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Abstract

When BDNF binds to its receptors, TrkB and p75NTR, the BDNF-receptor complex is endocytosed
and trafficked to the cell body for downstream signal transduction, which plays a critical role in
neuronal functions. Huntingtin-associated protein 1 (HAP1) is involved in trafficking of vesicles
intracellularly and also interacts with several membrane proteins including TrkB. Although it has
been known that HAP1 has functions in vesicular trafficking and receptor stabilisation, it is not yet
established whether HAP1 has a role in BDNF and its receptor endocytosis. In the present study,
we found that HAP1 is in an interacting complex with p75NTR, TrkB and BDNF, especially newly
endocytosed BDNF. BDNF and TrkB internalisation is abolished in HAP1 knock-out (KO)
cortical neurons. TrkB downstream signalling pathways such as ERK, Akt and PLCy-1 are also
impaired in HAP1 KO cortical neurons upon BDNF stimulation. Proliferation of cerebellar
granule cells is also impaired in cell culture and cerebellum of HAP1 KO mice. Our findings
suggest that HAP1 may play a key role in BDNF and its receptor endocytosis and may promote
neuronal survival and proliferation.
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Introduction

Brain-derived neurotrophic factor (BDNF) is a member of neurotrophin growth factors
which have pivotal roles in neuronal development and maintaining the nervous system
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functions in adult [1-3]. BDNF is initially synthesised as a precursor protein which is called
pre-proBDNF, and further processing of the prodomain intracellularly or extracellularly
produces mature BDNF (which will be called BDNF, 13 kDa) [4-7]. Recent evidence has
shown that proBDNF signalling causes neuronal apoptosis and long-term depression while
BDNF signalling has a critical function in neuronal survival and long-term potentiation [6,
8-10], suggesting that proBDNF and BDNF have opposite functions.

BDNF binds to tyrosine kinase B (TrkB) receptor with high affinity and to p75NTR, a pan
receptor, with low affinity [11]. When neurotrophins including BDNF bind to receptors at
axonal terminals, the ligand-receptor complex is endocytosed and transported retrogradely
along the axon to the cell body, which results in the initiation of signalling cascades locally
[12]. It has been shown that the endocytosis of BDNF/TrkB complex is clathrin dependent
and is essential for outgrowth of dendrites and neuronal survival [13].

Huntingtin-associated protein 1 (HAP1) is the first identified protein that interacts with
huntingtin (Htt) protein which causes Huntington disease (HD) when mutated [14]. HAP1
KO mice often do not survive long after birth and die before the third day after birth owing
to hypothalamic neuronal degeneration, resulting in feeding behaviour inhibition [15]. There
have been two HAP1 isoforms reported, HAP1A and HAP1B, in rodents [16, 17], and there
is only one human HAP1 isoform which shows 96% identity to the rat HAP1A [17].

HAPL1 is involved in retrograde and anterograde vesicular trafficking intracellularly by
interacting with P150¢!ued [18, 19] and kinesin light chain [20], respectively. HAP1 also
interacts with other proteins which are involved in vesicular transport including Duo [21],
hepatocyte growth factor-regulated tyrosine kinase substrate [22], 14-3-3 protein [23] and
Abelson helper integration site 1 [24]. Our previous studies have shown that HAP1 directly
interacts with the prodomain of proBDNF and sortilin to prevent its lysosomal degradation
and regulates the anterograde transport and release of proBDNF [25, 26].

HAP1 also interacts with several membrane receptor proteins including epidermal growth
factor receptor, -y-amino butyric acid type A receptor, androgen receptor and tyrosine
receptor kinase A (TrkA) and TrkB and plays a role in facilitating recycling of these
receptors to the plasma membrane or stabilising them to prevent lysosomal degradation [22,
27-32]. Sheng et al. [24] demonstrated that TrkB internalisation is reduced in cultured
brainstem neurons when HAP1 expression is suppressed by HAP1 siRNA in the presence of
the BDNF and BDNF internalisation is reduced in the cultured brain stem cells of HAP1 KO
mice [24]. However, in the study, TrkB expression level in the brainstem of HAP1 KO mice
was also significantly lower than in WT mice; therefore, the reduced BDNF internalisation
could be owing to reduced TrkB level. Recently, it has been also shown that HAP1 is
associated with TrkB to protect TrkB from lysosomal degradation [32]. Although HAP1 is
involved in signalling endosome trafficking and a few reports have demonstrated HAP1’s
association with internalisation of BDNF and TrkB, it is still uncertain whether HAP1
regulates BDNF and its receptors’ endocytosis directly.

In the present study, we have investigated whether HAP1 regulates endocytosis and
signalling of BDNF and its receptors, TrkB and p75NTR, using cell lines (PC12 and
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HEK?293T) and cortical neurons from HAP1 KO mice [15]. We have found that endocytosed
BDNF and HAP1 highly co-localise and BDNF endocytosis is blocked by antibodies to
BDNF and p75NTR. Also, TrkB and p75NTR interact with HAP1, and these interactions are
increased by BDNF stimulation. In cultured HAP1 KO cortical neurons, TrkB internalisation
and downstream signalling are abolished. Moreover, the loss of HAP1 showed proliferation
defect of cerebellar granule cells in response to BDNF both in vitro and in vivo.

Endocytosed BDNF Highly Co-localises with HAP1

As HAP1 co-localises with proBDNF and regulates its anterograde transport and release
[25], we examined whether HAP1 co-localises with BDNF and p75NTR in neuron-like PC12
cells; we could not investigate HAP1 co-localisation with TrkB in these cells, because PC12
cells do not express TrkB [33-35]. We co-transfected these cells with the two plasmids,
HAP1A-GFP and BDNF-RFP, and found that HAP1A-GFP and BDNF-RFP co-localise
(34%) in PC12 cells after co-transfection (Fig. 1a(a), b). This result indicates that HAP1
may have a relationship with BDNF. However, as transfected BDNF-RFP can be released
and then endocytosed, it is not clear whether HAP1 co-localises with newly endocytosed
BDNF or intracellular BDNF. To examine this issue, we incubated transfected cells with
antibody to BDNF to neutralise secreted BDNF-RFP and found that co-localisation
significantly decreased (to 13%, p < 0.01) (Fig. 1a(b), b). This result indicates that HAP1
co-localises with a large proportion of endocytosed BDNF rather than intracellular BDNF
within the transfected cells. To confirm whether endocytosed BDNF highly co-localises with
HAP1, PC12 cells were transfected with HAP1A-GFP only, and the cell culture medium
containing RFP-BDNF was added exogenously (BDNF-exo) in the absence or presence of
antibodies to BDNF or p75NTR extracellular domain [11]. While the newly endocytosed
BDNF-RFP showed high co-localisation (90%, p < 0.001) with HAP1A-GFP (Fig. 1a(c), b),
the co-localisation of BDNF-RFP with HAP1A-GFP was dramatically decreased (to 10%, p
< 0.001) in the presence of antibody to BDNF (Fig. 1a(d), b) or p75NTR (Fig. 1a(e), b).
These results demonstrate that HAP1 is clearly associated with endocytosed BDNF but not
with the intracellular BDNF which is synthesised within the cells, suggesting that HAP1
may be associated with BDNF endocytosis.

