteinase superfamily (13). This murine sequence has also
recently been reported as an activated mouse macrophage cys-
teine proteinase by Portnoy et al. (14), who, along with Mason
et al. (15), suggested that it could be identical to the major
excreted protein (MEP)' of transformed murine fibroblasts
and to cathepsin L. The definitive identification of this se-
quence as murine cathepsin L was established by isolation and
sequencing of the corresponding clone from a human kidney
cDNA library. Partial sequencing of the human clone (16)
predicted the partial amino acid sequence of human cathepsin
L (HCL) recently reported by Mason et al. (15). (Amino acid
sequence for the murine cathepsin L is not available.)

Cathepsin L is a lysosomal cysteine proteinase with a major
role in intracellular protein catabolism (17, 18). Cathepsin L
also shows the most potent collagenolytic and elastinolytic
activity in vitro of any of the cathepsins (19, 20). Most recently
human cathepsin L has been shown to proteolytically inacti-
vate alpha- 1 protease inhibitor, a major controlling element of
human neutrophil elastase activity in vivo (21). Cathepsin L
has been implicated in pathological processes including myo-
fibril necrosis in myopathies (22) and in myocardial ischemia
(23), and in the renal tubular response to proteinuria (24).

Wealso show the first complete nucleotide and predicted
amino acid sequence for human preprocathepsin L, compare
our human and murine sequences with those of other cysteine
proteinases, provide the first demonstration of cathepsin L
mRNAin a human tumor, and show evidence for a higher
molecular weight human kidney transcript.

Methods

Cell culture. NIH3T3 mouse fibroblasts were kindly provided by S.
Schwartz, and Kirsten ras transformed cells by Robert Bassin. All cells
were maintained in Dulbecco's modified Eagle's medium (DMEM)
(Gibco Laboratories, Grand Island, NY) with 10% fetal calf serum at
37°C in a humidified incubator containing 5% CO2. Cells were rou-
tinely subcultured when they achieved 30-50% confluence so as to
decrease the occurrence of spontaneous transformants.

Enzymes and reagents. Eco RI linkers, restriction endonucleases,
Eco RI methylase and bacteriophage T4 DNAligase were purchased
from New England Biolabs, Beverly, MA. Reverse transcriptase from

1. Abbreviations used in this paper: HCL, human cathepsin L; MCL,
murine cathepsin L; MCP, murine cysteine proteinase; MEP, major
excreted protein.
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avian myeloblastosis virus was obtained from Molecular Genetic Re-
sources, Tampa, FL. MI3mplO and MI3mpl 1 vectors, as well as
[alpha-32P]dCTP (> 3,000 Ci/mmol), and 5'-[alpha-(35S)thio]dATP
(400-800 Ci/mmol) were purchased from Amersham Corp., Arlington
Heights, IL. Polynucleotide kinase, M13 seventeen base sequencing
primer, oligo (dT) cellulose, oligo (dT)12,18, deoxy- and dideoxyribo-
nucleotides were obtained from Pharmacia Fine Chemicals, Piscata-
way, NJ. SI nuclease and the Klenow fragment of DNApolymerase
used in the DNA sequencing reactions were purchased from
Boehringer Mannheim, Indianapolis, IN. 17-mer oligonucleotide
primers for DNAsequencing were synthesized by the methoxy phos-
phoramidite method on an Applied Biosystems (Foster City, CA) oli-
gonucleotide synthesizer.

Transformation protocol. Using a standard calcium phosphate pre-
cipitation procedure (25), these cells were transfected with 20 sg of
mouse L cell thymidine kinase negative (tk-) fibroblast carrier DNA
and 45 ng of DNAfrom plasmid pT24-C3 (26). This plasmid contains
a 6.4 kb BamHI insert encoding an activated human Ha-ras oncogene.
2 d after transfection, the medium was changed to DMEMwith 3%
FCS. Between days 10 and 20 after transfection, cloning cylinders were
used to pick individual foci of morphologically transformed cells.

cDNA library. RNAwas extracted from ras transformed, untrans-
formed contact inhibited, and untransformed exponentially growing
cells by the guanidinium thiocyanate method (27). Poly (A)' RNAwas
selected by oligo (dT)-cellulose chromatography (28). A lambda gtlO
cDNA library was constructed (29) from 2 ug of poly (A)' RNAre-
sulting in - 5 X lIO recombinant phage with average insert size of

- 700 bp. A human kidney cDNA library in lambda gtlO was kindly
provided by Dr. G. Bell, Department of Biochemistry, University of
Chicago.

Differential screening of cDNA library. 32P-labeled cDNA probes
were prepared from poly (A)' RNAas described (30) except that 100
MCi of [32P]dCTP (> 3,000 Ci/mmol), 0.02 mMcold dCTPand 2-5 yg
of poly (A)' RNAwas used in each reaction. The mean size of the
reverse transcribed probes as assessed by agarose gel electrophoresis
and subsequent autoradiography was about 700 bases. Replica filter
lifts (GeneScreenPlus; Dupont-New England Nuclear, Boston, MA)
were prepared essentially as described by Benton and Davis (31) and

- 3 X 106 cpm of 32P-cDNA was used per 90 mmdiam filter. Hybrid-
izations were carried out at 65°C in 1% SDS, 10% dextran sulfate, and
I MNaCl as described in the GeneScreen protocol for a period of 16 h.
The filters were washed twice for 20 min each time, first at room
temperature in 2X SSC then at 65°C in 2X SSC, 1% SDS (low strin-
gency wash), and finally at 65°C in 0.2X SSC (for high stringency
wash). Exposure was for 18 h at -70°C with an intensifying screen.

