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Abstract

Huntington's disease (HD) is a hereditary and devastating neurodegenerative disorder caused by a 

mutation in the huntingtin protein. Understanding the functions of normal and mutant huntingtin 

protein is the key to reveal the pathogenesis of HD and develop therapeutic targets. Huntingtin 

plays an important role in vesicular and organelle trafficking. Lysosomes are dynamic organelles 

that integrate several degradative pathways and regulate the activity of mammalian target of 

rapamycin complex 1 (mTORC1). In the present study, we show that the perinuclear accumulation 

of lysosomes is increased in a cellular model of HD derived from HD knock-in mice and primary 

fibroblasts from a HD patient. This perinuclear lysosomal accumulation can be reversed when 

normal huntingtin is overexpressed in HD cells. To further investigate the functional significance 

of the increased perinuclear lysosomal accumulation in HD cells, we demonstrate subsequently 

that basal mTORC1 activity is increased in HD cells. In addition, autophagic influx is also 

increased in HD cells in response to serum deprivation, which leads to a premature fusion of 

lysosomes with autophagosomes. Taken together, our data suggest that the increased perinuclear 

accumulation of lysosomes may play an important role in HD pathogenesis by altering lysosomal-

dependent functions.
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INTRODUCTION

Huntington's disease (HD) is an inherited neurodegenerative disease caused by an abnormal 

polyglutamine (polyQ) expansion in the huntingtin (Htt) protein. Through molecular 

interactions with different proteins, Htt plays important roles in a variety of cellular 

functions including, but are not limited to, vesicular trafficking (Caviston & Holzbaur, 2009) 

and transcriptional regulation (Zuccato et al., 2003; Cui et al., 2006). Accumulating data 

suggest that the polyQ expansion in mutant Htt (mHtt) confers a toxic gain-of-function on 

mHtt and results in interference with normal functions of Htt.

Full length Htt is a cytosolic 350KDa protein that is shown to be associated with different 

cellular compartments, such as mitochondria (Orr et al., 2008), ER membrane/Golgi 

apparatus (Rockabrand et al., 2006; Atwal et al., 2007) and endosomal-lysosomal system 

(Kegel et al., 2000). Given the role of Htt in vesicular trafficking, it is expected that Htt can 

affect organelle dynamics and their functions. For example, mHtt directly interacts with 

mitochondrial fission protein, dynamin-related protein 1 (Drp-1) and increases its activity, 

leading to enhanced mitochondrial fragmentations in HD cells (Song et al., 2011). 

Moreover, while normal Htt promotes both anterograde and retrograde mitochondrial 

transport, mHtt impairs mitochondrial movements by disrupting the transport complex 

formation, suggesting the involvement of defective mitochondria trafficking in the 

pathogenesis of HD (Li et al., 2010; Sheng & Cai, 2012).

Lysosomes are dynamic organelles with crucial functions in digesting macromolecules and 

cellular components for normal cellular functions. Failure to do so leads to accumulation of 

protein aggregates, which are commonly present in a number of neurodegenerative diseases, 
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including HD (Jeong et al., 2009). Additionally, lysosomes are the primary activation sites 

for mammalian target of rapamycin complex 1 (mTORC1), the master regulator of cell 

growth (Sancak et al., 2010; Demetriades et al., 2014; Menon et al., 2014). mTORC1 is 

recruited to the lysosomal membrane in the presence of amino acids through Rag GTPase, 

where it is then activated by its modulator, Ras homology enrich in brain (Rheb), in 

response to growth factor stimulation. During starvation, mTORC1 is released from 

lysosomes and becomes inactivated (Demetriades et al., 2014; Menon et al., 2014). 

Interestingly, the importance of lysosome positioning in modulating lysosomal functions and 

coordinating cellular nutrient responses was reported (Korolchuk et al., 2011).

Compared to mitochondria, little is known about the role of mHtt in lysosomal positioning 

and functions. In this study, we provide evidence showing that the subcellular lysosomal 

distribution is altered in HD cells. In healthy cells, lysosomes are distributed throughout the 

cells with moderate accumulation in the perinuclear regions. In contrast, lysosomes are 

highly accumulated in the perinuclear regions of HD cells. Importantly, expression of 

normal Htt in HD cells can redirect lysosomes to the peripheral region. Furthermore, 

increased perinuclear accumulation of lysosomes is associated with increased basal 

mTORC1 activity and accelerated autophagic influx in response to serum deprivation in HD 

cells. These data suggest that altered lysosomal positioning in HD contributes to the 

pathogenesis of HD.

MATERIALS AND METHODS

Cell culture and starvation

STHdhQ7 and STHdhQ111 cells were obtained from HD Community BioRepository 

Collection (New Jersey, USA) and cultured in Dulbecco's modified eagle medium (DMEM) 

supplemented with 10% fetal bovine serum (FBS, Mediatech, Inc. VA, USA), 1% glutamine 

and 1% penicillin/streptomycin at 33°C. Early passages of STHdh (less than 20 passages) 

were used in the studies. Primary fibroblasts, GM04693 from a HD individual (onset at age 

41 years) and AG02222 from a normal subject, were obtained from the Coriell Institute for 

Medical Research and cultured in DMEM supplemented with 20% FBS, 1% glutamine and 

1% penicillin/streptomycin at 37°C. Phoenix-Ampho cells were purchased from ATCC 

(Manassas, VA, USA) and cultured in DMEM supplemented with 10% FBS and 1% 

penicillin/streptomycin at 37°C. For serum starvation, cells were washed three times with 

pre-warmed DMEM medium and then incubated in DMEM medium for 18 hours. In some 

experiments, 50 μM hydroxychloroquine (CQ, Sigma) was present in serum-deprived and 

control cells to block the fusion of lysosomes with autophagosomes. For amino acid and 

serum starvation, cells were washed three times with pre-warmed Hank's buffered saline 

solution (HBSS) and then incubated in HBSS for 1 hour. After starvation, cells were re-

supplemented with complete medium for 1 hour before harvest.

