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The human lysosomal cysteine proteinases, cathep- 
sins H, L, and B, have  been  mapped to chromosomes  15, 
9, and 8, respectively, and the genomic structures of 
cathepsins L and B have  been determined. We report 
here the chromosomal  localization and partial gene 
structure for a recently sequenced  human  cysteine pro- 
teinase, cathepsin s. A 20-kilobase pair genomic  clone of 
the human cathepsin S gene  was isolated from a human 
fibroblast genomic library and used to map the human 
cathepsin S gene to chromosome lq21 by fluorescence in 
situ hybridization.  This  clone contains exons 1 through 
5, introns 1 through 4, part of intron 5, and >7 kilobase 
pairs of the 5”flanking sequence.  The  gene structure of 
human cathepsin S is similar to  that of cathepsin L 
through the  first 5 exons,  except that cathepsin S in- 
trons are substantially larger. Sequencing of the 5’- 
flanking region  revealed, similar to human cathepsin B, 
no classical TATA or C M T  box. In contrast to cathepsin 
B, cathepsin S contains only  two  SP1 and at least 18 AP1 
binding sites that potentially could  be  involved in regu- 
lation of the gene.  This  5‘-flanking  region  also contains 
CA microsatellites.  The presence of  AP1 sites and CA 
microsatellites suggest that cathepsin S can be  specifi- 
cally regulated. Results of Northern blotting using 
probes for human cathepsins B, L, and S are consistent 
with this hypothesis;  only cathepsin S shows a restricted 
tissue distribution, with highest levels in spleen, heart, 
and lung. In addition, immunostaining of lung tissue 
demonstrated detectable cathepsin S only in lung mac- 
rophages.  The  high  level of expression in  the spleen and 
in phagocytes suggests that cathepsin S may have a spe- 
cific function in immunity, perhaps related to antigen 
processing. 

Human  cathepsin S (EC 3.4.22.271, cathepsin L (EC 
3.4.22.15), cathepsin B (EC 3.4.22.1), and  cathepsin H (EC 
3.4.22.16) are cysteine proteinases belonging to the  papain  su- 
perfamily  (Kirschke and  Barrett, 1987;  Kirschke et  al., 1986). 
They are involved in physiological protein degradation 
(Kirschke and  Barrett, 1987) with endopeptidase,  dipeptidyl- 
peptidase,  and aminopeptidase  activities. Also they  are consid- 
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ered  to play roles in pathological tissue  destruction  and inva- 
sion (Barrett  and Kirschke, 1981; Sloane et  al.,  1991). The 
newly cloned human  cathepsin S, like cathepsin L, has been 
shown to have  strong  elastase activity (Xin et  al.,  1992; Shi et 
al., 1992). Based on their reported cDNA sequences, human 
cathepsin S and  cathepsin L share  the  highest degree of simi- 
larity  in  the cysteine proteinase family, about 49% amino acid 
homology (Gal and  Gottesman, 1988; Joseph et  al.,  1988; 
Ritonja et al . ,  1988). They are  the only two cysteine proteinases 
found in  human alveolar  macrophages with elastinolytic activ- 
ity  but  cathepsin S differs from L in  that it is  stable  and active 
in  vitro at neutral pH (Kirschke et al . ,  1989; Shi et al., 1992; 
Mason et al., 1986). 

Cathepsins H, L, and B have been shown to  have a broad 
tissue  distribution  (Barrett  and Kirschke, 1981; Qian et al . ,  
1989,1990). Recently, human  cathepsin B  5’-flanking  sequence 
was reported to  contain a cluster of SP1 binding sites  and high 
GC content (>80%) similar  to housekeeping  gene-like regula- 
tory elements (Gong et  al.,  1993). Cathepsin S differs from 
cathepsins H, L, and B in  that it is reported to be focally 
expressed in rat tissues  and  is  up-regulated by thyroid  hor- 
mone in FRTL-5 cells (Petancesks  and Devi, 1993). These ob- 
servations imply that  rodent  cathepsin S may have its own 
unique regulatory pathway compared  with cathepsins B and L. 
This may  also be true  in  the  human system. Human alveolar 
macrophages  contain  high levels of both cathepsin S mRNA 
and  protein as demonstrated by Northern blotting and active 
site radiolabeling, respectively, whereas no cathepsin S mRNA 
or protein  can be detected in myeloid cell lines  such as HL60, 
U937, and THP-1. In  contrast,  human  cathepsin B is expressed 
in  all of these cell lines  (Shi et  al.,  19921.’ 