Nucleic acid methods. Phage particles were prepared by the plate
lysate method and phage DNAwas purified by CsCl equilibrium cen-
trifugation (32). Plasmid DNAwas isolated by the Triton-lysozyme
lysis method followed by ethidium bromide/CsCl equilibrium centrif-
ugation (32). Enzyme reactions were carried out as suggested by the
suppliers. [32P]dCTP labeled probes were made either by nick transla-
tion (33) or by random hexamer priming (34) using a Pharmacia kit.
All Northern blots were annealed to radioactively labeled probe and
washed as described in the previous paragraph.

DNA sequencing. The dideoxynucleotide chain termination
method (35, 36) with M13 vectors mplO, mpl 1, mpl8, and mpl9 was
used for the cDNA sequencing. Both strands of the insert of clone
pRIT-1.2 and of the insert of clone pHCL-12.1 were fully sequenced,
with the exception of 71 bp of 5'-untranslated and 74 bp of 3' untrans-
lated sequence in pHCL-12.1 that were only sequenced in a single
direction (Fig. 2 B). DNAsequence and deduced protein sequence data
were processed using the MicroGenie program (Beckman Instruments,
Inc., Palo Alto, CA).

Human tissues. Peripheral blood cells from patient M.L. were pro-
vided by Dr. R. Larson, Department of Medicine, University of Chi-
cago. M.L. was a female with a monocytic leukemia that had evolved
from a myelodysplastic syndrome. Mononuclear cells were separated
from red blood cells (RBC) on a Ficoll-Hypaque gradient. After separa-

tion, the cells were washed four times in DMEM.The pellet was snap
frozen in liquid nitrogen and stored at -70'C. Tissues from surgical
pathology (kidney, breast) were provided by Dr. P. Dawson, Depart-
ment of Pathology, University of Chicago. These tissues were received
after sampling for surgical pathology. Sections were snap-frozen in
liquid nitrogen and stored at -700C. Selection of these particular cases
was determined solely by availability at the time of the request.

Results

Isolation of ras-induced cDNA clones. After transfection of
NIH3T3 cells with the activated c-Ha-ras oncogene, two
clones, designated a-H-ras- 1 and a-Ha-ras-2, showed the high-
est level of ras mRNAexpression. These two cell lines also had
the most spindle-shaped refractile appearance, grew most rap-
idly and were least adherent to the tissue culture dishes. Since
the level of ras message might correlate with the invasive and
metastatic behavior of these cells (5-9), we felt that use of the
two clones with most abundant ras expression would lead to
the identification of the largest number of ras regulated tran-
scripts in a differential screening analysis. To decrease the in-
cidence of false positives arising from alterations in gene ex-
pression due to passage in cell culture or due to insertional
mutagenesis or DNA rearrangements secondary to the cal-
cium phosphate method we constructed the cDNA library
with RNAisolated from a-Ha-ras-l cells and screened it dif-
ferentially with cDNA from a-Ha-ras-2 cells and with cDNA
from nontransformed NMH3T3fibroblasts.

2,000 plaques screened in this manner led to the identifi-
cation of 19 clones for which the hybridization signal was
more intense with the probe from a-Ha-ras-l than with the
probe from the nontransformed cells. Sibship analysis revealed
that 17 of the 19 clones cross-hybridized. These 17 were con-
sidered to represent a single cDNA designated RIT- 1 (ras in-
duced transcript- 1). The longest RIT-1 insert, 800 base pairs,
was subcloned into pBR322 and designated pRIT- 1.1.

Northern analysis of mRNAsize. To confirm that the
mRNAcorresponding to RIT-l is markedly up-regulated in
ras transformed fibroblasts, and to determine the size(s) of the
mRNA, Northern blot analysis was performed on total RNA
from exponentially growing ras-transformed 3T3 cells (a-Ha-
ras- 1 and -2), contact inhibited resting nontransformed 3T3
cells, and exponentially growing 3T3 cells. Fig. 1 A (3 h expo-
sure) shows a band at 1.5 kb and shows that the RIT-1 tran-
script is induced - 50-fold (as measured by laser densitome-
try) relative to the nontransformed cells. Fig. 1 B shows the
same lanes after a 3-d exposure, permitting better visualization
of the band in the nontransformed cells. The RIT- I mRNAis
also highly induced in a Kirsten ras transformed cell line (37)
(data not shown).

Since the Northern analysis indicated a transcript size of
1.5 kb, we used pRIT-l.l to screen a mouse Ltk- lambda gtlO
cDNA library constructed previously (38). Several positively
hybridizing clones were plaque purified. One of them,
pRIT-1.2, had a 1.36-kb insert. The Bgl II-Hind III fragment
containing this insert was subcloned into pUCl9 and then
sequenced in M13. This clone was shown by us to encode
murine cathepsin L (MCL) (16). Later in this paper we show
that it contains the entire coding region for the precursor form
of this enzyme.

