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Mutant Huntingtin Is Secreted via a Late Endosomal/Lysosomal
Unconventional Secretory Pathway
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Huntington’s disease (HD) is an autosomal-dominant neurodegenerative disorder caused by the expansion of a CAG triplet in the gene
encoding for huntingtin (Htt). The resulting mutant protein (mHtt) with extended polyglutamine (polyQ) sequence at the N terminus
leads to neuronal degeneration both in a cell-autonomous and a non-cell-autonomous manner. Recent studies identified mHtt in the
extracellular environment and suggested that its spreading contributes to toxicity, but the mechanism of mHtt release from the cell of
origin remains unknown. In this study, we performed a comprehensive, unbiased analysis of secretory pathways and identified an
unconventional lysosomal pathway as an important mechanism for mHtt secretion in mouse neuroblastoma and striatal cell lines, as well
as in primary neurons. mHtt secretion was dependent on synaptotagmin 7, a regulator of lysosomal secretion, and inhibited by chemical
ablation of late endosomes/lysosomes, suggesting a lysosomal secretory pattern. mHtt was targeted preferentially to the late endosomes/
lysosomes compared with wild-type Htt. Importantly, we found that late endosomal/lysosomal targeting and secretion of mHtt could be
inhibited efficiently by the phosphatidylinositol 3-kinase and neutral sphingomyelinase chemical inhibitors, Ly294002 and GW4869,
respectively. Together, our data suggest a lysosomal mechanism of mHtt secretion and offer potential strategies for pharmacological
modulation of its neuronal secretion.
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Introduction
Huntington’s disease (HD) is a neurodegenerative disorder char-
acterized by motor, cognitive, and psychiatric symptoms that
occur due to the progressive degeneration of striatal neurons
and, ultimately, other brain regions. HD is an autosomal-domi-

nant disorder caused by the expansion of CAG triplets in the gene
encoding for huntingtin (Htt) and the resulting production of the
mutant Htt (mHtt) protein with an extended polyglutamine se-
quence at the N terminus. The disease pathophysiology develops
primarily due to a toxic gain-of-function of mHtt (Bates et al.,
2015). mHtt and its proteolytic fragments display a propensity to
aggregate and form toxic inclusions, although a number of stud-
ies suggest that soluble forms of mHtt may represent the harmful
species (Kim et al., 1999; Dunah et al., 2002; Arrasate et al., 2004;
Cui et al., 2006).

Although most of the early studies revealed that mHtt acts in
a cell-autonomous manner (Ross and Tabrizi, 2011), a growing
body of evidence has identified non-cell-autonomous mecha-
nisms as an additional driving force for disease progression.
mHtt has been found in the CSF (Wild et al., 2015) and in the
neuronal allografts transplanted into the brains of HD patients
(Cicchetti et al., 2014), suggesting that the protein can be ex-
ported from cells of origin. To study the effects of released mHtt,
various experimental models expressing wild-type Htt (wtHtt)
and mHtt have been developed (Pecho-Vrieseling et al., 2014;

Received Jan. 10, 2017; revised June 26, 2017; accepted Aug. 9, 2017.
Author contributions: K.T., H.J., and D.K. designed research; K.T. and H.J. performed research; K.T. and D.K.

analyzed data; K.T., H.J., and D.K. wrote the paper.
This work was supported by the National Institutes of Health (NIH Grant R01NS080331 to D.K.). Structured

illumination microscopy was performed at the Northwestern University Center for Advanced Microscopy generously
supported by the National Cancer Institute Cancer Center Support Grant P30 CA060553 awarded to the Robert H.
Lurie Comprehensive Cancer Center using a Nikon N-SIM system purchased through the support of NIH Grant
1S10OD016342-01. We thank Jeffrey Savas from Northwestern University for the Flag-Htt plasmid, Yvette Wong
from Northwestern University for critical reading of the manuscript, and Karine Laulagnier from Grenoble Institute of
Neuroscience and Tatjana Paunesku from Northwestern University for helpful discussions.

The authors declare no competing financial interests.
Correspondence should be addressed to Dimitri Krainc, M.D., Ph.D., Department of Neurology, Northwestern

University Feinberg School of Medicine, 303 E, Chicago Ave., Ward 12-140, Chicago, IL 60611. E-mail:
krainc@northwestern.edu.

DOI:10.1523/JNEUROSCI.0118-17.2017
Copyright © 2017 the authors 0270-6474/17/379000-13$15.00/0

Significance Statement

This is the first study examining the mechanism of mutant huntingtin (mHTT) secretion in an unbiased manner. We found that the
protein is secreted via a late endosomal/lysosomal unconventional secretory pathway. Moreover, mHtt secretion can be reduced
significantly by phosphatidylinositol 3-kinase and neutral sphingomyelinase inhibitors. Understanding and manipulating the
secretion of mHtt is important because of its potentially harmful propagation in the brain.
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Babcock and Ganetzky, 2015; Jeon et al., 2016). These studies
showed that, once released, mHtt gives rise to neurodegeneration
in normal cells and tissues. The toxicity of secreted mHtt aggre-
gates has been associated with their propensity to seed aggrega-
tion of the soluble protein in recipient cells (Chen et al., 2002; Ren
et al., 2009; Tan et al., 2015). In light of the potential role of
propagation in both HD and other neurodegenerative diseases,
including Alzheimer’s disease, Parkinson’s disease, and amyotro-
phic lateral sclerosis (ALS) (Soto, 2012; Jucker and Walker,
2013), further characterizing the cellular mechanisms of pro-
tein secretion is critical for better understanding disease patho-
genesis. Furthermore, designing preventative strategies in HD
may require targeted approaches against the cellular secretion of
mHtt.

Proteins can exit the cell via multiple mechanisms categorized
as either conventional or unconventional pathways. The conven-
tional pathway is used by the signal-peptide-containing secreted
proteins that are translocated to the ER lumen and then to the
Golgi and Golgi-derived vesicles, which ultimately fuse with the
plasma membrane, thereby releasing their content to the extra-
cellular environment (Lee et al., 2004). Alternatively, secreted
cargo can follow one of the many unconventional pathways that
include transfer of proteins via extracellular vesicles (ectosomes
or exosomes) or in a free, nonvesicular form (Zhang and Schek-
man, 2013). Ectosomes are formed by the outward budding of
the plasma membrane, whereas exosomes originate from the
multivesicular bodies (MVBs) and are released upon MVB fusion
with the plasma membrane. Free-form proteins can be secreted
through translocation across plasma membrane, as in the case of
FGF2 (Nickel, 2011), endolysosomal exocytosis (Andrews, 2000;
Laulagnier et al., 2011), or secretory autophagy (Ponpuak et al.,
2015). Neurons also use a specific, synaptic-vesicle-mediated se-
cretory pathway for their neurotransmitters. Finally, many cell
types can form tunneling nanotubes for intercellular exchange of
various cargos (Abounit and Zurzolo, 2012).

Although the precise mechanism of mHtt secretion is not
completely understood, several possibilities have been suggested,
such as synaptic transmission (Pecho-Vrieseling et al., 2014), ve-
sicular transport (Babcock and Ganetzky, 2015), exosomes/ex-
tracellular vesicles (Jeon et al., 2016; Zhang et al., 2016), and
tunneling nanotubes (Costanzo et al., 2013). In this study, we
analyzed in detail the mechanism of mHtt release and found that
the extracellular mHtt mostly exists in a free form and follows
the late endosomal/lysosomal (LE/Lys) secretory pattern. We
also identified two potent inhibitors of mHtt secretion, Ly294002
and GW4869, which could prove useful for modulating mHtt
secretion in the brain.

