
been shown that the expression of the sid- 
erophore receptor PfeA is mediated by both 
the Fur (ferric uptake regulation) protein 
and a classic two-component regulatory sys- 
tem in Pseudomonas putida (15). The AirS 
protein has amino acid sequence similarities 
to the sensor-regulator proteins BvgS 
(54%) of Bordetella pertussis and LemA 
( 5 6 % )  of Pseudomonas syringae (1 6). Struc- 
turally, AirS is also similar to BvgS and 
LemA as they all contain both an autophos- 
phorylated histidine site (transmitter mod- 
ule) and a phospho-accepting aspartate site 
(receiver module) in their primary amino 
acid sequences (7). As part of a global 
regulatory network, BvgS and LemA have 
each been shown capable of responding to 
various environmental signals encountered, 
resulting in the coordinate regulation of 
transcription of their virulence factors dur- 
ing the bacterial infectious cycle (14, 16). 

The abilitv to obtain adeauate iron from 
the environient is closely li'nked to bacte- 
rial virulence. Clinical isolates of bacteria 
with iron-acauisition svstelns have en- 
hanced viruleLce in anikals. Additionally, 
aerobactin-producing ,strains of uropatho- 
genic E. coli are more lethal in an animal 
model of ascending urinary tract infection 
than non-aerobactin-producing strains 
( 1  7). In vivo, aerobactin has been detected 
in urine from ~at ients  with E. coli urinarv 
tract infection (18). Furthermore, serum 
from patients with E. coli bacteriuria have 
antibodies against IRMPs (19). The rapid 
transcriptional activation of airs upon P- 
uili attachment and the reauirement of airs 
for activation of the siderophore system in- 
dicate that airs may direct the coordinate 
regulation of uropathogenic E. coli's iron- 
acquisition machinery in the urinary tract 
of the host. 
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Pycnodysostosis, a Lysosomal Disease 
Caused by Cathepsin K Deficiency 

Bruce D. Gelb," Guo-Ping Shi, Harold A. Chapman, 
Robert J. Desnick 

Pycnodysostosis, an autosomal recessive osteochondrodysplasia characterized by os- 
teosclerosis and short stature, maps to chromosome lq21. Cathepsin K, a cysteine 
protease gene that is highly expressed in osteoclasts, localized to the pycnodysostosis 
region. Nonsense, missense, and stop codon mutations in the gene encoding cathepsin 
K were identified in patients. Transient expression of complementary DNA containing the 
stop codon mutation resulted in messenger RNA but no immunologically detectable 
protein. Thus, pycnodysostosis results from gene defects in a lysosomal protease with 
highest expression in osteoclasts. These findings suggest that cathepsin K is a major 
protease in bone resorption, providing a possible rationale for the treatment of disorders 
such as osteoporosis and certain forms of arthritis. 

Recent  interest in developing treatments 
for osteoporosis and certain forms of arthri- 
tis has stimulated efforts to identify the 
gene defects underlying certain inherited 
sclerosing skeletal dysplasias. Among these, 
pycnodysostosis (Pycno) is a rare, autosomal 
recessive trait characterized by osteosclero- 
sis, short stature, acro-osteolysis of the distal 
phalanges, bone fragility, clavicular dyspla- 
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sia, and skull deformities with delayed su- 
ture closure (1). The disease has gained 
attention as the French painter, Henri de 
Toulouse-Lautrec, was retrospectively diag- 
nosed as having Pycno, a diagnosis that has 
been the subject of recent debate (2).  

Bone resorption, a process mediated by 
osteoclasts, is characterized bv the solubiliza- 
tion of inorganic mineral and subsequent 
proteolytic degradation of organic matrix, 
primarily type I collagen. In Pycno, oste- 
oclast numbers are normal as are their ruffled 
borders and clear zones, but the region of 
demineralized bone surrounding individual 
osteoclasts is increased (3). Ultrastructural 
examination of these osteoclasts reveals 
large, abnormal cytoplasmic vacuoles con- 
taining bone collagen fibrils. These findings 
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suggest that Pycno osteoclasts function nor- 
mally in demineralizing bone, but do not 
adequately degrade the organic matrix. 