Restriction mapand sequence strategy for MCL. A restric-
tion map of the cDNA insert of pRIT 1.2 and the sequencing
strategy is shown in Fig. 2 A. All restriction fragments were
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Figure 1. Northern analysis of mRNAtranscript sizes. The position
of ribosomal RNAsize markers, indicated by the arrows labeled 18S
and 28S, were determined for each gel by ethidium bromide staining.
(A) 0.5 ug of poly (A)+ RNAisolated from the following lines was
loaded for each lane: a-H-ras- 1 (lane 1), a-H-ras-2 (lane 2), confluent
contact-inhibited nontransformed NIH3T3 cells (lane 3), exponen-
tially growing nontransformed NIH3T3 cells (lane 4). Exposure was
for 3 h at -70'C with an intensifying screen. (B) A 3-d exposure of
the blot in A. (C) 10 Mg of total RNAfrom PHA-stimulated lympho-
cytes was probed with oligolabeled pHCL-800. 1. Exposure was over-
night with a single intensifying screen. (D) All available total RNA
was loaded for each of several surgical pathology specimens to maxi-
mize detection: 7 ;ig from a well-differentiated breast carcinoma
(lane 1), 11 MAg from peripheral blood lymphocytes from a patient
with monocytic leukemia arising from a myelodysplastic syndrome
(lane 2), 17 Mg from a kidney undergoing chronic graft rejection (hy-
pertensive vascular changes). This blot was probed with oligolabeled
pHCL-800. 1, and exposed overnight with a single intensifying screen.

subcloned into Ml 3mplO and Ml 3mpl 1. The nucleotide se-
quence of this insert is shown in Fig. 3.

Isolation of cDNA clones for HCL. Plasmid pRIT 1.1 was
used to screen a human kidney cDNA library. Hybridization
was at low stringency. Of 20,000 clones screened, 5 were posi-
tive. All five clones contained an - 800 bp Eco RI fragment
that hybridized at high-stringency to the 800 bp Eco RI frag-
ment from the murine coding region. The longest insert, found
in clone SL12. 1, was - 4,000 bp. The 800-bp Eco RI fragment
from SL12.1 was subcloned into pUC 13 and designated
pHCL-800. 1.

Northern analysis of HCL mRNA. pHCL-800.1 was used
to probe Northern blots containing total RNAfrom several
human tissues, as shown in Fig. 1 Cand D. A single band at 1.5
kb is detected in PHA-activated human peripheral blood lym-
phocytes, also in a moderately well differentiated adenocarci-
noma of the breast with minimal inflammation, and in RNA
from a rejected human kidney transplant. The kidney tissue
was processed after delay for surgical pathology examination,
which showed hypertensive vascular disease but no evidence of
inflammation. There is also a partially degraded but intense
band at - 4 kb. It is not known if this represents alternative
splicing, or a transcript from a homologous gene. Its strong
intensity and absence in other tissues suggests that it is not a
prespliced precursor. The presence of a larger transcript is
consistent with the fact that clone SL12. 1, itself derived from
kidney, is shown by sequencing to code for cathepsin L, and
has an insert size of 4,000 bases. 257 nucleotides of coding
sequence, entirely from the pre- and proregions occur within a
1,600-bp Eco RI fragment (see Fig. 2 B). Lane 2 in Fig. 1 D
contains total RNAfrom the PBL of a patient with monocytic
leukemia that evolved from a myelodysplastic syndrome. Al-

though the amount of RNAloaded, 11 sg, was intermediate
between that loaded for breast and for kidney, and did not
appear degraded as assessed by EtBr staining, no band is seen.
This result was not unexpected since MCLappears to be highly
expressed in only some macrophage/monocyte systems (14).

Restriction map and sequence strategy for human cDNA.
Restriction mapping showed that SL 12.1 has an - 1,600 bp
Eco RI fragment immediately 5' to the 800-bp fragment, as
well as an 1,300-bp Eco RI fragment 5' to the 1,600 bp piece
(and forming the 5' terminus of SL12. 1). Two smaller Eco RI
fragments are present at the 3' terminus, analogous to the map
for MCL. The restriction map and sequencing strategy are
shown in Fig. 2 B. The sequencing strategy used both restric-
tion fragment subcloning and the use of synthetic oligonucleo-
tide primers. The nucleotide sequence is shown in Fig. 3.

Nucleotide and amino acid sequence analysis with compar-
ison of murine and human clones. Examination of both nu-
cleotide sequences shows that in each case the reading frame
shown is the only one without multiple termination codons. In
each the initiator codon represents the most 5' of all in frame
methionines, and is preceded by a termination codon located
one codon upstream. These initiator codons are the only ones
surrounded by a sequence in partial agreement with the Kozak
consensus sequence for initiation of translation (ACCATGG)
(39). Neither sequence shows a poly A tail; however they both
show a consensus sequence for a polyadenylation signal (40).
There is 76% identity at the nucleotide level, which is almost
entirely confined to the coding and 3' noncoding region.

The complete deduced amino acid sequences for MCLand
HCLare shown in Fig. 4. Counting only matches of identical
amino acids, there is 72% identity. Wehave recently shown
(16) that the predicted human sequence from clone SL12.1
definitively identifies it as human cathepsin L since 38 out of
40 amino acids match the partial N-terminal sequence of the
heavy chain of cathepsin L as reported by Mason et al. (15).
Our complete deduced amino acid sequence, reported here,
shows complete agreement (amino acids 292-333) with the
entire 42 amino acid sequence for the light chain also reported
by Mason (15) and establishes that his group has sequenced the
entire light chain.

Both murine and human predicted amino acid sequences
show similar organization. Each begins with a 17 amino acid
long hydrophobic sequence that ends in Ala-X-Ala, a pro-
posed consensus cleavage site for signal peptides (41). These
are typical features of a "signal" sequence involved in target-
ting the newly synthesized protein to the endoplasmic reticu-
lum. In HCLthe proposed leader sequence is followed by a 96
amino acid propeptide, absent from the heavy chain in the
mature protein, as shown by the sequence data of Mason et al.
(15). Murine cathepsin L has been shown to undergo process-
ing, reflected in abrupt decreases in size of the protein; how-
ever, the amino acid sequence is not available to verify the
predicted analogous cleavage sites.