Materials and Methods
Cell culture, cDNAs, shRNAs, lentiviruses, antibodies, and reagents.
Neuro2A cells (ATCC catalog #CCL-131, RRID: CVCL_0470) were cul-
tured in DMEM supplemented with 10% FCS (Invitrogen). Neuro2A cell
lines stably expressing Htt 571 aa/72Q or 571 aa/25Q were generated by
transducing Neuro2A cells with the lentiviral vectors encoding the first
571 aa of human Htt with 25 or 72 CAG repeats (Régulier et al., 2003).
Cell cloning was performed by limiting dilution to obtain monoclonal
cell population with high Htt expression. Striatal cells STHdh �/Hdh �,
STHdh Q111/Hdh �, and STHdh Q111/Hdh Q111 were a kind gift from
Marcy MacDonald (Trettel et al., 2000). They were grown in DMEM with
10% FCS, penicillin/streptomycin, and 250 �g/ml geneticin (Thermo
Fisher Scientific). Primary cortical neurons were isolated from Sprague
Dawley rats at embryonic day 18 (E18), seeded in six-well plates for the
secretion assay (700,000 neurons per well) or on 13 mm coverslips for
immunofluorescence (100,000 neurons per coverslip), and grown in

Neurobasal medium with glutamine, penicillin/streptomycin, and 2%
B27 supplement (Thermo Fisher Scientific).

Transfections were performed using Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s instructions. Medium was replaced 6 h
after transfection. Lentiviral transductions of primary neurons were per-
formed at a multiplicity of infection of 5 for mHtt lentiviruses, untagged
Htt at day in vitro 7 (DIV7) for immunofluorescence and Flag-tagged Htt
at DIV3 for the secretion analysis. Virus titer was determined using HIV
type 1 p24 ELISA (ZeptoMetrix). One nanogram p24 was considered
equal to 5000 infectious particles.

Mammalian expression plasmid encoding full-length Htt with N-terminal
Flag tag was generated by subcloning Htt ORF of HD73 (Trottier et al.,
1995) into pCGFlag vector (Mahajan et al., 2002). PolyQ length was
engineered to have 97Q. mHtt571/72Q-GFP was generated by subclon-
ing Htt ORF of Htt571/72Q into pEGFP-N1 vector. Other plasmids used
in the study were as follows: Htt571/72Q and 25Q (Jeong et al., 2009); Htt
590/97Q and 25Q (Jeong et al., 2009); dsRed-2-ER-5 (calreticulin) and
dsRed2-Mito-7 (COX8A) (Addgene catalog #55836 and #55838, res-
pectively); and Vps34 shRNA (GE Healthcare/Dharmacon). pEGFP-
2xFYVE was a kind gift from Harald Stenmark (Oslo University Hospital,
Norway), Arf1-HA and Arf1T31N-HA (wild-type and dominant-nega-
tive mutant) from Julie Donaldson (National Institutes of Health,
Bethesda), and synaptotagmin 7 shRNA (KD607) from Thomas Südhof
(Stanford University Medical School) (Bacaj et al., 2013). Htt571/72Q-
Flag plasmid for lentiviral production was generated by inserting a Flag
tag at the C terminus of 571/72Q Htt using Q5 Site-Directed Mutagenesis
Kit (New England Biolabs). Synaptotagmin 7- and scrambled shRNA-
carrying lentiviruses were generated using the above-mentioned synap-
totagmin 7 shRNA and scrambled shRNA control. Lamp2A antibody was
a kind gift from Judith Blanz (Rothaug et al., 2015). Other antibodies
were purchased from the following producers: monoclonal anti-
synaptotagmin 7, cat #MABN665 anti-Htt MAB5490 and anti-Htt
MAP2166 from Millipore (catalog #MAB5490 RRID: AB_2233522
and catalog #MAB2166 RRID: AB_2123255); anti-PolyQ from Milli-
pore (catalog #MAB1574 RRID: AB_11211899); polyclonal anti-
synaptotagmin 7 from Synaptic Systems (catalog #105 173 RRID:
AB_887838); anti-Vps34 from Cell Signaling Technology; monoclonal
anti-tubulin; anti-HA from Sigma-Aldrich (catalog #H9658 RRID:
AB_260092); anti-Flag from Sigma-Aldrich (catalog #F3165 RRID:
AB_439685 and catalog #F7425 RRID: AB_439687); anti-GFP from
Sigma-Aldrich (catalog #G1544 RRID: AB_439690); anti-Lamp1 from
Abcam (catalog #ab24170 RRID: AB_775978); anti-EEA1 from Abcam
(catalog #ab2900 RRID: AB_2262056); HRP-conjugated secondary an-
tibodies from Jackson ImmunoResearch; and fluorescently labeled sec-
ondary antibodies from Invitrogen. The following reagents were used:
brefeldin A, Triton X-100, sodium taurocholate, EDTA, BSA, and glycine
from Sigma-Aldrich; 4-methylumbelliferyl b-glucophyranoside (4-MU)
from Chem-Impex; LDH cytotoxicity assay kit from Pierce; BAPTA AM
and Alexa Fluor 488-conjugated transferrin from human serum from
Life Technologies; cycloheximide, LY294002, 3-methyladenine (3-MA),
GW4869, and bafilomycin A1 from Cayman Chemical; and CellLight
Golgi-GFP and BacMam 2.0 from Thermo Fisher Scientific.

Secretion assay. To collect secreted proteins, Neuro2A and striatal cells
were grown to 90 –100% confluency in 12-well plates (�1,000,000 cells
for Htt571 aa) or 6 cm dishes (�5,500,000 cells for FL Htt) in OptiMEM
medium (Invitrogen) for the indicated periods of time. When indicated,
the media were preconditioned for 1 h on naive Neuro2A cells to enhance
secretion. Upon collecting, media were centrifuged for 20 min at 2000 �
g to eliminate cell debris and then concentrated using Amicon ultracen-
trifugation filter units NMWL 10. In media fractionation experiments,
cell-debris-free medium was sequentially centrifuged for 30 min at
10,000 � g and for 1 h at 100,000 � g to sediment ectosomes and exo-
somes, respectively. The final volume of all pellets and supernatants was
50 �l and 15 �l of each was analyzed by Western blotting. For the secre-
tion assay in neurons, 1 ml of Neurobasal medium with glutamine, pen-
icillin/streptomycin, and 0.2% of B27 supplement was used to collect
secreted proteins.

Cell fractionation. For fractionation experiments, cells were grown to
confluency (�14,500,000 cells) in 10 cm dishes. Cell fractionation on
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sucrose density gradients was described previously (Aniento and Gruen-
berg, 2003). Briefly, cells were washed and scraped in cold PBS using a
custom-made rubber cell scraper, followed by centrifugation for 5 min at
150 � g. Cell pellets were then resuspended in 8.5% sucrose/3 mM imi-
dazole and centrifuged for 10 min at 700 � g. The resulting pellets were
resuspended in 8.5% sucrose/3 mM imidazole containing protease inhib-
itor complex, homogenized by passing three times through a 22Gx1 1⁄2
needle, and centrifuged for 10 min at 700 � g. Postnuclear supernatants
were collected, diluted by 62% sucrose/3 mM imidazole to a final sucrose
concentration of 40.6% (as determined by refractometer), and trans-
ferred to 11 � 60 mm centrifuge tubes. Sucrose step gradients were
generated by loading 1.5 ml of 35% sucrose/3 mM imidazole and 3 ml of
8.5% sucrose/3 mM imidazole, respectively, and centrifuged for 1 h at
35,000 rpm in a Beckman SW60 rotor. Light membranes were collected
from the interphase between 8.5% and 35% sucrose, heavy membranes
from the interphase between 35% and 40.6% sucrose, and the remaining
bottom layer (40.6% sucrose) represented cytosol. Protein concentration
of the fractions was determined using the bicinchoninic acid assay
(Sigma-Aldrich).