As a first  step  to  further  understand  human  cathepsin S 
regulation, we partially characterized the genomic organiza- 
tion and mapped its chromosomal location. Human  tissue 
Northern blots and  lung immunocytochemistry show that  the 
cathepsin S gene is likely regulated  in a tissue  and cell type- 
specific manner,  and moreover the  analysis of its 5’-flanking 
sequence supports  this possibility as well as suggesting  the 
potential for polymorphism in  the form of a CA repeat micro- 
satellite. 

MATERIALS AND METHODS 
Genomic Library Screening-A human lung fibroblast  WI-38 

genomic  library in the Lambda  FIX I1 vector (Stratagene, La Jolla, CA) 
was screened as described  previously  (Samia et al., 1990) for  cathepsin 
S sequences  using a 493-base pair (bp)’ PCR fragment  from  nucleotides 

G.-P. Shi, J. S. Munger, and H. A. Chapman,  unpublished results. 
The abbreviations  used  are: bp, base paifis); kb, kilobase pair(s); 

PCR,  polymerase  chain reaction; FISH,  fluorescence in situ hybridiza- 
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FIG. 1. Human cathepsin S gene or- 

thepsin S and human cathepsin L (Chau- 
ganization. A, comparison of human ca- 

han et al., 1993) gene organizations. Open 
frames represent the introns,  and  the ex- 
ons are depicted by shaded frames, with 
their lengths in base pairs above or below 
the frame, respectively. B ,  nucleotide se- 
quence of human cathepsin S gene and 
deduced amino acid sequence of the en- 
coded product. Intron sequences are given 
in lowercase letters and intron numbers 
and sizes are indicated in parentheses. 
The transcription initiation site (exon 1) 
is shown by a vertical hat (") below the 
nucleotide.  Overlines represent the posi- 
tions of primers used; sense primers are 
denoted by an S and  antisense primers by 
an A. The nucleotide numbering in the 
right-hand margin is according to the 
cDNA sequence with the  translational 
start site indicated as +I. The upstream 
unsequenced region was estimated at 
about 7 kb  by  PCR. The nucleotide se- 
quence in italics after +782 is that of the 
cDNA sequence and its genomic structure 
has not been  defined. 

A .  
Human  Cathepsin S: 

-7500 913 438 2818 3375 1730 

Putative Promoter I I 
68 127 123 150 228 ,154 

Human  Cathepsin L: , 
1005 345 100 166 665 550 500 

I 
278 136 123 147 225 163 118 385 

B. 

+406 to +894 (Fig. 1B) 32P-labeled (DuPont NEN) by random hexamer 
extension (Multiprime, Amershan Corp.). Two positive  clones  were  iso- 
lated from screening (three rounds) of >lo6 original plaques and were 
tested for the presence of 5' sequences using an 32P-end-labeled anti- 
sense primer from nucleotides +59 to +33 of our  published cathepsin S 
cDNA sequence (HCS-4,  Fig. 1 B ) .  Only  one of these two  clones hybrid- 
ized to this primer. DNA prepared from this clone (Promega Magic- 
Maxiprep Kit, Madison, WI) was digested with Sal1 and EcoRI (Lambda 
FIXTMII Polylinker restriction enzymes) separately and together. SalI 
released the whole insert which is about 20 kb in size and EcoRI  yielded 
five fragments (approximately 6000, 1400,  900,  800, and 700 bp). Di- 
gestion with both enzymes generated another two fragments of -9000 
and 1100  bp in size. All of these fragments were  subcloned into pBlue- 
script KSII(-) (Stratagene)  and sequenced as double-stranded template 
with Sequenase in combination with dideoxynucleotide chain termina- 
tors according to the supplier's recommendation (U. S. Biochemical 
Corp.).  DNA sequence was assembled and searched for transcriptional 
factor binding sites using the MacVector software package  (Kodak IBI, 
New Haven, CT). 

Intron Size Determination by  PCR-To determine the intron sizes the 
original cloned  genomic  DNA was used as template to amplify the 
introns by  PCR using primer pairs from adjacent exons as indicated in 
Fig. 1B. PCR was performed with Perkin-Elmer System 9600 in  a final 
volume of 50 pl, containing 1 pg of  DNA, 2  units of Taq DNA  po- 
lymerase (Perkin-Elmer), l x Taq  buffer (Perkin-Elmer), 3.5 rn MgCl2 
(Promega), 1 m dNTP (Promega) of each, 0.01% gelatin (Sigma), and 2 
pg of T4 phage gene 32 protein (Boehringer Mannheim). The PCR 
conditions  were 95 "C x 1 min, 55 "C x 2 min, 72  "C x 7 min, repeated 
for 35 cycles.  Because the genomic  clone did not contain the complete 

tion; DAPI, 4'-6-diamidino-2-phenylindole; MBP, maltose-binding pro- 
tein; PHA, phytohemagglutinin. 

