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Huntington’s disease results from expansion of a polyglutamine tract (polyQ) in mutant huntingtin (mHTT) protein, 
but mechanisms underlying polyQ expansion-mediated toxic gain-of-mHTT function remain elusive.
Here, deletion and antibody-based experiments revealed that a proline-rich domain (PRD) adjacent to the polyQ tract 
is necessary for mHTT to inhibit fast axonal transport and promote axonal pathology in cultured mammalian neu
rons. Further, polypeptides corresponding to subregions of the PRD sufficed to elicit the toxic effect on fast axonal 
transport, which was mediated by c-Jun N-terminal kinases (JNKs) and involved PRD binding to one or more SH3-do
main containing proteins. Collectively, these data suggested a mechanism whereby polyQ tract expansion in mHTT 
promotes aberrant PRD exposure and interactions of this domain with SH3 domain-containing proteins including 
some involved in activation of JNKs. In support, biochemical and immunohistochemical experiments linked aberrant 
PRD exposure to increased JNK activation in striatal tissues of the zQ175 mouse model and from post-mortem 
Huntington’s disease patients.
Together, these findings support a critical role of PRD on mHTT toxicity, suggesting a novel framework for the poten
tial development of therapies aimed to halt or reduce axonal pathology in Huntington’s disease.
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Introduction
Huntington’s disease (HD) is a genetic neurodegenerative disorder 
typically with midlife onset caused by mutations that cause expan
sion of a CAG repeat in HTT (IT15), the gene encoding the huntingtin 
(HTT) protein.1 Such mutations result in expansion of a polygluta
mine tract (polyQ) near the amino terminus, causing HD when ex
panded beyond 36 glutamines.2 Remarkably, further increases in 
the number of glutamines in the polyQ tract affect the age of onset 
for neurological symptoms, but not the neurological phenotype in
cluding motor and cognitive changes. As a result, polyQ expansions 
exceeding 80 glutamines exhibit a juvenile form of the disease while 
polyQ expansions of patients in their forties may not present until 
their fifties or later.2 Although the genetic cause of HD has been de
fined for decades, the molecular basis underlying mutant HTT 
(mHTT) mediated neurotoxicity remains unclear. While HTT is ex
pressed ubiquitously in the nervous system, HD pathology preferen
tially affects a subset of projection neurons in the striatum and 
cerebral cortex early in course of disease, extending later to neurons 
in other basal ganglion structures.3,4 HD inheritance is autosomal 
dominant and mouse models of HD all develop neurodegeneration 
in adulthood.5 In contrast, homozygous deletion of HTT is embryonic 
lethal and heterozygotes are largely asymptomatic.6 Thus, polyQ ex
pansion confers upon mHTT a toxic gain of function that manifests 
clinically later in life. Although mHTT is reported to affect many cel
lular processes, disease-relevant ones remain a matter of debate.4

In most HD mouse models, including transgenic R6/2 mice, neur
onal loss is absent or modest at best and occurs very late in the dis
ease process.7 In contrast, axonal and synaptic pathology are 
apparent in presymptomatic animals3 and many brain imaging stud
ies have extended these findings to presymptomatic HD patients.8,9

Based on these findings, we examined potential mechanisms under
lying mutant HTT-induced axonal pathology. Previous studies iden
tified fast axonal transport as a sensitive readout of mHTT 
toxicity.10,11 Pathogenic forms of HTT inhibited both anterograde 
and retrograde fast axonal transport,10 a toxic effect involving activa
tion of axonal JNKs.11 From three JNK isoforms activated, the neuron- 
specific JNK3 isoform was found to inhibit anterograde fast axonal 
transport by phosphorylating heavy chains of the major motor pro
tein kinesin-1 (KHC),11 but the question of how mHTT activates 
JNKs remained unsolved. Canonical activation of JNKs involves phos
phorylation by upstream mitogen activated protein kinases 
(MAPKs),12 but HTT does not have any known enzymatic activity.

To determine how mHTT activates JNKs, we mapped toxic ele
ments in mHTT by perfusing recombinant mHTT fragments into iso
lated axoplasm from the squid giant axon, a unique ex vivo model for 
the analysis of fast axonal transport. Consistent with findings from 
genetic experiments,13 an mHTT fragment encoded by HTT exon 1 
sufficed to inhibit fast axonal transport. HTT exon 1 contains three 
discrete regions, a 17-amino acid (aa) N-terminal sequence, a poly
morphic polyQ tract and a proline-rich domain (PRD). To refine the 
identification of toxic elements in mHTT further, well-characterized 
antibodies recognizing epitopes within exon 1 were preincubated 
with mHTT and co-perfused in axoplasm. Significantly, an antibody 
recognizing polyproline (polyP) tracts in PRD blocked toxic effects of 
mHTT exon 1 on fast axonal transport, but an antibody recognizing 
polyQ did not. In addition, several mHTT fragments in which the 
PRD was deleted lacked toxicity in both squid axoplasm and in pri
mary cultured rodent neurons. Further, both the full PRD and two 
PRD subregions containing canonical PXXP motifs exhibited toxicity. 
Prolines are essential components in many protein interaction do
mains, such as SH3 and WW domains14 and SH3 domains play a 

role in regulation of many signalling cascades, including the activa
tion of MAPKs upstream of JNKs.15,16 The role of SH3-binding motifs 
in the PRD was tested by co-perfusing mHTT with a recombinant SH3 
domain, which prevented inhibition of fast axonal transport. These 
studies revealed that the PRD is necessary and sufficient for mHTT 
to activate a MAPK cascade leading to the activation of JNKs and in
hibition of fast axonal transport, an effect dependent on the presence 
of one or more SH3 binding domains within the PRD.

To determine whether mammalian models of HD pathology 
also required the presence of a PRD, mHTT proteins lacking the 
PRD did not exhibit axonal toxicity in cultured neurons. 
Furthermore, biochemical and immunological studies in a well- 
established HD mouse model and HD-affected human post- 
mortem tissues linked aberrant activation of JNKs to increased 
PRD exposure, which can explain why wild-type HTT fragments 
do not inhibit fast axonal transport despite containing a PRD. 
Collectively, results from our work support a mechanism where 
polyQ expansion in mHTT promotes abnormal PRD exposure, aber
rant JNK activation, and toxic effects in axons suggesting new ave
nues to treat HD.

Materials and methods
Antibodies and reagents

Hybridomas expressing the anti-HTT monoclonal antibodies MW1 
(against polyQ) and MW7 (against polyP)17 were obtained from the 
Iowa State Hybridoma Bank and purified from hybridoma culture 
supernatants. Supplementary Table 1 lists in detail all antibodies 
used in this study.

Vesicle motility assays in isolated axoplasm

Giant axons from the squid (Doryteuthis pealeii, Marine Biological 
Laboratory) were dissected and axoplasm extruded onto a glass 
coverslip as described previously.18-20 Lack of plasma membrane 
in this preparation allows the perfusion of proteins and other effec
tors at precise concentrations.20,21 Recombinant HTT and mHTT 
fragments, as well as inhibitors, were diluted in X/2 buffer 
(175 mM potassium aspartate; 65 mM MgCl2, 5 mM EGTA; 1.5 mM 
CaCl2; 0.5 mM glucose, pH 7.2; supplemented with 2–5 mM ATP) to 
a final concentration of 100 nM and perfused into axoplasm 
(20 µl) as done before.10,11,20 Real-time analysis of vesicles moving 
in anterograde and retrograde directions was analysed using a 
Zeiss Axiomat microscope equipped with a 100× (1.3 numerical 
aperture) objective and differential interference contrast optics. 
Images were acquired using a Model C2400 CCD through a 
Hamamatsu Argus 20 and processed further with a Hamamatsu 
Photonics Microscopy C2117 video manipulator for image adjust
ment as well as generation of calibrated cursors and scale bars. 
Following perfusion, anterograde and retrograde fast axonal trans
port rates were measured by matching calibrated cursor move
ments to the speed of vesicles moving in each direction over 
50 min and data plotted as a function of time.18,20 For statistical 
analysis of independent experiments in isolated axoplasm, individ
ual axonal transport rates recorded during the last 20 min of each 
individual assay were pooled and analysed.

