Huntingtin coordinates the dynein-mediated
dynamic positioning of endosomes and
lysosomes
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ABSTRACT Huntingtin (Htt) is a membrane-associated scaffolding protein that interacts with
microtubule motors as well as actin-associated adaptor molecules. We examined a role for
Htt in the dynein-mediated intracellular trafficking of endosomes and lysosomes. In Hela
cells depleted of either Htt or dynein, early, recycling, and late endosomes (LE)/lysosomes all
become dispersed. Despite altered organelle localization, kinetic assays indicate only minor
defects in intracellular trafficking. Expression of full-length Htt is required to restore organ-
elle localization in Htt-depleted cells, supporting a role for Htt as a scaffold that promotes
functional interactions along its length. In dynein-depleted cells, LE/lysosomes accumulate in
tight patches near the cortex, apparently enmeshed by cortactin-positive actin filaments;
Latrunculin B-treatment disperses these patches. Peripheral LE/lysosomes in dynein-depleted
cells no longer colocalize with microtubules. Htt may be required for this off-loading, as the
loss of microtubule association is not seen in Htt-depleted cells or in cells depleted of both
dynein and Htt. Inhibition of kinesin-1 relocalizes peripheral LE/lysosomes induced by Htt
depletion but not by dynein depletion, consistent with their detachment from microtubules
upon dynein knockdown. Together, these data support a model of Htt as a facilitator of
dynein-mediated trafficking that may regulate the cytoskeletal association of dynamic
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organelles.

INTRODUCTION

Maintenance of cellular homeostasis as well as proper cell growth
and function depend on effective intracellular transport. The polar-
ized microtubule cytoskeleton provides tracks for the long-distance
cytoplasmic transport of membranous organelles, whereas actin fila-
ments are tracks for short, dispersive movements near the cell cor-
tex (Soldati and Schliwa, 2006). Members of the kinesin superfamily
move cargoes along microtubules primarily toward the cell periphery,
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whereas cytoplasmic dynein, with its activator dynactin, is the major
minus-end-directed microtubule motor, moving cargoes toward the
cell center (reviewed in Caviston and Holzbaur, 2006). Several
classes of the myosin superfamily are involved in vesicle formation
at the plasma membrane as well as membrane trafficking along the
actin cytoskeleton; specifically, myosin VI has been implicated in de-
livery of endocytic cargo to the microtubule cytoskeleton (Soldati
and Schliwa, 2006). Coordination of transport between the microtu-
bule and actin cytoskeletons is essential for efficient transport of
membranous organelles, such as lysosomes (Cordonnier et al.,
2001).

Perturbations in intracellular trafficking and transport can inhibit
targeted delivery and can result in human disease (Aridor and
Hannan, 2000, 2002; Dell’Angelica, 2009). Defective cytoskeletal
transport in neurons, highly polarized cells with extended axonal pro-
cesses, has also been linked to human disease. Growing evidence
suggests that mutations in microtubule motors, and in proteins that
are actively transported by microtubule motors, can induce neurode-
generation (Chevalier-Larsen and Holzbaur, 2006). Huntington’s dis-
ease (HD) is a fatal neurodegenerative disease caused by a polyglu-
tamine expansion in the protein huntingtin (Htt) (The Huntington’s
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Disease Collaborative Research Group, 1993). The molecular mecha-
nisms underlying the disorder and the toxic nature of mutant Htt
have been widely studied, and defects in intracellular trafficking have
been observed. However, the function of the normal form of Hit,
which is expressed in all cells, both neuronal and nonneuronal, is less
well understood (reviewed in Caviston and Holzbaur, 2009).

