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ABSTRACT
Collagen XVIII, a proteoglycan, is a component of basement membranes (BMs). There are three distinct
isoforms that differ only by their N-terminal, but with a specific pattern of tissue and developmental expression.
Cleavage of its C-terminal produces endostatin, an inhibitor of angiogenesis. In its N-terminal, there is a
frizzled motif which seems to be involved in Wnt signaling. Mutations in this gene cause Knobloch syndrome
(KS), an autosomal recessive disorder characterized by vitreoretinal and macular degeneration and occipital
encephalocele. This review discusses the effect of both rare and polymorphic alleles in the human phenotype,
showing that deficiency of one of the collagen XVIII isoforms is sufficient to cause KS and that null alleles
causing deficiency of all collagen XVIII isoforms are associated with a more severe ocular defect. This
review besides illustrating the functional importance of collagen XVIII in eye development and its structure
maintenance throughout life, it also shows its role in other tissues and organs, such as nervous system and
kidney.
Key words: COL18A1, collagen XVIII, Knobloch syndrome, eye development, neuronal cell migration,
craniosynostosis, polymorphisms, D1437N.

INTRODUCTION homotrimers and contains an N-terminal non-
collagenous domain (NC-11), 10 collagenous re-
peats alternated with 9 non-collagenous repeats and
a C-terminal non-collagenous region, NC-1 (Saarela
et al. 1998). The N-terminal region presents

. D thromb din-1-lik d frizzled motifs. Thi
lagen family (Rehn and Pihlajaniemi 1994, Oh etIa;(t)n;o(z;piznc;r;raclte?i:end an: (ca:onr:;r\ll; re ilcs)n
al. 1994, Saarela et al. 1998). This protein forms y g

of 120 amino acids containing a sequence of 10
invariantly spaced cysteines, the cysteine-rich do-
main or CRD (Xu and Nusse 1998). The frizzled

Type XVIII collagen is a non-fibrillar proteogly-
can collagen which, together with collagen XV,
form the subgroup of multiplexins (multiple triple-
helix domains with interruptions) within the col-
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124 MARIA RITA PASSOS-BUENO et al.

domain binds Wnt signaling molecules, which aredifferent organs and may be involved in determin-
involved in cell proliferation, polarity and differen- ing cell polarity, influencing cell metabolism and
tiation in various developmental processes (Wodardifferentiation (Lin et al. 2001).

and Nusse 1998). However, the function of the friz- Collagen XVIII is encoded by th€OL18A1
zled motif in collagen XVIII molecule is still not gene, mapped to 21g22.3. This gene has 43 exons,
known (Lin etal. 2001, Elamaa etal. 2003). The C-which are transcribed in 3 distinct isoforms by
terminal region NC1, which contains a trimerization use of two promoters and of an alternative splicing
domain and the last 184 amino acid residues, can resf the third exon. The three proteins differ only by
lease endostatin (20 kDa) and endostatin-like fragtheir signal peptides and by part of the N-terminal
ments by its cleavage with elastase and/or cathepegion of the NC11 domain, and contain 303 (NC11-
sin L (Wen et al. 1999, Felbor et al. 2000, John303), 493 (NC11-493) and 728 (NC11-728) amino
et al. 2005). These fragments can be detectedcid residues. NC11-303 mRNA is transcribed from
in blood plasma and tissue extracts (Sasaki et althe promoter located upstream of exon 1, and it
1998), during physiological or pathological process-does not contain exon 3. NC11-493 and NC11-
ing of collagen XVIII (Zorick etal. 2001, Striketal. 728 mRNAs are both transcribed by the promoter
2001, Dhar et al. 2002). Endostatin, first identifiedlocated in intron 2 and do not include exons 1 and
as a potent inhibitor of endothelial cell prolifera- 2. Isoform NC11-728 and NC11-493 are encoded
tion and migration, with the ability to reduce tumor by exon 3 and exons 4 through 43, but NC11-493
growth, seems to play several other functions, in-variant uses an internal splice donor site within exon
cluding apoptosis induction (Dhanabal et al. 1999,3, thus lacking 235 amino acid residues (Elamaa et
Dixelius et al. 2000, Schmidt et al. 2004). Endo- al. 2003). The NC11-493 variant mRNA is mainly
statin/collagen XVIIl also acts in neuronal and renalexpressed in fetal and adult liver, whereas the
epithelial cell migration (Ackley et al. 2001, Kari- NC11-303 variant was found at the highest levels
haloo etal. 2001, Lin etal. 2001) and interacts within the fetal kidney (Saarela et al. 1998). NC11-
atleast two cell surface receptors (glypican and inte728, is the only isoform containing the frizzled do-
grins), but its downstream targets are still unknownmain, it is also expressed in several tissues, with
(Rehn et al. 2001, Karumanchi et al. 2001, Wick-the highest levels in liver and lung (Elamaa et al.
strom et al. 2002, 2004, Abdollahi et al. 2004). 2003). NC11-303 and NC11-728 are also expressed
Besides the C-terminal proteolytic fragments, therein human fetal brain and retina (Sertié et al. 2000,
is also a soluble type XVIII collagen fragment de- Suzuki et al. 2002). It seems that the expression
rived from the NC11 domain, which contains the pattern of the collagen XVIII isoforms change dur-
frizzled motif, with still unknown function (Elamaa ing development (Lin et al. 2001), suggesting that
etal. 2003). Most of the research on collagen XVIII these molecules play important roles during devel-
was originally focused on endostatin because of itopment.

