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Abstract

Our study was aimed at examinating whether or not the
human genome encodes for previously unreported cys-
teine cathepsins. To this end, we used analyses of the
genome sequence and mRNA expression levels. The
program TBLASTN was employed to scan the draft
sequence of the human genome for the 11 known cys-
teine cathepsins. The cathepsin-like segments in the
genome were inspected, filtered, and annotated. In addi-
tion to the known cysteine cathepsins, the scan identified
three pseudogenes, closely related to cathepsin L, on
chromosome 10, as well as two remote homologs, tub-
ulointerstitial protein antigen and tubulointerstitial protein
antigen-related protein. No new members of the family
were identified. mRNA expression profiles for 10 known
human cysteine cathepsins showed varying expression
levels in 46 different human tissues and cell lines. No
expression of any of the three cathepsin L-like pseudo-
genes was found. Based on these results, it is likely that
to date all human cysteine cathepsins are known.
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Introduction

Cysteine cathepsins are papain-like cysteine proteases
normally localized in lysosomes. Eleven human cath-
epsins in the cysteine protease family have been
sequenced so far: cathepsins B, H, L, S, C, K, O, F, V, X,
and W (Table 1). Three-dimensional (3D) structures are
available for 9 of the 11 sequences. Although these
enzymes were believed to be involved primarily in intra-
lysosomal protein degradation, the respective gene
knockouts have revealed that some of them are also
essential for a number of other important cellular pro-

cesses (Turk et al., 2001b). These functions are often
associated with a more restricted tissue localization. For
example, cathepsin K is essential for normal bone
remodeling (Chapman et al., 1997; Saftig et al., 1998);
cathepsin S, and to a lesser extent cathepsins L, V and
F, have important roles in the immune response (Naka-
gawa et al., 1998a,b; Shi et al., 1999); cathepsin C is
essential for processing of the granule serine proteases
granzyme A and B, neutrophil elastase and cathepsin G
(Pham and Ley, 1999); and cathepsin L is involved in the
terminal differentiation of keratinocytes (Roth et al.,
2000). Cysteine cathepsins have also been implicated in
various pathologies, such as cancer, osteoporosis,
inflammation, and neurological disorders (Turk et al.,
2000). These activities are often linked to their extra-
lysosomal functions, thus making them potential drug
targets, as illustrated by the crystallographic structures
of cathepsins S, V, F, and K that were determined by
researchers in the pharmaceutical industry (Table 1). A
small inhibitor of cathepsin K is currently being tested in
clinical trials as a drug against osteoporosis.

It is useful to have comprehensive knowledge about all
members of a protein family of interest. For example, the
diversity of their sequences may indicate their different
functional roles. In the case of cathepsins, comprehen-
sive knowledge about their sequences, structures, and
functions would be advantageous because the discovery
of a new member or subfamily with a unique tissue spec-
ificity could help in describing the evolution and biologi-
cal roles of the entire family. To this end, we set out to
identify all proteins in the human genome that have
sequences similar to those of the known cysteine
cathepsins.

Until the early 1990’s, five of the cathepsins were dis-
covered by traditional biochemical isolation and charac-
terization. Over the last decade, however, the additional
six cathepsins were identified through molecular biology
techniques involving the detection of the corresponding
genes. The stage is now set to conclude the discovery
of all members of the family with the aid of a computa-
tional analysis of the complete human genomic
sequence.

We start by identifying all potential cysteine cathepsins
using a bioinformatic analysis of the draft sequence of
the human genome. We then supplement the bio-
informatics results with a comprehensive determination
of the expression levels of cysteine cathepsins in various
human tissues and cell lines.

Results

Scanning of the human genome

The mature sequences of the 11 known cysteine cathep-
sins were scanned against the NCBI and Celera versions
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Table 1 Eleven cysteine cathepsins, two TIN-ag proteins, and three sequences with high similarity to CATL, encoded by the human
genome.