Htt is a 350-kDa, vesicle-associated protein (DiFiglia et al., 1995)
that has been localized to Golgi vesicles (del Toro et al., 2009), early
endosomes (Pal et al., 2006), recycling endosomes (Li et al., 2009),
and lysosomes (Kegel et al., 2005). Studies of the primary structure
reveal that an N-terminal membrane association signal may target
Htt to late endosomes, autophagosomes, and the endoplasmic re-
ticulum (Atwal et al., 2007); another N-terminal amino acid motif
binds phospholipids enriched at the plasma membrane (Kegel et al.,
2005). Htt may act as a scaffold, associating with several factors in-
volved in vesicle trafficking, such as Htt-associated protein 1 (HAP1)
(Harjes and Wanker, 2003; Li and Li, 2004; Truant et al., 2006;
Caviston and Holzbaur, 2009). Interestingly, HAP1 has been shown
to bind to kinesin-1, as well as the p150°d subunit of dynactin
(Engelender et al., 1997; Li et al., 1998; McGuire et al., 2006;
Twelvetrees et al.,, 2010). Htt itself directly binds the microtubule
motor cytoplasmic dynein (Caviston et al., 2007), suggesting that a
complex comprised of Htt/HAP1, dynein/dynactin, and kinesin-1 as-
sembled on vesicles may promote bidirectional transport in the cell.
Immunoprecipitation experiments examining the association of en-
dogenous proteins in brain extracts support the formation of such a
complex (Caviston et al., 2007). Furthermore, Htt has been shown to
facilitate bidirectional motility of vesicles in vitro (Caviston et al.,
2007). In neurons, phosphorylation of Htt has been shown to pro-
mote plus-end-directed vesicle motility (Colin et al., 2008), suggest-
ing that Htt may act as a molecular switch to change the direction of
vesicular movement along the microtubule. In addition, Htt interacts
with proteins involved in actin-based transport, such as optineurin
(Sahlender et al., 2005), leading to the hypothesis that Htt may act
as a switch to alter the cytoskeletal association of vesicles. In sup-
port of this idea, the binding of HAP40 to Htt was shown to induce
a change in the affinity of early endosomes from microtubules to
actin (Pal et al., 2006).

Bidirectional motility is fundamental to endosomal trafficking
and transport in mammalian cells. Early endosomes undergo dy-
nein-dependent sorting and movement toward the cell center
(Driskell et al., 2007), and recycling endosomes export cargo to the
plasma membrane, which depends on kinesin activity (Soldati and
Schliwa, 2006). Thus Htt is an excellent candidate molecule to medi-
ate the functional interplay of opposing molecular motors on endo-
somal cargo. In this study, we examined the localization and function
of early, recycling, and late endosomes (LE)/lysosomes in the ab-
sence of Htt or dynein. Our results demonstrate that, in Hela cells,
Htt and dynein are required for the perinuclear positioning, but not
function, of early endosomes, recycling endosomes, and LE/lyso-
somes. Interestingly, cells depleted of dynein exhibit LE/lysosomal
accumulations along the cell periphery. These peripheral lysosomal
patches show reduced colocalization with microtubules and instead
appear to localize to regions enriched in cortactin and cortical actin.
In cells depleted of Htt, LE/lysosomes were also dispersed; however,
they remained colocalized with microtubules. These observations
suggest that Htt may modulate organelle association with microtu-
bules and actin. Overall, our data support a role for Htt as a regula-
tor of dynein-mediated transport of endosomal organelles, acting as
a scaffold protein to integrate motor proteins and cytoskeletal effec-
tor molecules, and consequently to coordinate organelle associa-
tion with both the microtubule and actin cytoskeletons.
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RESULTS

Early endosomes are dispersed in cells depleted

of Htt or dynein

Endosomal trafficking and transport in mammalian cells is bidirec-
tional, relies on an intact cellular cytoskeleton, and requires func-
tional molecular motors. Receptors are taken up from the plasma
membrane into endocytic vesicles that mature into early endo-
somes and undergo dynein-dependent sorting and movement
toward the cell center (Driskell et al., 2007). We specifically de-
pleted cellular levels of Htt using RNAi (~80% knockdown;
Figure 1B and Supplemental Figure 1, A and B) and examined the
distribution of the early endosome compartment, labeled with an-
tibody against early endosome antigen 1 (EEA1). We found that
depletion of Htt leads to the dispersal of early endosomes toward
the cell periphery as compared with control cells transfected with
scrambled oligo (Figure 1A, left panel) or mock-treated cells (data
not shown). A 3-min pulse of Alexa 594-conjugated transferrin
(Tf-594) followed by a 12-min chase labels early endosomes (Pal
et al., 2006); the Tf-594—positive early endosomes are more pe-
ripheral in Htt-depleted cells in comparison with control cells (Fig-
ure 1A, right panel). Averaged linescans (Figure 1C) of these cells
reveal that, unlike control cells, which exhibit a maximum of fluo-
rescence intensity at the cell center, Htt RNAI cells have a much
broader peak of Tf-594 fluorescence intensity, indicating a more
even distribution throughout the cytoplasm. In some cells, we
noted accumulation of Tf-594-positive early endosomes near the
cell cortex. Early endosome mislocalization as detected by Tf-594
or endogenous EEAT in Htt RNAI cells could be rescued by trans-
fecting knockdown cells with a full-length mouse construct of Htt
(Saudou et al., 1998) resistant to our RNAI oligos (Supplemental
Figure S1, C and D; and data not shown).

