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behavioral dysfunction caused by defective
HTT-Rab4 axonal transport in Huntington's
disease

Joseph A. White II'", Thomas J. Krzystek'", Hayley Hoffmar-Glennon', Claire Thant', Katherine Zimmerman',
Gary lacobucci', Julia Vail?, Layne Thurston', Saad Rahman' and Shermali Gunawardena'

Abstract

Huntington’s disease (HD) is characterized by protein inclusions and loss of striatal neurons which result from
expanded CAG repeats in the poly-glutamine (polyQ) region of the huntingtin (HTT) gene. Both polyQ expansion
and loss of HTT have been shown to cause axonal transport defects. While studies show that HTT is important for
vesicular transport within axons, the cargo that HTT transports to/from synapses remain elusive. Here, we show that
HTT is present with a class of Rab4-containing vesicles within axons in vivo. Reduction of HTT perturbs the bi-
directional motility of Rab4, causing axonal and synaptic accumulations. In-vivo dual-color imaging reveal that HTT
and Rab4 move together on a unique putative vesicle that may also contain synaptotagmin, synaptobrevin, and
Rab11. The moving HTT-Rab4 vesicle uses kinesin-1 and dynein motors for its bi-directional movement within
axons, as well as the accessory protein HIP1 (HTT-interacting protein 1). Pathogenic HTT disrupts the motility of
HTT-Rab4 and results in larval locomotion defects, aberrant synaptic morphology, and decreased lifespan, which are
rescued by excess Rab4. Consistent with these observations, Rab4 motility is perturbed in iNeurons derived from
human Huntington'’s Disease (HD) patients, likely due to disrupted associations between the polyQ-HTT-Rab4 vesicle
complex, accessory proteins, and molecular motors. Together, our observations suggest the existence of a putative
moving HTT-Rab4 vesicle, and that the axonal motility of this vesicle is disrupted in HD causing synaptic and
behavioral dysfunction. These data highlight Rab4 as a potential novel therapeutic target that could be explored for
early intervention prior to neuronal loss and behavioral defects observed in HD.
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Introduction

Huntington’s disease (HD) is a deadly, dominantly-
inherited neurodegenerative disorder that is caused by
expansion of CAG repeats in the poly-glutamine (polyQ)
tract (> 35 repeats) in the huntingtin (HTT) gene. Dis-
ease progression is characterized by cytoplasmic and nu-
clear inclusions together with significant loss of striatal
neurons resulting in dramatic changes to behavior, in-
cluding uncontrollable movements (chorea) and cogni-
tive decline [54]. The earliest known dysfunction seen in
HD involves changes to synaptic proteins and deficits in
synaptic plasticity [52]. These defects could arise due to
disruption of long-distance transport within axons. In-
deed, axonal transport defects have been observed in
HD prior to behavioral defects and neuronal cell death
in flies [24], mice [71], and humans [64], indicating that
perturbations in trafficking can occur early in the devel-
opment of HD [24, 27]. Further, HTT moves bi-
directionally within axons [7] and reduction of Drosoph-
ila HTT (htt) causes axonal accumulations [24, 36, 75,
76], similar to what has been observed with loss of
motor protein function [23]. Loss of HTT in mammalian
neurons also disrupts the transport of brain-derived
neurotrophic factor (BDNF), which was partially rescued
by the expression of htt, indicating a conserved role for
HTT during axonal transport. We previously identified
functional interactions between HTT and molecular mo-
tors kinesin-1 and dynein [78]. Biochemical analysis also
showed associations between HTT and motors. In mam-
mals, HTT associates with dynein intermediate chain
[12] and dynactin [40], and with kinesin light chain
(KLC) [50] and p150),eq (a subunit of dynactin) [16] via
interactions with huntingtin-associated protein 1
(HAP1). However, despite growing evidence of a role for
HTT in axonal transport, the specific vesicle complexes
that HTT is present on, and the cargoes that HTT-
containing vesicles carry during long distance axonal
motility in vivo remain elusive.

Recent studies suggest that HTT likely functions in
conjunction with particular Rab-GTPases during traf-
ficking. HTT immunoprecipitated with Rab11 and influ-
ences Rabll activation [42], while reduction of htt
disrupts the axonal transport of Rabll in vivo [57].
Rab11-dependent vesicle recycling was also perturbed in
HD-patient fibroblasts [43]. Intriguingly, expression of
Rabll ameliorated synaptic and behavioral dysfunction
seen in a Drosophila HD model [60] and rescued neuro-
degeneration in HD mice [69]. Further, we previously
showed that reduction of htt disrupts the bi-directional
axonal motility of Rab3 (synaptic vesicles), Rab19 (recyc-
ling), the retrograde motility of Rab7 (late endosome/
lysosome), and the anterograde motility of Rab2 (ER-
Golgi) from 17 neuronal Rabs examined [77]. HTT also
co-migrates with all of these Rabs within larval axons

Page 2 of 22

[77]. While this work postulates that HTT differentially
influences the axonal motility of specific Rab-GTPases
in vivo, the role of particular HTT-Rab containing cargo
complexes at synapses is unknown.

In this study, we focused on isolating a putative mov-
ing HTT-Rab4 vesicle complex. Using a combination of
in vitro and in vivo analysis, and a variety of model sys-
tems including Drosophila, mice, and iNeurons derived
from induced pluripotent stem cells (iPSCs) obtained
from HD patients, we identified the role of HTT in the
axonal motility of Rab4-containing vesicles. In vivo im-
aging and biochemical evidence indicate the existence of
a moving HTT-Rab4 vesicle complex containing the
endosomal transport regulatory protein, HIP1 (hunting-
tin-interacting peoteinl), but not HAP1 (huntingtin as-
sociated protein 1). Pathogenic polyQ-HTT disrupted
the motility of these HTT-Rab4 vesicles in HD iNeurons
and in larval axons expressing pathogenic polyQ-HTT,
resulting in larval locomotion defects, aberrant synaptic
morphology and decreased lifespan of adult flies. Intri-
guingly, over-expression of Rab4 ameliorated synaptic
morphology and behavioral phenotypes mediated by
pathogenic polyQ-HTT and led to increased lifespan of
adult flies expressing polyQ-HTT. Together our obser-
vations implicate dysfunction in the axonal transport of
Rab4 as an early event in the progression of HD, causing
synaptic and behavioral defects.

Materials & methods

Drosophila genetics

UAS-Rab4-mRFP or UAS-HTT15Q-mRFP males were
crossed with Appl-GAL4 or Appl-GAL4; T(2,3), CyO,
TMB6B, Tb' / Pin®** virgin females. The chromosome carry-
ing T(2:3),CyO,TM6B,Tb is referred to as B3 and carries the
dominant markers, Hu, Tb and CyO. The larval Tb (tubby)
marker is used to select larvae of interest. Males that were
Appl-GAL4/Y;UAS-Rab4-mRFP/B3,  Appl-GAL4/Y;UAS-
YFP-Rab4/B3, Appl-GAL4/Y;UAS-HTT15Q-mRFP/B3 were
crossed with either Drosophila htt-RNAi [2], Df(98E2);
CG9990 [81], Raba™'%* (BDSC), kic****/TM6B (Gold-
stein), robl*/B3 (Goldstein), UAS-HT Tex1-25Q-eGFP (Per-
rimon), UAS-APP-YFP [34], UAS-Syt-GFP, UAS-nSyb-
GFP/TM3, UAS-Rab11-GFP, UAS-YFP-Rab3, klp64D"'/
TM3, unc-104"""2*/Cy0, milt™***/CyO, hip1™MO>0]
nmo™/TM6B,  nuf™P¥772 or  rip11 K025 EM7C
(BDSC), UAS-rip11-GFP.CT (Ready, BDSC), UAS-HTT16Q
(Vitruvean, BDSC) UAS-HTT128Q (Vitruvean, BDSC),
UAS-HTTex1-72Q-eGFP (Perrimon), UAS-HT Tex1-103Q-
eGFP (Perrimon) or UAS-HTT138Q-mRFP (Littleton)
virgins. In all cases, non-tubby female 3rd instar larvae were
selected. Sibling tubby larvae were evaluated as controls. Re-
ciprocal crossings were also done to confirm observations.
A comprehensive list of Drosophila strains used in this study
can be found in Table S1.
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In-vivo analysis of vesicle motility within whole mount
larval axons

Larvae were dissected and immediately imaged under
physiological conditions as previously detailed in White
et al. [4, 77]. Non-tubby, female larvae were dissected
and imaged under physiological conditions in dissection
buffer. Motility was visualized in the red or green, chan-
nels using a Nikon TE-2000E inverted fluorescence
microscope with a Cool Snap HQ cooled CCD camera
(Photometrics, Tucson, AZ, USA), and a ProScan II high
speed shutter (100 mm/s) (Nikon, Melville, NY, USA).
From each larva, four sets of movies at an imaging win-
dow frame size of 90 um at 150 frames were taken from
the mid-region of the larva at an exposure of 500 ms
using the Metamorph imaging system (Molecular De-
vices, Sunnyvale, CA, USA). From a total of 10 larvae a
set of 40 movies were imaged for each genotype at a
spatial resolution of 0.126 um/pixel. Movies were ana-
lyzed using a MATLAB-based particle tracker program
as previously detailed [25, 59, 77]. Briefly, a standard
data set consisted of four movies, each lasting 75s span
a total time of 6 min recorded for 10 individual animals.
A band (5 pixels in thickness) flanking the axon is ex-
tracted from each frame. Bands from all frames are
pasted top-to-bottom to form a kymograph computa-
tionally. Computationally recovered vesicle trajectories
were color-coded and overlaid on the kymograph; colors
were selected randomly to differentiate crossing trajec-
tories. Truncated vesicle trajectories are excluded for
each movie. Full trajectories are analyzed as detailed in
Reis et al. 2012 [59] and Gunawardena et al. 2013 [25].
Vesicle trajectories were analyzed to obtain the overall
distribution of cargo populations and individual vesicle
movement behaviors (velocities, pause frequencies/dura-
tions, run lengths) as previously done [25, 59, 77]. As de-
tailed in Reis et al. 2012 [59] and Gunawardena et al.
2013 [25], the anterograde (retrograde) duration-
weighted segmental velocity of a cargo within its track is
defined as the sum of its anterograde (retrograde) seg-
mental velocities weighted by their durations and di-
vided by the sum of the durations. Pause frequency
details the total number of times a cargo pauses divided
by its total time in movement. Pause duration evaluates
the total time a cargo pauses within its directional track.
Run length is a description of the total distance a cargo
moves in a particular direction before pausing or chan-
ging direction.

Simultaneous dual-color in vivo imaging and co-
migration analysis in whole mount larval axons
Simultaneous dual-view imaging was done as detailed
previously in Banerjee et al. 2020 [4]. Briefly, we used a
NikonTE-2000E inverted fluorescence microscope with
a beam splitter containing narrow single-band GFP/
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DsRED filters, a Cool Snap HQ cooled CCD camera,
and a ProScan II high speed shutter (100 mm/s) for sim-
ultaneous imaging. Movies were taken in Dual-View
mode using the split view software in Metamorph at 150
frames from the mid-region of the larvae at an exposure
of 500ms to simultaneously image RFP- and GFP-
tagged vesicles. We routinely checked for bleed through
by imaging each fluorophore with the individual filters,
As seen in Fig. 2 not all fluorophores overlap. In
some movies none of the red or green tracks overlap
(Rab4-mRFP and YFP-Rab3, Rab4-mRFP and APP-
YFP) indicating the specificity of our system. The
Cool Snap HQ camera Dual-View mode was aligned
using Metamorph software (Split-View settings) before
each imaging session. Movies were split by wave-
length and each kymograph for each split movie was
created, merged and analyzed for co-migration. Tra-
jectories of vesicles with co-localized tracks were
identified from kymographs using Metamorph soft-
ware. For each fluorescence channel, a kymograph
was generated using Metamorph as previously done
[25, 59, 77]. Briefly, after selecting the first channel,
all frames within the time-lapse image sequence of
this channel were added together to produce a
summed image. To identify vesicles with co-localized
signals from both channels, the kymographs were col-
ored in red and green, respectively, and combined
into a single RGB kymograph. Note that to differenti-
ate meaningful co-localization we evaluated the co-
localization of the entire trajectory of a moving par-
ticle during the entire time frame of the movie.
Therefore, only particles containing the same
trajectory in both red and green would show co-
localization in yellow when merged and spurious co-
localization observed in a one-time frame would be
avoided. The total number of co-localized full trajec-
tories for 10 kymographs across five larvae were
counted for each genotype. Pearson’s correlation coef-
ficients, percentage of co-localization between red and
green trajectories, and two-color 2D intensity histo-
grams were obtained using Coloc2 and EZ colocaliza-
tion in Image]. Briefly, kymographs from Drosophila
larval segmental nerves expressing two fluorophores
were separated into red and green channels using
Metamorph and analyzed using Coloc2 and EZ colo-
calization in Image].