To  identify the gene defect underlying 
Pycno, we performed a genome-wide search 
for the Pycno locus in a large, consanguine- 
ous Israeli Arab family with 16 affected rel- 
atives (4). A genomic region that was ho- 
mozygous-by-descent for all affected individ- 
uals was localized to the pericentric region of 
chromosome 1 with a lod score (logarithm of 
the odds ratio for linkage) of 11.72 at 
D1S498. Ancestral recombinant events lo- 
calized the Pycno region to 4 cM from 
DlS442 to DlS305 (Fig. 1). Independent 
linkage analysis of a large Mexican Pycno 
family confirmed linkage to the pericentric 
region of chromosome 1 and excluded the 
macrophage colony-stimulating factor CSFI , 
which is defective in the o ~ l o p  mouse model 
of osteopetrosis (5). Recently, we refined the 
Pycno locus to a region of about 2 cM at 
chromosome lq21 from DIS2344 to 
Dl S23431D1 S2345 by analyzing the Israeli 
Arab family with new markers (6) (Fig. 1). 
This refinement excluded the interleukin-6 
receptor gene that previously had been pro- 
posed as a candidate gene (4), but included 
MCLI, a Bc1 2 homolog relevant to mono- 
cyte/macrophage differentiation. 

A n  additional putative candidate gene 
was lysosomal cathepsin S, a cysteine pro- 
tease with expression in osteoclasts, which 
had been assigned to chromosome band 
lq21 by fluorescence in situ hybridization 
analysis (7). To  determine whether cathep- 
sin S mapped to the Pycno critical region, 
we developed a cathepsin S sequence 
tagged site (STS) on the basis of the pub- 
lished 5'-flanking region sequence (7). STS 
content mapping was performed with a 
yeast artificial chromosome (YAC) contig 
spanning the Pycno region (8). The cathep- 
sin S STS was amplified from two overlap- 
ping CEPH megaYACs, 978e4 and 947e1, 
and was mapped centromeric to DlS498 in 
the Pycno critical region (Fig. 1). Sequenc- 
ing of the cathepsin S coding region in 
affected members from the Israeli Arab fam- 
ily and from a consanguineous Moroccan 
Arab family by exon amplification from 
genomic DNA and by reverse transcrip- 
tase-polymerase chain reaction (RT-PCR) 
(9) revealed a C-to-T transversion of a CpG 
dinucleotide at position 343 in the cDNA in 
both families, predicting an Arg113 + Trp 
(R113W) substitution in the propeptide, 
near the putative cleavage site at Ile114 (1 0). 
Analysis of 18 unrelated normal Israeli Arab 
individuals living near the Israeli Arab Pyc- 
no family (1 1)  demonstrated that 12 of 36 
alleles were positive for R113 W,  consistent 
with its being a sequence polymorphism. In 
addition, cathepsin S activities in lympho- 
blasts from two Israeli Arab Pycno patients 

and three normal controls were not signifi- 
cantly different (210 mU/U a-galactosidase 
A + 100 versus 340 2 40, respectively) 
(12). Thus, cathepsin S was ruled out as a 
candidate gene for Pycno. 

Among the other unmapped cathepsin 
genes, cathepsin K was a strong candidate for 
Pycno because this lysosomal cysteine pro- 
tease is highly expressed in osteoclasts and 

Fig. 1. Pycnodysostosis criti- D752343/ 
DIS498 D7S2345 075305 

cal reglon at chromosome 

was similar in sequence to cathepsin S, sug- 
gesting a possible tandem duplication of an 
ancestral cathepsin (13). A cathepsin K 
STS, developed on the basis of the published 
3'  untranslated region (13), was amplified 
from the same two overlapping YACs in the 
Pycno critical region that contained the ca- 
thepsin S STS. RT-PCR amplification and 
sequencing of the cathepsin K transcript 
from lvmohoblast total RNA (14) derived 

1 q21. The microsatellite 

, . . , 

from two Israeli Arab Pycno patients re- 
vealed an A-to-G transition at cDNA nu- 
cleotide 1095 (1 3) ,  which predicted the sub- 

I I  I 
I 

stitution of the termination codon by a tryp- 
tophan residue (X330W) and the elongation 
of the COOH-terminus by 19 additional 
amino acids (Fig. 2). 

Evaluation of the X330W allele in the 
entire Israeli Arab Pycno family and 43 
unrelated normal Arab control individuals 

markers flanking and within D7S2347 

the Pycno critical region are YAC 854d5 - 
YAC 947e1- 

shown in the order estab- YAC 978e4 +-+- 
lished previously (6). Two I I 

Cathepsin S M C L ~  
overlapping CEPH megaYAC Cathepsin K 
clones that were positive for 
the catheps~n S and K STSs are indicated and anchored by D l  S498. 

revealed that it cosegregated with disease 
in the Pycno family and was not present in 
any of the 86 Arab control alleles (15). 

