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Identification of ICIS-1, a new protein involved in cilia stability
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1. ABSTRACT

Cilia are specialized organelles that exert critical
functions in numerous organisms, including that of cell
motility, fluid transport and protozoan locomotion. Ciliary
architecture and function strictly depend on basal body
formation, migration and axoneme elongation. Numerous
ultrastructural studies have been undertaken in different
species to elucidate the process of ciliogenesis. Recent
analyses have led to identification of genes specifically
expressed in ciliated organisms, but most proteins involved
in ciliogenesis remain uncharacterized. Using human nasal
epithelial cells capable of ciliary differentiation in vitro,
differential display was carried out to identify new proteins
associated with ciliogenesis. We isolated a new gene, ICIS-
1 (Involved in Cllia Stability-1), upregulated during
mucociliary differentiation. This gene is localized within
the TGF-betal promoter and is ubiquitously expressed in
human tissues. Functional analyses of gene expression
inhibition by RNA interference in Paramecium tetraurelia
indicated that the ICIS-1 homologue interfered with cilia
stability or formation. These findings demonstrate that
ICIS-1 is a new protein associated with ciliated cells and
potentially related to cilia stability.
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2. INTRODUCTION

Cilia or flagella play clear-cut roles in numerous
organisms, including that of cell motility of sperm,
transport of mucus along the respiratory tract and stirring of
the cerebrospinal fluid in vertebrates, and locomotion and
nutrition in protists. Numerous ultrastructural studies have
been undertaken in different species to describe the
particular process of ciliogenesis (1). Two pathways of
basal body assembly exist. In epithelial cells, procentrioles
are assembled de novo around electron-dense cytoplasmic
granules near the Golgi area. Centrioles elongate until they
are full-length, then migrate via an actin-dependant
mechanism and anchor to the apical membrane where they
trigger axonemal microtubule polymerization and cilia
formation. In contrast, in ciliated protozoan, basal bodies
duplicate: procentrioles elongate perpendicularly to their
parents and then anchor to the cortex before cilia assembly.
Nevertheless, most of the 250 proteins localized within
centrioles or basal bodies remain uncharacterized (2).
Recent genomic analyses led to the identification of genes
specifically expressed in ciliated organisms (3, 4), and
recent proteomic studies enabled identification of the 150
proteins specifically localized within centrioles (3-6).
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Comparison of different cellular models is also useful for
identifying new proteins. Among these models, primary
cultures of human respiratory epithelial cells permit
characterization of proteins expressed during ciliated cell
differentiation (7).

Alterations in human airway pseudostratified
epithelium can be observed in several genetic disorders,
including primary cilia dyskinesis (PCD) characterized by a
defect in cilia formation or function (8), and in several
inflammatory diseases, including asthma and cystic fibrosis
(9). The inflammatory cytokine interleukin-13 (IL-13) is a
key regulator of Th2-dominated disorders such as asthma
(10). IL-13 overexpression in transgenic mice causes
subepithelial airway fibrosis similar to the fibrotic response
observed in human asthmatic airways (11). Furthermore,
this inflammatory cytokine influences mucociliary
differentiation (MCD) of human nasal epithelial (HNE)
cells in vitro towards a secretory pathway. IL-13 increases
the proportion of secretory cells and inhibits ciliated cell
differentiation (12) (a condition hereafter referred to as
McD) compared to MCD observed in the absence of IL-13,
leading to a higher proportion of ciliated cells (a condition
hereafter referred to as mCD). Finally, it was recently
shown that IL-13 could stimulate differentiation of ciliated
cells into goblet cells, involving EGFR activation (13).

To identify new genes up- or downregulated
during MCD, we used primary cultures of HNE cells and
performed cDNA differential display using cell spheroids
maintained for 9 days of differentiation in the presence or
absence of IL-13 (12). We showed that TGF-betal was
upregulated during McD, while a new gene located within
the TGF-betal promoter was downregulated. This new
gene, ICIS-1 (Involved in Cilia Stability-1) is widely
conserved during evolution. ICIS-1 is gradually expressed
during mCD (-IL-13) and its expression is inhibited during
McD (+IL-13). Moreover, RNAi experiments in
Paramecium tetraurelia led to cilia disruption, suggesting
that the ICIS-1 homologue is involved in cilia stability.

