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Joubert syndrome is an autosomal recessive disorder characterized by congenital malformation of the cerebel-
lum and brainstem, with abnormal decussation in the brain. Mutations in the Abelson helper integration site 1
gene, which encodes the protein AHI1, have been shown to cause Joubert syndrome. In this study, we found
that mouse Ahil formed a stable complex with huntingtin-associated protein 1 (Hap1), which is critical for
neonatal development and involved in intracellular trafficking. Hap1-knockout mice showed significantly
reduced Ahil levels, defective cerebellar development, and abnormal axonal decussation. Suppression of Ahil
also decreased the level of Hap1; and truncated Ahil, which corresponds to the mutations in Joubert syn-
drome, inhibited neurite outgrowth in neuronal culture. Reducing Hap1 expression suppressed the level and
internalization of TrkB, a neurotrophic factor receptor that mediates neurogenesis and neuronal differentia-
tion, which led to decreased TrkB signaling. These findings provide insight into the pathogenesis of Joubert
syndrome and demonstrate the critical role of the Ahil-Hap1 complex in early brain development.

Introduction

Clinical features of Joubert syndrome (JS) include neonatal hypo-
tonia (loss of muscle tone), ataxia, developmental delay, mental
retardation, and frequently abnormalities in breathing and eye
movements (1-3). Various abnormalities affecting a number of
systems in the midbrain and hindbrain have been identified as
common to JS. JS is characterized by the absence or incomplete
formation of the cerebellar vermis, a brain structure thought to be
important for control of balance, regulation of muscle tone, and
rapid eye movements. The absence of decussation of the superior
cerebellar peduncles as well as the corticospinal tracts at the med-
ullary pyramids suggests that JS patients may have a defect in axon
guidance and altered brain connections. Defective neuronal prolif-
eration is likely to account for the diminished density of neurons
in the cerebellar granule layer, the dentate nuclei of the cerebel-
lum, and the brainstem (1-3).

Forms of JS have been mapped to 3 genetic loci: 9q34.3 (JBTS1:
OMIM 213300), 11p12-q13.3 (JBTS2: OMIM 608091), and 6q23
(JBTS3: 608629) (4-6). The developmental defects in cerebellar
structures in JS led to the investigation of candidate genes that are
important for early development of the cerebellum. However, no
mutations in any genes known to contribute to cerebellar devel-
opment have been identified (7-9). Instead, JBTS3 was found to
associate with mutations in the Abelson helper integration site 1
gene (AHII) (10, 11). Mouse Ahil was initially identified as a com-
mon helper provirus integration site for murine leukemias and
lymphomas (12). The protein encoded by the human AHII gene
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(AHII1 or Jouberin) contains 7 WD40 repeats, an SH3 domain,
potential SH3 binding sites, and an N-terminal coiled-coiled
domain (13). WD40 domains are present in proteins that are
involved in a variety of functions, including signal transduction,
RNA processing, transcriptional regulation, cytoskeleton assem-
bly, vesicle trafficking, and cell division (14). SH3 domains are
a common feature of signaling molecules involved in numerous
pathways (15). Most mutations of the AHII gene in JS are non-
sense or frameshift mutations, which result in truncated N-termi-
nal AHI1 or loss of WD40 and SH3 domains (10, 11). These loss-
of-function mutations in AHI1 are consistent with the autosomal
recessive nature of JS. However, the role of AHI1 in the pathogen-
esis of JS remains to be elucidated.

Using immunoprecipitation and mass spectrometry, we found
that mouse Ahil binds tightly to huntingtin-associated protein 1
(Hap1l) and forms a stable protein complex in the brain. Hap1 is
expressed at variable levels in multiple brain regions (16, 17). Mice
lacking Hap1 often die at P3, suggesting that Hap1 is critical for
neonatal development (18, 19). Hapl1 is involved in intracellular
trafficking and endocytosis of membrane receptors (20-22). Iden-
tification of the interaction of Ahil with Hapl prompted us to
focus on the role of these proteins in early brain development.
Here we demonstrate that Hap1l and Ahil stabilize each other
and are important for maintaining the level of tyrosine kinase
receptor B (TrkB), which is critical for neuronal differentiation
and brain development. The findings in the present study provide
evidence that the interaction between Ahil and Hapl1 is impor-
tant for the early development of the brain and offer insight into
the pathogenesis of JS.

Results

In vivo association of Ahil and Hap1. Since the absence of Hap1 leads
to the postnatal death of mice (18, 19), we wanted to investigate
the role of Hap1 in early brain development by identifying Hap1-
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Figure 1

Coexpression of Ahi1 with Hap1A

Ahi1

Identification of Ahi1 as a Hap1-interacting protein in the mouse brain. (A) Coomassie staining of Hap1 immunoprecipitates from the brain tissues
of WT and Hap7-KO mouse pups. Arrow indicates the band that is present with Hap1A and Hap1B in WT mouse brain tissue. Mass spectrometry

peptide analysis identified this band as Ahi1. (B) Western blots of Hap1

immunoprecipitation confirm the coprecipitation of Ahi1 (arrow) with both

Hap1A and Hap1B from WT mouse brain tissues. (C) Double immunofluorescence staining of mouse brainstem showing the colocalization of
Hap1 and Ahi1 in the cytoplasmic puncta (left panels). Single labeling of the brain section with anti-Hap1 did not show bleeding of the fluorescent
signal (right panels). (D) GST and GST-Hap1B were generated, and the intact form of GST-Hap1B is indicated by an arrowhead (left panel).
Lysates of HEK293 cells transfected with Ahi1 were pulled down by GST-Hap1 fusion protein. Note that full-length (arrow), but not truncated,