Endosome ablation. The HRP-diaminobenzidine (DAB) cross-linking
procedure was used for endolysosomal ablation (Stoorvogel, 1998; Laul-
agnier et al., 2011). Briefly, cells were incubated for 15 min with 0.5 g/L
HRP diluted in OptiMEM at 37°C; washed 3 times in 5% BSA/PBS;
followed by a 0, 30, or 90 min chase in OptiMEM to label consecutive
stages of the endocytic pathway. The internalized HRP was then cross-
linked for 30 min on ice in the presence of 100 �g/ml DAB and 0.003%
H2O2 diluted in PBS. Cells were then washed extensively by PBS and
incubated in preconditioned OptiMEM for an additional 30 min to col-
lect secreted proteins.

�-Glucocerebrosidase (GCase) activity assay. The GCase activity assay
was described previously (Marshall et al., 2002; Mazzulli et al., 2011).
Briefly, 15 �l of concentrated medium was incubated with 65 �l of ac-
tivity assay buffer containing 0.25% (v/v) Triton X-100, 0.25% (w/v)
Na-taurocholate, 1 mM EDTA, 1% BSA in citrate/phosphate buffer, pH
5.4, and 20 �l of 4-MU for 30 min at 37°C. The reaction was stopped by
adding 100 �l of 1 M glycine, pH 12.5, and fluorescence (ex � 365 nm,
em � 445) was determined in a SpectraMax i3x plate reader from Mo-
lecular Devices.

Western blot analysis. Cells were lysed directly in 2� Laemmli buffer
containing �-mercaptoethanol (200 �l of for 12-well plates and 1 ml for
6 cm dishes). Then, 8 �l of each lysate was analyzed by SDS-PAGE and
Western blotting. In time course experiments with GW4869 treatment,
cells were lysed in 50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA,
1% Triton X-100, 0.1% SDS, and protease inhibitor complex (Complete
EDTA-free; Roche). Cell debris and nuclei were eliminated by centrifuga-
tion for 5 min at 5000 � g. Protein concentration was determined using the
bicinchoninic acid assay. Immunolabeled proteins were revealed by chemi-
luminescence using the ChemiDoc System from Bio-Rad. Quantitative anal-
ysis of protein bands was performed using ImageJ software.

LDH cytotoxicity assay. LDH cytotoxicity assay was performed accord-
ing to the manufacturer’s instructions using cell-debris-free medium
before concentrating.

Immunofluorescence, confocal microscopy, and image analysis. Cytosol
washout was performed by washing 60 – 80% confluent living cells with
cytosol buffer containing 25 mM HEPES-KOH, pH 7.4, 25 mM KCl, 2.5
mM Mg acetate, 5 mM EGTA, pH 8.0, and pre-permeabilization in the
cytosol buffer with 0.05% saponin for 30 s at room temperature, followed
by another wash in the cytosol buffer and fixation for 20 min in 3%
formaldehyde/PBS. The immunofluorescence procedure was described
previously (Song et al., 2016). The coverslips were mounted in DAPI
Fluoromount-G from Southern Biotech. Images were obtained on a
Leica DMI4000B inverted microscope and analyzed using ImageJ soft-
ware. Colocalization was determined using the colocalization analysis
module of the software (Mander’s coefficients). A total of 80 –200 cells
per experiment were imaged and analyzed quantitatively.

Super-resolution microscopy was performed using a Nikon Struc-
tured Illumination Super-resolution Microscope (N-SIM).

Experimental design and statistical analysis. All experiments were done
at least three times (biological replicates). Mean values and SDs were

obtained using Microsoft Excel. Significance was determined using un-
paired Student’s t test.

Results
mHtt is secreted preferentially compared with wtHtt
It has been shown previously both in vivo and in vitro that mHtt
can be released from the cell of origin (Cicchetti et al., 2014;
Pecho-Vrieseling et al., 2014; Babcock and Ganetzky, 2015; Wild
et al., 2015; Jeon et al., 2016), but the specificity and mechanism
of export have been largely unknown. To begin addressing these
questions, we created Neuro2A cell lines stably expressing a bio-
logically relevant 571 aa N-terminal Htt fragment with either 72
(mutant/m) or 25 (wild-type/wt) glutamines (Q). Our data ob-
tained in these lines show that the ratio of secreted (SN) to intra-
cellular (CL) mHtt is �three times higher compared with that of
wtHtt (Fig. 1A). mHtt-expressing cells did not exhibit signs of
toxicity-induced permeabilization, as shown by the LDH cyto-
toxicity assay (Fig. 1A). To further determine whether mHtt is
secreted preferentially, we coexpressed mHtt and wtHtt tran-
siently in naive Neuro2A cells. Consistent with the data obtained
using Htt-expressing cell lines, we observed increased secretion
of the mHtt compared with wtHtt (Fig. 1B). We next tested the
possibility that some of the secreted protein was depleted from
the medium through reinternalization into the cells. The media
collected from mHtt or wtHtt-expressing stable Neuro2A cell lines
were transferred to either cell-free dishes or dishes containing naive
Neuro2A cells and analyzed for Htt content after a 4 h incubation
period. No depletion of Htt was observed in the media incubated
with cells compared with the media incubated without cells (Fig.
1C). Moreover, when we transferred the media from mHtt-GFP-
transfected donor Neuro2A cells to untransfected Neuro2A cells,
we failed to detect any GFP signal in the acceptor cells after 4 h of
incubation (Fig. 1C). Together, these data suggest that there was
no detectable loss of Htt in the media due to transmission of the
protein to neighboring cells under our experimental conditions.
To further characterize mHtt release into the media and confirm
that this was not due to passive leakage of cellular proteins from
dying cells, we took advantage of the fact that facilitated transport
is generally temperature dependent. As shown in Figure 1D, the
amount of mHtt in the extracellular medium was �60% lower at
25°C compared with 37°C, suggesting the involvement of active
transport in mHtt secretion. To eliminate the possibility that
diminished mHtt secretion at 25°C was due to reduced protein
synthesis, mHtt secretion was assessed upon cycloheximide-
mediated inhibition of protein synthesis. Using this approach, we
found no difference in secretion between cells treated with cyclo-
heximide or vehicle (Fig. 1D), suggesting that decreased secretion
of mHtt at 25°C is not due to reduced protein synthesis.