3'-end of the cathepsin S gene, human peripheral blood mononuclear 
cell DNA prepared according  Sambrook et al. (1989) was used as tem- 
plate in an attempt to  amplify the remaining introns  and exons.  DNA 
was digested withEcoRI, SalI, BamHI,Asp700, ClaI, HindIII, andXhoI 
(Boehringer Mannheim), respectively.  Digested DNAs were extracted 
with phenollchloroform and precipitated with EtOH.  Digested DNA (1 
pg) from each sample was used as template with sense and antisense 
primers at the same PCR conditions as stated above. PCR products 
were  subcloned directly into pCRTMII (Invitrogen Co., San Diego,  CAI 
and sequenced with T7 and SP6 flanking vector primers as described 
(U. S. Biochemical  Corp.). 

Primer Extension-Human alveolar macrophage total RNA was  iso- 
lated as described  previously (Munger et al., 1991). 0.1 pg of 
[y32P]dATP kinase end-labeled antisense primer HCS-4 (Fig. 1B) and 
50  pg of  RNA were  used  for reverse transcription reaction. The primer 
extension experiments were carried out by standard protocols (Kings- 
ton, 1987). Primer extension reaction samples were  boiled  for 3 min and 
loaded  onto a 6% sequencing gel  alongside a conventional sequencing 
reaction ladder used as a size marker. After electrophoresis, the gel  was 
dried and exposed to Kodak  X-Omat  film at -80  "C without an  intensi- 
fymg screen. 

Fluorescence in Situ Hybridization (FISH)-Purified  genomic  clone 
phage DNA from  above  was  labeled with digoxigenin-11-dUTP  (Boeh- 
ringer Mannheim) by  nick translation and hybridized to human met- 
aphase chromosomes prepared from phytohemagglutinin-stimulated 
peripheral lymphocytes of a male donor. Hybridization (150  ng of la- 
beled DNA) and detection conditions  on metaphase chromosomes  were 
performed as described  previously  (Knoll  et al., 1993).  Probe signals 
were detected with rhodamine-conjugated digoxigenin antibody (Boeh- 
ringer Mannheim) and viewed through a triple band pass filter (fluo- 
rescein isothiocyanateJI'exas Red/DAPI:  Omega Optical Inc., Brattle- 
boro, VT) using an epifluorescence  microscope.  For  chromosome 
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FIG. 2. Identification of human   ca theps in  S transcription ini- 
tiation s i te  by primer  extension.  Fifty micrograms of human alveo- 
lar macrophage  total RNA was  used for the  primer  extension  (Pe)  re- 
action  with  antisense  primer from nucleotides  +59 to +33 (HCS-4,  Fig. 
1R).  The  doublet  primer  extension  products  were  determined  to  be  126 
and  127  bp  in  length by denaturing  polyacrylamide gel electrophoresis 
using  the  adjacent DNA sequencing  reaction (GATC) as  a  size  marker. 

identification,  cells  were  counterstained  with DAPI and viewed through 
a DAF'I filter  set  (Zeiss).  Fifteen  metaphases  were  scored  for  hybridiza- 
tion.  Cells  were  photographed on Kodak Ektar 1000 color film. 

Tissue Distribution-Human  brain  (from  frontal  cortex),  liver, heart, 
lung, kidney, spleen,  and  skeletal  muscle RNA were  prepared.  Twenty 
micrograms of each  tissue  total RNA was  blotted  onto Biodyne B (posi- 
tively  charged  nylon)  (Pall  Riosupport,  Glen Cove, N Y )  and UV-cross- 
linked  (Bios  Laboratories, New Haven,  CT).  Human  cathepsin  probes 
for S (493 bp). R  (584  bp).  and  L  (499  bp)  were  made by PCR using cDNA 
clones as  template  (Shi  et af., 1992)  and  labeled  with [CX-~~PI~ATP  as  
described  above.  Northern  blots  were  prehybridized for 5 h  and  then 
hybridized  with the above  probes a t  42 "C overnight  and  washed  in  2 x 
SSC, 2% SDS for 2 x 1.5 min a t  room temperature. 1 x SSC, 1% SDS for 
2 x 15 min a t  room temperature,  0.1 x SSC, 0.1% SDS 30 min a t  room 
temperature,  and  finally 0.1 x SSC, 0.19  SDS for 2-3 h a t  42 "C. Filters 
were exposed to Kodak X-Omat film a t  -80 "C with an intensifying 
screen. 