Recombinant HTT polypeptides for axoplasm 
studies

Plasmids (pcDNA3.1) encoding FLAG-tagged mHTT (1–969 Q46) 
with and without deletion of PRD (ΔPRD) were obtained from 
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Dr M. DiFiglia.22 These plasmids were expressed using in vitro 
transcription/translation (Promega; TnT T7-coupled Reticulocyte 
Lysate system). To confirm that similar levels of each mHTT con
struct were expressed, parallel reactions incorporating 35S-labelled 
methionine (Amersham) were done.10,11

Constructs encoding mHTT exon 1 with a Q49 expansion [mHTT 
exon 1 (Q49)] and with the PRD deleted [mHTT exon 1 (Q49 ΔPRD)] 
were a gift from E. Wanker.23 These constructs were subcloned in 
pGEX-5X1 with an N-terminus GST tag and expressed in 
Escherichia coli BL21 codon plus (DE3) cells and purified using affinity 
chromatography (Amersham Glutathione Sepharose 4B). Purified 
protein was dialysed (10 mM HEPES pH 7.4), and concentration 
measured via Bradford assay. Proteins were frozen in liquid nitro
gen and stored at −80°C until used. Bacterial expression plasmids 
encoding GST fused to segments P1, P2 and P3 of the HTT PRD 
were obtained from Dr Hong-Yu Hu and purified as described.24

Primary cortical neuron cultures

Cortical brain regions were dissected from Sprague-Dawley rat em
bryos at embryonic Day 18 (E18) (Charles River), then treated with 
2.5% Trypsin in 1× Hank’s balanced salt solution (HBSS) for 15 min 
in a 37°C water bath and washed three times with fresh HBSS. 
Tissue was resuspended in neuronal plating medium [DMEM(++); 
Dulbecco’s modified Eagle medium (DMEM) medium + 10% bovine 
calf serum with iron + 1% penicillin/streptomycin] and triturated 
five times to obtain a single cell suspension. Neurons were counted 
and plated in either six-channel slides (μ-Slide VI, Ibidi Cat. No. 
80601) for morphological assessment in custom microfluidic cham
bers pre-coated with 0.5 mg/ml poly-L-lysine (Sigma Cat. No. P1399) 
in borate buffer overnight for axonal outgrowth quantitation. 
Plating density for Ibidi chambers was 1 × 104 cells per Ibidi well 
and 5 × 104 cells per somatodendritic compartment (SDC) for micro
fluidic chambers.

Custom microfluidic chambers

Custom microfluidic chambers were constructed using soft lithog
raphy methods with polydimethyl sulphoxide (PDMS), from SU-8 
photoresist molds on silicone wafers, and plasma mounted onto ni
tric acid-treated glass coverslips. Completed chambers were 
480 μm in height, 26 mm in length, and 18 mm in width. 
Microfluidic chambers had three individual SDCs 7 × 7 mm square 
and one axon terminal compartment (ATC) 20 mm in length. A 
1 mm PDMS wall separated the SDC from one another. 
Microfluidic chambers had an open-top design with a 6 mm hole 
punched into each SDC and three 4 mm holes in the ATC. There 
were 106 microchannels connecting each SDC to the ATC. Single 
microchannels were 500-μm long, 8-μm wide, and 2.5-μm high. 
Microfluidic chambers were sterilized in ethanol, allowed to air 
dry in a sterile laminar flow hood, and treated with UV for 5 min, 
prior to being plasma mounted onto nitric acid-treated, German 
coverglass (24 × 50 mm).

Live cell imaging

For these experiments, plasmids encoding mCherry-tagged ver
sions of either mHTT exon 1 (Q46) or mHTT exon 1 (Q49 DPRD) on 
the pcDNA3 vector with insertion of the mCherry sequence follow
ing the CMV promoter, and insertion of the N-terminal human HTT, 
composed of the first 17 amino acids (MATLEKLMKAFESLKSF) fol
lowed by a stretch of 46 glutamines either with or without (ΔPRD) 
the PRD. The sequence deleted is the same as the sequence added 

to GST for the GST-PRD studies. DNA (0.1 µg) was mixed with 
0.3 μl transfection reagent in 10 μl of unsupplemented Neurobasal 
medium and incubated for 15 min at room temperature (RT), and 
then mixed with media.

Live cell morphology compared neurons transfected with 
mCherry-tagged versions of mHTT exon 1 (Q46) or mHTT exon 1 
with PRD deletion (Q46 ΔPRD) in Ibidi chambers. At 6 days in vitro 
(DIV), neurons were transfected using the TransIT-X2 reagent 
(Mirus Cat. No. MIR6000). Neurons were labelled with a neuron- 
specific membrane-permeable fluorescent probe (NeuroFluor 
NeuO, StemCell Technologies Cat. No. 01801) and a Hoechst 33342 
cell-permeant nuclear counterstain (NucBlue Live ReadyProbes 
Reagent, ThermoFisher Scientific Cat. No. R37605). Two hours prior 
to imaging, the neurons were treated with NeuO at 1:400 dilution in 
a neuronal maintenance media [NB(+++): neurobasal medium + 2% 
B27 supplement + 0.5 mM GlutaMAX + 1% penicillin/streptomycin] 
with 1 drop of NucBlue. Live cell fluorescent microscopy was per
formed at 13 DIV, using a LSM880 equipped with Airyscan (Zeiss; 
20× magnification + 1.8 digital zoom). NeuO treatment of primary 
cultured neurons had no effect on viability or axonal outgrowth 
(Supplementary Figs 1 and 2).

Quantitation of axonal outgrowth in living cells

Two hours prior to imaging, neurons were labelled with NeuO as 
described earlier. At 6 DIV, axons within the microfluidic chamber 
microchannels were imaged sequentially from the SDC to the 
ATC just prior to the cellular transfections, and at 8, 11, and 13 
DIV after transduction. Live cell fluorescent microscopy was used 
to capture each 500-μm long microchannel in its entirety; each mi
crochannel contained a single axon (×10 magnification, Zeiss 
LSM710). A predetermined start and stop point for measuring the 
axonal outgrowth length exists within the microfluidic chamber 
design, with the upper boundary being the SDC edge adjacent to mi
crochannels and the lower boundary the ATC edge adjacent to the 
microchannels. Individual axons were traced from entry into the 
microchannel from the SDC until they crossed into the ATC using 
Zen Lite Blue imaging analysis software (Zeiss). Axonal outgrowth 
was measured throughout the time course to determine whether 
axons were elongating or undergoing degeneration (decreasing in 
length over time or showing disconnected, i.e. degenerated, axonal 
segments within the microchannel). The total number of elongat
ing and degenerating axons were quantified at the end of the 
time course (GraphPad Prism 7).

Immunocytochemistry

HaloTag® constructs encoding HTT exon 1 (Q18), HTT exon 1 with 
PRD deletion (Q18 ΔPRD), mHTT exon 1 (Q46), and mHTT exon 1 
(Q46 ΔPRD) constructs were developed using the pHTN HaloTag 
CMV-neo vector (Promega Cat. No. G7721). For transfection, DNA 
(0.5 μg) was mixed with 1.5 μl X2 in 10 μl unsupplemented neuroba
sal medium and incubated for 15 min at RT, and then mixed with 
media in each culture compartment. At 4 DIV, cortical neurons 
were transfected with HaloTag-expression vectors using the 
Transit-X2 reagent and labelled with the HaloTag TMR ligand 
(Promega Cat. No. G8251).

The cell permeant, HaloTag TMR ligand was diluted using neur
onal maintenance medium to 200 nM and added to the neuronal 
samples 24-h incubation prior to fixation. Cortical neurons were 
fixed 48 h post-transfection with 4% paraformaldehyde, washed 
3 × 5 min in PBS, autofluorescence quenched with 50 mM NH4Cl 
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for 15 min, washed 3 × 5 min in PBS, permeabilized with 0.1% Triton 
X-100 for 10 min, washed 3 × 5 min in PBS, non-specific binding 
blocked with 5% milk for 1 h, washed twice with PBS, incubated 
overnight at 4°C with primary antibody (βIII tubulin, 1:1000, Sigma 
T8660), washed 3 × 5 min in PBS, incubated for 45 min at RT with 
secondary antibody (AF488, 1:800, Invitrogen Cat. No. A11029), 
washed 3 × 5 min in PBS, and covered in an aqueous anti-fade 
mounting medium (Vectashield Cat. No. H-1000) for storage at 4°C 
until imaged (Zeiss LSM710, 63×). Neuronal morphology was exam
ined in fixed neurons transfected with plasmids encoding HaloTag 
versions of wild-type mHTT exon 1 (Q18), wild-type-HTT exon 1 
with PRD deletion (Q18 ΔPRD), polyQ-expanded mHTT exon 1 
(Q46), and mHTT exon 1 with PRD deletion (Q46 ΔPRD) in Ibidi 
chambers.