As HAP1 is associated with TrkA [29] and TrkB [32], we next investigated whether p75NTR
co-localises with HAP1 and endocytosed BDNF. PC12 cells were treated with or without
BDNF-biotin (BDNF-B), and HAP1, p75NTR and BDNF-B were immunostained for co-
localisation analysis. Whereas only a small fraction (less than 20%) of HAP1 (green) co-
localises with p75NTR (red) in PC12 cells (Fig. 1c(d-f, j), d) in the absence of BDNF-B,
BDNF-B induced over 90% of co-localisation (Fig. 1c(a—c, g), d; p < 0.001 vs without
BDNF-B). Furthermore, internalised BNDF-B (blue) (Fig. 1c(h)) also co-localises with the
HAP1/p75NTR vesicles (Fig. 1c(i)). The co-localisation of p75NTR/BDNF-B and HAP1/
BDNF-B was 81% (p < 0.001) and 91% (p < 0.001), respectively. This result shows that
BDNF stimulation induces the recruitment of HAP1 molecule to the complexes of p75NTR/
BDNF.
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BDNF Stimulates the Interactions of HAP1/TrkB and HAP1/p75NTR

As TrkB is the receptor for BDNF [11], we performed two different experiments, FRET and
Co-IP, to confirm that HAP1 interacts with TrkB and p75NTR using HEK293T cells. The
result from the FRETexperiment revealed that HAP1A highly interacts with TrkB (p <
0.001) compared to negative control (pEYFP/p75NTR-CFP) and that BDNF significantly
increased the HAP1A/TrkB interaction (p < 0.001) at 100 ng/ml (Fig. 2a). Compared to
negative control, there was a FRET signal between HAP1A and p75NTR (p < 0.001), and
BDNF also triggered significant increase in the FRET signals between HAP1A and p75NTR
in a dose-dependent manner up to 100 ng/ml (50 ng/ml, p< 0.01; 100 ng/ml, p < 0.001)
compared to control (0 ng/ml) (Fig. 2b). These data indicate that HAP1 interacts with both
BDNF receptors TrkB and p75NTR and TrkB, and BDNF can increase such interactions. Co-
IP was employed to confirm the interaction of HAP1A/TrkB and HAP1A/p75NTR, The
result confirmed the interaction between BDNDF and TrkB, and addition of exogenous
BDNF increased their interaction significantly by 2-fold (p < 0.001) (Fig. 2c, €). Similarly,
BDNF stimulation also increased the interaction of BDNF and p75NTR significantly by 3.5-
fold (p < 0.001) (Fig. 2d, f). Given that HAP1 appears to co-localise with p75NTR when
TrkB is not expressed in PC12 cells, TrkB and p75NTR may be in separate complexes with
HAP1 recruited in response to BDNF stimulation.

HAPL1 Is Required for the Endocytosis of BDNF

As BDNF endocytosis was reduced significantly in cultured brainstem cells of HAP1 KO
[24], we therefore tested whether BDNF endocytosis could be impaired in cortical neurons
of HAP1 KO mice. Cultured cortical neurons from HAP1 WT, HET or KO were treated with
BDNF-B for 30 min, and the cells were then immunostained to determine endocytosed
BDNF-B. We found that BDNF-B was internalised in cortical neurons from HAP1 WT and
HET mice but not KO mice (o< 0.001) (Fig. 3a, b). We then transfected HAP1 KO neurons
with HAP1A-CFP plasmid to examine whether the HAP1A cDNA could rescue the
impaired endocytosis. Interestingly, the transfection of HAP1 KO neurons with HAP1A
plasmid rescued the internalisation of BDNF-B (p < 0.001) (Fig. 3a, bottom panel, b). To
support this finding, endocytosed BDNF-B was pulled down by streptavidin-agarose beads
in cortical neuron lysate of HAP1 WT or KO mice after BDNF-B treatment. We found that
BDNF-B was detected in only WT neuronal lysate but not in KO (Fig. 3c) neurons. Taken
together, these findings propose that HAP1 has a critical role in BDNF endocytosis in
cortical neurons.

HAP1 Is Required for Endocytosis of TrkB but Not p75NTR in Mouse Cortical Neurons

Previous studies showed that TrkB internalisation is reduced in neurons from the brain stem
in which HAP1 expression is suppressed [24]. Our data from the current study suggest that
HAP1 may be also involved in the endocytosis of BDNF receptors TrkB and p75NTR. To test
the hypothesis, we determined the neuronal surface level of TrkB and p75NTR after BDNF
treatment by surface biotinylation. To do this, cultured cortical neurons from WTand HAP1
KO mice were incubated with or without BDNF-containing culture medium, followed by
cell surface biotinylation. We found that the surface TrkB-FL (140 kDa) level was
significantly reduced (by 47%, p < 0.01 vs control) in WT neurons upon BDNF stimulation
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but not in HAP1 KO neurons (Fig. 4a, b). As TrkB-T1 (95 kDa) has been found to bind to
BDNF and get endocytosed together with BDNF [36] and to inhibit BDNF signalling in
Xenopus oocytes [37], we also examined the surface TrkB-T1 levels on BDNF stimulation.
The result showed that surface TrkB-T1 levels were not changed in HAP1 WT or KO on
BDNF stimulation (Fig. 4a, c). Surprisingly, no reduction of surface p75NTR level was found
on BDNF stimulation of HAP1 WT or KO cortical neurons (Fig. 4a, d). Through these
results, we suggest that HAP1 may play a critical role in BDNF endocytosis by regulating
TrkB endocytosis but not p75NTR in cortical neurons.

TrkB Expression Is Not Reduced in Cortex of HAP1 KO Mice

It has been reported that TrkB protein expression level is reduced in cerebellum,
hypothalamus and brainstem in HAP1 KO neonates [24, 32]. To investigate whether the
impaired TrkB internalisation in HAP1 KO cortical neurons could be owing to the reduced
TrkB expression level itself, the mRNA and protein levels of TrkB were examined in cortex
and brainstem tissue of neonates (P 0) of HAP1 WT and KO, respectively. We have found
that the TrkB mRNA level was reduced significantly in brainstem (p < 0.05) but not in the
cortex of HAP1 KO compared to WT (Fig. 5a, c). Similarly, the protein level of TrkB was
also reduced in the brainstem (p < 0.05) but not in the cortex of HAP1 KO compared to WT
(Fig. 5h, d). These results confirm that impaired TrkB internalisation is caused by absence of
HAP1 rather than decreased levels of TrkB, because HAP1 gene deletion does not affect
TrkB mRNA and protein level in the cortex. However, HAP1 gene deletion reduced TrkB
mRNA and protein levels in the brainstem, suggesting that HAP1 gene loss may affect the
transcription level of TrkB in the brainstem.

HAP1 Is Required for BDNF-Induced Downstream Signalling

TrkB activation by BDNF triggers the downstream signalling including phosphorylation of
ERK, Akt and PLCy-1 [11]. The abolished endocytosis of BDNF and TrkB in cortical
neurons from HAP1 KO mice led us to hypothesise that its downstream signal transduction
pathways may also be affected. To test the hypothesis, we compared the phosphorylated
ERK (pERK), Akt (pAkt) and PLC-y-1 (pPLCvy-1) under BDNF treatment between WT and
HAP1 KO cortical neurons by Western blotting. We have demonstrated that the levels of
PERK (p < 0.01), pAkt (p< 0.001) and pPLCy-1 (p< 0.05) after BDNF treatment for 15
min in HAP1 WT neurons were significantly increased compared to WT control (0 ng/ml
BDNF) neurons (Fig. 6a—d). However, there was no increase of phosphorylation on ERK,
Akt and PLC+y-1 in HAP1 KO cortical neurons in response to BDNF treatment (Fig. 6a—d).
These results suggest that HAP1 is required for the signal transduction of BDNF.