Protein names Short Chromosome PDBa code Other references Comments
in the name and cyto- and structure references
literature genetic band

Cathepsin B CATB 8p22 1HUC (Musil et al., 1991) (Chan et al., 1986) Widely expressed
1MIR* (Rat) (Cygler et al., 1996)
1PBH* (Turk et al., 1996)
2PBH*, 3PBH* (Podobnik et al., 1997)

Cathepsin C CATC 11q14.1 IJQP (RaT) (Olsen et al., 2001) (Paris et al., 1995) Widely expressed; functional as a
(J, DDPI) 1K3B (Turk et al., 2001a) tetramer
Cathepsin F CATF 11q13 1 M6D (on hold) (Somoza et (Santamaria et al., Widely expressed

al., 2002) 1999)
Cathepsin H CATH 15q24 8PCH (porcine) (Guncar et al., (Fuchs and Widely expressed

1998) Gassen, 1989)
Cathepsin K CATK 1q21 1AYU, 1ATK (Zhao et al., 1997) (Shi et al., 1995) Expressed in osteoclasts and ovary
(O,O2) 1MEM (McGrath et al., 1997)

7PCK* (Sivaraman et al., 1999)
1BY8* (Porcine) (LaLonde et al., 1999)

Cathepsin L CATL 9q21 1ICF (Guncar et al., 1999) (Gal and Widely expressed
1CJL* (Coulombe et al., 1996a,b) Gottesman, 1988)

Cathepsin O CATO 4q31 No structure available (Velasco, et al., Expressed in ovary, kidney and
1994) placenta

Cathepsin S CATS 1q21 1GLO (Turkenburg et al., 2002) (Shi et al., 1992) High expression in cells of immune
system

Cathepsin V CATV 9q22 1FHO (Somoza et al., 2000) (Santamaria et al., Expressed only in thymus and
(L2,U) 1998a) testis
Cathepsin W CATW 11q13.1 No structure (Brown et al., 1998) Lymphopain; expressed only in T

cells
Cathepsin X CATX 20q13 1EF7 (Guncar et al., 2000) (Nagler and Widely expressed
(Z,Y,P) Menard, 1998;

1DEU* (Sivaraman et al., 2000) Santamaria et al.,
1998b)

Tubulointerstitial TIN-ag 6p11-12 (Zhou et al., 2000) Expressed mostly in kidney and in
Nephritis the intestinal epithelium
Antigen
Tubulointerstitial TIN-ag- 1p34.3 (Wex et al., 2001) Expressed in vascular smooth
Nephritis RP muscle cells
Antigen
Related Protein
Cathepsin L- CATLL1 10q22.3 (11) Pseudogene
like 1
Cathepsin L- CATLL2 10q22.3 (11) Pseudogene
like 2
Cathepsin L- CATLL3 10q22.3 (11) Pseudogene
like 3

aProtein Data Bank.
*Zymogen forms.

of the draft human genome using the program TBLASTN.
For every queried sequence, TBLASTN identified approx.
30 segments of the genome that are similar to the query
(cathepsin-like segments). The cathepsin-like segments
may correspond to parts of genes that encode well-char-
acterized proteins, parts of uncharacterized genes, pseu-
dogenes or other non-coding regions, and parts of the
genome that are sequenced or assembled incorrectly.
Finally, some of the cathepsin-like matches, primarily
short matches with large E-value scores, may occur by
chance, without originating from a common ancestor. A
search for novel cathepsin-like genes has to consider all
of these possibilities.

As described in the following sections, we first asso-
ciated some of the matches with known cathepsins.
Next, we eliminated obvious artifacts. Finally, we inter-
preted the remaining matches to determine if any one of

them could correspond to a novel cathepsin-like cysteine
protease.

Identification of the 11 known cysteine cathepsins

Because each cathepsin-iike match generally covers only
a small fraction of the query cathepsin sequence, the
individual cathepsin-iike matches are insufficient for
assigning the matched genomic region to a specific
cathepsin. However, this task can be achieved by con-
sidering the clustering and the extent of the individual
cathepsin-like matches along the genomic sequence
(Figure 1). All the exons of each cathepsin query can be
easily identified in both the public and Celera assemblies
of the human genome.