Plasmids and transfection

The following plasmids were obtained from Addgene (Cambridge, MA USA) and directly 

used in the study: EGFP- microtubule-associated protein light chain 3 (EGFP-LC3) (Plasmid 

#11546), pBabe-puro-mCherry-EGFP-LC3 (plasmid #22418) and mouse kif5B (pKin1B, 
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plasmid #31604). Kif5B were PCR amplified and subcloned into pEGFP-C1 vector. 

pcDNA3.1-full length htt23Q (fhtt23Q) and pcDNA3.1-fhtt145Q were originally obtained 

from HD Community BioRepository Collection. EGFP was engineered to the C-terminus of 

fhtt23Q (fhtt23Q-EGFP) and fhtt145Q (fhtt145Q-EGFP). Cells were transiently transfected 

with different plasmids using Lipofectamine 2000 (Invitrogen, Grand Island, NY, USA).

Retrovirus infection and generation of mCherry-EGFP-LC3 stable cell lines

Phoenix-Ampho cells were transiently transfected with pBabe-puro-mCherry-EGFP-LC3 

plasmid using Lipofectamine 2000. Seventy-two hours after transfection, viral supernatant 

were collected, filtered and directly used to infect STHdhQ7 and STHdhQ111 cells with 8 

μg/ml polybrene (Sigma). After infection, STHdhQ7 and Q111 cells stably expressing 

mCherry-EGFP-LC3 were selected in the presence of 5 μg/ml puromycin (Sigma) until 

single colonies developed. Stable cell lines were maintained in complete medium containing 

2.5 μg/ml puromycin.

Sample preparation and Western blot

After treatment or transfection, cells were quickly lysed in 1X SDS sample buffer containing 

1X complete protease inhibitor cocktail from Sigma and 1X phosphatase inhibitor cocktail 

from Pierce and boiled at 95°C for 5 min. Protein concentration was determined using 

Bradford method. About 20 μg of sample lysates were separated by SDS-PAGE and 

transferred to nitrocellulose membranes. Membranes were blocked in blocking buffer for 

fluorescent Western blotting (Rockland, Limerick, PA, USA) for 2 hours at room 

temperature and then incubated with primary antibodies overnight at 4°C. The following 

primary antibodies were used: rabbit anti-LC3B (1:500, Cat. #3868), rabbit anti-phospho-

p70S6K (Thr389) (1:500, Cat. #9234), rabbit anti-phospho-mTORC1(Ser2448) (1:500, Cat. 

#5536) and rabbit anti-mTORC1 (1:500, Cat. #2983) were purchased from Cell Signaling 

Technology (Danvers, MA, USA). Mouse anti- actin (1:1000, Cat. sc-47778), rabbit anti-

GFP (1:500, sc-8334) and mouse anti-p70S6K (1:500, Cat. sc-8418) were purchased from 

Santa Cruz Biotechnology (Santa Cruz, CA, USA). Rabbit p62/SQSTM1 (1:500, Cat. 

18420-1-AP) was purchased from Proteintech (Chicago, IL, USA) and rat anti-lysosomal 

associated membrane protein 1 (Lamp1, 1:500, antibody name 1D4B) was obtained from 

Developmental Studies Hybridoma Bank (Iowa city, IA, USA). After primary antibodies 

incubation, the membranes were washed three times with Tris-buffered saline containing 

0.1% Tween-20 (TBS-T) and incubated with secondary antibodies for 1 hour at room 

temperature. Secondary antibodies used were goat IRDye 800-conjugated anti-rabbit 

(1:5,000) and IRDye 680 conjugated anti-mouse (1:10,000) antibodies (LI-COR 

Biosciences, Lincoln, NE, USA). Fluorescent signals were detected with a LI-COR Odyssey 

Fc system and the images were quantified with the provided Image Studio 2.0 software.

Immunofluorescence and quantification

Cells were grown on coverslips coated with poly-D-lysine. Cells transfected with 

fluorescent probes were fixed in 2% paraformaldehyde in PBS for 5 min at 33°C to preserve 

fluorescent signals and then permeablized in 0.25% Triton X-100 in PBS for 10 min. For 

endogenous LC3 and Lamp1 staining, cells were fixed and permeablized in cold methanol at 
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−20°C for 1 min. After fixation and permeablization, cells were blocked in blocking buffer 

[10% normal goat serum (NGS), 1% bovine serum albumin (BSA) in PBS] for 1 hour. Cells 

were then incubated with primary antibodies diluted in dilution buffer (1% NGS, 1% BSA in 

PBS) for 1 hour. The following antibodies were used: rabbit anti-LC3B (1:500) and rat anti-

Lamp1 (1:500). Following primary antibody incubations, cells were further incubated with 

respective goat Alexa Fluor 488 or 594 secondary antibodies (Invitrogen, 1:2000 dilution in 

1% NGS, 1% BSA in PBS) for 1 hour. Between steps, cells were extensively washed with 

PBS (3 X 5min) to remove any unbound antibodies. All incubations were carried out at the 

room temperature. The coverslips were mounted in Prolong® Gold antifade reagent 

(Invitrogen) and immunofluorescence was detected using an immunofluorescence 

microscope (Zeiss AxioImager D1) or a laser confocal microscope (Zeiss LSM700).

