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Loss-of-function mutations in the cathepsin C gene result
in periodontal disease and palmoplantar keratosis
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Papillon-Lefèvre syndrome, or keratosis palmoplantaris with

periodontopathia (PLS, MIM 245000), is an autosomal recessive

disorder that is mainly ascertained by dentists because of the

severe periodontitis that afflicts patients1,2. Both the deciduous

and permanent dentitions are affected, resulting in premature

tooth loss. Palmoplantar keratosis, varying from mild psoriasi-

form scaly skin to overt hyperkeratosis, typically develops

within the first three years of life. Keratosis also affects other

sites such as elbows and knees. Most PLS patients display both

periodontitis and hyperkeratosis. Some patients have only pal-

moplantar keratosis or periodontitis, and in rare individuals the

periodontitis is mild and of late onset3–6. The PLS locus has

been mapped to chromosome 11q14–q21 (refs 7–9). Using

homozygosity mapping in eight small consanguineous families,

we have narrowed the candidate region to a 1.2-cM interval

between D11S4082 and D11S931. The gene (CTSC) encoding

the lysosomal protease cathepsin C (or dipeptidyl aminopepti-

dase I) lies within this interval. We defined the genomic struc-

ture of CTSC and found mutations in all eight families. In two of

these families we used a functional assay to demonstrate an

almost total loss of cathepsin C activity in PLS patients and

reduced activity in obligate carriers.

Previous linkage analysis in PLS families reported a maximum
two-point lod score of 8.24 (θ=0) for the microsatellite marker
D11S1367, whereas multipoint analysis generated a lod score of
10.45, placing the PLS gene within a 4–5-cM genetic interval
flanked by D11S4197 and D11S931 (ref. 9). To refine the location
of the PLS gene, we performed homozygosity mapping and link-
age analysis in eight families with affected children showing fea-
tures typical of PLS (Fig. 1): three Egyptian and three
Indian/Pakistani with known parental consanguinity, and two
Lebanese where consanguinity was not reported. We genotyped
the families with six microsatellite markers (D11S1365,
D11S1354, D11S4082, D11S1332, D11S1311, D11S919) spanning
approximately 11.3 cM on chromosome 11q14–q21. We demon-
strated linkage with no evidence of genetic heterogeneity. A maxi-
mum two-point lod score of 9.14 (θ=0.05) was observed with the
marker D11S1332. Multipoint analysis gave a maximum lod score
of 15.1 within the interval bounded by D11S1365 and D11S1332.
In all families, including those non-consanguineous, we saw a
region of homozygosity at 11q14–q21. Families 2 and 8 define a

minimal region of homozygosity between markers D11S4082 and
D11S1332 (∼ 3.4 cM on the Marshfield map) common to all
affected individuals (Fig. 2). As all genetic linkage studies per-
formed so far indicate that PLS is genetically homogeneous7–9, we
combined our data with those of Hart et al.9, which further nar-
rowed the minimal critical region to a 1.2-cM interval bounded
proximally by D11S4082 and distally by D11S931 (Fig. 2).

Database analyses indicated the presence of several genes and
ESTs within the D11S4082–D11S931 interval. One of these genes,
CTSC, is near D11S931 and encodes an oligomeric lysosomal
protease capable of removing dipeptides from the amino termi-
nus of protein substrates10,11. It also appears to have an endopep-
tidase activity12. CTSC is expressed at high levels in tissues
including various epithelia and cells involved in the immune
response, such as polymorphonuclear leukocytes, alveolar
macrophages and their precursors10. The main functions
of cathepsin C are thought to be protein degradation and pro-
enzyme activation10. CTSC was selected as a candidate for
further analysis because other conditions with lysosomal dys-

Fig. 1 Clinical features of PLS. a, Erythematous swollen gingivae indicative of

severe periodontitis. b,c,d, Diffuse hyperkeratosis affecting the hands, knees

and feet, respectively.
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function such as Chediak-Higashi syndrome (MIM 214500) also
feature severe early onset periodontitis13,14.

CTSC was reported to consist of two exons10. Amplification of
exon 2 for mutation analysis using the reported sequence was suc-
cessful. Our attempts to amplify exon 1 of CTSC using a variety of
exonic and flanking intronic primers repeatedly failed. Thus, we re-
characterized the genomic organization of CTSC. Sequence analysis
of a CTSC-containing BAC clone, 133M2, revealed that the cDNA
sequence previously referred to as ‘exon 1’ is actually divided into
six exons. CTSC is therefore encoded by seven exons that are sepa-
rated by six introns, all of which fall in positions identical to those
described for the mouse gene15. All of the splice donor and acceptor
sites conformed to the published consensus sequences16 (Table 1).

