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The long and the short of aberrant ciliogenesis
In Huntington disease

Jeh-Ping Liu and Scott O. Zeitlin

Department of Neuroscience, University of Virginia, Charlottesville, Virginia, USA.

Huntington disease (HD) is a dominantly inherited neurodegenerative disor-
der that is caused by a mutant huntingtin (HTT) gene encoding a version of
the Htt protein with an expanded polyglutamine stretch. Although the HTT
gene was discovered more than 18 years ago, the functions of normal Htt and
the mechanisms by which mutant Htt causes disease are not well defined.
In this issue of the JCI, Keryer et al. uncovered a novel function for normal
Htt in ciliogenesis and report that mutant Htt causes hypermorphic ciliogen-
esis and ciliary dysfunction. These observations suggest that it is now criti-
cal to understand the extent to which ciliary dysfunction contributes to the
different symptoms of HD and to determine whether therapeutic strategies
designed to normalize ciliary function can ameliorate the disease.

Huntington disease (HD) is an autosomal-
dominant disorder caused by expansion of
a CAG repeat in the first exon of the hun-
tingtin (HTT) gene (1). This repeat encodes
an expanded stretch of polyglutamine
residues at the amino terminus of the Htt
protein. HD is predominantly an adult-
onset disorder that is characterized by pro-
gressive neuronal cell death primarily in
the striatum and deep layers of the cortex.
Clinically, it is characterized by motor, cog-
nitive, and neuropsychiatric abnormalities
that cause a progressive loss of functional
capacity and reduced life span (2). There
are currently no effective treatments for
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this devastating neurodegenerative dis-
ease. This stems largely from an incom-
plete understanding of the cellular and
molecular mechanisms by which mutant
Htt causes disease.

Evidence obtained from cell culture
and animal model studies supports the
hypothesis that the polyglutamine expan-
sion in mutant Htt confers on the protein
both a toxic gain of function and a partial
loss of normal function (3). More than 100
Htt-interacting proteins have been identi-
fied, implicating Htt as a participant in a
diverse array of cellular processes (4). One
of the most predominant of these pro-
cesses is microtubule-based transport of
vesicles and organelles. The role of Htt in
intracellular transport is mediated by its
direct interaction with the dynein interme-
diate chain within the dynein microtubule
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motor complex (5) and by an indirect inter-
action with dynein via its association with a
complex containing huntingtin-associated
protein 1 (HAP1) and dynactin (6). In the
presence of mutant Htt, dynein function
is compromised, perturbing vesicle and
organelle transport along microtubules.

In this issue of the JCI, Keryer and col-
leagues have linked the function of Htt in
intracellular transport to ciliogenesis (7).
As mutant Htt was found to cause hyper-
morphic ciliogenesis and ciliary dysfunc-
tion, it is possible that several symptoms
of HD might be caused, at least in part, by
ciliary dysfunction.

Cilia and ciliopathies

Primary cilia are single hair-like protru-
sions 1-5 um in length that are present on
virtually all cells, including neurons and
glia (8, 9). Primary cilia are nonmotile and
have a microtubule skeleton consisting of
nine microtubule pairs (9 + 0 axoneme),
whereas motile secondary cilia have the
same outer nine microtubule pairs, but
include inner and outer dynein arms and
a pair of central microtubules (9 + 2 axo-
neme) (Figure 1). Primary cilia in mamma-
lian neurons are derived from a centriole
within the centrosome and are located on
the soma or proximal portion of the apical
dendrite. They are thought to be involved
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Structure of primary and motile secondary cilia. Primary and motile secondary cilia differ in the structure of their axoneme. Primary cilia have an
axoneme composed of nine pairs of microtubules (9 + 0 axoneme), whereas the axoneme of motile secondary cilia also includes a central pair
of microtubules (9 + 2 axoneme). Each of the nine outer pairs of microtubules in the axoneme of motile secondary cilia have inner and outer
dynein arms that connect with an adjacent pair of outer microtubules and radial spokes connecting them with the central pair of microtubules.
At the base of primary cilia is a basal body composed of a centrosome (centriole plus surrounding PCM). Motile secondary cilia also have basal

bodies consisting of centrioles and PCM.