mHtt is secreted in an unconventional manner
Our results so far suggested that both wtHtt and mHtt can be
secreted into the extracellular medium, but with preferential se-
cretion of the mutant protein. To examine the mechanism of Htt
secretion, we performed a comprehensive assessment of various
secretion mechanisms. First, to determine whether mHtt is se-
creted via constitutive secretion, brefeldin A treatment or over-
expressed Arf1 dominant-negative mutant was used to arrest the
secretion (Klausner et al., 1992; Donaldson and Jackson, 2011),
and Golgi marker N-acetylgalactosaminyltransferase– emGFP
packaged in baculovirus to assess the dispersal of the Golgi appa-
ratus. Although the Golgi complex was clearly disrupted by either
of the treatments without accompanying cytotoxicity (Fig. 1E),
the secretion of mHtt was unaffected under these conditions
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Figure 1. Preferential secretion of mHtt via unconventional secretory pathway. A, mHtt is secreted preferentially compared with wtHtt. Left, Neuro2A-mHtt cells were incubated for the final 16 h
in OptiMEM of total 48 h after plating. Equal volumes of the concentrated media (SN) and cell lysates (CL) were analyzed by Western blotting using anti-Htt antibody. Tubulin was used as a loading
control. Top right, Ratio of Htt in the media and cell lysates expressed as a percentage of mHtt. n � 3, p � 0.0021. Bottom right, LDH assay was performed on the media before concentrating. n �
3, p � 0.1601. B, mHtt is secreted preferentially from cells coexpressing mHtt and wtHtt. Left, Naive Neuro2A cells were cotransfected with 590aa Htt/myc/His/97Q (mHtt) and 25Q (wtHtt) at the
ratios 1:1 (left lanes) and 2:3 (right lanes). Cells were incubated for the final 16 h of total 48 h after transfection in OptiMEM. Concentrated media (SN) and cell lysates (CL) were analyzed by Western
blotting using anti-myc antibody. Right, Ratio of Htt in the media and cell lysates expressed as a percentage of mHtt. n � 3, p � 0.0114. C, Secreted Htt is not depleted from the media through
endocytosis. Left, Media conditioned overnight on Neuro2A stably expressing mHtt or wtHtt was collected and further incubated in empty wells (/) or with naive Neuro2A cells (cells) for 4 h. Media
was then concentrated and analyzed by Western blotting using anti-Htt antibody. Center, Htt in the media incubated with cells expressed as a percentage of Htt in the media incubated in empty
wells. n � 3; p � 0.5230 and 0.5183. Right, Media conditioned on Neuro2A cells transiently expressing mHtt-GFP (donor cells) was transferred on naive Neuro2A (acceptor cells) and incubated for
4 h in the presence of 200 nM bafilomycin A1 to prevent degradation of putatively endocytosed Htt. Naive Neuro2A not exposed to Htt-conditioned media was used as a negative control
(ctrl). Cells were then fixed, mounted, and analyzed by confocal microscopy. Nuclei were visualized using DAPI staining. n � 3. D, mHtt secretion (Figure legend continues.)
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(Fig. 1F), suggesting that mHtt may be secreted in an unconven-
tional manner.

Extracellular mHtt is predominantly in a free form, whereas
the intracellular vesicular protein localizes to a
Lamp1-positive compartment
Next, we investigated whether mHtt is secreted in association
with extracellular vesicles or in a free form. Using sequential cen-
trifugation of the extracellular medium, we found that �92%
of the released mHtt is in a free form, 7% in the 100,000 � g
exosome-containing pellet, and only 1% in the 10,000 � g
ectosome-containing pellet (Fig. 2A). Free-form proteins can exit
the cell either through direct translocation across the plasma
membrane or through fusion of intracellular vesicular interme-
diates with the plasma membrane (Rabouille et al., 2012). Using
cell fractionation experiments to assess the presence of mHtt in
vesicles, we found �15% of the protein in the vesicle-enriched
light membrane fraction (Fig. 2B). To visualize intravesicular
mHtt, we used a cytosol-washout procedure that allows for
permeabilization of the plasma membrane and leakage of the
cytosolic proteins, whereas intracellular membranes remain in-
tact with their contents preserved in the lumen. This approach
revealed punctate staining pattern of mHtt, confirming that a
portion of the protein is encapsulated within vesicles. To charac-
terize mHtt-containing vesicles, we performed a colocalization
analysis with various vesicular markers and found no obvious
colocalization with major organelles, including the ER, Golgi,
mitochondria, and recycling and early endosomes (Fig. 2C and
data not shown). Instead, the bulk of vesicular mHtt colocalized
with Lamp1 and Lamp2, LE/Lys markers (Fig. 2C). The colocal-
ization with Lamp1 was confirmed in rat primary cortical neu-
rons (Fig. 2D). Using N-SIM, we visualized mHtt within the
lumen of Lamp1-positive compartments observed as large rings
(Fig. 2E), raising the possibility that these Lamp1-positive com-
partments are the source of secreted mHtt.

LE/Lys secretion of mHtt
LE/Lys are acidic organelles containing lysosomal enzymes that
are crucial for protein degradation. However, they have the abil-
ity to fuse with the plasma membrane and release their content
into the extracellular environment in a Ca 2�-dependent manner
(Andrews, 2000). This process is regulated by synaptotagmin 7, a
lysosome-specific calcium sensor (Martinez et al., 2000). To test

the hypothesis that mHtt is released from the Lamp1 compart-
ment, we analyzed mHtt secretion upon inhibition of lysosomal
exocytosis through silencing of synaptotagmin 7 in mHtt-
expressing Neuro2A (Fig. 3A). Interestingly, this led to a significant
decrease in secretion of both 571 aa fragment and Flag-tagged full-
length mHtt (Fig. 3A). To validate these results in more HD-
relevant experimental systems, we developed secretion assays for
the striatal cell line STHdh�/Hdh� and primary cortical neurons
(see Materials and Methods) and observed a significant decrease
in mHtt secretion upon silencing of synaptotagmin 7 in both cell
types (Fig. 3A). Moreover, short treatment of the Neuro2A-mHtt
cells with BAPTA AM, a membrane-permeant calcium chelator,
led to the intracellular accumulation of mHtt-positive punctae
(Fig. 3B), consistent with synaptotagmin 7-dependent secretion of
mHtt. To confirm that mHtt is secreted from LE/Lys, we per-
formed an organelle ablation assay based on the selective loading
of a cellular compartment with HRP and concomitant DAB/
H2O2-mediated cross-linking, which renders the given compart-
ment inactive (Stoorvogel, 1998; Laulagnier et al., 2011). To label
LE/Lys, Neuro2A-mHtt cells were pulsed with the HRP-
containing medium for 15 min to allow for fluid-phase endocy-
tosis of the enzyme, which was then chased along the endocytic
pathway for an additional 90 min. During this period of time, the
enzyme transits through the consecutive stages of the endocytic
pathway, early endosomes and intermediate compartments, and
finally reaches the LE/Lys. Cells were then incubated with DAB in
the presence of low concentrations of H2O2 to induce HRP cross-
linking and concomitant chemical ablation of the LE/Lys and
secretion of mHtt into the fresh medium was allowed to proceed
for 30 min. This experiment revealed that the ablation of LE/Lys
reduced mHtt secretion to �50% of the control, corroborating
our finding that mHtt is secreted from LE/Lys (Fig. 3C). To con-
firm the validity of the assay, we measured the activity of a lyso-
somal enzyme GCase in the media upon LE/Lys ablation and
found a similar decrease (Fig. 3C). Conversely, when we ablated
early and intermediate endocytic compartments by performing
cross-linking at earlier points of the chase period, after 0 and
30 min, respectively, we found the secretion of mHtt unaf-
fected (Fig. 3C). Together, these results further suggested that
at least a portion of mHtt is secreted from late endosomes
and/or lysosomes.

Preferential targeting of mHtt over wtHtt to LE/Lys
We hypothesized that preferential secretion of mHtt compared
with wtHtt from LE/Lys might be due to preferential targeting of
mHtt to LE/Lys. To assess directly the targeting of mHtt versus
wtHtt to LE/Lys, we first determined the relative amounts of the
two proteins in the LE/Lys-containing light membranes upon cell
fractionation. We found that wtHtt is significantly less enriched
in the light membrane fraction compared with the mutant (Fig.
4A). Moreover, when we used a cytosol-washout procedure fol-
lowed by immunolabeling with anti-Htt antibody and confocal
microscopy to detect intravesicular Htt, we found �40% less
punctate wtHtt compared with mHtt (Fig. 4B). Finally, the colo-
calization of punctate wtHtt with Lamp1 was reduced by �30%
compared with the mutant protein (Fig. 4B). Together, these data
show higher relative abundance of mHtt in Lamp1-positive ves-
icles, suggesting that preferential targeting of mHtt to LE/Lys
might be the underlying reason for its elevated secretion com-
pared with the wild-type protein.