The number of LC3-positive puncti per cell was quantified using the ‘analyze particle’ 

plugin of the NIH ImageJ program after Background subtraction and Binary. Puncti with 

sizes above 0.15 μm2 were counted. Over 20 randomly selected cells from each group were 

analyzed for each condition.

Quantification of lysosomal distribution-perinuclear lysosomal clustering index

To quantitatively estimate the extent of lysosome clustering at the perinuclear region of a 

cell, we adopted a method described by Falcón-Pérez, et al. (Falcón-Pérez et al., 2005) with 

modifications (Supplementary Fig. S1). Specifically, mid-plane images of cells with Lamp1 

and DAPI staining were taken with a Zeiss LSM700 confocal microscope [Plan-Apochromat 

63x oil lens, numerical aperture (NA) 1.40] and transferred to NIH Image J for analysis. In 

Image J, the nuclear region of a cell was first outlined with the “freehand selection tool” 

based on DAPI staining. The perinuclear outline was defined as 2 μm away from the nuclear 

outline. This is achieved with the “Enlarge” function in Image J. Next, Lamp1 signal was 

adjusted to saturation in order to outline the whole cell using the “freehand selection tool”. 

The average Lamp1 intensity in the nuclear (FN), perinuclear (FP) and whole cell (FWC) and 

the areas of these regions (SN, SP and SWC, respectively) were calculated using the 

“measure” function. Lastly, an area of the background region outside of the cell was 

randomly selected and the average Lamp1 intensity in the background (FB) was measured. 

The average intensity in the perinuclear region was calculated according to the following 

formula: FPN=[(FP × SP-FN × SN)/(SP-SN)]-FB. Similarly, the average cytosolic Lamp1 

intensity was calculated: FC=[(FWC × SWC-FN × SN)/(SWC-SN)]-FB. The perinuclear 

lysosomal clustering index was expressed as the ratio of FPN to FC (FPN/FC).

Intracellular pH measurement

Intracellular pH was determined using a pH-sensitive fluorescent dye, 2′ 7′ -bis-(2-

carboxyethyl)-5-(and-6)- carboxyfluorescein-acetoxymethyl (BCECF) (Invitrogen). Cells 

were harvested by trypsinization and resuspended in HBSS. BCECF was added to the cell 

suspension at a final concentration of 1 μM and incubated for 30 min at 33°C. Cells were 

then washed with complete culture medium twice and then resuspended in HBSS. To 

establish the pH calibration curve, cells after washing were incubated with intracellular pH 

calibration buffer containing 10 μM nigericin and 10 μM valinomycin (pH=4.5, 5.5, 6.5 and 

7.5, Invitrogen) for 15 min. All samples were aliquoted at 100 μl into a black-wall 96-well 
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plate. The emission at 535 nm in response to excitation at 505 nm and 440 nm was measured 

in a SpectraMax microplate reader (Molecular Devices, Sunnyvale, CA). The ratio of 

emissions in response to excitation at 505 nm and 440 nm was calculated for each sample 

and plotted against pH values. The pH was determined from the linear standard curve 

generated with the pH calibration samples.

Fluorescence Recovery After Photobleaching (FRAP)

Cells were seeded on a 35mm glass bottom dish. Before FRAP experiments, cells were 

incubated with 50 nM LysoTracker Red DND-99 (Invitrogen) for 30 min at 33°C, followed 

by brief washes with the complete medium. FRAP experiments were carried out with a Zeiss 

LSM700 confocal microscope at room temperature. Images were taken with a Zeiss Plan-

Apochromat 63x oil lens (NA 1.40). Three pre-bleached images were first acquired to record 

the original intensity of lysosome labeling of the foci. Photobleaching in the designated ROI 

area was performed with a 555 nm solid-state laser at 100% intensity for 20 iterations. The 

bleaching time lasted for 4 seconds. Subsequently, images were acquired every second for 2 

min at a maximum scanning speed. FRAP analysis was performed using “FRAP profiler” 

plugin of Image J. Curve fitting method was “single exponential recovery” and the equation 

used was p[0]*(1-exp(-p[1]*x). The half-time (τ1/2) to reach to maximum recovery level and 

mobile fractions were also calculated.

Statistical analysis

All data were expressed as means ± S.E.M. To establish significance, data were subjected to 

unpaired student's t-tests or one-way ANOVA followed by the Tukey's multiple comparison 

test using the GraphPad Prism software statistical package 6.0 (GraphPad Software). The 

criterion for significance was set at P ≤ 0.05.

RESULTS

Increased accumulation of lysosomes in the perinuclear region of cells expressing mHtt

We first investigated the subcellular distribution of lysosomes in two clonal striatal cell lines 

derived from wild-type (STHdhQ7/Q7, hereafter referred as STHdhQ7) and mHtt 

(STHdhQ111/Q111, hereafter referred as STHdhQ111) knock-in mice (Trettel et al., 2000). 