in sensing the extracellular environment
and in signal transduction of the various
sensory modalities. Motile secondary cilia
in the brain (such as those found on epen-
dymal cells lining the lateral ventricles) are
critical for maintaining the flow of cerebro-
spinal fluid (CSF) through the ventricles
and sensing the composition of the CSF.
There are several known genetic disor-
ders that are caused by defects in primary
cilium formation, structure, and function;
these conditions are known as ciliopathies
(8). Among these are a group of autoso-
mal-recessive developmental disorders
— including Joubert, Bardet-Biedel, and
Meckel-Gruber syndromes — that include
nervous system dysfunction among their
many symptoms (Table 1). Abnormalities
in primary cilia have also been observed
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recently in a mouse model of the adult-
onset neurodegenerative disorder familial
amyotrophic lateral sclerosis (10). These
observations, together with the data gen-
erated by Keryer et al. indicating that the
mutant Htt protein underlying HD can
drive ciliary dysfunction (7), suggest that
aberrant cilia function might contribute to
the pathogenesis of other adult-onset neu-
rodegenerative disorders.

A novel function for Hit

in ciliogenesis

Using both in vitro and in vivo systems,
Keryer et al. provide evidence of a func-
tional role for Htt in ciliogenesis (7). They
found that Het and HAP1 regulated cil-
iogenesis by transporting pericentriolar
material 1 protein (PCM1) to the centro-
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some (Figure 2). In the absence of Htt
or HAP1 expression, mislocalization of
PCM1 reduced primary cilium formation
in neurons and glia in culture and led to
hypomorphic motile secondary cilia in
ependymal cells. The latter contributed to
hydrocephalus in an Htt loss-of-function
mouse model.

In contrast to the hypomorphic cilio-
genesis phenotype observed when normal
Htt expression was reduced, Keryer et al.
found that mutant Htt expression had the
opposite effect on ciliogenesis (ref. 7 and
Figure 2): excess PCM1 accumulated at
the centrosome, the percentage of neurons
and glia with primary cilia was increased
in vitro, and ependymal cell cilia were
lengthened in a mouse model of HD. In
the model of HD, this phenotype led to
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Mutant Hit and loss of normal Htt have opposing effects on ciliogenesis. Keryer and colleagues showed that mutant Hit drives increased ciliogen-
esis and the formation of hypermorphic primary cilia, whereas loss of Htt results in reduced ciliogenesis (7). These results suggest that normal
Htt acts as a molecular scaffold in dynein/dynactin/HAP1-mediated transport of PCM1 to the centrosome. In the absence of Htt, dynein-mediated
transport of PCM1 to the centrosome is impaired, and a primary cilium is not formed. In contrast, the presence of mutant Htt causes accumula-
tion of PCM1 at the centrosome, increased ciliogenesis, and lengthening of the primary cilium. It is not yet known in HD whether dynein-medi-
ated intraflagellar transport is affected, whether PCM1 is associated in a complex with mutant Htt and/or HAP1 at the centrosome, or whether
aggresome formation can affect ciliary function.

abnormal CSF flow that affected neuro-
blast migration from the subventricular
zone to the olfactory bulb. In addition, the
authors observed an increase in PCM1 and
N-acetylated tubulin (a marker of cilia)
immunoreactivity in postmortem brains
of individuals with HD.

Cilia dysfunction and HD symptoms

The work of Keryer et al. (7) suggests that
several symptoms of HD may be caused,
at least in part, by dysfunctional primary
and secondary cilia. Their data suggest that
defects in ependymal motile cilia impair
CSF flow, resulting in an abnormal rostral
migratory stream (RMS). Adult neurogene-
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sis in the subventricular zone generates neu-
roblasts that migrate through the RMS into
the olfactory bulb, where they differentiate
into interneurons. Normal CSF circulation
is required to orient the neuroblasts in the
RMS, and the dysfunctional ependymal cilia
observed by Keryer et al. in the mouse model
of HD led to reduced CSF flow, affecting
neuroblast migration (7). The authors spec-
ulate that a defective RMS may contribute
to the olfactory deficits experienced by HD
patients and that reduced CSF flow in HD
may also affect brain homeostasis by alter-
ing the clearance of brain catabolites.
Neurons expressing olfactory receptors
also have nonmotile secondary cilia that are
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important for normal function (11). In Bar-
det-Biedel syndrome, for example, defective
cilia function in olfactory receptor neurons
can cause anosmia in humans (12). Although
not examined by Keryer and colleagues, it will
be interesting to see whether hypertrophic
cilia are observed in the olfactory epithelia
of HD mouse models and patients, and if so,
whether this structural abnormality affects
olfactory receptor neuronal function.

The dentate gyrus region of the hippo-
campus contains adult neuronal stem and
progenitor cells with primary cilia in both
rodents and humans (13-15). Given that
Keryer et al. identified defects in ependymal
motile cilia and neuronal primary cilia (7), it
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Table 1

Autosomal-recessive ciliopathies associated with neuronal dysfunction

Disorder Gene loci involved?