Ahi1 bound to Hap1. (E) Cotransfection of Hap1A and Ahi1 in HEK293
Scale bars: 5 um.

interacting proteins in postnatal mouse brain. To this end, we per-
formed immunoprecipitation of cytosolic Hap1 from the brains
of WT mice at P1-P2. To identify the interacting proteins that are
specifically associated with Hap1, we used HapI-null mouse brains
at P1-P2 as a control and compared the immunoprecipitates
from WT and Hapl-null mouse brain tissues. Hap1 consists of
2 isoforms (HaplA and Hap1B) that differ in their C-terminal
amino acid sequences (16). Coomassie staining clearly showed
that 2 major bands, which represented Hap1A and Hap1B, were
present in the immunoprecipitates from WT but not from HapI-
null mouse brains (Figure 1A). Importantly, a prominent band
at a molecular weight of 130 kDa was also specifically present in
2786
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cells resulted in the colocalization of both proteins in cytoplasmic puncta.

immunoprecipitates from WT mouse brain (arrow in Figure 1A).
The abundance of this band in Hapl immunoprecipitates sug-
gests that the protein in this band is coprecipitated with Hap1l in
near-stoichiometric amounts. The gel slice containing this band
was excised and subjected to mass spectrometry peptide sequence
analysis. Accordingly, the protein in this band was identified as a
mouse homolog (Ahil) of human AHI1, a protein encoded by a
gene forJS (10, 11).

Identification of Ahil in Hapl immunoprecipitates led us to
generate a rabbit antibody against Ahil using glutathione-S-trans-
ferase (GST) fusion proteins containing aa 83-174 of mouse Ahil.
This antibody did not show cross-reactivity with Hap1 on West-
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Figure 2

Hap1 and Ahi1 are distributed in the
same brain regions. (A) Immunohisto-
chemical staining of mouse brains
with antibodies against Hap1 (top) and
Ahi1 (bottom). OIf, olfactory bulb; Ctx,
cerebral cortex; Stra, striatum; Hypoth,
hypothalamus; Hipp, hippocampus;
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Cereb, cerebellum; B.S, brainstem.
(B) Western blots showing the similar
distribution of Hap1 and Ahi1 in vari-
ous brain regions. Amy, amygdala. (C)
Western blot analysis of the expression
of Hap1 and Ahi1 in embryonic mouse
brains. Two mouse brains (1 and 2) at
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E8, E12, and E18 were examined. (D)
Western blots of the cerebellar tissue
from mice at different postnatal days
(days 1-30). The blots were probed
with antibodies against Ahi1, Hap1,
and tubulin. (E) Immunostaining of the
adult mouse cerebellum with antibod-
ies against calbindin and Hap1 togeth-
er or antibodies against Ahi1 and Hap1
together. (F) Immunofluorescence
staining showing that Hap1 and Ahi1
are colocalized in the same neurons in
the deep dental nuclei in the cerebel-
lum (top row) and brainstem (bottom
row) from mice at P1 and at 4 months
(4M) of age. Scale bars: 5 um.

Brainstem

ern blot analysis and confirmed that Ahil was coprecipitated with
Hap1 from mouse brain lysates (Figure 1B).

Since Hapl is present as cytoplasmic puncta in the brain (17), we
wanted to determine whether Ahil and Hap1 colocalize in vivo. Hap1

cytoplasmic puncta in brainstem neurons were intensely labeled by a
guinea pig antibody against Hap1. Importantly, the same Hap1 punc-
ta were also labeled by the rabbit antibody against Ahil (Figure 1C).
To test whether Hap1 and Ahil interact directly, we performed a
GST pull-down experiment. Expression of mouse full-length Ahil
cDNA in HEK293 cells generated full-length Ahil and a number
of degraded products, which were recognized by the antibody to
N-terminal Ahil (aa 83-174). We found that GST fusion pro-
teins containing full-length Hap1B bound to full-length, but not
truncated, Ahil (Figure 1D). Using in vitro synthesized Hap1A
or Hap1B, we also found that GST-Ahil directly bound HaplA
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and Hap1B (Supplemental Figure 1; supplemental material avail-
able online with this article; doi:10.1172/JCI35339DS1). Single
immunostaining of the mouse brain sections with the antibody
against Hap1 or Ahil alone did not yield bleeding signal between
green and red fluorescence filters (Figure 1C and Supplemental
Figure 2A). Cotransfection of Ahil with Hap1A, which forms cyto-
plasmic puncta, clearly revealed that Ahil colocalized with Hap1A
(Figure 1E and Supplemental Figure 2B). Interestingly, although
Hap1B is diffuse in the cytoplasm when singly transfected (22,
23), its cotransfection with Ahil resulted in small puncta in which
Hap1B and Ahil were colocalized (Supplemental Figure 2B).
Immunostaining of transfected proteins also demonstrated the
specificity of the antibodies used for Hap1 and Ahil.

Coexpression of Hapl and Abil in the same neurons in various brain
regions. We have previously shown that Hap1 expression levels vary
Volume 118 2787
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in different brain regions (16, 19). If Ahil forms a stable complex
with Hapl, its distribution pattern may be the same as that of
Hapl. Indeed, immunohistochemistry demonstrated that Ahil
and Hapl1 are distributed in the same brain regions, with the high-
est expression seen in the hypothalamus, amygdala, and brainstem
(Figure 2A). Western blotting also revealed this similar distribu-
tion in various brain regions (Figure 2B), supporting the idea that
Hap1 and Ahil are strongly associated.