Using antibodies against Lamp1, a specific lysosomal marker, we found that lysosomes 

were distributed throughout the cytosol of STHdhQ7 cells, including lamellipodia (Fig. 1A, 

for lower magnification, Fig. 1B, for higher magnification). In contrast, this distribution 

pattern was changed in STHdhQ111 cells with more lysosomes accumulated in the 

perinuclear regions (Fig. 1A-B). To further quantify the differences, we calculated the 

perinuclear lysosomal clustering index, which is the intensity ratio of perinuclear to 

cytosolic Lamp1 staining (Supplementary Fig. S1). An index of 1 should indicate that 

lysosomes are evenly distributed in the cytosol and perinuclear region of the cell. The 

average index number for STHdhQ7 cells is 1.882±0.118 (Fig. 1C), suggesting a moderate 

accumulation of lysosomes in the perinuclear regions, which is consistent with the current 

understanding of the lysosomal distribution in a normal cell. In contrast, STHdhQ111 cells 

had a much higher index number (3.302±0.256), indicating an increased lysosomal 

distribution in the perinuclear region (Fig. 1C, t98 = 4.62, P < 0.0001,). Notably, we did not 
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find a significant change in Lamp1 protein expression between these two cell lines (Fig. 1D, 

t16 = 0.68, P = 0.51), ruling out the possibility that the observed differences in lysosomal 

positioning is due to changes in Lamp1 protein levels. It was reported that intracellular pH 

(pHi) controls lysosomal positioning (Heuser, 1989), we therefore measured pHi and found 

no significant differences between STHdhQ7 and STHdhQ111 cells (Fig. 1E, t6=0.26, P = 

0.80). We further examined the lysosomal distribution in primary fibroblasts from a healthy 

individual and a HD patient. Similarly, more lysosomes were accumulated in the perinuclear 

regions of HD fibroblasts compared to normal fibroblasts (Fig. 1F-1G, t44=2.80, P = 

0.0077). To exclude the possibility that an artifact in the immunostaining procedure might 

cause the differences in lysosomal positioning, we also stained lysosomes with LysoTracker 

Red DND-99 in live cells. Consistently, we observed an increased perinuclear accumulation 

of lysosomes in STHdhQ111 cells compared to STHdhQ7 cells (Supplementary Fig. S2). 

Taken together, our data suggest that the perinuclear accumulation of lysosomes is increased 

in HD cells.

Changes in lysosomal mobility in cells expressing mHtt

We next investigated whether lysosomal dynamics is affected in STHdhQ111 cells with 

FRAP analysis. A designated area of lysosomes labeled with LysoTracker Red DND-99 

were subjected to photobleaching and the dynamic fluorescent recovery after bleaching is 

shown in Fig. 2A (also see Supplementary Fig. S3 and S4 for the representative time-lapse 

images before and after bleaching in STHdhQ7 and STHdhQ111 cells, respectively). No 

difference in the percentage of mobile lysosomes was observed in these two groups (Fig. 

2B, t26 = 0.64, P = 0.53). However, it took a longer time for fluorescent recovery of labeled 

lysosomes in STHdhQ111 cells, suggesting that lysosomes in STHdhQ111 cells moved 

slower (Fig. 2A). Indeed, the half-time to reach to maximum fluorescent recovery increased 

from 9.7±1.4 seconds in STHdhQ7 cells to 15.1±1.7 seconds in STHdhQ111 cells (Fig. 2C, 

t26 = 2.38, P = 0.025).

Mutant huntingtin causes increased perinuclear accumulation of lysosomes in HD cells

Normal Htt has been reported to coordinate retrograde transport of lysosomes in HeLa cells 

(Caviston et al., 2011). The effect of mHtt on lysosomal trafficking has not been 

investigated. We then examined whether there is a causal relationship between perinuclear 

lysosomal positioning and mHtt expression. To address this, we transiently transfected 

EGFP or fHtt145Q-EGFP in STHdhQ7 cells and fHtt23Q-EGFP in STHdhQ111 cells. 

Lysosomal positioning in the transfected cells was then analyzed with Lamp1 

immunostaining. If mHtt is responsible for perinuclear accumulation of lysosomes in 

STHdhQ111 cells, we expected that expression of normal Htt in STHdhQ111 cells would 

reverse this phenomenon and vice versa. Expression of EGFP alone has no effect on 

lysosome positioning in both cell lines (Fig. 3A-B, left panels). Expressing fHtt145Q-EGFP 

in STHdhQ7 cells caused lysosomes to accumulate in the perinuclear region as indicated by 

Lamp1 staining (Fig. 3A, right panel). Quantitative analysis from a large number of 

transfected cells showed an increase in the perinuclear lysosomal index, but did not reach to 

significance (1.73±0.10 in STHdhQ7 cells transfected with EGFP alone vs. 1.82±0.08 in 

STHdhQ7 cells expressing fHtt145Q-EGFP, Fig. 3C, t63 = 0.66, P = 0.51). The underlying 

cause needs to be further determined. One possibility is that over-expressed fHtt145Q-EGFP 
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formed perinuclear aggregates in some of the transfected STHdhQ7 cells (Supplementary 

Fig. S5), and the aggregates may have no effect on lysosomal trafficking. On the contrary, 

expressing fHtt23Q-EGFP in STHdhQ111 cells apparently redirected lysosomes to the 

peripheral regions (Fig. 3B, right panel). Moreover, perinuclear lysosomal index was 

significantly decreased in STHdhQ111 cells overexpressing normal Htt compared to 

STHdhQ111 cells expressing EGFP alone (1.84±0.16 vs. 3.43±0.35, Fig. 3C, t35 = 4.47, P < 

0.0001). Collectively, these data suggest that mHtt interferes with normal distribution of 

lysosomes and overexpressing normal Htt can redirect lysosomes to the periphery in HD 

cells.