Mason et al. have shown that mature functional HCL is
composed of a heavy chain and a light chain, derived from a
single chain precursor (15). Wecannot rule out the possibility
that several amino acids are split off the carboxy terminal of
the heavy chain; however, the site of interchain cleavage must
occur after the His-276 (corresponding to His-1 59 in papain)
active site, setting a limit on the extent of cleavage. Purifica-
tion of human cathepsin L, has required acid activation (20)
that could result in artificial generation of two chains; how-
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ever, MCLundergoes similar cleavage intracellularly, suggest-
ing the processing is not an artifact in human enzyme prepara-
tion (14).

The murine sequence displays one more carboxy terminal
amino acid than does HCL. It is not known if this is present in
the mature protein or is processed. MCLhas two cysteine
residues lacking in HCL: Cys-125 and Cys-146 of the mature
protein. It is not clear if this results in intrachain disulfide
bonding. MCLshows two potential N-glycosylation sites,
Asn-221 and Asn-268. HCL shows only one, Asn 221. The
overall similarity of the L cathepsins with several of the other
known cysteine proteinases of the papain superfamily is shown
in Fig. 5. Papain is used as the prototype (and for numbering),
gaps are inserted in papain as well as other members to maxi-
mize identity. This multiple sequence alignment is an elabora-
tion of that presented by Takio et al. for rat cathepsins B and H
(42). Conservative changes of amino acids are also noted. The
regions under comparison include most of the mature protein
for each enzyme, but not the leader or propeptide pieces since
these have no counterpart in papain. A pairwise application of
the protein alignment program of MicroGenie (Beckman In-
struments, Inc.), again, applied only to the mature proteins,
and counting only matches of identical amino acids, was also
performed. MCLand HCL show 26-28% identity with the

murine and human B cathepsins (43), 40-42% identity with
papain, and 45-46% identity with rat cathepsin H (42).

The three-dimensional structure of papain has been deter-
mined (44). Cys-25 and His- 159 (numbering based on papain)
are the active sites. The cysteine proteinases show near identity
in an 11 amino acid sequence centered on Cys-25, less conser-
vation around the His-1 59. Other amino acids have been im-
plicated in determining substrate preferences, typically those
that can contact substrate side chains or help determine the
size of the "pocket" into which the substrate fits. For example,
Ser-205 is near the opening of the pocket. In cathepsin B it is
replaced by Glu. This substitution has been proposed by Bar-
rett and Kirschke (45) as the reason cathepsin B can bind both
Z-Phe-Arg and Z-Arg-Arg comparably. This hypothesis is
consistent with the presence of Ala-205 in both HCL and
MCL, which could limit interaction with the second basic
sidegroup and explain the marked preference of cathepsin L
for Z-Phe-Arg over Z-Arg-Arg.

Discussion

This report presents the complete nucleotide sequences and
the corresponding deduced amino acid sequences for human
and murine preprocathepsin L. The murine sequence is nearly
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GGGCTGCAGGTCGACTCTCGAGGATCCCCACCTCCACGTGCCHCL
CTGTTTTTCTGGAGGCACATCCTTGGCCTCTTCCACAGTCCTTGGGTAAATGCTTGGGAGHCL
AATAATTTAAATATTTTTATTCTACCATGGTGGCCCTAATTTTTCAGGGGGCAGTAAGATHCL

CGGCAGACTTCTTGTGCGCACGTAGCCGCCTCAGGTGTTTGAACCMCL
GGCTTTTTAGGATTGGTCTAATCAGATCCTCATTTTTGTTCCCTTCCTAGGTTTTAAAACHCL

ATGAATCTTTTACTCCTTTTGGCTGTCCTCTGCTTGGGAACAGCCTTAGCTACTCCA

ATGAATCCTACACTCATCCTTGCTGCCTTTTGCCTGGGAATTGCCTCAGCTACTCTA

AAATTTGATCAAACCTTTAGTGCAGAGTGGCACCAGTGGAAGTCCACGCACAGMAGACTG
I 111111111 11 11111111 111111111 1 1 11111 lii I

ACATTTGATCACAGTTTAGAGGCACAGTGGACCAAGTGGAAGGCGATGCACAACAGATTA

TATGGCACGAATGAGGAAGAGTGGAGGAGAGCGATATGGGAGAAGAACATGAGAATCATC
11 11111111111 III IIIIIIIIIII IIIII1111111111 11 11
TACGGCATGAATGAAGAAGGATGGAGGAGAGCAGTGTGGGAGAAGAACATGAAGATGATT

178 CAGCTACACAACGGGGAATACAGCAACGGGCAGCACGGCTTTTCCATGGAGATGAACGCC
I 11 1111 111111111 I 1111 I 1111 11111 111111111

GAACTGCACAATCAGGAATACAGGGAAGGGAAACACAGCTTCACAATGGCCATGAACGCC

238 TTTGGTGACATGACCAATGAGGAATTCAGGCAGGTGGTGAATGGCTATCGCCACCAGAAG
11111 1111111111 III 111111111111111 111111111 11 III III
TTTGGAGACATGACCAGTGAAGAATTCAGGCAGGTGATGAATGGCTTTCAAAACCGTAAG