In comparison, knockdown of dynein heavy chain (DHC), or
knockdown of p150©Ued (@ major dynactin component), results in a
more dramatic mislocalization of early endosome compartments to-
ward the cell periphery, with the Tf-594 compartments aligning
along the cell edge in most cells (Figure 1TA-C and Supplemental
Figure S2), similar to what has been reported in the presence of a
dominant-negative inhibitor of dynein/dynactin function (Valetti
et al., 1999). This enhanced peripheral accumulation seen in DHC
RNAI cells as compared with Htt RNAI cells suggests that depletion
of Htt is not the equivalent of depleting cells of functional dynein/
dynactin complex, but rather represents a decrease in efficient
transport toward the cell center. These observations are consistent
with a role for Htt in facilitating dynein-mediated endosome
movement.

To test whether this mislocalization is correlated with a defect in
uptake from the cell surface, Htt RNAi, DHC RNAI, or control RNAI
cells were incubated on ice with primary antibody against Tf recep-
tor (TfR), then shifted to 37°C to allow internalization of the anti-
body. The extent of internalization as a function of time was mea-
sured using flow cytometry (Figure 1D). Over time, Htt RNAI cells
internalized the same percentage of total TfR as control cells, indi-
cating no defect in the kinetics of uptake from the plasma mem-
brane. In addition, there was no change in the kinetics of uptake in
dynein-depleted cells, consistent with the results reported for cells
overexpressing a dominant-negative subunit of dynactin (Valetti
et al., 1999). A comparison of surface-associated levels of TfR anti-
body at the O time point indicates that cells lacking Htt or dynein
have higher steady-state levels of TfR on the surface (Figure 1E)
compared with control cells. By Western blot, Htt RNAI cells have
about a two-fold increase in total cellular levels of TR (Figure 1B),
which may explain the increase in surface levels. In contrast, there is
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Htt is required for perinuclear early endosome positioning but not for transferrin
uptake from the plasma membrane. (A) Hela cells transfected with scrambled control oligo
(top), Htt RNAi (middle), or DHC RNAI (bottom) were stained with antibodies against EEA1 (left
column) or given a quick pulse-chase with 594-Alexa-Tf (right column) to label early endosomes.
Scale bar = 20 pm. (B) Top: Western blot demonstrating decreased levels of Htt (top left panel)
and DHC (top right panel) in RNAi cells. TfR is detected in the middle panel and tubulin is shown
as a loading control. Bottom: Due to the near-saturation levels of tubulin immunoreactivity, TfR
levels were normalized using B-catenin (not shown) as a loading control. (C) Linescans of control
(n=12), Htt RNAi (n = 11), and DHC RNA:i (n = 12) cells pulsed with Tf-594 (see A), with average
fluorescence intensity along the length of the cell. (D) Control, Htt RNAi, and DHC RNAi cells
were incubated with antibody to TfR at 4°C, then shifted to 37°C to allow internalization for O, 1,
2,5, 15, and 30 min; incubated with fluorescent secondary antibody; then fixed and processed
for flow cytometry. Average fluorescent intensity of TfR is plotted as percent of maximum (n =
4). (E) TfR present on the surface is measured as fluorescence intensity at the zero time point for
scrambled control, Htt RNAI, and DHC RNAi cells, normalized by the mean intensity for
scrambled control cells. Error bars, £SEM.

no significant increase in total levels of TfR in DHC RNAI cells, sug-
gesting that the increased surface levels are due to an isolated in-
crease in that specific pool of receptor, perhaps because of more
complete inhibition of minus-end-directed transport that occurs in
the absence of dynein.

480 |

J. P. Caviston et al.

Htt and dynein are required to
maintain the localization of recycling
endosomes

From the early endosome, some cargoes
are delivered to recycling endosomes for
return to the plasma membrane. Although
there was no defect in cell surface uptake,
we hypothesized that the mislocalization of
endosome compartments may be corre-
lated to a recycling defect in cells lacking
Htt or dynein. The distribution of endoge-
nous Rab11, a Rab GTPase known to regu-
late the recycling compartment (Maxfield
and McGraw, 2004), is altered in Htt RNAI
and DHC RNAi cells (Figure 2A). The Rab11-
positive recycling compartment is not con-
centrated toward the cell center in either Htt
RNAi or DHC RNAi cells, in comparison with
control cells (arrows). Instead, Rab11-posi-
tive organelles have a more dispersed, pe-
ripheral localization, which is especially evi-
dent in cells lacking dynein, in which Rab11
appears to accumulate in plasma membrane
protrusions (Figure 2A, arrowheads).