Mice

Heterozygous zQ175DN mice on a C57BL/6J background were ob
tained from the Jackson Laboratory (JAX# 029928, henceforth: 
zQ175 mice). A colony of these mice was maintained by crossing 
heterozygous zQ175DN males to C57BL/6J females (JAX# 000664). 
Heterozygous zQ175DN male mice from this colony were also 
bred with YFP(J16)+/+ females (C57BL/6J background, JAX# 003709) 
to generate YFP(J16)+/− control and YFP+/−:zQ175DN littermates 
(henceforth: ‘YFP mice’ and ‘YFP-zQ175 mice’, respectively), as 
done before for R6/2 mice.3 Up to five mice per cage were housed 
in a manner dependent on sex, but genotypes were mixed. Mice 
had unrestricted access to food and water. The mean and standard 
deviation for the CAG repeat-sizes for the zQ175 mice that were 
used for immunohistochemistry and immunoblotting analyses 
were 199 ± 14 Q repeats. For both biochemical and immunohisto
chemical analyses, mice were used at 10 months of age. All proce
dures were approved by the Institutional Animal Care and Use 
Committee of University of Illinois at Chicago.

Preparation of proteins from mouse striatal tissues

Following euthanasia, mouse brains were dissected and 1 mm cor
onal sections prepared using a brain matrix (Zivic Instruments, Cat. 
No. 5325). Striata were collected using a punch, flash-frozen in li
quid nitrogen, and stored at −80°C until processing. For preparation 
of proteins under native conditions, striatal tissues were lysed in 
buffer X/2 containing 1% Triton X-100 and protease inhibitors 
(Sigma Cat. No. P8340 1/200). Following clarification, samples 
were normalized to 1 µg/µl concentration. Aliquots of native pro
tein stocks were also denatured by adding 5% SDS and Laemmli 
sample buffer. Proteins were separated by SDS-PAGE, transferred 
to PVDF membranes, and the resulting western blots analysed 
using quantitative immunoblot analysis, as before.25

Dot blots for mouse lysates

For experiments in Supplementary Fig. 4, 2 µl aliquots of native pro
tein (containing 3.4 µg total protein each) were spotted (in tripli
cate) onto nitrocellulose membranes (AmershamTM ProtanTM GE 
Healthcare Life Sciences, Cat. No. 10600002), as done before.26

Samples were left at RT for 30 min before incubation with primary 
antibodies (see later).

Immunoblotting analysis of mouse striatal tissues

Both western and dot blot membranes (Supplementary Fig. 4B–D) 
were blocked with Tris-buffered saline (TBS, pH 7.4) containing 

1% non-fat dried milk for 1 h at RT. Following this step, membranes 
were incubated overnight at 4°C with primary antibodies 
(Supplementary Table 1). After rinsing in 0.1% Tween-20/TBS 
(TBST), membranes were incubated with secondary antibodies for 
1 h at RT (Supplementary Table 1). Following rinsing in TBST, mem
branes were imaged using a Li-COR Odyssey infrared imaging sys
tem and Li-COR ImageStudioLite 5.2 Software was used to quantify 
immunoreactivity of bands.25

Mouse tissue immunohistochemistry

Mice were transcardially perfused with PBS, followed by PBS con
taining 4% paraformaldehyde (PFA). Brains were dissected and 
post-fixed with 4% PFA for 16 h, then rinsed in TBS, cryoprotected 
through washes in sucrose solutions of increasing concentration 
(5%, 10%, 20% and 30% sucrose in TBS), and stored at 4°C. Brains 
were embedded in OCT compound, fast frozen in dry ice plus iso
pentane and stored at −80°C overnight. Coronal and sagittal brain 
sections (40 µm) were prepared using a Leica Cryostat 3050 and 
stored in TBS containing 0.02% sodium azide. Free-floating sections 
were permeabilized in 0.5% Triton-X (w/v) in TBS, blocked in block
ing buffer [1% bovine serum albumin (BSA), 0.1% Triton-X, 1% gel
atin, 0.3 M and 0.5% goat serum in TBS], and then incubated with 
primary antibodies (Supplementary Table 1) overnight at 4°C. 
Tissue sections were washed three times in TBS, then incubated 
at RT for 2 h with appropriate secondary antibodies (Supplementary 
Table 1). After 2 h incubation, sections were washed in TBS, counter
stained with DAPI, mounted onto glass slides, and coverslips applied. 
Negative control sections were prepared where primary antibodies 
were omitted. Images were collected on a Zeiss LSM 880 Confocal 
Airyscan.

Human tissue collection, immunohistochemistry, 
and imaging

Post-mortem human brain tissues were fixed in formalin, embed
ded in paraffin (see Supplementary Table 3 for demographic infor
mation), and stored in the Massachusetts Alzheimer’s Disease 
Research Center at Massachusetts General Hospital, under the 
strict ethical and Institutional Review Board regulations from the 
Neuropathology core. Tissue blocks of the striatum (caudate, in
ternal capsule, putamen, and nucleus accumbens) were sectioned 
at 7-µm thickness and mounted on SuperFrost Plus glass slides. 
Sections were then processed by Leica Bond Autostainer through 
steps of bake and dewax, antigen retrieval (with citrate buffer for 
30 min, 95°C), permeabilization (0.4% Triton in TBST for 10 min, 
RT), blocking (10% goat serum and 3% BSA in TBST for 45 min, 
RT), primary antibody incubation in blocking buffer (see 
Supplementary Table 1 for a list of antibodies used, for 60 min, 
RT), washes (TBST), secondary antibody incubation (60 min, RT), 
washing (TBST), incubation with Tubb3-488 directly conjugated 
antibody (60 min, RT), washes (TBST), Hoechst staining (1 µg/ml, 
5 min, RT), and additional washes (TBS). Slides were then treated 
with Trueblack (Biotium Cat. No. 23007) for 30 s to eliminate lipo
fuscin autofluorescence and reduce autofluorescence from other 
sources, followed by mounting with ProLong™ Glass Antifade 
Mountant (ThermoFisher P36980).

Epifluorescence imaging of the whole striatum section was per
formed automatically by Nanozoomer Slide Scanner (Hamamatsu 
Photonics) to avoid human bias in selecting regions of interest. 
All images were acquired using exactly the same parameters (e.g. 
exposure time) for all HD and control samples. Confocal images 
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were acquired on Olympus FV3000 using the same laser power, 
PMT voltage, gain, and offset for all samples, and fields of view 
were randomly selected after the striatal region was located based 
on brightfield imaging. Structured Illumination Microscopy was 
performed on Zeiss Elyra 7 and processed by SIM2 software (Zeiss) 
with alignment correction from calibration beads. Images were 
quantified by QuPath 0.4.3 by the user blinded to the sample 
genotype.

Dot blot analysis of human samples

Human fresh refrozen tissues were quickly dissected and homoge
nized in RIPA lysis buffer supplemented with phosphatase and pro
teases inhibitor cocktail (Cell Signaling Technology Cat. No. 5872). 
The homogenate was centrifuged, and the supernatant was col
lected for dot blotting using nitrocellulose membrane and Bio-Dot 
apparatus (Bio-Rad). Blots were blocked in LI-COR blocking buffer 
and incubated with primary and secondary antibodies as described 
in Supplementary Table 1. Images were taken by LI-COR Odyssey 
Imager and quantified using LI-COR Image Studio software.

Statistical analysis

All experiments were repeated more than three times. Vesicle mo
tility studies in axoplasm were analysed by two sample t-test of 
µ1-µ2 using DataDesk software or a one sample t and Wilcoxon 
test with GraphPad Prism software. Mouse quantitative data from 
immunoblotting and dot blots was analysed by unpaired T-test 
using GraphPad Prism Software. Human data analysis was per
formed using either unpaired T-test or Kruskal-Wallis one-way 
ANOVA with GraphPad Prism as indicated in the figure legends.

