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Kallmann syndrome is a neurological disorder characterized by
various behavioral and neuroanatomical defects. The X-linked
form of this disease is caused by mutations in the KAL-1 gene,
which codes for a secreted molecule that is expressed in restricted
regions of the brain. Its molecular mechanism of action has thus far
remained largely elusive. We show here that expression of the
Caenorhabditis elegans homolog of KAL-1 in selected sensory and
interneuron classes causes a highly penetrant, dosage-dependent,
and cell autonomous axon-branching phenotype. In a different
cellular context, heterologous C. elegans kal-1 expression causes a
highly penetrant axon-misrouting phenotype. The axon-branching
and -misrouting activities require different domains of the KAL-1
protein. In a genetic modifier screen we isolated several loci that
either suppress or enhance the kal-1-induced axonal defects, one
of which codes for an enzyme that modifies specific residues in
heparan sulfate proteoglycans, namely heparan-6O-sulfotransferase.
We hypothesize that KAL-1 binds by means of a heparan sulfate
proteoglycan to its cognate receptor or other extracellular cues to
induce axonal branching and axon misrouting.
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K

allmann syndrome is a genetic disease that was first recognized
as such in 1944 by Franz Kallmann (1) and is defined as the
association of hypogonadotropic hypogonadism and anosmia, i.e.,
the inability to smell. In addition, affected patients may display a
variety of neurological abnormalities, including synkinesia (mirror
movement) of the hands, as well as somatic defects such as
unilateral renal agenesis (2, 3). Embryological studies suggested a
common origin for the anosomic and hypogonadotropic phenotypes (4). During development, the olfactory receptor neurons born
in the olfactory primordium project and extend their axons through
the cribriform plate into the skull where they establish connections
with secondary neurons in the olfactory bulb. Likewise, the neurons
that later secrete gonadotropin-releasing hormone (GnRH) are
born in the olfactory primordium and migrate along the olfactory
tract to their final destination in the hypothalamus. Based on
neuropathological studies on a human fetus affected by X chromosome-linked Kallman syndrome (5), it has been suggested that
(i) the axons of the olfactory receptor neurons still project toward
the forebrain; however, they fail to establish connections with their
target cells), and (ii) GnRH-synthesizing neurons fail to reach the
hypothalamus, thus disrupting the hypothalamic-pituitary hormonal axis and causing hypogonadotropic hypogonadism.
Genetically, Kallmann syndrome is heterogeneous with examples
of autosomal recessive, autosomal dominant, as well as X-linked
recessive modes of inheritance [see Online Mendelian Inheritance
in Man (OMIM) at http:兾兾www.ncbi.nlm.nih.gov兾omim兾]. Although the molecular lesions responsible for the autosomal forms
remain elusive, the gene for the X-linked form, named KAL-1, was
identified more then 10 years ago (6, 7) and shown to code for a
secreted protein with similarities to neural cell adhesion molecules.
Expression of KAL-1 was observed in the target area of the axonal
projections of the olfactory neurons in human fetal brain (8), and
the protein was found to be associated with basement membranes
and the interstitial matrix in neuronal tissues of the embryonic
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brain, e.g., in the olfactory bulb (9). A series of in vitro experiments
revealed that recombinant KAL-1 can induce neurite outgrowth in
cultured cerebellar mouse neurons but not in hippocampal or dorsal
root ganglia neurons (10). The in vivo significance of these studies
has remained unclear, however. The lack of a genetically tractable
animal model to study KAL-1 prompted us to investigate the
Caenorhabditis elegans ortholog of the human gene.
Materials and Methods
DNA Constructs and Transgenic Lines. The kal-1::gfp reporter gene