Such dispersion of recycling organelles
might be expected to disrupt the efficiency
of recycling in cells depleted of Htt or dy-
nein. To test this, we used a standard assay
in which fluorescent-Tf is endocytosed and
delivered back to the cell surface, and effi-
ciency of recycling is detected by a loss of
fluorescence intensity over time. Images of
cells fixed throughout the time course dem-
onstrate that, unlike control cells, compart-
ments containing fluorescent-Tf in Htt RNAI
and DHC RNAi (Figure 2B, middle and bot-
tom rows) never accumulate at the perinu-
clear region. However, similar to control
cells, they lose the bulk of fluorescent-Tf by
60 min. Flow cytometry confirmed that fluo-
rescence intensity decreased at approxi-
mately the same rate for both control and
Htt or dynein knockdown cells, indicating
that there was no discernible defect in the
kinetics of recycling (Figure 2C).

Although we saw no difference in recy-
cling kinetics, we did note that the fluores-
cence intensities of both Htt knockdown and
dynein knockdown cells were higher than
control cells at all time points (Figure 2D).
For Htt-depleted cells, this may be partly ex-
plained by the increase in cellular levels of
TfR (Figure 1B). This finding is consistent
with previous reports of Htt as an iron-regu-
lated protein that functions in making endo-
cytosed iron accessible to cells (Hilditch-
Maguire et al., 2000; Lumsden et al., 2007).

This differs from results of a recent study of fibroblasts from HD pa-
tients, which showed that, due to inhibition of nucleotide exchange
on Rab11, Tf is delayed in recycling back to the plasma membrane
(Li et al., 2009). Although we do not see a change in kinetics of Tf traf-
ficking under Htt RNAIi conditions, it is possible that, in the presence
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proteolysis. In addition to early and recy-
cling endosomes, compartments that are
positive for the LE/lysosome marker LAMP1
also rely on Htt for proper positioning. Un-
like control cells, which have a perinuclear
concentration of LE/lysosomes, cells lacking
Htt exhibit dispersed LE/lysosomes and, in
some cells, accumulate LE/lysosomes on
the cell periphery (Figure 3A, top and mid-
dle panels, arrowheads). This LE/lysosome
mislocalization was rescued by transfection
of knockdown cells with full-length Htt (see
Figure 4A).

As seen in previous studies (Burkhardt
etal., 1997; Harada et al., 1998; Valetti et al.,
1999), cells lacking functional dynein exhibit
dramatic mislocalization of LE/lysosomes,
with most cells showing accumulation of
lysosomes at cell protrusions (Figure 3A,
bottom panel). Averaged linescans of
LAMP1 immunofluorescence demonstrate
that control cells display a peak of intensity
toward the center of the cell, whereas Htt
knockdown cells have a much broader peak,
indicating that the LE/lysosomes are more
evenly distributed throughout the cyto-
plasm; predictably, dynein knockdown cells
exhibit the most dramatic mislocalization of
LE/lysosomes, with the peak of LAMP1 in-
tensity near the cell edges (Figure 3B).

We also examined the effects of Htt or
dynein depletion on lysotracker-positive or-
ganelles in live cell assays. LE/lysosome dy-
namics in scrambled oligo-treated control
cells are complex (Supplemental Video 1),
consistent with both diffusional and proces-
sive aspects of motility (Hendricks et al.,
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cells (middle), and DHC RNA. cells stained for Rab11. Concentrations of Rab11 at the
perinucleus are denoted with arrows, and peripheral accumulations are denoted by arrowheads.
(B) Cells were pulsed with Alexa594-Tf for 30 min to label recycling compartments, washed
extensively, and then transferred to regular media and fixed at various time points. Shown are
images of scrambled control (first row), Htt RNAi (second row), and DHC RNAI (third row) cells
fixed at O (left), 10 (middle), and 60 (right) min. (C) Cells were treated as above but with Alexa
488-Tf, and cell intensities at 0, 1, 2, 5, 10, 20, and 60 min were measured by flow cytometry.
Average fluorescence intensity of 488-Tf is plotted as percent of maximum. Htt RNAi, n = 3;
DHC RNAI, n = 4; scrambled control, n =7. (D) Alexa 488-Tf intensities at each time point of (C),
normalized by the mean fluorescence intensity of scrambled control. All scale bars = 20 pm.

2010). Although some motility persists in
both Htt- and dynein-depleted cells (Sup-
plemental Videos 2 and 3, respectively), this
movement is qualitatively different from
controls. To quantitatively assess the differ-
ences in LE/lysosome motility in an unbiased
manner, we calculated a displacement index
for each condition (Quintero et al., 2009;
see Materials and Methods for details on

Error bars, £+SEM.

of mutant Htt in the HD fibroblasts, there are other alterations, such
as sequestration of other functional proteins, resulting in defective
Rab11 GEF activity and subsequent problems with Tf trafficking.

