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Pycnodysostosis (MIM 265800) is a rare, autosomal recessive skeletal dysplasia characterized by short stature, 
wide cranial sutures, and increased bone density and fragility. Linkage analysis localized the disease gene to 
human chromosome Iq21, and subsequently the genetic interval was narrowed to between markers DIS2612 
and D1S2345. Expressed sequence tagged markers corresponding to cathepsin K, a cysteine protease highly 
expressed in osteoclasts and thought to be important in bone resorption, were mapped previously in the 
candidate region. We have identified a cytosine to thymidine transition at nucleotide 862 (GenBank accession 
no. $79895) of the cathepsin K coding sequence in the DNA of an affected individual from a large, 
consanguinous Mexican family. This mutation results in an arginine to STOP alteration at amino acid 241, 
predicting premature termination of cathepsin K mRNA translation. All affected individuals in this family 
were homozygous for the mutation, suggesting that this alteration may lead to pycnodysostosis. Recognition 
of the role of cathepsin K in the etiology of pycnodysostosis should provide insights into the pathogenesis 
and treatment of other disorders of bone remodeling, including osteoporosis. 

Pycnodysostosis (MIM 265800) is a rare, autoso- 
mal recessive skeletal dysplasia characterized by 
short stature, brachycephaly, wide cranial su- 
tures, osteosclerosis, and bone fragility. The phe- 
notype is inherited with complete penetrance 
and many individuals affected with pycnodysos- 
tosis are the products of consanguinous matings. 
In 1965 it was suggested that the French Impres- 
sionist artist Henri de Toulouse-Lautrec was af- 
fected with the disorder (Maroteaux and Lamy 
1965), leading to a lively debate questioning this 
diagnosis (Frey 1995a,b; Maroteaux 1995). The 
gene encoding the phenotype was mapped to hu- 
man chromosome lq21 by genetic linkage analy- 
sis (Gleb et al. 1995a; Polymeropoulos et al. 
1995), and subsequent studies narrowed the lo- 
calization to a 1-cM region (Gleb et al. 1995b; this 
report). Homology  searches of expressed se- 
quence tags (ESTs) mapped within the pycnodys- 
ostosis interval to DNA sequences of character- 
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ized genes identified two markers corresponding 
to the 5' and the 3' end of the cathepsin K gene. 
This cysteine protease is highly expressed in os- 
teoclasts and cleaves collagen and osteonectin, 
implicating it as an important  protease involved 
in bone resorption (Bromme and Okamoto 1995; 
Inaoka et al 1995; Li et al. 1995; Shi et al. 1995; 
Bossard et al. 1996; Drake et al. 1996). Thus, ca- 
thepsin K was an excellent candidate gene for 
pycnodysostosis because of its genomic localiza- 
tion and biological properties. We now report ad- 
ditional genetic mapping of the pycnodysosoto- 
sis locus and identify a mutat ion in cathepsin K, 
likely causing the disease phenotype. 

RESULTS 

We have used genetic linkage and haplotype 
analysis to narrow the region harboring the pyc- 
nodysostosis gene. A series of 12 genetic markers 
spanning the candidate interval from marker 
DIS514 to DIS305 on human  chromosome lq21 
was analyzed in 24 members of a consanguinous 
Mexican pedigree, including 10 affected indi- 
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viduals (Fig. 1). Recombinant events within the 
family define the interval to between markers 
DIS2612 and DIS2715. All affected individuals 
were homozygous for markers DIS498, DIS2347, 
DIS2345, DIS2343, FLG, LOR, and DIS1664. 
Data published previously (Gleb et al. 1995b) 
placed the boundaries of the disease locus be- 
tween markers DIS2344 and DIS2345/DIS2343, 
moving the telomeric boundary of the candidate 
interval to markers DIS2345/DIS2343. The high- 
est LOD score in our study was observed for 
marker DIS498 with Z -  9.98 at 0 -  0.00 (Ta- 
ble 1). 