Results
Effects of N-terminal polyQ HTT fragments on fast 
axonal transport

Although HTT is a large protein (>3100 aa), the polyQ repeat is near 
the N-terminus, and fragments as small as the one encoded by 
exon 1 of the HTT gene suffices for toxicity in cell and animal 
models.11,28,29 The molecular basis of mHTT toxicity is unclear, 
but HTT contains multiple protein interaction motifs including 
SH3 binding domains, WW and HEAT motifs.30 As a result, HTT 
may interact with various proteins.31,32

Vesicle motility assays in isolated axoplasm from squid giant 
axons previously revealed toxic effects of mHTT proteins, but not 
wild-type HTT proteins, on fast axonal transport,10 a major cellular 
process sustaining axonal function and health.33 Subsequent stud
ies showed this effect involved abnormal activation of axonal JNKs 
and phosphorylation-based inhibition of molecular motors by the 
JNK3 isoform.11 To map discrete regions in mHTT involved in these 
toxic effects, we compared toxicity of different mHTT fragments.10

Three recombinant mHTT protein fragments containing different 
numbers of HEAT domains were evaluated in isolated axoplasm 
for effects on fast axonal transport using vesicle motility assays, 
as before11,20: mHTTs (1–969, Q46), mHTT (1–548, Q60), and mHTT 
exon 1 (Q49) (Fig. 1A). Despite differences in size as well as in the 
number and identity of HEAT domains, all three mHTT fragments 
had comparable inhibitory effects on both anterograde and retro
grade fast axonal transport (Fig. 1B). A control HTT fragment, HTT 
(1–548, Q23), had no effect on fast axonal transport (Fig. 1B).

Since mHTT exon 1 activated the same JNK MAPK cascade to in
hibit fast axonal transport as longer mHTT constructs, it must 

contain the pathogenic element(s) in mHTT required for activation 
of the JNK pathway and inhibition of fast axonal transport. Exon 1 
contains a short N-terminal sequence followed by the polyQ and 
an adjacent PRD, which includes two polyP stretches separated by 
an intervening 17 aa sequence that is 30% prolines (Fig. 1C). The ef
fect of mHTT exon 1 (Q49) on fast axonal transport focused atten
tion on these regions as potential mediators of pathogenicity.

To determine potential contributions of the polyQ and PRD re
gions to mHTT-induced fast axonal transport inhibition, antibodies 
(Ab) binding to either the polyQ (MW1 Ab) or polyP (MW7 Ab) do
mains17 were co-perfused with mHTT exon 1 (Q49), a strategy 
used before for other pathogenic proteins26,34 (Fig. 1C). If inhibition 
of fast axonal transport by mHTT involved interactions mediated 
by the polyQ, MW1 Ab would be protective, while MW7 Ab should 
be protective if interactions with the PRD are required. 
Preincubation with MW1 Ab did not prevent inhibition of fast axon
al transport by mHTT exon 1 (Q49) (Fig. 1D), but preincubation with 
MW7 Ab completely abolished the toxic effect of this mHTT frag
ment (Fig. 1E). Boiling MW7 Ab prior to incubation with mHTT 
exon 1 (Q49) eliminated protective effects of MW7 (not shown). 
The protective effect of MW7 Ab was significant from mHTT exon 
1 (Q49) alone at P < 0.0001 in a two sample t-test of µ1-µ2, while 
treatment with MW1 Ab was not (Fig. 1F). These findings suggested 
that accessibility to the PRD is critical for mHTT-mediated inhib
ition of fast axonal transport.

The requirement of PRD for mHTT toxicity on fast axonal trans
port was confirmed by protein deletion experiments (Fig. 2). 
Inhibition of fast axonal transport by mHTT exon 1 (Q49) protein 
(Fig. 2A) was no longer seen with mHTT exon 1 with PRD deletion 
(Q49 ΔPRD), despite the presence of a Q49 tract (Fig. 2C). Similar re
sults were obtained with a larger mHTT fragment. Specifically, 
mHTT (1–969, Q46) inhibited fast axonal transport (Fig. 2B), whereas 
the same mHTT fragment with PRD deleted (1–969, Q46 ΔPRD) did 
not (Fig. 2D). Inhibitory effects of mHTT exon 1 (Q49) or mHTT 969 
(Q46) were significantly different from their counterparts lacking 
a PRD at P < 0.0001 in a two sample t-test of µ1-µ2 (Fig. 2E), confirm
ing that the PRD is necessary for mHTT to inhibit fast axonal trans
port (Fig. 2E). Remarkably, perfusion of a GST-tagged protein 
containing the wild-type PRD sequence (Fig. 2F) inhibited both di
rections of fast axonal transport, comparable to the effects of 
mHTT containing the PRD (Fig. 2E), and GST-PRD activated axonal 
JNK in biochemical experiments (Supplementary Fig. 7). While the 
pathogenic mutation in mHTT is an expansion of the polyQ tract, 
these results suggest that expanded polyQ tracts do not affect 
fast axonal transport in the absence of the PRD and that the PRD 
alone in the absence of an expanded polyQ tract has toxic effects 
on fast axonal transport comparable to mHTT.

To corroborate axoplasm findings in mammalian neurons, rat 
primary cortical neurons were plated in chamber slides or custom 
microfluidic chambers and transfected in situ with mCherry- 
(Fig. 3) and Halo-tagged (Supplementary Fig. 1) versions of mHTT 
exon 1 (Q46) and mHTT exon 1 (Q46 ΔPRD). Changes in neuronal 
morphology, neuronal viability, axonal outgrowth and axonal de
generation in response to mHTT exon 1 (Q46) or mHTT exon 1 
(Q46 ΔPRD) expression were examined using live cell imaging 
(Figs 3 and 4 and Supplementary Fig. 2) or by immunofluorescence 
using a Halo-ligand tag for mHTT (Supplementary Fig. 1). Live cor
tical neurons were visualized with NeuO, a fluorescent live cell im
aging reagent that specifically labels neurons, Hoechst (for DNA) 
and mCherry. Neither repeated administration of NeuO 
(Supplementary Fig. 3) nor transfection with mCherry alone 
(Fig. 3A) affected neuronal morphologies.
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Cortical neurons were transfected after 6 DIV and morphology 
assessed at 6 DIV to compare effects of mCherrry-mHTT exon 1 
(Q46) or mCherry-mHTT exon 1 (Q46 ΔPRD) expression to 
mCherry (control). Representative photomicrographs illustrate 
cortical neuron morphology labelled with NeuO (green), 
mCherry (red) and Hoechst (blue) are shown in Fig. 3. Cortical neu
rons expressing mCherry alone had normal morphologies 
(Fig. 3A), but neurons expressing mCherry-mHTT exon 1 (Q46) dis
played shorter neurites, neuritic damage (Fig. 3B, arrows), and re
duced somal size (Fig. 3B, arrowheads). In contrast, cortical 
neurons expressing mCherry-mHTT exon 1 (Q46 ΔPRD) (Fig. 3C) 
exhibited morphologies comparable to mCherry-expressing neu
rons. Concurrent studies using Halo-tagged versions of mHTT 
fragments produced the same results (Supplementary Fig. 1). 
The lack of toxicity for Q46 ΔPRD was consistent with the hypoth
esis that the PRD is also necessary to cause neurite degeneration 

in cortical neurons expressing Halo-tagged mHTT exon 1 (Q46) 
(Supplementary Fig. 1).