We did not observe a change in total TfR levels in cells depleted
of dynein (Figure 1B). Therefore, the measurable increase in fluores-
cent Tf on the surface of dynein-depleted cells (Figure 2D) could be
strictly due to uncoupling of inward and outward vesicle trafficking,
which results in more peripherally localized vesicular cargo and sub-
sequently increased surface deposition of TfR.

Htt and dynein are required for the perinuclear positioning
of LE/lysosomes

Proteins destined for the degradative pathway are sorted from the
early endosome to the LE and shuttled to the lysosome for
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the analysis). We found that both the Htt-
and dynein-depleted cells showed a lower
displacement index (3.74 £0.17 and 3.85 £ 0.18, respectively, given
as mean * SEM) than scramble-treated control cells (4.68 + 0.22;
group means significantly different by analysis of variance (ANOVA),
p = 0.0011; means for Htt- and dynein-depleted cells are each sig-
nificantly different from control but not significantly different from
each other by Tukey's t test). These data are consistent with de-
creased lysosomal motility in both Htt- and dynein-depleted cells.
To test whether the mislocalization of LE/lysosomes affects lyso-
somal function, cells were stimulated with epidermal growth factor
(EGF), and the degradation of EGF receptor (EGFR) and activation
of downstream effectors extracellular signal-related kinase (ERK)
1/2 were measured by Western blot. In cells lacking Htt, the kinetics
of EGFR degradation and ERK1/2 phosphorylation (Figure 3C-E)
were approximately equal to that of control cells. Similarly, cells
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shown in Supplemental Figure S1, the peri-
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FIGURE 3: LE/lysosomes are mislocalized in Htt RNAI cells; however, degradative function is
normal. (A) LE/lysosomes in scrambled control (top), Htt RNAi (middle), and DHC RNAi cells
(bottom) were visualized by staining cells for LAMP1. Peripheral accumulations are denoted with
arrowheads. Scale bar = 20 um. (B) Linescans of LAMP1 intensity in scrambled control (blue; n =
13), Htt RNAI (red; n = 15), and DHC RNA.: cells (green; n = 16). (C) Western blot of scrambled
control and Htt RNAI cells stimulated with EGF for various times. Cell lysates were probed for
Htt, EGFR, and phospho-ERK1/2 with B-catenin as a loading control. The experiment was done
in triplicate; a representative image is shown. (D, E) Densitometry of EGFR bands (D) and
p-ERK1/2 bands (E) in scrambled control, Htt RNAi, and DHC RNAI cell lysates throughout the
EGF stimulation, normalized for loading with B-catenin. EGF stimulation of DHC RNAi cells was

performed three times in duplicate. Error bars, +SEM.

lacking dynein also did not exhibit pronounced defects in either re-
ceptor degradation or attenuation of cell signaling (Figure 3, D and
E). This indicates that Htt, like dynein, is required for proper spatial
organization of LE/lysosomes in Hela cells but is nonessential for
degradative function. We did not see an inhibition of EGFR degra-
dation similar to that seen previously in a study using a dominant-
negative approach to block dynein function (Taub et al., 2007). The
discrepancy may reflect the difference in the techniques between
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2007), or with a longer construct of mouse
Htt spanning residues aal1-1472 (Htt1472)
(Figure 4C), that contains the dynein-bind-
ing site and a greater portion of the HEAT
repeat-rich region (aa?0-3144) that is pre-
dicted to mediate protein—protein interac-
tions (MacDonald, 2003).

To assess whether the expression levels
of transfected Htt constructs had any effect
on the perinuclear localization of LE/lyso-
somes, transfected cells were categorized
as low/medium expressors (low/med) or
high expressors (high) (see Materials and
Methods). Introduction of exogenous Htt
constructs had no effect on the localization
of LE/lysosomes in control cells. Even at
high levels of expression, 80-90% of cells
transfected with no DNA, Htt480, Htt1472,
or full-length Htt had perinuclear LE/lyso-
somes (Figure 4C, “Scrambled control”
columns).

In contrast, expression of exogenous Htt
had a dramatic effect on Htt RNAi cells (Fig-
ure 4C, "Htt RNAI") with pronounced dosage dependence. Com-
pared with Htt-depleted cells (“"no DNA"), which generally exhibit
widely dispersed LE/lysosomes (only 14 + 4% of cells had perinuclear
LE/lysosomes), cells transfected with Htt480 at low/medium levels
showed no changes in LE/lysosome positioning. However, at high
levels, Htt480 increased the proportion of perinuclear LE/lysosomes
to 30 £ 10%, and the percentage of cells with cortical patches was
reduced to 9 + 6%. Likewise, raising the expression of Htt1472 from
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duce an increase in stress fibers (Figure 6B),
as previously noted (Loubery et al., 2008).
Dynein-depleted cells were usually some-
what larger and flatter than either control or
Htt-depleted cells, as well.

