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Alstrom syndrome is a rare autosomal recessive disor-
der caused by mutations in a novel gene of unknown
function, ALMS1. Central features of Alstrom syndrome
include obesity, insulin resistance, and type 2 diabetes,
and therefore investigating ALMS1 function stands to
offer new insights into the pathogenesis of these com-
mon conditions. To begin this process, we have analyzed
the subcellular localization and tissue distribution of
ALMS1 by immunofluorescence. We show that ALMS1
is widely expressed and localizes to centrosomes and
to the base of cilia. Fibroblasts with disrupted ALMS1
assemble primary cilia and microtubule cytoskeletons
that appear normal, suggesting that the Alstrom syn-
drome phenotype results from impaired function rather
than abnormal development. Coupled with recent data
on the complex phenotype of Bardet-Biedl syndrome, our
findings imply an unexpected central role for basal body
and centrosome dysfunction in the pathogenesis of obe-
sity, insulin resistance, and type 2 diabetes. Unraveling
the molecular mechanisms underlying the Alstrom syn-
drome phenotype will be important in the search for
new therapeutic targets for these conditions. Diabetes
54:1581-1587, 2005

besity and type 2 diabetes are prevalent health
problems that have significant genetic compo-
nents (1,2). Type 2 diabetes is a heterogeneous
condition characterized by varying degrees of
insulin resistance and defective B-cell secretion, with
obesity being a major predisposing factor. The molecular
mechanisms underlying the pathogenesis of these condi-
tions, in particular obesity and insulin resistance, remain
poorly understood (1,3). In addition to using genome-wide
and candidate gene approaches to identify susceptibility
genes, the complexity of obesity and type 2 diabetes may

From the Human Genetics Division, University of Southampton, Southamp-
ton, U.K.

Address correspondence and reprint requests to David I. Wilson, Human
Genetics Division, University of Southampton, Duthie Building (MP808),
Southampton General Hospital, Tremona Road, Southampton SO16 6YD,
United Kingdom. E-mail: d.i.wilson@soton.ac.uk.

Received for publication 6 August 2004 and accepted in revised form
13 January 2005.

BBS, Bardet-Biedl syndrome; TRD, tandem repeat domain.

© 2005 by the American Diabetes Association.

The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked “advertisement” in accordance
with 18 U.S.C. Section 173% solely to indicate this fact.

DIABETES, VOL. 54, MAY 2005

be dissected by the study of single-gene disorders, as il-
lustrated by the insightful progress made from analyses of
the different forms of maturity-onset diabetes of the young
(4). Alstrom syndrome is a rare autosomal recessive dis-
order characterized by early-onset obesity, insulin resis-
tance, and type 2 diabetes, as well as retinal dystrophy,
sensorineural hearing loss, cardiomyopathy, and kidney
and liver dysfunction (OMIM 203800) (5-7). We and others
have recently established that Alstrom syndrome is caused
by mutations in the novel gene ALMSI1 (8,9), encoding a
461-kDa protein of unknown function. ALMS1 contains a
novel tandem repeat domain (TRD), a putative leucine
zipper, and, near the NH, terminus, a polymorphic stretch
of 12-20 glutamic acid residues followed by a run of 7
alanine residues (Fig. 1A). The COOH terminus of ALMS1
shows similarity to that of a predicted protein from mouse
and macaque that is also of unknown function (9); this
region of similarity has been termed the ALMS motif (9).

Interestingly, the phenotype of Alstrom syndrome over-
laps with that of Bardet-Biedl syndrome (BBS), which is
thought to be caused by centrosome and/or basal body
dysfunction (10-14). The centrosome is the major micro-
tubule organizing center of most animal cells and also has
roles in regulating cell cycle progression and cell division
(15,16). It comprises a pair of centrioles surrounded by a
protein matrix termed pericentriolar material. Basal bod-
ies are centriole-derived structures that serve as templates
for the assembly of both motile and nonmotile cilia. Where-
as motile cilia are restricted to certain cell types, for ex-
ample columnar epithelial cells in the respiratory tract,
almost all vertebrate cells possess a single nonmotile cilium
called a primary cilium (17,18). Recent data (19) suggest that
primary cilia have sensory functions, and ciliary dysfunction
is strongly implicated in several human disorders in addition
to BBS, including polycystic kidney disease, laterality de-
fects, and retinal dystrophy (17,20).