298 CACAAGAAGGGGAGGCTTTTTCAGGAACCGCTGATGCTTAAGATCCCCAAGTCTGTGGAC
I 11 11111111 I 11 11111111 III I I 11111 11111111
CCCAGGAAGGGGAAAGTGTTCCAGGAACCTCTGTTTTATGAGGCCCCCAGATCTGTGGAT

358 TGGAGAGAAAAGGGTTGTGTGACTCCTGTGAAGAACCAGGGCCAGTGCGGGTCTTGTTGG
111111111 111 11111111111111111HiI11111 11 111111111
TGGAGAGAGAAAGGCTACGTGACTCCTGTGAAGAATCAGGGTCAGTGTGGTTCTTGTTGG

418 GCGTTTAGCGCATCGGGTTGCCTAGAAGGACAGATGTTCCTTAAGACCGGCAAACTGATC
1 11111 i11 III 11 1111111111111111 11 11 11 1 11 111

GCTTTTAGTGCTACTGGTGCTCTTGAAGGACAGATGTTCCGGAAAACTGGGAGGCTTATC
478 TCACTGAGTGAACAGAACCTTGTGGACTGTTCTCACGCTCAAGGCAATCAGGGCTGTAAC

11111111111 111H 1111 Hill III 1111111111 11111 11
TCACTGAGTGAGCAGAATCTGGTAGACTGCTCTGGGCCTCAAGGCAATGAAGGCTGCAAT

538 GGAGGCCTGATGGATTTTGCTTTCCAGTACATTAAGGAAAATGGAGGTCTGGACTCGGAG
11 11111 111111111111 11 1111 11111111 11111111 III
GGTGGCCTAATGGATTATGCTTTCCAGTATGTTCAGGATAATGGAGGCCTGGACTCTGAG

598 GAGTCTTACCCCTATGAAGCAAAGGACGGATCTTGTAAATACAGAGCCGAGTTCGCTGTG
11 11 11 1 1H 111 I III Hill 1111 11 111 1111
GAATCCTATCCATATGAGGCAACAGAAGAATCCTGTAAGTACAATCCCAAGTATTCTGTT

658 GCTAATGACACAGGGTTCGTGGATATCCCTCAGCAAGAGAAAGCCCTCATGAAGGCTGTG
Illllllllll 11 11 1111 111111 11111111 11111 11111111 11
GCTAATGACACCGGCTTTGTGGACATCCCTAAGCAGGAGAAGGCCCTGATGAAGGCAGTT

718 GCGACTGTGGGGCCTATTTCTGTTGCTATGGACGCAAGCCATCCGTCTCTCCAGTTCTAT
11 11111111111 11111111111111 11111 1 111 III III 1111111
GCAACTGTGGGGCCCATTTCTGTTGCTATTGATGCAGGTCATGAGTCCTTCCTGTTCTAT

778 AGTTCAGGCATCTACTATGAACCCAACTGTAGCAGCAAGAACCTCGACCATGGGGTTCTG
111111 11 I1 111 1111111111 11 111 11H 111 III

AAAGAAGGCATTTATTTTGAGCCAGACTGTAGCAGTGAAGACATGGATCATGGTGTGCTG

838 TTGGTGGGCTATGGCTATGAAGGAACAGATTCAAATAAGAATAAATATTGGCTTGTCAAG
1111 11111 11 1 11 1111 1111111111IIIIIIIIIIIII 11 111

GTGGTTGGCTACGGATTTGAAAGCACAGAATCAGATAACAATAAATATTGGCTGGTGAAG

898 AACAGCTGGGGAAGTGAATGGGGTATGGAAGGCTACATCAAAATAGCCAAAGACCGGGAC
11111111111 11111111 1111111111 11 11 111111111111
AACAGCTGGGGTGAAGAATGGGGCATGGGTGGCTACGTAAAGATGGCCAAAGACCGGAGA

V
958 AACCACTGTGGACTTGCCACCGCGGCCAGCTATCCTGTCGTGAATTGA-TGGGTAGCGGT

11111 11111 11111 111111111 11 III III I I I
AACCATTGTGGAATTGCCTCAGCAGCCAGCTACCCCACTGTGTGAGCTGTGGACGGTGAT

A
,017 AATG-AGGACTT-A-TGGACACTATG--TCCAAAG---GAATTCAGCTTAAAACTGACCA

I I IIIIIII I III I I 11I HIM 1 I11 111
,018 GAGGAAGGACTTGACTGGGGATGGCGCATGCATGGGAGGAATTC---TTCAGTCT-ACC-

,069 AACCCTTATTGAGTCAAACCATGGTACTTGAATCATTGAGGATCCAAGTCATGATTTGMA
l 111 11G111 1 1 111 1111111111 11111 111 111111111

,073 AGCCCCCGCTGTGTCGGA-TA-CACACTCGAATCATTGAAGATCCGAGT-GTGATTTGAA

1,129

1,130

1,189

1,187

1,249

1,235

11111 11 1H11 11 1 11111111111 111 11 11 1111 111111
TTCTG-TGATATTTTCACACTGG-TAAATGTTACCTCTA-TTTTAATTACTGCTATAAAT

AGCTTTATAATATTGAAAACTTAGTGCTTAATTCTGAGTCTGGAATATTTGTTTTATATA
11 111111 HiIII I1 1111 1111 1 11 11 11 11111 11
AGGTTTATATTATTG---ATTCA---CTTA---CTGACT-TTGCATTTTCGTTTT-TA-A