Immunohistochemistry in Drosophila larval axons and
NMJs

Third instar Drosophila larvae were dissected and fixed
in 4% paraformaldehyde. KLC (Goldstein, 1:100), DIC
(Abcam 1:50), or DCSP-3 (DSHB, 1:50) antibodies were
used in conjunction with secondary antibodies anti-
mouse or anti-rabbit AlexaFlour®488, AlexFlour®568, or
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Alexaflour’647 (ThermoFisher, 1:100). Images of fixed
larval segmental nerves were taken at 60X or 100x using
FITC, TxRed, and Cyb5 filters which were merged into a
single RGB image to analyze co-localization noted as yel-
low or white puncta. Axonal blockages were quantified
as previously done in Gunawardena et al. [24]. For each
genotype, a minimum of 5 confocal optical images
across 6 larvae were imaged. Sub-pixel imaging refers to
the subpixel detection accuracy of fluorescent puncta,
which was previously confirmed by directly comparing
Gaussian fitting of conventional microscopy data ana-
lyzed to super resolution imaging in [73]. Szpankowski
et al, 2012 [73] showed that the same subpixel
localization method implemented predicted coordinates
of detected puncta accurately compared with structured
illumination-based OMX (Applied Precision Instru-
ments) super resolution analysis of the same data. For
NM]J analysis, HRP-FITC or HRP-TXxRED (Jackson
ImmunoResearch Labs) was used (1:50). Non-tubby, fe-
male larvae were dissected, fixed, and stained with HRP.
Quantification of NMJ morphology and Rab4 accumula-
tions were performed as in Kang et al. [34]. We exam-
ined type-1 synaptic boutons between muscles 6/7 at
larval abdominal segments A4-A5 of third instar larval.
Images of NM]Js were collected using a Nikon Eclipse
TE 2000U microscope at 60X (Nikon, Melville, NY,
USA). For each genotype, a minimum of 4 optical im-
ages across 8 larvae were imaged. Bouton number (#),
bouton area (um2), and total NMJ length (um) were
measured using NIH Image] software. Comprehensive
list of antibodies used in this study can be found in
Table S1.

Quantification of Drosophila larval motility and adult
lifespan

Larval velocity and contractions were performed by
visualizing third instar larval crawling patterns on 1%
agarose gel, dyed blue for added contrast, that was
embedded with a 0.25cm x 0.25 cm grid. Once placed
at the center of the agarose gel, a 2-min interval
recording began. Each larva was recorded during
three independent trials, controlling for temperature
(~25°C) and humidity (~60%). Twenty larvae were
tested per genotype. Quantifications of the number of
contractions and the larval velocity were measured
using NIH Image] software. A total of 1.5min of the
2-min recording was utilized for quantification pur-
poses allotting the initial 15s for larva self-adjustment
after being placed in the center of the agarose gel.
Lifespan analysis was performed by placing three vials
of 20 female adult flies for each genotype at 25°C,
60% humidity. Flies were counted every day for ~ 70
days to tally the number of survivors.
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WT and HD iPSC cultures and neuronal differentiation
The following cell lines were obtained from the NIGMS
Human Genetic Cell Repository at the Coriell Institute
for Medical Research: iPCS from WT (GM23279-
polyQ = 25, 26y, female) and HD (GM23225-polyQ = 72,
20y, female) patients were purchased from the Coriell
Cell Repository (Camden, NJ) (Table S1). iPSCs from
WT (ND38555-polyQ =17, 48y, female) and HD
(ND42222-polyQ = 109, 9y, female) patients were pur-
chased from the NINDS Repository (Table S1). iPSCs
were grown and expanded on corning matrigel (Fisher)
using E8 iPSC media (Invitrogen). Pluripotency was ana-
lyzed using an antibody against OCT-3/4 (Santa Cruz, 1:
200) and Hoechst was used as a nuclear staining as de-
tailed below. After 4 passages iPSCs were differentiated
into neuronal precursors (NPCs) using PSC neural in-
duction media (Invitrogen) and published protocols
(publication #MANO0008031). NPCs were identified
using an antibody against Nestin (Santa Cruz, 1:200) and
then differentiated into mature iNeurons using neuroba-
sal media supplemented with 1X B27 and 2 mM glutam-
ine (Invitrogen, ThermoFisher). Differentiated neurons,
identified using antibodies against MAP2 (BD Biosci-
ences, 1:200), BII-tubulin (Biolegend, 1:200) and Tyro-
sine Hydroxylase (EMD Millipore, 1:200) exhibited an
extensive neurite network after 21days at which time
they were used for electrophysiology experiments, bio-
chemical experiments, immunofluorescence, and
transfections.

Electrophysiology in iNeurons

Whole-cell patch clamp was used to record from cells
with neuronal morphology. Borosilicate glass pipettes
(World Precision Instruments, Inc., USA, 4—9 MQ) were
filled with (in mM): 135k-gluconate, 7.5 KCI, 10
phosphocreatine, 10 HEPES, 2 MgATP, 0.3 Na2GTP,
pH 7.3 with KOH and adjusted to 290 mOsmol using
sucrose. During recording, cells were bathed in (in mM):
140 NaCl, 4 KCl, 2 CaCl2, 2 MgCl2, 10 HEPES, 10 D-
glucose, 10 sucrose, pH7.4 with NaOH. To record
voltage-gated Na+/K+ channel activity, a series of de-
polarizing potentials from -80 mV to 80 mV were ap-
plied in 20 mV intervals for 500 msec. Series resistance,
whole-cell capacitance, and pipette capacitance were
compensated to minimize transient capacitive current
artifacts during recording. To inhibit currents, either
100 uM tetrodotoxin (TTX) or 50 mM tetraethylammo-
nium chloride (TEA) was added to the bath via pipette.
Currents were low-pass filtered at 2kHz (Axopatch
200B, 4-pole Bessel) and sampled at 5kHz (Digi-
data 1440A). To record action potentials, cells were
current-clamped to maintain a holding membrane po-
tential of -65mV. Cells requiring more than 100pA
current injection to maintain -65 mV were discarded. A
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series of stepwise pulses of current were injected from 0
to +140 pA in 10pA intervals. Membrane potentials
were low-pass filtered at 10kHz (MultiClamp 700B
Commander) and sampled at 20 kHz (Digidata 1440A).
All data was recorded in Clampex 10.5 and analyzed in
Clampfit 10.2 (Molecular Devices). Voltage-gated Na +
channel and voltage-gated K+ channel currents were
quantified by peak and steady-state current values,
respectively.

In vitro analysis of Rab4 motility within WT and HD
iNeurons

21-day-old differentiated WT and HD iNeurons were
transfected with a mammalian expression vector ex-
pressing mCherry-Rab4a-7 (Addgene#55125, Table S1)
using Lipofectamine 3000 (Fisher). Two to four days
post-transfection,  transfected neurons expressing
mCherry-Rab4 were imaged at 100x and vesicle motility
was imaged, analyzed and quantified as described for
in vivo analysis of vesicle motility in whole mount larval
axons.

Immunohistochemistry: human iPSCs/NPCs/iNeurons

WT and HD iPSC/NPC colonies or 21-day old differen-
tiated neurons were washed in PBS pH 7.2 and fixed in
4% paraformaldehyde. Blocking solution (1x PBST with
5% BSA) was added to cells for 60 min prior to antibody
incubation. Cells were incubated in primary antibodies,
OCT-4 (Santa Cruz 1:200), Nestin (Santa Cruz 1:200),
MAP2 (BD Biosciences 1:200) PIII-tubulin (Biolegend 1:
200), Tyrosine Hydroxylase (EMD Millipore 1:200),
Rab4 (Abcam 1:200), HIP1 (Novus Biological, 1:200),
DIC (Abcam, 1:200), or PolyQ (EMD Millipore, 1:200)
for 16 h at 4°C and appropriate secondary antibodies
(AlexaFluor® 488 or 568, ThermoFisher) for 1h at 25 °C.
DAPI was used to stain nuclei. Cells were then imaged
at 20x-40x (for iPSC and NPC) or 60x-100x (iNeurons).
iNeurons were imaged on glass slide bottom dishes (In
Vitro Scientific China, D29-14-1-N). As above, fixed im-
ages were taken at 100x using DAPI, FITC, TxRed, and
Cy5 filters which were merged into a single RGB image
to analyze co-localization noted as yellow or white
puncta. Comprehensive list of reagents and antibodies
used in this study can be found in Table S1.

Preparation of protein extracts from mouse brains and
human iNeurons

Mouse brains (gift from K. Medler, C57BL/6) were dis-
sected and halved. Brains were stored on dry ice and
used immediately or stored at -80C for future use.
Mouse brains were homogenized in homogenization
buffer (10 mM HEPES, pH 7.4, 100 mM K acetate, 150
mM sucrose, 5mM EGTA, 3mM Mg acetate, 1 mM
DTT) containing a cocktail of protease inhibitors
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(Roche) and 5mM EDTA. Mouse brain extracts were
then centrifuged at 1000 g for 15 min at 4 °C. The super-
natant (PNS) was then used for sucrose gradient frac-
tionation analysis as detailed below or for western
blotting. WT and HD iNeurons were manually removed
from 12-well plates using ice-cold homogenization buf-
fer (as above) and blended for 30 s on ice using a motor-
ized pestle. Neuronal extracts were then centrifuged at
1000 g for 15min and the supernatant was analyzed
using western blot analysis.

Sucrose gradient fractionations

PNS samples from mouse brain or human iNeuron ex-
tracts were further fractionated into soluble, heavy mem-
brane (P1), and vesicle fractions (VF) by sucrose
gradient ultra-centrifugations as previously done [3, 15]
using lysis buffer (4 mM HEPES, 320 mM sucrose pH
7.4) containing a phosphatase and protease inhibitor
cocktail (Pierce). Briefly, 300ul of PNS was combined
with 300ul 62% sucrose and layered onto a sucrose gra-
dient (35, and 8% sucrose) and centrifuged at ~ 100,000
g for 90 mins. The vesicle fraction (VF, 35/8 layer), the
soluble fraction and the heavy membrane fractions were
removed and used in western blot analysis. 100ul of
homogenization buffer was used to dissolve the heavy
membrane pellet (P1).

Co-immunoprecipitation analysis

Isolation of Rab4 vesicles was performed as described [3,
15]. 1000pug of total protein from the mouse or human
iNeuron vesicle fraction were incubated with a rabbit
monoclonal antibody to Rab4 (Abcam, 1:100) for 1h at
25°C. Protein homogenates were then incubated with
magnetic beads (Pierce Protein A/G Magnetic Beads)
with rotation for 90 min and eluted with Pierce elution
buffer (pH 2.8). Eluents were then analyzed by western
blot analysis as detailed below. Alternatively, Co-IP was
performed on protein homogenates using the Pierce™
Co-Immunoprecipitation Kit. Isolation of Rab4 vesicles
using magnetic beads occurred the absence of detergents
to preserve vesicular membranes. Eluents were then sep-
arated by SDS-PAGE and analyzed via western blot.

SDS-PAGE and Western blot analysis

Mouse or human iNeuron fractions in NuPage LDS
sample buffer with 4 mM [B-mercaptoethanol were run
on 4-12% Bis-Tris gels (Invitrogen) and transferred to
nitrocellulose membranes. Blots were blocked using
TBST with 5% BSA for 60 mins at 25°C and incubated
with primary antibodies (SYT1 (Phosphosolutions 1:
1000), Rab4 (Abcam 1:1000), KIF5C (Goldstein 1:500),
DIC (Abcam 1:1000), Actin (ThermoFisher 1:1000),
Tubulin (Abcam 1:2000), HTT rabbit polyclonal (Abcam
1:1000), HTT mouse monoclonal (EMD Millipore 1:
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1000), Hipl (Novus Biological 1:1000), KDEL (Abcam 1:
1000), Golgi (Millipore Sigma 1:1000), Cytochrome C
(Santa Cruz 1:1000), HAP1 (Santa Cruz 1:1000), Rab11
(Abcam 1:1000), Rab5 (Abcam, 1:1000), or Syntaxinl7
(Juhasz, 1:500) for 16h at 4°C. Blots were then incu-
bated with anti-mouse or anti-rabbit secondary HRP-
conjugated antibodies (ThermoFisher 1:1000) and
imaged using a BioRad Chemi-doc system with Pierce
ECL or diluted Femto substrate (1:5 in TBS). Images
from 3 to 5 blots were quantified using ImageLab. Com-
prehensive list of reagents and antibodies used in this
study can be found in Table S1.

Statistical analysis

The statistical analysis used for each experiment is indi-
cated in each figure legend. First power and sample size
(n) calculations were performed on minitabl8 for each
experimental paradigm: comparing 2 means from 2 sam-
ples, with two-tailed equality to identify the sample size
that corresponds to a power of 0.9 with a=0.01. For
each experiment, a stringent significance threshold of
p<0.01 (99% confidence) was used as detailed in White
et al. [77]. Using Minitab18 calculation of sample size
for a power of 0.9 and a =0.01, the n-value for each ex-
periment was determined based on the control data
(average and standard error) in each case. For western
blot quantifications, a =0.05. The n-value refers to the
number of larvae, the number of flies, the number of
mouse brain lysate, or the number of induced human
neurons. Individual data points for each quantification
was averaged for each n and then compared.

To select the appropriate statistical test, data distribu-
tions for each transport dynamic analyzed were first
checked for normality using the nortest package of R:
the Lilliefors test and Anderson—Darling test as previ-
ously detailed [25, 59, 77]. Statistical significance of
normal distributions was calculated by a two-sample
two-tailed Student’s t-test and/or ANOVA while the
non-normal segmental velocity distributions were com-
pared using the non-parametric Wilcoxon—Mann—Whit-
ney rank sum test in Excel and Minitab18. The global
velocity averages across each larva were found to be nor-
mal distributions, as well as the global pause frequencies,
pause durations and run lengths across each larva. For
motility dynamic quantifications, duration-weighted seg-
mental velocities each larva (total of 4 movies, > 500 par-
ticles) were pooled, then the average global dur-
weighted segmental velocities from each larva were aver-
aged (total 4 movies, >500 particles) before statistical
analysis as detailed in [25, 59]. Therefore, statistical ana-
lysis was performed on global velocities from each larva
rather than individual particle velocities (n = 10 larvae, 4
movies per larvae). Statistical significance was deter-
mined using the two-sample two-tailed Student’s t-test.
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For statistical analysis on motility dynamics from
iNeurons, analysis was performed on individual particle
velocities (n=7, >250 particles), therefore, the non-
parametric Wilcoxon—Mann—Whitney rank sum test
was utilized due to non-normality in the data. For im-
munofluorescence analysis, statistical analysis was per-
formed in Excel and Minitabl8 using the two-sample
two-tailed Student’s ¢-test/ ANOVA. Differences were
considered significant at a significance level of p <0.01,
which means a 99% statistically significant correlation.
Based on the power analysis, quantifications were per-
formed across 5, 8, or 10 larvae. For western blots, quan-
tification analysis was performed using Image Lab
software. Data obtained from Image Lab was analyzed in
Excel and Minitabl8 using two-tailed Student’s t-test/
ANOVA across three independent experiments (n = 3).
Differences for western blots were considered significant
at a significance level of p < 0.05. Overlaid dot plots were
constructed for all figures using OriginLab / OriginPro.