great potential to inhibit tumor angiogenesis. But In 2000, we demonstrated that a mutation in
it is also known that proteoglycans in the extracel-the COL18A1 gene causes an autosomal recessive
lular space play a major role in chemical signalingdisorder, Knobloch syndrome, showing for the first
between cells as they can provide a reservoir for vartime the functional importance of the collagen
ious secreted signaling molecules such as membep$VIIl molecule in humans (Sertié et al. 2000).
of wingless/wnt, TGF-b and FGF families and cell We will focus this review on the distribution of
adhesion molecules-like receptors (Lin et al. 2001 pathogenic and polymorphic mutations along the
Aricescu et al. 2002). Therefore, collagen XVIIlin COL18Algene, their corresponding phenotypesand
the extracellular matrix may be important for defin- the possible functional roles of collagen XVIII based
ing plasticity of epithelial and endothelial cells in on the human and mice knockout phenotype.
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MUTATIONS IN COL18A1 AND RELATED PHENOTYPES 125

PATHOGENIC MUTATIONS AND KNOBL OCH only once in single families and before the identifi-
SYNDROME (K'S) cation of the gene.
PHENOTYPE
IDENTIFICATION OF MUTATIONSIN THE COL18A1

Knobloch syndrome (KS; MIM 267750) is an ASCAUSATIVE OF KS
autosomal recessive condition defined by the ocBased on the study of a single large inbred Brazil-
currence of high myopia, usually evidenced up toian family with 12 individuals affected with KS, we
the first year of life, vitreoretinal degeneration assigned the disease gene to 21g22.3 and demon-
with retinal detachment, macular abnormalitiesstrated that a homozygous mutation at the AG con-
and occipital encephalocele. Clinical variability is sensus acceptor splice site GOL18Al intron 1
present but, to date, all patients have severe oculdtVS1-2A>T) causes Knobloch syndrome (Sertié
abnormalities that usually lead to bilateral blind- et al. 2000). This mutation predicts the skipping
ness. The occipital encephalocele is also a majoof exon 2 and creation of a stop codon in exon 4
clinical feature that has been described in 23 of 25and, therefore, the truncation of only the a1(XVIII)
reported cases; its size varies among affected pazollagen NC11-303 (Sertié et al. 2000). Patients
tients and sometimes it is noticed only through CTwith this mutation present endostatin plasma levels
scan (reviewed in Suzuki et al. 2002). Altered reti- within the normal range (Suzuki etal. 2002). Thisis
nal pigmentation is a prominent finding and moreexpected as the isoform NC1-493, which produces
recently it was described a case of persistent fetaiost of the circulating endostatin, should not be al-
vasculature in the eye of a patient with KS (Seavertered by the presence of the IVS1-2A& mutation
et al. 1993, Passos-Bueno et al. 1994, Kliemann efSertié et al. 2000, Suzuki et al. 2002).
al. 2003, Duh et al. 2004). Pathogenic mutations in theOL18A1 gene

Heterotopic nodules in the lateral ventriculeswere found in 6 out of 9 other unrelated families
and neuronal migration abnormalities in three KSwith KS (3 Brazilian, 3 north-American and 3 Eu-
patients have recently been noticed (Kliemann etopean), thus confirming that mutations in this gene
al. 2003, Fernando Kok, personal communication).causes KS. A total of 7 different pathogenic changes
In two of these patients epilepsy was also present(Table I) were identified: three patients were com-
suggesting that these clinical complication might bepound heterozygotes and two homozygotes (O.T.
more common in KS patients than in the generalSuzuki et al., unpublished data). Endostatin plasma
population. In one patient, sagital craniosynostosidevels, measured in 2 patients with null mutations,
was also present; confirmation of this association irshowed levels in the lower range, suggesting that
additional cases will expand the spectrum of clinicalthese alterations lead to absence of the protein
variability in KS. (Suzuki et al. 2002).