To gain insight into the role of ALMSI1, we have inves-
tigated its subcellular localization and tissue distribution
by immunofluorescence. We show that ALMSI is widely
expressed and localizes to centrosomes and the base of
cilia. Coupled with recent data on the function of genes
associated with BBS, the subcellular localization of ALMS1
implicates centrosome and basal body dysfunction as a
critical mechanism in the pathogenesis of obesity, insulin
resistance, and type 2 diabetes.
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RESEARCH DESIGN AND METHODS

We generated polyclonal antibodies to ALMSI1 by injecting rabbits with the
synthetic peptides MEPEDLPWPGELE and HREKPGTFYQQELP, represent-
ing amino acids 1-13 and 625-638 of human ALMS]1, respectively. Antibodies
were affinity-purified using a Sepharose bead column conjugated to the rele-
vant peptide (CovalAb U.K., Cambridge, U.K.). Antibodies (Sigma-Aldrich,
Dorset, U.K.) were obtained to a-tubulin, y-tubulin, acetylated a-tubulin, in-
sulin, and glucagon (all monoclonal raised in mouse) and +y-tubulin (rabbit
polyclonal). An MF20 antibody recognizing sarcomeric myosin heavy chains
was obtained from the Developmental Studies Hybridoma Bank (Iowa City,
TA). Conjugated secondary antibodies (all raised in goat) were as follows:
Alexa Fluor 546 and Alexa Fluor 594 anti-mouse (both from Molecular Probes
Europe, Leiden, the Netherlands), fluorescein isothiocyanate anti-mouse (Sigma-
Aldrich), Texas Red anti-rabbit (Vector Laboratories, Burlingame, CA), and
biotinylated anti-rabbit (Vector Laboratories) used in combination with fluo-
rescein isothiocyanate—-streptavidin (Sigma-Aldrich) or Texas Red-streptavidin
(Vector Laboratories). All antibodies were used at the recommended dilutions.
Immunoblotting. Jurkat whole-cell lysate was obtained from BD Biosciences
(San Jose, CA). Electrophoresis was performed using NuPAGE 3-8% Tris-acetate
gels (Invitrogen, Paisley, U.K.) and proteins transferred to nitrocellulose mem-
brane using the Invitrogen XCell II blot module according to the manufacturer’s
instructions. Blots were incubated in PBS, pH 7.4, containing 0.1% Tween 20 and
2% ECL Advance blocking agent (Amersham Biosciences, Little Chalfont, U.K.) at
4°C overnight. Antibody incubations were performed in blocking solution for 1 h
at room temperature followed by three 5-min washes in PBS/0.1% Tween 20.
ALMS]I antibodies were used at a concentration of 0.1 pg/ml and were preincu-
bated with or without 10-fold excess of the corresponding immunogenic peptide.
Detection was performed using horseradish peroxidase—conjugated secondary
antibodies and ECL Advance reagents (Amersham Biosciences) according to the
manufacturer’s instructions. Full-range Rainbow molecular weight markers were
obtained from Amersham Biosciences; AKAP450 detected with a monoclonal
antibody (BD Biosciences) was used as an additional high molecular weight size
standard (molecular weight 450 kDa).