Results

Reduction of HTT disrupts the axonal motility of Rab4
causing axonal and synaptic Rab4 accumulations

To test the hypothesis that HTT is involved in the
axonal motility of Rab4, we generated Drosophila larvae
co-expressing fluorescently-tagged Rab4 (Rab4-mRFP or
YFP-Rab4) and htt-RNAi using the pan-neuronal Appl-
GAL4 driver. We previously showed that expression of
htt-RNAi with Appl-GAL4 decreased the expression of
endogenous Drosophila htt by 70% via qPCR analysis
and resulted in axonal blockages [24], while ubiquitous
htt knockdown caused embryonic lethality [24]. Larvae
expressing Rab4-mRFP or YFP-Rab4 alone showed ro-
bust bi-directional motility of Rab4 within the segmental
nerves at velocity rates consistent with fast axonal trans-
port (Fig.la, Sla). Further, we note that just as expres-
sion of GFP alone did not affect axonal transport [24],
tagging the N or C-terminus of Rab4 with mRFP or YFP
also did not influence the bi-directional motility of Rab4
(Fig.1a, S1la). We also found that ~ 89% of Rab4-mRFP
puncta co-localized with endogenous Rab4 identified
using a Rab4 antibody whose epitope sequence is con-
served in Drosophila (Fig. Sle), indicating that tagged
Rab4 is likely present in the same vesicles as endogenous
Rab4. Strikingly, reduction of endogenous htt disrupted
the bi-directional motility of Rab4-mRFP (Fig. la) and
YFP-Rab4 (Fig. Sla) within larval axons co-expressing
Rab4-mRFP or YFP-Rab4 with htt-RNAi. Analysis of
over 500 vesicle trajectories using our published custom
particle tracking program [25, 59] revealed significant
decreases in both the anterograde and retrograde veloci-
ties of Rab4-mRFP and YFP-Rab4 (Fig. 1b, S1b). Further,
the bi-directional velocity decreases were correlated with
decreases in vesicle run lengths and increases in pause
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Fig. 1 Reduction of htt disrupts the axonal motility of Rab4-vesicles. a Schematic diagram of larval nervous system showing the brain and
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and corresponding kymographs from larvae expressing Rab4-mRFP or Rab4-mRFP with 70% reduction of htt (htt-RNAI). X axis = distance (um), Y
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(p <0.07) and retrograde (p < 0.07) Rab4-mRFP vesicle velocities with 70% reduction of htt. n =10, > 500 vesicles. ¢ Quantification analysis shows
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neuromuscular junctions (NMJs). Representative images of Rab4-mRFP expressing larvae stained with HRP-FITC showing NMJs within muscle 6/7
segment A4-5 of third instar larvae from htt-RNAi (70% reduction) and htt*~ (50% reduction). Top panels = HRP-FITC staining. Bottom Panel =
inverted image of Rab4-mRFP fluorescence. Bar = 5 pm. f Quantification of the number (#) of Rab4 accumulations greater than 2um? (the average
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frequencies (Fig. 1c, S1c). Similar observations were also
seen with the htt knockout mutant (KO, Df(98E2);
CG999075) [81], which exhibited Rab4-mRFP axonal
blockages (Fig. S1d). Conversely, larvae expressing
HTT15Q-mRFP with 50% genetic reduction of Rab4
(Raba™M!19530/1)  resulted in HTT15Q-mRFP axonal
blockages (Fig. 1d). These observations indicate that
HTT and Rab4 are functionally linked during axonal
transport and that HTT likely aids in the axonal motility
of Rab4-containing vesicles.

To test the prediction that HTT-mediated Rab4 axonal
transport defects affect the distribution of Rab4 to
synapses, we next examined the Drosophila NM]Js from
larvae expressing Rab4-mRFP alone and in the context
of htt depletion using htt-RNAi or heterozygous KO of
htt (htt-/+). Since Drosophila NMJs undergo rapid struc-
tural and functional changes during larval growth [83],
type-1 synaptic boutons between muscles 6/7 at larval
abdominal segments A4-A5 of third instar larval were
examined. Similar to previous studies [10], htt reduction
did not dramatically alter the coordinated growth of
NMJs (Fig. S2a). Under normal conditions, Rab4 is
homogeneously distributed within NM]Js (Fig. 1le).
However, decreasing htt levels (either by RNAi or
KO) increased in the intensity of Rab4-mRFP fluores-
cence at NMJs (Fig. S2b) and caused Rab4 accumula-
tions at synaptic boutons (Fig. le). The area of these
Rab4 accumulations were significantly greater than
the average area of a synaptic bouton (2um?) ob-
served under normal conditions (Fig. le). These Rab4
accumulations at NMJs could result due to the cap-
ture of Rab4-containing vesicles at synapses or due to
a decrease in the retrograde motility of Rab4. Indeed,
previous work showed that htt-KO elevated the pres-
ence of neuropeptide at synaptic boutons [10] and
synaptic accumulations were also observed in larvae
expressing a point mutant in the kinesin heavy chain
gene which causes autosomal dominant Hereditary
Spastic Paraplegia (KHCN?%2%) [20]. Therefore, reduc-
tion of htt disrupts the axonal motility of Rab4, caus-
ing axonal and synaptic Rab4 accumulations.

The putative moving HTT-Rab4 vesicle contains synaptic

proteins, and is distinct from a putative HTT-Rab3 vesicle

Although immunoprecipitation and yeast-two hybrid
analysis has identified many binding partners for HTT
[22, 26, 82], we were particularly interested in isolating
HTT associations during its motility within axons under
physiological conditions. In this context, using simultan-
eous dual-view imaging we tested the proposal that
HTT is present within unique vesicles in vivo during its
axonal motility to/from synapses within larval axons. For
this, we examined larvae co-expressing HTT25Q-eGFP
and Rab4-mRFP and found co-migrating (yellow
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trajectories) HTT- and Rab4-containing puncta (Fig. 2a,
Movie S1). Quantification of merged kymographs
showed that 21% of Rab4-mRFP trajectories associate
with HTT25Q-eGFP trajectories, while 19% of
HTT25Q-eGFP associate with Rab4-mRFP (Fig. 2c, d).
Coloc2 analysis indicated a Pearson’s Correlation co-
efficient of r= 0.94 with a 45-degree line suggesting a
high degree of co-localization (Fig. 2f). In contrast, co-
expression of Rab4-mRFP and YFP-tagged amyloid pre-
cursor protein (APP-YFP) did not show co-migrating
APP and Rab4-containing vesicles (Fig. 2b, Movie S2).
Less than 1% of APP-YFP associated with Rab4-mRFP
(Fig. 2d, e). Coloc2 analysis indicated a near-horizontal
line and a correlation co-efficient of r= 0.12 (Fig. 2f). In
contrast, 7% of APP-YFP trajectories were associated
with HTT15Q-mRFP trajectories with a correlation co-
efficient of r=0.29 (Fig. 2a, ¢, e, f, Movie S3), suggesting
that while Rab4 and APP are likely not moving together
on the same vesicle, APP can be present on a sub-
population of moving HTT-containing puncta, which is
likely independent from a HTT-Rab4 vesicle population.

While the native function of Rab4 remains ambiguous,
there is evidence to suggest that Rab4 has a role in endoso-
mal trafficking [49]. Further, Rab4 and HTT are both
enriched at synapses [80] and both have been proposed to
function during synaptogenesis [14]. To further isolate the
putative moving HTT-Rab4 vesicle compartment, we next
visualized larval axons co-expressing Rab4-mRFP or HTT-
mRFP with candidate synaptic proteins (synaptobrevin =
nSyb-GFP, synaptotagmin = Syt-GFP). Larval axons re-
vealed co-migrating (yellow trajectories) of Rab4-mRFP and
nSyb-GFP or Syt-GFP-containing puncta (Fig. 2b. Movie
S4, S5). Quantification of merged kymographs showed that
34% of Syt-GFP trajectories (r = 0.87) and 33% of Syt-GFP
trajectories (r = 0.77) associate with Rab4-mRFP trajectories
(Fig. 2d). Additionally, HTT also co-migrated with Syb-
GFP and Syt-GFP, with 14% of nSyb-GFP trajectories (r=
0.65) and 16% of Syt-GFP trajectories (r = 0.39) associating
with HTT15Q-mRFP trajectories (Fig. 2c-f, Movies S6, S7).
Furthermore, 12% of Rab11-GFP (a recycling endosome
marker, whose motility we previously found was affected by
HTT [57]) trajectories associated with HTT-mRFP (r=
0.41, Movie S8), while 18% of Rab11-GFP associated with
Rab4-mRFP trajectories (r=0.65) (Fig. 2c¢,d,f, Movie S9).
Only <1% of YFP-Rab3 (a synaptic Rab whose bi-
directional movement we previously found was affected by
HTT [77]) associated with Rab4mRFP (r=0.09, Fig.2d,
Movie S10). Taken together, as depicted in the pro-
portional Venn diagrams (Fig. 2e), we propose that
under physiological conditions a subpopulation of
moving Rab4 vesicles likely contain HTT, Syb, Syt
and Rabll (Fig. 2e). This putative, moving HTT-Rab4
vesicle population is likely distinct from a putative
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HTT-Rab3 vesicle [77], and the previously identified
putative APP-Rab3 vesicle [72].

The putative moving HTT-Rab4 vesicle uses kinesin-1 and
dynein motors, and the accessory protein HIP1 but not
HAP1

While the anterograde motility of Rab4 within choliner-
gic neurons was previously shown to be primarily driven
by kinesin-2 [14], work by us and others showed that
the axonal motility of HTT was mediated by kinesin-1
and dynein [12, 13, 24, 49]. To test the prediction that
the putative HTT-Rab4 vesicle also uses kinesin-1 and
dynein motors for bi-directional motility within axons,
we examined the in vivo motility behaviors of Rab4-
mRFP with a 50% genetic reduction of kinesin-1 or dy-
nein. Larvae expressing Rab4-mRFP in the context of
50% reduction of kinesin light chain (KLC, kic®**%*), a
subunit of kinesin-1, showed significant decreases in an-
terograde velocities of Rab4-mRFP vesicles (Fig. 3a,b)
and Rab4 accumulations (Fig. S3a). 50% reduction of dy-
nein intermediate chain (DIC, robl) significantly de-
creased both retrograde and anterograde velocities of
Rab4-mRFP vesicles (Fig. 3a,b). While these observations
are similar to what was previously seen for APP [25, 59],
our analysis also suggests that kinesin-1 and dynein
motor activities on Rab4 vesicles are likely functionally
coupled during axonal transport. We also found that lar-
vae expressing Rab4-mRFP in the context of 50% reduc-
tion of either kinesin-2 (klp64d) or kinesin-3 (unc-104)
caused Rab4 accumulations (Fig. S3a), indicating that
the motility of Rab4 is likely influenced by all 3 kinesin
motors. However, we propose that since the putative
motile HTT-Rab4 vesicle complex also contained synap-
totagmin, our moving HTT-Rab4 vesicle is likely distinct
from the kinesin 2-mediated Rab4 vesicles isolated in
cholinergic neurons, which lacked synaptotagmin [14].
Further, immunofluorescence imaging of larval axons
showed that Rab4-containing puncta co-localize with
KLC and DIC (Fig. 3b). HTT is also present with Rab4
and KLC or DIC containing puncta (Fig. 3c). These find-
ings, together with our previously published work on
HTT and molecular motors [24, 34], indicate that the
putative HTT-Rab4 vesicle is distinct from other Rab4
vesicles and uses both kinesin-1 and dynein for its bi-
directional movement within axons.

Previous work showed that huntingtin-associated pro-
tein 1 (HAP1) functions as an accessory protein to medi-
ate associations between HTT-containing vesicles and
motors in mammals [16, 50]. Similar to HTT, HAP1 was
also shown to move both anterogradely and retrogradely
within axons [7]. To test the proposal that associations
between molecular motors and the putative HTT-Rab4
containing vesicle are mediated by accessory proteins,
we undertook a candidate approach to isolate potential
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proteins involved in the motility of the putative HTT-
Rab4 vesicle in vivo. HTT moves bi-directionally within
larval axons in vivo (Fig. S4a) [7, 36, 75], although Dros-
ophila lacks a true homologue of HAP1. Reduction of
endogenous Drosophila htt (using htt-RNAi or the
knock-out mutant) disrupted the motility of non-
pathogenic human HTT indicating that the motility of
HTT15Q-mRFP is dependent on endogenous Drosoph-
ila htt (Fig. S4a). One possibility for the HAP1 inde-
pendent motility of HTT within larval axons is that the
HAP1-like protein, milton, which exhibits mild hom-
ology (~50%) with the N-terminal domain of mamma-
lian HAP1 [70], contributes to the motility of HTT in
flies. To test this prediction, we examined larvae ex-
pressing HTT15Q-mRFP and Rab4-mRFP with 50% re-
duction of milton (milt“°**”/+) and found no axonal
transport defects (Fig. 3d-g), suggesting that milton does
not affect the motility of the putative HTT-Rab4 vesicle
and is unlikely to be a part of the putative HTT-Rab4
vesicle complex.