Other minor clinical abnormalities, such as We did not identify mutations in three
lens subluxation, cataracts, flat nasal bridge, midunrelated probands with the major typical clinical
face hypoplasia, bilateral epicanthic folds, hypopla-signs of the syndrome but, endostatin plasma levels,
sia of the right lung with anomalous pulmonary re- measured in two of them, showed values in
turn, cardiac dextroversion, generalized hyperexthe lower range (Suzuki et al. 2002, Kliemann et al.
tensibility of the joints, unusual palmar crease and2003). These data, therefore, suggest that the KS
unilateral duplicated renal collecting system, havephenotype can be caused by an unusual mutational
been observed in a few cases (reviewed in Suzukinechanism iNCOL18A1 or to non-allelic genetic
et al. 2002). The spectrum of clinical variability heterogeneity, as also suggested by others (Menzel
of KS is still not defined since most of each of the et al. 2004).
above mentioned clinical alterations were reported ~ We also did not find pathogenic mutations in
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TABLE |
Pathogenic mutations found in KS patients.
Nucleotide numbers are based on the reference sequence AF018081.

Family | Pathogenic mutatiordetected
KS1 | ¢.12-2A-T* (homozygous)
KS3 | ¢.2969-2978delCAGGGCCCCC (maternal); c.3514-3515dév@ternal)
KS4 | ¢.1238-1239insA (maternal); ¢.3514-3515de(@aternal)
KS5 | ¢.3514-3515delCT (maternal); c.2105dé@ternal)
KS8 | ¢.12-2A-T (homozygous)
KS9 | ¢.3277G-T (homozygous)
KS10 | ¢.2416G T (homozygous)

*mutation position based on the mRNA sequence AF018082.

KS patient who has high myopia associatedenough to cause the phenotype. It also seems that
with several other clinical features that were notlack of only the short isoform is associated with a
typical of the syndrome: a scalp defectin the frontalless severe ocular prognosis. These observa-
region, developmental delay, telecanthus, hypertions imply that collagen XVIII isoforms may
telorism, and high arched palate (Sniderman et alplay important functional roles in the human eye.
2000, Suzuki et al. 2002). This patient presentedThe ocular alterations observed in KS patients are
endostatin normal plasma levels. This finding sug-complex and, for obvious reasons, it is difficult to
gests that this patient's phenotype is probablyobtain a detailed histology and electron microscopic
caused by mutations at another locus, and that mueharacterization of a KS patient’s eye. Thus, the
tations inCOL18A1 cause very specific ocular and histopathological and the molecular changes result-
neuronal cell migration abnormalities. Therefore,ing from null COL18A1 alleles in humans remain
the minimum clinical features that define the diag-unknown and the study of mice models will be of
nosis of KS are high myopia and occipital great importance to elucidate them. Indeed, there

encephalocele. has been a growing number of data suggesting that
the Knockout mice ofol18al(col18al-/-) consti-
GENOTYPE-PHENOTYPE CORRELATION IN KS tute a promising model to study KS. These mice

) ) ] are viable and fertile, do not present occipital en-
All pathogenic mutations in thGOL18A1 gene to cephalocele but show abnormal visual function due

date probably lead to MRNA decay or to a trun—to several ocular alterations which worsen with in-

cated protein thus the disease might be caused IOé{reasing age (Fukai etal. 2002, Marneros and Olsen

deficiency of a functional protein. So, these mUta'ZOOS, Marneros et al. 2004). Developmental de-

tions represent human knockout models for thefects in hyaloid vessel regression affecting postnatal
COL18A1 gene: homozygotes for the IVS1-Zh levels of VEGF expression in the neural retina were

represent a knockout of only the short |sof0rm,whlleobserved in these mice (Fukai et al. 2002). Inter-

the other mutatlons represent kn'ockout of all Cona'estingly, Duh et al. (2004) described persistence of
gen XVI_“ |sofor.rrr1]s an.d .endostatln.l he short | fetal vasculature in a patient with clinical features of
Patients with deficiency of only the short iso- Knobloch syndrome associated with no detectable

form present th? main clinical featurgs O_f the Syr_]'plasmalevels of endostatin. Theiris basementmem-
drome, suggesting that the lack of this isoform is
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brane of thecol18al-/- mice was also shown to be and wide expressivity, with some mice presenting
altered (Marneros and Olsen 2003, Marneros et aljust enlargement of the ventricles visible only
2004), further confirming that iris modifications in through MRI (Utriainen et al. 2004). This pheno-
some KS patients are due to the deficiency of coltype was not noticed in KS patients, maybe due to
lagen XVIII (Passos-Bueno et al. 1994, Duh etthe small number of cases studied to date.