Further evidence that catheosin K mutations 
caused Pycno was the finding of two addi- 
tional mutations in two unrelated Pycno 
families (Fig. 2). Two affected Moroccan 
Arab siblings had a missense mutation, a 
G-to-C transversion at nucleotide 541, pre- 
dicting a Gly'46 * Arg (G146R) substitu- 
tion. A n  American Hispanic patient with 
nonconsanguineous parents was found to be 
heterozygous for markers across the Pycno 
critical region. Sequence analysis demon- 
strated heteroallelism for the G146R muta- 
tion and a C-to-T transition of a CpG 
dinucleotide at nucleotide 826, predicting 
an R241X nonsense mutation. Restriction 
analysis of amplified segments from genom- 
ic DNA with Bam I for G146R and Ava I 
for R241X confirmed the RT-PCR results. 

To  assess the effects of the ~uta t ive  Israeli 
Arab cathepsin K mutation on enzyme ac- 
tivity, we introduced the X330W mutation 
into the full-length cDNA by site-directed 
mutagenesis. The normal and X330W ca- 
thepsin K alleles were transiently expressed 
in 293 cells, which do not have detectable 
cathepsin K protein (Fig. 3A). We observed 
cathepsin K protein by immunoblotting in 
the whole cell lysates of cells transfected 
with the normal allele. In contrast. no de- 
tectable protein was observed in lysates from 
cells transfected with the X330W construct. 
Northern analysis of total RNA from trans- 

Fig. 2. Cathepsin K cDNA and ATG TGA 

polypeptide with Pycno mutations. cDNA I I I 
The top line represents the cDNA GGT-CGT CGA-TGA TGA+TGG 

G146R R241X X330W 
with initiation and stop codons as 
indicated. The locations of the three polypeptide Norma' pre , Pro Mature , : H N 

mutations are indicated below the * * 
I 

cDNA, showing both the affected 
codon and the pred~cted amlno G146R v 

acid alteration. The normal cathep- 
I / I 

G+R 

sin K polypeptide is shown with the 
pre-, pro-, and mature peptides. R241X P 
The three residues in the active site 
conserved among all cysteine pro- X330W 
tease cathepsins in the papain su- 
perfamily are indicated with an as- 
- 

WLQPAKSILLFHFFHDGAV 

ter~sk. The missense mutation G146R, found in both the Moroccan Arab and American Hispanic 
families, is shown w~th the position of the residue change near the active cysteine. The R241X mutation, 
found In the American H~spanic family, is shown with the predicted truncation of the mature peptide, 
eliminat~ng two active site residues. The X330W mutation, found in the Israeli Arab family, is shown w~th 
the predicted elongat~on of the mature peptide by 19 residues. Abbreviations for the amino acid residues 
are as follows: A, Ala; D, Asp; F, Phe; G, Gly; H, His; I, Ile; K, Lys; L, Leu; P, Pro; Q, Gln; S, Ser; V, Val; 
and W, Trp. 
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Fig. 3. Transient expression A B 
of the X330W mutation in cDNA: ---  W  M W  M W  M  cDNA: - - W M W M W M  
cathepsin K. (A) Wild-type -.- .?---. - - kD 
and X330W cDNAs were Cat. K- - - -28 
subcloned into the pcDNA-1 
expression vector (Invitro- -10 
gen) (13) and confirmed by 1 2 3 4 5 6 7  

PCR, restriction enzyme di- 
gestions and dideoxy chain termination sequencing. Both con- 1 2 3 4 5 6 7  
structs were transfected into 293 cells with the use of Lipo- 
fectAMlNE (Gibco BRL) together with 3 k g  of pAdVAntage (Prornega), which contains the adenovirus 
virus-associated I RNA (VAI) to enhance translation (20). Cells were harvested 48 hours after transfec- 
tion and assayed by irnmunoblotting. Blots were developed with monospecific polyclonal antibodies to  
human cathepsin K raised by injection of cathepsin K-maltose binding protein fusion protein into rabbits 
and purified by elution from immobilized antigen as described (27). Lane 1, nontransfected cells; lanes 
2 and 3, 4 and 5, and 6 and 7, cells transfected with 3, 10, or 15 ~ g ,  respectively, of wild-type (W) or 
mutant (M) cDNA. (B) Total RNA was isolated from both transfected and nontransfected 293 cells, and 
40 p.g of total RNA were separated on a 2.4% agarose gel. Northern blot was hybridized with "P- 
labeled probes of both cathepsin K and VAI. Transcripts of both cathepsin K and VAI are indicated. The 
order of lanes 1 to  7 is the same as in (A). 