AAGGTTGTATAAAACTTTCTTTACCTCTTAAAATAAATTTTAGCTCAGTGTGTGTGTCG

1111 11111111 11 1111111 II 'III 1111
AAGGATGTATAAA--TT--TTTACCTGTTTA tAMATCG

Figure 3. Comparison of the nucleotide se-

quences for murine and human cathepsin L.
The nucleotide corresponding to the start of
the coding sequence (initiator methionine) for
each protein is designated as number 1 and
also indicated by a heavy arrow. The end of
each coding region is designated by an arrow-

head. The proposed consensus polyadenyla-
tion signal is bracketed for each. Hyphens are

introduced to maximize alignment in the 3'
untranslated regions, no attempt was made to
align the 5' untranslated region.
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p

H

t
ICL 1 Met Asn Leu Leu Leu Leu Leu Ala Val Leu Cys Leu Gly Thr Ala Leu Ala Thr Pro

ICL Met Msn Pro Thr Leu Ile Leu Ala Ala Phe Cys Leu Gly Ile Ala Ser Ala Thr Leu

20 Lys Phe Asp Gln Thr Phe Ser Ala Glu Trp His Gln Trp Lys Ser Thr His Arg Arg Leu

Thr Phe Asp His Ser Leu Glu Ala Gln Trp Thr Lys Trp Lys Ala Met His Asn Arg Leu

40 Tyr Gly Thr Asn Glu Glu Glu Trp Arg Arg Ala Ile Trp Glu Lys Asn Met Arg Ile Ile
II II 11: 1 1 1 : :

Tyr Gly Met Asn Glu Glu Gly Trp Arg Arg Ala Val Trp Glu Lys Asn Met Lys Met Ile

60 Gln Leu His Asn Gly Glu Tyr Ser Asn Gly Gln His Gly Phe Ser Met Glu Met Asn Ala

Giu Leu His Asn Gln Glu Tyr Arg Glu Gly Lys His Ser Phe Thr Met Ala Met Asn Ala

80 Phe Gly Asp Met Thr Asn Glu Glu Phe Arg Gln Val Val Asn Gly Tyr Arg His Gln Lys

Phe Gly Asp Met Thr Ser Glu Glu Phe Arg Gln Val Met Asn Gly Phe Gln Asn Arg Lys
Y

100 His Lys Lys Gly Arg Leu Phe Gln Glu Pro Leu Met Leu Lys Ile Pro Lys Ser Val Asp
: 11I :: 11 1 1II: I

Pro Arg Lys Gly Lys Val Phe Gln Glu Pro Leu Phe Tyr Glu Ala Pro Arg Ser Val Asp
A

120 Trp Arg Glu Lys Gly Cys Val Thr Pro Val Lys Asn Gln Gly Gln Cys Gly Ser Cys Trp

Trp Arg Glu Lys Gly Tyr Val Thr Pro Val Lys Asn Gln Gly Gln Cys Gly Ser Cys Trp

140 Ala Phe Ser Ala Ser Gly Cys Leu Glu Gly Gln Met Phe Leu Lys Thr Gly Lys Leu Ile

Ala Phe Ser Ala Thr Gly Ala Leu Glu Gly Gln Met Phe Arg Lys Thr Gly Arg Leu Ile

160 Ser Leu Ser Glu Gln Asn Leu Val Asp Cys Ser His Ala Gln Gly Asn Gln Gly Cys Asn

Ser Leu Ser Glu Gln Asn Leu Val Asp Cys Ser Gly Pro Gln Gly Mn Giu Gly Cys Asn

180 Gly Gly Leu Met Asp Phe Ala Phe Gln Tyr Ile Lys Glu Asn Gly Gly Leu Asp Ser Glu

Gly Gly Leu Met Asp Tyr Ala Phe Gln Tyr Val Gin Asp Asn Gly Gly Leu Asp Ser Glu

200 Glu Ser Tyr Pro Tyr Glu Ala Lys Asp Gly Ser Cys Lys Tyr Arg Ala Glu Phe Ala Val

Glu Ser Tyr Pro Tyr Glu Ala Thr Glu Glu Ser Cys Lys Tyr Asn Pro Lys Tyr Ser Val
V

220 Ala Asn Asp Thr Gly Phe Val Asp Ile Pro Gin Gln Glu Lys Ala Leu Met Lys Ala Val

Ala Asn Asp Thr Gly Phe Val Asp Ile Pro Lys Gln Glu Lys Ala Leu Met Lys Ala Val
A

240 Ala Thr Val Gly Pro Ile Ser Val Ala Met Asp Ala Ser His Pro Ser Leu Gln Phe Tyr

Ala Thr Val Gly Pro Ile Ser Val Ala Ile Asp Ala Gly His Glu Ser Phe Leu Phe Tyr

260 Ser Ser Gly Ile Tyr Tyr Glu Pro Asn Cys Ser Ser Lys Asn Leu Asp His Gly Val Leu

Lys Glu Gly Ile Tyr Phe Glu Pro Asp Cys Ser Ser Glu Asp Met Asp His Gly Val Leu

280 Leu Val Gly Tyr Gly Tyr Glu Gly Thr Asp Ser Asn Lys Asn Lys Tyr Trp Leu Val Lys

Val Val Gly Tyr Gly Phe Glu Ser Thr Glu Ser Asp Asn Asn Lys Tyr Trp Leu Val Lys

300 Asn Ser Trp Gly Ser Glu Trp Gly Met Glu Gly Tyr Ile Lys Ile Ala Lys Asp Arg Asp
II 111 II l: : 1111l

Asn Ser Trp Gly Glu Glu Trp Gly Met Gly Gly Tyr Val Lys Met Ala Lys Asp Arg Arg

320 Asn His Cys Gly Leu Ala Thr Ala Ala Ser Tyr Pro Val Val Asn End

Asn His Cys Gly Ile Ala Ser Ala Ala Ser Tyr Pro Thr Val End

identical to that recently reported by Portnoy et al. ( 14) for a transformed 31
cDNA expressing a murine cysteine proteinase (MCP) in a did not signific
murine macrophage line. These differences occur in the 5' and ined MEP(MC
3' untranslated region. Denhardt et al. (46) have reported a cell-cycle (stim
partial cDNA sequence for the MEPof transformed murine change (46). Tv
fibroblasts, which is in full agreement with our data. Thus, nontransformc
MCPand MEPare in fact MCL. TPA. Insulin,