Our predicted gene sequences for the 11 known
cathepsins are the same as those in the NCBI and CDS
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Figure 1 Scheme for discovering new cysteine cathepsins by querying the human genome with the known members of the family.
Top; genes for the query cathepsins L, V, F, and C are already assigned in the genome. The exons of the new cathepsin, to be
discovered by the TBLASTN searches, are indicated in dark grey. Bottom: multiple searches by TBLASTN highlight not only the
exons corresponding to the query sequences, but also other parts of the genome. Discrimination between the matches that corre-
spond to novel cathepsins and the artifacts involves careful manual inspection and use of protein sequence databases (see text).

annotations, except for small differences at the exon
ends. These small differences occur because local
sequence matching by TBLASTN does not consider the
known signals for the start and end of gene exons. We
also examined the chromosomes and the cytogenetic
bands of the 11 cathepsins to verify that they were in
agreement with the published data (Table 1). We did not
find, at this level, any significant difference between the
Human Genome Project and Celera CDS.

Every cysteine cathepsin was recovered by itself and
by at least one other cathepsin in the family (Table 2).
Therefore, if any one of the 11 known cysteine cathep-
sins was not yet documented, it would have been iden-
tified by our approach. This result validates our approach
to identify previously unknown cysteine cathepsins.

Filtering of artifacts

With the TBLASTN matches corresponding to the 11
known cysteine cathepsins, we focused on the remaining

cathepsin-like matches. Several matches for each cys-
teine cathepsin query were found in small contigs, typi-
cally 1–2 kbp long, that are still unmapped in the CDS
database. There is no evidence that these matches cor-
respond to real proteins; they may result from problems
in the assembly of the genome and were ignored in fur-
ther work.

Another example of an artifact was a 120-codon seg-
ment on chromosome 9 that matched three exons of
cathepsin L and was located in the neighborhood of the
cathepsin L gene. However, a stop codon corresponding
to residue 35 of cathepsin L, in both the CDS and public
genomic sequences, suggested that this cathepsin-like
segment does not encode a functional gene, but is prob-
ably a pseudogene.

Identification of homologs of cysteine cathepsins

With the genomic sequences corresponding to the 11
known cysteine cathepsins and the obvious artifacts
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Figure 2 Multiple sequence alignment of cathepsins L and V, as well as putative cathepsins L1, L2, and L3 on chromosome 10.
The blank positions in column 52 correspond to the stop codons in cathepsins L1, L2, and L3.

identified, the amino acid residue sequences of the
remaining cathepsin-like segments were compared to the
sequences in the non-redundant (NR) protein database
at NCBI (Benson et al., 2002), using the program BLAST.
Three of the cathepsin-like segments matched the amino
acid residue sequence of cathepsin L at the 80%
sequence identity level over the mature part of cathepsin
L (Figure 2). In distinction to the public genome assembly,
CDS contained only two of these three cathepsin-like
segments, one of which is much shorter than the NCBI
equivalent (3 vs. 5 exons).

The second group of matches of the cathepsin-like
segments to the proteins in the NR database corre-
sponded exactly to two known proteins that are similar
to cathepsin C, but are not considered members of the
cysteine cathepsin family. The first, on chromosome 6, is
the tubulointerstitial protein antigen (TIN-ag) and the sec-
ond, on chromosome 1, is TIN-ag-RP (TIN-ag-related
protein; see Table 1).

mRNA expression profiles

Expression of cysteine cathepsins, based on their mRNA
levels, was measured in 46 different tissues and cell lines
(Figure 3). These samples included brain and neuronal
tissues, tissues and organs involved in reproduction (pla-
centa, ovary, uterus, testis), several glands (adrenal, pitu-
itary, thyroid, salivary), lung, liver, heart, spleen and
kidney, and a number of primarily lymphoma cell lines.

Some of the probes were unreliable because of the low
signal-to-noise ratio. In general, a signal level of 200 cor-
responds to approximately 4 copies/cell, which is close
to the lower limit of detection. Signals above 200 can

thus be interpreted quantitatively, whereas signals
between 0 and 200 imply only that the gene is expressed,
but cannot be used to quantitatively track the expression
levels or their trends.

Although there are several probes for some of the cys-
teine cathepsins on the chip (i.e., cathepsins K, X, O, V),
only results for the most reliable probes are shown.

Cathepsin S had no reliable probes with a signal above
200. There were no probes for cathepsin B on the chip.
In summary, the chip allowed us to obtain quantitative
expression data for 9 out of 11 cathepsins (i.e., C, F, H,
K, L, O, V, X and W) and qualitative estimates for cathep-
sin S.