construct contains a 5,270-bp fragment upstream of the ATG start
codon of kal-1 that was amplified by PCR and subcloned into the
gfp vector pPD95.75 (a gift from A. Fire, Carnegie Institute). C.
elegans kal-1 and Drosophila kal-1 cDNAs were obtained from the
respective expressed sequence tag (EST) sequencing consortia and
completely sequenced (C. elegans EST: yk230c3; GenBank accession no. C40392; Drosophila EST: GH04611; GenBank accession
no. AY060623). hst-6 cDNAs (GenBank accession no. AY081844)
were isolated by PCR and 5⬘兾3⬘ RACE from embryonic cDNA
libraries. The mis兾overexpression constructs, as well as construction of transgenic lines and chromosomal integration, are described
in the supporting methods, which is published on the PNAS web
site, www.pnas.org. Briefly, otIs35X, otIs76IV, and otIs77II express
pttx-3::kal-1; otIs78, otIs79, otIs80IV, and otIs81II express
punc-119::kal-1; otIs124 expresses pttx-3::kal-1mWAP; and otIs83V
expresses pgcy-8::kal-1.

Scoring Neuroanatomy. Transgenic gfp lines used to score neuro-

anatomy as well as detailed scoring criteria for axonal branches are
described in the supporting methods.

Modifier Screen and Mapping of Modifier Mutants. Modifier mutants
were isolated from a clonal F1 screen of 1,310 haploid genomes by
using ethyl methanesulfonate (EMS) as a mutagen (see supporting
methods). ot17 was placed by three factor-mapping between lon-2
and unc-97 on LGX and further mapped between two newly
identified polymorphic markers, otP3 and otP5. ot16 was placed
between unc-79 and emb-5 on LGIII, whereas ot20 and ot21
were mapped close to unc-62 and to the right of stP3 on LGV,
respectively.
Cell-Binding Assays. Assays were done as described previously (see

supporting methods for details).
Results and Discussion

The Kallmann Syndrome Gene kal-1 in Invertebrates. The completed

genome sequences of C. elegans (11) and Drosophila melanogaster
Abbreviations: EST, expressed sequence tag; HSPG, heparan sulfate proteoglycan.
Data deposition: The sequence reported in this paper has been deposited in the GenBank
database (accession no. AY081844).
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Fig. 1. The Kallmann syndrome gene kal-1 in C. elegans. (A) Schematic domain
structure of the Kallmann syndrome proteins in humans (Hs), worms (Ce), and
flies (Dm). Pairwise similarities of domains between proteins were calculated by
aligning the domains as predicted by SMART. WAP, whey acidic protein domain;
Fn(III), fibronectin III motif; SS, signal sequence. (B) Schematic drawing of the gene
structure of C. elegans kal-1 (located on cosmid K03D10) and the transcriptional
reporter fusion with green fluorescent protein (gfp) and the unc-54 3⬘ untranslated region. (C) Expression pattern of the kal-1::gfp reporter construct in transgenic animals (otIs33IV).
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A kal-1::gfp Reporter Is Expressed in Neuronal and Nonneuronal
Tissues in C. elegans. To characterize potential sites of expression of