Proliferation of Cerebellar Granule Cells Is Impaired in HAP1 KO Mice In Vitro and In Vivo

As BDNF plays a critical role in cellular proliferation of cerebellar granule cells, we
hypothesised that neuronal proliferation in response to BDNF could be impaired in HAP1
KO mice. To test this, we observed the proliferation of cerebellar granule cells in vitro and
in vivo by BrdU incorporation experiment. As BrdU is an analogue of thymidine, during the
‘S’ phase of the cell cycle, it can be incorporated into DNA instead of thymidine and can
serve a proliferation marker. The in vitro experiment showed that the number of BrdU-
positive cells increased 1.5 times relative to control upon BDNF treatment (at 10 and 100
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ng/ml) in WT (p < 0.05 vs control) cells while there was no increased number of BrdU-
positive cells in HAP1 KO cells. There was a significant difference in BDNF-treated
cerebellar granule cells between WT and HAP1 KO granule cells (p< 0.01 and p< 0.001 vs
KO) (Fig. 7a, b). The result of the in vivo experiment was similar to the in vitro experiment.
The BrdU-positive cells (%) in BDNF-injected WT mice were increased (more than 2-fold)
in comparison to PBS-injected (v < 0.01) or BDNF-injected KO (p < 0.001) granular cells
(Fig. 7c, d). However, there was no difference in BrdU-positive cells (%) between PBS and
BDNF-injected KO mice (Fig. 7c, d). Therefore, our results suggest that loss of HapZ may
cause defects in neuronal proliferation owing to lacking of BDNF/TrkB signalling.

Discussion

In the present study, we found that HAP1 is co-localised with internalised mature BDNF but
not mature BDNF synthesised within neurons. In addition, we also found that HAP1 is co-
localised with BDNF receptors p75NTR and TrkB and the co-localisation is increased in
response to BDNF stimulation in PC12 cells and neurons. In co-transfected cells, we found
that HAP1 interacts with p75NTR or TrkB, respectively, as detected by co-IP and FRET
analysis, and the interactions were dramatically increased in response to BDNF.
Furthermore, we found that HAP1 is required for the endocytosis of BDNF and its receptors
p75NTR and TrkB as the internalisation of these factors were abolished in HAP1 KO
neurons. Our results also indicate that HAP1 appears essential for the activation and
phosphorylation of Akt, ERK and PLC-y-1 in cortical neurons in response to BDNF. Lastly,
we found that HAP1 is also required for proliferation of cerebellar granule cells in response
to BDNF stimulation in vitro and in vivo. Based on these data, we conclude that HAP1 is an
essential molecule for the endocytosis and signal transduction of BDNF/TrkB in neurons.

HAP1 Interacts with TrkB and p75NTR and This Interaction Is Stimulated by BDNF

We have found that exogenously added BDNF showed much higher co-localisation with
HAP1A than intracellularly expressed BDNF pool in PC12 cells. Moreover, adding
antibodies to BDNF and p75NTR with exogenous BDNF treatment reduced the co-
localisation of HAP1A with BDNF. Immunostaining of endogenous HAP1 and p75NTR also
showed that co-localisation between HAP1 and p75NTR increased by exogenous BDNF
addition. These findings suggest that HAP1 may have different roles for endocytosed and
intracellular BDNF. It should be noted that PC12 cells express p75NTR but not TrkB [34,
35]. Therefore, p75NTR could be the only receptor for BDNF endocytosis in PC12 cells.

Our Co-IP and FRET experiments in HEK293T cells demonstrated that the interaction of
HAP1A/TrkB and HAP1A/p75NTR increased upon BDNF treatment. This result is
consistent with recent findings that TrkB is in a complex with HAP1 [32]. Taken together,
our data suggest that HAP1 interacts with TrkB and p75NTR and the interaction can be
stimulated by BDNF.

The Role of HAP1 in Endocytosis of BDNF and Its Receptors

We have found that endocytosis of BDNF was abolished in HAP1 KO cortical neurons and
the defect was rescued by HAP1A gene delivery into HAP1 KO cortical neurons. This result
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was also confirmed by pull-down assay of internalised biotinylated BDNF. Our results
clearly demonstrate that HAP1 is essential for BDNF endocytosis. Our finding is partially
consistent with a previous study which showed that the endocytosis of biotinylated BDNF
was reduced in the brainstem neurons from HAP1 KO mice [24]. A few studies have shown
that TrkB protein levels are significantly lower in hypothalamus [32], cerebellum and
brainstem tissue [24] in HAP1 KO mice than in WT mice. RT-PCR and Western blot of
TrkB in the cortex and brainstem tissue in WT and HAP1 KO confirmed that the
internalisation impairment of BDNF in HAP1 KO resulted from absence of HAP1 but not
from the TrkB expression level reduction.

We have found that BDNF treatment of WT cortical neurons significantly reduced cell
surface TrkB but had no effect on cell surface TrkB in HAP1 KO cortical neurons. However,
BDNF stimulation did not trigger endocytosis of truncated TrkB (TrkB-T1), which is
consistent with a previous report [13]. It has been reported that TrkB-T1 is able to bind and
become endocytosed with BDNF [36] by possibly forming a dimer with full-length TrkB,
which suggests that TrkB-T1 endocytosis may be controlled by different neuronal activity
[37-39]. Moreover, it has been demonstrated that TrkB-T1 internalisation begins slowly
after BDNF triggering and the internalisation is most active at 90 min [40]. It is possible that
our study missed the optimal time for detection of TrkB-T1 in cortical neurons during
BDNF stimulation time. Moreover, it could be worthwhile examining the binding sites
between HAP1-TrkB and HAP1-TrkB-T1. If TrkB-T1 does not have a binding domain with
HAP1 while TrkB does, it could explain why TrkB-T1 was not endocytosed on BDNF
stimulation. Interestingly, in contrast to TrkB, we failed to detect any difference in the cell
surface p75NTR between WT and HAP1 KO cortical neurons in response to BDNF. One
reason for this discrepancy could be due to the low level of p75NTR expression in cortical
neurons [41-43].

The Role of HAP1 in TrkB Signalling and Neuronal Proliferation

Another significant finding of the present study is that HAP1 is required for the signal
transduction through TrkB in response to BDNF. This study found that the phosphorylation
of ERK, Akt and PLCvy-1 was increased in response to BDNF in WT cortical neurons but
not in HAP1 KO neurons. It is widely accepted that BDNF/TrkB complex is critical for
neuronal survival, growth and proliferation [44-48]. Therefore, our data strongly indicate
that HAP1 is a critical molecule involved in the signal transduction of BDNF/TrkB. When
neurotrophins including BDNF bind to their receptors, the ligand-receptor complex is
endocytosed and transported retrogradely along the axon to the cell body, which results in
the initiation of signalling cascades locally [12]. This signalling model is called the
signalling endosome model [33, 49, 50].

As the endocytosis of BDNF and its receptors requires HAP1 and is apparently regulated by
HAP1, we propose that HAP1 is a key molecule regulating trafficking and signal
transduction of signalling endosomes containing BDNF. Our results also indirectly suggest
that the endocytosis of neurotrophins and their receptors is an essential step for neurotrophin
signalling and consistent with the signalling endosome hypothesis [33, 51, 52]. Although our
findings do not exclude the possible alternative retrograde signalling mechanisms, the
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findings that abolishing BDNF endocytosis by HAP1 deletion diminishes TrkB downstream
signalling indicate that the BDNF/TrkB signalling endosome is a main mode of signal
transduction for BDNF.