To differentiate whether the aberrant neuronal phenotypes as
sociated with mHTT exon 1 (Q46) expression resulted from devel
opmental delay or degeneration, the outgrowth and degeneration 
of axons within microchannels of custom microfluidic chambers 
was monitored and quantified over time. Cortical neurons were 
plated in SDCs, and axons allowed to elongate through the micro
channels into the ATC (Fig. 4). Neurons were imaged at 6 DIV, before 
transfection with mHTT exon 1 (Q46) or exon 1 (Q46 ΔPRD), and 
changes in axonal outgrowth evaluated at 8, 11, and 13 DIV 
(Fig. 4A and B). Every microchannel was sequentially imaged to fol
low growth and degeneration of axons over time. Axons were mea
sured from the time they entered microchannels projecting from 
the SDC until reaching the ATC (500 μm). Before transfection, neu
rons displayed normal axonal morphologies with axons elongating 

Figure 1 Toxicity of huntingtin fragments on fast axonal transport. (A) Huntingtin (HTT) is a protein of unknown function containing more than 3000 
amino acids. The absence of an identified catalytic activity suggests a role for HTT as a scaffold for unknown cellular components. While previous stud
ies have determined that exon 1 is sufficient for neurotoxicity, HTT contains multiple potential protein interaction domains [e.g. polyQ tract, a 
proline-rich domain (PRD) and HEAT repeats], which could provide additional biological activities. Three different recombinant mHTT fragments ran
ging from approximately 100 to 1000 amino acids were generated to determine whether different mHTT fragments exhibit different toxicities on fast 
axonal transport in the isolated axoplasm model. (B) All three mutant HTT (mHTT) constructs perfused at 100 nM have the same inhibitory effect on 
both anterograde and retrograde fast axonal transport rates. #P < 0.0001; *P < 0.001. (C) Exon 1 of mHTT appears to contain the toxic element causing the 
inhibitory effect in axons. There are two major motifs in exon 1: the expanded polyQ tract and a PRD. Previous studies generated monoclonal antibodies 
(Abs) to polyQ (MW1) and to polyP (MW7). (D and E) Plots depicting results from vesicle motility assays in isolated squid axoplasm. mHTT exon 1 (49Q) 
was perfused into axoplasm (100 nM) and fast axonal transport rates monitored by video microscopy, as in B. Individual rate measurements (µm/s, 
arrowheads) are plotted as a function of time (min). Both anterograde (black arrowheads and lines) and retrograde (reverse grey arrowheads and lines) 
fast axonal transport rates are shown. (D) Preincubation of mHTT exon 1 (49Q) with MW1 Ab (polyQ-directed) did not alter the toxic effects of this pro
tein, so both anterograde and retrograde transport were still inhibited. n = number of axoplasms evaluated. (E) In contrast, preincubation with MW7 
(polyP directed) completely blocked the effects of HTT exon 1 (Q49) on axonal transport. This suggests that exposure and/or accessibility of the PRD 
is essential for mHTT toxicity on fast axonal transport. (F) Box plots show that preincubation with M1 Ab did not significantly alter the toxic effects 
of mHTT exon 1 (Q49) on either anterograde or retrograde fast axonal transport. In contrast, preincubation with MW7 significantly reduced such effects. 
#P < 0.0001.
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from SDC into the ATC (Fig. 4A and B, top). Seven days after trans
fection (13 DIV), there were dramatic differences in the extent of 
axonal outgrowth between neurons transfected with mHTT exon 
1 (Q46) and mHTT exon 1 (Q46 ΔPRD) (Fig. 4A and B, bottom and 
Supplementary Fig. 3), as well as differences in the number of axons 
that converted from growing to degenerating (Fig. 4C and D). 
Specifically, neurons expressing mHTT exon 1 (Q46) showed loss 
of many neuronal cell bodies (Fig. 4A, arrowhead, bottom) and 

axonal discontinuities (arrows), shown by non-uniform NeuO 
staining within microchannels and ATC. In contrast, cortical neu
rons expressing mHTT exon 1 (Q46 ΔPRD) exhibited no loss of neur
onal cell bodies or signs of axonal degeneration at 13 DIV (Fig. 4B, 
bottom). Instead, axons continued to elongate normally, as shown 
by axonal branching in the ATC. Axonal loss was also apparent at 
the ATC of neurons expressing Halo-tagged mHTT exon 1 (Q46) 
(Supplementary Fig. 3A and B) compared to extensive axonal 

Figure 2 Deletion of the PRD eliminate toxic effects of mHTT fragments on fast axonal transport. (A) Perfusion of mHTT exon 1 (Q49) at 100 nM inhibits 
fast axonal transport in both directions through activation of the MAPK JNK3,35 (B) The same mHTT construct with the proline-rich domain (PRD) 
deleted [mHTT exon 1 (Q49 ΔPRD)] has no effect on axonal transport in either direction at 100 nM. (C and D) Similar effects are seen with a longer 
mHTT (1–969 Q46) fragment at 100 nM. Deletion of the PRD [mHTT (1–969 Q46 ΔPRD)] eliminates the toxic effects on fast axonal transport elicited by 
mHTT (1–969 Q46). (E) Quantitative comparison of rates observed between 30 and 50 min with each construct shows that the PRD is necessary for the 
toxicity of both mHTT exon 1 (Q49) and mHTT (1–969 Q46). #P < 0.0001. (F) A glutathione-S-transferase (GST) tagged protein in which the PRD from 
HTT is added to the C-terminus (GST-PRD) has the same effect on both anterograde and retrograde axonal transport without the presence of a polyQ 
stretch. The inhibitory effect of GST-PRD is not significantly different from the effects of pathogenic forms of HTT with an expanded polyQ. This suggests 
that the PRD is both necessary and sufficient to produce the effect of pathological mutant HTT on fast axonal transport. n = number of axoplasms.
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outgrowth and branching of neurons expressing Halo-tagged 
mHTT exon 1 (Q46 ΔPRD) (Supplementary Fig. 3C and D).

Quantification of axonal outgrowth over time was binned to re
flect the total number of axons elongating or degenerating (Fig. 4C). 
Elongating axons were defined as those that either continued to in
crease in outgrowth length within microchannels from 6 to 13 DIV 
or maintained their length within microchannels extending from 
SDC to ATC (Supplementary Fig. 2). Degenerating axons were de
fined as those that exhibited either a reduction in outgrowth length 
within the microchannels or axonal discontinuities. Of the 433 total 
axons (n = 3 experiments) measured over time for neurons expres
sing mHTT exon 1 (Q46), 232 axons elongated and 201 degenerated 
at 7 days post-transfection. In contrast, of 412 axons from neurons 
expressing mHTT exon 1 (Q46 ΔPRD) (n = 4 experiments), 393 axons 
elongated and only 19 exhibited signs of degeneration (Fig. 4C). The 
difference between mHTT exon 1 (Q49) and mHTT exon 1 (Q46 
ΔPRD) was significant at P = 0.0067 in a pooled t-test of µ1-µ2 
(Fig. 4D). No axonal degeneration was observed in control, untrans
fected neurons, where all 261 axons measured underwent elong
ation (Supplementary Fig. 2E). Thus, PRD deletion protected 
cortical neurons from mHTT exon 1 (Q46)-induced axonal degener
ation, as seen with vesicle motility assays in axoplasm.

The fact that non-pathogenic (wild-type) HTT proteins did not 
elicit toxic effects on fast axonal transport or axonal outgrowth 

despite containing the PRD was intriguing, raising the possibility 
that polyQ tract expansion in mHTT might promote abnormal ex
posure of the toxic PRD.35 To evaluate this possibility, we performed 
biochemical and immunohistochemical experiments in striatal tis
sues of zQ175, a well-established mouse model of HD36 (Fig. 5). 
Striatal protein lysates prepared from wild type and zQ175 mice 
were separated by SDS-PAGE and western blots analysed by quan
titative immunoblotting (Fig. 5A). Quantitative data from these ex
periments in Fig. 5B show reduced levels of the striatum-enriched 
protein DARPP32.37 As previously reported before for the 
HdhQ111 knock in mouse model of HD,11 these experiments also 
showed strong activation of JNKs in striatal tissues of zQ175mice, 
compared to wild-type mouse littermates, whereas total levels of 
kinesin heavy chains (KHC) and synaptophysin remained 
unchanged.