Preparation of Human  Cathepsin S Fusion  Protein-Human  cathep- 
sin S full-length cDNA (-1700  bp,  40  kDa) from pcDNA-I (Shi  et af., 
1992)  was  fused  in  frame  with  a  maltose-binding  protein  (MBP,  40  kDa, 
mal  E  gene)  in  the  prokaryotic  expression vector, pMALcRI  (New  Eng- 
land Biolabs, Beverly, M A ) .  The  construct  was  transformed  into  DH5a- 
competent  cells  (Life Technologies, Inc.). Cells were grown to -0.4-0.5 
OD, and  then  stimulated  with isopropyl-1-thio-P-wgalactopyranoside 
to  a  final  concentration of 0.3 mM for 5 h a t  37 "C. Cells were  pelleted 
and  suspended  into  hypertonic buffer, which contains 50 mM Tris, 25% 
sucrose,  and  10 mM EDTA. pH 8.0. After  suspension. lysozyme was 
added  to  a  final  concentration of 1 mg/ml, and  a  proteinase  inhibitor 
mixture  containing  phenylmethylsulfonyl  fluoride,  leupeptin,  pepstin, 
and  aprotinin  was  added followed by 5% Triton X-100 according  to 
Ronnett  et af. (1984).  The cell lysate  was frozen and  thawed  three to 
four  times,  sonicated for 5 min,  pelleted,  and loaded onto a 10% SDS- 
polyacrylamide gel electrophoresis  gel for electrophoresis. After stain- 
ing  the  gel  with  a  copper  staining  buffer  (Bio-Rad)  for 5 min,  the  fusion 
protein  was excised from the gel and  destained  with  destaining  buffer 
(Bio-Rad) for -30 min  with  three to four buffer  changes.  The gel slices 
were  minced  and loaded onto  a  electroeluter  (model 422. Bio-Rad). 
About 1.5 mg of fusion protein  was  purified from 30 ml  of bacterial 
culture. 

Production and  Purification  ofAnti-human  Cathepsin S Antibody- 
Purified  MBP-cathepsin S fusion  protein  was  used to inject  rabbits 
(East Acres Biologicals, Inc., Southbridge, MA). Monospecific antibody 
was  made  according  to  Haass  et  af.  (1989).  Expressed  fusion  protein  was 

run on 10% SDS-polyacrylamide gel electrophoresis gel and  electro- 
transferred  onto  nitrocellulose.  Transferred  proteins  were viewed  hy 
Ponceau  stain.  The  80-kDa  fusion  protein  was  cut  out.  and  the filter 
strip  was blocked with 5% milk in  phosphate-buffered  saline. The strip 
was  washed  with  phosphate-buffered  saline  and  incubated  with  crude 
antiserum  at 4 "C overnight  with  constant  shaking.  The nonspecific 
antibodies  were removed by three  15-min 0.5 M Tris-buffered  saline  and 
0.2% Triton X-100 washes.  The monospecific antibody  was  then  eluted 
with  0.2 M HCI for 1 min  under  shaking.  In  Western  hlotting,  the  human 
cathepsin S antibodies  stained  a  single  protein  band  consistent  with  the 
size of mature  cathepsin S in  lysates of human  alveolar  macrophages. 
To test the specificity of the  antibodies,  MRP-human  cathepsin L fusion 
protein  (containing  full-length  cathepsin L)  was  made  and  transfrrrrd 
onto  nitrocellulose  in the  same way as  cathepsin S. Aliquots of mono- 
specific anti-MRP-  cathepsin S antibodies  were  absorbed  with n i tmel -  
lulose-bound  cathepsin S or cathepsin  L fusion protein  strips  ovrrnight 
a t  4 "C prior  to use in  immunostaining. 