Mutation analysis of the eight families used for homozygosity
mapping revealed homozygous sequence changes in all affected
individuals (Table 2). In each case the parents were heterozygous;
the other non-affected members were either heterozygous or
homozygous for the wild-type allele (Fig. 3). The mutations
include a nonsense mutation in family 7, mutation of an AG
acceptor splice site in family 3 and six missense mutations. The
missense mutations were not present in 100 Egyptian, 50 Pak-
istani/Indian and 50 European controls. All missense changes are
in the region encoding the mature protein and each replaces an
amino acid that is highly conserved across species. The Q252L and
G301S mutations in families 1 and 6, respectively, replace amino
acids that are conserved in all cysteine proteinases, and the V249F
mutation in family 4 replaces an amino acid that is conserved in
all but one cysteine proteinase11. These three amino acids are
probably part of substrate-binding sites in CTSC (ref. 17).

To confirm that the mutations were pathological, we under-
took functional studies. We were able to obtain fresh blood from

affected individuals in families 4 and 5. Using a fluorometric
assay and synthetic CTSC-specific fluorogenic substrates, we
measured CTSC activity in peripheral blood leukocytes in at least
one affected and one unaffected member of each family together
with ethnically matched controls (Fig. 4). The mean activity of
CTSC in seven healthy control individuals was 733.98
µmol/mg/min (1s.d.±48.37). CTSC activity was reduced in the
two unrelated affected individuals, with a mean of 12.89
µmol/mg/min (1s.d.±7.39). This residual activity is probably not
due to CTSC, as it was unaffected by the CTSC inhibitors guani-
dinium chloride or E-64 (ref. 18, and data not shown). In con-
trast, activity in control and heterozygote samples was reduced by
approximately 30% with E-64 and 50% with guanidinium chlo-
ride (data not shown). Most likely, the affected individuals tested
here have total loss of cathepsin C activity. As expected, three
obligate or known (by mutation analysis) heterozygotes also had
reduced activity. The mean activity of CTSC in this group was
268.33 µmol/mg/min (1s.d.±69.38).

Lack of functional CTSC in PLS may be associated with a
reduced host response against bacteria in dental plaque and
possibly at other sites19. CTSC has an essential role in the acti-
vation of granule serine proteases expressed in bone marrow-
derived effector cells of both myeloid and lymphoid series20.
These proteases are implicated in a wide variety of immune and
inflammatory processes, including phagocytic destruction of
bacteria and local activation or deactivation of cytokines and
other inflammatory mediators. CTSC is also required for pro-
cessing and activation of the T-lymphocyte granzymes A and B,
the key agents of T-cell–mediated cell killing21. The lack of a
generalized T-cell immunodeficiency in PLS suggests that other
pathways can compensate for loss of cathepsin C in most tis-

sues. The PLS phenotype also indi-
cates a role for cathepsin C in
epithelial differentiation or desqua-
mation. This identifies a new group
of candidates for other mendelian
conditions involving hyperkerato-
sis. Aberrant epithelial differentia-
tion may also affect the junctional
epithelium that binds the gingiva to
the tooth surface, possibly weaken-
ing the mechanical barrier to peri-
odontal pathogens.

Table 1 • Intron-exon boundary sequences of CTSC*

Exon cDNA position Splice acceptor Splice donor

1 5´ UTR–172 5´ UTR-ATGGGTGCT CGGTTATGGgtaagccgc
2 173–318 tttctttagGACCACAAG TTTTTTAAGgttagtttt
3 319–485 tgtttgcagTATAAAGAA TCAGGAAAAgtgagttgc
4 486–641 ttggggcagGTATTCTAA AATCCCAAGgtaatcaag
5 642–757 cctttctagGCCCAAACC GAAACCAAGgtaaaaaaa
6 758–889 catcgccagCATCCTGTG ATGCTCAAGgtaagtgtt
7 890–3´ UTR aatcttcagGCTGTGAAG AAATTGTAG–3´ UTR

*Intronic sequence is indicated in lower-case letters, exonic sequence in upper-case.

Fig. 2 Fine-mapping of the PLS locus. The genetic

map shows relative order of 10 microsatellite DNA

markers at 11q14–q21 and inter-marker distances

(http://www.marshmed.org/genetics/). Bars repre-

sent limits of linkage intervals for the PLS gene as

reported by Fischer et al.7 (1), Hart et al.9 (2) and our

study (3). Markers used here are shown in bold.