Gottesman et al. have extensively investigated the rela- fect (52).
tionship of MEP(MCL) to transformation, cell cycle progres- Wehave pI
sion, growth factor stimulation, and transcriptional control mRNAexpress
(47-51). After transformation of murine NIH or BALB 3T3 noma. Rat ma
fibroblasts with K-ras, intracellular MCLrises from less than secrete a high r
0.02 to 1% of the total intracellular protein. The unprocessed lines such as 1A
MCLis secreted and accounts for up to 30% of the excreted carcinomas, a
proteins. Similar results apply to transformation by Ha-ras, Transfection o
MSV, SV40, and methylcholanthrene. Stimulation of non- been shown to

Figure 4. Comparison of the deduced amino acid
sequences for murine and HCL. The translated
sequence is given in three letter code. A proposed
17-amino acid signal sequence occurs in each at
the same position (amino acids 1-17), the pre-
dicted cleavage site is indicated by an arrow. The
proposed "pro" region in each begins after the
arrow and ends at the site marked by an arrow-
head (amino acids 18-113). The sequence for the
proposed "mature" protein extends from the ar-
rowhead to the last amino acid. The active site
cysteine and histidine are boxed. Potential N-
linked glycosylation sites are marked by carats (2).
Identical amino acids in corresponding positions
are marked by a solid vertical line, amino acids
reflecting conservative changes but occurring in
corresponding positions are marked by: .

[3 fibroblasts by plating in serum at low density
cantly elevate the basal level. Denhardt exam-
-L) mRNAexpression at different points in the
tulated by serum) and found less than a twofold
4EP (MCL) can be induced to high levels in
ed fibroblasts by stimulation with PDGFor
somatomedin C, and plasma are without ef-

resented the first demonstration of cathepsin L
sion in a human tumor, specifically breast carci-
.mmary glands in culture have been shown to
molecular weight form of cathepsin L (53). Cell
4CF-7, which are derived from human breast
re known to secrete several proteases (54).
f v-Ha-ras into MCF-7 breast cancer cells has
have multiple effects, including increased inva-
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10 20
RCH Yl S M _ -_ KKO NEV S PP C
MCB )P1S F DIA RE Q CWCPT AQ- 00 DI Q G S C GS
MCL PSYD -_ W KC 7VT P -VKNQGQCGOSPAP II P Y V D - -_ W R QKGAV T P - V K N Q G S C G S
HCL GSSDWR Y V T P- V K N Q CGS
HCB JAS A RE QW CPPT KE- DI QJ W|CGS

30 ~ 40O 50

RCH C W TPF SiTT GA L EJ SA n A0A K - MMTLAA
MCB C WANFORVE A M SDRIC R VEVAV
MCL C W A F S ASG C LEQM F T - G K LEI S L SEQ
PAP C W A F S AV V T E G ID K T - G N L - Q Y S E Q
HCL C W A F S AT G A Q M F R T - G RLFI S L S E Q
HCB EAA SDRffn CrnH J AH cVSVEVLE

60 70
RCH Q AQ NFNNNNH SQFES Y ) YN
MCB (L CCGIQ CGDGC YPSGA GFW TRK
MCL N L C S H A Q G N Q G C N G G D F A F Y K E N
PAP L DDR - - R S Y G C N G G IW S A L Q LV Q Y
HCL NL S G P Q G N E G C N G GL D Y A F JY QDN
HCB LLTCOGSMCGDGCNGPGAEAW F(WTRK

80 90
RCH - - - - KG MGED YP -YI--- -
MCB G L V S GG Y N S H I G C L P-Y T I P P C E H H V N
MCL - - - - - G G L D S E E -S Y P -Y E- - - - - - - - - A
PAP--- G HY RN --PYYE -- - -
HCL -----G CL D S E E -S Y P -Y El- - - - - - - - - A
HCB G L V S G(W© Y E SH VGCRRP _- IP P COEHHVN

100 110
RCH K 9OG Q F N PIE KA - - - - - - ®-2 V K N V 1)
MCB S R P P|C|T G E G D T P K C N K M CYES T S YE D
MCL K D GS C Y FA V- D mGF IP

PAP V RYC- S GPY- - - - -IA KTIDGIVR Q V
HCL T E E S |C - Y LJYSV- - - - - DGFP
HCB S R P PICIT G EG DTPKCSK I C EPG Y SPT Y®QD

120 130
RCH -TL-- DEAgn MQEA I)] LYN TV S F
MCB K H jG Y T S Y S V S D S E K E MA

E
YKN GIP E G

MCL [Q E - - - - - - - - - - - K MK A TVP
PAP P 1 - - - - - - - - @1QG-AL YS AN-PVSV
HCL K Q E - - - - - - - - - - - KAL KA TVP
HCB KH JOGYNS Y S V SWJS EK MAE KNAEK EG