Since mutations of Ahil cause abnormal development of the
cerebellum and brainstem in JS, we investigated the expression of
Ahil and Hap1 in these brain regions during early development.
Previous studies using in situ hybridization have demonstrated
that Hap1 and Ahil transcripts are developmentally regulated,
appearing at E8 and becoming prominent at E12 (10, 11, 24). We
examined the expression of Hap1 and Ahil at the protein level and
found that both Ahil and Hap1 proteins, though undetectable at
E8, appear at E12 and have increased levels by E18 (Figure 2C).

The final structure of the mature cerebellum in mice is not
achieved until approximately P15 (25). Western blotting detected
2788
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Figure 3

Hap1 and Ahit stabilize each other. (A)
Western blots showing that a lack of
Hap1 reduces the level of Ahi1 in Hap1-
KO mouse brain. (B) Immunostaining
of the hypothalamus (Hyp) and amyg-
dala (Amy) from WT and Hap1-KO
mice also shows a decreased level
of Ahi1 in the absence of Hap1. Origi-
nal magnification, x50. (C and D)
Immunofluorescence images showing
the lack of cytoplasmic Ahi1 puncta in
neurons of the hypothalamus (C) and
brainstem (D) in Hap7-KO mice. Scale
bars: 5 um. (E) Transfection of Hap1A
or Hap1B into N2A cells increases the
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Hap1 and Ahil in the cerebellum on P1-P12, but not after P16
(Figure 2D). Immunohistochemistry of mouse brains revealed
that the expression of both Hap1 and Ahil is restricted to Purkinje
cells (Figure 2E and Supplemental Figure 3A). They were also
expressed in the deep cerebellar dentate nuclei (Figure 2F), inter-
posed cerebellar nuclei, medial cerebellar nuclei, and vestibular
nuclei (Supplemental Figure 3B). Granule neurons and glial cells
do not show obvious staining of Hap1 and Ahil. As the mature
cerebellum of adult mice is dominated by granule neurons and
other cells that do not display Hap1 and Ahil immunostaining,
the expression of Hapl and Ahil in the adult cerebellum is
restricted to Purkinje cells and cerebellar nuclei, which could be
identified by immunohistochemistry.

The brainstem is another area affected in JS. We found that Hap1
and Ahil are also expressed in the same neurons in the brainstem.
Their expression in the brainstem was present in postnatal (P1)
and adult mice at 4 months of age (Figure 2F).

Ahil and Hapl stabilize each other. The strength of the association
of Ahil with Hap1 implies that this association may be important
Volume 118
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for their stability. Examination of several HapI-null mice revealed
a significant reduction in Ahil protein in their brains compared
with those of WT mice (Figure 3A). While both Hap1l and Ahil
were abundant in the hypothalamus and amygdala, elimination of
Hap1 dramatically reduced the expression of Ahil in these regions
(Figure 3B). Moreover, Hap1-KO mice did not show hypothalamic
Ahil puncta, which are normally present in WT mice (Figure 3C).
Also, cytoplasmic Ahil puncta disappear in the brainstem of Hap1-
KO mice (Figure 3D).

The above in vivo data strongly suggest that Hap1 and Ahil form
a protein complex to stabilize each other. If this is true, then over-
expression of Hap1 or Ahil should increase the level of its partner.
Thus, we transfected Hap1 or Ahil into N2 cells, a mouse neuroblas-
toma cell line that allows us to use anti-Ahil to detect endogenous
mouse Ahil. Overexpression of either Hap1A or Hap1B increased
the level of endogenous Ahil (Figure 3E). Using anti-Hap1 that
recognizes endogenous Hap1l in PC12 cells of rat origin, we found
that transfected Ahil increased the level of endogenous Hap1A and
Hap1B in a dose-dependent manner (Figure 3, F and G).
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Hap1B and then immunoprecipitated by
anti-Hap1. Note that more full-length Ahi1
than truncated Ahi1 was coprecipitated
with Hap1. (B) Overexpression of full-
length or truncated Ahi1 in PC12 cells.
Only full-length, but not truncated, Ahit
was able to increase the level of endog-
enous Hap1. (C) Expression of Ahil or
Hap1B alone in PC12 cells resulted in a
diffuse distribution of transfected proteins
(top row). Coexpression of Hap1B and
full-length, but not truncated, Ahi1 led to
the formation of small cytoplasmic puncta.
Note that truncated Ahi1 also inhibited
NGF-induced neurite extension of PC12
cells (bottom row) compared with those
coexpressing both Hap1B and full-length
Ahi1 (middle row). Scale bars: 5 um. (D)
Transfection of full-length or truncated
Ahi1 alone into PC12 cells that were treat-
ed with NGF (100 ng/ml for 24 hours).
Micrographs (x200) show that truncated
Ahi1 inhibits neurite outgrowth of PC12
cells. (E) The percentage of PC12 cells
with elongated neurites longer than 2 cell
bodies after transfection with full-length or
truncated Ahit1. **P < 0.01.