Annotated pedigrees for families 2 and 8 with

genotypes are shown with homozygous regions

boxed and flanking markers underlined (D11S4082–

D11S1332). Combining data from all studies indi-

cates the minimal critical region containing the PLS

gene (shaded box).
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Methods
Patient selection. Families with PLS were ascertained on the basis of at least
one affected member with typical manifestations of PLS. We collected
venous blood samples with informed consent in EDTA and lithium
heparin for DNA extraction and CTSC functional analysis, respectively.

Genotyping. We extracted DNA from peripheral blood by conventional
automated procedures. We genotyped DNA samples from PLS families at
six microsatellite loci (D11S1365, D11S1354, D11S4082, D11S1332,
D11S1311, D11S919) mapping to chromosome 11q14–q21. Samples were
PCR amplified using unlabelled primers and size-fractionated by denatur-
ing polyacrylamide gel electrophoresis. Products were visualized by silver
staining or PCR amplified with fluorescence dye-labelled primers and
resolved on an ABI 377 automated DNA sequencer and analysed by Genes-
can and Genotyper software. We then constructed haplotypes manually to
define the critical PLS region.

Linkage analysis. DNA marker information was obtained from CEPH-
Généthon (http://www.cephb.fr/cgi-bin/wdb/ceph/systeme/form). We
obtained inter-marker distances and map orders from the Marshfield web
site (http://www.marshmed.org/genetics/) and the Genetics Location
Database (http://cedar.genetics.soton.ac.uk). We generated two-point lod
scores using the LINKAGE analysis programs22 assuming a fully penetrant

Table 2 • Mutations in CTSC

Family Site Mutation Amino acid Predicted effect

1 exon 5 755A→T Q252L glutamine→leucine
2 exon 7 1015C→T R339C arginine→cysteine
3 intron 3 IVS3-1G→A – altered splicing
4 exon 5 745G→T V249F valine→phenylalanine
5 exon 7 1040A→G Y347C tyrosine→cysteine
6 exon 7 901G→A G301S glycine→serine
7 exon 4 628C→T R210X arginine→stop
8 exon 6 815G→C R272P arginine→proline

Fig. 3 Segregation of CTSC mutations in PLS families 6 and 7. a, Segregation of

901G→A mutation in family 6. This mutation is detected as an SSCP variant.

Part of exon 7 was amplified and samples size-fractionated on a non-denatur-

ing gel. III:1, III:2 and IV:5 are heterozygous carriers with both the wild-type

(Wt) and mutant (Mt) alleles; IV:2, IV:4 and V:1 are affected and homozygous

for the mutant allele; IV:3 is unaffected and homozygous for the wild-type

allele. b, Segregation of the 628C→T mutation in family 7. The mutation abol-

ishes a TaqI site in exon 4; this exon was amplified from genomic DNA and

products digested with TaqI. I:1 and I:2 are heterozygous carriers and have

both the wild-type (241 and 71 bp) and the mutant alleles (312 bp); II:1 and II:2

are both affected and have only the mutant allele. The 71-bp band of the wild-

type allele is not shown.

autosomal recessive mode of inheritance with a disease gene frequency of
0.001. Multipoint lod scores were generated using Genehunter Plus23.

Analysis of the genomic organization of CTSC. We used primers (exon 7-
1F, 5´–CGGCTTCCTGGTAATTCTTC–3´; exon 7-1R, 5´–GTAGTGGAG-
GAAGTCATCATATAC–3´) in a PCR assay to isolate clone 133M2 from a
BAC library (Research Genetics). This clone was digested with AluI,
BamHI/BglII, PstI, Sau3A1 or SstI and the resulting fragments cloned into
pBluescript. We screened recombinant colonies with end-labelled oligonu-
cleotides designed using the CTSC cDNA sequence. Genomic and cDNA
sequences were compared and intron-exon boundaries identified by com-
parison with the published consensus sequence16. Alternatively, flanking
intronic sequence was determined by direct sequencing of BAC 133M2.