We have also found that proliferation of cerebellar granule cells with BDNF treatment was
impaired in HAP1 KO mice while BDNF treatment triggered the increase in proliferation of
cerebellar granule cells both in vitro and in vivo. This result suggests that HAP1 is an
essential intracellular molecule regulating the signal transduction of BDNF in the
development of the nervous system. Our data support previous findings that the phenotype
of HAP1 KO mice shares many features of BDNF KO such as postnatal lethality, and
abnormal energy metabolism [15, 53, 54] as the neurotrophic function of BDNF could be
defected in HAP1 KO mice. However, the finding that HAP1 is required for BDNF-induced
proliferation of granule cells is in contrast to that of the recent study showing that the BDNF
can rescue the deficit of progenitor cell proliferation in the hypothalamus in conditional
HAP1 KO mice [32]. This discrepancy may be related to regions of the brain. In the present
study, we have used new born mice as a model and focussed on cerebellar granule cells.

In addition, the findings that HAPL1 is required for the endocytosis and signal transduction of
BDNF and TrkB support the concept that the biological functions of BDNF require HAP1.
Retrolinkin binds endophilin A1, and those proteins are involved in early endocytic
trafficking of BDNF/TrkB [55]. The authors showed that suppressed Retrolinkin expression
prevents TrkB internalisation under BDNF stimulation and activation of ERK, resulting in
reduced dendrite growth of CNS neurons. It has been also reported that inhibition of
clathrin-mediated endocytosis interferes with BDNF/TrkB internalisation and dendrites
outgrowth and survival of cortical neurons through Akt activation [13]. BDNF also plays a
role in cellular proliferation through Akt activation [56]. Moreover, HAP1 plays a role in
retro- and anterograde trafficking to transport vesicles [20, 23, 57]. Taken together, it may be
reasonable to conclude that HAP1 gene deletion impairs BDNF/TrkB internalisation and
further endosomal trafficking intracellularly to the cell body to facilitate TrkB downstream
signal cascade, leading to abolished neuronal proliferation.

As BDNF/TrkB endocytosis is critical for its neurotrophic function, our study warrants
further investigation into roles of HAP1 in neurodegenerative disorders such as Huntington’s
disease and Alzheimer’s disease and endocytosis of other growth factors.

Materials and Methods

Animals

All procedures involving animals were approved by the Animal Ethic Committee of SA
Pathology (Adelaide, Australia) and the Animal Welfare Committee of Flinders University
(Adelaide, Australia). All the procedures were undertaken according to the guidelines of the
National Health and Medical Research Council of Australia. All animals were maintained
under 12-h light/dark cycle and free access to food and water. HAP1 KO mice were
generated as described previously [15]. HAP1 KO, HET (heterozygous for the HAP1 knock-
out allele) or WT neonatal mice were bred from transgenic breeding pairs heterozygous for
the HAP1 knock-out allele (C57/Blacké genetic background). PCR genotyping of HAP1 KO
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mice was carried out using primers 5'-TTTTGGAGG TCTGGTCTCGCTCTG-3'/5’-
CGTCTTCCATCTTAGTGCGTTCAC-3" for wild type (WT) and 5 ’-
TTTTGGAGGTCTGGTCTCGCTCTG-3'/ 5-CTTCATGTGGATGCTAGGGATCC-3’ for
KO animals.

The following plasmids were used in this study: p75NTR-cyan fluorescent protein (CFP),
p75NTR-yellow fluorescent protein (YFP), p75NTR-Hemagglutinin (HA) WT (all p75NTR
plasmids were kindly donated by Prof. Goldstein University of California, San Diego, CA,
USA), TrkB-YFP (kindly donated by Dr. Wayman, Washington State University, Pullman,
WA, USA), p75NTR-CFP-YFP (kindly donated by Dr. Coulson, University of Queensland,
QLD, Australia), TrkB-Flag (kindly donated by Dr. Chen, Shandong University, Shandong,
China) and pEYFP-N1 was obtained from Clontech (Mountain View, CA, USA). HAP1A-
green fluorescent protein (GFP), HAP1A-CFP and HAP1-YFP were derived by subcloning a
PCR product generated from PRK-HAP1A using primers (forward: 5’ -TAGC
TAGCATGCGCCCGAAGGAC-3” and reverse: 5'-GAGG
TACCAGGGTTGATGATCGGTAGC-3") into the Nihel and Kpnl sites of pEGFP-N1,
pPECFP-N1 and pEYFP-N1 (Clontech, Mountain View, CA, USA). To produce BDNF with
red fluorescence tag, the rat cDNA sequences of mature BDNF (384 bp) were amplified
from a proBDNF-EGFP construct (kindly donated by Dr. Kojima, National Institute of
Advanced Industrial Science and Technology, Osaka, Japan) using the following PCR
primers: forward: 5"-GCGAATT CATGCACTCCGACCCT-3" and reverse: 5'-
ATGGCGACCGGTGGATCCCT-3" with added BamH/ and EcoRl site. The amplified
fragment was cut with BamH/and EcoR/and subcloned in-frame into pDsRed-Express-N1
(Clontech, Mountain View, CA, USA), and the final constructs were verified by DNA
restriction enzyme digestion and DNA sequencing.

HEK293T cells (ATCC, Rockville, MD, USA) were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) (Life Technology, VIC, Australia) containing 10% foetal bovine
serum (FBS), penicillin (50 1U/ml), streptomycin (50 pg/ml) and L-glutamine (2 mM) (Life
Technology, VIC, Australia). PC12 cells (ATCC, Rockville, MD, USA) were cultured in
DMEM medium supplemented with horse serum (5%) (Life Technology, VIC, Australia),
FBS (10%), penicillin (50 1U/ml) and streptomycin (50 pg/ml). All cells were maintained at
37 °C in a humidified incubator supplemented with 95% O, and 5% CO,.

Biotinylation of BDNF

To analyse endocytosed BDNF in cell imaging and biochemical assay, BDNF was
biotinylated as described previously [38] with minor modification. It has been shown that
biotinylated BDNF has biological activity [58, 59]. BDNF (100 ug, kindly donated by
Amgen, Thousand Oaks, CA, USA) was dialysed against 1 x PBS (pH 7.4) for 3 h, and PBS
was changed two more times every 3 h. The dialysed BDNF was incubated with 2 mg Sulfo-
NHS-SS-biotin (Thermo Fisher Scientific, Rockford, IL, USA) for 2 h on ice. Free biotin
was removed by dialysis against PBS.
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BDNF-Red Fluorescent Protein (RFP) Preparation

As BDNF-RFP is secreted into the cell culture medium, we used the culture medium
containing BDNF-RFP for the co-localisation assay. To prepare the culture medium
containing BDNF-RFP, we transfected PC12 cells with pDs-Red-BDNF plasmid for 48 h.
The culture medium containing BDNF-RFP was then used immidately in the co-localisation
assay.