The highest signals were obtained for cathepsins H
and L in most of the samples examined, in agreement
with previous data (Su et al., 2002). Cathepsin H is most
abundant in kidney, lung and in several cancer cell lines.
The highest expressions of cathepsin L were measured
in fetal liver, liver, spleen, and placenta. Cathepsins C, F
and O were also found to be expressed at relatively high
levels, albeit not as high as cathepsins H and L in most
of the samples. Cathepsins V, W and K were found in a
limited number of samples, in agreement with previous
observations (Brömme et al., 1999). Relatively low levels
of cathepsin X expression were found only in lung, thy-
mus and in the cancer cell line Hep3b. This observation
is in apparent disagreement with the ubiquitous expres-
sion of cathepsin X determined by other methods, sug-
gesting that the probe for cathepsin X may not be
reliable.

None of the probes on the chip corresponded in their
entirety to cathepsin L3. However, two probes for
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cathepsins X and V with 100% sequence identity to
cathepsin L3 over 8 residues did not reveal any signal,
suggesting that cathepsin L3 is not expressed in any of
the tested samples.

Discussion

With the study presented here we aimed to find out
whether or not the human genome encodes for previ-
ously unreported cysteine cathepsins. Currently 11
human cysteine cathepsins are known (see Table 1 for
references). The family is outlined in Figure 4, which dis-
plays a multiple sequence alignment, the corresponding
clustering, and a superposition of crystallographic
and modeled structures. All 11 known members are
listed in the online MEROPS database (http://mer-
ops.sanger.ac.uk/; Rawlings et al., 2002). However, it is
not clear whether or not these 11 cysteine cathepsins are
all human cysteine cathepsins.

If the human genomic sequence were determined and
assembled correctly, and all the genes were assigned
reliably, the search for the detectable homologs of cys-
teine cathepsins would be straightforward. It would rely
on the standard protein sequence comparison methods
such as standard BLAST or PSI-BLAST; BLAST matches
protein sequences in a pairwise fashion while PSI-BLAST
matches a protein sequence to a multiple sequence ‘pro-
file’ constructed in previous iterations through a database
of sequences (Altschul et al., 1997). However, even
though the Human Genome Project sequence is more
than 91% finished (5 October, 2002), the list of the
human genes is still substantially incomplete due to the
difficulty of assigning genes based on a raw genomic
sequence (Yeh et al., 2001). Therefore, we approached
the problem of finding new cysteine cathepsins by
matching the 11 known cysteine cathepsins to the raw
genomic sequence using the TBLASTN program, fol-
lowed by an inspection of the matches. This approach
was feasible because of the relatively small number of
the known cysteine cathepsin genes and their matches
in the human genome. The manual inspection allowed us
to carefully investigate short stretches of low similarity,
as well as to benefit from information that is difficult to
use in a computer program, such as the conservation of
functional motifs. In principle, this approach is applicable
to any gene family in any genome.

The scanning of the human genome identified all 11 of
the known cysteine cathepsins, three additional cathep-
sin L variants, and two remote homologs that are not
considered members of the cysteine cathepsin family
(Table 2). No other cathepsin-like genes were identified.
Our ability to detect all known cysteine cathepsins based
on at least one other known cathepsin suggests that all
human cysteine cathepsins were already discovered.
Nevertheless, we cannot exclude a possibility that new
cysteine cathepsins are yet to be identified, although our
results suggest that the probability of such a discovery
is low. New members of the family with very short exons
(less than 30 amino acid residues) and/or new members
that are very remotely related to the known members
may have escaped our search. If any, they will be dis-

covered experimentally, or by computation when the
genes are assigned more reliably and more sensitive
sequence matching methods than TBLASTN can be
used for finding homologs of the known cysteine
cathepsins.