To test whether other huntingtin interacting proteins
are involved in the motility of the putative HTT-Rab4
vesicle we tested a potential candidate; huntingtin-
interacting protein 1 (HIP1), which participates in
clathrin-mediated endocytosis [38, 51] and has been im-
plicated in endosomal trafficking [31]. HIP1 also associ-
ates with membrane-bound HTT but exhibits decreased
affinity for HTT with increasing polyQ tracks [51]. Lar-
vae expressing HT'T15Q-mRFP or Rab4-mRFP with 50%
reduction of Drosophila HIP1 (hip1™®>°%/1) caused
HTT/Rab4 axonal blockages (Fig. 3d-g) and decreased
both the anterograde and retrograde motility of either
HTT15Q-mRFP or Rab4-mRFP vesicles (Fig. 3h-i).
These motility defects were concomitant with decreases
in vesicle run lengths (Fig. S4b, c). These observations
indicate that HIP1 contributes to the in vivo motility of
the putative HTT-Rab4 vesicle within larval axons.

Several Rab-associated effector proteins are known to
regulate the delivery of Rabs to specific intracellular lo-
cations [11, 13, 56, 79]. Previous work showed that opti-
neurin binds to Rab8 to link myosin and HTT for
motility on actin filaments [63]. However, reduction of
the Drosophila homolog of optineurin, nemo (nemo"/
+), did not affect the axonal motility of HTT15Q-mRFP
or Rab4-mRFP (Fig. 3d-g). Further, reduction of nuf
(nufMP%772/ 1), which binds Rab11 to influence recycling
endosome organization in a dynein-dependent manner
[61], also did not affect the axonal motility of HTT or
Rab4 (Fig. 3d-g). However, reduction of ripll
(rip11%G9%*85/4) a Rabll effector thought to regulate
endosomal trafficking via kinesin associations [66], dis-
rupted the axonal motility of Rab4 causing a significant
amount of Rab4-mRFP containing axonal blockages (Fig.
3d,f), while no significant affects were seen with
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(See figure on previous page.)

Fig. 3 Kinesin-1, dynein, and hip1 aid the motility of HTT-Rab4 in axons. a Representative movies with kymographs from Rab4-mRFP larvae alone
or in the context of 50% reduction of kic®****~/+ or robl“~/+. Bar = 10 um. b Quantification of duration weighted segmental velocity (um/s)
indicates significant decreases in the anterograde Rab4-mRFP velocities with 50% reduction of kinesin (p < 0.001) or dynein (p < 0.07). 50%
reduction of dynein significantly decrease retrograde Rab4-mRFP velocities (p < 0.001), 50% reduction of kinesin did not (ns). n=10. > 500 vesicles.
¢ Sub-pixel high-resolution immunofluorescence analysis show Rab4-mRFP (red arrows) and kic (green arrows) co-localize (yellow arrows) within
larval segmental nerves. Intensity-pixel plots show overlapping (purple arrows) peak intensities for both Rab4 (red) and kic (green). Rab4-mRFP
(red arrows), HTT25Q-eGFP (green arrows) and DIC (blue arrows) also co-localize (white arrows). Intensity-pixel plots show overlapping (purple
arrows) peak intensities for Rab4 (red) HTT (green) and DIC (blue). X axis = distance (um), Y axis = intensity (au). Bar=1um.n=>5.d, e
Representative images of Rab4-mRFP or HTT15QmRFP larval nerves alone or in the context of 50% reduction of hip1, rip11, milt, nuf or nmo.
Bar =10 um. f Quantification of the number (#) of Rab4 blocks per larvae reveal that larvae expressing Rab4-mRFP in the context of 50%
reduction of rip11 (p < 0.07) or hip1 (p < 0.07) show Rab4-mRFP blocks. n=5. g Quantification of the number (#) of blocks per larvae reveal that
larvae expressing HTT15Q-mRFP in the context of 50% reduction of hip1 (p < 0.07) show HTT15Q-mRFP blocks. n = 5. Statistical significance was
determined using the two-sample two-tailed Student's t-test. h Representative movies with the corresponding kymographs from larvae
expressing Rab4-mRFP alone or in the context of 50% reduction of hip1. Quantification of duration weighted segmental velocity (um/s) indicates
significant decreases in anterograde Rab4-mRFP velocities with 50% reduction of hip1 (p < 0.007) and in retrograde Rab4-mRFP velocities (p <
0.007). n=10, > 500 vesicles. i Representative movies with the corresponding kymographs from larvae expressing HTT15Q-mRFP alone or in the
context of 50% reduction of hip1. Quantification of duration weighted segmental velocity (um/s) indicates significant decreases in anterograde
velocities with 50% reduction of hip1 (p < 0.07) and significant decreases in retrograde HTT15Q-mRFP velocities (p < 0.07). n=10. > 500 vesicles.
Statistical significance was determined using the two-sample two-tailed Student’s t-test. ns =p > 0.01, *p < 0.01, **p < 0.001

HTT15Q-mRFP (Fig. 3e, g). Simultaneous dual-view im-
aging revealed that Rab4-mRFP and ripl1-GFP co-
localize within larval axons (Fig. S3b). Taken together,
our observations suggest that at least one Rab-associated
effector protein, ripll is likely involved in the axonal
motility of Rab4 vesicles, but not for the axonal motility
of the putative HTT-Rab4 vesicle.

Next, we biochemically probed the existence of a puta-
tive HT'T-Rab4 vesicle by first isolating Rab4-containing
vesicle membranes from mouse brains. Mouse brains
were fractionated and the post-nuclear supernatant
(PNS), vesicle fraction (VF), soluble, and heavy-
membrane fractions (P1) were isolated as previously
done [15] (Fig. 4a). Western blot analysis indicated that
full-length HTT (~350kD), Rab4, kinesin-1 (KIF5C) and
dynein (DIC) were all present in the VF containing
synaptotagmin-1 (SYT1) (Fig. 4b). HIP1, Rab11-FIP5
(the mammalian homolog of rip11), HAP1 and Rabll
were also seen in the VF (Fig. 4b). Note that Rab4 is
enriched in the VF with very little seen in the soluble
fraction. We next isolated Rab4-containing membranes
by immunoprecipitating (IP) Rab4 from the VF (Fig. 4c-
e). Western blot analysis of the Rab4-membrane IP
showed both the full length and N-terminal HTT frag-
ments in the Rab4 membrane IP (Fig. 4c). Kinesin-1
(KIF5C) and dynein (DIC) motors were also present in
the Rab4 membrane IP (Fig. 4d, e). Intriguingly, Rabl1l,
Rab11-FIP5 and HIP1 were also seen in the Rab4-
membrane IP, while HAP1 was not (Fig. 4 c,d). Note
that synaptotagmin (SYT1) and synaptophysin (SYP)
were also pulled downed in the Rab4-membrane IPs,
while syntaxin-17 (SYX17, an autophagy-related SNARE
protein [33]) was not (Fig. 4d). Taking our genetic and
biochemical observations together, our results indicate
the existence of a putative HTT-Rab4 vesicle-motor

complex containing HIP1, but not milton/HAPI, ripl1,
nemo, or nuf in fly and mammalian neurons (Fig. S9a).

Rab4 motility is disrupted in HD neurons due to aberrant
associations with motors and accessory proteins

We next tested whether the motility of the putative
HTT-Rab4 vesicle is disrupted in HD. In this context,
we first terminally differentiated neurons derived from
iPSCs from age and sex matched normal (Q25, Q17)
and HD (Q72, Q109) individuals. Using previously estab-
lished protocols, OCT-4+ iPSCs were first differentiated
into Nestin+ neuronal precursor cells (NPCs), and then
terminally differentiated into neurons (B-III Tubulin+
and MAP2+ iNeurons) (Fig. 5a, S5a). Electrophysiology
indicated the presence of functional iNeurons (Fig. 5b,
S5b) capable of eliciting action potentials. Na +or K+
currents were inhibited by TTX or TEA demonstrating
the presence of functional Na + and K+ channels in both
WT and HD iNeurons with no defects detected at this
stage (Fig. 5b, S5b-d). Next, we transfected WT and HD
iNeurons with mCherry-Rab4a-7 and observed the mo-
tility dynamics of mCherry-Rab4-vesicles in iNeurons
using the same protocol used for imaging Rab4-mRFP-
vesicle motility in Drosophila larval axons (Figs. 1, 3).
Similar to what was observed in larval axons, Rab4
moves bi-directionally within WT iNeurons (Fig. 5c,
Movie S11) with the anterograde and retrograde Rab4-
vesicle velocities (Fig. 5d) and run lengths (Fig. S5e)
comparable to our observations in larval axons (Fig. 1b-
¢, Slb-c). In contrast, the bi-directional motility of
mCherry-Rab4-vesicles was significantly perturbed in
HD iNeurons (Fig. 5d, Movie S12). Concomitant with
decreases in mCherry-Rab4-vesicle velocities, significant
decreases in both the anterograde and retrograde vesicle
run lengths were observed (Fig. S5e).
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One possible mechanism for how expanded polyQ-
HTT could disrupt the axonal motility of Rab4-vesicles
is by disrupting the association of Rab4-vesicles with
motors and/or accessory proteins which regulate motor
attachment. Indeed, previous work showed that polyQ-
HTT disrupted the association of HAP1 with p150glued
[21] and KLC [62], perturbing the axonal transport of
BDNE. Moreover, polyQ-HTT also decreased HTT’s af-
finity for HIP1 [51], while its affinity for HAP1 was in-
creased [41]. To test the proposal that defects in Rab4

motility in HD iNeurons is due to the disruption of asso-
ciations between Rab4-vesicles with motors and/or
accessory proteins, we first isolated Rab4-containing
membranes from HD and WT iNeurons. Western blot
analysis of the SYT1 positive membrane fraction from
WT and HD iNeurons showed full-length (FL) and N-
terminal fragments of HTT, Rab4, Rabll, KIF5C, dy-
nein, HIP1, HAP1 and Rabl1FIP5 (Fig. 5e). We next
immunoprecipitated the Rab4-containing VF from both
WT and HD iNeurons. Co-IP analysis of HD VFs
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J

revealed altered associations between Rab4 and known  HIP1 that immunoprecipitated with Rab4 suggesting de-
transport regulatory proteins compared to WT VFs (Fig.  creased associations between vesicular Rab4 in HD
5e). HD iNeurons exhibited significant reductions in the iNeurons compared to WT iNeurons (Fig. 5e). In con-
level of motor protein subunits (KIF5C and DIC) and trast, increased levels of HAP1 was observed in Rab4-
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membranes from HD iNeurons (Fig. 5e), suggesting that
HAP1 exhibits greater binding affinity for expanded
polyQ-HTT compared to WT iNeurons, perhaps due to
aberrant associations between HAP1 and the putative
polyQ-HTT-Rab4 vesicle similar to what has been previ-
ously reported [21, 41, 51, 62]. Additionally, while
changes to the total level of proteins were seen between
WT and HD neurons (Fig. S7), we also found that HD
iNeurons had increased levels of HTT N-terminal frag-
ment pulled down with Rab4-membranes compared to
WT iNeurons, indicating that perhaps cleaved polyQ-
HTT fragments associate more strongly with Rab4-
containing vesicles (Fig. 5e). Immunofluorescence ana-
lysis showed that Rab4 and HTT co-localize in WT
iNeurons, while Rab4 and HTT were present in axonal
accumulations in HD iNeurons (Fig. S6a, b). High reso-
lution imaging showed that Rab4 puncta also co-localize
with DIC and HIP1 in WT iNeurons, but this co-
localization was disrupted in HD iNeurons (Fig. Séc, d).
Taken together, our observations indicate potentially sig-
nificant disruption of the putative polyQ-HTT-Rab4
vesicle complex and molecular motors/accessory pro-
teins under HD disease conditions, which likely contrib-
utes to the disruption of the axonal motility of polyQ-
HTT-Rab4-containing vesicles (Fig. S9b).

Synaptic dysfunction and behavioral defects caused by
pathogenic HTT are rescued by excess Rab4

We previously showed that disruption of axonal
transport via loss of motor function caused synaptic
defects [34] and larval locomotor defects which were
correlated with the number of axonal blockages [2].
To test whether pathogenic polyQ-HTT also disrupts
axonal transport and causes synaptic and behavioral
defects in vivo, we examined larvae expressing patho-
genic polyQ-HTT. Larvae expressing HTT128Q ex-
hibited axonal blockages with the synaptic vesicle
marker CSP (cysteine string protein), in contrast to
larvae expressing non-pathogenic HTT16Q (Fig. 6a).
These CSP blockages also contained Rab4 and HTT
(Fig. S8a, b), similar to what was observed in HD
iNeurons (Fig. S6a, b). We next tested the proposal
that disruption of Rab4 transport mediated by patho-
genic polyQ-HTT affects the coordinated growth of
synapses, by examining typel synaptic boutons in
NMJs between muscle 6/7 at larval abdominal seg-
ments A4-A5 similar to our previous analysis [2, 34].
While NMJs from larvae expressing non-pathogenic
HTT (HTT16Q) were comparable to WT, NM]Js from
larvae expressing HTT128Q showed significant
changes to the coordinated growth of NM]Js (Fig. 6b-
e). The total number of synaptic boutons (Fig. 6c)
and the average synaptic length (Fig. 6d) were signifi-
cantly decreased, while the average size of synaptic
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increased in
HTT16Q

boutons (Fig. 6e) was significantly
HTT128Q larvae compared to WT or
larvae.