the C. elegans kal-1 gene, we constructed a transcriptional reporter
that fuses the gene encoding green fluorescent protein (gfp) to 5.3
kb of potential 5⬘ upstream regulatory sequence of kal-1 (Fig. 1B).
Expression of the reporter is first detected in embryos at around the
50-cell stage in 2–3 cells (not shown) and widens during embryonic
development (Fig. 1C). At the comma stage, expression is seen in
a set of cells whose position is consistent with neuroblasts in the tail
as well as in the head where they form a ring-like structure (Fig. 1C).
In larval stages and throughout adult stages, expression is largely
restricted to a set of neurons in several head ganglia (AIY, AIZ,
RID, M5, ASI, and subsets of labial sensory neurons), motor
neurons in the ventral nerve cord, neurons in the midbody region
(HSN, CAN, and PVM) and in the tail ganglia (DVB, DVC, and
PDB) (Fig. 1C). In the AIY interneurons, kal-1 is a downstream
target of the ttx-3 transcription factor (13). Consistent nonneuronal
expression could be observed in the excretory cell and uterine cells
(Fig. 1C). Rat polyclonal antisera directed against portions of the
worm KAL-1 protein were found to recognize KAL-1 in transgenic
animals that overexpress KAL-1 in specific cells (Fig. 2A and Fig.
6, which is published as supporting information on the PNAS web
site, www.pnas.org), but thus far failed to reveal endogenous KAL-1
protein, possibly because of limited levels of expression of the
endogenous KAL-1 protein. In KAL-1-overexpressing animals, the
KAL-1 protein remains associated with the surface of the overexpressing cell (see Fig. 6A) that is consistent with the reported cell
surface-binding activity of vertebrate KAL-1 protein (9, 14) and
Bülow et al.
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(12) allowed us to identify single orthologs of the human Kallmann
syndrome gene in both organisms. By sequencing a full-length EST
clone we found that the C. elegans gene consists of six exons and
codes for a putative secreted protein of 700 amino acids that shares
36% overall similarity with its human ortholog (Fig. 1A). Like its
human counterpart, it contains a WAP-type protease inhibitor
domain followed by four consecutive FnIII motifs. No other
homologs with a similar domain composition exist in C. elegans.
Likewise, we sequenced a putative full-length EST clone representative of the only predicted KAL-1-like gene in Drosophila and
found it to encode a protein that is smaller than its worm and
vertebrate homologs, lacking the last two FnIII motifs (Fig. 1 A).
From here on, ‘‘kal-1 ’’ refers to the C. elegans ortholog of the
human gene and ‘‘KAL-1’’ refers to the C. elegans protein, if not
explicitly noted otherwise.
Fig. 2. Cell-specific expression of kal-1 causes axon branching. (A) Anti-KAL-1
antibody staining of transgenic animals that overexpress kal-1 in the AIY interneuron class (otIs35) and in wild-type N2 animals. Arrows point to axonal
branches induced by KAL-1 protein (the unbranched nature of the AIY interneurons can be observed with gfp labeling; see B). See supporting information for
more comments, micrographs, and technical notes on antibody staining. (B and
C) Data were obtained from extrachromosomal (Ex) and integrated (Is) mis兾
overexpressing lines as indicated. Numbers in parentheses give the number of
extrachromosomal lines. The number of defective animals of all extrachromosomal lines were added up to yield percentages; it is specifically noted if the
spread of percentages of individual lines was significant. (B) Overexpression
phenotype in AIY interneurons. Scoring criteria for the branching defects are
detailed in the supporting methods. White arrows point to axonal branches and
white arrowheads show arborized branches in lines overexpressing the kal1mWAP construct. All experiments were performed in a mgIs18 (Is[ttx-3::gfp]) gfp
reporter background unless indicated otherwise. kal-1⌬C and kal-1S241K recapitulate mutations that were found in patients with Kallmann syndrome (18).
kal-1mWAP contains two point mutations, C134S and C135S, that abolish two
integral disulfide bonds in the WAP domain. Note that the branching effect is
unrelated to the presence of gfp in the cell because KAL-1 antibody staining
shows similar branches (A). a, results with a different Is[ttx-3::gfp], termed mgIs32,
are virtually identical. (C) Mis兾overexpression phenotypes in AFD sensory neurons. A white arrow points to an axonal branch at the ventral portion of the
main axon. All experiments were performed in an oyIs17 (Is[gcy-8::gfp]) reporter background. a, results varied between 48% and 80% per line.

consistent with the cell autonomous activity of the KAL-1 protein
that we describe below.
Forced Expression of KAL-1 Causes a Range of Specific Anatomical
Defects. We first attempted to examine the consequence of loss of