To gauge the relative lack of limitations of our approach
for the identification of new cysteine cathepsins, it is use-
ful to discuss the TBLASTN matches of the known
cathepsins against each other (Table 2). Cathepsin F was
retrieved by only one query, cathepsin C; the match cor-
responds to a single exon containing the conserved
sequence motif NSW and has an almost insignificant
similarity score (Es9.4). The main reason for the difficult
identification of cathepsin F through querying by its hom-
ologs is that cathepsin F has short exons of ca. 30 amino
acid residues; there are 8 exons for the mature part of
the enzyme. In contrast, there are only 3 exons for
cathepsin C, 5 exons for cathepsins L, V, X, K, S and O,
and 7 exons for cathepsins B and W, and 8 exons for
cathepsin H. Conversely, the ability of cathepsin C to be
retrieved by all other known proteases in the family is
explained by the small number of exons and the large
exon from amino acid residues 63 to 233 of the mature
part of the protease. Other factors, in addition to exon
length, must be important because cathepsins H, W and
B have a number of exons similar to that of cathepsin F,
but are easy to retrieve. An inspection of the genomic
regions for cathepsins H, W and B that were matched by
the queries revealed that they contain the completely
conserved motif NSW or the partially conserved motif
CGSC (with the two completely conserved cysteines); in
cathepsin F, the exon containing the motif NSW is only
19 residues long, compared to 44 residues for cathepsin
H and 40 residues for cathepsin B. Therefore, not sur-
prisingly, both the exon length and degree of similarity
are important factors limiting the power of our approach
to identify new protein family members.

Three genomic regions similar to that of cathepsin L
have already been described (Bryce et al., 1994). The
authors, who refer to these three regions as cathepsins
L1, L2 and L3, reported the complete sequence of
cathepsin L1, which is 88% identical to that of cathepsin
L, and short segments of cathepsins L2 and L3. Both
cathepsins L1 and L2 have a stop codon corresponding
to the 51st amino acid residue in the propart of cathepsin
L. In cathepsin L3, the stop codon is replaced by a tryp-
tophan codon, suggesting that cathepsin L3 may repre-
sent a functional member of the cathepsin L family,
although no expression has been detected so far.

Knowledge of the expression of a protein is critical for
the understanding of its biological function. Expression
profiling based on mRNA arrays provides a major advan-
tage over classical methods based on Northern blot anal-
ysis. Whereas the latter is normally limited to a single
protein in a limited number of tissues, the former can be
simultaneously examined in a much larger number of tis-
sues and is not limited to a single protein. Furthermore,
it is a quantitative method for comparison of the mRNA
expression levels of a number of proteins, as shown here
for cysteine cathepsins. A simultaneous scan for mRNA
revealed the presence of all 10 cathepsins examined in
at least one of the 46 examined tissues and confirmed
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Figure 3 Expression profiles for 10 out of the 11 known cysteine cathepsins in 46 human tissues and cell lines.
Forty-six different human tissues and cell lines were examined for the presence of 10 cysteine cathepsins, except for cathepsin B
for which no probe was available. Bars 1–9 (dark green), fetal brain, cerebellum, brain, cortex, caudate nucleus, amygdala, thalamus,
corpus callosum, spinal cord; bar 10 (yellow), testis; bar 11 (dark blue), pancreas; 12 (pink) placenta; 13 (red) pituitary gland; 14 (light
brown) thyroid; 15–16 (blue) cancer prostate; prostate; 17–20 (orange) ovary, OVR278E, OVR278S, uterus; 21 (dark green) DRG; 22
(magenta) salivary gland; 23 (green) trachea; 24 (yellow) lung; 25 (dark blue) thymus; 26 (pink) spleen; 27 (red) adrenal gland; 28 (light
brown) kidney; 29–30 (blue) fetal liver, liver; 31 (orange) heart; 32–46 (light green) HUVEC, THYq, THYy, myelogenous K 562,
lymphoblatic molt 4, Burkitt’s Daudi, Burkitt’s Raji, Hep3b, A2058, DOHH2, GA10, HL60, K422, Ramos and WSN. Signal values are
absolute and quantitative (i.e., a value of 200 equals approx. 4 mRNA copies per cell).

some of the previously obtained results. Some of the
data are completely new, such as the expression profile
of cathepsins in the various parts of brain, in a number
of glands, and several cancer cell lines. Although the
probes for cathepsins S and X may not be reliable, the

human library can be complemented with the mouse
library, especially since the functions of the cathepsins
seem to be fairly conserved between human and mouse
(Turk et al., 2001a). Based on the expression levels of
cathepsins B, X and S in mouse, it can be concluded
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Figure 3 (continued)

that the mouse probes were reliable (data not shown;
http://expression.gnf.org). Taking the mouse experiments
into account, reliable quantitative expression profiles for
all 11 cysteine cathepsins are available.