140 150
RCOH FE @T-EIF IM M SO S SNS - HKKTP DE3
MCB FTF-SID FIL TYSG K H E A - G D---V M
MCL MD S H PL YSSIG - Y EPN S - - - SiM
PAP L QIA G K LDF GG I- V-G N
HCL ID IAJGHESPL Y EG - FE DJS- - -SE
HCB FS Y-S L S Q HVT - GE- - --MM

160 170
RCH - E1N|H NwV GFY EQN K---- NMW
MCB - G G IENG- -V PIYW NS
MCL N H G YGEY E G T D S N K N KRIYWI N S
PAP -ID H A V G Y G- - - - - - - -P G Y I L I K N S
HCL W1D HYGIF E S T E S D N N KMYIWLIK N SS
HCB - G V E N G- - - -DTP UJW ES

180 190 200
RCH W G NW1INWG L1T E IRFGl K - - - - N M [ A A C
MCB WEVDIWGL G IL|R Gl- - - - E N H C G E S E
MCL W EIW G IME lGIA K D R D R- HIC G11AMA
PAP W GGWG E N G Y I IKR -GI TGINS Y G VIC GYSS
HCL WEEIW Gl FM GY J A K D R R - H |C GqA S A
HCB JWEBDL1_ JGl@ FsL - ---QD H | CG0ES E

210
RCH ASm P P QV
MCB IV A G P RT D Q Y W G R F
MCL AS YWPVF3M1
PAP SFY PVKU
HCL AS T V
HCB VVA G OP R T D 0 Y W E K I

Figure 5. Multiple sequence alignment of several cysteine protein-
ases. Papain serves as the prototype and the basis for the numbering.
Corresponding amino acids that are identical to papain are boxed,
those that reflect conservative changes are circled. Gaps have been
introduced to maximize alignment. RCH, rat cathepsin H; MCB,
murine cathepsin B; PAP, papain; HCB, human cathepsin B.

siveness and enhanced adhesion to a laminin substrate (55,
56). It is difficult to determine an appropriate reference tissue
to determine if cathepsin L mRNAexpression in breast carci-
noma is "elevated": "normal" breast tissue is primarily com-

posed of adipocytes. A study comparing levels in other breast
lesions and the MCF-7 line before and after v-H-ras transfec-
tion is in progress.

It remains to be determined if an elevated level of cathep-
sin L is essential to transformation by ras in 3T3 or other cells.
A marked elevation in cathepsin L is not indispensable to
proliferation since it is not significantly elevated in exponen-

tially growing nontransformed fibroblasts or several tumor cell
lines. It could still be critical to transformation by ras. Cathep-
sin L might be required to perform a specific proteolytic func-
tion, such as has been mentioned with alpha-one protease in-
hibitor (21), distinct from its role in "general" protein catabo-
lism. Alternatively, some change induced by ras might
fortuitously result in increased synthesis and/or accumulation
of cathepsin L, perhaps by interrupting a negative feedback
loop. "Ras" or a "ras"-like protein has recently been impli-
cated in the control of exocytosis (57). Rat cathepsins Dand C
have been shown to be present in exocytic coated vesicles in
nontransformed liver cells (58). Similar studies have not yet
been done for cathepsin L or for the other cathepsins in trans-
formed cells. Another broad set of explanations involve alter-
ations in protein sorting. Glycosylation abnormalities, which
have been extensively described for the cell surface in malig-
nancy (59), could alter sorting of cathepsin L, resulting in
increased secretion and altered intracellular distribution. An
alteration in glycosylation, affecting a specific protein, has
been described for uteroferrin, a lysosomal enzyme, which has
a "covered" mannose-6-phosphate and results in constitutive
secretion (60). An altered transferase in I cell disease prevents
expression of the mannose-6 phosphate marker and results in
massive secretion of many lysosomal constitutents (61). Some
cells, such as J774.2, appear to lack a properly functioning
mannose 6 phosphate receptor (215 kD receptor), again re-
sulting in marked secretion of multiple lysosomal species (62).
Finally, if increased transcription/translation of cathepsin L is
the primary event, the quantity of cathepsin L synthesis might
overwhelm the normal sorting mechanism. Examination of
the level of extracellular secretion of other lysosomal enzymes,
and other studies are under way to distinguish among these
possibilities.

Whether or not cathepsin L is essential to ras transforma-
tion, as a protease with potent collagenolytic and elastinolytic
activity it could play a role in local invasion or metastasis. The
role of cathepsin L in tumor progression has not been explic-
itly studied. Studies of metastasis using inhibitors for the "thiol
proteinases" are not straightforward. Extracellular activity pre-
sumably requires an acidic pH. Such a pH can occur at several
sites (reviewed by Weiss [63]). Release of lysosomes or trans-
location of proton ATPases to the cell surface (64) could tran-
siently provide a locally favorable pH at any site. Wehave used
RNAfrom a series of transformed rat fibroblasts described by
Pozzatti et al. (65) to assay for cathepsin L mRNAexpression.
The c-Ha-ras-transformed lines are highly metastatic in nude
mice, and c-Ha-ras +Ela (adenovirus type 2) double transfor-
mants are not metastatic. These lines express similar levels of
ras mRNAbut, interestingly, the level of murine cathepsin L
mRNAcorrelates sharply with their metastatic potential (data
not shown). These studies are consistent with an extracellular
role for this enzyme.

The cathepsin L cDNA clones generated in this work will
prove useful in the study of the structure, processing, expres-
sion, and function of this lysosomal enzyme and its possible
role in malignancy.
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