Control

Ahi1  tAhi1

Truncated Abil is unable to stabilize Hapl. Given that most muta-
tions in human AHI1 result in truncated proteins that often con-
tain N-terminal sequences shorter than the first 435 aa, we asked
whether truncated Ahil loses its ability to stabilize Hap1. Human
AHI1 contains more N-terminal amino acids than mouse Ahil
(13). We generated a truncated mouse Ahil (1-284 aa) correspond-
ing to the nonsense mutation at amino acid 435 of human AHI1
and examined its association with Hap1 (Figure 4A). Consistent
with GST pull-down results (Figure 1D), immunoprecipitation
of transfected Hap1 coprecipitated more full-length Ahil than
truncated Ahil in cultured HEK293 cells (Figure 4A). Moreover,
unlike full-length Ahil, truncated Ahil did not increase the level
of endogenous Hapl in PC12 cells (Figure 4B). Because of the
presence of endogenous Ahil that has already formed the stable
complex with endogenous Hap1l, overexpression of exogenous
truncated Ahil affected the stability of Hap1 only slightly. Since
coexpression of Hap1B with full-length Ahil leads to the forma-
tion of small cytoplasmic puncta in cells (Supplemental Figure
2B), we examined whether truncated Ahil loses this ability in
Volume 118  Number 8
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C Decussation around 3N nucleus

Decussation of superior cerebellar peduncle

Lack of Hap1 causes abnormal brain development. (A) Nissl staining of the cerebellar sections from WT and Hap7-KO mice. Arrows indicate
the width of the outer cerebellar cortex in the folium of vermal lobule V in WT and KO mice at P3. Original magnification, x100. (B) Comparison
of cerebellar development of WT and Hap7-KO mice at P7 and P10. Original magnification, x50. (C) Representative images reveal defective
decussation visible around the 3N nucleus and the superior cerebellar peduncle in Hap7-KO cerebellum. Such defective decussation was never
observed in age-matched WT littermates. The brain sections were stained with the antibody against neurofilament. Scale bars: 50 um.

neuronal PC12 cells. Indeed, unlike full-length Ahil, truncated
Ahil failed to form small cytoplasmic puncta with Hap1 (Fig-
ure 4C). In addition, expression of truncated Ahil with Hap1B
inhibited neurite outgrowth of PC12 cells compared with cells
coexpressing full-length Ahil. To confirm this inhibitory effect,
we transfected full-length or truncated Ahil alone into PC12
cells (Figure 4D). Counting of the transfected cells revealed that
55.3% + 3.5% of full-length Ahil and 15% + 2.1% (mean + SEM;
P <0.01) of truncated Ahil transfected cells showed long neurites
(Figure 4E), indicating that truncated Ahil significantly inhibits
nerve growth factor-induced (NGF-induced) neurite outgrowth.
We tested the effects of truncated human AHI1 (aa 1-435) and
found that this human mutant AHI1 also inhibited NGF-induced
neurite outgrowth in PC12 cells (data not shown). All of these
results suggest that truncated Ahil is unable to stabilize Hap1
and, when overexpressed, has a toxic effect.

Abnormal brain development in the absence of Hap1. Identification of
Ahil as a Hapl-interacting partner led us to investigate whether
Hapl-null mice display any developmental brain abnormalities
similar to those seen in JS. Since the postnatal lethality of Hapl-
null mice does not allow us to examine the structure of the mature
brain and cerebellum, we focused on possible malformation of the
cerebellum and brainstem during early postnatal development.
There was a reduction in the size of cerebellar folia in HapI-null
mice compared with littermate controls (Figure 5A). Very few
Hap1-KO mice can survive past P3, and all die before P15 (19). In
those few surviving mice at P7 and P10, the reduction in cerebel-
lar foliation was more pronounced (Figure 5B). In addition, the
density of the calbindin-positive Purkinje cells and the number of
NeuN-positive granule cells are noticeably decreased in the Hap1-
KO cerebellum (Supplemental Figure 4A).

Since Hap1 is not expressed in granule cells but is important
for intracellular transport (22, 23, 26), lack of Hap1 may affect
neuronal interactions that are required for the massive growth of

2790 The Journal of Clinical Investigation

htep://www.jci.org

the cerebellum. Indeed, axonal defects account for the abnormal
decussation that is the most prominent pathological feature of JS.
Using neurofilament staining, we observed decreased decussation
around the 3N (oculomotor) nucleus and the superior cerebellar
peduncles (Figure SC) in Hapl-null mice at P1-P2. The abnormal
decussation appears as disrupted neurofilaments.

If a lack of Hap1 affects early brain development, we may see
impairment of neurogenesis in postnatal brains. Neurogenesis can
be detected by BrdU labeling of brain tissues (27). We therefore
examined the incorporation of BrdU in the deep cerebellar nuclei
and brainstem, 2 regions that express Hapl and Ahil and are
affected in JS. We observed a significant reduction in the number
of BrdU-positive cells in the absence of Hap1 (Supplemental Fig-
ure 4B). These results also support the idea that Hap1 is important
for neuronal differentiation and proliferation.