Immunostaining of Frozen Human Lung 'Assur-Unfixed cryosec- 
tions of frozen human  lung  tissue  obtained by surRical biopsy were 
stored a t  -20 "C. Morphologically normal areas of the biopsies  were 
selected for sectioning.  For  immunocytochemistry,  sectlons  were 
brought to mom  temperature  in  Tris-buffered  saline for 5 min.  Tissue 
was fixed and  endogenous  peroxidase  activity  quenched  with 0.3'7 hy- 
drogen  peroxide  in  methanol for 20  min.  The  sections  were  washed in 
water for 5 min  and  pretreated  with 80% formic acid for 10  min a t  room 
temperature.  Formic acid was removed from the sections  in  three  5-min 
washes  in  water. Nonspecific background  staining  was blocked by in- 
cubating  sections  in 10'7 goat  serum  in  Tris-huffered  saline for 20  min. 
Primary  antibody  (anti-human  cathepsin S. 1:100) WRR applied for 1  h 
a t  room temperature.  The  horseradish  peroxidase  avidin-biotin complex 
system  (Rahbit  Elite ABC Kit, Vector Laboratories.  Burlingame.  CA) 
and  diaminobenzidine  were used to  visualize bound antibody.  Sections 
were  counterstained  with  hematoxylin,  dehydrated,  clearrd  in Histo- 
clear  (National  Diagnostics.  Atlanta,  CA).  and coverslipped with 
Permount. 

RESULTS 

Genomic  Library  Screening,  Suhcloning, and DNA Sequenc- 
ing-A 493-bp  cDNA  PCR  fragment  (from  nucleotides  +406 to 
+894, Fig. 1 B )  was  used to screen a human  lung  fibroblast 
WI38  genomic  library. A single  clone  hybridizing  with  multiple 
PCR  fragments  and  oligonucleotides  was  characterized.  This 
clone  contains a 20-kb  insert.  The  restriction  enzymes Sal1 and 
EcoRI  were  used to digest  the DNA into  seven  fragmenk To 
further  characterize  these  fragments,  they  were  subcloned  into 
pBluescript KSIH-1. DNA sequencing of restriction  fragments 
of this  genomic  fragment  subcloned  into  pRluescript  revealed 
the  sequences  for  the 5' cDNA primer HCS-1 in a 9000-bp 
SalI-EcoRI  fragment  and  primer HCS-8 from  nucleotides  +349 
to +330  in  the  6000-bp  EcoRI  fragment. The remaining  se- 
quence  in  the  seven  subclones  was  completed by using  the  other 
exon  primers  shown  in  Fig. 1R. This genomic  clone  for  human 
cathepsin S contains  exons 1 through 5, introns 1 through  4, 
and  part  of intron 5 (Fig.  1, A and n). 

Determination of Intron  Sizes hy Polymerase Chain Reac- 
tion-Using a modified  PCR and  adjacent  exons  primer  pairs, 
we  determined  the  sizes of introns 1 through 4 (Fig. l , A  and R ). 
Based  upon the high  degree of homology between  human  ca- 
thepsin S and L cDNAs,  it  was  speculated  that  the  genomic 
organization of the  two  genes  might  also be similar.  Therefore. 
primer  pairs  were  selected  using  the  published  locations of the 
human  cathepsin L gene  introns  (Chauhan et al . ,  1993) as a 
guide. To determine  the  organization of the  3'-end of the  human 
cathepsin S gene  absent  from  our  clone,  we  applied  the  same 
PCR  strategy to amplify  uncloned  human  genomic DNA. This 
strategy  yielded  two  fragments: a 2000-bp  fragment  from 
nucleotides +406 to +677, which  covers  the  whole of intron 5, 
and a 154-bp  fragment  from  nucleotides +658 to +803 within 
intron 6. Those  PCR  fragments  were  subcloned  into  pCRII  for 
sequencing as described  above. All the  other  downstream  prim- 
ers did not yield  PCR  product.  This  may be because  the  3'-end 
of this  gene  contains  introns too large to PCR  across.  Since  we 
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Frc. 3. Localization of human ca- 
thepsin S gene by FISH. a, partial  met- 
aphase of DAPI-banded  chromosomes  and 
b, corresponding  double  chromatid hy- 
bridization signals at human  chromosome 
lq21. Arrows indicate the chromosomal 
location  and  hybridizations of the human 
cathepsin S genomic  clone  probe. 