Joubert syndrome
ARL13B, INPP5E

BBS1-BBS14
ALMS1

Bardet-Biedel syndrome
Alstrém syndrome
Meckel-Gruber syndrome

AHI1, NPHP1, MKS3-MKS6,

MKS1, MKS3-MKS6, FANTOM

Symptoms with a neural basis

Developmental malformation of the cerebellum, cognitive deficits, behavioral deficits,

abnormal eye movements, brainstem malformations leading to episodic apnea or
hyperapnea, retinal dystrophy, variably penetrant cortical abnormalities

Retinal dystrophy, cognitive impairment, anosmia, obesity (hypothalamic dysfunction)
Retinal dystrophy, obesity (hypothalamic dysfunction), sensorineural hearing deficits

Developmental malformations of the cerebral cortex and cerebellum

AMKST1 is also known as BBS13; MKS3 as TMEM67; MKS4 as CEP290 or BBS14; MKS5 as RPGRIP1L; MKS6 as CC2D2A.

will be important in future studies to deter-
mine whether adult neuronal stem cells in
the brains of rodents and humans with HD
have hypertrophic cilia and whether this
phenotype correlates with deficits in adult
neuronal stem cell function in HD. This may
have direct relevance to cognitive dysfunction
in HD, as it has previously been shown that
adult hippocampal neurogenesis in rodents
is involved in learning and memory (16).

The increased ciliogenesis in HD mouse
model astrocytes observed by Keryer et al.
(7) could also contribute to the deficits in
astrocyte function that are observed in HD
(17). Astrocytes have a critical role in main-
taining neuronal homeostasis, and the
increased ciliogenesis observed in HD may
perturb the ability of astrocytes to sense
and respond to changes in its environment,
thus affecting neuronal survival.

How does mutant Htt affect
cilia function?
Although aggregation of PCM1 in the cho-
roid plexus and ependymal cell layer of the
lateral ventricles was detected by Keryer et al.
as early as 5 months of age in a mouse
model of HD, abnormal cilia were only
observed later, at 12 months of age (7). This
phenotype appears to differ from the classic
autosomal-recessive ciliopathies that exhibit
early developmental abnormalities (Table 1),
instead resembling the slow progression of
degeneration that is characteristic of HD.
Aneuropathological hallmark of HD is the
accumulation of aggregated amino-terminal
fragments of mutant Htt in the cytoplasm
(neuropil inclusions) and nuclei (nuclear
intranuclear inclusions). Small cytoplasmic
Hte aggregates can be transported to the
centrosome, where they coalesce to form
an aggresome that can protect cells from
the buildup of misfolded protein (18). The
work of Keryer et al. (7) leads us to wonder
whether the formation of the aggresome
affects cilia function in the HD brain. The
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authors’ observations also raise a number
of other important questions: How does the
aggregation of PCM1 affect ciliogenesis, cili-
ary maintenance, ciliary signaling, or some
combination thereof? Are other ciliary car-
gos affected? Is transport along the axoneme
(intraflagellar transport) also affected? These
are critical questions, as the answers have
direct relevance to the design of therapeutic
strategies aimed at restoring the function of
primary and motile cilia in HD patients.

In addition to perturbing HAP1 and dynein
function (3), mutant Het affects membrane
trafficking by interfering with the activities
of Rab8 and Rab11, two small GTPases that
function in ciliogenesis (19-21). Mutant Htt
expression disrupts both Rab8 and Rab11
activity by affecting normal localization
of Rab8 on Golgi membranes (20) and by
impairing guanine nucleotide exchange fac-
tor activity on Rab11, resulting in reduced
recycling of cargo proteins (21). Expression
of a constitutively active form of Rab11 in
primary neurons from an HD mouse model
ameliorates deficits in extracellular cyste-
ine uptake by restoring cell surface levels of
the glutamate transporter EAAC1 (22), and
overexpression of Rabll in a Drosophila
model of HD rescues neurodegeneration and
extends lifespan (23). Thus, it is possible that
manipulating the activity and expression lev-
els of HAP1, dynein, Rab8, and Rab11 might
ameliorate at least some aspects of ciliary
dysfunction in HD.