To test the proposal that synaptic defects contribute
to behavioral defects, we next examined larval crawling
velocities and peristaltic body wall contractions. The
Drosophila neuronal network called the central pattern
generator controls the coordination of peristaltic move-
ment of larval body muscles, which result in crawling
[19, 47, 48]. A full peristaltic contraction of the body
wall initiates at the posterior of the larva and propagates
in a wave-like manner to the anterior of the larva, ter-
minating at the mouth hooks. Since larval crawling
speeds increase with the frequency of contractions,
speed, body muscle contractions and distance traveled
are all thought to be correlated [1, 5]. Similar to motor
protein mutant larvae [2], larvae expressing HT'T128Q
showed significantly decreased larval contractions con-
comitant with decreased larval velocities compared to
WT larvae (Fig. 6f, g). Further analysis indicated a high
Pearson’s correlation coefficient between larval crawling
velocities and synaptic defects for HTT128Q larvae com-
pared to WT larvae, suggesting a high linear association
between these two variables (Fig. 6h). Moreover, while
HTT128Q expressing adult flies die or do not enclose to
adults at 29 °C, at 25 °C these flies showed decreased sur-
vival rates compared to adult WT flies (Fig. 6i). Taken
together, these observations are strikingly similar to
what was observed for loss of motor proteins [2], indi-
cating that perturbation of axonal transport mediated by
pathogenic polyQ-HTT causes dysfunction in the coor-
dinated growth of NM]Js, resulting in larval locomotion
defects and adult lethality.

Previous work showed that expression of Rab1l1l ame-
liorated synaptic and behavioral dysfunction in a Dros-
ophila HD model [60] and rescued neurodegeneration in
HD mice [69]. Since it was suggested that proper Rab4
transport and localization is important for the regulation
of coordinated synaptic organization [14], we next tested
the proposal that supplying excess Rab4 can restore
polyQ-HTT-mediated axonal transport defects, synaptic
dysfunction and behavioral deficits, by generating larvae
co-expressing Rab4-mRFP with HTT128Q. Although
larvae co-expressing Rab4-mRFP with HTT128Q still
contained axonal blockages, there was no significant in-
crease in the extent of blockages when compared to
HTT128Q larvae (Fig. S8a, b). However, while
HTT128Q larval NMJs showed synaptic defects (Fig. 6b-
e), larvae co-expressing Rab4-mRFP with HTT128Q did
not and were strikingly similar to WT (Fig. 6b-e). These
larval NMJs showed smaller synaptic boutons in contrast
to HTT128Q larval NMJs (Fig. 6e). Increased numbers
of boutons and an increased average synaptic length
were also observed, compared to HTT128Q larvae (Fig.
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Student’s t-test

Fig. 6 Expression of Rab4-mRFP rescues synaptic deformation and larval crawling defects caused by pathogenic HTT. a Representative images
from larvae expressing HTT16Q or HTT128Q immunostained for the synaptic marker CSP and the neuronal membrane marker HRP-TxRED.
Smooth staining is seen in HTT16Q larval nerves with the synaptic vesicle marker, CSP. Larval nerves expressing HTT128Q show axonal
accumulations of CSP. Quantification of avg. CSP blocks per larvae (#) show a significant number of axonal blocks in larvae expressing HTT128Q
compared to larvae expressing HTT16Q (p < 0.0001). n = 8. b Representative images of NMJs from muscle 6/7 segment A4-5 of WT larvae, larvae
expressing HTT16Q or HTT128Q, or larvae co-expressing either HTT16Q or HTT128Q with Rab4-mRFP that have been stained with HRP-FITC. Note,
NMJs of HTT16Q expressing larvae look similar to NMJs of WT larvae. ¢ Quantification of the avg. number of boutons (#) per larvae revealed a
significant decrease in the number of boutons at neuromuscular junctions of HTT128Q expressing larvae compared to WT (p < 0.001). Co-
expression of Rab4-mRFP with HTT128Q rescued the number of boutons (ns) compared to WT, with a significant increase (p < 0.07) compared to
HTT128Q larvae alone. n = 8. d Quantification of the avg. synapse length (um) per larvae revealed a significant decrease in synapse length at
neuromuscular junctions of HTT128Q expressing larvae compared to WT (p < 0.001). Co-expression of Rab4-mRFP with HTT128Q rescued the
number of boutons (ns) compared to WT. n = 8. e Quantification of the avg. bouton area (umz) per larvae revealed a significant increase in
bouton area at neuromuscular junctions of HTT128Q expressing larvae compared to WT (p < 0.0001). Co-expression of Rab4-mRFP with HTT128Q
rescued the number of boutons (ns) compared to WT, which were significant decreased in area compared to HTT128Q expressing larvae (p <
0.001). n=8.f WT larvae, larvae expressing Rab4-mRFP or HTT128Q, and larvae co-expressing Rab4-mRFP with HTT128Q were subjected to larval
crawling assays for 1.5 mins at 25C, 60% humidity. g Quantification of larval crawling behaviors (larval velocity = cm/min & larval contractions =
contractions/minute) show significant decreases in both larval velocity (p < 0.0007) and contractions (p < 0.007) in HTT128Q larvae. Larvae co-
expressing Rab4-mRFP and HTT128Q show no changes in crawling velocity (ns) or contractions (ns) compared to WT. n = 20. h Correlation
scatterplots for ratios of avg. larval velocity normalized to WT (from panel g) compared to ratios of either bouton number (from panel c), synapse
length (from panel d), or bouton area (from panel e) normalized to WT. Corresponding R-values from linear regressions indicate a positive
correlation between crawling velocities and synaptic dysfunction. i Survival of HTT128Q and WT adult flies were measured for 70 days at 25 °C
with 60% humidity. Quantification of survival percentage (%) reveals that HTT128Q flies do not survive beyond 40 days, with 50% not surviving
beyond 20 days, while WT flies survived until day 63, with 50% of the WT flies surviving beyond 40 days. Adult flies co-expressing HTT128Q and
Rab4-mRFP show a partial rescue of survival until day 53, with 50% flies surviving to day 40. n =3 independent experiments, total of 60 adult flies
per genotype. ns=p > 0.01, *p < 0.01, **p < 0.001, ***p < 0.0001. Statistical significance was determined using the two-sample two-tailed

6¢-d). Strikingly, the level of Rab4 at the NMJs of larvae
co-expressing Rab4-mRFP and pathogenic HTT128Q
was significantly increased compared to larvae express-
ing Rab4-mRFP alone or with HTT16Q (Fig. S8c). Fur-
ther, while larval crawling velocities and larval body wall
contractions in larvae expressing pathogenic HT'T128Q
were significantly decreased, larvae co-expressing Rab4-
mRFP and pathogenic HTT128Q were not and were
strikingly comparable to WT larval crawling velocities
and body wall contractions (Fig. 6f,g). Correlation ana-
lysis indicates that larvae co-expressing Rab4-mRFP and
HTT128Q are comparable to WT larvae (Fig. 6h). Fur-
thermore, the adult survival rates observed for flies ex-
pressing HTT128Q were also partially rescued in flies
co-expressing Rab4-mRFP and pathogenic HTT128Q
(Fig. 6i). Taken together, these observations suggest that
disrupted transport of Rab4 mediated by pathogenic
HTT likely causes loss of Rab4 function at the synapses,
affecting larval locomotion defects, and that providing
excess Rab4 restores these defects. Our observations are
strikingly similar to previous work which showed that
overexpression of Rabll reversed mutant HTT-
mediated synaptic dysfunction and behavioral deficits
[60]. Therefore, since the putative HTT-Rab4 vesicle
complex likely contains Rab1l (Figs. 2, 4, 5), it is not
surprising that supplying excess Rab4 also restored the
polyQ HTT-mediated synaptic defects and behavioral
deficits perhaps due to Rab4-Rab11-mediated endosomal
functions at NMJs.

Discussion

Despite growing evidence that HT'T plays an important
role during axonal transport, the specific vesicle com-
plexes that HTT is present on, and the cargo that HTT
carries during long-distance axonal transport in vivo re-
mains elusive. This is, in part, due to the challenge of
isolating moving HTT complexes within living axons in
a whole organism. Here we use Drosophila genetics
coupled with in vivo imaging to identify a putative mov-
ing HTT-Rab4 vesicle complex containing synaptic
SNARE proteins synaptotagmin and synaptobrevin, and
the recycling endosome marker Rabl1. While this puta-
tive HTT-Rab4 vesicle uses kinesin-1 and dynein for its
bi-directional movement within axons, the HTT
accessory protein, HIP1, is also required, but not HAP1.
Disruptions in the axonal motility of this putative HTT-
Rab4 vesicle perhaps via pathogenic polyQ-HTT caused
synaptic dysfunction, locomotion defects, and reduced
lifespan in Drosophila. Intriguingly, overexpression of
Rab4 rescued these pathogenic polyQ-HTT-mediated
phenotypes suggesting that HT'T and Rab4 function to-
gether for the coordinated growth of synapses. There-
fore, identification of a discrete HTT-Rab4-vesicle
population has important implications for how defects
in axonal transport contributes to HD pathology,
highlighting Rab4 and the endosomal pathway as a po-
tential novel therapeutic target for early intervention
prior to neuronal loss and behavioral defects observed in
HD.
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The physiological relevance of a moving axonal HTT-Rab4
vesicle complex and its disruption in HD

Our observations suggest that only a fraction of Rab4-
containing vesicles contain HTT. This is not surprising
since there are likely many different motile vesicles
which are composed of different proteins. Indeed,
Hinckelmann et al. identified several different motile
vesicles that contained p50-GFP [28]. In this study,
Rab4B was also one of the candidates identified with
p50-GFP, although it was unclear whether this vesicle
class actually moved within axons. More recently, HTT
has been implicated in the transport of APP [9] which is
consistent with our in vivo analysis which shows that
HTT and APP co-migrate within vesicles (Fig. 2a). How-
ever, the HTT-APP co-migrating vesicle complex is not
part of the putative HTT-Rab4 motile vesicle complex
we isolated in this study. We previously showed that
HTT is present with Rabs 2, 3, 7, 11 and 19, but not
with 11 other neuronal Rabs [57, 77]. Therefore, we
speculate that there are likely several different motile
vesicle complexes containing either HTT or Rab4 that
are moving bi-directionally within axons. Isolating these
specific moving vesicle complexes and elucidating their
functional significance becomes challenging.

Our investigation into the putative moving HTT-Rab4-
containing vesicle demonstrates genetic and functional in-
teractions between Rab4 and molecular motors kinesin-1
and dynein, similar to the observation that kinesin-1 and
dynein move HTT in Drosophila and mammalian neurons
[12, 50, 53]. Previous work suggested that the anterograde
motility of Rab4 is mediated by kinesin-2 and kinesin-3
[14, 32]. Although these studies did not examine kinesin-
1, our analyses revealed that all 3 classes of kinesin motors
are likely involved in the axonal motility of Rab4 vesicles.
It is probable that compartmentalized signaling in neurons
is dependent on specific motor protein-mediated active
transport [74], and a plethora of adaptor proteins may aid
in coordinating the motility of diverse populations of
motor cargo-complexes [29, 65]. Indeed, selective filtering
of motor-cargo complexes has been proposed to contrib-
ute to the preferential trafficking and segregation of cellu-
lar components within axons and dendrites in polarized
neurons [55, 67]. Therefore, it is likely that different types
of Rab4-containing vesicle populations exist within axons/
dendrites, each carrying a unique set of proteins propelled
by specific kinesin motors. Alternatively, specific types of
Rab4-vesicles are likely transported in certain neuronal
types by particular kinesin motors. Although these two
possibilities are not mutually exclusive, the putative axonal
HTT-Rab4 vesicle complex we identified, which contains
synaptic SNARE proteins and is transported in motor
neurons by kinesin-1, is likely distinct from the kinesin-2/
3-mediated Rab4 vesicles in cholinergic neurons, which
lacked synaptotagmin [14]. Further, given the rates of the
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in vivo velocities of Rab4 and HT'T that we observe, a pro-
cessive kinesin motor such as kinesin-1 or a combination
of kinesin-1 and -3 motors must be involved. Since reduc-
tions in kinesin-3 disrupted Rab4 motility we propose that
kinesin-3 may also be involved in the motility of HTT-
Rab4 vesicles we identified. Indeed, a recent study showed
that kinesin-1 and -3 can function together to support
fast, highly processive anterograde motility [44]. There-
fore, while the HTT-Rab4 vesicle uses kinesin-1 (perhaps
with kinesin - 3), this particular vesicle complex is likely
distinct from the Rab4 vesicle that utilize kinesin-2 for its
axonal motility. Consistent with this proposal, we found
that Rab4 motility but not HTT, was disrupted by reduc-
tion of the Rabll effector ripl11/Rabl1-FIP5, a binding
partner for kinesin-2 [66]. Interactions between Rab4A
and the cytoplasmic dynein light intermediate chain-1
have also been proposed [6]. Therefore, discrete classes of
moving Rab4-containing vesicles likely exist, with unique
roles in axonal and synaptic function.

Rab4 has been shown to be present on both early
endosomes marked by Rab5 and recycling endosomes
marked by Rab11 [68]. However, since we found that htt
reduction affected the in vivo axonal motility of Rab4
and Rabll, but not Rab5 [77], and that HTT-Rab4 and
Rabll co-migrated within axons (Fig. 2), the axonal
HTT-Rab4 vesicle we isolated is likely not a Rab5-
containing early endosome. Consistent with this pro-
posal, the Rab4 effector GRASP-1 can segregate Rab4
from Rab5-positive early endosomes and can coordinate
Rab4 coupling to Rabll-positive recycling endosomes
[30]. The Rab4/Rab11-GRASP1 compartment, which
also contains the endosomal SNARE syntaxin-13 has
been proposed to carry the glutamate receptor AMPAR.
GRASP1, which is essential for synaptic plasticity and
for spine morphology was found to regulate AMPAR re-
cycling at the synapse [30]. The axonal HTT-Rab4
vesicle complex we isolated contains Rabll and the
SNARE proteins synaptotagmin and synaptobrevin, but
not APP or Rab3 (Figs. 2, 4, 5, S9a), and likely has a
unique role at the synapse. Further, while recycling of
synaptic proteins are essential for the maintenance of
synapse function, SNARE proteins such as synaptotag-
min and synaptobrevin may also have roles during endo-
some trafficking [46], perhaps to recruit tethering factors
[35, 37] for motor attachment. Indeed, the endosomal-
associated transport regulator, HIP1, aids the motility of
the HTT-Rab4 vesicle (Fig. 3h, i, S4b, c). Similar to HTT
and Rab4, HIP1 is highly expressed in the brain, is mem-
brane bound (Fig. 4), and participates in clathrin-
mediated endocytosis [17, 38]. Therefore, the putative
HTT-Rab4 vesicle (Fig. S9a) we isolated likely plays an
important role in transporting particular neurotransmit-
ters and/or neurotrophic factors such as BDNF [45, 78],
which are essential for synaptic homeostasis. Indeed,
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reduction of HTT disrupted the axonal motility of Rab4
resulting in Rab4 accumulations within synaptic boutons
(Fig. le, f). Although further study is needed to fully
identify the protein composition of this unique HTT-
Rab4 vesicle population and its exact role in synaptogen-
esis, we propose that endogenous HTT likely functions
as a scaffold to link unique Rab4-containing cargo com-
plexes to kinesin-1 and dynein to regulate their bi-
directional motility within axons, which could also
dictate the cell autonomous mechanisms seen in HD.