A search for expressed sequences in the can- 
didate region identified two partially sequenced 
cDNAs (GenBank accession nos. T67463 and 
G07268) that in homology sequence searches 
showed 100% identity with regions of the ca- 
theps in  K cDNA (GenBank accession nos. 
$79895, U13665, X82153, and U20280), an os- 
teoclast-specific cysteine protease. In particular, 
marker  WI12245 (GenBank accession no. 
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T67463) has been radiation hybrid mapped to 
the pycnodysostosis interval (Hudson et al. 1995; 
Dib et al. 1996), and corresponds to cathepsin K 
coding sequence. Genomic DNA sequence analy- 
sis of the cathepsin K gene derived from an af- 
fected individual identified a cytosine (C) to thy- 
midine (T) transition at nucleotide 862 (GenBank 
accession no. $79895), changing an in frame 
codon from CGA to TGA (Fig. 2). The mutation 
substitutes a STOP codon for an arginine at 
amino acid 241, predicting the premature termi- 
nation of cathepsin K mRNA translation. The C 
to T transition occurs at a CG dinucleotide, a 
known mutational "hot spot" (Cooper and Kraw- 
czak 1990). Premature termination of translation 
at codon 241 would result in the deletion of the 
carboxy-terminal 89 amino acids, or 42% of the 
mature, catalytically active form of the enzyme. 

The change from a C to a T at nucleotide 862 
creates a DdeI restriction site, facilitating muta- 
tional analysis at the cathepsin K locus. DdeI di- 
gestion of a 166-bp amplified fragment including 

Figure 1 Haplotype analysis of the members of the pycnodysostosis family. Filled symbols represent affected 
individuals; unfilled symbols represent unaffected individuals. Double lines represent consanguinous matings. 
Numbers used to identify family members are those individuals whose DNA were analyzed. The shaded area of 
the haplotypes represents the ancestoral allele segregating with the disease. Arrowheads denote location of 
recombination events. The black bar on the left indicates the localization of the pycnodysostosis interval. Markers 
D1 $2345 and D1S2343 were described previously (Gleb et al. 1995b) as AFMc002wf5 and AFMa046wd9. 
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Table 1. Two Point LOD Scores Between Chromosome 1 Markers and the 
Pycnodysostosis Locus 

Recombination fraction (0) 

Locus 0.00 0.01 0.05 0.10 0.20 0.30 0.40 Zma x Omax 

D1 $514 -Infin 4.00 4.90 4.80 3.90 2.70 1.30 4.91 0.065 
D1 $2344 -Infin 3.61 4.96 5.00 4.12 2.82 1.39 5.06 0.075 
D1 $442 -Infin 2.84 3.70 3.68 2.99 2.01 0.98 3.74 0.070 
D1 $2612 -Infin 4.67 4.84 4.47 3.37 2.14 0.96 4.89 0.033 
D1 $498 9.98 9.79 9.04 8.07 6.06 3.98 1.93 9.98 0.001 
D1 $2347 4.50 4.41 4.03 3.55 2.57 1.59 0.71 4.50 0.001 
D1 $2345 7.34 7.19 6.58 5.80 4.19 2.58 1.1 3 7.34 0.001 
D1 $2343 8.23 8.08 7.48 6.69 5.05 3.34 1.63 8.23 0.001 
FLG 5.79 5.67 5.15 4.50 3.20 1.96 0.87 5.79 0.001 
LOR 6.80 6.66 6.10 5.38 3.94 2.52 1.1 9 6.80 0.001 
D1 $1664 6.77 6.66 6.1 7 5.52 4.11 2.66 1.26 6.77 0.001 
D1 $2715 -Infin 5.59 6.25 5.94 4.66 3.09 1.48 6.25 0.048 
D1 $2346 -Infin 4.99 5.62 5.36 4.21 2.79 1.34 5.63 0.050 

the mutat ion results in two restriction fragments 
of 102 and 64 bp in all affected individuals in the 
family (Fig. 3). Obligate heterozygotes have an 
additional fragment of 166 bp, corresponding to 
the normal, undigested allele. DdeI restriction 
analysis of PCR products derived from 105 unaf- 
fected, unrelated individuals (210 chromosomes) 
from the U.S. Caucasian populat ion revealed 
only the 166-bp fragment, indicating that this 
alteration is unlikely to be a neutral polymor- 
phism (data not shown). 