kal-1 gene activity. The unavailability of kal-1 mutant animals
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prompted us to conduct RNA interference (RNAi) experiments
(15). We observed no significant effect on overall appearance,
morphology or neuroanatomy after injection of double-stranded
RNA targeted against the kal-1 gene into wild-type animals (see
supporting methods). This observation has to be taken with caution,
however, because RNAi has been found to work less effectively in
the nervous system (16). To functionally study kal-1 in C. elegans we
thus used a mis兾overexpression (‘‘forced expression’’) approach
that was not only intended to observe the range of effects that kal-1
can exert but also to establish a gain-of-function (gf ) phenotype that
would allow us to conduct a genetic screen for interacting loci. To
this end, we created transgenic lines that express the C. elegans kal-1
cDNA under the control of various promoters (including several
different sensory neuron-, interneuron-, and motorneuron-specific
promoters, a muscle-specific promoter, and a panneuronal promoter) and assessed the effects of such mis兾overexpression with
more than 10 gfp reporter strains that label the cells that heterologously express kal-1 and兾or cells that are in proximity to the
kal-1-expressing cells (see Table 2, which is published as supporting
information on the PNAS web site). Below we describe the most
penetrant effects observed after forced expression of kal-1.
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Neuron-Specific Expression of kal-1 Causes Axonal-Branching Defects.

Expression of kal-1 in the AIY interneuron class under the control
of an AIY-specific promoter fragment of the ttx-3 gene (17) led to
a highly penetrant axon-branching defect (Fig. 2 A–C also see Fig.
4B). These branches emanate from variable positions along the
main axon and are variable in length (see supporting methods). Like
axon collaterals in vertebrate nervous systems, these branches are
delayed in appearance relative to the outgrowth of the primary
axon, because only 6% (n ⫽ 50) of kal-1-overexpressing animals
show branches in late, pretzel-stage embryos (wild type ⫽ 0%, n ⫽
48) whereas 100% (n ⫽ 80) of adult animals contain axonal
branches (wild type ⫽ 10%, n ⫽ 94).
To assess whether the phenotype was dosage-dependent we
assayed the phenotype in animals that were heterozygous for each
of three chromosomally integrated expression arrays. We found
that in all cases, the lengths of the branches were shorter in the
heterozygotes (data not shown), and at least in one heterozygous
line (otIs35兾⫹) the overall penetrance of the phenotype was
significantly decreased whereas the converse was true for increased
gene dosage (Fig. 2B and Fig. 7, which is published as supporting
information on the PNAS web site).
Neither the expression vector alone nor expression of either a
randomly chosen WAP domain-only protein present in the genome
sequence (F54E2.2) or a randomly chosen FnIII-domain-only
protein (C36B1.2) induced axon branching (Fig. 2B). Expression of
ttx-3::kal-1⌬C, a C-terminal deletion that deletes parts of the first
FnIII motif and all consecutive FnIII motifs and which recapitulates
truncations that have been identified in human Kallmann patients
(18), also does not induce axonal branching. Similarly, introduction
of a point mutation in the first FnIII domain of kal-1, S241K, which
is at an equivalent position as the N267K missense mutation
identified in a Kallmann patient (18), led to a complete loss of the
ability to induce axonal branching (Fig. 2B). The loss of branching
activity of the S241K mutant is unlikely the result of a loss of protein
processing, stability, or secretion, because antibody staining shows
similar expression levels of the S241K protein compared to overexpressed wild-type protein (see Fig. 6) and because it can be
readily purified from the supernatant of transiently transfected cells
(Fig. 5). Lastly, the disruption of two of the four disulfide bonds that
define a WAP domain in the context of the full-length KAL-1
protein led to a qualitatively changed branching phenotype characterized by extensive arborization of the axonal branches (Fig. 2B).
Taken together, these results establish that the axonal branching
phenotype is a dosage-dependent KAL-1 protein- and domainspecific phenomenon.
The protein- and domain-specificity of branch induction is a
6348 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.092128099