- 28s 

- 18s 

I 

RG. 4. Northern blots of total RNA from various human tis- 

blotted  onto  Biodyne  B  nylon fdter and  stained with ethidium bromide 
sues. Twenty  micrograms of total RNA  from  each human tissue were 

(A). This Northern  blot was hybridized  sequentially  with  human ca- 
thepsins S (B) ,  B (C), and L ( D )  cDNA  probes (see "Materials  and 
Methods")  and  exposed to Kodak X-Omat film at -80 "C. 

did not find any intron sequence  between  nucleotides  +658 to 
+803,  exon 6 must be at  least 154  bp in length (Fig. 1, A and B). 

Mapping of rnanscription Initiation Site by Primer 
Extenswn-Our human macrophage-derived cathepsin S cDNA 
(Shi et al., 1992) does not  contain the first exon  of its gene. 
However, others (Wiederanders  et al., 1992)  have  reported  ca- 
thepsin S cDNAsequence  from human testis, including the fist 
exon.  Based  on this published  exon  sequence,  we  made two 
additional primers (sense and antisense nucleotides -111 to 
-131, HCS-1 and HCS-2,  Fig. LB), and DNA sequencing con- 
hed the reported first exon  sequence.  A  primer  walking 
strategy was employed to obtain an additional -800 bp of the 

5"flanking  sequence. A primer  extension  experiment  was then 
performed to determine the transcription start site. Fifty mi- 
crograms of human alveolar  macrophage total RNA was re- 
verse-transcribed after priming  with 0.1 pg of  32P-end-labeled 
antisense primer HCS-4. Using  a DNA sequencing  reaction as 
a size  marker, the primer  extension  products  were  126 and 127 
bp  from  nucleotides  +59 to the putative transcription start 
sites, respectively (Fig. 2). These data have been  confirmed  by 
primer  extension using 50 pg of human lung cancer  cell  A549 
total RNA with the same results as alveolar  macrophage RNA 
(data not shown). Primer extension using another antisense 
primer further 5' from these transcription start sites (nucleoti- 
des -111 to -131, HCS-2)  produced  no bands  with either alveo- 
lar macrophage or A549  RNA (data not  shown).  Therefore, the 
transcription initiation site and exon 1 for human lung cathep- 
sin S are predicted as shown in Fig. lB. 

Human Cathepsin S Gene Maps to  Chromosome 1921 by 
FISH-Fifteen human metaphases were  analyzed following 
hybridization of the entire lambda clone containing the cathep- 
sin S genomic  DNA and all revealed  single or double  chromatid 
hybridization at lq21 (Fig. 3). 

Tissue Distribution-cDNA probes  for human cathepsins B, 
L, and S generated by  PCR were  used  sequentially to probe 
Northern blots of human RNA  from brain (frontal cortex),  liver, 
heart, lung, kidney, spleen, and skeletal muscle.  Only spleen, 
lung, and heart have  detectable cathepsin S mRNA (Fig. 4B). 
However, cathepsin  B and L mRNA are found in all of the tissue 
tested although there is only a faint signal in skeletal muscle 
(Fig.  4, C and D ) .  

Human Lung Tissue  Immunocytochemistry-Human cathep- 
sin S full-length cDNA was  expressed as recombinant  protein 
fused with MBP in p " e R I .  Expressed  fusion  protein was 
purified and used to raise anti-cathepsin S antibody.  Crude 
antibody  was immunoafhity-pMed and then adsorbed  with 
either a  recombinant cathepsin L fusion protein expressed in 
pMAL-cRI or with the cathepsin S fusion  protein  prior to im- 
munostaining lung tissue sections.  Affinity-purified  antibodies 
adsorbed with a  cathepsin L fusion  protein stained virtually all 
alveolar  macrophages and a few interstitial cells,  which  may 
also be  macrophages, but not  airway or vascular lining cells 
(Fig. 5 A ) .  In contrast, adsorption of the antibodies  with nitro- 
cellulose-bound  recombinant  cathepsin S completely  removed 
the lung immunostaining (Fig 5B ). 

A CA Microsatellite  Located  Upstream of Cathepsin S Gene- 
The CA microsatellites of human cathepsin S were  found by 
sequencing the 5"flanking  region of this gene.  These repeats 
span 36 base pairs with few interruptions (Fig.  6). In  an at- 
tempt to find other CA repeats, we hybridized  a [-y-321ATP-end- 
labeled (CAI,, repeat oligonucleotide to a Southern blot  made 
from the cathepsin S genomic  clone Sal1 and EcoRI  digestion 
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fragmenta and the 2-kb intron 5 PCR product and probed with 
the "labeled  (CAI,,  oligonucleotide.  Only the 9-kb  5'-end 
fragment demonstrated  hybridization to this probe. 