The Co-localisation Assay

To investigate whether HAP1, BDNF and p75NTR co-localise with each other, co-
localisation assay was performed. PC12 cells were seeded onto poly-L-ornithine (mol.
weight 30,000-70,000, 15 pg/ml; Sigma-Aldrich, St Louis, MO, USA)-coated 13 mm
coverslips (Thermo Fisher Scientific, Rockford, IL, USA) and cultured for 3 days in
differentiation culture medium containing 100 ng/ml nerve growth factor (NGF) before
transfection to make an in vitro neuron like model [60]. pEGFP-HAP1A only or pEGFP-
HAP1A/pDs-Red-BDNF pair were mixed with NeuroPorter (Sigma-Aldrich, St Louis, MO,
USA) in a ratio of 5:5 pl according to the instructions of NeuroPorter Transfection kit
(Sigma-Aldrich, St Louis, MO, USA), followed by adding the mixture to the PC12 cells.
The cells were cultured in NGF containing culture medium for 48 h in humidified air
containing 5% CO2.

The cells were cultured with sheep anti-BDNF antibody (10 pg/ml, in-house) alone, cell
culture medium containing BDNF-RFP alone and either cell culture medium containing
BDNF-RFP with sheep anti-BDNF (10 pg/ml) or cell culture medium containing BDNF-
RFP with rabbit anti-p75NTR antibody (10 pg/ml, a kind gift from Prof. Chao, Skirball
Institute, New York, NY, USA). The cells were then fixed, and images of fluorochromes
(green and red) were obtained by Leica TCS SP5 (Leica Microsystems, Mannheim,
Germany) for quantitative assessment of co-localisation between HAP1A and BDNF-RFP.

For immunocytochemistry co-localisation assay, differentiated PC12 cells were treated as
above, and BDNF-biotin (BDNF-B) was added at 100 ng/ml for 30 min in DMEM
containing horse serum (5%) (Life Technology, VIC, Australia), FBS (10%), penicillin (50
IU/ml) and streptomycin (50 pg/ml) (Life Technology, VIC, Australia), followed by acid
wash (0.25 M acetic acid, 0.25 M NaCl) for 20 min to remove surface-bound BDNF-B.
Immunostaining was performed with mouse anti-HAP1 (Santa Cruz Biotechnology, Santa
Cruz, CA, USA), rabbit anti-p75NTR (a gift by Prof. Chao, Skirball Institute, New York, NY,
USA), followed by anti-mouse-Alexa488 and anti-rabbit-Cy3 (Life Technology, VIC,
Australia) and streptavidin-Cy5 (Life Technology, VIC, Australia) for BDNF-B after fixing
cells. The images of fluorochromes were obtained by Leica TCS SP5 (Leica Microsystems,
Mannheim, Germany) for quantitative assessment of co-localisation of HAP1, p75NTR and
BDNF-B. The cells were tested for mycoplasma and were mycoplasma-negative.

Co-immunoprecipitation (Co-IP) Assay

Co-IP assay was performed to analyse the interaction between HAP1A/TrkB and
HAP1A/p75NTR as described previously [26]. HEK293T cells were co-transfected with
HAP1A-YFP/TrkB-FLAG or HAP1A-YFP/p75NTR-HA pair. The cells were treated with or
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without BDNF at 100 ng/ml for 1 h in DMEM supplemented with 10% FBS, penicillin (50
IU/ml), streptomycin (50 pg/ml) and L-glutamine (2 mM) (Life Technology, VIC, Australia)
and then lysed with RIPA buffer (50 mM Tris-HCI, 0.5% sodium deoxycholate, 1% NP-40,
0.1% SDS, 150 mM NaCl, 2 mM EDTA, pH 7.4) supplemented with protease inhibitor
cocktail (Roche, Castle Hill, NSW, Australia), followed by sonication and centrifugation at
12,000¢ for 10 min at 4 °C. The resultant supernatants were collected, and BCA protein
assay (Thermo Fisher Scientific, Rockford, IL, USA) was performed to determine protein
concentrations. The supernatants (400 pg) were then incubated with 2 pg antibody (mouse
anti-FLAG (Sigma-Aldrich, St Louis, MO, USA)) for TrkB-FLAG/HAP1A-YFP, goat anti-
GFP (Santa Cruz Biotechnology, Santa Cruz, CA, USA) for HAP1A-YFP/p75NTR-HA and
mouse or goat IgG as a control for antibody specificity at 4 °C overnight with rotation at 60
rpm. Protein G beads (30 pl; Thermo Fisher Scientific, Rockford, IL, USA) were added to
the mixture and rotated for further 2 h at 4 °C in order to immobilise antibody and the
control IgG. The beads were washed four times with PBST (PBS, 0.1% Tween-20) and
boiled in 30 pl of 2 x SDS PAGE loading buffer (0.1 M Tris-HCI, pH 6.8, 4% SDS, 10%
glycerol, 10% B-mercaptoethanol, 0.004% bromophenol blue). The samples were then
analysed by Western blotting to detect HAP1A-YFP with goat anti-GFP antibody and
p75NTR-HA using rabbit anti-HA antibody (Sigma-Aldrich, St Louis, MO, USA),
respectively. At the same time, 2 ug of the original sample supernatant was loaded as an
input control.

Fluorescence Resonance Energy Transfer

Fluorescence resonance energy transfer or Forster resonance energy transfer (FRET) is a
non-radiative, distance-dependent (1-10 nm), energy transfer from an excited fluorophore
(donor) to another fluorophore (acceptor) and was performed as described previously [26,
61]. HEK293T cells were seeded (at 2.5 x 10%) on coverslips for overnight and then
transfected with HAP1A-CFP/p75NTR-YFP pair HAP1A-CFP/TrkB-YFP pair, positive
control (p75NTR-CFP-YFP) or negative control (p75NTR -CFP/YFP pair). BDNF was added
to the pairs of HAP1A-CFP/p75NTR-YFP and HAP1A-CFP/TrkB-YFP at various
concentrations (0, 5, 50 and 100 ng/ml). A Leica SP5 spectral confocal microscope was used
to perform FRET according to the manufacturer’s recommendations (Leica Microsystems,
Mannheim, Germany). Briefly, acceptor bleaching was used to compare the donor
fluorescence intensity in the same sample before and after photo bleaching the acceptor. If
there is FRET, the intensity of the donor fluorescence increases after photo-bleaching the
acceptor. The efficiency of FRET can be determined as follows: FRE Tett (Dpost_Dpre)/
Dpost_100%, where Dpqg is the fluorescence intensity of the donor after acceptor photo
bleaching and Dyye is the fluorescence intensity of the donor before acceptor photo
bleaching. When FRE T is higher than background and negative controls, the FRE gt iS
considered positive. The higher the FRE T, the closer the two molecules are to each other
based on the FRET principle. Each FRETVvalue from the observed samples including
positive and negative controls was determined according to a mean of six individual tests
from different regions of interest. Three different experiments were conducted, and the
results were analysed by IBM SPSS Statistics 21.0 software (IBM, supplied by University of
South Australia).
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Primary Neuronal Culture

Transgenic pups at postnatal day 0 (P0O) to 1 (P1) were anaesthetised on ice-water slurry and
killed by decapitation. After the brain meninges removal, the cortex from both hemispheres
of each pup was separated from other parts of the brain and transferred into 15-ml falcon
tubes containing 2 ml DMEM and centrifuged at 2000 rpm for 2 min at 4 °C. DMEM was
then removed, and tissues were digested with 2 ml of 0.5% trypsin including 0.1% DNasel
(NEB, Ipswich, MA, USA) for 20 min at 37 °C with shaking every 5 min. FBS (final 15%)
was added to stop the tissue digestion, and the digested tissue was triturated by passing
through a 10-ml serological pipette (Thermo Fisher Scientific, Rockford, IL, USA) for 10
times. When tissue pieces settled, the supernatant was transferred into a new tube and spun
at 2000 rpm for 2 min at 4 °C. The cell pellet was resuspended in 1 ml of cortical neuron
culture media (Neurobasal medium containing B27 supplement (2%), L-glutamine (2 mM)
and penicillin/streptomycin (100 1U/ml) (Life Technology, VIC, Australia) and -
mercaptoethanol (0.1 mM)). In order to harvest neurons after treatment for Western blotting
or for immunocytochemistry assay, cortical cells were placed into poly-D-lysine and
laminin-coated 6-well plate (at 2 x 10%) and on poly-D-lysine-and laminin-coated coverslips
(Thermo Fisher Scientific, Rockford, IL, USA) in 4- or 24-well plates (at 2.5 x 10%)
(Thermo Fisher Scientific, Rockford, IL, USA), respectively, and after 72-h incubation at
37 °C supplemented with 95% O2, 5% CO2 incubator, neurons were ready for treatment.