strong argument against the possibility that axon branching is
merely a secondary reflection of an overall sickness of the neuron
caused by aberrant kal-1 expression. Nevertheless, we tested
the functionality of the AIY interneuron by subjecting
ttx-3::kal-1-expressing animals (otIs76) to two different behavioral
assays that require AIY to function appropriately and found these
animals to behave indistinguishably from wild type (E. Tsalik and
O.H., data not shown). kal-1-induced axon branching thus seems to
leave the overall functionality of the neuron intact.
kal-1 expression in the AFD sensory neuron class also caused a
highly penetrant branching phenotype (Fig. 2C). Like in AIY,
expression of KAL-1⌬C completely abolished the branch-inducing
potential of KAL-1 protein. Intriguingly, the branching phenotypes
in AIY interneurons and AFD sensory neurons were strictly
cell-autonomous. In animals that express kal-1 under the control of
the AIY-specific ttx-3 promoter, branching was observed in the
AIY neurons, yet AFD, AWA, AWC, and ASER, the major
presynaptic partners of AIY (19), remained completely unaffected.
Conversely, expression of kal-1 in AFD neurons whose major
synaptic output is to AIY caused branching in AFD, yet AIY
interneurons as well as adjacent sensory neurons showed wild-type
morphology (see Table 3, which is published as supporting information on the PNAS web site). The cell-autonomous role of the
KAL-1 protein is consistent with its association with the cell surface
of KAL-1-expressing cells (9) and our antibody staining (Fig. 6).
The autocrine activity of KAL-1 also resembles the autocrine

Fig. 3. Panneuronal expression of kal-1 causes axon misrouting and hypodermal defects. (A) Panneuronal phenotypes in AIY interneurons and AFD sensory
neurons. AIY ‘‘short stops’’ are defined as the failure of the two bilaterally
symmetric axons to reach the dorsal midline. Shown Left are AFD wild-type
morphology (black arrowheads point to the amphid commissure), and the amphid-misrouting phenotype exemplified by the absence of the amphid commissure [(Center) unilateral; (Right) bilateral absence, marked by white arrowheads)]
as visualized with DiI staining (Center) or oyIs17, which exclusively labels AFD
(Right). Animals were scored as defective if they displayed unilateral or bilateral
defects, respectively. a, results varied between 4% and 44% per line. AIY morphology was examined in an mgIs18 background, and AFD morphology was
examined in an oyIs17 background. Note that amphid commissure defects were
20% penetrant if otIs81 was scored in an N2 background with DiI filling (Table 1).
(B) Variable abnormal (Vab) phenotypes as observed in lines overexpressing kal-1
panneuronally.
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Fig. 4. Mutations that modify the KAL-1-dependent phenotype. (A) Genetic interaction of the kal-1(gf )-inducing axon-branching defect with mutants described as
being involved in axonal patterning and other aspects of neuronal function (34, 35) and mutants retrieved from a modifier screen. Percent suppression does not refer
to qualitative changes in branch appearance but penetrance of the defect. All experiments were done in a mgIs18 background to label AIY and, if not indicated
otherwise, with the ttx-3::kal-1 overexpressor otIs76IV. The moderately penetrant suppression by spectrins may be explained by their proposed role in localizing cell
adhesion兾signaling proteins (36). a, ttx-3::kal-1 overexpressor otIs35X. b, ttx-3::kal-1 overexpressor otIs77II. c, strain was marked with lon-2(e678). d, enhancement was
arbitrarily defined as branches exceeding 20 m (for quantification see Fig. 8, which is published as supporting information on the PNAS web site). (B) Representative
example of the ttx-3::gfp reporter control (mgIs18) (Upper Left), the ttx-3::kal-1 overexpressor (otIs76 mgIs18) (Lower Left), the ot16 suppressor mutation in
combination with the overexpressor (Upper Right), and the enhancer ot21 that shows considerably longer branches than the overexpressor alone (Lower Right). (C)
hst-6 cDNA structure was experimentally determined by PCR and contained SL1 splice leader sequences. An alignment of two N-terminal portions of C. elegans HST-6
with its human (Hs), mouse (Mm), and fly (Dm) orthologs is shown. 5⬘PSB, binding site for the 3⬘-phosphoadenosine 5⬘-phosphosulfate cofactor (37).
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activity of several other extracellular axon outgrowth cues that act
on the cells in which they are expressed (20–24).
Panneuronal kal-1 Expression Causes Axon-Misrouting Defects. Expression of kal-1 under control of the panneuronal unc-119 promoter led to a broader set of phenotypes, yet the focus of kal-1
action was still very confined. The overall morphology of the
nervous system, as assessed with a panneuronally expressed gfp
reporter, did not reveal any obvious defects in unc-119::kal-1
animals (data not shown). The effects of panneural kal-1 on AIY
neuroanatomy only partly recapitulated the branching phenotypes
observed in cell-specific kal-1 overexpression and, in addition, led
to a partially penetrant axon outgrowth defect of AIY (‘‘short stop’’;
Fig. 3A). Most conspicuously, however, a highly penetrant axon
fascicle-misrouting defect was observed (Fig. 3A). Instead of entering the nerve ring through the amphid commissure, the axons of
many sensory neurons entered the nerve ring laterally, thus bypassing the dorsoventral migration aspect of their normal trajectory. A similar amphid fascicle-misrouting phenotype is observed in
unc-6兾Netrin and vab-1兾EphR mutants (25). By colabeling distinct
subsets of amphid neurons with gfp and DiI, we found this to be an
‘‘all or nothing’’ effect, in which either all labeled sensory axons
entered the nerve ring laterally or none of them did (data not
Bülow et al.