To evaluate whether activation of JNKs was associated with in
creased exposure of PRD domain in mHTT, we performed immuno
histochemistry experiments (Fig. 5). As done before for the R6/2 
mouse model of HD,3 we first generated YFP (control) and 
YFP-zQ175 ‘reporter’ littermates, a genetic strategy that facilitates 
visualization of axonal fibres that pass through the striatum and 
neuropil that arrive from the cortex and other brain structures. 
Consistent with immunoblotting data in Fig. 5A, striatal sections 
prepared from YFP-zQ175 mice displayed reduced D7F7 antibody 

Figure 3 Toxic effects of mHTT-exon 1 (Q46) on axons of primary cultured cortical neurons depend on the PRD. (A) Cortical neurons, transfected to 
express mCherry (red), were also visualized with fluorescent membrane-permeant marker NeuO, a live neuron-specific dye (green), and a DNA label 
(Hoechst, in blue). (A) Cortical neurons were transfected with mCherry empty expression vector (mCherry, control); (B) mCherry fused to mHTT exon 1 
(Q46) [mCherry-mHTT exon 1 (Q46)]; or (C) mCherry fused to mHTT exon 1 (Q46) with proline-rich domain (PRD) deletion [mCherry-mHTT exon 1 (Q46 
ΔPRD)]. Cortical neurons expressing mCherry-mHTT exon 1 (Q46) displayed membrane/cytoplasmic morphological disturbances in both neurites 
(B, arrow) and soma (B, arrowheads), whereas neurons expressing mCherry-mHTT exon 1 (Q46 ΔPRD) did not. Scale bars = 50 μm. See also 
Supplementary Fig. 1.
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immunoreactivity, compared to sections prepared from YFP 
littermates (Fig. 5C). This observation was further confirmed 
quantitatively using dot blot analysis of striatal tissue lysates 
(Supplementary Fig. 4B). Despite lower levels of D7F7- 
immunoreactive HTT in YFP-zQ175 mice, there was a marked in
crease in MW7 immunoreactivity in these mice, compared to YFP 
littermates (Fig. 5D and E). These findings were confirmed by quan
titative dot blot analysis of striatal lysates using antibodies MW7 
(Supplementary Fig. 4C) and 4C9, another antibody whose epitope 
maps to the PRD (Supplementary Fig. 4C and D). Taken together, re
sults from comparative analysis of wild-type and zQ175 mouse stri
ata strongly supported increased exposure of the PRD in mHTT, 
compared to wild-type-HTT. Further, this event correlated with ab
normal activation of JNKs.

To evaluate further the disease relevance of findings from squid 
axoplasm (Figs 1 and 3), cultured mammalian neurons (Figs 3 and 4) 

and the zQ175 mouse model (Fig. 5 and Supplementary Fig. 4), PRD 
exposure and JNK activation were both examined in HD-affected 
human samples (Fig. 6 and Supplementary Fig. 5). Human post- 
mortem caudate tissues from HD patients (n = 3) and non-HD 
controls (n = 3, see Supplementary Table 2 for demographic infor
mation) were prepared and quantified using dot blot (Fig. 6A). 
While there was a moderate reduction in the total HTT protein level 
in HD cases (as indicated by D7F7 Ab immunoreactivity), PRD expos
ure and JNK activity increased as indicated by the MW7 and pJNK 
immunoreactivity ratios, respectively. When individual HD cases 
were examined (Fig. 6B), there was a correlation between JNK activ
ity and PRD exposure, both of which were higher than non-HD con
trols (Fig. 6C and D). Consistent with the biochemistry results, the 
immunohistochemistry on patient FFPE sections showed higher 
MW7 and pJNK levels in HD striatum (n = 11) than in non-HD con
trols (n = 5) (Fig. 6E–G, see Supplementary Table 3 for demographic 

Figure 4 Reduced outgrowth and degeneration of axons from primary cortical neurons following transfection with cherry-tagged mHTT exon 1, but 
not with cherry-tagged mHTT exon 1 lacking the proline-rich domain (PRD). Live imaging of axons elongating within the microchannels of our custom 
microfluidic chambers were visualized with the live neuronal marker, NeuO, beginning just prior to transfection at 6 days in vitro (DIV) after many axons 
have already entered the microchannels (Supplementary Fig. 2) and continuing until 13 DIV, or 7 days post-transfection. This design evaluates the ef
fect of constructs on the growth and viability of pre-existing axons. Neurons were transfected with (A) mCherry-mHTT exon 1 (Q46) or with (B) 
mCherry-mHTT exon 1 (Q46 ΔPRD). The length of axons within each microchannel was measured as they entered the microchannel from the soma
todendritic compartment (SDC) until it reached the axon terminal compartment (ATC). Cortical neurons expressing mCherry-mHTT exon 1 (Q46) de
veloped axonal discontinuities, observed with the loss of NeuO labelling (A, arrows), illustrating axonal degeneration within the microchannel and in 
the ATC. There was an apparent reduction of cortical neuron somas in the SDC for cultured neurons transfected with mCherry-mHTT exon 1 (Q46) (A, 
arrowhead), but degeneration of neuronal soma was not quantitatively evaluated. Scale bar = 50 μm. (C) The total number of axons elongating and de
generating in cortical neurons expressing mHTT exon 1 (Q46) (n = 433) or mHTT exon 1 (Q46 ΔPRD) (n = 412) was quantified over time. Scale bars = 50 μm. 
Analysis of 261 axons of untransfected neurons had no degenerating axons. See also Supplementary Figs 2 and 3. (D) Comparison of axonal degener
ation between neurons expressing mCherry-mHTT exon 1 (Q46) and mCherry-mHTT exon 1 (Q46 ΔPRD) indicates that the fraction of degenerating ax
ons was reduced by >90% (P = 0.0067).
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information). Increased PRD exposure and active JNK levels were 
detected in striosomes, axonal tracts, and nuclei, as demonstrated 
in confocal images (Fig. 6E) and enhanced resolution SIM images 
(Supplementary Fig. 5). These results are consistent with studies 
in the squid axoplasm, primary neurons, and HD mouse models, 
suggesting aberrant activation of JNK and increased exposure of 
PRD in human HD striatum.

Given that the PRD alone was sufficient to inhibit fast axonal 
transport (Fig. 2F), and activate JNKs (Supplementary Fig. 7), we 
sought to refine the mapping of toxic elements within the PRD. 
GST-tagged proteins containing sequences corresponding to 
N-terminal (GST-P1), middle (GST-P2), and C-terminal (GST-P3) sub
regions of the PRD (Fig. 7A)24 were purified, perfused into axoplasm 
and their effects on fast axonal transport evaluated. Both GST-P1 

Figure 5 Aberrant activation of JNKs and increased PRD exposure in the zQ175 mouse model of Huntington’s disease. (A) Immunoblots of striatal pro
tein lysates prepared from wild type (n = 4) and heterozygous zQ175 (n = 5) mice were analysed with antibodies that recognize kinesin heavy chains 
(KHC), the striatum-enriched protein DARPP-32, total (total JNK) and active (pJNK) forms of JNKs, and synaptophysin (synaptoph). (B) Li-COR quanti
tation of immunoreactive bands in A revealed that, compared to wild-type mice, zQ175 mice striata has lower levels of striatal DARPP32 (DARPP32/ 
KHC ratios), increased activation of JNKs (total JNK/pJNK ratios), and similar levels of synaptophysin (synaptoph/KHC ratios). (C–E) 
Immunohistochemical analyses of striatal tissues from YFP (control) and YFP-zQ175 mice littermates (n = 4 mice/genotype). Nuclei were stained using 
DAPI (in blue) in all panels. (C) An antibody that recognizes an epitope close to the P1218 residue in HTT (D7F7, in red) displayed increased immunor
eactivity in YFP mice, compared to YFP-zQ175 mice littermates. This finding was confirmed by quantitative dot blot experiments in Supplementary Fig. 
4A, suggesting reduced levels of total HTT expression in zQ175 mice, compared to wild-type (WT) mice. (D and E) Conversely, and despite this reduc
tion, MW7 antibody immunoreactivity was markedly increased in striata of YFP-zQ175 mice, compared to YFP mice littermates. Results from quanti
tative dot blot experiments in Supplementary Fig. 4C supported and extended this finding. Collectively, data in C–E suggested increased exposure of the 
PRD in mHTT, compared to wild-type HTT.
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and GST-P3 inhibited fast axonal transport (Fig. 7B and D), whereas 
GST-P2 had no effect (Fig. 7C). These effects did not involve the GST 
tag, as synthetic P1 or P3 peptides without GST elicited the same ef
fects (see Supplementary Fig. 6A and B for results with P1). Notably, 
P1 and P3 include polyP repeats (Fig. 7A), which is the epitope recog
nized by the MW7 antibody that blocked the inhibition of fast axon
al transport by mHTT exon1 (Q49) (Fig. 1E). To test whether P1 and 