3. MATERIALS AND METHODS

3.1. Cell culture

Primary cell culture was achieved as initially
described in Laoukili et al., 2001 (12). Briefly, human
nasal polyps or turbinates were surgically removed, and
epithelial cells were dissociated from the tissue by pronase.
After pre-plating, the cell suspension was dispersed on type
I collagen gels in T-25 culture flasks. The medium was
replaced three times a week. After 2 weeks (cell
confluence), collagenase was added to resolve the collagen
gel and to release the epithelial cells as cell sheets in
suspension, pipetted into T-25 uncoated culture flasks.
Cells were placed on a continuous rotating shaker (80 rpm)
at 37°C and cell sheets formed stable aggregates (epithelial
spheroids). During the latter step, epithelial cells polarized
and some differentiated into secretory and ciliated cells.
The proportion of differentiated cell types was estimated by
western blot or flow cytometry using specific antibodies
(see below and (12)).
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3.2. Cytokine and antibodies

Human recombinant IL-13 was purchased from
R&D Systems Europe Ltd. (Abingdon, United Kingdom).
GT335, a monoclonal antibody raised against a chemically
glutamylated C-terminal peptide of alpha-tubulin (14), was
a gift from P. Denoulet (Université Paris 6, Paris, France).
To obtain antibodies directed against ICIS-1, six histidine-
tagged protein was purified on nickel-chelated agarose
beads and injected into two rabbits according to Agrobio
(La Ferté Saint Aubin, France) protocol.

3.3. ¢cDNA differential display

Total RNA was extracted from a primary culture
of epithelial cells treated or non-treated with IL-13 at day
11 during differentiation, according to Chomczynsky and
Sacchi, 1987 (15). Poly (A+) RNA was isolated using an
oligo-dT kit (Qiagen) and cDNA was synthesized from 2
pg of mRNA. The cDNA differential display was
performed using DNA subtraction kit PCR Select from
Clontech, according to the manufacturer’s instructions.

3.4. RT-PCR

Total RNA was extracted from cultures using the
TriReagent® RNA isolation reagent (Sigma). Total RNA of
1 pg was reverse-transcribed. PCR amplifications were
performed on 2 pl of ¢cDNA with specific primers for
GAPDH, TGF-betal and ICIS-1. Sequences used for each
primer are available on request. PCR products were
analyzed by electrophoresis on 2% agarose gel. Band
intensity was compared with respect to the GAPDH mRNA
content.

3.5. Blot analyses

Northern blot of human tissue mRNA was
purchased from Clontech and hybridized with an ICIS-1-
specific probe obtained by PCR and labeled with the
redyprime II DNA labeling system (Amersham
Biosciences) according to the manufacturer’s instructions.
The blot was pre-hybridized and hybridized in Rapid-Hyb
solution (Amersham Biosciences) and washed according to
the manufacturer’s instructions.

For western blots, total protein extracts were
prepared from HNE cells in SDS-PAGE sample buffer and
resolved by electrophoresis in 10% SDS-PAGE.
Immunodetection was performed as previously described
(16) using GT335 mAD (1:10000) or an affinity-purified
rabbit polyclonal antibody directed against human ICIS-1
(1:250). Secondary Ab coupled to peroxidase (Dako) and
chemiluminescence development (Perkin Elmer) were
used.

3.6. Gene silencing in Paramecium tetraurelia

Wild-type cells of stock d4-2 are a derivative of
the wild-type stock 51 of P. tetraurelia (17). Cells were
grown at 27°C in a buffered infusion of wheat grass
powder (Pines international Co.), supplemented with 0.4
pg/ml  b-sitosterol and inoculated with Klebsiella
pneumoniae. The ICIS-1 sequence was cloned between two
T7 promoters in the L4440 feeding vector (18), here
modified with the Gateway®Vector Conversion System
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Figure 1. Sequence and organization of the ICIS-1 gene. A.
Genomic organization of ICIS-1 and TGF-betal genes.
TGF-betal promoter contains the fourth ICIS-1 exon. B.
Nucleotide and deduced amino acid sequences of full-
length ICIS-1 cDNA, revealed by 5’ and 3° RACE. C2 and
B9 domains are underlined by full line and dotted line,
respectively.