Our observations demonstrate that the moving
HTT-Rab4 vesicle complex is disrupted in HD patient
iNeurons (Fig. 5, S5-7). While disruption of long-
range transport within axons has been linked to many
neurodegenerative diseases, including HD, several po-
tential mechanisms could exist for how the axonal
motility of the putative HTT-Rab4 vesicle is dis-
rupted. One mechanism involves the sequestering of
proteins into cytoplasmic inclusions observed within
neuronal projections during HD progression [52]. In-
deed, motors such as dynein were isolated in cyto-
plasmic inclusions indicating that disruption of cargo-
motor complexes could occur due the sequestering of
motors into inclusions [24, 58, 75]. Further, since ex-
pansion of polyQ-HTT decreases the HTT binding af-
finity of HIP1 [51], while the binding affinity for
HAP1 was increased [75], perhaps aberrant binding
affinities mediated by polyQ expansion can disrupt as-
sociations between the HTT-Rab4 vesicle complex
and motors. In fact, our observations show a de-
creased affinity of Rab4 for HIP1 and molecular mo-
tors in HD iNeurons (Fig. 5e). Interestingly, although
HAP1 is likely not involved in the motility of HTT-
Rab4 under normal conditions, under pathogenic
polyQ-HTT conditions, HAP1 appears to bind more
strongly to Rab4 membranes in HD iNeurons (Fig.
5e). This is consistent with previous work that
showed that polyQ-HTT exhibits a greater affinity for
HAP1 and disrupts the association of HAP1 with
p150 [21] and KLC [62], perturbing BDNF transport
and decreasing the intracellular level of TrkA. While
the sequestration and binding affinity mechanisms
may not be mutually exclusive, fully isolating the
mechanistic steps involved in the disruption of the
axonal motility of various HTT containing vesicles in
HD would enable us to better identify the nature of
the cell-autonomous defects seen in HD.

Excess Rab4 ameliorates synaptic and behavioral
dysfunction caused by pathogenic HTT in vivo

Studies have linked perturbation in long-distance axonal
transport with synaptic dysfunction [2, 34, 52]. Our ob-
servations also shed light on the importance of the puta-
tive HTT-Rab4 vesicle population in the context of HD,
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where perturbation of HTT-Rab4 motility contributes to
the synaptic and behavioral defects seen in HD. The fact
that Rab4 expression reversed polyQ-HTT-mediated
synaptic defects, larval crawling deficits, and adult life-
span (Fig. 6b-i), is strikingly complementary to previous
work that showed that expression of Rab11 also rescues
synaptic dysfunction and behavioral defects in flies [69]
and mice [60]. These findings suggest that the synaptic
and behavioral defects caused by polyQ-HTT are, at
least partly due to perturbed Rab4 function in the
axonal-endosomal pathway. An alternate possibility is
that polyQ-HTT alters the activity of Rab4. Indeed,
many neuronal processes such as the extension of axonal
growth cone and the maintenance of the dendritic spines
[8, 18] are thought to be dependent on Rab4 activity.
The activity of Rab4 has also been proposed to regulate
Rab4 associations with SNARE proteins such as Syntaxin
4 [39]. Similar to our observations with Rab4, loss of
HTT perturbed the axonal motility of Rab11 [57] by de-
creasing Rabl1 association with membranes [42]. While
Rabl11 activity was essential for its axonal transport [57],
decreased Rabll activity with impaired recycling of
transferrin receptors was seen in HD fibroblasts, which
were rescued by constitutively active Rabll [43]. Al-
though further investigation would be needed to isolate
whether cellular activities at the synapses are directly
dependent on Rab4 activity, in both of these scenarios,
excess Rab4 perhaps may rescue HTT-mediated pheno-
types via increased association of Rab4 with functional
endogenous Drosophila htt-containing vesicle complexes
promoting its axonal motility and increasing Rab4 activ-
ity at synapses. Conversely, excess Rab4 could also pro-
mote the trafficking of HTT-independent Rab4 vesicle
complexes via ripl1/Rabl1-FIP5/kinesin-2 to increase
Rab4 activity dependent functions at synapses. Indeed,
Rab4 activity was previously shown to induce the trans-
port of associated vesicles in cholinergic neurons [14].
Therefore, several overlapping mechanisms likely exist
which restore synaptic and behavioral dysfunctions
caused by pathogenic HTT.

Our observations indicate the importance of the
axonal motility of a moving HTT-Rab4 vesicle com-
plex in maintaining normal synaptic functions. Our
previous findings validate the existence of Rabl1l with
HTT-Rab4 as we found that the axonal motility of
Rabll was also affected by HTT [57], that Rab11 and
HTT co-migrate within axons in vivo [77], and that
Rabll is present with Rab4 vesicles in mouse and
mammalian neurons (Figs. 2, 4, 5). Therefore, taken
together our findings highlight Rab4 and the axonal
endosomal pathway as a potential target that can be
explored for early therapeutics prior to the onset of
neuronal degeneration and behavioral defects ob-
served in HD.



White et al. Acta Neuropathologica Communications (2020) 8:97

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/540478-020-00964-z.

Additional file 1. Supplementary Information.
Additional file 2. Movie S1.
Additional file 3. Movie S2.
Additional file 4. Movie S3.
Additional file 5. Movie S4.
Additional file 6. Movie S5.
Additional file 7. Movie S6.
Additional file 8. Movie S7.
Additional file 9. Movie S8.
Additional file 10. Movie S9.
Additional file 11. Movie S10.
Additional file 12. Movie S11.
Additional file 13. Movie S12.

Abbreviations

HTT: Huntingtin; HD: Huntington's disease; BDNF: Brain-derived neurotrophic
factor; HAP1: Huntingtin-associated protein 1; HIP1: Huntingtin-interacting
protein 1; DIC: Dynein intermediate chain; KLC: Kinesin light chain;

Rip11: Rab11-interacting protein; SYT1: Synaptotagmin 1; SYB: Synaptobrevin;
SYX17: Syntaxin17; NMJ: Neuromuscular junction; VF: Vesicle fraction;

IP: Immunoprecipitation; WT: Wildtype; iPSC: Induced pluripotent stem cells;
iNeurons: Induced neurons

Acknowledgements

We thank the members of the Gunawardena lab and Dr. Paul Cullen for
constructive discussions and insight. We thank Dr. Troy Littleton for the
HTT15Q-mRFP and HTT138Q-mRFP lines, Dr. Norbert Perrimon for the
HTTex1-25Q-eGFP, HTTex1-72Q-eGFP, and HTTex1-103QeGFP lines, Dr. Sheng
Zhang for the htt*” line, Dr. Kathryn Medler for mouse brains, the Coriell Cell
Repository and the NINDS Repository for the WT and HD human iPSC lines,
Addgene and Dr. Michael Davidson for the mCherry-Rab4a-7 plasmid, Dr. Ga-
bor Juhasz for the SYX17 antibody, and the Bloomington Drosophila Stock
Center. SG thanks Priyantha Karunaratne for constant support.

Availability data and materials

All data generated or analyzed during this study are included in this
published article or in supplementary information. Raw data is available from
the corresponding author upon request.

Declarations
None

Authors’ contributions

JW, TJK, and SG conceived and designed experiments. JW, TJK, HH, CT, KZ,
Gl, JV, LT, and SNR performed experiments. JW, TJK, HH, CT, KZ, GI, JV, LT,
SNR, and SG analyzed data. JW, TJK and SG wrote the manuscript. All authors
read and approved the final manuscript.

Funding

This work was supported by R03 NS084386 and R03 NS092024 to SG. JW
was supported by a fellowship from the Mark Diamond Research Fund,
College of Arts and Sciences Dissertation fellowship from SUNY at Buffalo,
and a Beverly Patterson and Charles W. Bishop Neuroscience Travel Award.
HH, CT and KZ were supported by fellowships from the Center for
Undergraduate Research and Creative Activities (CURCA) from SUNY at
Buffalo. HH was also supported by a fellowship from Philip G. miles
Undergraduate Summer Research Fund and KZ was also supported by the
Darryl Razel Undergraduate Research Fellowship from the Department of
Biological Sciences.

Page 20 of 22

Ethics approval and consent to participate

All applicable international, national, and/or institutional guidelines for the
care and use of animals were followed. This article does not contain any
studies with human participants that were performed by any of the authors.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Department of Biological Sciences, The State University of New York at
Buffalo, New York 14260, USA. “Department of Biological Engineering, Cornell
University, Ithaca, NY, USA.

Received: 22 April 2020 Accepted: 11 June 2020
Published online: 01 July 2020

References

1. Aleman-Meza B, Jung SK, Zhong W (2015) An automated system for
quantitative analysis of Drosophila larval locomotion. BMC Dev Biol 15:11.
https://doi.org/10.1186/512861-015-0062-0

2. Anderson EN, Hirpa D, Zheng KH, Banerjee R, Gunawardena S (2019) The
non-amyloidal component region of alpha-Synuclein is important for alpha-
Synuclein transport within axons. Front Cell Neurosci 13:540. https://doi.org/
10.3389/fncel.2019.00540

3. Banerjee R, Rudloff Z, Naylor C, Yu MC, Gunawardena S (2018) The
presenilin loop region is essential for glycogen synthase kinase 3 beta
(GSK3beta) mediated functions on motor proteins during axonal transport.
Hum Mol Genet 27:2986-3001. https://doi.org/10.1093/hmg/ddy190

4. Banerjee R, White JA Il, Gunawardena S (2020) In vivo visualization of moving
synaptic cargo complexes within Drosophila larval segmental axons. In:
Babetto E (ed) Axon degeneration: methods and protocols, Methods Mol Biol.
2020;2143:293-300. https://doi.org/10.1007/978-1-0716-0585-1_21.

5. Berrigan D, Pepin DJ (1995) How maggots move: Allometry and kinematics
of crawling in larval Diptera. J Insect Physiol 41:329-337. https://doi.org/10.
1016/0022-1910(94)00113-U

6. Bielli A Thorngvist PO, Hendrick AG, Finn R, Fitzgerald K, McCaffrey MW
(2001) The small GTPase Rab4A interacts with the central region of
cytoplasmic dynein light intermediate chain-1. Biochem Biophys Res
Commun 281:1141-1153. https://doi.org/10.1006/bbrc.2001.4468

7. Block-Galarza J, Chase KO, Sapp E, Vaughn KT, Vallee RB, DiFiglia M, Aronin
N (1997) Fast transport and retrograde movement of huntingtin and HAP 1
in axons. Neuroreport 8:2247-2251. https://doi.org/10.1097/00001756-
199707070-00031

8. Brown CE, Murphy TH (2008) Livin' on the edge: imaging dendritic spine
turnover in the peri-infarct zone during ischemic stroke and recovery.
Neuroscientist 14:139-146. https://doi.org/10.1177/1073858407309854

9. Bruyere J, Abada YS, Vitet H, Fontaine G, Deloulme JC, Ces A, Denarier E,
Pernet-Gallay K, Andrieux A, Humbert S et al (2020) Presynaptic APP levels
and synaptic homeostasis are regulated by Akt phosphorylation of
huntingtin. Elife:9. https://doi.org/10.7554/eLife.56371

10. Bulgari D, Deitcher DL, Levitan ES (2017) Loss of Huntingtin stimulates
capture of retrograde dense-core vesicles to increase synaptic neuropeptide
stores. Eur J Cell Biol 96:402-406. https://doi.org/10.1016/j.ejcb.2017.01.001

11. Cantalupo G, Alifano P, Roberti V, Bruni CB, Bucci C (2001) Rab-interacting
lysosomal protein (RILP): the Rab7 effector required for transport to
lysosomes. EMBO J 20:683-693. https://doi.org/10.1093/emboj/20.4.683

12. Caviston JP, Ross JL, Antony SM, Tokito M, Holzbaur EL (2007) Huntingtin
facilitates dynein/dynactin-mediated vesicle transport. Proc Natl Acad Sci U
S A 104:10045-10050. https.//doi.org/10.1073/pnas.0610628104

13. Chavrier P, Goud B (1999) The role of ARF and Rab GTPases in membrane
transport. Curr Opin Cell Biol 11:466-475. https://doi.org/10.1016/50955-
0674(99)80067-2

14. Dey S, Banker G, Ray K (2017) Anterograde transport of Rab4-associated
vesicles regulates synapse Organization in Drosophila. Cell Rep 18:2452—
2463. https;//doi.org/10.1016/j.celrep.2017.02.034