DISCUSSION 
In this study we have  utilized a 20-kb  genomic  clone to map 

the chromosomal  location of the cathepsin S gene and partially 
characterize ita gene structure. Cathepsin S appears to be a 
single  gene that clearly  maps to chromosome lq21 (Fig. 3). T h i s  
is in marked contrast to the multiple copy pseudogene arrange- 
ment recently  reported for human cathepsin L (Chauhan et al., 
1993). This distinction  was  also  revealed in our parallel screen- 
ing of this genomic library with  a human cathepsin L cDNA 
probe, which  yielded nine clones  compared  with the two  we 
isolated  for  cathepsin S (data not shown). As predicted from the 
high degree of amino acid homology derived  from the cDNAs for 
human cathepsin S and cathepsin L (Shi et al., 19921, we find 
that  the cathepsin S gene has a similar exon-intron arrange- 

ment (Fig. 1) to the recently  reported human cathepsin L gene 
organization (Chauhan et aL, 19931, except  cathepsin S has 
substantially larger introns (determined by  PCR). Despite the 
similarities among the known cysteine  proteinases  having 
strong active site sequence homology, i.e. cathepsins H, L, B, 
and S, the mapping results demonstrate that these genes all 
reside  on separate human chromosomes;  namely,  chromosomes 
15,9,8, and 1, respectively  (Bouyon et al., 1989; Chanhan et al., 
1993; Fan et al., 1989;  Fong et al., 1992;  Gong et al., 1993;  Wang 
et al., 1987). 

Sequencing upstream of the cathepsin S gene  reveals distinct 
differences  compared with the constitutive  gene  product, ca- 
thepsin B. The  reported human cathepsin B  5"flanking  region 
is GC-rich (>80%), has no classical TATA box, and contains 15 
SP1 transcription factor  binding sites (Gong et al., 1993). All of 
these genomic features are typical of a weakly regulated gene 
product and are consistent  with the widespread tissue distri- 
bution of cathepsin B reported here and previously  (Gong et al., 
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FIG. 6. Nucleotide  sequence of the  5'-flanking region of the  human  cathepsin S gene. First  and second  exons and first intron are 
indicated. The two apparent transcription initiation sites  are shown by "up hats". The arrow indicates the predicted preferred transcription 
initiation site a t  the purine (Breathnach and Chambon, 1981) and start of exon 1. The asterisk is positioned  over the B'-end  of reported human testis 
cathepsin S cDNA, indicating the putative first exon start in  this tissue (Wiederanders et al., 1992). The predicted AF'1 transcription factor binding 
sites are indicated by single underlines. Only two SP1 motifs  were  found and also are underlined.  Stars underneath  the sequence indicate the CA 
microsatellite repeats. - 

1993). Although the  human cathepsin S 5"flanking  region re- 
ported here also shows no conventional TATA or CAAT  boxes 
typical of most RNA polymerase I1 transcriptional units,  this 
-800-bp  region contains only  two SP1  sites, a much  lower GC 
content (-40%), and at  least 18 AP1 binding sites (Fig. 6). 
These regulatory elements are more typical of promoters asso- 
ciated with genes subject to coordinate control such as by phor- 
bo1 diester or growth factor receptor pathways (Nicholson et al., 
1990). These findings suggest that cathepsin S is not a consti- 
tutive gene product and  the restricted tissue  and cellular dis- 
tribution of the enzyme (Figs. 4 and 5) is consistent with this 
conclusion. Signals which regulate the expression of human 
cathepsin S are unknown, but preliminary data in macrophage 
progenitors such as U937 and THP-1 human mononuclear cell 
lines indicate the cathepsin S gene is not readily inducible by 
phorbol diesters. 