Cell Surface Biotinylation Assay

To analyse internalised TrkB and p75NTR in cultured cortical neurons, cell surface
biotinylation assay was conducted as previously described [13]. Briefly, cortical neurons
from PO to P1 HAP1 WTand KO mice were isolated and cultured in 6-well plates for 72 h in
cortical neuron culture media. Thereafter, the cultured neurons were washed with
Neurobasal medium twice and then kept in Neurobasal medium only without B27
supplement for 2 h, followed by changing to cortical neuron culture media containing 0
(control) or 100 ng/ml of BDNF and incubation for 30 min in a 37 °C incubator
supplemented with 5% CO, and 95% O,. Culture plates were then transferred onto ice and
left for 10 min. The plates were then gently rinsed three times with chilled PBS-CM (PBS
containing 1 mM CaCly, 0.5 mM MgCl;, pH 7.4), followed by incubation with 0.5 mg/ml
Biotin-S-S-NHS (Thermo Fisher Scientific, Rockford, IL, USA) on ice for 60 min. The cell
surface biotinylation reaction was quenched by washing twice (10 min each wash) with 100
mM glycine in PBS-CM with gentle rocking, followed by washing three times (5 min each
wash) with chilled PBS-CM with gentle rocking. Neurons were then lysed with RIPA buffer
containing proteinase inhibitor cocktails (Roche, Castle Hill, NSW, Australia), and the
lysates were collected by cell scraper. Cell extracts were then sonicated and centrifuged at
12000 rpm for 10 min at 4 °C. The resultant supernatants were transferred to fresh tubes,
and protein concentrations were determined by BCA protein assay (Thermo Fisher
Scientific, Rockford, IL, USA). Total protein (40-60 ug) was mixed with streptavidin-
agarose beads (Sigma-Aldrich, St Louis, MO, USA) and incubated overnight at 4 °C, and
20-30 pg of total protein was kept for total receptor detection. Next day, beads were washed
4 times with RIPA buffer, and 30 ul of 2x SDS-PAGE loading buffer (100 mM Tris-Cl (pH
6.8), 4% (w V) SDS, 0.2% (u/v) bromophenol blue, 20% (/) glycerol, 200 mM DTT
(dithiothreitol)) was added, followed by boiling for 5 min. The samples were then subjected
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to Western blot analysis with goat anti-TrkB (R&D systems, Minneapolis, MN, USA), rabbit
anti-p75NTR (from Prof. Reichardt, University of California, San Francisco, CA, USA) and
mouse anti-p-actin (Sigma-Aldrich, St Louis, MO, USA) to detect surface and total TrkB
and p75NTR and B-actin as internal control, respectively. The band densitometry of the cell
surface protein versus total protein and p-actin was determined using ImageJ software
(Research Service Branch; National Institute of Health, http://rsbweb.nih.gov/ij/index.html).

Reverse Transcription (RT)-PCR

Determination of TrkB mRNA expression levels was conducted according to the standard
procedures. Total RNA was extracted from the cortex and brainstem of neonatal HAP1 WT
(n=13) and KO (n= 3) mice using an RNAeasy mini kit (Qiagen, Doncaster, Vic, Australia).
The concentration and purity of RNA were determined with a NanoDrop 2000 (Thermo
Fisher Scientific, Rockford, IL, USA). Five hundred nanograms of total RNA was used to
generate first-strand cDNA using Superscript 111 First-Strand Synthesis System (Life
Technology, VIC, Australia). PCR was conducted with GoTag Green Master Mix (Promega,
Madison, WI, USA) with primers for mouse TrkB (forward primer, 5’-
CCTCCACGGATGTTGCTGAC-3’; and reverse primer, 5'-
GCAACATCACCAGCAGGCA-3") and normalised against the housekeeping gene GAPDH
(forward primer, 5"-AACATCATCCCTGCATCCAC-3’; and reverse primer, 5’-
TTGAAGTCTCAGGAGACAAC-3"). RT-PCR was performed for 25 cycles in Veriti 96-
well Thermal Cycler (Life Technology, VIC, Australia) at 95 °C for 30 s, 53 °C for 30 s and
72 °C for 30 s. The densitometry of the PCR bands (TrkB and GAPDH) was measured using
ImageJ software (Research Service Branch; National Institute of Health, http://
rsbweb.nih.gov/ij/index.html). GAPDH was used for normalising TrkB mRNA expression.

TrkB Signalling Western Blot Analysis

Cortical neurons were washed with Neurobasal medium, and the neurons were incubated in
Neurobasal medium only for 2 h before treatment. Neurons were treated with 0 (control) or
100 ng/ml BDNF for 20 min at 37 °C in an incubator supplemented with 5% CO, and 95%
O,. The tissue culture plate was transferred onto ice-water slurry to stop the treatment,
followed by three washes with ice-cold PBS. Ice-cold phosphorylation lysis buffer
containing 0.1% SDS, 1% nondiet P-40, 0.5% sodium deoxycholate, 2 mM EDTA, 2 mM
sodium orthovanadate, 1 mM phenylmethylsulphony! fluoride (PMSF),10 mM sodium
fluoride and protease inhibitor cocktail (Roche, Castle Hill, NSW, Australia) in PBS was
then added to the cells. The cell lysates were sonicated for 15 s on ice-water slurry and
centrifuged for 10 min at 12000 rpm at 4 °C. The supernatants were then transferred to fresh
microtubes followed by determining protein concentrations. The neuron lysates were
separated by 10% SDS-PAGE and transferred to Hybond-C membrane (GE Healthcare
Australia, NSW, Australia) and blocked with blocking buffer (5% skim milk in Tris-buffered
saline (TBS) (150 mM NaCl, 50 mM Tris-Cl, pH 7.5) for 1.5 h at 25 °C with gentle shaking.
After blocking, membranes were incubated on a rocker at 4 °C with one of the following
primary antibodies: rabbit anti-phospho-ERK1/2 (1:500, #4370S, rabbit anti-ERK1/2
(1:1000, #9102S), rabbit anti-PLCy-1 (1:500, #5690S), rabbit anti-phospho-Akt1/2/3
(1:500, #9271), rabbit anti-Akt1/2/3 (1:1000, #4691) (Cell Signalling, Danvers, MA, USA),
anti-phospho-PLC+y1 (1:500, #ab53125, Abcam, Cambridge, UK) and mouse anti-p-actin
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(1:4000. A5316, Sigma-Aldrich, St Louis, MO, USA). Thereafter, corresponding secondary
antibodies linked to horse radish peroxidase were applied onto the membranes for 1 h at

25 °C. Band densities were determined using Image Quant LAS 4000 (GE Healthcare
Australia, NSW, Australia). All phosphorylated protein bands were normalised to total
protein and GAPDH band to yield the densitometry ratio value. For TrkB Western blot, the
cortex and brainstem tissue of neonatal HAP1 WT (7= 3) and KO (7= 3) mice were
homogenised in RIPA Buffer. The proteins (30 ug) were subjected to Western blot analysis
as described above. Goat anti-TrkB (R&D systems, Minneapolis, MN, USA) was used, and
mouse anti-p-actin (Sigma-Aldrich, St Louis, MO, USA) was used for loading control.