(Invitrogen). The resulting construct was used for
transformation of an Rnase-III-deficient strain of
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Escherichia coli with an IPTG-inducible T7 polymerase,
HT115 (DE3) (19). RNAIi experiments were carried out
using the feeding method as previously described (20).
In brief, individual cells were cultured in double-
stranded RNA-expressing bacteria. Phenotypes were
screened after 24 to 96 h. Control experiments were
done by feeding the paramecia with HT115 bacteria
carrying no plasmid.

Immunofluorescence experiments were
performed as described by Dupuis-Williams et al., 2002
(20). We used a 1/10 dilution of culture supernatant of a
monoclonal antibody, Axo 49 recognizing
polyglycylated sites in alpha- and beta-tubulin localized
in stable microtubules such as paramecium axonemes
(21). Cells were analyzed with an epifluorescence
microscope (Axiophot, Zeiss) coupled to an « Insight
QE » (Spot) CCD camera..

4. RESULTS

4.1. ICIS-1 is a new gene localized within the TGF-
betal promoter region

To identify new genes up- or downregulated
during MCD, a cDNA differential display was
performed to compare transcriptomes of HNE cells in
the absence or presence of inflammatory cytokine IL-13
between day 2 and day 11. TGF-betal was upregulated
during McD (+IL-13). This overexpression was also
observed using an other cDNA differential display
performed on differentiated HNE cells treated for 48 h
with the inflammatory cytokine (data not shown). In
parallel, several cDNA downregulated during McD were
identified. Interestingly, one of them corresponded to an
open reading frame (ORF) partially localized within the
TGF-betal promoter (Figure 1A). To characterize this
OREF, rapid amplifications of cDNA ends were performed
using 5” and 3’ RACE-PCR with specific primers and total
c¢DNA samples from HNE cells. After determining mRNA
5’ and 3’ ends, the full-length cDNA was amplified by
PCR (Figure 1B). The predicted amino acid sequence
contains a C2 domain (4) involved in binding
phospholipids in a calcium-dependent manner but which
can also function in a calcium-independent manner
mediating protein-protein interactions (22). The ICIS-1
protein sequence also shows significant similarity to the
eukaryotic EPPB9 protein, identified in endothelial
precursor cells, whose function remains unknown, but
which was recently described as interacting with Rrp6
exonuclease, a protein involved in mRNA degradation (23).

Blast search analyses showed that the ICIS-1
gene is homologous to genomic sequences in species
containing cilia or flagella, but absent from non-ciliated
species such as A. thaliana (Figure 2). Interestingly, rat and
mouse homologues are also located within the TGF-betal
promoter (data not shown). In addition, this gene is
homologous to two Drosophila melanogaster genes
(NP_608998 and NP_650470), which were identified in
genomic screening for selecting genes conserved in cilia-
possessing species (4).Two homologue genes were also
found in ciliated protozoans such as P. tetraurelia.
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Figure 2. Phylogenetic tree of ICIS-1 homologues. Unrooted tree, showing phylogenetic distances, was obtained using ClustalW
with the Blosum similarity matrix. Sequence accession numbers: Anophela gambia EAA11961, Bos taurus AAW82106, Canis
Sfamiliaris XP_533658, Caenorhabditis elegans NP_500186, Chlamydomonas reinhardtii www.jgi.doe.gov/chlamy 137074,
Danio rerio AAH76193, Drosophila melanogaster 1 NP_608998, Drosophila melanogaster 2 NP_650470, Homo sapiens
AAHO04444, Leishmania major CAJ04592, Mus musculus NP_742160, Paramecium tetraurelia a GSPATP00034796001,
Paramecium tetraurelia b GSPATP00019571001, Rattus norvegicus XP_218345, Tetrahymena thermophila EAR89828,
Trypanosoma brucei 1 XP_828130, Trypanosoma brucei 2 XP_825763, Xenopus laevis AAH73648.