Hap1 is required for TrkB signaling. Hap1 prevents some internal-
ized membrane receptors from being transported to the lysosome
for degradation (20, 21) and stabilizes the level of internalized
TrkA (20). TrkB is similar in structure to TrkA, but it is more
abundant than TrkA in the brain (28, 29) and is activated by brain-
derived neurotrophic factor (BDNF), a growth factor that is criti-
cal for neurogenesis and cerebellar development (30, 31). Thus, we
examined whether the lack of Hap1 also affects TrkB levels in the
postnatal mouse brain using Western blotting, as Western blotting
had detected both Ahil and Hap1 in cerebellar tissues of WT mice
between P1 and P8 (Figure 2D). The level of TrkB is significantly
reduced in cerebellar tissues from Hap1-KO mice aged P1-P2 com-
pared with age-matched WT mice (Figure 6A). In the brainstem,
we also found that a lack of Hap1 reduces Ahil and TrkB (Figure
6A). Densitometry of the relative levels of TrkB (the ratio of TrkB
to tubulin) confirmed the decreased levels of TrkB in Hapl-KO
mouse brains (Figure 6B). Since JS is likely caused by Ahil loss of
function, we wanted to know whether suppressing Ahil reduces
TrkB in cerebellar neurons. To inhibit Ahil expression, we cultured
Volume 118
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cerebellar neurons from postnatal mouse brains and infected them
with adenoviral Ahil siRNA. Western blots show that reducing
Ahil levels in these neurons decreased the expression of Hap1 and
TrkB (Figure 6C). Taken together, our results demonstrate that
loss of either Hap1 or Ahil can reduce the level of TrkB.

Next, we investigated the effect of Hap1 deficiency on TrkB levels
in cultured brainstem cells. Using cultured WT rat brainstem cells,
we suppressed Hap1 expression via an adenoviral Hap1 siRNA vector
that also expressed GFP (32). We then performed biotinylation of
membrane receptors and isolated membrane and internalized frac-
tions of brainstem cells to examine the relative levels of TrkB (33).
Although the level of membrane TrkB was indeed decreased, inter-
nalized TrkB was also reduced (Figure 6D), and this was confirmed
by quantifying the ratio of internalized TrkB to tubulin or to mem-
brane TrkB and comparing it with the ratio in control cells (Figure
6E). Consistently, suppressing Hap1 via siRNA inhibited neurite
extension of cultured brainstem cells (Supplemental Figure 5).

To substantiate the finding of decreased BDNF in Hap1-defi-
cient neurons, we performed fluorescence microcopy of cultured
brainstem cells. We observed that neurons infected with Hapl
siRNA virus showed decreased signals of internalized BDNF
compared with those infected with control GFP virus (Figure
7A). Using cultured brainstem cells from Hap1-KO pups, we also
observed a significant reduction in internalized BDNF in Hapl-
KO neurons (Figure 7B). Quantifying the cytoplasmic intensity of
BDNF revealed a decrease in internalized BDNF signal in Hapl-
KO (413 + 156.2 versus WT, 868 + 139; mean + SEM; n = 28-33;
P <0.001) and Hap1l siRNA-treated neurons (475 + 38.3 versus
control, 819 + 82.6; mean + SEM; n = 32-35; P <0.001).
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Figure 6

Hap1 deficiency decreases the level of TrkB. (A) Western blot
analysis of cerebellar tissues from WT and Hap7-KO mice show-
ing the decreased level of TrkB. Western blotting also shows
decreased Ahi1 and TrkB in the absence of Hap1 in brainstem
tissue. (B) Densitometry of the ratio of TrkB to tubulin in WT and
KO cerebellum or brainstem. *P < 0.05. (C) Inhibition of Ahit in
cultured cerebellar neurons by adenoviral siRNA (10° and 10"
PFU/ml at final concentration) reduced the levels of Hap1 and
TrkB. Control was adenoviral GFP infection. (D) Western blotting
of biotinylated membrane and internalized fractions in cultured
brainstem cells showing the decreased level of TrkB when Hap1
expression is suppressed by Hap1 siRNA. Control is adenoviral
GFP-infected cells. The blots were probed with an antibody
against tubulin to normalize the protein amount loaded in the gel.
(E) The ratios (mean = SEM; n = 4) of internalized TrkB to tubu-
lin or membrane TrkB in neurons infected with control or Hap1
siRNA virus. *P < 0.05, **P < 0.01 compared with control.

If TrkB levels are reduced by decreasing Hap1 in cells, the
signaling pathways mediated by TrkB should be impaired. We
therefore examined the phosphorylation of Erk and Akt, both
of which are key signaling molecules for neuronal differentia-
tion and survival. Suppressing Hap1l expression by siRNA also
reduced the level of phosphorylated Erk and Akt (Figure 7C).
Quantification of the ratio of phosphorylated Erk or Akt to the
total amount of Erk and Akt confirmed the decreased phosphor-
ylation of these proteins (Figure 7D). Taken together, our results
indicate that Hap1 is important for maintaining the level and
signaling of TrkB in neuronal cells.

Discussion

Stable interaction of Abil with Hap1 in vivo. Several lines of evidence
indicate that Ahil and Hap1 form a stable protein complex in
vivo. First, immunoprecipitation of Hap1l from mouse brain tis-
sue revealed that similar amounts of Ahil and Hap1l were copre-
cipitated, suggesting that they are associated with roughly equal
stoichiometry. Second, both Hap1 and Ahil colocalize in cytoplas-
mic puncta in the brain and in transfected cells. More importantly,
when Hapl1 is absent, as in HapI1-KO mouse brain, the level of Ahil
significantly decreases, and it no longer appears as punctate struc-
tures. Conversely, suppressing Ahil via siRNA reduces Hap1 in
cultured neurons. Finally, overexpression of either Hap1 or Ahil
can increase the level of its partner.