Cell culture. Cells were grown in chambered slides in Dulbecco’s modified
Eagle medium supplemented with 10% fetal bovine serum and antibiotics at
37°C and 5% CO, (reagents from PAA Laboratories, Yeovil, U.K.). For micro-
tubule depolymerization experiments, cells were treated with either 10 pg/ml
nocodazole (Sigma-Aldrich) or vehicle alone for 1 h at 37°C and immediately
processed for immunocytochemistry, as described below. With local ethical
committee permission and informed consent, dermal fibroblasts were obtained
from skin biopsies from a normal fetus or an individual with Alstrom syn-
drome with known genotype: individual F1Ch, as described by Hearn et al. (8).
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FIG. 1. Characterization of two ALMS1 antibod-
ies. A: Schematic representation of human
ALMS1 (not to scale) showing locations of syn-
thetic immunogenic peptides AgN*" (NH,, termi-
nus antigen) and Ag™P. B: Western blots of
Jurkat whole-cell lysate probed with polyclonal
antibodies raised to peptides AgN*" and AgT™P.
Both antibodies recognize a band consistent with
the predicted molecular weight of ALMS1 of 461
kDa (arrows) plus a band at ~350 kDa (*).
Antibodies were preincubated with or without
the relevant immunogenic peptide (pep) to test
specificity. Loading was assessed by reprobing
with anti—y-tubulin (lower panels). Ala, alanine;
Glu, glutamic acid; LZ, putative leucine zipper.

Immunochemistry. Cells grown in chambered slides were rinsed briefly in
PBS and fixed in methanol/acetone/H,O (2:2:1 dilution) for 5 min at room
temperature. Human tissues, obtained with local ethical committee permis-
sion and informed consent, were fixed in methanol/acetone/H,O (2:2:1 dilution)
or 4% paraformaldehyde in PBS overnight at room temperature, embedded in
paraffin wax, and sectioned at 5-um thickness. Adipose tissue slides were
obtained from Abcam (Cambridge, U.K.). For antigen retrieval, slides were
immersed in boiling sodium citrate solution (0.01 mol/l, pH 6.0) for up to 20 min.
Adult tissue sections were treated with trypsin (1 mg/ml; Sigma-Aldrich) for 1 min
at room temperature. Immunochemistry was performed as described previously
(21), using ALMSI antibodies at a concentration of 1 pg/ml. Dehydrated slides
were mounted in Vectashield (Vector Laboratories) containing either 4,6-dia-
midino-2-phenylindole or TO-PRO-3 (Molecular Probes Europe) nuclear counter-
stain. Images were captured with a Zeiss Axioplan fluorescence microscope and
Axiovision software (Carl Zeiss, Welwyn Garden City, U.K.) or with a Leica TCS
SP2 laser scanning confocal microscope. Controls included peptide blocking as
performed for immunoblot analyses, use of preimmune sera, and omission of
primary antibody.

Terminal deoxynucleotidyl transferase-mediated dUTP nick-end label-
ing assay. We fixed cells in 4% paraformaldehyde/2% sucrose in PBS and
detected DNA strand breaks by labeling free 3'-OH termini with fluorescein-
conjugated dUTP (in situ cell death detection kit; Roche Diagnostics, Lewes,
U.K.). For each cell preparation, we calculated the percentage of typical
apoptotic cells in 10 randomly selected fields (40X magnification).
Sequence analysis. To investigate the evolutionary conservation of ALMSI,
we used TBLASTN to compare the amino acid sequence to genome sequence
data from NCBI (National Center for Biotechnology Information; Mus mus-
culus, Gallus gallus, and Drosophila melanogaster), Sanger (Danio rerio,
Caenorhabditis elegans, Saccharomyces cerevisiae), JGI (Joint Genome
Institute; Xenopus tropicalis, Takifugu rubripes, Ciona intestinalis, and
Chlamydomonas reinhardtii), TAIR (the Arabidopsis Information Resource;
Arabidopsis thaliana), and TIGR (the Institute for Genomic Research;
Trypanosoma brucei). We masked the TRD (amino acids 540-2201) because
its unusual amino acid composition (high serine and threonine content and
low methionine, cysteine, asparagine, tryptophan, and arginine content, ana-
lyzed using Statistical Anaylsis of Protein Sequences [EBI]) yields database
hits based on sequence composition rather than residue order. We also ex-
cluded the ALMS motif (amino acids 40374-169) because it shares significant
sequence similarity with two otherwise unrelated human proteins (data not
shown).
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RESULTS