P3 also inhibited fast axonal transport by activation of JNKs, as 
GST-PRD did, they were co-perfused with SP600125, a specific in
hibitor of JNK family kinases. As previously reported for larger 
mHTT fragments,11,38 SP600125 prevented inhibition of fast axonal 
transport by both GST-P3 (Fig. 7E) and P1 (Supplementary Fig. 6C 
and D). Fast axonal transport rates in both directions were signifi
cantly lower after either GST-P1 or GST-P3 perfusion than those 

Figure 6 Aberrant activation of JNKs and increased PRD exposure in striatal tissue from HD patients. (A) A representative dot blot of human post
mortem caudate tissue (see Supplementary Table 2 for patient demographic information) showed increased immunoreactivity of MW7 and pJNK in 
Huntington’s disease (HD) patients, despite a moderate reduction in the total level of HTT protein as detected by D7F7 antibody. (B) Quantification 
of dot blots was plotted for each case (n = 3 for control and n = 3 for HD) to demonstrate a correlation between MW7/D7F7 ratio and JNK activity in 
HD cases, with controls clustered at the lower quadruple. (C and D) Relative immunoreactivity of MW7 (shown as ratio of MW7/D7F7) and pJNK 
from the same blots was quantified and plotted to show increases in HD as compared with the control samples (**P = 0.0068, *P = 0.0276, unpaired two- 
sample T-test). (E) Representative confocal images of the striatum indicated associated and increased immunostaining of MW7 and pJNK in HD pa
tients compared with their controls. Tissues were counterstained with Hoechst as a nuclear marker and Tubb3 as a neuronal marker. (F and G) 
Quantification was performed on whole striatum images stitched from single images captured by wide-field epifluorescence imaging and showed 
higher MW7 and pJNK immunoreactivities in HD patients (n = 11) than in controls (n = 5) and the differences were statistically significant (****P <  
0.0001, **P < 0.01,  *P < 0.05 Kruskal-Wallis one-way ANOVA). HD cases were graded according to neuropathology27 (see Supplementary Table 3 for pa
tient demographic information of cases examined in E–G).
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measured after non-toxic mHTT (1–548) Q23 perfusion at P < 0.0001 
in a two sample t-test of µ1-µ2, whereas GST-P3 co-perfused with 
SP600125 was not (Fig. 7F). The effect of GST-P2 on anterograde 
fast axonal transport was not significantly different from that of 
the non-pathogenic mHTT (1–548) Q23 construct. Although 
GST-P2 retrograde axonal transport in the 30–50-min window was 
different from non-pathogenic mHTT (1–548) Q23 retrograde axon
al transport (P = 0.001), there was no change over the course of 
50 min (Fig. 7C), suggesting that GST-P2 did not inhibit retrograde 
axonal transport although basal retrograde axonal transport rates 
in these axoplasms were slower than typical. Collectively, data in 

Fig. 7 and Supplementary Fig. 6 suggest that P1 and P3 regions of 
mHTT contain toxic elements that suffice to inhibit both antero
grade and retrograde fast axonal transport by activating the JNK 
pathway in axons.

Proline-rich motifs are involved in a variety of protein-protein 
interactions, including many involved in signalling pathways.14

These include polyP helices, WW domains and SH3-binding do
mains, all present in the PRD of HTT. Both P1 and P3 have polyP mo
tifs and MW7 Ab that recognizes the polyP motif in the PRD blocks 
inhibition of fast axonal transport by mHTT exon 1 (Q49) (Fig. 1E). P1 
and P3 peptides also contain multiple SH3-binding domains, based 

Figure 7 Subdomains P1 and P3 of the PRD suffice to inhibit fast axonal transport via JNKs. (A) The proline-rich domain (PRD) contains three subregions 
previously shown to interact with SH3 domain- and WW motif-containing proteins: a variable length polyP (P1), a proline rich sequence that also con
tains Q, L and A residues (P2) and a second polyP stretch (P3). GST-tagged versions of these subregions were perfused in axoplasm and their effect on 
fast axonal transport evaluated using vesicle motility assays as in Fig. 1. (B) Perfusion of a GST-P1 (100 nM) construct inhibited both anterograde and 
retrograde fast axonal transport rates. (C) In contrast, a GST-P2 (100 nM) construct has no effect on either direction of fast axonal transport. (D) Effects of 
the GST-P3 (100 nM) construct on fast axonal transport are comparable to P1, the full-length PRD alone (Fig. 1F) and HTT exon 1 Q49 with an intact PRD 
(Fig. 1). (E) SP600125 (500 nM), a highly specific pharmacological inhibitor of JNKs, blocked the effect of GST-P3 (100 nM) on transport, just as it does for 
mHTT exon 1 (Q49) or other pathogenic mHTT fragments. (F) Quantitative comparisons for effects of PRD subdomains on axonal transport. Effects of 
each peptide on transport were compared to effects of the control wild-type HTT 1–548 (Q23) polypeptide. GST-P1 and GST-P3 significantly inhibited 
both anterograde and retrograde fast axonal transport as shown in the box plots (P < 0.0001) and the slopes in B and D reflecting a decline in transport. 
In contrast, GST-P2 did not differ significantly from mHTT (548) Q23 in anterograde transport (P = 0.2599). Although retrograde fast axonal transport 
was lower than with HTT 1–548 (Q23) (P = 0.0014) (see Figure 1B), there was no decline in retrograde transport rate and GST-P2 started out less that 
HTT 1–548 (Q23) retrograde, so effects of GST-P2 on axonal transport are likely negligible. Inhibition of JNK MAPK activity by SP600125 prevented 
the effect so GST-P3 on fast axonal transport. #P < 0.0001, *P < 0.001.
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on the consensus PXXP motif. To test the role of SH3-binding motifs 
in the toxicity of mHTT, we co-perfused axoplasm with mHTT exon 
1 (Q49) (100 nM) plus 1 µM of a GST-tagged, recombinant SH3 do
main (YANPVWTALFDYEPSGQDELALRKGDRVEVLSRDAAISGDEGW 
WAGQVGGQVGIFPSNYVSRGGG).39 In the presence of this SH3 do
main, mHTT exon 1 (Q49) no longer inhibited fast axonal transport. 
In contrast, co-perfusion of mHTT exon 1 (Q49) with a mutant SH3 
domain (Y52A) that fails to interact with SH3-binding domains40

did not prevent inhibition of fast axonal transport (Fig. 8B and C). 
These results suggested that binding of an SH3-containing protein 
to P1 and/or P3 subdomains is required for the PRD to activate the 
JNK pathway and inhibit fast axonal transport.

Discussion
Homozygous deletion of the HTT gene is embryonic lethal41 sug
gesting that wild-type HTT is an essential gene for development,42

but physiological functions of HTT protein have not yet been estab
lished.43 For example, mHTT associates with vesicles44 and is re
ported to interact with a wide range of proteins including several 
SH3 domain-containing proteins involved in endocytosis and traf
ficking,45 but the role of these interactions in HD or normal func
tions of HTT is not known.32 HTT has been proposed to play roles 
in many cellular processes including gene transcription, BDNF traf
ficking46 and regulation of metabolism.47 While specific biological 
roles of HTT are poorly defined, the role of mHTT in HD is well 
established.1 Although a loss of HTT function may contribute to 
HD pathology, animal models have clearly established a toxic 
gain of function for mHTT in HD pathogenesis.48 Activation of a 
MAPK pathway leading to activation of JNKs, including JNK3, repre
sents one toxic gain of function for mHTT.11,49-51 Dysregulation of 
JNKs could affect a wide range of cellular processes, including 
gene transcription52 and inhibition of fast axonal transport,10,11

but the question of how mHTT activates the JNK pathway remained 
unresolved.

Isolated axoplasm from squid giant axons has been used for dec
ades to study fast axonal transport.20,53 Such studies illuminated the 
complexity of fast axonal transport regulation mediated by protein 
kinases and demonstrated a remarkable conservation in molecular 
mechanisms for regulation of fast axonal transport from squid to 
mammalian neurons.33,54 Isolated axoplasm provides a unique prep
aration20 for evaluating effects of pathogenic proteins and pharma
cological reagents on fast axonal transport and axonal signalling as 
well as characterizing axon-specific candidate mechanisms.33,55

Given the large size of HTT and presence of multiple protein 
interaction motifs including HEAT repeats, WW domains and SH3 
binding domains, the first question addressed was whether 
mHTT fragments of different sizes similarly affect JNK signalling 
and fast axonal transport. Three different fragments of mHTT, ran
ging in size from 118 to 969 aa, had comparable effects on fast axon
al transport (Fig. 1A and B), and these effects were blocked by 
inhibiting JNK kinase activity.12 This was consistent with the find
ing that mHTT exon 1 was sufficient to produce neurodegeneration 
in cellular and animal models13,29 and focused attention on ele
ments within mHTT exon 1. Exon 1 of the HTT gene encodes three 
well-defined domains: a 17-aa N-terminal sequence, the polyQ se
quence and a PRD. The HEAT repeats present in full-length HTT29

are not in exon 1, indicating that they are not required for mHTT 
to inhibit fast axonal transport.