DISCUSSION 

We have identified a mutation in the cathepsin K 

Figure 2 Cathepsin K DNA sequence analysis. The 
166-nucleotide PCR product derived from affected 
individual VII-3 and a control sample were se- 
quenced. The pycnodysostosis individual (affected) 
shows a T at the first nucleotide of codon 241 (ar- 
row), whereas a C is seen in the control sample 
corresponding to the wild-type sequence. This mu- 
tation changes an arginine codon to a termination 
codon, as depicted in the lower part of the figure. 

Figure 3 Ddel restriction endonuclease analysis. 
M denotes 100-bp marker (Life Technologies, Inc.), 
and C is a control DNA sample. Numbering of fam- 
ily members corresponds to Fig. 1. Undigested 166- 
nucleotide fragment is derived from noncarrier in- 
dividual DNA (open symbols). DNA samples that 
showed both the undigested 166-nucleotide frag- 
ment and the digested products of 102 and 64 
nucleotides is derived from individuals who are car- 
riers of the mutant allele (dotted symbols). The pres- 
ence of only the digested products of 102 and 64 
nucleotides in affected individuals demonstrates au- 
tosomal recessive transmission in this consangui- 
nous family (filled symbols). 
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gene resul t ing  in  an  a rg in ine  to STOP al tera t ion  
at a m i n o  acid 241, p red ic t ing  p rema tu re  termi-  
n a t i o n  of ca theps in  K mRNA t rans la t ion .  Cathep-  
sin K is a m e m b e r  of the  p a p a i n  protease f ami ly  
k n o w n  to have  a conserved  tr iad of a m i n o  acids 
i nvo lved  in  proteoly t ic  catalysis, at a m i n o  acids 

CYS139, HIS276, a n d  ASN296 (Bossard et al. 1996). 
T h e r e f o r e ,  d e l e t i o n  of  89 c a r b o x y - t e r m i n a l  
a m i n o  acids wil l  d is rupt  the  cata lyt ic  site, be- 
cause of the  lack of two of the  three  a m i n o  acids 
necessary  for catalyt ic  activity, as well  as lack of 
two of the  six cysteines  t h o u g h t  to be i m p o r t a n t  
i n  t h e  f o r m a t i o n  of i n t r a m o l e c u l a r  d i su l f i de  
b o n d s  (Bossard et al. 1996). In the  h i g h l y  related 
cyste ine  protease ca theps in  L, a s ingle a m i n o  acid 
subs t i tu t ion  in  the  mos t  ca rboxy- te rmina l ,  con- 
served cyste ine  residue, as well  as the  de le t ion  of 
the  ca rboxy- te rmina l  22 a m i n o  acids, resulted in  
a lmos t  comple te  loss of act ivi ty  (Smith  and  Got- 
t e s m a n  1989). This  p rov ides  fu r the r  ev idence  
t ha t  the  d e l e t i o n  of t he  c a r b o x y - t e r m i n a l  89 
a m i n o  acids in  ca theps in  K in  this  f ami ly  wi th  
pycnodysoso tos i s  wou ld  produce  an  inact ive  pro- 
tease. W h i l e  this  m a n u s c r i p t  was u n d e r  review, 
the  R241X m u t a t i o n  as wel l  as two add i t iona l  
ca theps in  K m u t a t i o n s  in  pycnodysos tos i s  fami-  
lies were repor ted  (Gleb et al. 1996). These mu-  
ta t ions  c o n f i r m  the  et iological  role of ca theps in  K 
a l tera t ions  in  this  disease. 