When we compared the distribution of
peripheral LE/lysosomal patches with the
microtubule cytoskeleton, we found that, in
cells depleted of dynein, the LE/lysosomal
patches were localized near the ends of mi-
crotubules, but no longer colocalized with
these cytoskeletal tracks (Figure 5, B and C).
LE/lysosomes in these patches show an
8.6 +2.1% (+SEM, n = 17) colocalization with
microtubules, significantly (p =0.0015) lower
than the 42 + 18% (n = 4) colocalization mea-
sured in the very rare peripheral patches
observed in mock-treated control cells (Fig-
ure 5, A and G). This decrease in association

Scrambled Ctrl

Error bars, +95% ClI.

low/medium to high levels further increased the proportion of cells
with perinuclear LE/lysosomes to 43 + 10% and decreased the
amount of cells with cortical patches to 5 + 4%. Finally, transfecting
cells with full-length Htt had the most dramatic effect of all, increasing
the proportion of cells with perinuclear LE/lysosomes to 72 + 6% at
high levels and reducing the percentage of cells with cortical patches
to 2 £ 2%. Taken together, we see that addition of truncated Htt con-
structs did not fully rescue the perinuclear localization of LE/lyso-
somes. Htt480 and Htt1472, at high levels, only partially restored the
perinuclear LE/lysosomal concentration. Full-length Htt more com-
pletely restored LE/lysosomal localization to the perinuclear region.

Htt may facilitate a switch in the cytoskeletal association

of lysosomes

We examined the association of peripheral LE/lysosomal patches
formed by depletion of either dynein or Htt with the microtubule
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Hit RNAI

FIGURE 4: Full-length Htt is required for perinuclear organelle positioning. (A) Scrambled
control (left) or Htt RNAI cells (right) were transfected with full-length Htt and stained for Htt to
identify transfected cells and LAMP1. Asterisks identify transfected cells in LAMP1 panels. Scale
bar =20 pm. (C) Schematic of Htt full-length, Htt aa1-1472, and Htt aa1-480. The polyglutamine
repeat region begins at aa17 (orange), and there are 36 predicted HEAT repeats spanning the
length of the peptide (dark purple speckled). HAP1, which associates with kinesin and dynactin,
binds to the Htt N terminus, dynein binds aa601-698, and HAP40 binding site resides at the

C terminus. (D) Scrambled control (left side) or Htt RNAI (right side) cells transfected with no
DNA, Htt1-480, Htt1-1472, or Htt full-length (Htt FL) were scored for perinuclear (blue),
dispersed (red), or dispersed with additional cortical accumulations of LE/lysosomes (green),
visualized by staining for LAMP1. To illustrate the change in phenotypes at different Htt
construct expression levels, the transfected cells were binned into low or medium expressors vs.
high expressors; expression level is signified by the gray ramp; n > 64 cells for each condition.

of peripheral LE/lysosomes with microtu-
bules was not seen in Htt-depleted cells,
where the measured percent colocalization
of 39.1 £ 8.9% (+SEM, n = 4) was not signifi-
cantly different than that seen in mock-
treated control cells (Figure 5, D, E, and G).

To further define the role of Htt in medi-
ating lysosomal association with microtu-
bules, we performed a double knockdown
of dynein and Htt (Supplemental Figure S4).
In these dynein- and Htt-depleted cells, we
noted that peripheral LE/lysosomes remain
associated with microtubules, as shown in
Figure 5F. The colocalization of peripheral
LE/lysosomes with microtubules was deter-
mined to be 33.0 +4.0% (+SEM, n = 16). This extent of colocalization
is statistically different from that found for cells depleted of dynein
only (p < 0.0001) but is not significantly different from controls. Thus
the decreased association of LE/lysosomes with microtubules ob-
served in dynein-depleted cells is rescued when Htt is also depleted,
suggesting that Htt is required for disassociation of these organelles
from the microtubule cytoskeleton.