Historically, the polyQ repeat has been the primary focus of 
studies of HD pathology, given that polyQ expansion beyond Q36 
causes HD. In addition, polyP repeats in the PRD have attracted 

some interest.56 To determine whether polyQ, polyP, or both are re
quired for toxicity, we preincubated mHTT exon 1 (Q49) with anti
bodies whose epitopes mapped to either the polyQ or the polyP 
(Fig. 1D and E). Only the antibody against polyP blocked effects on 
fast axonal transport (Fig. 1E), indicating that access to the PRD 
was necessary for toxicity. This is consistent with findings that 
polyQ expansion increased exposure of the PRD in living cells.57

Deleting the PRD in mHTT fragments eliminated their effects on 
fast axonal transport (Fig. 2) which confirmed that the PRD was ne
cessary for activation of JNKs and inhibition of fast axonal 
transport.

To validate this observation in mammalian models, we trans
fected rat primary cortical neurons with mHTT exon 1 (Q46) either 
with or without the PRD (Figs 3 and 4 and Supplementary Figs 1 
and 3). Neurons expressing mHTT exon 1 (Q46) with an intact PRD 
exhibited axonal degeneration (Fig. 6 and Supplementary Fig. 3) 
and neurotoxicity (Supplementary Fig. 2), while neurons expres
sing mHTT exon 1 (Q46 ΔPRD) could not be distinguished from 
neurons transfected with an empty vector (Fig. 3) or with non- 
pathogenic wild-type HTT exon 1 (Q18) (Supplementary Fig. 1A). 
Thus, the PRD was necessary for neurotoxicity of mHTT exon 1 in 
both isolated axoplasm and mammalian cortical neurons. 
Furthermore, increased PRD exposure and aberrant JNK activation 
were confirmed in an HD mouse model (Fig. 5 and Supplementary 
Fig. 4) and in human post-mortem HD cases (Fig. 6 and 
Supplementary Fig. 5), by both biochemical and immunohisto
chemical methods. We also found a noticeable heterogeneity in hu
man HD cases at different neuropathological stages, partially due to 
neuronal loss and structural changes in the axons and nuclei, as 
shown by the neuronal marker Tubb3 staining (Fig. 6E and 
Supplementary Fig. 5). However, the detailed characterization of in
dividual cases at different stages is beyond the scope of the current 
study and is currently under active investigation.

Prolines are unique amino acids, with side chains cyclized onto 
the backbone nitrogen, restricting available conformations.14 PolyP 
domains tend to adopt a polyproline II (PPII) helix, an extended 
structure with 3 aa per turn.58 In a PPII helix, prolines form a hydro
phobic strip on the helix surface and backbone carbonyls are con
formationally restricted. As a result, PPII helices have easily 
accessible polar and hydrophobic surfaces for potential interacting 
partners (SH3, WW domains, etc.). PPII helices are commonly found 
on protein surfaces, where side chains are available to interacting 
partners, forming a stiff ‘sticky arm’ for binding other proteins.58,59

Evidence that the HTT PRD contains a PPII helix comes from a 
crystal structure of HTT exon 1 showing the first polyP repeat in 
HTT exon 1 as a PPII helix.60 Only the first polyP region (roughly cor
responding to P1) was visible in the structure (Supplementary Fig. 8) 
and the PPII helix interacted with the polyQ tract through a region 
of polyQ in random coil conformation.60 These observations sug
gested that the PRD is normally sequestered in the HTT interior 
by normal length polyQ domains. Expansion of the polyQ domain 
might destabilize this interaction, increasing exposure of the PRD 
or PRD subregions. This would explain both why wild-type HTT 
with a normal length polyQ does not affect fast axonal transport 
despite the presence of a PRD; and the ability of anti-PolyP MW7, 
but not anti-PolyQ MW1 antibody, to prevent inhibition of fast 
axonal transport (Fig. 1D and E). This would also explain why 
mHTT, but not HTT, preferentially interacts with SH3 domain- 
containing proteins in affinity purification studies.24 Studies in 
293 cells expressing mHTT transfected with single-chain variable 
regions of MW1 Ab and MW7 Ab found that intracellular expression 
of MW1 increased mHTT-induced cell death, whereas expression of 
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MW7 reduced cell death.61 Further, MW7 and other intrabodies 
against epitopes in the PRD reduced neuronal toxicity induced by 
mHTT in a rat corticostriatal slice model of HD61 and in mouse mod
els of HD.62 These authors suggested that MW7 effects were due to 
increased turnover of mHTT, but there is no evidence of mHTT 
turnover in axoplasm and inhibition of fast axonal transport was 
observed at sub-nanomolar concentrations of mHTT.11 In light of 
observations presented here, including data in Fig. 8, a more likely 
explanation is that MW7 reduced mHTT toxicity by preventing pro
tein–protein interactions with the PRD.

SH3 and WW motifs are both involved in many proline- 
mediated interactions, particularly in cell signalling cascades.63

For example, Src is inactivated by intramolecular interaction of 
its SH3 domain with a proline-rich region.64 The preferred binding 
partner for SH3 domains is a domain with a PXXP core, but there is 
considerable variability in surrounding amino acids that confers 
specificity to specific SH3 domains.14 Multiple potential SH3- 
binding consensus sites are present in the PRD that may interact 
with various proteins containing SH3 domains, including some in
volved in activation of the JNK MAPK pathway.

NMR studies mapped specific interactions of HTT with the SH3 
domain of SH3GL3 (endophilin) and a WW domain of the HYPA pro
tein24 showing that HTT can interact directly with proteins contain
ing SH3 or WW domains but did not determine whether these are 
physiological partners in vivo. Several additional proteins contain
ing SH3 domains and WW motifs are reported to interact preferen
tially with mHTT over wild-type HTT, again supporting a scenario 
where PRD becomes more accessible with polyQ expansion.35

In an effort to map toxic components of the PRD more precisely, 
two subregions (P1 and P3) were found to inhibit fast axonal trans
port (Fig. 7), and their effects were blocked by a JNK inhibitor (Fig. 7E
and Supplementary Fig. 7C and D), focusing attention on specific 
motifs within these peptides. Both P1 and P3 contain a polyP se
quence and multiple PXXP motifs known to interact with SH3 bind
ing domains. A recombinant protein encoding an SH3 domain 
blocked effects of mHTT exon 1 (Q49) on fast axonal transport 
(Fig. 8A), but a mutant version of this domain that cannot interact 
with SH3-binding motifs did not (Fig. 8B). Thus, the SH3 domain 
acted as a competitive inhibitor by preventing interactions of the 
PRD with one or more SH3 domain-containing protein(s). This 

suggests that the toxicity of polyQ-expanded mHTT involves aber
rant exposure of one or more SH3-binding motifs in the PRD. Such 
exposure would allow mHTT interaction with SH3 domain- 
containing proteins that can activate a MAPK pathway leading to 
JNK3 activation.12 This could represent a long-sought mechanism 
by which expansion of the polyQ domain confers upon mHTT a hy
permorphic, toxic gain of function contributing to HD 
pathogenesis.

One challenge presented by adult-onset neurodegenerative 
diseases like HD is the lack of specific molecular mechanisms to ex
plain neurotoxicity. Although these diseases are typically asso
ciated with disease-specific misfolded proteins, there have been 
few indications of how such misfolded proteins produce a given 
disease.32 The evidence that misfolding of mHTT causes exposure 
of a biologically active SH3-binding motif in the PRD, which inter
acts with SH3 domains involved in activation of a JNK MAPK path
way, provides a mechanistic basis linking protein misfolding to a 
disease-specific toxic gain of function that helps explain several 
puzzling aspects of HD pathology and suggests novel avenues for 
therapeutic intervention.
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