Increased perinuclear lysosomal positioning promotes basal mTORC1 activity in 
STHdhQ111 cells

Lysosomal positioning has been closely related to nutrient response in non-neuronal cells by 

regulating mTORC1 activity (Korolchuk et al., 2011). We then asked whether the observed 

differences in lysosomal positioning affects mTORC1 activity in STHdhQ7 and 

STHdhQ111 cells. We first investigated mTORC1 activation as reflected by the 

phosphorylation status of p70S6 kinase (S6K) at Threonine 389, an mTORC1-specific 

phosphorylation site. The level of phospho-S6K was significantly increased in STHdhQ111 

cells, suggesting that basal mTORC1 activity was elevated in STHdhQ111 cells (Fig. 4A-B, 

t19 = 4.82, P = 0.0001). Consistently, phosphorylation of mTORC1 at Serine 2448, another 

indicator of mTORC1 activation, was also up-regulated in STHdhQ111 cells (Fig. 4A). 

mTORC1 activity is quickly inhibited when cells are under nutrient deprivation and 

activated when cells are re-supplemented with nutrients (Demetriades et al., 2014; Menon et 

al., 2014). Changes in mTORC1 activity in response to nutrients appears to correlate with 

changes in lysosomal positioning during nutrient challenges (Korolchuk et al., 2011). 

Therefore, we next investigated whether this sharp regulation of mTORC1 activity is 

impaired in HD cells. Cells were subjected to two types of starvation: serum starvation, in 

which cells were incubated in DMEM medium (SF), or amino acid and serum deprivation, 

in which cells were incubated in HBSS for one hour. Under both starvation conditions, 

mTORC1 activity was greatly decreased in both cell types (Fig. 4C). When cells were re-

supplemented with nutrients for one hour, mTORC1 were quickly activated in both cell 

types, indicating that the lysosome nutrient sensing machinery is not impaired in HD cells 

(Fig. 4C). Lastly, we investigated whether increased perinuclear lysosomal positioning 

contributes to the elevated basal mTORC1 activity in STHdhQ111 cells. Kinesin motor 

protein appears to have a key role in the positioning of lysosomes. It was reported that 

knocking out kinesin family member 5B (Kif5B) causes perinuclear accumulation of 

lysosomes in neurons (Tanaka et al., 1998), suggesting that Kif5B is important for 

anterograde transport of lysosomes. Overexpressing Kif5B redirected lysosomes to the 

peripheral region and significantly reduced the perinuclear lysosomal index in STHdhQ111 

cells (Fig. 4D, ***P < 0.001, one-way ANOVA followed by Tukey's post hoc test). 

Moreover, p-S6K levels were also greatly reduced in STHdhQ111 cells overexpressing 

Kif5B compared to STHdhQ111 cells alone under basal conditions, indicating that 

overexpression of Kif5B can reduce mTORC1 activity in STHdhQ111 cells (Fig. 4E-F, **P 

< 0.01, one-way ANOVA followed by Tukey's post hoc test).
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Perinuclear lysosomal positioning accelerates autophagic influx in STHdhQ111 cells 
under serum deprivation

Another important function of lysosomes is to degrade cytoplasmic materials and organelles 

delivered by autophagosomes. It is known that autophagosomes are retrogradely transported 

to the perinuclear region to fuse with lysosomes. We thus hypothesized that changes in 

lysosomal positioning could have an impact on autophagic influx, i.e., the fusion of 

autophagosomes with lysosomes in STHdhQ111 cells. Upon induction of autophagy, LC3 is 

conjugated to phosphatidylethanolamine (LC3-II) and targeted to autophagosomal 

membranes. Therefore, changes in LC3-II expression has been used as a reliable marker to 

monitor autophagy (Kabeya et al., 2000). We first performed immunofluorescent studies in 

STHdhQ7 and Q111 cells with LC3 antibodies to label autophagosomes and 

autophagolysosomes. Interestingly, the number of LC3-positive puncti was increased in 

STHdhQ111 cells when compared to STHdhQ7 cells at basal conditions (Fig. 5A-B). We 

next examined serum starvation-induced autophagy responses in these two cell lines. Serum 

deprivation caused an increase in the number of LC3-positive puncti in STHdhQ7 cells (Fig 

5A-B). However, the number of LC3-positive puncti was significantly reduced in 

STHdhQ111 cells under serum deprivation (Fig. 5A-B). This change correlated with a 

decrease in LC3-II conversion in STHdhQ111 cells as analyzed by Western blot (Fig. 5C).

Decreased LC3-II levels are associated with either decreased autophagosomal synthesis or 

increased autophagosomal turnover (autophagic influx). To further test which pathway is 

responsible for the decreased LC3-II levels (Fig. 5A-C), we incubated cells with 

hydroxychloroquine (CQ), which blocks lysosome acidification and thereby autophagic 

influx and degradation of LC3-II. As expected, CQ treatment greatly increased LC3-II levels 

in all conditions as analyzed by Western blot (Fig. 5D). Further quantitative analysis 

revealed that CQ treatment caused similar folds increase in LC3-II levels in STHdhQ7 cells 

under normal or serum-free conditions (Fig. 5D), suggesting that serum deprivation did not 

significantly affect the rate of autophagic influx in STHdhQ7 cells. Interestingly, CQ 

treatment caused a ~47-fold increase in LC3-II levels under serum deprivation compared to 

a ~7-fold increase under normal conditions in STHdhQ111 cells (Fig. 5D), indicating that 

the rate of autophagosomal fusion with lysosomes was increased in STHdhQ111 cells in 

response to serum deprivation. To further confirm this, we also measured changes in p62 

levels in response to serum starvation. P62 binds to LC3 and is itself degraded by autophagy 

(Bjørkøy et al., 2005; Pankiv et al., 2007). Therefore, changes in p62 levels should reflex 

autophagic influx. Indeed, p62 levels were greatly reduced in STHdhQ111 cells in response 

to serum starvation (Fig. 5E).