shown), hinting that unc-119::kal-1 may effect an as yet unknown
nerve ring pioneer neuron. Consistent with this notion, axon
misrouting is not induced by forced expression in subsets of sensory
neurons (Table 2). All phenotypes were absent in lines that
expressed the C-terminal KAL-1 deletion mutant (Fig. 3A).
Experiments with the point mutants mWAP and S241K indicate
that the branching activities and outgrowth activities are genetically
separable. Although the mWAP mutation did not impair the
overall branching propensity of kal-1 when expressed in AIY (it
even enhanced it; Fig. 2B), it did impair the potential to misroute
amphid axons when expressed panneuronally (Fig. 3A). The converse is true for the S241K mutation, which abrogates the branching
activities while having no effect on the ability of kal-1 to misroute
amphid sensory neurons. It is thus conceivable that the axonbranching and -misrouting activities are mediated through distinct
receptor兾binding proteins.
Panneuronal kal-1 Expression Causes Morphogenesis Defects. In ad-

dition to the axon outgrowth phenotypes, we found that panneuronal kal-1 overexpressors display a moderately penetrant variable
abnormal (Vab) phenotype, characterized by hypodermal morphological defects in the head and tail (Fig. 3B). Animals that overexpress kal-1 only in AIY do not show these defects, neither do
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Table 1. Specificity of suppressor mutants ot16 and ot17
ttx-3(ks5)induced
branching

gcy8⬋kal-1-‡
induced
branching

AIY†

AFD§

%
WT
ot16
ot17‡‡

52%
42%
54%

n
178
99
93

%
66%
8%
4%

AIY†
n
106
79
104

unc-119⬋kal-1-induced††

sax-2(ot10)-induced ectopic neurites

%
77%
ND**
67%

Misrouting
amphids¶

Amphids¶
n
69
205

%
49%
ND**
51%

Vab

n

%

n

%

n

142

20%㛳

146
141
154

27%
11%*
32%

202
261
281

75

0%*
4%

ND, not determined; Vab, variable abnormal; WT, wild type.
*Strain is marked with unc-79(e1068).
†Defects were visualized with mgIs18 (Is[ttx-3⬋gfp]).
‡gcy-8⬋kal-1 ⫽ otIs83V.
§Defects were visualized with oyIs17 (Is[gcy8⬋gfp]).
¶Defects were visualized with DiI filling.
㛳The amphid commissure defect increases to 93% in an oyIs17 (Is[gcy-8⬋gfp]) background (Fig. 4A).
**Strain could not be built because of very close linkage.
††unc-119⬋kal-1 ⫽ otIs81II.
‡‡Strains are marked with lon-2(e678).