Therapeutic perspectives for treating
cilia dysfunction in HD

The present study by Keryer and colleagues
has uncovered a mechanism underlying HD
pathogenesis that may provide a new thera-
peutic target for the disease (7). Although
not all pathological events in HD can be
explained by defective ciliogenesis and
abnormal ciliary function, amelioration of
those symptoms caused by abnormal pri-
mary and secondary ciliary function should
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improve the quality of life for patients with
HD and may provide relief for symptoms
that do not yet exhibit an obvious link to cil-
iary dysfunction. Moreover, as morphologi-
cal and functional criteria for primary and
secondary cilia already exist, the establish-
ment of cell culture-based high-throughput
screens for small molecules able to rescue
the effects of mutant Htt on ciliogenesis
and ciliary function should be feasible.
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Are maternal antiplatelet antibodies
a prothrombotic condition leading to miscarriage?

Alvin H. Schmaier

Case Western Reserve University, Cleveland, Ohio, USA.

Fetal and neonatal alloimmune thrombocytopenia (FNAIT) is a condition
characterized by thrombocytopenia in the newborn. If severe, the thrombo-
cytopenia can lead to intracranial hemorrhage. FNAIT arises when maternal
antibodies specific for platelet antigens, most commonly 33 integrin, cross
the placenta and destroy fetal platelets. Surprisingly, few cases of FNAIT are
associated with antibodies specific for the platelet antigen GPIba, which is
a common target in patients with immune thrombocytopenia. In this issue
of'the JCI, Li et al. have identified a potential reason for this — they find that
in the majority of pregnant mice, anti-GPIbo antibodies enhance platelet
activation and accelerate thrombus formation in the placenta and that this

leads to miscarriage.

Our parents remind us that we should not
forget our roots. Hematologists should
not forget that the discipline over the last
100 years partly arose to prevent the large
number of hemorrhagic deaths associated
with labor and delivery (they occurred in
0.25% of deliveries in 1900 and 0.004% of
deliveries in 2005) (1). Some success has
been achieved, for example, in the devel-
opment of approaches to detect and treat
rhesus D hemolytic disease of the newborn:
the indirect Coombs test (indirect anti-
globulin test), which is used to determine
whether a mother has been sensitized by
red cell antigens (e.g., the rhesus D antigen
[RhD]) from a previous pregnancy (2); and
the first immunoglobulin therapy, involv-
ing the administration of RhD-specific
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antibody to RhD-negative mothers who
have been exposed to fetal RhD blood anti-
gens. However, many hematological condi-
tions continue to pose serious problems
for individuals who are pregnant, includ-
ing preeclampsia with hypertension and
thrombocytopenia and fetal and neonatal
alloimmune thrombocytopenia (FNAIT;
also known as neonatal alloimmune throm-
bocytopenia [NAIT], fetal alloimmune
thrombocytopenia [FAIT], or fetal neonatal
immune thrombocytopenia [FNIT]).

Maternal antiplatelet antibodies

in pregnancy

FNAIT is a relatively rare condition, aris-
ing in individuals of European descent in
0.06%-0.1% of live births (3). It is charac-
terized by thrombocytopenia shortly after
birth. Twenty percent of women with known
prior immune thrombocytopenia will deliv-
er a fetus with a platelet count of less than
50,000/ul (4). Although the thrombocyto-
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penia is often mild and the affected neo-
nate remains largely asymptomatic, cases of
severe thrombocytopenia carry a high risk
of intracranial hemorrhage (5). In fetuses
with a platelet count of less than 20,000/ul,
the incidence of intracerebral hemorrhage
is 10%-20%, which may lead to neurological
impairment or death (5).

FNAIT arises when maternal antibodies
specific for platelet antigens cross the pla-
centa and destroy fetal platelets. The mater-
nal antibodies may arise during pregnancy,
if fetal platelet antigens are recognized
by the maternal immune system as non-
self (allogeneic), or be already present in a
mother with immune thrombocytopenia.
In mothers with immune thrombocytope-
nia, it is also possible that the situation is
not passive, since these individuals may be
more sensitive to developing antibodies spe-
cific for allogeneic fetal platelet antigens.

Most commonly (in 79%-85% of cases
of FNAIT), the pathogenic antibodies are
specific for the HPA-1a epitope of B3 inte-
grin, a component of one of the major
glycoproteins on the surface of platelets
(3, 6, 7). Other targets of the pathogenic
maternal alloantibodies include the HPA-
Sb epitope of GPIa (also known as integrin
a2) (in 7%-10% of cases) and both HPA-1a
and HPA-5b (in 2%-7% of cases) (3, 6, 7). It
is of interest that few cases of FNAIT are
associated with antibodies specific for epit-
opes of GPIba (HPA-2a/b), a component of
another major glycoprotein on the surface
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