4

(Figure legend continued.) is temperature dependent. Neuro2A-mHtt cells were incubated at
25°C or 37°C on the benchtop for 4 h in OptiMEM (left) and at 37°C with 10 �g/ml cycloheximide
(CHX) or DMSO (ctrl) (center). Concentrated media and cell lysates were analyzed by Western
blotting using anti-Htt antibody. Tubulin was used as a loading control. Right, Ratio of mHtt in
the media and cell lysates expressed as a percentage of 37°C control. n � 3, p � 0.0009 and
0.957. E, Genetic and pharmacological disruption of the constitutive secretory pathway leads to
collapse of the Golgi complex and is nontoxic. Left, Neuro2A-mHtt cells were transfected with
HA-tagged Arf1wt or Arf1T31N (Arf1dn) and incubated for the last 16 of total 24 h after trans-
fection in OptiMEM. Right, Cells were treated with DMSO (ctrl) or 5 �g/ml brefeldin A (BFA) in
preconditioned OptiMEM for 1 h. Cells were then transduced with CellLight Golgi-GFP for the
last 16 h of incubation and analyzed by confocal microscopy upon immunolabeling with anti-HA
antibody (left) or without additional staining (right). Nuclei were visualized using DAPI stain-
ing. Scale bar, 10 �m. Bottom, LDH assay was performed on 30 �l of the media before concen-
trating. n � 3, p � 0.2189 and 0.9424. F, mHtt secretion does not follow a constitutive
secretion pathway. Top, Cells were treated as in E. Concentrated media and the cell lysates were
analyzed by Western blotting using anti-Htt antibody. Tubulin was used as a loading control.
Bottom, Ratio of mHtt in the media and cell lysates expressed as a percentage of control. n � 3,
p � 0.91 and 0.89. Error bars indicate SD. *p � 0.05; **p � 0.01; ***p � 0.001; n.s., Not
significant.
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Figure 2. Intracellular mHtt localizes to LE/Lys vesicles, whereas secreted mHtt exists in a free form. A, Extracellular mHtt is predominantly in a free form. Top, OptiMEM conditioned for 24 h on
Neuro2A-mHtt was collected and sequentially centrifuged on 2000 � g to eliminate cell debris, 10,000 � g to pellet ectosomes, and 100,000 � g to pellet exosomes. The remaining supernatant
was concentrated. The 10,000 � g pellet, the 100,000 � g pellet, and the concentrated supernatant were analyzed by Western blotting using anti-Htt antibody. Bottom, Relative amount of mHtt
in each fraction expressed as a percentage of total mHtt. n � 3. B, Portion of intracellular mHtt is localized in the light membrane fraction. Left, Postnuclear supernatant (PNS) obtained from
Neuro2A-mHtt cells was subjected to floatation in the sucrose density gradient and 2 �g of cytosolic (cyt), heavy membrane (HM), and light membrane (LM) fractions were analyzed by Western
blotting using anti-Htt antibody. Lamp1 and tubulin were used as light membrane and cytosolic markers, respectively. Right, Relative amount of mHtt in (Figure legend continues.)
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Neutral sphingomyelinase (NS) inhibition reduces mHtt
secretion without accompanying intracellular accumulation
of mHtt and cytotoxicity
Previous studies suggested that secreted mHtt can be propagated
in the CNS, potentially seeding aggregation and causing toxicity
in remote brain areas (Babcock and Ganetzky, 2015; Jeon et al.,
2016). These findings imply that inhibition of mHtt secretion
might prevent the progression of non-cell-autonomous pathol-
ogy in HD. To explore possibilities for drug-mediated inhibition
of mHtt release from LE/Lys, we tested several compounds that
modulate structure and/or function of the endolysosomal path-
way in a nontoxic manner. Using this approach, we found that
the NS inhibitor GW4869 was the most efficient in reducing se-
cretion of both the 571 aa fragment and/or full-length mHtt with-

4

(Figure legend continued.) each fraction expressed as a percentage of total mHtt. n � 3.
C, mHtt-containing vesicles colocalize with Lamp1-positive compartments. Neuro2A-mHtt cells
were transduced with CellLight Golgi-GFP (top left), treated 20 min with 20 �g/ml transferrin-
Alexa Fluor 488 (top right), or left untreated (remaining panels). Cells were then pre-
permeabilized, fixed, immunolabeled with anti-Htt (all), anti-EEA1 (second raw left), anti-
Lamp2 (second row right), or anti-Lamp1 (third row) antibodies; and analyzed by confocal
microscopy. D, Primary cortical neurons derived from rat embryos and transduced with Htt571/
72Q lentivirus were pre-permeabilized and fixed 7 d after transduction, immunolabeled with
anti-Htt and anti-Lamp1 antibodies, and analyzed by confocal microscopy. E, Vesicular mHtt is
found within the lumen of Lamp1-positive vesicles. Untreated cells were pre-permeabilized,
fixed, immunolabeled with anti-Htt and anti-Lamp1 antibodies, and analyzed by N-SIM. Nuclei
were visualized using DAPI staining. Scale bar, 10 �m. Error bars indicate SD.

Figure 3. LE/Lys secretion of mHtt. A, Disruption of lysosomal exocytosis leads to decreased secretion of mHtt. Left, Neuro2A-mHtt cells were transfected with scrambled shRNA or shRNA against
synaptotagmin 7; naive Neuro2A cells with Flag-tagged full-length mHtt (FL Htt) and scrambled or synaptotagmin 7 shRNAs at 3:1 ratio; primary cortical neurons were transduced with Htt571/
72Q-Flag and scrambled or synaptotagmin 7 shRNA lentiviruses at 5:3 ratio; and STHdh �/Hdh � cells were transfected with GFP-tagged 571 aa mHtt and scrambled or synaptotagmin 7 shRNAs.
Silencing was allowed to proceed for 48 h in total for transfected cells or 7 d for transduced neurons and secreted mHtt was collected for the last 16 h. Concentrated media and cell lysates were
analyzed by Western blotting using anti-Htt, anti-Flag, or anti-GFP antibodies. Tubulin was used as a loading control. Knock down of syt7 was verified by probing with anti-syt 7 antibody (bottom).
Right, Ratio of mHtt in the media and cell lysates expressed as a percentage of control. n � 3, p � 0.0283, 0.0035, 0.0001, and 0.0055. B, Calcium chelation leads to increased Htt punctae. Left,
Neuro2A-mHtt cells were treated with DMSO or 0.2 �M BAPTA AM for 4 h. Cells were then pre-permeabilized, fixed, immunolabeled with anti-Htt Ab, and analyzed by confocal microscopy. Nuclei
were visualized using DAPI staining. Right, Integrated density of mHtt signal per cell expressed as a percentage of control. Scale bar, 10 �m. n � 3, p � 0.021. C, Ablation of LE/Lys results in reduced
secretion of mHtt. Top, Neuro2A-mHtt cells were pulsed with HRP (ablation/abl) or plain OptiMEM (ctrl). HRP was chased for 90, 30, or 0 min to label LE/Lys, intermediate compartments of the
endocytic pathway, or early endosomes, respectively. Cells were then treated with DAB, incubated for 30 min in preconditioned OptiMEM and concentrated media, and cell lysates were
analyzed by Western blotting using anti-Htt antibody. Tubulin was used as a loading control. Bottom left, Ratio of mHtt in the media and cell lysates expressed as a percentage of control.
Control for each time point is assigned a 100% value. n � 4, 3, and 3; p � 0.0014, 0.4754, and 0.9708, respectively. Bottom right, GCase activity was measured in the media conditioned
on the cells with and without ablated LE/Lys (90 min chase) and the values were normalized to the total amount of proteins in the cell lysate. n � 4; p � 0.0001. Error bars indicate SD.
*p � 0.05; **p � 0.01; ***p � 0.001; n.s., Not significant.
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out lowering intracellular levels of the proteins or inducing
cytotoxicity in Neuro2A cells and rat primary cortical neurons
(Fig. 5A). Neutral sphingomyelinase inhibitor also inhibited
the secretion of endogenous mHtt in STHdh Q111/Hdh� and
STHdh Q111/Hdh Q111 (Fig. 5A).