4.2. ICIS-1 is ubiquitously expressed in human tissues
and differentially expressed during MCD

To assess the tissue distribution of ICIS-1,
northern blot analysis was carried out on total RNA
corresponding to different human tissues using a specific
32p_labeled ICIS-1 ¢cDNA probe. ICIS-1 was expressed in
lung, brain (ciliated cell-containing tissues) and pancreas,
placenta, and heart (non-ciliated cell-containing tissues)
with different levels of expression. A major form
corresponding to 1 kb transcripts was detected (Figure 3,
asterisk). A minor form of 2.5 kb was also observed,
corresponding to a putative alternatively spliced isoform
(Figure 3, arrowhead).

cDNA differential display identified the ICIS-1
gene as being upregulated during mCD, while TGF-betal
was upregulated during McD. Furthermore, RT-PCR
experiments were performed using RNA extracted from
epithelial spheroids (18 days after confluence) treated for
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24 h with increasing concentrations of the inflammatory
cytokine. The ICIS-1 mRNA level decreased in a dose-
dependent manner, while the TGF-betal mRNA level
increased (Figure 4A). GAPDH was used as a
housekeeping gene; its expression remained constant within
cells (16) (Figure 4A, 4B). To test ICIS-1 gene expression
during ciliogenesis, RT-PCR was performed on total RNA
extracted from epithelial spheroids during MCD (Figure
4B). ICIS-1 gene expression was induced during
differentiation (day 7 and day 12 compared to day 0) and
slightly decreased at day 17 after confluence during mCD
(-IL-13). In contrast, during McD, IL-13 decreased ICIS-1
gene expression.

To detect ICIS-1 protein expression during MCD,
western blots were performed using affinity-purified ICIS-1
antibody (Figure 4C). ICIS-1 expression gradually
increased during mCD (compare day 7 to day 17).
Moreover, during McD, ICIS-1 expression detected by
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Figure 3. Expression of ICIS-1 in different human tissues.
Northern blotting of different human tissues using the ICIS-
1 cDNA probe reveals that ICIS-1 is expressed in heart,
brain, placenta, lung and pancreas. Two ICIS-1 forms are
detected, a major form corresponding to a 1 kb transcript
(asterisk) and a minor form corresponding to a 2,5 kb
transcript (arrowhead).

western blotting was largely reduced; in parallel, the
proportion of ciliated cells detected by GT335 staining
decreased. In another model of MCD, the air-liquid
interface culture model (24), ICIS-1 protein expression was
also enhanced parallel with ciliogenesis, and was not
detected in non-ciliated cells (data not shown). Pre-
adsorption of the purified antibody with the ICIS-1
recombinant protein abolished the signal, confirming the
specificity of the polyclonal antibody. Our results indicated
that ICIS-1 expression is correlated with the proportion of
ciliated cells.

4.3. Gene expression inhibition of the ICIS-1 homologue
in Paramecium by RNAI interferes with ciliogenesis

The function of ICIS-1 was studied by gene
silencing in P. tetraurelia, which like all ciliated species,
possesses ICIS-1 homologues (Figure 2). Homology-based
searches in the paramecium genome resulted in
identification of three ICIS-1 homologues, two of which
encoded the same protein. The two ICIS-1 paramecium
proteins, respectively, shared 36% (ICIS-la) and 34%
(ICIS-1b) identity with the human homologue (Figure 5A).
Preliminary RNAi experiments with two individually
silenced genes led to similar phenotypes, suggesting that
both proteins are involved in the same physiological
pathway. We thus focused our functional analysis on the
PACIS-1a protein, which shows a protein sequence closer
to the human homologue (Figure 5A). RNAi experiments
were performed by feeding paramecia with bacteria
producing double-stranded RNA from the ICIS-la gene
cloned between two inducible promoters in a plasmid.
Throughout the experiment, paramecia were subcloned
daily and re-fed with freshly induced bacteria to maintain
the RNAI effect (these cells are hereafter referred to as
ICIS-1a’). These cells were compared to control cells
grown under the same conditions with bacteria lacking the
plasmid (referred to as WT). Under these conditions, wild-
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type cells divided 3 to 4 times a day. At each cell division,
basal bodies duplicated; the newly formed basal bodies
rapidly acquired full-length cilia enabling the formation of
two daughter cells, with complete ciliature before the
completion of cytokinesis. The effect of RNAi was first
studied by examining cell growth and behavior. The cell
division cycle was significantly reduced in ICIS-1a" cells
24 h after the onset of feeding (Figure 5B). Moreover, after
two days, lethality was observed to increase over the next
few days (Figure 5C), probably accounting for the
progressive reduction in the number of divisions. This
result suggested that depletion of the ICIS-la protein
increased the generation time, while lethality was probably
secondarily induced.