Mutation analysis. We screened all exons for sequence variations by direct
cycle sequencing of both forward and reverse strands on an ABI 377
sequencer using the Applied Biosystems DyeDeoxy terminator kit. The
PCR primers for each exon were as follows: exon 2F, 5´–GACTGTGCTCAA
ACTGGGTAG–3´; exon 2R, 5´–CTACTAATCAGAAGAGGTTTCAG–3´;
exon 3F, 5´–GGGGCACATTTACTGTGAATG–3´; exon 3R, 5´–CGTAT-
GTCTCATTTGTAGCAAC–3´; exon 4F, 5´–GTACCACTTTCCACTTAG-
GCA–3´; exon 4R 5´–GGAGGATGGTATTCAGCATTC–3´; exon 5F, 5´–
CCTAGCTAGTCTGGTAGCTG–3´; exon 5R, 5´–GTATCCCCGAAATC-
CATCACA–3´; exon 6F 5´–CTCTGTGAGGCTTCAGATGTC–3´; exon 6R,
5´–CAACAGCCAGCTGCACACAG–3´; exon 7-1F, 5´–CGGCTTCCTG-
GTAATTCTTC–3´; exon 7-1R 5´–GTAGTGGAGGAAGTCATCATATAC
–3´; exon 7-2F, 5´–CAATGAAGCCCTGATCAAGC–3´; exon 7-2R, 5´–CTT
CTGAGATTGCTGCTGAAAG–3´.

We tested for the segregation of the mutations within families and for
the presence of the mutation in controls by PCR amplification of the exons,
followed by either a mutation-specific restriction-fragment-polymor-
phism (RFLP) analysis or a combined single-strand-conformation het-
eroduplex (SSCP-HD) analysis. For mutation-specific RFLP analysis, PCR
products were restriction digested and size fractionated by agarose gel elec-
trophoresis. For SSCP-HD analysis, the PCR products were denatured,
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electrophoresed through a 0.7× Hydrolink-MDE gel (AT Biochem) at 250
V for 13–16 h and visualized by silver staining.

Functional analysis of CTSC. We prepared viable leukocyte pellets for the
functional assay as described24 and stored them at –70 °C. We resuspended
leukocyte pellets in 500 µl sodium phosphate buffer (0.1 M, pH 6.5) con-
taining 0.1% Triton X-100 (Sigma). The suspension was sonicated on ice
for 5 s using an MSE Soniprep 150. We determined the protein content of
the preparation by the bicinchoninic acid method (Pierce).

We determined the activity of leukocyte CTSC by measuring the
amount of NHMec released by hydrolysis of the synthetic substrate glycyl-
L-arginine-7-amido-4-methylcoumarin (H-gly-arg-NHMec, Bachem)
using a modified protocol25. The amount of NHMec produced from the
substrate (5 mM) by leukocyte sonicate (20 µl) was measured in 200 µl
sodium phosphate buffer (0.1 M, pH 6.5) containing NaCl (2 mM) and
dithiothreitol (2 mM; Sigma). Substrate hydrolysis was monitored for 1 h
at 25 oC in the microtitre plate reader (Perkin Elmer LS50B luminescence

spectrometer) at 370-nm excitation and 460-nm emission. The fluores-
cence measurement was converted to mmol NHMec using a calibration
line obtained from NHMec (Bachem) standards under identical condi-
tions. Each assay included controls in which either substrate or cell sonicate
was omitted from the reaction mixture. We calculated cathepsin C specific
activity as µmol NHMec produced/min/mg protein.
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Fig. 4 Reduction of cathepsin C activity in PLS. Activity in peripheral blood leukocytes was measured by hydrolysis of fluorogenic substrate H-gly-arg-NHMEC.

Cathepsin C activity is expressed as µmol NHMec produced/min/mg protein (µmol min–1 mg–1). a, Data from duplicate analysis of samples from seven healthy con-

trol individuals, three heterozygotes and two affected individuals. *Known heterozygote by mutation analysis. b, The columns show mean±1s.e. of cathepsin C

activity (µmol min–1 mg–1) in control (+/+), heterozygote (+/–) and affected (–/–) groups. There is nearly a complete loss of activity in affected individuals and a

reduction of activity in heterozygotes compared with controls.

Cathepsin C activity (µmol/min-1/mg-1)

Duplicate assays Mean

Controls

1 728.10 729.37 728.73
2 677.86 668.62 673.24
3 829.73 820.35 825.04
4 752.52 762.77 757.65
5 696.15 701.68 698.92
6 744.52 727.00 735.76
7 717.61 719.50 718.55

Family 4

affected child 17.15 19.06 18.11
unaffected father 357.41 336.91 347.16

Family 5

affected child 7.93 7.38 7.66
unaffected father 220.44 212.72 216.58
unaffected brother* 247.70 234.78 241.24
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