We then employed the tandem mCherry-EGFP-LC3 fluorescence analysis in which 

mCherry is more stable in acidic compartments whereas EGFP fluorescence is rapidly 

degraded. Under normal condition, the LC3 staining appears as yellow as the result of 

detecting both mCherry and GFP signals. If serum deprivation causes a rapid fusion of 

lysosomes and autophagosomes, we then expect more red-only signal after serum 

deprivation. Consistent with Fig. 5, we detected an increased autophagic influx in 

STHdhQ111 cells compared to STHdhQ7 cells, as indicated by more red-only 

autophagolysosomes in STHdhQ111 cells under serum deprivation (Fig. 6A-B). 
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Collectively, our data indicate that autophagic influx is increased in STHdhQ111 cells in 

response to serum deprivation.

Lastly, we asked whether serum starvation-induced increase in autophagic influx in 

STHdhQ111 cells is related to the perinuclear lysosomal positioning. EGFP-Kif5B was 

overexpressed in STHdhQ111 cells to redirect lysosomes to the perinuclear region. LC3-II 

levels were increased in STHdhQ111 cells overexpressing Kif5B under serum deprivation 

(Fig. 6C), indicating that accumulation of lysosomes in the perinuclear region of 

STHdhQ111 cells facilitates autophagosomal fusion with lysosomes under serum 

deprivation.

DISCUSSION

Increasing evidence suggest that lysosomes are crucial regulators of cell homeostasis, 

playing important roles in degrading macromolecules and regulating nutrient response 

(Boya, 2012). It is known that Htt is associated with lysosomal membranes, suggesting a 

possible role of Htt in lysosomal functions (Kegel et al., 2000). However, whether mHtt 

affects lysosomal functions is not clear. In this study, we present evidences showing that the 

perinuclear accumulation of lysosomes is increased in HD cells and may play important 

roles in the pathogenesis of HD by regulating basal mTORC1 activity and autophagic influx 

under serum deprivation.

Htt and lysosomal trafficking

The underlying molecular mechanisms for increased perinuclear accumulation of lysosomes 

in HD cells remains to be further investigated. Based on the known role of Htt in protein 

trafficking and our data, it is reasonable to suggest that Htt is involved in lysosomal 

trafficking and mHtt expression may decrease the anterograde or facilitate the retrograde 

lysosomal transport, resulting in an increased accumulation of perinuclear lysosomes.

First, it is interesting to know whether Htt is directly associated with lysosomes and affects 

their trafficking. Using a clonal striatal cell line overexpressing Flag-Htt, it was shown that 

Htt is co-localized to vesicles positive for cathepsin D, a lysosomal marker, by 

immunofluorescence and electron microscopic studies (Kegel et al., 2000). However, 

overexpression of Flag-Htt in a cell line may cause it to mis-localize. Therefore, it is 

important to investigate the subcellular localization of endogenous Htt. We co-stained 

endogenous Htt with Lamp1 in PFA-fixed STHdhQ7 and STHdhQ111 cells and found that 

some of the Htt-positive puncti co-localized with Lamp-1 positive vesicles (Supplementary 

Fig. S6A-B) and polyQ expansion did not affect the association (Supplementary Fig. S6C, t6 

= 1.55, P = 0.17). However, it is well known that there are pitfalls when defining the 

subcellular localization of a protein with immunocytochemistry, which includes antibodies 

against different immunogenic epitopes, fixation methods and detection techniques used 

(Hughes & Jones, 2011). Therefore, although our data suggest that Htt is associated with 

lysosomes, we could not rule out the possibility that it is affected by our immunostaining 

method. Moreover, assuming immunohistochemistry gives the correct subcellular 

localization of Htt, obtaining super resolution images with super-resolution microscopy, is 
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needed to clearly examine the co-localization of Htt with certain organelles including 

lysosomes.

Alternatively, Htt acts as a scaffold protein by binding to huntingtin-associated protein 1 

(HAP1), which mediates its association with kinesin and dynein–dynactin motor proteins 

and stimulates the trafficking of various membrane-bound organelles in both directions 

(Caviston & Holzbaur, 2009). Whereas normal Htt promotes bi-directional mitochondrial 

transport, mHtt disrupts the formation of transport complexes and impairs mitochondrial 

movement (Sheng & Cai, 2012). Several studies strongly suggest that the htt-HAP1 complex 

associates with Kif5 and regulate the trafficking of brain-derived neurotrophic factor (Colin 

et al., 2008), GABAA receptor (Twelvetrees et al., 2010) and autophagosomes (Wong & 

Holzbaur, 2014). In neurons, Kif5B plays a more important role in regulating vesicular 

trafficking (Hirokawa & Takemura, 2005). Knocking out Kif5B is embryonically lethal with 

abnormal perinuclear clustering of lysosomes and mitochondria (Tanaka et al., 1998). In the 

present study, we demonstrate that overexpressing Kif5B directs lysosomes to the peripheral 

region in HD cells. It is thus possible that mHtt preferentially impairs anterograde transport 

of lysosomes through interactions with HAP1 and Kif5B, leading to perinuclear lysosomal 

clustering.

Lysosomal positioning and mTORC1 activity

We found that basal mTORC1 activity is increased in STHdhQ111 cells. Consistent with 

our study, it was recently reported that mTORC1 activity was increased in STHdhQ111 cells 

and N171-Q82 transgenic HD mice (Pryor et al., 2014). Elevated mTORC1 activity appears 

to be important for HD pathogenesis since abnormally high mTORC1 activity promotes 

rapid accumulation of cytoplasmic inclusions and causes neurodegeneration (Kassai et al., 

2014). The molecular basis for increased mTORC1 activity in HD cells is poorly 

understood. Lysosomes are the primary activation sites for mTORC1 activity (Demetriades 

et al., 2014; Menon et al., 2014). It is possible that mHtt has an enhanced affinity for Rheb/

mTORC1 complex, which is further stabilized on perinuclear structures by amino acids 

signals, leading to sustained mTORC1 activity (Pryor et al., 2014). Our data alternatively 

suggest that lysosomal positioning is another key factor in regulating mTORC1 activity. It is 

possible that the perinuclear accumulation of lysosomes activates mTORC1 activity by 

providing more docking sites for mTORC1 complex and its co-activators. In line with this, 

mTOR, Rheb and Rag are mostly concentrated in the perinuclear region (Yadav et al., 

2013). It is also supported by our data showing that redirecting lysosomes to peripheral area 

by overexpressing Kif5B in STHdhQ111 cells significantly reduced mTORC1 activity when 

using phospho-S6K as readout.