Generation of two ALMS1 antibodies. We raised poly-
clonal antibodies to synthetic peptides representing the NH,,
terminus and a section of the TRD of human ALMSI (Fig.
1A). Immunoblot analysis of Jurkat whole-cell lysate showed
that both antibodies detect a band consistent with the
predicted molecular weight of ALMS1 (461 kDa) plus a band
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FIG. 2. ALMSI1 localizes to the cen-
trosome in cultured human cells.
A-Q@: Immunostaining (green) with
anti-ALMS1™®? (4, D, J, and N) and
anti-ALMS1V** (@) is indicated by
arrows with the corresponding y-tu-
bulin (red; B, E, H, K, and O) and
merged (C, F, I, L, and P) images.
Control «-tubulin immunocyto-
chemistry (red) demonstrates micro-
tubule depolymerization according
to the presence (J-M) or absence
(N-Q) of nocodazole. A-C, G-Q: Fetal
dermal fibroblasts. D-F: HepG2 hepa-
tocytes. R-S: Mitotic HepG2 cells im-
munostained for ALMS1 (green;
anti-ALMS1™®?) and spindle microtu-
bules (red; anti-acetylated a-tubu-
lin). DNA (blue) was visualized with
4,6-diamidino-2-phenylindole in all
images. Bars: 4 pm. Ab, antibody;
Acet., acetylated; noc, nocodazole.

at ~350 kDa (Fig. 1B). For both antibodies preincubation
with the corresponding immunogenic peptide resulted in loss
of both the >450-kDa and ~350-kDa signals (Fig. 1B).

ALMSI1 localizes to the centrosome in cultured cells.
To investigate the subcellular localization of ALMSI,
we performed immunocytochemical analyses with anti-
ALMSIT™P  Analysis of the human cell types HepG2
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ALMS1

(hepatocyte), lymphoblastoid, WERI retinoblastoma, and
fetal dermal fibroblasts showed that ALMSI localizes to

one or two perinuclear dots per cell (data not shown). This
pattern suggested localization to centrosomes, and there-
fore we performed dual labeling experiments on fetal
fibroblasts and on HepG2 cells with anti-ALMS1™®" and an
antibody to +y-tubulin, a component of the pericentriolar
material of centrosomes. We found that ALMSI1 is closely
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FIG. 3. ALMS1 is widely expressed and localizes to the base of
cilia. A-H: Immunofluorescent analysis of ALMS1 (green) in fixed
human tissues using anti-ALMS1™" (4-G) or anti-ALMS1N** (H)
antibodies, and colabeling (red) with an MF20 antibody recogniz-
ing sarcomeric myosin heavy chains (B), anti-insulin (F), anti-
glucagon (F), or anti—y-tubulin (G and H). Nuclear counterstain
(TO-PRO-3 or 4,6-diamidino-2-phenylindole) is in blue. Fetal pan-
creas (A), skeletal muscle (B), liver (C), kidney (D), and brain
(consecutive sections) (I-K) at 8 weeks postconception, and adult
pancreas (E and F) and adipocytes (G and H) are shown. K:
Hematoxylin and eosin staining to demonstrate cellular architec-
ture of corresponding images (I and J). L-T: Fetal kidney tubular
cells (L-N), nonepithelial fetal kidney cells (O-@), and cultured
fetal dermal fibroblasts (R-T) immunostained with anti-ALMS1™®P
(green) and an antibody to visualize cilia raised against acetylated
(Acet.) a-tubulin (red). DNA (blue) was visualized with TO-PRO-3
or 4,6-diamidino-2-phenylindole (omitted in O-Q for clarity). Bars:
10 pm (A-D, I-K) or 4 pm (E-H, L-T).

associated with vy-tubulin (Fig. 2A-F). Dual labeling of
fetal dermal fibroblasts with anti-ALMS1~'*" (NH,, terminus
ALMSI1) and anti—y-tubulin showed a similar pattern to
that observed with anti-ALMS1™®P (Fig. 2G-I).