fected cells revealed com~arab le  steadv-state 

transcript levels between normal  and  mutant  

for  b o t h  cathepsin K and the cotransfected 

adenovirus-associated I RNA gene (Fig. 3B). 
T h e  R241X mutat ion  predicts polypep- 

t ide t runcat ion at  residue 241, and  the loss o f  

89 amino acids including the completely 

conserved His276 and residues o f  the  

active site (13). Such truncat ion mutations 

can  also cause transcript instabil i ty and exon 

skipping (1 6). Thus, the  R241X mutat ion  

presumably w i l l  be  null for  cathepsin K ac- 

t ivity. T h e  G146R mutation, found in the 

Amer i can  Hispanic and Moroccan A r a b  

families, occurred at  a CpG dinucleotide and 

may prove t o  be a common  mutation. Be- 

cause this missense muta t ion  would alter the  

charge o f  th is residue, wh i ch  resides near the  

active cysteine, and  n o  member o f  the  papa- 

in fami ly has a basic residue in this position, . 

it l ikely alters cathepsin K act iv i ty as well. 

Recently, cysteine proteases have been 

impl icated in bone resorption and  remodel- 

ing (17). A m o n g  these, t he  recently iden- 

t i f ied  cathepsin K was reported t o  be selec- 

t i ve ly  expressed in osteoclasts and osteo- 

clastomas (18). T h e  f i nd ing  that  cathepsin 

K deficiency causes Pycno, taken together 

w i t h  the  knowledge tha t  cathepsin K is t he  

on l y  cysteine protease h igh l y  expressed in 
osteoclasts (13) and  t h a t  it has the  highest 

type I collagenolytic, elastinolytic, and gel- 

a t ino ly t ic  activit ies o f  cysteine proteases 

(1 9), suggests tha t  cathepsin K is a major 

Drotease in bone mat r ix  resorution. 

Pycno, w h i c h  is a pure  skeletal dyspla- 

sia, c a n  n o w  be classified as a lysosomal 

disease. M o s t  lysosomal enzymes are .con- 

s t i tu t ive ly  expressed in a l l  ce l l  types, a n d  

the i r  c l i n i ca l  manifestat ions re f lec t  t h e  

accumula t ion  o f  undegraded substrate (o r  

substrates) in various cells and  tissues. In 
contrast, ;he phenotype o f  Pycno is re- 

str icted t o  bone, a n d  there is m i n i m a l  

substrate accumula t ion  in osteoclasts. 

T h i s  finding is consistent w i t h  t h e  p r i nc i -  

p a l  site o f  n o r m a l  cathepsin K f u n c t i o n  

be ing  t h e  subosteoclastic space i n t o  w h i c h  

t h e  enzyme is presumably secreted fo r  

bone  m a t r i x  degradation. T h e  cell-specif ic 

h i g h  expression o f  cathepsin K is un ique 

among k n o w n  lysosomal enzymes, def in -  

ing Pycno as a lysosomal disorder caused 

b y  defective tissue-specific expression. 

. T h e  treatment o f  kycno has invo lved the 

symptomatic management o f  fractures and 

other skeletal problems. Future approaches t o  

correct the  abnormal bone metabolism in 
Pycno could include bone marrow transplan- 

tat ion t o  provide normal  osteoclasts, o r  osteo- 

clast-targeted enzyme or  gene replacement 

strategies. T h e  f ind ing that cathepsin K defi- 

ciency causes osteosclerosis has implications 

fo r  t he  t reatment o f  osteoporosis and  cer- 

t a i n  forms o f  ar thr i t is  in w h i c h  cathepsin K 
release by osteoclasts o r  o ther  cells may be 

injurious. In these c o m m o n  disorders, 

down-regu la t ion  o f  gene expression b y  an- 

tisense RNA strategies o r  t h e  administra- 

t i o n  o f  specif ic enzyme inh ib i to rs  may  de- 

crease patho log ic  bone  resorption. 
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