Observation of cells under stereo microscope
revealed that, at 24 h, a high proportion of ICIS-1a’ cells
presented altered swimming while, after 48 h nearly 95% of
cells exhibited this phenotype (data not shown). This can be
interpreted as being the effect of depletion of the ICIS-1a
protein, since 24 h is usually the time necessary for RNAi
to take place and the intracellular pool of proteins to be
depleted (20, 25, 26). Since this phenotype was suggestive
of a problem of cilia organization or beating, cilia
distribution and appearance were studied by indirect
immunofluorescence using Axo 49, a mAb detecting
polyglycylated tubulins contained in cilia (Figure 5D).
Paramecia possess some 4000 cilia that are distributed % in
the cortex and % in the oral apparatus, and whose
coordinated beating ensures cell locomotion and feeding by
moving the bacteria towards the oral cavity. In contrast to
WT cells, ICIS-1a’ cells displayed altered cilia distribution.
The phenotype, although heterogeneous in severity, was
characterized by a loss of cilia both in the cortex and in the
oral apparatus, and by the presence of very short cilia.
However, Axo 49 labeling of basal bodies revealed that
basal body organization on the cortex was not disturbed,
suggesting that the duplication process and anchoring to the
cortex were not affected by ICIS-1a gene silencing. These
experiments demonstrated that the ICIS-1 gene is directly
involved in ciliogenesis or cilia stability.

5. DISCUSSION

Cilia absence or abnormalities have been reported
in several diseases (8). Recent studies using genomic and
proteomic approaches have been used to identify new genes
encoding cilia proteins. In this paper, we used a cDNA
differential display to identify genes expressed during
MCD of HNE cells and regulated by a key inflammatory
cytokine, which was shown to interfere with ciliated cell
differentiation (12). We identified a new gene, ICIS-1,
located within the TGF-betal promoter, conserved in cilia-
containing species, upregulated during MCD and described
as being necessary for cilia function and/or stability in
paramecia.

5.1. Genomic localization of ICIS-1

ICIS-1 gene overlaps the TGF-betal promoter in
humans and this unusual localization was also found in rat
and mouse genomes. Overlapping genes in mammalian
genomes are unexpected phenomena even though hundreds
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Figure 4. Expression of ICIS-1 and TGF-betal during
MCD. A. ICIS-1 and TGF-betal gene expression in the
presence of increased IL-13 concentrations. Epithelial
spheroids at 18 days after confluence were treated for 24
h with increasing IL-13 concentrations. ICIS-1 mRNA
level, shown by RT-PCR on total mRNA extracted to
epithelial spheroids, is decreased in the presence of IL-
13 in a dose-dependent manner whereas TGF-betal gene
expression is stimulated. GAPDH, used as housekeeping
gene, is stably expressed during MCD. B. Semi-
quantitative RT-PCR analysis of ICIS-1 and TGF-betal
gene expression (7, 12 and 17 days after confluence) in
the absence or presence of IL-13. ICIS-1 gene
expression is induced at day 7 and day 12, and decreases
at day 17. When IL-13 is added, ICIS-1 gene expression
is lower. GAPDH, used as constant marker, is not
affected by IL-13 treatment. C. ICIS-1 protein
expression during MCD in the presence or absence of
IL-13. Immunoblotting of 10 pg of total protein
extracted to epithelial spheroids with antibodies directed
against human ICIS-1 protein shows that ICIS-1
expression is induced during MCD (in the absence of
IL-13). Treatment with 10 ng/ml of IL-13 reduces ICIS-
1 expression, which is not detected under our
conditions. Competition tests (pre-adsorption of the
purified antibody with the recombinant protein) abolish
ICIS-1 signals, confirming the specificity of our
antibodies. GT335, which is a marker of ciliated cells,
shows that IL-13 alters the MCD decreasing GT335
signal.