Skeletal tissue n o r m a l l y  undergoes  cycles of 
r e m o d e l i n g  resul t ing  f rom osteoblast  depos i t ion  
of n e w  b o n e  ma t r i x  a n d  osteoclast  resorpt ion  of 
tissue. M a n y  studies have  specula ted  tha t  cyste- 
ine  proteases m a y  be invo lved  in  the  degrada t ion  
of the  p ro te in  ma t r ix  because these e n z y m e s  di- 
gest col lagen (Maciewicz a n d  E the r ing ton  1988), 
w h i c h  composes  up  to 90% of the  skeletal matr ix .  
The critical protease necessary  for proper  degra- 
da t ion  of the  ma t r ix  du r ing  b o n e  resorpt ion  m a y  
be the  cyste ine  protease ca theps in  K, w h i c h  is 
h i g h l y  expressed in  osteoclasts a n d  cleaves colla- 
gen  a n d  o s t e o n e c t i n  ( B r o m m e  a n d  O k a m o t o  
1995; Inaoka et al 1995; Li et al. 1995; Shi et al. 
1995; Bossard et al. 1996; Drake et al. 1996). Our  
f i nd ing  of a m u t a t i o n  in  the  ca theps in  K gene in  
a f ami ly  wi th  pycnodysos tos i s  fur ther  supports  
the  role of ca theps in  K in  b o n e  remode l ing .  In- 
ves t iga t ion  in to  a b n o r m a l  ca theps in  K act ivi ty  is 
war ran ted  in  the  analysis  of o ther  b o n e  disorders 
where  anoma l i e s  of bone  resorp t ion  are consid-  
ered. These diseases inc lude  osteoporosis,  w h i c h  
could  result  f rom excess ca theps in  K act ivi ty  or 
increased suscept ib i l i ty  of the  col lagen ma t r ix  to 
enzyma t i c  degradat ion .  Cys te ine  protease inh ib i -  
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tors h a v e  b e e n  s h o w n  to p r e v e n t  os teoclas t -  
specif ic  b o n e  r e so rp t ion  (Delaisse et al. 1980, 
1984; Lerner a n d  Grubb  1992; Hill  et al. 1994), 
suggest ing the  use of ca theps in  K inh ib i to r s  as a 
the rapeu t i c  strategy for the  t r e a t m e n t  of osteopo- 
rosis, a s ign i f ican t  h e a l t h  risk to p o s t m e n o p a u s a l  
w o m e n  as well  as e lder ly  men .  

METHODS 

Clinical Samples 

As reported previously (Polymeropoulos et al. 1995), a 
large, consanguinous family with pycnodysostosis was as- 
certained after the proband of the family was evaluated for 
short stature at the Hospital Infantil de Mexico. The clini- 
cal features leading to the diagnosis of pycnodysostosis 
included frequent fractures, short stature, frontal promi- 
nence, persistence of open fontanelles, facial hypoplasia, 
small mandible, dental malocclusion, and increased bone 
density. Informed consent was obtained from all individu- 
als. 

Genotype Analysis 

Microsatellite markers were obtained from the Genethon 
collection of markers (Dib et al. 1996). Polymorphisms 
within the profilaggrin gene, FLG (Gan et al. 1990), and 
the second glycine loop domain of the loricrin gene, LOR 
(Yoneda et al. 1992) were also analyzed in this family. One 
primer from each marker pair was radiolabeled with 
[~-32p]ATP using T4 polynucleotide kinase (Life Technolo- 
gies). Fifty nanograms of genomic DNA was amplified in a 
total volume of 10 bfl using 0.6 pmole of the radiolabeled 
primer, 4 pmole of the nonradiolabeled primer, 200 ].lM of 
each dNTP, and 0.5 units of Taq polymerase (Perkin Elmer) 
in a buffer containing 10 mM Tris (pH 8.3), 50 mM KC1, 1.5 
mM MgC12, and 0.01% gelatin. PCR was performed in a 
Hybaid OmniGene thermocycler using the following pa- 
rameters: one cycle denaturing at 94~ for 8 min; 30 cycles 
denaturing at 94~ for 30 sec, annealing at 55~ for 30 sec, 
and extending at 72~ for 30 sec, followed by a final ex- 
tension at 72~ for 10 min. Ten microliters of a for- 
mamide-containing loading buffer was added, the samples 
were heated for 5 min at 95~ then 6 lJl of the sample was 
electrophoresed on a 6% denaturing polyacrylamide gel. 
The dried gel was exposed to X-ray film from 1 to 24 hr. 