15. Dolma K, lacobucci GJ, Hong Zheng K, Shandilya J, Toska E, White JA 2nd,
Spina E, Gunawardena S (2014) Presenilin influences glycogen synthase
kinase-3 beta (GSK-3beta) for kinesin-1 and dynein function during axonal


https://doi.org/10.1186/s40478-020-00964-z
https://doi.org/10.1186/s40478-020-00964-z
https://doi.org/10.1186/s12861-015-0062-0
https://doi.org/10.3389/fncel.2019.00540
https://doi.org/10.3389/fncel.2019.00540
https://doi.org/10.1093/hmg/ddy190
https://doi.org/10.1007/978-1-0716-0585-1_21
https://doi.org/10.1016/0022-1910(94)00113-U
https://doi.org/10.1016/0022-1910(94)00113-U
https://doi.org/10.1006/bbrc.2001.4468
https://doi.org/10.1097/00001756-199707070-00031
https://doi.org/10.1097/00001756-199707070-00031
https://doi.org/10.1177/1073858407309854
https://doi.org/10.7554/eLife.56371
https://doi.org/10.1016/j.ejcb.2017.01.001
https://doi.org/10.1093/emboj/20.4.683
https://doi.org/10.1073/pnas.0610628104
https://doi.org/10.1016/s0955-0674(99)80067-2
https://doi.org/10.1016/s0955-0674(99)80067-2
https://doi.org/10.1016/j.celrep.2017.02.034

White et al. Acta Neuropathologica Communications

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

(2020) 8:97

transport. Hum Mol Genet 23:1121-1133. https://doi.org/10.1093/hmg/
ddt505

Engelender S, Sharp AH, Colomer V, Tokito MK, Lanahan A, Worley P,
Holzbaur EL, Ross CA (1997) Huntingtin-associated protein 1 (HAP1)
interacts with the p150Glued subunit of dynactin. Hum Mol Genet 6:2205-
2212. https://doi.org/10.1093/hmg/6.13.2205

Engqvist-Goldstein AE, Kessels MM, Chopra VS, Hayden MR, Drubin DG
(1999) An actin-binding protein of the Sla2/Huntingtin interacting protein 1
family is a novel component of clathrin-coated pits and vesicles. J Cell Biol
147:1503-1518. https://doi.org/10.1083/jcb.147.7.1503

Falk J, Konopacki FA, Zivraj KH, Holt CE (2014) Rab5 and Rab4 regulate axon
elongation in the Xenopus visual system. J Neurosci 34:373-391. https://doi.
0rg/10.1523/JNEUROSCI.0876-13.2014

Fox LE, Soll DR, Wu CF (2006) Coordination and modulation of locomotion
pattern generators in Drosophila larvae: effects of altered biogenic amine
levels by the tyramine beta hydroxlyase mutation. J Neurosci 26:1486-1498.
https://doi.org/10.1523/jneurosci.4749-05.2006

Fuger P, Sreekumar V, Schule R, Kern JV, Stanchev DT, Schneider CD, Karle
KN, Daub KJ, Siegert VK, Flotenmeyer M et al (2012) Spastic paraplegia
mutation N256S in the neuronal microtubule motor KIFSA disrupts axonal
transport in a Drosophila HSP model. PLoS Genet 8:21003066. https://doi.
org/10.1371/journal.pgen.1003066

Gauthier LR, Charrin BC, Borrell-Pages M, Dompierre JP, Rangone H,
Cordelieres FP, De Mey J, MacDonald ME, Lessmann V, Humbert S et al
(2004) Huntingtin controls neurotrophic support and survival of neurons by
enhancing BDNF vesicular transport along microtubules. Cell 118:127-138.
https://doi.org/10.1016/j.cell.2004.06.018

Goehler H, Lalowski M, Stelzl U, Waelter S, Stroedicke M, Worm U, Droege A,
Lindenberg KS, Knoblich M, Haenig C et al (2004) A protein interaction
network links GIT1, an enhancer of huntingtin aggregation, to Huntington's
disease. Mol Cell 15:853-865. https://doi.org/10.1016/j.molcel.2004.09.016
Gunawardena S, Goldstein LS (2001) Disruption of axonal transport and
neuronal viability by amyloid precursor protein mutations in Drosophila.
Neuron 32:389-401. https://doi.org/10.1016/50896-6273(01)00496-2
Gunawardena S, Her LS, Brusch RG, Laymon RA, Niesman IR, Gordesky-Gold
B, Sintasath L, Bonini NM, Goldstein LS (2003) Disruption of axonal transport
by loss of huntingtin or expression of pathogenic polyQ proteins in
Drosophila. Neuron 40:25-40. https://doi.org/10.1016/50896-6273(03)00594-4
Gunawardena S, Yang G, Goldstein LS (2013) Presenilin controls kinesin-1
and dynein function during APP-vesicle transport in vivo. Hum Mol Genet
22:3828-3843. https://doi.org/10.1093/hmg/ddt237

Harjes P, Wanker EE (2003) The hunt for huntingtin function: interaction
partners tell many different stories. Trends Biochem Sci 28:425-433. https.//
doi.org/10.1016/5S0968-0004(03)00168-3

Her LS, Goldstein LS (2008) Enhanced sensitivity of striatal neurons to
axonal transport defects induced by mutant huntingtin. J Neurosci 28:
13662-13672. https://doi.org/10.1523/jneurosci.4144-08.2008

Hinckelmann MV, Virlogeux A, Niehage C, Poujol C, Choquet D, Hoflack B,
Zala D, Saudou F (2016) Self-propelling vesicles define glycolysis as the
minimal energy machinery for neuronal transport. Nat Commun 7:13233.
https://doi.org/10.1038/ncomms13233

Hirokawa N, Tanaka Y (2015) Kinesin superfamily proteins (KIFs): various
functions and their relevance for important phenomena in life and diseases.
Exp Cell Res 334:16-25. https://doi.org/10.1016/j.yexcr.2015.02.016
Hoogenraad CC, van der Sluijs P (2010) GRASP-1 regulates endocytic
receptor recycling and synaptic plasticity. Commun Integr Biol 3:433-435.
https://doi.org/104161/cib.3.5.12209

Hyun TS, Ross TS (2004) HIP1: trafficking roles and regulation of
tumorigenesis. Trends Mol Med 10:194-199. https://doi.org/10.1016/j.
molmed.2004.02.003

Imamura T, Huang J, Usui |, Satoh H, Bever J, Olefsky JM (2003) Insulin-
induced GLUT4 translocation involves protein kinase C-lambda-mediated
functional coupling between Rab4 and the motor protein kinesin. Mol Cell
Biol 23:4892-4900. https://doi.org/10.1128/mcb.23.14.4892-4900.2003

Itakura E, Mizushima N (2013) Syntaxin 17: the autophagosomal SNARE.
Autophagy 9:917-919. https://doi.org/104161/auto.24109

Kang MJ, Hansen TJ, Mickiewicz M, Kaczynski TJ, Fye S, Gunawardena S
(2014) Disruption of axonal transport perturbs bone morphogenetic protein
(BMP)--signaling and contributes to synaptic abnormalities in two
neurodegenerative diseases. PLoS One 9:€104617. https://doi.org/10.1371/
journal.pone.0104617.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

Page 21 of 22

Koike S, Jahn R (2019) SNAREs define targeting specificity of trafficking
vesicles by combinatorial interaction with tethering factors. Nat Commun
10:1608. https;//doi.org/10.1038/541467-019-09617-9

Krench M, Littleton JT (2013) Modeling Huntington disease in Drosophila:
insights into axonal transport defects and modifiers of toxicity. Fly (Austin)
7:229-236. https://doi.org/10.4161/fly.26279

Lee SE, Jeong S, Lee U, Chang S (2019) SGIP1Talpha functions as a selective
endocytic adaptor for the internalization of synaptotagmin 1 at synapses.
Mol Brain 12:41. https.//doi.org/10.1186/513041-019-0464-1
Legendre-Guillemin V, Metzler M, Lemaire JF, Philie J, Gan L, Hayden MR,
McPherson PS (2005) Huntingtin interacting protein 1 (HIP1) regulates
clathrin assembly through direct binding to the regulatory region of the
clathrin light chain. J Biol Chem 280:6101-6108. https://doi.org/10.1074/jbc.
M408430200

Li L, Omata W, Kojima |, Shibata H (2001) Direct interaction of Rab4 with
syntaxin 4. J Biol Chem 276:5265-5273. https://doi.org/10.1074/jbc.
M003883200

Li SH, Gutekunst CA, Hersch SM, Li XJ (1998) Interaction of huntingtin-
associated protein with dynactin P150Glued. J Neurosci 18:1261-1269

Li SH, Hosseini SH, Gutekunst CA, Hersch SM, Ferrante RJ, Li XJ (1998) A
human HAP1 homologue. Cloning, expression, and interaction with
huntingtin. J Biol Chem 273:19220-19227. https://doi.org/10.1074/jbc.273.30.
19220

Li X, Sapp E, Valencia A, Kegel KB, Qin ZH, Alexander J, Masso N, Reeves P,
Ritch JJ, Zeitlin S et al (2008) A function of huntingtin in guanine nucleotide
exchange on Rab11. Neuroreport 19:1643-1647. https://doi.org/10.1097/
WNR.0b013e328315cd4c

Li X, Standley C, Sapp E, Valencia A, Qin ZH, Kegel KB, Yoder J,
Comer-Tierney LA, Esteves M, Chase K et al (2009) Mutant huntingtin
impairs vesicle formation from recycling endosomes by interfering
with Rab11 activity. Mol Cell Biol 29:6106-6116. https://doi.org/10.
1128/mcb.00420-09

Lim A, Rechtsteiner A, Saxton WM (2017) Two kinesins drive anterograde
neuropeptide transport. Mol Biol Cell 28:3542-3553. https://doi.org/10.1091/
mbc.E16-12-0820

Liot G, Zala D, Pla P, Mottet G, Piel M, Saudou F (2013) Mutant
Huntingtin alters retrograde transport of TrkB receptors in striatal
dendrites. J Neurosci 33:6298-6309. https://doi.org/10.1523/jneurosci.
2033-12.2013

Ma M, Burd CG (2019) Retrograde trafficking and quality control of yeast
synaptobrevin, Sncl, are conferred by its transmembrane domain. Mol Biol
Cell 30:1729-1742. https://doi.org/10.1091/mbc.E19-02-0117

Marder E, Bucher D (2001) Central pattern generators and the control of
rhythmic movements. Curr Biol 11:R986-R996. https://doi.org/10.1016/
50960-9822(01)00581-4

Marder E, Calabrese RL (1996) Principles of rhythmic motor pattern
generation. Physiol Rev 76:687-717. https://doi.org/10.1152/physrev.1996.76.
3.687

McCaffrey MW, Bielli A, Cantalupo G, Mora S, Roberti V, Santillo M,
Drummond F, Bucci C (2001) Rab4 affects both recycling and degradative
endosomal trafficking. FEBS Lett 495:21-30. https.//doi.org/10.1016/50014-
5793(01)02359-6

McGuire JR, Rong J, Li SH, Li XJ (2006) Interaction of Huntingtin-associated
protein-1 with kinesin light chain: implications in intracellular trafficking in
neurons. J Biol Chem 281:3552-3559. https://doi.org/10.1074/jbc.
M509806200

Metzler M, Legendre-Guillemin V, Gan L, Chopra V, Kwok A, McPherson PS,
Hayden MR (2001) HIP1 functions in clathrin-mediated endocytosis through
binding to clathrin and adaptor protein 2. J Biol Chem 276:39271-39276.
https://doi.org/10.1074/jbc.C100401200

Milnerwood AJ, Cummings DM, Dallerac GM, Brown JY, Vatsavayai SC, Hirst
MC, Rezaie P, Murphy KP (2006) Early development of aberrant synaptic
plasticity in a mouse model of Huntington's disease. Hum Mol Genet 15:
1690-1703. https://doi.org/10.1093/hmg/ddI092

Morfini GA, You YM, Pollema SL, Kaminska A, Liu K, Yoshioka K, Bjorkblom B,
Coffey ET, Bagnato C, Han Det al (2009) Pathogenic huntingtin inhibits fast
axonal transport by activating JNK3 and phosphorylating kinesin. Nat
Neurosci 12: 864-871 Doi https://doi.org/10.1038/nn.2346

Nance MA (1997) Genetic testing of children at risk for Huntington's
disease. US Huntington Disease Genetic Testing Group. Neurology 49:1048-
1053. https://doi.org/10.1212/wnl49.4.1048


https://doi.org/10.1093/hmg/ddt505
https://doi.org/10.1093/hmg/ddt505
https://doi.org/10.1093/hmg/6.13.2205
https://doi.org/10.1083/jcb.147.7.1503
https://doi.org/10.1523/JNEUROSCI.0876-13.2014
https://doi.org/10.1523/JNEUROSCI.0876-13.2014
https://doi.org/10.1523/jneurosci.4749-05.2006
https://doi.org/10.1371/journal.pgen.1003066
https://doi.org/10.1371/journal.pgen.1003066
https://doi.org/10.1016/j.cell.2004.06.018
https://doi.org/10.1016/j.molcel.2004.09.016
https://doi.org/10.1016/s0896-6273(01)00496-2
https://doi.org/10.1016/s0896-6273(03)00594-4
https://doi.org/10.1093/hmg/ddt237
https://doi.org/10.1016/S0968-0004(03)00168-3
https://doi.org/10.1016/S0968-0004(03)00168-3
https://doi.org/10.1523/jneurosci.4144-08.2008
https://doi.org/10.1038/ncomms13233
https://doi.org/10.1016/j.yexcr.2015.02.016
https://doi.org/10.4161/cib.3.5.12209
https://doi.org/10.1016/j.molmed.2004.02.003
https://doi.org/10.1016/j.molmed.2004.02.003
https://doi.org/10.1128/mcb.23.14.4892-4900.2003
https://doi.org/10.4161/auto.24109
https://doi.org/10.1371/journal.pone.0104617
https://doi.org/10.1371/journal.pone.0104617
https://doi.org/10.1038/s41467-019-09617-9
https://doi.org/10.4161/fly.26279
https://doi.org/10.1186/s13041-019-0464-1
https://doi.org/10.1074/jbc.M408430200
https://doi.org/10.1074/jbc.M408430200
https://doi.org/10.1074/jbc.M003883200
https://doi.org/10.1074/jbc.M003883200
https://doi.org/10.1074/jbc.273.30.19220
https://doi.org/10.1074/jbc.273.30.19220
https://doi.org/10.1097/WNR.0b013e328315cd4c
https://doi.org/10.1097/WNR.0b013e328315cd4c
https://doi.org/10.1128/mcb.00420-09
https://doi.org/10.1128/mcb.00420-09
https://doi.org/10.1091/mbc.E16-12-0820
https://doi.org/10.1091/mbc.E16-12-0820
https://doi.org/10.1523/jneurosci.2033-12.2013
https://doi.org/10.1523/jneurosci.2033-12.2013
https://doi.org/10.1091/mbc.E19-02-0117
https://doi.org/10.1016/s0960-9822(01)00581-4
https://doi.org/10.1016/s0960-9822(01)00581-4
https://doi.org/10.1152/physrev.1996.76.3.687
https://doi.org/10.1152/physrev.1996.76.3.687
https://doi.org/10.1016/s0014-5793(01)02359-6
https://doi.org/10.1016/s0014-5793(01)02359-6
https://doi.org/10.1074/jbc.M509806200
https://doi.org/10.1074/jbc.M509806200
https://doi.org/10.1074/jbc.C100401200
https://doi.org/10.1093/hmg/ddl092
https://doi.org/10.1038/nn.2346
https://doi.org/10.1212/wnl.49.4.1048

White et al. Acta Neuropathologica Communications

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

72.