Proliferation Assay of Cerebellar Granule Cells In Vitro and In Vivo

For an in vitro experiment, cerebellar neurons were prepared same as cortical neuron culture
method. The viable cells were counted using trypan blue (Sigma-Aldrich, St Louis, MO,
USA) to exclude dead cells, and 5 x 10* cerebellar granule cells were seeded onto poly-D-
lysine-coated 13 mm cover slip (Thermo Fisher Scientific, Rockford, IL, USA) and cultured.
Next day, cultured cerebellar neurons were treated with cerebellar neuron culture medium
containing BDNF (0, 10, 100 ng/ml) and 10 pg/ml of bromodeoxyuridine (BrdU) (Sigma-
Aldrich, St Louis, MO, USA) to label cells in S phase for 24 h. Then, the cells were
subjected to immunocytochemistry. Cultured cells were fixed in 4% paraformaldehyde, PBS
pH 7.4 for 10 min at room temperature, followed by TBS wash. The cells were then kept in
2 N HCL at 37 °C for 1 h to expose BrdU, followed by TBS wash. Thereafter, the cells were
then incubated with blocking buffer (3% bovine serum albumin (BSA) (Sigma-Aldrich, St
Louis, MO, USA), TBS, 0.1% Triton X-100, 0.01% NaN3, pH 7.4) for 1 h at 25 °C, then
incubated with an anti-BrdU monoclonal antibody (1:500, G3G4, DSHB, lowa city, lowa,
USA), followed by a Cy3-conjugated goat anti-mouse 1gG (1:200, C2821, Sigma-Aldrich,
St Louis, MO, USA). The images were taken by CX40 fluorescence microscope (Olympus,
VIC, Australia), and BrdU-positive cells were counted using ImageJ software (Research
Service Branch; National Institute of Health, http://rsbweb.nih.gov/ij/index.html). Six fields
were checked in each cover slip, and the same locations of the six fields were applied to the
all observed cover slips. Three and four cover slips were observed for 0 and 10 and 100
ng/ml of BDNF treatment samples of each genotype, respectively.

In vivo experiment was conducted as described previously [62]. Briefly, neonatal mice were
immobilised under a stereo-microscope with anaesthesia on ice. PBS (1 pl, control) or
BDNF (1 pl, 5 pg) was injected into the lateral ventricle slowly (s = 6/group) at the injection
target (0.5 mm lateral to the midline, 1 mm caudal to bregma, and 1.5 mm in depth). To label
proliferating cells, BrdU (50 mg/kg; Sigma-Aldrich, St Louis, MO, USA) was injected
subcutaneously after the lateral ventricle injection, and the animals were kept for 24 h in
their home cage. Mice were perfused with cold 4% paraformaldehyde after anaesthesia.
Dissected brain tissues were submerged into 30% sucrose in 0.1 M phosphate buffer for
cryoprotection. Sagittal section cutting (25 pm) was performed on a microtome (Leica,
Mannheim, Germany), and the cut sections were mounted on gelatin-treated slides. The
sections were incubated in 0.5% Triton X-100, followed by incubation in 2 N HCI at 37 °C
for 1 h to expose BrdU incorporated into DNA. Thereafter, the sections were washed three
times with PBS and blocked with blocking solution containing 5% donkey serum (Sigma-
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Aldrich, St Louis, MO, USA) for 1 h at 25 °C. Anti-BrdU monoclonal antibody (1:500,
G3G4, DSHB, lowa city, lowa, USA) was added and incubated overnight at 4 °C. After
washing, samples were then incubated Cy3-conjugated goat anti-mouse IgG (1:200, C2821,
Sigma-Aldrich, St Louis, MO, USA). The number of BrdU-positive granule cells was
counted with Olympus BX50 (Olympus, VIC, Australia) with 20x objective.

Statistical Analysis

The data are presented as mean * standard error of the mean (SEM), and it was considered
significant when p < 0.05. Student’s #test or one-way ANOVA with post hoc test was used
to analyse the data with intra- or intergroup. All statistical analyses were conducted using
IBM Statistics 21 software (IBM, supplied by University of South Australia) or GraphPad
Prism, Version 6.05 (GraphPad, supplied by University of South Australia; Graph Pad Inc.,
CA).
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Summary Statement

HAP1 is required for endocytosis of BDNF and its receptor TrkB in neurons, and the loss
of HAP1 causes defects in endocytosis of BDNF/TrkB and neuronal proliferation.
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Fig. 1.