To investigate whether localization of ALMSI to centro-
somes is dependent on the intracellular microtubule net-
work, we pretreated fetal fibroblasts and HepG2 cells with
nocodazole to depolymerize microtubules. We found that
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FIG. 4. Inmunofluorescent analysis of ALMS1-deficient cultured cells.
Dermal fibroblasts derived from an individual with Alstrom syndrome
(AS) were immunostained in parallel with control fetal dermal fibro-
blasts. A and B: ALMS1 (green; anti-ALMS1™%?) and the centrosome
marker y-tubulin (red). C and D: y-Tubulin (green) and the microtu-
bule marker «-tubulin (red). E and F: Cilia marker acetylated (Acet.)
a-tubulin (red; arrows indicate cilia). G and H: y-Tubulin (green) and
the Golgi marker AKAP450 (red). DNA (blue) was visualized with
4,6-diamidino-2-phenylindole. Bars: 4 pm.

nocodazole did not affect the association of ALMS1 with
the centrosome in either cell type (Fig. 2J-L and data
not shown). Labeling of mitotic HepG2 cells with anti-
ALMS1™8P and an antibody that recognizes spindle micro-
tubules (anti-acetylated a-tubulin) showed that ALMSI1 is
present at both spindle poles (Fig. 2R and .S).

ALMSI1 localizes to centrosomes and the base of cilia.
We next investigated the distribution and subcellular lo-
calization of ALMS1 in human tissues by immunochemis-
try. Using anti-ALMS1™P we detected ALMS1 in all tissues
tested, including fetal pancreas, skeletal muscle, liver, kid-
ney, and brain and adult adipose and pancreas (Fig. 3A-1).
In the latter instance, ALMSI] is expressed in both the a-
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and B-cells of the islets, as demonstrated by colabeling with
an antibody to glucagon or insulin (Fig. 3E and F). The
labeling pattern in tissues reflected that seen in cultured
cells, with one or two perinuclear dots per cell. Notably, in
epithelial cells of fetal pancreas, kidney, and brain, signals
were located in the apical region (Fig. 34, D, and I). Anti-
ALMS1M** produced a labeling pattern similar to, though
significantly weaker than, that of anti-ALMS1™®P in fixed
tissues, for example in fetal brain (Fig. 3J and data not
shown).

Localization of ALMS1 to the centrosome suggested that

ALMSI1 may also localize to the centriole-derived struc-
tures (basal bodies) at the base of cilia. Consistent with
this hypothesis, immunostaining of fetal kidney sections
with anti-ALMS1™P and an antibody to acetylated a-tubu-
lin (a marker for cilia) showed that ALMSI localizes to the
base of primary cilia in both tubular epithelial cells and
nonepithelial cells (Fig. 3L-Q). ALMSI1 also localizes to the
base of primary cilia in cultured fibroblasts (Fig. 3R-T).
The antibody used to mark cilia in these analyses is known
to also label centrosomes and a subset of cytoplasmic
microtubules (22).
Analysis of ALMS1-deficient fibroblasts. Localization
of ALMSI to the centrosome and base of cilia suggests
possible roles for this protein in centrosome/microtubule
organization and ciliogenesis, respectively. To investigate
these possibilities, we performed immunofluorescent anal-
yses of cultured dermal fibroblasts derived from an indi-
vidual with Alstrom syndrome and therefore lacking func-
tional ALMSI1 protein: individual F1Ch, as described by
Hearn et al. (8). We found that these cells, which are neg-
ative for ALMS1 by immunochemistry (Fig. 44), show nor-
mal labeling patterns for a-tubulin (microtubules), y-tubulin
(centrosome), and acetylated a-tubulin (primary cilia) (Fig.
4A-F). Given the microtubule-dependent association of the
Golgi apparatus with the centrosome (23) and the possible
role of the centrosome in nucleating the Golgi apparatus
(24), we also asked whether Golgi apparatus distribution
was abnormal in Alstréom syndrome cells. Immunostaining
for AKAP450/CG-NAP, which localizes to the Golgi appa-
ratus in interphase (25), showed a similar, pericentro-
somal distribution in Alstrom syndrome and control cells
(Fig. 4G and H). Finally, because supression of BBS4 (one
of eight proteins known to underlie Bardet-Biedl syn-
drome) is associated with increased levels of apoptosis in
cultured cells (12), we performed terminal deoxynucleo-
tidyl transferase-mediated dUTP nick-end labeling assays
on Alstrom syndrome and control fibroblasts. Apopto-
sis was not elevated in cells lacking functional ALMS1
(Alstrom syndrome 1.1%, control 1.3%) (data not shown).
Evolutionary conservation of ALMS1. To investigate
the evolutionary conservation of ALMS1, we compared its
amino acid sequence to genome sequence databases. We
detected similar sequences in the vertebrates Mus muscu-
lus, Gallus gallus, Xenopus tropicalis, Takifugu rubripes,
and Danio rerio (E-values 0, 1e-27, 2e-12, 1.1e-19, and 7.9e-
13, respectively) but not in the invertebrates Ciona intesti-
nalis, Drosophila melanogaster, Caenorhabditis elegans,
Saccharomyces cerevisiae, Chlamydomonas reinhardtii,
Arabidopsis thaliana, or Trypanosoma brucei (E-values
0.27, 0.17, 0.13, >10, 1.02, 0.22, and 0.65, respectively).
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DISCUSSION