of pairs of protein-coding overlapping genes have been
reported thus far (27). Moreover, overlapping genes
generally possess antisense direction of transcription; their
involvement in physiological processes and gene regulation
in living organisms is not fully understood. Interestingly,
ICIS-1 and TGF-betal possess sense direction suggesting
that ICIS-1 and TGF-betal genes could directly regulate
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each other. ICIS-1 transcription could inhibit fixation of
specific transcription factors within the TGF-betal
promoter region during ciliated cell differentiation.
Conversely, fixation of TGF-betal transcription regulators
could inhibit ICIS-1 transcription in the presence of the
inflammatory cytokine IL-13. This hypothesis was
reinforced by the differential expression of these two genes
during MCD. Nevertheless, additional experiments are
necessary to understand the transcriptional regulation of
these two overlapping genes in mammalian cells.

5.2. Differing regulation of ICIS-1 and TGF-betal
expression during MCD

In our experiments, we used the inflammatory
cytokine IL-13, which influences MCD by reducing the
proportion of ciliated cells and increasing the proportion of
secretory cells (12). Furthermore, this cytokine is able to
act directly on epithelial cells, and appears to be
responsible for remodeling and development of fibrosis in
inflamed airways (28).

Using a ¢cDNA differential display, we showed
that TGF-betal expression was enhanced during McD.
TGF-betal is a pluripotent growth factor implicated in
wound repair, proliferation and differentiation processes
(29). Moreover, it has a potent profibrotic effect in different
cell types, regulating expression of numerous matricial
proteins (30, 31). Therefore, TGF-betal could be activated
in the presence of IL-13 promoting epithelial fibrosis, as
suggested in mice (31). Interestingly, unusually high levels
of TGF-betal and IL-13 are detected in airways of
asthmatic patients (32, 33). A previous study had shown
that both TGF-betal and IL-13 may act in combination, for
example to induce eotaxin-1 production (34), thereby
reinforcing airway inflammation. Altogether, these results
suggest that TGF-betal release, in response to IL-13 during
inflammation, may be implicated in airway remodeling and
that the two factors may cooperate to enhance an
inflammatory response associated with respiratory diseases.
In contrast, ICIS-1 mRNA was mainly expressed during
mCD and the protein, detected using polyclonal
antibodies directed against recombinant ICIS-1,
gradually increased. Nevertheless, mRNA levels of
ICIS-1 decreased at day 17, whereas ICIS-1 protein
accumulated. This implies extensive mRNA production
and protein accumulation when MCD starts. After
ciliogenesis, ICIS-1 mRNA may be degraded, while the
ICIS-1 protein, which is important for cilia function or
stability (see below), remains present.

Thus, our results revealed an opposite and dose-
dependent regulation of ICIS-1 and TGF-betal, which
might reflect their particular genomic localization. And, in
opposition to TGF-betal, ICIS-1 may not be involved in
inflammatory response but preferentially behaves during
ciliogenesis.