animals that panneuronally express an unrelated protein. Similar,
yet more severe, Vab phenotypes are observed in animals that are
mutant for the ephrin receptor vab-1, which acts in neuroblasts to
affect hypodermal cell morphogenesis (26). A kal-1 reporter is
expressed in those neuroblasts at the time when vab-1 is required
in these neuroblasts to ensure correct hypodermal cell morphogenesis. Taken together with the similar axon-misrouting phenotype of vab-1 mutants (25), these observations point to a potential
intersection of kal-1 and ephrin-signaling systems, a notion that will
require further genetic and biochemical tests.
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Identification of Mutant Loci That Specifically Modify the KAL-1
Mis兾Overexpression Phenotype. To identify mutants that modify the

described kal-1(gf ) phenotypes, we took two parallel approaches.
First, we tested various known mutations that were previously
shown to play a role in axonal development and function for their
effect on the kal-1(gf ) phenotype and second, we conducted a
screen to isolate new mutations in genes that are required for
kal-1(gf ) to exert its function. Such modifier mutations may define
genes involved in processing, secretion, or localization of KAL-1, or
genes coding for a receptor, coreceptor, otherwise interacting
proteins, or signaling molecules that are genetically downstream of
a KAL-1 receptor.
As a starting phenotype, we used the kal-1-induced branches in
the AIY interneuron that represent the most penetrant kal-1(gf )
phenotype. We found that mutations in various known extracellular
axon-pathfinding cues (including Netrin, Slit, Ephrin, Semaphorin,
and Integrin cues) had little to no effect on the expressivity of the
kal-1-induced branches nor did mutations in many intracellular
proteins required for axon outgrowth, synaptic vesicle transport, or
synaptic transmission (Fig. 4A).
We next conducted a screen for ethyl methanesulfonate-induced
mutations that would modify kal-1(gf )-induced branching as assessed by fluorescence microscopy of clonal populations of mutagenized animals. We identified six recessive mutations (ot16III,
ot17X, ot19X, ot20V, ot21V, and ot24) and one semidominant
mutation (ot18) that either enhance (ot21V) or suppress (all others)
the kal-1-dependent axon-branching phenotype (Fig. 4 A and B and
Materials and Methods).
We investigated the specificity of two suppressor loci (ot16III and
ot17X) in more detail. Neither of these two loci suppressed axonalbranching defects observed in AIY after loss of the ttx-3 transcription factor (17) nor did they suppress ectopic axon outgrowth
observed in AIY after loss of the sax-2 gene (27) (Table 1). In
6350 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.092128099

contrast, they suppressed the AFD-branching phenotype caused by
expression of kal-1 in AFD and the amphid-misrouting phenotype
caused by panneuronal expression of kal-1 (Table 1). ot17 does not
suppress the axon-misrouting phenotype induced by unc-6, thus
underscoring the kal-1 specificity of this modifier mutant (data not
shown). The variable abnormal phenotype observed in animals that
express kal-1 panneuronally is suppressed by ot16 but, interestingly,
not by ot17 (Table 1). This observation suggests that the hypodermal and axonal defects caused by unc-119::kal-1 are genetically
separable. Taken together, the results show that the isolated
modifier loci selectively interact with the kal-1-induced phenotypes.
One of the Modifier Loci Encodes Heparan-6O-Sulfotransferase. We
positionally mapped one of the modifier loci, which is defined by
two noncomplementing alleles, ot17 and ot19, to a 90-kb interval
between the polymorphic markers otP3 and otP5 on the left arm of
chromosome X. This region contains 14 predicted genes, one of
which codes for the only worm ortholog of vertebrate heparan-6Osulfotransferases, termed hst-6 by the worm nomenclature committee (‘‘6’’ stands for the sugar ring position that is sulfated). Heparan6O-sulfotransferases localize to the Golgi apparatus and catalyze
the transfer of a sulfate moiety on position 6 of the glucosamine
residue that is part of the characteristic disaccharide repeat unit of
heparan sulfates, which are integral components of heparan sulfate
proteoglycans (HSPGs) (28). Sequence analysis of the ot17 and ot19
alleles revealed point mutations in the coding region of hst-6,
namely an early stop codon and a missense mutation in a highly
conserved residue in the sulfate-binding pocket (Fig. 4C). Because
of its molecular nature and the apparent absence of alternatively
spliced forms, the ot17 allele is a likely molecular null. C. elegans
HST-6 protein comprises 362 amino acids, shares between 49–54%
overall sequence similarity with its three vertebrate orthologs (29),
and is predicted to be a type II transmembrane protein.
We further corroborated the heparan sulfate dependence of
KAL-1 activity by establishing that C. elegans KAL-1 protein,
purified from transfected mammalian cells, has the capability to
bind to various cell lines in vitro and that this binding is competitively
inhibited either by adding heparin or by high salt concentrations
(Fig. 5). These observations are consistent with previous in vitro
studies on human KAL-1 (10, 14). Extending these previous studies,
we found that the heparin-dependent cell-binding activity is abrogated by both the mWAP mutation and the S241K mutation,
corroborating our genetic finding that the WAP domain-dependent
misrouting activity and the S241-dependent axon-branching activity
Bülow et al.