There is growing evidence that Hap1 is involved in intracellular
trafficking. For example, Hapl interacts with the microtubule-
dependent transporters dynactin p150 (34) and kinesin light chain
(35) and is involved in the internalization of several membrane
Number 8 2791
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A Cultured rat brainstem cells

B Cultured mouse brainstem cells

Figure 7

Hap1 deficiency decreases TrkB internalization and signaling. (A) Double immunostaining of cultured brain-
stem cells (at 14 DIV) that had been infected with adenoviral GFP (top row) or adenoviral Hap1 siRNA with
GFP (bottom row). Note that cells expressing Hap1 siRNA (green) show a decrease in the amount of inter-
nalized biotin-labeled BDNF compared with a noninfected cell or adenoviral GFP—infected cell. (B) Double
immunostaining of cultured brainstem cells from WT (top row) and Hap7-KO (bottom row) pups also shows
the decreased Hap1 and internalization of biotin-BDNF. The cells were stained with rabbit anti-Hap1 and
mouse anti-biotin. Statistical results are described in the text. Scale bars in A and B: 5 um. (C) Decreased
phosphorylation of Erk and Akt in cultured brainstem cells infected by adenoviral Hap1 siRNA. The blots were
probed with antibodies against Akt, Erk, and their phosphorylated forms. (D) The ratio (mean + SEM; n = 3—4)
of phosphorylated Erk or Akt to total Erk or Akt was quantified by densitometry. *P < 0.05, **P < 0.01.

receptors, including GABA, (21) and TrkA (22) receptors. Given
that Hap1 interacts with a variety of proteins in various subcellular
regions, further studies will be required to determine whether Ahil
can regulate the association of Hap1 with other proteins. Also, it
would be interesting to examine whether coprecipitated proteins
with Ahil are diminished or vanish in HapI1-KO mouse brain.
The colocalization of Hap1l and Ahil in cytoplasmic puncta
also suggests that these 2 proteins form a stable complex in cells.
Although the function of this structure remains unknown, it is
identical to that of the previously identified stigmoid bodies,
which are cytoplasmic structures seen in neurons in the hypo-
thalamus, thalamus, amygdala, septum, hippocampus, and brain-
stem (36). Our findings reveal the possibility that these normal
cytoplasmic puncta in neurons may be important for the assembly
of the Hap1-Ahil complex, since eliminating Hap1 prevents the
appearance of Ahil-immunoreactive puncta. It is possible that
the Hap1-Ahil complex stabilizes both proteins or prevents their
degradation to maintain their normal levels and function. Accord-
ingly, loss of one of the proteins reduces the stability of its partner
and subsequently affects the function of this protein complex. In
addition, truncated Ahil can likely induce a toxic gain of function,
as overexpression of truncated Ahil could suppress neurite exten-
2792
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Although HapI-null mice often
die at P3, some of these mice
can survive until P15. In those
rare surviving mice, ataxia and
movement imbalances were
observed (data not shown),
also suggesting that a lack of
Hap1 can affect cerebellar func-
tion. However, the expression
of Hapl and Ahil is not wide-
spread in the cerebellum, but
rather restricted to the cerebel-
lar nuclei and Purkinje cells. The
structural relationships of 4 deep cerebellar nuclei (the dentate,
emboliform, globose, and fastigial) are generally maintained in the
neuronal connections between the nuclei and associated cerebellar
cortex (39). For example, in late embryogenesis, climbing fibers
from the inferior olivary nucleus, which are innervated by deep cet-
ebellar neurons, start to innervate Purkinje cells that control the
proliferation of granule neurons via the release of diffusible factors
(37-40). Decreasing the expression of Hap1 and Ahil could affect
the function of these output neurons and impair the cerebellar
network or the input that is required for maturation and forma-
tion of the cerebellar structure. It should be noted as well that the
ventricular zone produces Purkinje cells, which are also important
for cerebellar development. Loss of Hap1 and Ahil could affect the
function of these neurons and therefore could affect neurogenesis
in the cerebellum.

Hapl and Ahil are expressed in various brain regions. In fact,
Hapl1 is more abundant in the hypothalamus, and HapI-null mice
show degeneration of hypothalamic neurons and a feeding defect
(19, 32). Although Ahil and Hap1 form a stable protein complex
in many brain regions, their distribution could be different in some
cells, where they may interact with unique partners and mediate
different functions. For example, Ahi1 is found in blood cells (13),
Volume 118
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whereas Hap1 is seen in endocrine cells (41). It is possible that the
mutations of Ahil in JS cause a partial loss of Hap1 function, which
leads to a more selective defect in the cerebellum and brainstem
than the severe effect caused by complete depletion of Hap1.

The function of Abil and the pathogenesis of JS. Mouse Abil was ini-
tially found to be involved in oncongenic leukemia, as Abelson
murine leukemia virus-induced pre-B lymphomas harbor a pro-
virus inserted within the Ahil locus (12, 13). Consistently, tumor
cells harboring insertional mutations in AhiI show truncated Ahil/
viral fused transcripts (13). Germline mutations in AHII could
cause abnormalities in early brain development, whereas somatic
mutations of AHII due to viral insertions lead to oncogenic events
in hematopoietic cells. AHI1 contains an SH3 domain and WD40
regions, which are found in many proteins that participate in cell
signaling and intracellular trafficking. The abnormal decussation
seen in JS reflects defective axonal crossing due to abnormal axo-
nal guidance or neuronal differentiation. The finding that Ahil
binds to Hap1, which is involved in intracellular trafficking and
Trk receptor internalization, fits with the idea that Ahil deficiency
in neurons can affect neuronal interaction and networks.