5.3. Is ICIS-1 involved in ciliogenesis?

Western blot experiments showed that ICIS-1
was not detected at cell confluence but gradually
accumulated during mCD. Furthermore, expression of the
ICIS-1 protein was downregulated upon IL-13 treatment
which, as expected, also reduced the proportion of ciliated
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Figure 5. Inhibition of ICIS-1 homologue by RNAI in P. fetraurelia. A. Sequence comparison (boxshade program) of the human ICIS-1
protein (HsICIS-1) with the two paramecium proteins: PtICIS-1a (GSPATP00034796001) and PtICIS-1b (GSPATP00019571001).
Identical amino acids present in at least two sequences are boxed in black and conservative changes are boxed in grey. B. Percentage of
WT and ICIS-1a’ dead cells was estimated and compared daily. A single WT cell was observed at 72 h whereas the proportion of ICIS-
la” dead cells dramatically increased after 48 h of RNAi. C. Number of cell divisions per 24 h was estimated for single cells after 24, 48,
72 and 96 h of feeding with bacteria expressing double-stranded ICIS-1a RNA (ICIS-1a’) or with control bacteria (WT). Inhibition of
ICIS-1a gene expression significantly reduced the number of cell divisions. D. 48 to 96 h after feeding, cells fed with control bacteria
(WT) or with bacteria expressing double-stranded ICIS-1a RNA (ICIS-1a") were processed for immunostaining of cilia using Axo 49.
Control cells presented homogenous distribution of cilia on the cell surface: % of the 4000 cilia were regularly spaced and strictly aligned
in longitudinal rows in the cell cortex, while % of the cilia were located in the oral apparatus (arrow heads) where they clustered in a
precise pattern (WT). Inhibition of ICIS-1a gene expression led to cells presenting ciliation defects (ICIS-1a): cells presented a loss of
cilia, in particular in the oral apparatus (arrow heads), and some of the remaining cilia were shortened (arrows).
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cells (12). However, immunofluorescence experiments
using the polyclonal anti-sera did not permit to localize
the ICIS-1 protein in primary HNE cells or in human
bronchial cell line. As transient transfection of human
epithelial primary cells was not efficient, the function of
ICIS-1 was assessed in another cellular model. ICIS-1
homologues have been found to be conserved in species
which  possess motile  (Trypanosoma  brucei,
Paramecium tetraurelia) or sensory (Caenorhabditis
elegans, Drosophila melanogaster) cilia (4). So, RNAi
experiments were performed using the feeding method
for gene silencing in P. tetraurelia already described
(35). Inhibition of ICIS-la gene expression led to a
reduction in the number of cilia on the cell surface and
shortening of remaining cilia. However, duplication of
basal bodies was apparently unaffected. These results
suggested that ICIS-1 may be involved in cilia stability
and/or growth. Moreover, lethality was observed after
48 h of RNAi and may have been induced by the loss of
cilia in the oral apparatus: cells possessing an unciliated
or partially ciliated oral apparatus cannot -easily
phagocyte bacteria inducing cell death.

Finally, protein sequence analysis showed that
protein ICIS-1 contained a C2 domain, which has been
reported to be implicated in calcium-dependent targeting
and binding of ligands in numerous proteins (36). C2
domains exert a central role in diverse cellular processes
such as membrane fusion, protein transport and signal
transduction. Via Ca®" binding, the C2 domain in
particular maybe implicated in regulating cilia
movement and function (37). Furthermore, the ICIS-1
protein contained a B9 domain. There are two other
currently known human proteins containing the
conserved B9 domain: EPPB9, and MKS1 (38). But,
their biological and molecular properties are so far
poorly understood. Recent studies on MKS1 showed a
strong expression of the protein in ciliated tissues,
especially in the bronchiolar epithelium (39) and
predicted that the protein is functionally related to the
flagellar (ciliary in humans) basal body proteome (3).
Notably, all the three human genes containing a conserved
B9 domain are listed among flagellar or cilia-containing
species. ICIS-1 was shown to be expressed during MCD
and involved in cilia stability. These observations might
suggest a cilia-specific role for the B9 domain. However,
northern blot analyses showed that the human ICIS-1 was
expressed in both ciliated and non-ciliated cell-containing
tissues, in contrast to D. melanogaster homologues, which
were restricted to ciliated cells (4). This suggested that the
ICIS-1 protein maybe also necessary for MTOC functions.

Taken together, these results showed that ICIS-
1 is a new protein whose function may be related to cilia
stability. Characterization of new proteins expressed
during ciliated cell differentiation will permit a higher
understanding of the ciliogenesis mechanism. Moreover,
the unusual genomic localization of this new gene
within the TGF-betal promoter is an interesting aspect
to take into consideration when further assessing
regulation during inflammatory and respiratory diseases
characterized by defect in cilia formation or function.
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