We also investigated whether secretion of mHtt might play a
role in elimination of mHtt from the cells, potentially through
lysosomal exocytosis as a clearance mechanism for accumulated
toxic lysosomal substrates (Medina et al., 2011). We thus treated
cells with GW4869 to inhibit mHtt secretion and analyzed the
intracellular levels of mHtt. However, we found no significant
intracellular accumulation of mHtt after prolonged treatment
with GW4869 (Fig. 5B), suggesting that mHtt secretion does not
lead to a detectable decrease in intracellular levels of the mutant
protein. We also did not find any difference in cytotoxicity in
treated versus control cells, which would reflect potential accu-
mulation of a toxic protein (Fig. 5C). Together, these data suggest
that mHtt lysosomal exocytosis is unlikely to contribute to mHtt
clearance in a major way. However, we cannot exclude a possi-
bility that a small degree of mtHtt exocytosis over many years
plays a role in clearance of the mutant protein in HD patients.

mHtt secretion is regulated by phosphatidylinositol
3-kinase (PI3K)
Another potent approach to reducing mHtt secretion was
through inhibition of PI3K. We found that the PI3K inhibitors
Ly294002 and 3-MA were efficient in reducing secretion of both
the 571 aa fragment and full-length mHtt in Neuro2A cells, stri-
atal cells, and rat primary cortical neurons (Fig. 6A). Because
PI3K regulates lipid composition in the endocytic pathway
through the generation of 3�-phosphoinositides, some of which
are specifically enriched in endosomes, this finding further sup-
ports our data that the endocytic pathway is involved in the se-
cretion of mHtt (Figs. 3, 4). To confirm the efficacy of the PI3K
inhibitors (Ly294002 and 3-MA), we took advantage of the fact
that phosphatidylinositol 3-phosphate recruits FYVE domain-
containing proteins specifically to endosomal membranes (Rai-
borg et al., 2013). Indeed, both treatments disrupted the normal,
punctate pattern of EGFP-2xFYVE fluorescence (Fig. 6B). mHtt
secretion was also diminished significantly by shRNA-mediated
silencing of Vps34 (Fig. 6C), a class III PI3K, in agreement with
the data obtained upon chemical inhibition of the enzyme
(Fig. 6A).

Figure 4. mHtt is targeted preferentially to LE/Lys compared with wtHtt. A, Enrichment of mHtt over wtHtt in the light membrane fraction. Neuro2A-mHtt and Neuro2A-wtHtt cells were
homogenized and subjected to floatation in sucrose density gradients. Then, 2 �g of light membrane (LM) (left) and cytosolic (cyt) proteins (center) were analyzed by Western blotting using anti-Htt
antibody. Lamp1 and tubulin were used as loading controls for the light membranes and cytosols, respectively. Right, Ratio of light membrane and cytosolic Htt expressed as a percentage of mHtt.
n � 3, p � 0.0222. B, Increased targeting of mHtt over wtHtt to Lamp1-positive vesicles. Left, Neuro2A-mHtt (top) or Neuro2A-wtHtt (bottom) cells were pre-permeabilized, fixed, immunolabeled
with anti-Htt and anti-Lamp1 antibodies, and analyzed by confocal microscopy. DAPI was used to visualize nuclei. Scale bar, 10 �m. Top right, Htt integrated density per cell expressed as a
percentage of mHtt. n � 4, p � 0.0001. Bottom right, Htt/Lamp1 colocalization. n � 3, p � 0.0036. Error bars indicate SD. *p � 0.05; **p � 0.01; ***p � 0.001.
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NS and PI3K regulate vesicular targeting of mHtt
Next, we examined the mechanism of Ly294002- and GW4869-
mediated inhibition of mHtt release. If the compounds interfered
with the targeting of mHtt to LE/Lys, then we would expect a
relative decrease in the light membrane/vesicular mHtt, whereas

in the case of inhibited secretion, mHtt would more likely
accumulate in this compartment. To address this question, we
examined the intensity of punctate mHtt, as well as the relative
abundance of mHtt in the light membrane fraction, upon treat-
ments with GW4869 and Ly294002. Both compounds led to a

Figure 5. Inhibition of NS reduces the secretion of mHtt without intracellular accumulation of mHtt and increased cytotoxicity. A, Reduced secretion of mHtt by inhibition of NS. Left,
Neuro2A-mHtt cells, naive Neuro2A cells transfected with Flag-tagged full-length mHtt (FL Htt), primary cortical neurons 7 d after transduction with Htt571/72Q-Flag lentivirus, and mHtt
hetero-(Q111/�) and homozygous (Q111/Q111) striatal cells were treated with DMSO (ctrl) or 5 �M GW4869 (GW) for 16 h. Concentrated media and cell lysates were analyzed by Western blotting
using anti-Htt, anti-Flag, or anti-polyQ antibodies. Tubulin was used as a loading control. Bottom left, Ratio of mHtt in the media and cell lysates expressed as a percentage of control. n � 3, p �
0.0001, 0.0001, 0.0001, 0.0001, and 0.0048. Bottom right, LDH assay was performed on 30 �l of the media from mHtt-Neuro2A cells before concentrating. n�3, p�0.1021. B, Left, Neuro2A-mHtt
cells were treated with DMSO (ctrl) or GW4869 (GW) for the indicated periods of time. Cells were lysed and 10 �g protein equivalents were analyzed by Western blotting. Tubulin was used as a
loading control. Right, Ratios of Htt and tubulin expressed as a percentage of 0 h time point value. n � 4. p � 0.7424, 0.4773, 0.2886, 0.5062, and 0.7390. C, LDH cytotoxicity assay was performed
on 50 �l of the media for each time point and the values were normalized to the total cellular protein amount. n � 4. p � 0.9564, 0.2814, 0.3196, 0.5858, and 0.5483. Error bars indicate SD. n.s.,
Not significant.
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decrease in punctate mHtt (Fig. 7A), as well as decreased levels of
mHtt in the light membrane fraction relative to the cytosol (Fig.
7B), suggesting that inhibition of both PI3K and NS hampers
vesicular targeting of mHtt and consequently the export of the
protein from the cell.

Discussion
The goal of this study was to elucidate the cellular mechanism of
mHtt secretion. We performed a comprehensive, unbiased analysis
of secretory pathways and identified the unconventional lysosomal
pathway as an important mechanism of mHtt secretion. We ob-
served elevated secretion of mHtt compared with the wtHtt, which is
likely a consequence of the specific targeting of mHtt to LE/Lys.
Moreover, we showed that mHtt vesicular targeting and secretion
can be decreased efficiently by inhibitors of PI3K and NS.

Several recent studies pointed to the relevance of mHtt secre-
tion and propagation for the HD pathogenesis. For instance,
prion-like propagation of mHtt has been suggested in a Drosophila
model of HD (Pearce et al., 2015). This study showed that glial
cells phagocytose neuronal mHtt aggregates, which then induce
prion-like conversion of soluble wtHtt within glial cytoplasm.
mHtt spreading has also been found in models in which human
wild-type neurons were integrated into brain slices of HD mouse

(Pecho-Vrieseling et al., 2014). These human neurons not only
internalized mHtt, but also exhibited morphological aberrations.
Conversely, an in vivo model has been designed by implanting
fibroblasts or iPSCs derived from HD patients into wild-type
neonatal mouse brains, which resulted in recapitulation of HD-
associated phenotypes in host animals (Jeon et al., 2016). Finally,
a 588 aa N-terminal fragment mHtt was expressed selectively in a
subset of neurons in Drosophila to reveal spreading of the protein
and accompanying non-cell-autonomous pathology in remote
brain areas (Babcock and Ganetzky, 2015).