Conclusions
We have shown here that heterologously expressed KAL-1 protein
induces axon branching and axon misrouting in specific cellular
contexts, either because of a hypermorphic, neomorphic, or antimorphic activity of the KAL-1 protein. Parallel in vitro and ex vivo
studies revealed similar dual activities of recombinant human
KAL-1 protein (32). The branching activity of KAL-1 is intriguing
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of KAL-1 both require an HSPG accessory factor. Taken together,
our in vivo and in vitro data on HSPG dependence of KAL-1 action
conforms with the emerging theme, obtained from genetic analysis
in Drosophila and in vitro binding assays, that specific receptorligand pairs require specific HSPG accessory factors for highaffinity interaction (30, 31).
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Note Added in Proof. After submission of this article, a kal-1(lf) allele
was shown to display an ectopic axon-branching phenotype in neurons
that have lost endogenous kal-1 function (38).
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Fig. 5. Heparin-dependent binding of C. elegans KAL-1::Fc protein fusions to
cell lines. (A) Expression constructs. Supernatants of HEK-293T cells expressing the
individual constructs were immunoblotted with anti-Fc antibodies. (B, C, and D)
Binding KAL-1::Fc to individual cell lines. U-25 and U-3731, human glioma; T986G,
human glioblastoma; U-1248 MG, human glioblastoma; A172, human glioblastoma; 293, human kidney fibroblasts. (C) Binding of KAL-1::Fc to cells can be
inhibited by adding exogenous heparin or high salt. (D) Domain requirement for
KAL-1 binding to cells. mWAP (C134S兾C135S) and S241K are point mutations
introduced into full-length KAL-1::Fc (see text).

because only few extracellular proteins have been assigned such an
activity, including for example the Slit2 protein (33). KAL-1 and
Slit2 also share the intriguing feature of being able to induce
branching as well as control axon navigation (33). KAL-1 may bind
to a cognate receptor, which in turn activates cytoskeletal proteins
to initiate an axon branch or to steer a growth cone. Alternatively,
KAL-1 may not act through a specific receptor system but may
localize a matrix-bound cue whose mislocalization or titration
through KAL-1 mis兾overexpression may indirectly cause axon
branching. In either case, an HSPG accessory factor is likely to be
required for KAL-1 to exert both effects on axogenesis.
Our finding of a locally restricted role of C. elegans kal-1 may lead
to a reconsideration of the cellular defects in the olfactory system
of patients with Kallmann syndrome. Perhaps the olfactory axontargeting defect is not a direct consequence of the absence of a
KAL-1 cue for attraction of olfactory receptor axons, but rather an
indirect consequence of a cell-autonomous miswiring of target
neurons in the olfactory bulb that normally express KAL-1. Such
miswired target neurons may be incapable of attracting olfactory
axons and兾or be incapable of being recognized by olfactory axons
to allow correct innervation. It should also be noted that human
homologs of the hst-6 gene represent good candidates to be mutated
in the non-X-linked forms of Kallmann syndrome.