al. 2004). Another important finding in the mice One of the patients (homozygous for the mu-
col18al-/- is the age-dependent accumulation oftation ¢.2416 C> T; numbered according to the
electron-dense deposits between the retinal pigmemhRNA sequence AF018081, deposited in Gen-
epithelium (RPE) and Bruch’s membrane. TheseBank) has a duplicated kidney (unpublished data).
deposits contain excess basement membrane matein et al. (2001) have shown that collagen XVIII
rial and they were associated with an abnormal vi-expression is involved in kidney and lung morpho-
tamin A metabolism in the retinal pigment epithe- genesis, through still unknown mechanisms. Al-
lium with reduced rhodpsin levels (Marneros et al.though no major kidney defect was observed
2004). These findings further confirm that endo-among the mutant mice, they showed broadened
statin/col18al plays a significant role in blood ves-kidney tubular basal membrane, altered mesangial
sels remodeling and morphogenesis in the eye.  matrix of the glomerulus and elevated serum creati-

Variability of the size of the occipital alteration nine levels (Utriainen et al. 2004). These findings
is commonly observed both in intra and inter- further support the importance of collagen XVIiI
familial cases, but it does not have an obvious corin kidney development and function. Therefore, KS
relation with the site of the mutation BOL18A1  patients should be carefully examined for functional
gene. and morphological kidney defects.

Pathogenic mutations leading to deficiency of None of the patients with mutations in the
all collagen XVIlII isoforms were found in two out COL18A1 gene have any major liver defect, whichis
of 3 KS patients who, besides minimum KS clinical surprising because one of the isoforms (NC11-493)
features, also had abnormal neuronal cell migrationis highly expressed in this organ.
and recurrent epilepsy. None of the 12 patients, all
in middle age, with lack of only the short form of
collagen XVIII has presented epilepsy; thus, we
could speculate that the median and/or longwWe identified twenty polymorphic variants in the
collagen XVIII isoforms, in opposition to the short COL18A1 gene (lughetti et al. 2001, NCBI dbSNP
form, play an important role in neuronal cell mi- database); of these, only two represent missense
gration. Alterations in neuronal cell migration changes (1841V and D1437N). D1437N (previously
have also been observed in col18al knockout anireferred as D104N) change is located in the COOH-
mal models (Ackley et al. 2001). The current data,terminal globular domain NC1 of collagen XVIII,
therefore, strongly support an important functionalthe encoding region of endostatin. The aspartic acid
role of collagen XVIII in neuronal development. It at position 1437 (or amino acid residue 104 of en-
is possible that the occipital encephalocele actuallydostatin) is conserved in human and mouse endo-
represents abnormal cell migration instead of a destatin/collagen XVIII, as well as, in the endostatin-
fect in bone or suture development at the occipitalike molecule produced from the NC1 do-
region. main of collagen XV (lughetti et al. 2001). The

Col18al-/- mice, depending on the geneticstructural modeling analysis of the human mutated
background, develop a significant enlargement ofl437N endostatin suggests that this amino acid
the skull associated with severe hydrocephalus. Thisesidue is located at the surface of the molecule and
clinical alteration presents incomplete penetranceloes not change endostatin stability but can mod-

POLYMORPHIC CHANGES
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128 MARIA RITA PASSOS-BUENO et al.