The above studies largely focused on the fate of extracellular
mHtt and detrimental effects of its propagation, whereas the
mechanism of mHtt secretion has not been analyzed in great
detail. mHtt propagation has thus far been linked to extracellular
vesicles (Jeon et al., 2016), tunneling nanotubes (Costanzo et al.,
2013), or synaptic transmission (Pecho-Vrieseling et al., 2014);
however, based on the spreading pattern in a Drosophila model,
Babcock and Ganetzky (2015) suggested that mHtt transmission
is not limited to neuronal circuits. Our work focused on the
initial stages of mHtt propagation to identify the secretion mech-
anism and examine strategies to manipulate intracellular target-
ing and release of mHtt.

Figure 6. Inhibition of PI3K reduces the secretion of mHtt. A, Reduced secretion of mHtt by inhibition of PI3K. Top, Neuro2A-mHtt cells were treated for 3 h with DMSO (ctrl), 10 mM 3-MA, or 25 �M

Ly294002 (Ly); naive Neuro2A cells were transfected with FL Htt, primary cortical neurons were transduced with Htt571/72Q-Flag lentivirus and STHdh �/Hdh � were transfected with Htt
571/72Q-GFP. Cells were then treated for 3 h with DMSO or Ly294002. Concentrated media and cell lysates were analyzed by Western blotting using anti-Htt, anti-Flag, or anti-GFP antibodies.
Tubulin was used as a loading control. Bottom left, Ratio of mHtt in the media and cell lysates expressed as a percentage of control. n � 3, p � 0.0126, 0.0011, 0.0012, 0.0031, and 0.0003. Bottom
right, The LDH assay was performed on 30 �l of the media from Neuro2A-mHtt cells before concentrating. n�3, p�0.4760 and 0.6717. B, 3-MA or Ly294002 treatment disrupts vesicular targeting
of pEGFP-2xFYVE efficiently. Neuro2A-mHtt cells were transfected with pEGFP-2xFYVE. Twenty hours after transfection, the cells were treated for 3 h with DMSO (ctrl), 10 mM 3-MA, or 25 �M

Ly294002 (Ly), fixed, and analyzed by confocal microscopy. Nuclei were visualized using DAPI staining. Scale bar, 10 �m. C, Knock down of Vps34 leads to reduced secretion of mHtt. Left, Cells were
transfected with scrambled shRNA or shRNAs against Vps34 and incubated for 3– 4 d. Media were replaced with OptiMEM 16 h before harvesting of the media and cell lysis. Concentrated media and
the cell lysates were analyzed by Western blotting using anti-Htt antibody. Tubulin was used as a loading control. Knock down of Vps34 was verified by probing with anti-Vps34 antibody (bottom).
Right, Ratio of mHtt in the media and cell lysates expressed as a percentage of control. n � 3, p � 0.0338, 0.0161, and 0.0170. Error bars indicate SD. *p � 0.05; **p � 0.01; ***p � 0.001; n.s.,
Not significant.
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We first demonstrated the preferential secretion of mHtt be-
cause its extracellular levels are elevated compared with the wild-
type protein, consistent with the in vivo data showing that mHtt is
propagated more efficiently to remote brain areas in a Drosophila
model (Babcock and Ganetzky, 2015). Furthermore, mHtt secre-
tion was temperature dependent, suggesting the involvement of
active transport. Next, we eliminated the possibility that mHtt
follows the conventional secretory pathway and found that extra-
cellular vesicles are not a significant source of the secreted pro-
tein, although a small portion was found in exosomal fraction, in
agreement with prior studies (Jeon et al., 2016; Zhang et al.,
2016). Conversely, mHtt secretion depended on the presence of
functional LE/Lys, as shown by the endosome ablation assay and
on synaptotagmin 7, a key regulator of lysosomal secretion. To-
gether with the localization of mHtt within Lamp1-positive com-
partments, these data establish LE/Lys secretion as a significant
route for mHtt export from the cell.

We found that mHtt localizes preferentially to LE/Lys com-
pared with wtHtt and that this targeting depends on PI3K and
NS. How is mHtt delivered to the LE/Lys lumen? Previous studies
indicated that mHtt is subjected to lysosomal degradation via
autophagic pathway (Ravikumar et al., 2002; Qin et al., 2003).
This would be consistent with our data showing that short treat-
ment with the autophagy inhibitor Ly294002 reduces the levels of
lysosomal mHtt. Another study showed that mHtt is targeted to
and degraded in the lysosome via chaperone-mediated autophagy
(Qi and Zhang, 2014). In addition, it is tempting to speculate that
mHtt crosses the LE/Lys limiting membrane through polyglu-
tamine-sequence-mediated membrane penetration (Kegel et al.,
2009b; Ren et al., 2009; Burke et al., 2013). This could also explain
the preferential LE/Lys targeting of mHtt compared with the
wild-type protein. Interestingly, mHtt and wtHtt differ in their
affinities for lipids/membranes, especially for phosphoinositides
(Kegel et al., 2009a; Kegel-Gleason, 2013). Because we show here
that PI3K inhibition reduces the presence of mHtt in the light

membrane fraction and in the extracellular medium (Figs. 6, 7), it
is possible that the specific binding of mHtt to 3�-phospho-
inositides is an important factor for its targeting to LE/Lys. In
either of those scenarios, it is possible that a portion of lysosomal
mHtt escapes degradation through lysosomal exocytosis.

Lysosomal exocytosis of misfolded proteins may contribute to
a disease pathogenesis by promoting clearance of degradation-
resistant lysosomal cargo, which would be beneficial for cells
harboring mutant proteins. To address this possibility in our
experimental system, we took advantage of our most potent in-
hibitor of mHtt secretion, GW4869. Interestingly, we found nei-
ther obvious accumulation of mHtt within the cells nor increased
cytotoxicity over extended period of treatment (Fig. 5B,C). This
may be due to limited secretion of mHtt or possibly to degrada-
tion of the retained mutant protein in cells. Regardless, our data
suggest that preventing mHtt secretion is unlikely to have harm-
ful effects on the cells of origin. At the same time, we cannot
exclude a possibility that a small degree of mtHtt exocytosis over
many years in HD patients contributes to clearance of the mutant
protein.

Alternatively, secretion may contribute to toxic propagation
of aggregated proteins and development of non-cell-autonomous
pathologies. Prion-like self-propagation of misfolded proteins is
a common phenomenon in neurodegenerative disorders such as
Alzheimer’s disease, Parkinson’s disease, and ALS (Soto, 2012;
Jucker and Walker, 2013). Proteins implicated in these diseases
are secreted via various mechanisms. For instance, in Alzheimer’s
disease, A� can exit the cell via exosomes (Rajendran et al., 2006)
and secretory autophagy (Nilsson et al., 2013), whereas Tau fol-
lows exosomal (Saman et al., 2012; Simón et al., 2012) and ecto-
somal secretory pathways (Dujardin et al., 2014). ALS-implicated
SOD1 is associated with exosomes (Grad et al., 2014). �-Synuclein is
another extensively studied secreted protein relevant to Parkin-
son’s disease and its release depends on exosomes and secretory
autophagy (Emmanouilidou et al., 2010; Ejlerskov et al., 2013),

Figure 7. NS and PI3K inhibition impair vesicular targeting of mHtt. A, Punctate mHtt is reduced by inhibition of NS or PI3K. Neuro2A-mHtt cells were treated for 16 h with DMSO (ctrl) or 5 �M