Hap1 is known to be transported in axons and is important for
neurite outgrowth (22, 23, 26). There is mounting evidence that
Hapl is also involved in the internalization of membrane recep-
tors. For example, Hap1 stabilizes the level of internalized recep-
tors, such as EGF (20), GABA, (21), and TrkA (22) receptors. Hap1
may interact with microtubule-dependent transporters to partici-
pate in the internalization, trafficking, and recycling of various
membrane receptors, and its function probably depends on the
levels of its partners in a given type of neuron. TrkB has a struc-
ture similar to that of TrkA but is more abundant in the cerebel-
lum and brainstem, whereas TrkA is more restricted to sensory
and sympathetic neurons (28, 29). Activation of TrkB by BDNF
leads to the internalization of TrkB receptors, which brings acti-
vated TrkB receptors to the nucleus to trigger gene transcription
and to membrane compartments to mediate signaling cascades
(42). BDNF is an important modulator of synaptic plasticity, and
TrkB receptor signaling is required for establishment of GABAer-
gic synapses in the cerebellum (43). Mice lacking TrkB die postna-
tally, due to depressed feeding behavior (44), a defect that is also
seen in Hapl-null mice (18, 19). Although the brains of mutant
mice deficient in a single Trk receptor species do not show signs
of major cell loss, loss of TrkB and TrkC receptors can reduce the
number of postnatal cerebellar granule cells and causes poor dif-
ferentiation of cerebellar Purkinje cells (45). All of these previous
findings suggest that TrkB is important for the maturation of
neurons in the cerebellum.

Our studies revealed that a lack of Hap1 or suppression of its
levels could decrease the level of TrkB. Since Hap1 has been found
to prevent internalized receptors from moving to lysosomes for
degradation (20, 21), Hap1 deficiency is likely to cause more degra-
dation of internalized TrkB receptors and therefore impairment of
BDNF/TrkB receptor-mediated signaling. Because JS is an autoso-
mal recessive disorder, it would be interesting to examine whether
loss of normal Ahil can also affect TrkB/BDNF signaling.

The potential significance of our findings is multifold. First,
these studies suggest that BDNF-TrkB deficiency contributes to
the pathogenesis of JS. Accordingly, the disease might be treated
by addressing this deficiency. Second, our studies provide insight
into cerebellar development. Since Hap1 and Ahil are selectively
localized in distinct cerebellar nuclei, they can serve as markers for
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studying how these nuclei associate with other types of cerebel-
lar neurons during the establishment of the cerebellar network.
Third, it is hoped that the findings will help in the investigation
of the normal Ahil function. We have provided evidence that Ahil
and Hapl1 interact tightly and that their interaction is necessary
for maintaining their cellular levels. AHII seems to be involved not
only in early brain development but also in the development of
specific human leukemias and lymphomas (12, 13, 46). The gene
has also recently been reported as a candidate associated with
susceptibility to schizophrenia (47, 48). Identification of its asso-
ciation with Hap1 will help elucidate its function in neurons and
other types of cells.

Methods
Antibodies. Antibodies against Hap1 were generated in our previous studies
(16, 22). GST fusion proteins containing N-terminal aa 83-174 of mouse
Ahil were used as antigens for Covance to generate rabbit antibodies
against Ahil. The antiserum was affinity purified by incubation with a
nitrocellulose strip containing transferred GST-Ahil. Antibodies bound
to the strip were then eluted with 0.2 mM Tris-glycine, pH 2.8, and neutral-
ized by 1 M Tris-HCI, pH 8. Characterization of Ahil antibodies involved
the use of mouse brain tissues and transfected Ahil in HEK293 cells. Other
antibodies used in the study were obtained from commercial sources as fol-
lows: rabbit anti-neurofilament (Chemicon; Millipore); mouse anti-tubu-
lin (Sigma-Aldrich); rabbit anti-NeuN (Chemicon; Millipore); mouse anti-
TrkB (BD Biosciences); rabbit anti-calbindin (Sigma Aldrich), -Akt, -p-Ake,
-p-Erk (Cell Signaling Technology), and -Erk (Santa Cruz Biotechnology
Inc.); and mouse anti-biotin (Sigma-Aldrich).

Immunoprecipitation. Hap1-KO mice were generated in our previous study
(19). All animal procedures were approved by the Institutional Animal Care
and Use Committee of Emory University. Whole-brain extracts from 8 WT
or Hap1-KO mouse pups at P1-P2 were combined and homogenized in
HEPES buffer (20 mM HEPES, pH. 7.2, 1 mM DTT, 5 mM EDTA, and
100 ug/ml PMSF) containing protease inhibitor cocktail (Sigma-Aldrich).
Homogenates were centrifuged at 160,000 g for 15 minutes, and superna-
tants were used for immunoprecipitation. Samples were adjusted to 2 ml
at 1.5 ug protein/ul and preabsorbed by protein A agarose beads (100 ul;
1406-5G; Sigma-Aldrich) for 2 hours at 4°C with gentle rocking. Superna-
tants were collected and then incubated with 60 ul of rabbit anti-Hap1 with
gentle rocking overnight at 4°C to isolate the Hap1 protein complex. Next,
80 ul of protein A beads were added for additional incubation at 4°C for
2 hours. Samples were spun in a tabletop microcentrifuge for 10-15 sec-
onds. Beads were extensively washed with lysis buffer containing Triton
X-100 (1% final) and NaCl (0.6 M final) and eluted with SDS sample buf-
fer. The immunoprecipitated proteins were resolved by 8% SDS-PAGE
and stained with Coomassie blue. Gel slices containing the protein
of interest were excised and subjected to liquid chromatography-tan-
dem mass spectrometry (LC-MS/MS) to reveal the identity of proteins.
Immunoprecipitation of mouse brain lysates for 20 minutes was also per-
formed to verify the results of the immunoisolation.