Lysosomal positioning and autophagic influx

We demonstrate in this study that another functional aspect of accumulated perinuclear 

lysosomal positioning is associated with increased autophagic influx in response to serum 

starvation. As fusions between lysosomes and autophagosomes primarily occur in the 

perinuclear region, increasing the number of perinuclear lysosomes can facilitate such a 

fusion. We attempted to use live cell imaging to track and quantify the fusion rate in STHdh 

cells stably expressing mCherry-GFP-LC3 without success. This is possibly due to the fact 
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that fusion occurs quickly in less than 60 seconds and most of the fusions occur in a kiss-

and-run pattern (Jahreiss et al., 2008). Increased autophagic influx under serum deprivation 

suggests that HD cells have a defective autophagic response to nutrient stress. Since 

autophagosomes fuse faster with lysosomes under serum deprivation, autophagosomes do 

not have time to collect cargos, leading to the pre-mature fusion of lysosomes with empty 

autophagosomes in HD cells. The presence of empty autophagosomes in HD cells has been 

demonstrated by electron microscopy studies (Martinez-Vicente et al., 2010). It has been 

reported that anterograde transport of autophagosomes is impaired in polyQ-htt expressing 

cells, preventing it from collecting cellular wastes (Wong & Holzbaur, 2014). In our studies, 

overexpression of Kif5B could redirect lysosomes away from the perinuclear region and 

prevent the premature autophagosome-lysosomal fusion upon serum deprivation in HD 

cells. Although we cannot rule out the possibility that Kif5B directly participates in 

anterograde transport of autophagosomes, our data support the idea that perinuclear 

accumulation of lysosomes facilitates their fusion with autophagosomes. Collectively, our 

data suggest that defective autophagic response contribute to the protein degradation failure 

and accumulation of damaged protein in HD cells, which makes HD cells more vulnerable 

to other toxic stimuli, contributing to further cellular dysfunctions and neurodegeneration in 

HD.
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Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

BCECF 2′ 7′ -bis-(2-carboxyethyl)-5-(and-6)- carboxyfluorescein-acetoxymethyl

CQ hydroxychloroquine

DMEM Dulbecco's modified eagle medium

EGFP enhanced green fluorescent protein

FRAP fluorescence recovery after photobleaching

HAP1 huntingtin-associated protein 1

HBSS HEPES-buffered saline solution

HD Huntington's disease

Htt huntingtin

Kif5B kinesin family membrane 5B

Lamp1 lysosomal associated membrane protein 1

LC3 microtubule-associated protein light chain 3
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LC3-II LC3 conjugated to phosphatidylethanolamine

mHtt mutant Htt

mTORC1 mammalian target of rapamycin complex 1

NGS normal goat serum

pHi intracellular pH

polyQ polyglutamine

Rheb Ras homology enrich in brain

S6K p70S6 kinase
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Figure 1. 
Lysosomes are accumulated in the perinuclear regions of HD cells. Cells were methanol-

fixed and immunostained with Lamp1 (red) and counterstained with DAPI (blue). A. 
Representative images of Lamp1 staining in STHdhQ7 and Q111 cells at lower 

magnification (EC Plan-Neofluar 40x oil, NA 1.30). B. Representative images of Lamp1 

staining in STHdhQ7 and Q111 cells at higher magnification (Plan-Apochromat 63x oil 

lens, NA 1.40). Cell boundaries were outlined. C. Quantitative analysis of perinuclear 

lysosomal clustering index in STHdh cells. A total of 44 cells for STHdhQ7 and 56 cells for 

STHdhQ111 were analyzed. ***P < 0.001, compared to STHdhQ7 cells, student's t-test. D. 
Western blot analysis of Lamp1 protein expression levels in STHdh cells. The graph 

represents the quantification of Lamp1 levels relative to β-actin in four independent 

replicates. E. Radiometric measurement of intracellular pH using an intracellular pH 

indicator, BCECF, in STHdh cells. The value represents four independent measurements. F. 
Representative images of Lamp1 staining in human primary fibroblasts from a healthy 

individual and a HD patient. Cells were methanol-fixed and immunostained with Lamp1 

(red) and counterstained with DAPI (blue). G. Quantitative analysis of perinuclear 

lysosomal clustering index in human primary fibroblasts (a total of 22 for healthy and 27 for 

HD primary fibroblasts were analyzed). **P < 0.01, compared to the healthy control, 

student's t-test.
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Figure 2. 
Lysosomal mobility is reduced in STHdhQ111 cells. Lysosomes in live cells were labeled 

with LysoTracker Red DND-99 and subjected to FRAP analysis. A. Representative traces of 

time-dependent LysoTracker fluorescent recovery after bleach in STHdhQ7 and 

STHdhQ111 cells. B. Quantitative analysis of mobile fractions of lysosomes in STHdhQ7 