GW4869 (GW) (left) and for 3 h with DMSO or 25 �M Ly294002 (Ly) (right), followed by pre-permeabilization, fixation, immunolabeling with anti-Htt antibody, and analysis by confocal microscopy.
DAPI was used to visualize nuclei. Scale bar, 10 �m. Right, Integrated density of mHtt signal per cell expressed as a percentage of control. n � 3, p � 0.0001 and 0.0067. B, mHtt in the light
membrane fraction is reduced by inhibition of NS or PI3K. Left, Neuro2A-mHtt cells were treated for 16 h with DMSO (ctrl) or 5 �M GW4869 (GW) and for 3 h with DMSO (ctrl) or 25 �M Ly294002 (Ly).
PNS were subjected to floatation in the sucrose density gradient and 2 �g of cytosolic (cyt) and light membrane (LM) protein equivalents were analyzed by Western blotting using anti-Htt antibody.
Lamp1 and tubulin were used as LM and cyt markers, respectively. Center, Ratios of mHtt in the LM and cyt expressed as a percentage of control. n � 3, p � 0.0111 and 0.0001. Right, Ratios of mHtt
and Lamp1 in the LM expressed as a percentage of control. n � 3, p � 0.0001 and 0.0001. Error bars indicate SD. *p � 0.05; **p � 0.01; ***p � 0.001.
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similar to A�. Understanding the mechanistic details of a mis-
folded protein secretion is crucial for developing efficient thera-
peutic strategies. Our study identified two compounds, Ly294002
and GW4869, that interfere with mHtt vesicular targeting/secre-
tion, suggesting a potential strategy for modulating mHtt secre-
tion in neurons.
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Bouwmeester T, van der Putten H, Di Giorgio FP (2014) Transneuronal
propagation of mutant huntingtin contributes to non-cell autonomous
pathology in neurons. Nat Neurosci 17:1064 –1072. CrossRef Medline

Ponpuak M, Mandell MA, Kimura T, Chauhan S, Cleyrat C, Deretic V
(2015) Secretory autophagy. Curr Opin Cell Biol 35:106 –116. CrossRef
Medline

Qi L, Zhang XD (2014) Role of chaperone-mediated autophagy in degrad-

Trajkovic et al. • Unconventional Secretion of Mutant Huntingtin J. Neurosci., September 13, 2017 • 37(37):9000 –9012 • 9011

http://dx.doi.org/10.1242/jcs.083279
http://www.ncbi.nlm.nih.gov/pubmed/22399801
http://dx.doi.org/10.1016/S0962-8924(00)01794-3
http://www.ncbi.nlm.nih.gov/pubmed/10884683
http://dx.doi.org/10.1002/0471142735.im0801cs57
http://www.ncbi.nlm.nih.gov/pubmed/18432914
http://dx.doi.org/10.1038/nature02998
http://www.ncbi.nlm.nih.gov/pubmed/15483602
http://dx.doi.org/10.1073/pnas.1516217112
http://www.ncbi.nlm.nih.gov/pubmed/26351672
http://dx.doi.org/10.1016/j.neuron.2013.10.026
http://www.ncbi.nlm.nih.gov/pubmed/24267651
http://dx.doi.org/10.1038/nrdp.2015.5
http://www.ncbi.nlm.nih.gov/pubmed/27188817
http://dx.doi.org/10.1016/j.bbamem.2013.04.025
http://www.ncbi.nlm.nih.gov/pubmed/23643759
http://dx.doi.org/10.1073/pnas.182276099
http://www.ncbi.nlm.nih.gov/pubmed/12186976
http://dx.doi.org/10.1002/ana.24174
http://www.ncbi.nlm.nih.gov/pubmed/24798518
http://dx.doi.org/10.1242/jcs.126086
http://www.ncbi.nlm.nih.gov/pubmed/23781027
http://dx.doi.org/10.1016/j.cell.2006.09.015
http://www.ncbi.nlm.nih.gov/pubmed/17018277
http://dx.doi.org/10.1038/nrm3117
http://www.ncbi.nlm.nih.gov/pubmed/21587297
http://dx.doi.org/10.1371/journal.pone.0100760
http://www.ncbi.nlm.nih.gov/pubmed/24971751
http://dx.doi.org/10.1126/science.1072613
http://www.ncbi.nlm.nih.gov/pubmed/11988536
http://dx.doi.org/10.1074/jbc.M112.401174
http://www.ncbi.nlm.nih.gov/pubmed/23629650
http://dx.doi.org/10.1523/JNEUROSCI.5699-09.2010
http://www.ncbi.nlm.nih.gov/pubmed/20484626
http://dx.doi.org/10.1073/pnas.1312245111
http://www.ncbi.nlm.nih.gov/pubmed/24550511
http://dx.doi.org/10.1007/s00401-016-1582-9
http://www.ncbi.nlm.nih.gov/pubmed/27221146
http://dx.doi.org/10.1016/j.cell.2009.03.018
http://www.ncbi.nlm.nih.gov/pubmed/19345187
http://dx.doi.org/10.1038/nature12481
http://www.ncbi.nlm.nih.gov/pubmed/24005412
http://dx.doi.org/10.1111/j.1471-4159.2009.06255.x
http://www.ncbi.nlm.nih.gov/pubmed/19566678
http://dx.doi.org/10.1016/j.bbrc.2009.07.039
http://www.ncbi.nlm.nih.gov/pubmed/19607813
http://dx.doi.org/10.3233/JHD-130068
http://www.ncbi.nlm.nih.gov/pubmed/25062673
http://www.ncbi.nlm.nih.gov/pubmed/9920660
http://dx.doi.org/10.1083/jcb.116.5.1071
http://www.ncbi.nlm.nih.gov/pubmed/1740466
http://dx.doi.org/10.1091/mbc.E11-03-0193
http://www.ncbi.nlm.nih.gov/pubmed/21525240
http://dx.doi.org/10.1146/annurev.cellbio.20.010403.105307
http://www.ncbi.nlm.nih.gov/pubmed/15473836
http://dx.doi.org/10.1074/jbc.M205440200
http://www.ncbi.nlm.nih.gov/pubmed/12235138
http://dx.doi.org/10.1006/mthe.2002.0650
http://www.ncbi.nlm.nih.gov/pubmed/12161184
http://dx.doi.org/10.1083/jcb.148.6.1141
http://www.ncbi.nlm.nih.gov/pubmed/10725327
http://dx.doi.org/10.1016/j.cell.2011.06.001
http://www.ncbi.nlm.nih.gov/pubmed/21700325
http://dx.doi.org/10.1016/j.devcel.2011.07.016
http://www.ncbi.nlm.nih.gov/pubmed/21889421
http://dx.doi.org/10.1111/j.1600-0854.2011.01187.x
http://www.ncbi.nlm.nih.gov/pubmed/21585635
http://dx.doi.org/10.1016/j.celrep.2013.08.042
http://www.ncbi.nlm.nih.gov/pubmed/24095740
http://dx.doi.org/10.1038/ncomms7768
http://www.ncbi.nlm.nih.gov/pubmed/25866135
http://dx.doi.org/10.1038/nn.3761
http://www.ncbi.nlm.nih.gov/pubmed/25017010
http://dx.doi.org/10.1016/j.ceb.2015.04.016
http://www.ncbi.nlm.nih.gov/pubmed/25988755


ing Huntington’s disease-associated huntingtin protein. Acta Biochim
Biophys Sin 46:83–91. CrossRef Medline

Qin ZH, Wang Y, Kegel KB, Kazantsev A, Apostol BL, Thompson LM, Yoder
J, Aronin N, DiFiglia M (2003) Autophagy regulates the processing of
amino terminal huntingtin fragments. Hum Mol Genet 12:3231–3244.
CrossRef Medline

Rabouille C, Malhotra V, Nickel W (2012) Diversity in unconventional pro-
tein secretion. J Cell Sci 125:5251–5255. CrossRef Medline

Raiborg C, Schink KO, Stenmark H (2013) Class III phosphatidylinositol
3-kinase and its catalytic product PtdIns3P in regulation of endocytic
membrane traffic. FEBS J 280:2730 –2742. CrossRef Medline

Rajendran L, Honsho M, Zahn TR, Keller P, Geiger KD, Verkade P, Simóns K
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