We next examined the association of peripheral LE/lysosomes
with actin filaments. Neither depletion of dynein nor Htt affected
the colocalization of peripheral lysosomal patches with phalloidin-
stained F-actin (Figure 6). However, phalloidin staining preferen-
tially highlights stress fibers rather than dynamic actin filaments.
Therefore, we also stained dynein-depleted, Htt-depleted, and
control cells with antibodies to either cortactin (Figure 7A) or Arp2/3
(data not shown) as a marker for newly polymerized actin filaments
(Uruno et al., 2001). Htt-depleted cells showed qualitatively less
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overall filamentous staining with either anti-
body (Figure 7A, second row; and data not
shown), although Western blot analysis in-
dicates that depletion of Htt does not alter
cellular levels of cortactin (data not shown).
The overall colocalization of cortactin with
LE/lysosomes in dynein-depleted versus
Mock DHC Htt Htt+ mock-treated cells is not significantly differ-
KD KD DHC ent than controls (9.3 + 2.5% vs. 10.0 +
D 1.3%), but this colocalization increased dra-
matically if we focused on peripheral LE/
lysosomal patches induced by dynein de-
pletion (32 £ 3.4%, n = 24).

We observed that a cortactin-positive ac-
tin meshwork appears to surround the pe-
ripheral LE/lysosomal patches in dynein-de-
pleted cells; this apparent enmeshing was
absent in Htt-depleted or in Htt and dynein—
double-knockdown cells (Figure 7A, com-
pare boxes 1-4). This observation can be
correlated to the overall morphology of the
peripheral LE/lysosome patches, which dif-
fered significantly among the knockdown
cells (Figure 7B). In dynein-depleted cells,
peripheral LE/lysosomes were tightly local-
ized into relatively small dense patches with
a mean size of 36.9 + 4.1 pm? (+SEM, n =
37). Peripheral patches occur much less fre-
quently in Htt-depleted cells, are less dense
(lower overall fluorescence intensity with
anti-LAMP1 antibodies), and smaller 12.7 +
4.0 um? (SEM, n = 7), similar in size to the
very rare peripheral patches seen in control
cells of 5.1+ 1.0 pm? (#SEM, n = 4). In cells
depleted for both dynein and Htt, we ob-
served the formation of prominent periph-
eral patches of LE/lysosomes; these patches
are both larger (62.3 + 7.6 pm?, +SEM, n =
37) and less dense than the patches formed
in cells depleted of dynein only. These ob-
servations suggest that a dynamic actin net-
work may surround the peripheral LE/lyso-
somal patches induced by dynein depletion
and that this enmeshing could increase the
density of the cortical patches observed in
dynein-depleted cells. In the Htt and dy-
nein—double-knockdown cells, the patches
may lack an associated actin meshwork,
leading to the larger and more diffuse ap-

Colocalization, % G)
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FIGURE 5: Htt may play a role in coordinating organelle association with microtubules. HelLa

cells were mock transfected (A) or depleted of DHC (B) and stained for LE/lysosomes (LAMP1) pearance of peripheral patches.

and microtubules. The magnified boxed regions (boxes 1 and 2) show that the peripheral LE/ To test the hypothesis that an actin mesh-
lysosomes are most often found just beyond the tips of the microtubules at the cell periphery. work is associated with peripheral lysosomal
(C) Additional merged images (as in B) featuring magnified regions of peripheral LE/lysosomes patches in dynein-depleted cells, we treated
and microtubules. (D) Hela cells depleted of Htt were stained as in (A). The magnified boxed control, Htt-depleted, and dynein-depleted
regions (boxes 1-3) show that the peripheral LE/lysosomes are most often found enmeshed in cells with Latrunculin B to depolymerize actin

regions dense with microtubules. (E) Additional merged images (as in D) featuring magnified
regions of overlapping LE/lysosomes and microtubules at the cell edge. (F) HelLa cells depleted
of Htt and dynein were stained as in (A). The magnified boxed regions (boxes 1-4) show that the . . . . .
ipheral LE/lysosomes are most often found enmeshed in regions dense with microtubules in comparison  with  dimethyl - sulfoxide
periphera y g , )
similar to (D). Scale bar = 20 pm, except magnified images. The magnified images are 4x the size (DMSO)—treateFi controls (Figure 8). In DMSO-
of original image; scale bar =5 pm. (G) Colocalization of peripheral patches of LE/lysosomes and treated, dynein-depleted cells, there are
microtubules was quantified in mock (n = 4), DHC RNAi (n = 17), Htt RNAI (n = 4), and Htt and prominent LAMP1-positive peripheral lyso-
DHC double-knockdown cells (n = 16). Error bars, +SEM. somal patches. Latrunculin treatment leads to

filaments. Phalloidin staining of the drug-
treated cells shows a loss of filamentous actin
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FIGURE 6: Peripheral lysosomes are distributed in regions enriched for cortical actin in cells
depleted for dynein. (A) Mock-treated control cells were stained with antibody to LAMP-1 to
visualize LE/lysosomes and with phalloidin to visualize F-actin. Boxed regions 1-2 highlight very
tiny patches of peripheral LE/lysosomes. (B) DHC RNAI cells were stained for LE/ lysosomes
(LAMP1) and F-actin. Boxed regions (1 and 2) in the merged image show that lysosomal
accumulations on the cell periphery (green) are present in regions enriched with cortical actin
(magenta). (C) Htt RNAI cells were stained as in (B). Boxed regions (1 and 2) in the merged
image show that lysosomal accumulations on the cell periphery (green) are in areas with less
marked staining for F-actin (magenta). Scale bar = 20 pm, except magnified images. The

magnified images are 4x the size of original image; scale bar =5 ym.