Primer extension reactions employing human alveolar mac- 
rophage and  human  lung adenocarcinoma cell RNA as tem- 
plate were used to determine the transcriptional start site. In 
both these cell types, two adjacent start sites were identified 67 
bp 5' to the  initiator AUG. Interestingly, Wiederanders et al. 
(1992) reported a human  testis cathepsin S cDNA,  which con- 
tains 157 bp  before the first encoded methionine, suggesting 
that  the first exon should be at least 156 bp in length. We have 
confirmed our results by  two additional experiments. First, 
antisense primers positioned -111 to -131 (HCS-2) to the  start 
AUG did not yield primer extension products when either mac- 
rophage or  A549  cell  RNA was used as template. Second,  only 
sense primers beyond the -67-bp start site yielded PCR product 
on cDNA first strand  template reverse transcribed from  mac- 
rophage RNA using various 3' antisense primers (data not 
shown). Since the 157-bp 5' cDNA sequence reported by  Wie- 
deranders et al. (1992) is identical to that observed upstream in 
our genomic  clone (Fig. l), all of these data  are consistent with 
the conclusion that different tissues utilize different transcrip- 
tional start sites for the initiation of cathepsin S gene expres- 
sion. This conclusion  may be reflected in  the Northern blotting 
shown in Fig. 4, where the size of the cathepsin S transcript ( B )  
in  lung  tissue  appears slightly smaller than  that observed with 
heart  and spleen. The presence of multiple transcriptional ini- 

tiation  sites may  reflect the lack of  TATA or C U T  sequences in 
the 5"flanking sequence (Aronow et al., 1989;  Bonham and 
Fujita, 1993; Johnson et al., 1988; Mavrothalassitis et al., 
1990). Whether the differential initiation sites in different tis- 
sues reflect different elements promoting gene expression re- 
mains to be defined. 

Microsatellites consisting of CA and other dinucleotide re- 
peats have been  shown to be highly polymorphic and useful in 
genetic linkage analysis (Litt  and Luty,  1989; Smeets et al., 
1989; Tautz, 1989; Weber and May, 1989). These repeats may 
occur adjacent to the coding  regions, in  introns within genes, or 
even in 5'- or 3"untranslated regions (Hamada et al., 1984; 
Weber and May, 1989). CAmicrosatellites of six or  more repeats 
appear on average in  human genomic DNA every  30 kb and 
12% of the CA microsatellites are over  20 repeats (Beckman 
and Weber, 1992; Stallings et al., 1991). The human cathepsin 
S gene contains an 18-CA repeat -600  bp prior to the initiation 
sites (Fig. 6). CA microsatellites within 5"flanking  sequence of 
other genes have been  shown to regulate expression, possibly 
by the formation of  Z-form  DNA (Delic et al., 1991; Schroth et 
al., 1992), although to date no human disease has been  specifi- 
cally linked to altered expression of cathepsin S. 

Restricted tissue distribution of cathepsin S has been re- 
ported previously in  other species.  However there  are notable 
differences between rodent and bovine expression of cathepsin 
S and our obsemations with human cathepsin S (Kirschke et 
al., 1989; Petanceska and Devi,  1993). In  the  rat and  the cow, 
for example, there  is widespread expression of cathepsin S in 
brain. In contrast, human cathepsin S mRNA is not widely 
distributed in normal human  brain (Fig. 4); this conclusion has 
been  confirmed by additional immunoctyochemical staining of 
brain sections with our cathepsin S antibodies (not shown). We 
have demonstrated recently that co-transfection of the  human 
amyloid precursor protein and cathepsin S genes in embryonic 
kidney cells generates amyloid AP peptides in  vitro and that 
cathepsin S is demonstrable in neurons of Alzheimer's Disease 
brain.3 Thus a systematic study of cathepsin S expression in 

J. S. Munger, C. Haass, G.  P. Shi, C. Lemere, F. Wong,  D.  Tepelow, 
D. Selkoe, and H.  A. Chapman, submitted for publication. 
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normal and diseased human  brain is in progress and will  be 
published ~eparately.~ 

A consistent finding among species is the high level of ex- 
pression in the spleen; indeed the  initial purification of cathep- 
sin S from  bovine spleen underlies its common name. Our ob- 
servations of limited expression of lung cathepsin S within 
macrophages coupled with its high expression in spleen sug- 
gest a specific  role for cathepsin S in immunity.  Given the broad 
substrate specificity of cathepsin S, induction of this enzyme 
may be involved in antigen processing.  Such a role in protein 
hydrolysis would be consistent with prior proposals that ca- 
thepsin S in thyroid contributes t~ thyroglobulin  hydrolysis 
important to thyroid hormone  production (Petancesks and 
Devi, 1993). These observations raise  the possibility that  the 
normal limited expression of human cathepsin S follows cellu- 
lar need  for a powerful protease for  specific intracellular deg- 
radative functions. The ability of cathepsin S to mediate the 
generation of peptides such as AB with potentially toxic  prop- 
erties (Yankner et al., 1990) suggests that cathepsin S expres- 
sion may also be  involved in disease processes where altered 
proteolytic  processing is a prominent part of the pathobiology. 
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