Given the many important functions of the cysteine
cathepsins, it is perhaps puzzling that there may be only
11 of them in the human genome. The mouse genome
encodes the orthologs of all human cathepsins, except
for a single gene functionally replacing both cathepsins
L and V, although being more similar to cathepsin V.
Moreover, the mouse genome encodes eight additional
cysteine cathepsins located on chromosome 13. These
cathepsins were found to be expressed specifically in
placenta (i.e., PECs; Deussing et al., 2002; Sol-Church
et al., 2002). Mouse chromosome 13 corresponds to
human chromosome 9, which, in addition to cathepsins
L and V, appears to encode only a pseudogene of
cathepsin L. Cathepsin L3 is encoded by chromosome
10q and appears not to be expressed in placenta. In
comparison, the only cathepsin found to be highly
expressed in the human placenta was cathepsin L. How-
ever, mouse cathepsins B and L were also found to be
highly expressed in placenta, suggesting that these
enzymes probably have only a housekeeping role in
placenta.

In conclusion, we combined analyses of the human
genome sequence and mRNA expression levels to exam-
ine the presence of new cysteine cathepsins. No new

cathepsins were found, suggesting that there are only 11
functional human cysteine cathepsins.

Materials and methods

Human genome databases

The two draft sequences of the human genome were (i) the NCBI
version of the human genome produced by the Human Genome
Project (assembly build 22; Lander et al., 2001) and (ii) the Celera
Inc. version of the human genome stored in the Celera Discovery
System (CDS) (May 2001; Venter et al., 2001).

Sequence matching

The program TBLASTN, a variant of the standard BLAST
(Altschul et al., 1990) (see http://www.ncbi.nlm.nih.gov/BLAST/
producttabte.shtml for more information and comparison of dif-
ferent BLAST variants), was used to scan the genomic
nucleotide sequences in all 6 reading frames for stretches that
may encode segments of cysteine cathepsin-like amino acid
residue sequences. It was accessed through the NCBI and CDS
web servers, using the default parameters, except for the
E-value significance score cutoff which was increased to 10.
The results of the remote TBLASTN searches were retrieved
and saved locally for further analysis.
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Figure 4 The family of human cysteine cathepsins.
(A) Sequence alignment. Red columns correspond to fully conserved positions, green columns to partially conserved positions. (B)
Superposition of the known structures (color coded) and comparative models (grey); blue, CATB; brown, CATC; red, CATK; green,
CATL, CATV; yellow, CATX. (C) Phylogenetic tree. The most similar (i.e., L and V) and the most dissimilar sequence pairs (e.g., B and
X) share 79% and 25% sequence identity, respectively.

Multiple sequence and structure alignment,
clustering, and display

The multiple structure-based alignment of 11 cysteine cathep-
sins was obtained by the SALIGN command in MODELLER

(http://salilab.org/modeller) (Sali and Blundell, 1993; Figure 4).
Seven of these 11 structures were determined by X-ray crystal-
lography (Table 1) and the remaining 4 by comparative protein
structure modeling. The comparative models were constructed
by MODELLER and can be accessed in ModBase, a compre-
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hensive database of comparative protein structure models for all
protein sequences that are detectably related to at least one
known protein structure (http://salilab.org/modbase; Pieper et
al., 2002). The phylogenetic tree was calculated by the program
CLUSTALW (Thompson et al., 1994), using the percentage
sequence identities implied by the multiple alignment. The struc-
tures were displayed by the program Molscript (Kraulis, 1991).

Gene expression analysis

Total cellular RNA was prepared from tissue and cultured cells
using the RNeasy Kit (Qiagen), and hybridized to oligonucleotide
microarrays (U95Av2 GeneChip; Affymetrix Inc., Santa Clara,
USA) (Su et al., 2002). Duplicates for all samples were per-
formed. Scanned image files were analyzed with GENECHIP 3.2
(Affymetrix), and images were scaled to an average hybridization
intensity of 200. Further details and access to the entire expres-
sion database can be found at http://expression.gnf.org. The
individual cathepsins were assigned to the specific U95Av2
probe sequences by BLAST, using the cathepsin sequences as
queries against the U95Av2 probe sequences.
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