DNA constructs for expression of Abil and Hapl. cDNA plasmids encoding
full-length mouse Ahil (aa 1-1,047) were generated in a previous study
(13). We used PCR to generate truncated mouse Ahil (aa 1-284). These
Ahil cDNAs were transferred to the PRK vector that links the influenza
hemagglutinin (HA) epitope to the expressed Ahil. PRK vectors containing
Hap1A, Hap1B, or their GFP fusion proteins were generated in our previous
studies (26). The cDNA constructs were transfected into human HEK293,
rat PC12, and mouse N2A cells using Lipofectamine (Invitrogen).

GST fusion proteins containing full-length or aa 277-445 of rat Hap1 or
full-length mouse Ahil were produced in bacterial strain BL21 (Amersham
Volume 118~ Number 8
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Biosciences) and purified with glutathione-agarose beads (Sigma-Aldrich)
(16). For preabsorption assays to determine antibody specificity, rabbit
anti-Ahil that had been incubated with GST-Ahil for 3 hours was used
for Western blot analysis of mouse brain extract. HEK293 cells express-
ing transfected Ahil were collected in buffer containing 1% Nonidet-P40,
10 mM HEPES, 150 mM NaCl, pH 7.4, and protease inhibitor mixture and
sonicated for 30 seconds. Cell lysates were incubated with GST-Hapl for
the pull-down experiment using a previously described method (26).

Microscopy. Immunofluorescence staining of mouse brain sections was
described in our previous study (22). Light micrographs were taken using
a Zeiss microscope (Axiovert 200 MOT) equipped with a digital camera
(ORCA-100; Hamamatsu) and the image acquisition software OpenLAB
(Improvision). A x20 (LD-Achroplan x20/0.4 NA) or x63 lens (x63/0.75
NA) was used for light microscopy. Confocal imaging was performed using
the x63/1.4 NA oil immersion objective lens (Plan-Apochromat) and a
Zeiss LSM 510 confocal microscope system (Zeiss). Enhanced GFP was
imaged using 488-nm excitation and a 500- to 530-nm band-pass filter,
and red fluorescent protein was imaged using 543-nm excitation and a
565- to 615-nm band-pass filter. The figures were created using Photoshop
7.0 software (Adobe).

Neuronal cell culture. For culturing rat brainstem cells, we isolated cells
from the brainstem of embryonic rats at E17-E18. For culturing brain-
stem cells from Hap1-KO mice, we isolated them from mouse brains at P1
using a previously described method (49). Cerebellar neurons were isolated
from mice at P3-P5. These neurons were cultured in the medium of Neu-
robasal A containing B27. After 4-5 days, the cells were treated with BDNF
or adenoviral siRNA. Adenoviral siRNA for Ahil was generated by Welgen
using the siRNA sequence 1762-GCCACCTCAATATCATTTA-1780 under
the control of the U6 promoter in a vector that also independently expresses
GFP by the CMV promoter. Adenoviral siRNA for Hap1 was generated
using the same vector and was described previously (32). Control virus that
expresses GFP alone served as a control. The viral titer was determined by
measuring the number of infected HEK293 cells expressing GFP.

Biotinylation of BDNF assay. Biotinylation of membrane and internalized
proteins was performed using a previously described method (22). Cul-
tured brainstem cells were incubated with NHS-SS-biotin (1.0 mg/ml in
PBS-Ca-Mg) for 30 minutes at 4°C. Unbound BDNF-biotin was washed

—

off with culture medium. Internalization was initiated by incubating the
cultures with warm media (37°C) for 30 minutes at 37°C. The cultures
were then washed with ice-cold acid for 20 minutes to remove the surface-
bound BDNF, fixed in 4% paraformaldehyde in PBS, and permeabilized
with 0.2% Triton X-100. The internalized BDNF-biotin was visualized by
anti-biotin antibody (1:10,000) and immunofluorescence staining.

To measure internalized membrane TrkB via Western blotting, serum-
starved brainstem neurons were subjected to biotinylation as described
above. To prevent lysosomal degradation of internalized TrkB, cells were
treated with 100 pg/ml of the lysosomal protease inhibitor leupeptin for 30
minutes before biotinylation. The biotin remaining at the cell surface was
removed with cleaving buffer (50 mM glutathione, 75 mm NaCl, 10 mM
EDTA, 1% BSA, and 0.075N NaOH) before precipitation. The membrane
and cytosolic fractions were prepared and lysed with immunoprecipitation
assay buffer (50 mm Tris-HCI, pH 8.0, 150 mM NaCl, 1 mm EDTA, 1 mM
EGTA, 0.1% SDS, 0.5% deoxycholate, and 1% Triton X-100). Biotinyl-
ated proteins were precipitated by 40 ul (1:1 slurry) of UltraLink Neu-
trAvidin beads (Pierce), resuspended in 80 ul of SDS-PAGE sample buf-
fer, and analyzed by Western blotting with anti-TrkB. Supernatant after
immunoprecipitation was also probed with different antibodies.

Statistics. All values are expressed as mean + SEM. Statistical significance
was assessed by the use of 2-tailed Student’s  test, and a P value of less than
0.05 was considered significant.
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