73.

(2020) 8:97

Petersen JD, Kaech S, Banker G (2014) Selective microtubule-based transport
of dendritic membrane proteins arises in concert with axon specification. J
Neurosci 34:4135-4147. https://doi.org/10.1523/jneurosci.3779-13.2014
Plutner H, Schwaninger R, Pind S, Balch WE (1990) Synthetic peptides of the
Rab effector domain inhibit vesicular transport through the secretory
pathway. EMBO J 9:2375-2383

Power D, Srinivasan S, Gunawardena S (2012) In-vivo evidence for the
disruption of Rab11 vesicle transport by loss of huntingtin. Neuroreport 23:
970-977. https://doi.org/10.1097/WNR.0b013e328359d990

Qin ZH, Wang Y, Sapp E, Cuiffo B, Wanker E, Hayden MR, Kegel KB, Aronin
N, DiFiglia M (2004) Huntingtin bodies sequester vesicle-associated proteins
by a polyproline-dependent interaction. J Neurosci 24:269-281. https://doi.
0rg/10.1523/jneurosci.1409-03.2004

Reis GF, Yang G, Szpankowski L, Weaver C, Shah SB, Robinson JT, Hays TS,
Danuser G, Goldstein LS (2012) Molecular motor function in axonal transport
in vivo probed by genetic and computational analysis in Drosophila. Mol Biol
Cell 23:1700-1714. https//doiorg/10.1091/mbc.E11-11-0938

Richards P, Didszun C, Campesan S, Simpson A, Horley B, Young KW, Glynn
P, Cain K, Kyriacou CP, Giorgini F et al (2011) Dendritic spine loss and
neurodegeneration is rescued by Rab11 in models of Huntington's disease.
Cell Death Differ 18:191-200. https://doi.org/10.1038/cdd.2010.127

Riggs B, Rothwell W, Mische S, Hickson GR, Matheson J, Hays TS, Gould GW,
Sullivan W (2003) Actin cytoskeleton remodeling during early Drosophila
furrow formation requires recycling endosomal components nuclear-fallout
and Rab11. J Cell Biol 163:143-154. https.//doi.org/10.1083/jcb.200305115
Rong J, McGuire JR, Fang ZH, Sheng G, Shin JY, Li SH, Li XJ (2006)
Regulation of intracellular trafficking of huntingtin-associated protein-1 is
critical for TrkA protein levels and neurite outgrowth. J Neurosci 26:6019-
6030. https://doi.org/10.1523/jneurosci.1251-06.2006

Sahlender DA, Roberts RC, Arden SD, Spudich G, Taylor MJ, Luzio JP,
Kendrick-Jones J, Buss F (2005) Optineurin links myosin VI to the Golgi
complex and is involved in Golgi organization and exocytosis. J Cell Biol
169:285-295. https://doi.org/10.1083/jcb.200501162

Sapp E, Penney J, Young A, Aronin N, Vonsattel JP, DiFiglia M (1999) Axonal
transport of N-terminal huntingtin suggests early pathology of
corticostriatal projections in Huntington disease. J Neuropathol Exp Neurol
58:165-173. https://doi.org/10.1097/00005072-199902000-00006

Schiavo G, Greensmith L, Hafezparast M, Fisher EM (2013) Cytoplasmic
dynein heavy chain: the servant of many masters. Trends Neurosci 36:641—
651. https;//doi.org/10.1016/j.tins.2013.08.001

Schonteich E, Wilson GM, Burden J, Hopkins CR, Anderson K, Goldenring JR,
Prekeris R (2008) The Rip11/Rab11-FIP5 and kinesin Il complex regulates
endocytic protein recycling. J Cell Sci 121:3824-3833. https://doi.org/10.
1242/jcs.032441

Setou M, Seog DH, Tanaka Y, Kanai Y, Takei Y, Kawagishi M, Hirokawa N
(2002) Glutamate-receptor-interacting protein GRIP1 directly steers kinesin
to dendrites. Nature 417:83-87. https.//doi.org/10.1038/nature743
Sonnichsen B, De Renzis S, Nielsen E, Rietdorf J, Zerial M (2000) Distinct
membrane domains on endosomes in the recycling pathway visualized by
multicolor imaging of Rab4, Rab5s, and Rab11. J Cell Biol 149:901-914.
https://doi.org/10.1083/jcb.149.4.901

Steinert JR, Campesan S, Richards P, Kyriacou CP, Forsythe ID, Giorgini F
(2012) Rab11 rescues synaptic dysfunction and behavioural deficits in a
Drosophila model of Huntington's disease. Hum Mol Genet 21:2912-2922.
https://doi.org/10.1093/hmg/dds117

Stowers RS, Megeath LJ, Gorska-Andrzejak J, Meinertzhagen IA, Schwarz TL
(2002) Axonal transport of mitochondria to synapses depends on Milton, a
novel Drosophila protein. Neuron 36:1063-1077. https://doi.org/10.1016/
50896-6273(02)01094-2

Szebenyi G, Morfini GA, Babcock A, Gould M, Selkoe K, Stenoien DL, Young
M, Faber PW, MacDonald ME, MJ MP et al (2003) Neuropathogenic forms of
huntingtin and androgen receptor inhibit fast axonal transport. Neuron 40:
41-52. https://doi.org/10.1016/50896-6273(03)00569-5

Szodorai A, Kuan YH, Hunzelmann S, Engel U, Sakane A, Sasaki T, Takai Y,
Kirsch J, Muller U, Beyreuther K et al (2009) APP anterograde transport
requires Rab3A GTPase activity for assembly of the transport vesicle. J
Neurosci 29:14534-14544. https://doi.org/10.1523/jneurosci.1546-09.2009
Szpankowski L, Encalada SE, Goldstein LS (2012) Subpixel colocalization
reveals amyloid precursor protein-dependent kinesin-1 and dynein
association with axonal vesicles. Proc Natl Acad Sci U S A 109:8582-8587.
https://doi.org/10.1073/pnas.1120510109

75.

76.

77.

78.

79.

80.

82.

83.

Page 22 of 22

Terenzio M, Schiavo G, Fainzilber M (2017) Compartmentalized signaling in
neurons: from cell biology to neuroscience. Neuron 96:667-679. https://doi.
0rg/10.1016/j.neuron.2017.10.015

Weiss KR, Kimura Y, Lee WG, Littleton JT (2012) Huntingtin aggregation
kinetics and their pathological role in a Drosophila Huntington's disease
model. Genetics 190:581-600. https:;//doi.org/10.1534/genetics.111.133710
Weiss KR, Littleton JT (2016) Characterization of axonal transport defects in
Drosophila Huntingtin mutants. J Neurogenet 30:212-221. https.//doi.org/
10.1080/01677063.2016.1202950

White JA 2nd, Anderson E, Zimmerman K, Zheng KH, Rouhani R,
Gunawardena S (2015) Huntingtin differentially regulates the axonal
transport of a sub-set of Rab-containing vesicles in vivo. Hum Mol Genet 24:
7182-7195. https://doi.org/10.1093/hmg/ddv415

Zala D, Hinckelmann MV, Saudou F (2013) Huntingtin's function in axonal
transport is conserved in Drosophila melanogaster. PLoS One 8:e60162.
https://doi.org/10.1371/journal.pone.0060162

Zerial M, Stenmark H (1993) Rab GTPases in vesicular transport. Curr Opin
Cell Biol 5:613-620. https://doi.org/10.1016/0955-0674(93)90130-i

Zhang J, Schulze KL, Hiesinger PR, Suyama K, Wang S, Fish M, Acar M, Hoskins
RA, Bellen HJ, Scott MP (2007) Thirty-one flavors of Drosophila Rab proteins.
Genetics 176:1307-1322. https//doi.org/10.1534/genetics.106.066761

Zhang S, Feany MB, Saraswati S, Littleton JT, Perrimon N (2009) Inactivation
of Drosophila Huntingtin affects long-term adult functioning and the
pathogenesis of a Huntington's disease model. Dis Model Mech 2:247-266.
https://doi.org/10.1242/dmm.000653

Zhao Y, Zurawel AA, Jenkins NP, Duennwald ML, Cheng C, Kettenbach AN,
Supattapone S (2018) Comparative analysis of mutant Huntingtin binding
Partners in Yeast Species. Sci Rep 8:9554. https://doi.org/10.1038/541598-
018-27900-5

Zito K, Parnas D, Fetter RD, Isacoff EY, Goodman CS (1999) Watching a
synapse grow: noninvasive confocal imaging of synaptic growth in
Drosophila. Neuron 22:719-729. https://doi.org/10.1016/50896-
6273(00)80731-x

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions


https://doi.org/10.1523/jneurosci.3779-13.2014
https://doi.org/10.1097/WNR.0b013e328359d990
https://doi.org/10.1523/jneurosci.1409-03.2004
https://doi.org/10.1523/jneurosci.1409-03.2004
https://doi.org/10.1091/mbc.E11-11-0938
https://doi.org/10.1038/cdd.2010.127
https://doi.org/10.1083/jcb.200305115
https://doi.org/10.1523/jneurosci.1251-06.2006
https://doi.org/10.1083/jcb.200501162
https://doi.org/10.1097/00005072-199902000-00006
https://doi.org/10.1016/j.tins.2013.08.001
https://doi.org/10.1242/jcs.032441
https://doi.org/10.1242/jcs.032441
https://doi.org/10.1038/nature743
https://doi.org/10.1083/jcb.149.4.901
https://doi.org/10.1093/hmg/dds117
https://doi.org/10.1016/s0896-6273(02)01094-2
https://doi.org/10.1016/s0896-6273(02)01094-2
https://doi.org/10.1016/s0896-6273(03)00569-5
https://doi.org/10.1523/jneurosci.1546-09.2009
https://doi.org/10.1073/pnas.1120510109
https://doi.org/10.1016/j.neuron.2017.10.015
https://doi.org/10.1016/j.neuron.2017.10.015
https://doi.org/10.1534/genetics.111.133710
https://doi.org/10.1080/01677063.2016.1202950
https://doi.org/10.1080/01677063.2016.1202950
https://doi.org/10.1093/hmg/ddv415
https://doi.org/10.1371/journal.pone.0060162
https://doi.org/10.1016/0955-0674(93)90130-i
https://doi.org/10.1534/genetics.106.066761
https://doi.org/10.1242/dmm.000653
https://doi.org/10.1038/s41598-018-27900-5
https://doi.org/10.1038/s41598-018-27900-5
https://doi.org/10.1016/s0896-6273(00)80731-x
https://doi.org/10.1016/s0896-6273(00)80731-x

	Abstract
	Introduction
	Materials & methods
	Drosophila genetics
	In-vivo analysis of vesicle motility within whole mount larval axons
	Simultaneous dual-color in�vivo imaging and co-migration analysis in whole mount larval axons
	Immunohistochemistry in Drosophila larval axons and NMJs
	Quantification of Drosophila larval motility and adult lifespan
	WT and HD iPSC cultures and neuronal differentiation
	Electrophysiology in iNeurons
	In vitro analysis of Rab4 motility within WT and HD iNeurons
	Immunohistochemistry: human iPSCs/NPCs/iNeurons
	Preparation of protein extracts from mouse brains and human iNeurons
	Sucrose gradient fractionations
	Co-immunoprecipitation analysis
	SDS-PAGE and Western blot analysis
	Statistical analysis

	Results
	Reduction of HTT disrupts the axonal motility of Rab4 causing axonal and synaptic Rab4 accumulations
	The putative moving HTT-Rab4 vesicle contains synaptic proteins, and is distinct from a putative HTT-Rab3 vesicle
	The putative moving HTT-Rab4 vesicle uses kinesin-1 and dynein motors, and the accessory protein HIP1 but not HAP1
	Rab4 motility is disrupted in HD neurons due to aberrant associations with motors and accessory proteins
	Synaptic dysfunction and behavioral defects caused by pathogenic HTT are rescued by excess Rab4

	Discussion
	The physiological relevance of a moving axonal HTT-Rab4 vesicle complex and its disruption in HD
	Excess Rab4 ameliorates synaptic and behavioral dysfunction caused by pathogenic HTT in�vivo

	Supplementary information
	Abbreviations
	Acknowledgements
	Availability data and materials
	Declarations
	Authors’ contributions
	Funding
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