To gain insight into the role of the Alstrom syndrome
protein ALMS1, we have investigated its subcellular local-
ization and tissue distribution by immunofluorescence mi-
croscopy. Using antibodies raised to two different regions
of the protein, we have shown that ALMS]1 is widely ex-
pressed and localizes to centrosomes and to the base of
cilia. Centrosomal localization is not microtubule depen-
dent, and immunostaining of dividing cells suggests that
ALMSI1 remains at the centrosome throughout mitosis. In
agreement with these findings, ALMS1 has recently been
detected in human lymphoblast centrosomes by a mass
spectrometry—based proteomic approach (26); localiza-
tion to the base of cilia has not previously been reported.
Notably, immunoblot analysis indicates the existence of a
shorter (~350 kDa) isoform in addition to full-length pro-
tein (predicted molecular weight 461 kDa). Together with
evidence of alternative splicing (8,9), this raises the possi-
bility of further ALMS1 isoforms that await characterization.

The subcellular localization of ALMSI1 suggests roles
for this protein in microtubule organization, intracellular
transport, and the assembly and function of basal bodies
and cilia. Intriguingly, there is mounting evidence that
BBS, a phenotype with similarities to Alstrom syndrome,
including obesity and retinal dystrophy, is caused by de-
fects in these processes. For example, BBS4 targets cargo
to the pericentriolar region (12), BBS proteins are specif-
ically conserved in ciliated organisms including the single-
cell organisms 7. brucet and C. reinhardtii (11,27,28), and
studies of BBS gene homologues indicate involvement in
motor protein—based transport within cilia (29). Immuno-
chemical analysis of ALMSI1-deficient fibroblasts showed
apparently normal microtubule arrays and primary cilia,
suggesting ALMS1 may be important for the function, as
opposed to assembly, of these structures. Consistent with
this hypothesis, database searches suggest that ALMSI1 is
restricted to vertebrates and is therefore not required for
ciliogenesis in invertebrates. Significantly, BBS4-null mice
assemble both motile and nonmotile cilia but lack sper-
matozoa flagella (11). This finding illustrates different
requirements for cilia and flagella assembly in mammals
and raises the possibility that reduced fertility in males
with Alstrém syndrome (5) may be caused by a defect in
flagella formation.

In summary, this report, together with a proteomic study
(26), provides the first clues as to the role of ALMS1 and
suggests a functional link with BBS proteins. Expanding on
this understanding will be important because the mo-
lecular and cellular features underlying Alstrom syn-
drome and BBS already suggest new insights into the
pathogenesis of obesity, insulin resistance, and type 2
diabetes that ultimately may offer new targets for thera-
peutic intervention.
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