(n=13) and STHdhQ111 cells (n=15). C. Quantitative analysis of the half-time for full 

fluorescence recovery in STHdhQ7 (n=13) and STHdhQ111 cells (n=15). *P < 0.05, 

student's t-test.
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Figure 3. 
Normal Htt expression reverses abnormal perinuclear lysosomal positioning in STHdhQ111 

cells. A-B. Representative confocal images of Lamp1 staining in (A) STHdhQ7 cells 

transfected with EGFP alone or fHtt145Q-EGFP and in (B) STHdhQ111 cells transfected 

with EGFP alone or fHtt23Q-EGFP. Cells were fixed in 2% PFA and stained with Lamp1 

(red). C. Top panel, quantitative analysis of perinuclear lysosomal clustering index in 

STHdhQ7 cells transfected with EGFP (n=21) or Htt145Q-EGFP (n=47) and STHdhQ111 

cells transfected with EGFP (n=8) or htt23Q-EGFP (n=29). **P < 0.01, STHdhQ111 vs. 

STHdhQ7 transfected with EGFP; ***P < 0.001, STHdhQ111 transfected with htt23Q-

EGFP vs. STHdhQ111 transfected with EGFP, student's t-test. Bottom panel, western blot 

analysis of ectopically expressed fHtt23Q-EGFP and fHtt145Q-EGFP in STHdh cells with 

GFP antibodies.
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Figure 4. 
mTORC1 basal activity is increased in STHdhQ111 cells. A. Western blot analysis of total 

p70S6K (S6K), phospho-S6K(T389), phospho-mTOR(S2448) and total mTOR expression 

in three independent STHdhQ7 and Q111 cell lysates. β-actin was used as the loading 

control. B. mTORC1 activation as quantified by the ratio of phospho-p70S6K to total 

p70S6K in STHdhQ7 and Q111 cells (***P < 0.001, student's t-test, n=3). C. Changes of 

mTORC1 activity during nutrient starvation and recovery. Cells were incubated with HBSS 

(for amino acid and serum starvation) or DMEM (for serum starvation only) for 1 hour. 

After starvation, cells were re-supplemented with complete medium for another one hour 

before harvest. C, control; H, HBSS; SF, serum free (DMEM only); H+RC, HBSS treatment 

followed by medium recovery. SF+RC: serum deprivation followed by medium recovery. 

Top panel, quantification of changes in p-S6K/S6K changes from three independent 

experiments (*P < 0.05, student's t-test, n=3, compared to their respective controls). Bottom 

panel, a representative western blot image is shown. D. Overexpressing Kif5B reduces 

perinuclear lysosomal clustering index in STHdhQ111 cells. STHdh cells transfected with 

EGFP-Kif5B or EGFP alone were immunostained with Lamp1 and confocal images were 

taken. Top panel, perinuclear lysosomal clustering indexes from STHdhQ7 cells transfected 

with EGFP (n=36) or EGFP-Kif5B (n=22) and STHdhQ111 cells transfected with EGFP 

(n=56) or EGFP-Kif5B (n=21). ***P < 0.001, student's t-test. Bottom panel, western blot 

analysis of EGFP-Kif5B overexpression. E. Western blot analysis of total p70S6K (S6K), 

phospho-S6K(T389) in STHdh cells overexpressing EGFP-Kif5B in the presence or absence 

of serum deprivation. F. Quantitative analysis of mTORC1 activation as indicated by the 
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ratio of phospho-p70S6K to total p70S6K in STHdhQ7 and Q111 cells overexpressing 

EGFP-Kif5B (*** P < 0.01, student's t-test, n=3).
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Figure 5. 
Autophagic influx is increased in STHdhQ111 cells under serum deprivation. For serum 

deprivation, cells were incubates in DMEM medium for 24 hours. A. Representative images 

of endogenous LC3 staining under different conditions. Cells were stained with LC3 

antibodies and counterstained with DAPI. B. Quantitative analysis of the number of LC3-

positive puncti per cell in SThdhQ7 (n=27), STHdhQ7 with serum deprivation (n=15), 

STHdhQ111 (n=19) and STHdhQ111 cells with serum deprivation (n=12). ***P < 0.001, 

**P < 0.01, student's t-test. C. Western blot analysis of endogenous LC3-II expression in 

STHdhQ7 and STHdhQ111 cells in the presence or absence of serum. β-actin was used as 

the loading control. D. Quantitative analysis of the fold changes in LC3-II expression under 

different conditions by densitometry. Cells were incubated with 50 μM CQ in the presence 

or absence of serum for 24 hours. A representative image of Western blot analysis of 

endogenous LC3-II expression in STHdhQ7 and STHdhQ111 cells under different 

conditions is shown below the graph. Data represent statistical analysis of four independent 

Western blots. E. Western blot analysis of p62 levels in STHdhQ7 and STHdhQ111 cells in 

the presence or absence of serum. β-actin was used as the loading control. * denotes non-

specific bands from serum.
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Figure 6. 
A-B. Analysis of autophagic influx by tandem LC3 expression. A. Representative images 

showing the expression pattern of mCherry-EGFP-LC3 in STHdhQ7 and Q111 cells under 

different conditions. STHdhQ7 and Q111 cells stably expressing mCherry-EGFP-LC3 were 

subjected to serum deprivation for 18 hours. Arrows indicate red-only puncti. B. Statistical 

analysis of the ratio of autophagolysosomes to autophagosomes. About 20 cells were 

analyzed in each group. ***P < 0.001, student's t-test. SF, serum free. C. Overexpression of 

Kif5B in STHdhQ111 cells increased LC3-II expression under serum deprivation. Cells 

were transfected with EGFP-Kif5B for 24 hours and serum-starved for another 24 hours 

before harvest for Western blot analysis of LC3 levels.
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