DNA Sequence Analysis 

Primer pairs were designed from the cDNA sequence 
(Bromme and Okamoto 1995; Inaoka et al. 1995; Li et al. 
1995; Shi et al. 1995; Drake et al. 1996) to amplify regions 
of the cathepsin K gene. The genomic structure of the 
highly related cysteine protease cathepsin L (Chauhan et 
al. 1993) was used to infer the genomic structure of ca- 
thepsin K, which is not published. It should be noted that 
no mutations occurring within the PCR primer sequence 
will be identified with these primer pairs, nor will any 
splice alterations be detected, as the primers were con- 
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structed from coding sequence. The following primers 
were synthesized (the number succeeding the name is the 
nucleotide number from GenBank accession no. $79895): 
pair A, CKIF (101), 5'-GCTGCCGAAACGAAGCCAGAC-3', 
and CK17R (261), 5'-CTTGTTGTTATATTGCTTCCTGTGGG- 
3'; pair B, CK18F (262), 5'-GTGGATGAAATCTCTCGGCG-3', 
and CK18R (384), 5'-CATGTCCCCCAGGTGGTFC-3'; pair 
C, CK4F (314), 5'-CCATCCATAACCTTGAGGCTFC-3', and 
CK5R (482), 5'-CTACCTTCCCATTCTGGG-3'; pair D, CK5F 
(384), 5'-GACCAGTGAAGAGGTGGTTC-3', and CK9R 
(754), 5'-CCACATATGGGTAGGCATC-3'; pair E, CK20F 
(541), 5'-GGTCAGTGTGGTTCCTGTTG-3', and CK20R 
(759), 5'-CTGTCCCACATATGGGTAG-3'; pair F, which 
detected the mutation, CK21F (760), 5'-GAAGAGAGTTG- 
TATGTACAACCC-3', and CK22R (925), 5'-CTTTGCTG- 
TAAAACTGGAAGG-3'; pair G, CK23F (926), 5'-GTG- 
TGTATTATGATGAAAGCTGC-3', and CK23R (1031), 5'- 
CTGTIXTFAATTATCCAGTGC-3'; and pair H, CK15F (1029), 
5'-CAGCTGGGGAGAAAACTGGGG-3', and CK15R (1190), 
5'-CGTFACACTGCACCATCGTGG-3'. 

Standard conditions for the PCR consisted of ampli- 
fying 750 ng of genomic DNA in a total volume of 200 Ill 
using 80 pmole of primers, 200 ].IM of each dNTP, and 10 
units of Taq polymerase (Perkin Elmer) in a buffer contain- 
ing 10 mM Tris (pH 8.3), 50 mM KC1, 1.5 mM MgC12, and 
0.01% gelatin, except that the final concentration of mag- 
nesium chloride in primer pair C reaction was 2.0 mM. PCR 
was performed in a Hybaid OmniGene thermocycler using 
the cycle profile described above, with the following an- 
nealing temperatures: primer pairs D, E, and F, 52~ 
primer pairs B, C, and G, 55~ and primer pairs A and H, 
58~ The PCR products were gel purified (Promega Wizard 
PCR preps) then sequenced with the amplification primers 
using an Applied Biosystems 373A DNA sequencer. Of the 
entire cathepsin K coding sequence, 86% was analyzed 
from DNA from an affected individual, and no additional 
base pair changes were identified when compared with the 
control sample. 

l)del Restriction Endonuclease Analysis 

Genomic DNA (250 ng) was PCR amplified in a total vol- 
ume of 50 Ill as described above. Ten microliters of PCR 
product was digested with 10 units of DdeI (Life Technolo- 
gies, Inc.) and electrophoresed on a 1% agarose, 2% 
NuSieve GTG agarose (FMC BioProducts) gel. 
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