ify the charged distribution surrounding the mutatedpresent a specific tissue and development pattern of
aminoacid. (lughetti et al. 2001). expression and possibly perform distinct functions.
It has been postulated that endostatin/collagen  Null alleles in the collagen XVIII lead to
XVllIplayimportantrolesintumor growth duetoits Knobloch Syndrome (KS), a rare autosomal reces-
anti-angiogenic activity. Indeed, we have observedsive disorder mainly characterized by high myopia,
that Down syndrome (DS) patients, who have a devitreoretinal degeneration, macular alteration and
creased incidence of solid tumors, showed highepoccipital encephalocele. Iris and retinal pigment
serum levels of endostatin (Zorick et al. 2001). Still epithelium alteration seem also to be important fea-
others have shown that patients with a better progtures of the syndrome. The complete spectrum ofthe
nosis of hepatocelular carcinoma presented highedisease is still not established, but high myopia up to
collagen XVIII expression in tumor cells (Musso et the first year of life and occipital encephalocele are
al. 2001) and lower production of the molecule by the two minimal clinical criteria to classify a patient
the surrounding stroma (Hu et al. 2005). There-as KS. Collagen XVIllis a critical component of the
fore, endostatin and collagen XVIII are good can-basement membrane of the iris, vitreo and retina and
didate proteins to be studied in the susceptibility ofits presence is fundamental for normal eye develop-
tumor growth. In this regard, we have hypothesizedment during embryogenesis; this protein also seems
that the SNP D1437N (or D104N/endostatin) couldto play important functional roles in neuronal cell
represent an at-risk susceptibility allele for progres-migration and as a component of basement mem-
sion or aggressiveness of solid tumors. In a casebrane of kidney. Polymorphisms in collagen XVIlII
control study including 181 prostate cancer casegsre common, but their relationship to susceptibility
and 198 non-cancer individuals, we observed thabf solid tumors are still controversial.
the heterozygous N104 individuals have a 2.5 times
increased chance of developing prostate cancer as ACKNOWLEDGMENTS
compared with homozyggus Dlo[.‘ S.UbJECtS(Iughettl'l'he authors would like to thank the patients and
etal. 2001). However, this association was not con- . . . .
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in our original report just represent racial stratifica-
tion. Further studies will be necessary to understand
the role of collagen XVIll/endostatin and predispo-
sition to solid tumors. Colageno XVIII, uma proteoglicana, € um componente

RESUMO

das membranas basais (MBs). Existem trés isoformas dis-
tintas que diferem apenas na regido N-terminal, mas que
CONCLUSIONS - " N .

apresentam um padréo especifico de expresséo nos dife-
Collagen XVIII, encoded by th€OL18A1 gene at  rentes tecidos e durante o desenvolvimento. A clivagem
21g22.3, is a very interesting molecule, which pro-da regido C-terminal produz endostatina, um inibidor de
duces at least two proteolytic fragments: one de-angiogénese. Na sua regido N-terminal, hA um motivo
rived from its C-terminal, endostatin and the other“frizzled”, o qual parece estar envolvido com a sinaliza-
from its N-terminal, containing the frizzled motif. ¢&o de Wnt. Mutages no ge@®L18A1 causam a sin-
There are at least 3 distinct isoforms, which only drome de Knobloch (SK), uma condigdo de heranca au-
differ at their N-terminal region; each of them tossémica recessiva caracterizada por degeneragao vitreo
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— retiniana, degeneracéo de mécula e encefalocele occibuH EJ, YAO YG, DAGLI M AND GOLDBERG MF.
pital. Esta revisdo discute o efeito tanto de alelos raros ~ 2004. Persistence of fetal vasculature in a patient
como polimérficos no fendtipo, mostrando que deficien-  With Knobloch syndrome: potential role for endo-
cia de uma das isoformas de colageno XVIII é suficiente  Statin in fetal vascular remodeling of the eye. Oph-

para causar SK e que alelos nulos causando deficiéncia thalmology 111: 1885-1888.
ELAMAA H, SNELLMAN A, REHN M, AuTIO-

HARMAINEN H AND PIHLAJANIEMI T. 2003.
Characterization of the human type XVIII collagen
gene and proteolytic processing and tissue location of

| i ) the variant containing a frizzled motif. Matrix Biol
também mostra que esta proteina tem um papel funcional 29 427-442

importante em outros tecidos e 6rgdo, como no sistema

de todas as isoformas de colageno XVIII estdo associada:
a alteracdes oculares mais graves. Esta revisdo, além de
ilustrar aimportancia funcional do colageno XVIII no de-

senvolvimento do olho e na manutencéo de sua estrutura,

FELBOR U, DREIER L, BRYANT RA, PLOEGH HL,

nervoso central e rim. ) ] OLSEN BR AND MOTHES W. 2000. Secreted
Palavras-chave: COL18A1, colageno XVIII, sindrome cathepsin L generates endostatin from collagen

de Knobloch, desenvolvimento ocular, migragdo de célula  yv1. EMBO J 19: 1187—1194.
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endostatin results in eye abnormalities. EMBO J
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