Hg\Pl and p75NTR are highly co-localised with endocytosed BDNF. a PC12 cells were
transfected with HAP1A-GFP (greern)/BDNF-RFP (red) or HAP1A-GFP only. Cells were
co-transfected with HAP1A-GFP/BDNF-RFP (4) or cultured in the presence of sheep anti-
BDNF to neutralise the secreted BDNF after the co-transfection (). ¢, dand e show that
PC12 cells were transfected only with HAP1A-GFP plasmid. Two days later, cells were
incubated with either cell culture medium containing RFP-BDNF (exo-BDNF) only (¢), or
exo-BDNF with sheep anti-BDNF antibody (), or exo-BDNF with p75NTR antibody
directed against the extracellular domain of p75NTR (¢). Co-localisation is indicated in
merged panels (yellow). b Graph presenting co-localisation results from a. Co-localisation
of HAP1A-GFP/BDNF-RFP after co-transfection with anti-BDNF treatment was reduced
(**p<0.01 vs (a)). Addition of exo-BDNF increased the co-localisation with HAP1A-GFP
(***p < 0.001 vs (&)). Addition of antibody to BDNF or p75NTR with exo-BDNF decreased
co-localisation of HAP1A-GFP/exo-BDNF (###p < 0.001 vs (¢)). The data are presented as
mean + SEM (= 20 per group, one-way ANOVA). ¢ PC12 cells were cultured with BDNF-
biotin (BDNF-B) (&, b, ¢, g) or without BDNF-biotin (BDNF-B) (d, e, £, j) for 30 min and
immunostained for HAP1 (&, d: green) and p75NTR (b, e, red); cand fmerged images
(vellow); g and jenlarged images of parts of cand 7, respectively; / stained for -BDNF-B
(blue); imerged image of ~and g. d Graph presenting the co-localisation results in c. The
data are presented as mean £ SEM (7= 9 per group, ***p < 0.001 vs corresponding control;
Student’s ttest)
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Interaction of HAP1/TrkB and HAP1/p75NTR is increased by BDNF treatment in HEK293T
cells. a Graph presenting FRET acceptor bleaching analysis for HAP1A-YFP/TrkB-CFP
interaction compared to NC or control (0 ng/ml BDNF). BDNF increases the HAP1A/TrkB
interaction (***p < 0.001 vs NC; ###p < 0.001 vs 0 ng/ml BDNF). b Graph presenting
FRET acceptor bleaching analysis for HAP1A-YFP/p75NTR-CFP interaction compared to
NC or control (0 ng/ml BDNF). BDNF increases the HAP1A/p75NTR interaction (***p <
0.001 vs NC; ##p < 0.01, ###p < 0.001 vs 0 ng/ml BDNF). For aand b, data represent mean
+ SEM (n=5-11 per group, one-way ANOVA, Tukey’s post hoc test; PC positive control
(p75NTR-EYFP-CFP); NC negative control (pEYFP/p75NTR-CFP). ¢ BDNF increases the
level of HAP1A-YFP pulled down by mouse anti-flag antibody (TrkB fused with Flag) as
indicated. Lane 1: no BDNF; /ane 2. BDNF (100 ng/ml); /ane 3. mouse 1gG as negative
control; /ane 4: cell lysate input; /Pimmunoprecipitation; /B immunoblot. d BDNF
increases the level of p75NTR-HA pulled down by anti-GFP antibody (HAP1 fused with
YFP) from lysate of HEK293T cells co-transfected with p75NTR-HA and HAP1A-YFP as
indicated. Lane 1: BDNF (100 ng/ml); /ane 2. no BDNF; /ane 3. goat IgG as negative
control; /ane 4: cell lysate input; /Pimmunoprecipitation; /B immunoblot. e, f Each dot
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represents individual relative optical density to ‘no BDNF’ in cand d (mean £ SEM from 4
experiments, ***p < 0.001, Student’s #test)
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Endocytosis of BDNF-B is abolished in cultured cortical neurons from HAP1 KO mice. a
Cortical neurons from P1 HAP1 WT, HETor KO mice were cultured for 3 days, incubated
with BDNF-B for 30 min and immunostained for BDNF-B (green), HAP1 and Tujl (blue).
Genotypes and transfection of KO are labelled at /eft side of image panels. For rescue
experiment, HAP1KO cortical neurons were transfected with HAP1A-CFP. Merged image is
indicated (ye/low). b Quantification of endocytosed BDNF-B; data are represented as the
mean + SEM (7= 50 per group, ***p < 0.001 vs KO, one-way ANOVA, Tukey’s post hoc
test). ¢ Cultured cortical neurons from HAP1 KO (/ane 1) and WT mice (/ane 2) were
incubated with BDNF-B (100 ng/ml) for 30 min at 37 °C. Culture media containing BDNF-
B (/ane 3) and cell lysates were incubated with strepavidin-sepharose beads, and samples
were used for SDS-PAGE and probed with streptavidin-HRP. BDNF-B can be detected in
WT neurons but not HAP1 KO neurons. The high molecular weight in supernatant is the
dimer of BDNF-B
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Fig. 4.
Endocytosis of TrkB and p75NTR in cortical neurons upon BDNF stimulation. a Western

blots showing BDNF-induced endocytosis of TrkB and p75NTR. HAP1 WT and KO cortical
neurons, after 72-h culture, were stimulated with 0 (control) or 100 ng/ml BDNF for 30 min.
Surface TrkB-FL, TrkB-T1 and p75NTR were detected by Western blotting using anti-TrkB
and anti-p75NTR antibodies, respectively, after surface protein biotinylation and fractionation
of biotinylated proteins with streptavidin-agarose. Total TrkB-FL, TrkB-T1, p75NTR and p-
actin were determined using whole cell lysates by Western blot with anti-TrkB, anti-p75NTR
and anti-B-actin antibody, respectively. b, ¢, d Each dot or square represents individual
animal. Densitometric ratios of surface/total TrkB-FL levels (b), surface/total TrkB-T1
levels (c) and surface/total p75NTR levels (c) assessed by biotinylation assay. Data presented
as mean + SEM (= 3 per group, Student’s ftest). “WT control was normalised to 1. TrkB-
FL, full-length of TrkB; TrkB-T1, truncated TrkB
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Fig. 5.

Se?ni-quantitative RT-PCR of trkB mRNA and TrkB protein level in the cortex and
brainstem tissue. The mRNA expression levels were determined in the cortex and brainstem
of HAP1 WT and HAP1 KO. a trkB and gapdh RT-PCR products were subjected to agarose
gel electrophoresis. Gapadh was used as internal control. b Western blot analysis of cortex
and brainstem tissues from WT and HAP1 KO mice. ¢, d Each dot or square represents
individual animal. Densitometric ratios of trkB/gapdh (c) and TrkB/p-actin (d). Mean
SEM (n= 3 per group, Student’s ttest, *p < 0.05). BS brainstem, Ctx cortex
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TrkB signalling is decreased in HAP1 KO cortical neurons. a Representative Western blots
showing BDNF-induced TrkB downstream signal transduction proteins. HAP1 WT and KO
cortical neurons were stimulated with 200 ng/ml BDNF for 30 min and then subjected to
Western blot analysis with antibodies to phosphorylated ERK (pERK), Akt (pAkt) and
PLCy-1 (pPLCvy-1) and total ERK, Akt and PLC-y-1. GAPDH serves as an internal control.
b, ¢, d Each dot or square represents individual animal. Densitometric quantification of the
ratios of pERK to total ERK (b), pAkt to total Akt (c) and pPLC~y-1 to total PLCy-1 (d).
Mean = SEM; n=3-4 per group. *p < 0.05, **p < 0.01, *** p< 0.001; one-way ANOVA
with Tukey’s post hoc test). “WT control was normalised to 1. All bands of Western blot
were normalised with their corresponding GAPDH
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Fig. 7.
BDNF induces proliferation of cerebellar granule cells in HAP1 WT but not in HAP1 KO in

vivo and in vitro. a, b Isolated cells from PO cerebellum tissue of HAP1 WT and KO mice
were cultured on glass coverslips coated with poly-D-lysine (PDL) overnight and for
additional 24 h with 10 pg/ml BrdU and O (control), 10 or 100 ng/ml BDNF containing
culture medium, respectively. The cells were then fixed and stained with anti-BrdU antibody
according to the procedure described in “Materials and Methods”. Scale bar, 100 pm. BrdU-
positive cells (green) in the presence or absence of BDNF in WT and KO granular cells are
shown in a. Quantification of BrdU-positive cells is shown in b. Data are presented as mean
+ SEM; *p< 0.05 vs WT control; #p< 0.01, ##p < 0.001 vs WT 10 ng/ml BDNF; ¥p <
0.01, ¥¥p < 0.001 vs WT 100 ng/ml BDNF; 7= 3-4 coverslips per group; six areas were
observed in each coverslip, and the same locations were applied to all the observed
coverslips for image taking; one-way ANOVA, Tukey’s post hoc test. ¢, d Effect of BDNF
on granule cell proliferation in WT and HAP1 KO neonatal mice in vivo. Sections were
labelled with BrdU-positive cells (red colour) demonstrating proliferation of granule cells at
24 h post-BrdU injection (c, &-d). ¢, &b Representative microphotographs of BrdU-positive
granule cells from HAP1 KO mice treated with PBS (&) or BDNF (4). ¢, ¢, d Representative
microphotographs of BrdU-positive granule cells from WT mice treated with PBS (¢) or
BDNF (d). Quantification of BrdU-positive cells is shown in d. Data are presented as mean
+ SEM; **p < 0.05 vs WT control; ##p < 0.001, WT BDNF vs HAP1 KO BDNF; 1= 6 per
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group; one-way ANOVA, Tukey’s post hoc test. Scale bars, 50 um. ‘HAP1 WT BDNF was
normalised as 100%
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