a quantitative loss of these peripheral patches; after 30 min in Latrun-
culin B, we measured a 1.8-fold decrease in the number of peripheral
lysosomal patches per cell (n = 50 cells per condition). LE/lysosomes
also become somewhat more centrally localized in Htt-depleted cells
treated with Latrunculin B in comparison with DMSO-treated control
cells (Figure 8), but Latrunculin B-treatment did not reduce the num-
ber of peripheral patches observed (n = 50 cells per condition).

LE/lysosomal dispersion in Htt-depleted but not dynein-

depleted cells is mitigated by disruption of kinesin-1 activity
Four lines of evidence, detailed above, suggest that there is a switch
in the cytoskeletal association of LE/lysosomes from microtubules to
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the actin-rich cortex under dynein-depletion
conditions that is not seen in the absence of
Htt: (1) an increased number of peripheral
LE/lysosomal patches in dynein-depleted
cells (Figure 3, A and B); (2) decreased colo-
calization of peripheral LE/lysosomes with
microtubules in dynein-depleted cells as
compared with Htt-depleted or doubly de-
pleted cells (Figure 5); (3) enhanced cortac-
tin staining near peripheral LE/lysosomes in
dynein-depleted cells compared with Htt-
depleted and Htt and dynein—double-
knockdown cells (Figure 7); and (4) loss of
peripheral LE/lysosomal patches in cells
depleted of dynein, but not in cells de-
pleted of Htt, induced by drug treatment
to deploymerize actin (Figure 8).

If peripheral LE/lysosomes do indeed
switch from an association with microtu-
bules to an association with actin filaments
in dynein-depleted cells, but not in Htt-
depleted cells, then inhibiting plus-end mi-
crotubule motors driving lysosomal motility
should have no affect on dynein-depleted
cells; conversely, it should rescue the pe-
ripheral localization of lysosomes in Htt-
depleted cells. Both kinesin-1 and kinesin-2
motors have been implicated in the antero-
grade transport of lysosomes (Brown et al.,
2005; Loubery et al., 2008; Hendricks et al.,
2010), so we tested dominant-negative
constructs to either motor for their effects
on lysosomal positioning. In agreement
with Brown et al., we found that a headless
kinesin-2 construct that functions as a dom-
inant negative has some effect on LE/lyso-
somal positioning in 25-35% of transfected
cells (data not shown). However, we found
that inhibition of kinesin-1 in Hela cells
with a GFP-tagged construct containing ki-
nesin-1 tail domain, GFP-KIF5C tail, which
disrupts plus-end-directed kinesin-1 iso-
forms KIF5A, -B, and -C (Konishi and Setou,
2009), had a more significant effect on LE/
lysosomal positioning, resulting in a com-
pact perinuclear concentration of LE/lyso-
somes in 52 £ 8% of transfected cells (+95%
Cl, n = 149) (Figure 9, A and D). Transfec-
tion of cells with GFP-KIF5C stalk served as
a negative control, as it has been shown to
have no effect on kinesin function (Konishi and Setou, 2009) and
did not change the appearance of LE/lysosomes in control cells
(Figure 9A). We also examined the effects of simultaneously inhib-
iting kinesin-1 and kinesin-2 on LE/lysosome position by coex-
pressing the two dominant-negative constructs. This coexpression
appeared to be cytotoxic, as judged by very low cotransfection
efficiency as compared with GFP—control cotransfections as well as
by the increased number of rounded and detached cells. However,
tighter perinuclear clustering of LE/lysosomes was observed in
some surviving cells relative to control cells (data not shown),
consistent with a role for both kinesin-1 and kinesin-2 in driving the
anterograde movement of these organelles.
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Htt RNAI

DHC RNAI

Htt+DHC BRNAI

FIGURE 7: A dynamic actin network surrounds LE/lysosomes on cell periphery in dynein-depleted cells, but not
Htt-depleted cells. (A) Cells transfected with control RNAI oligos (top row) and cells depleted of Htt (second row), DHC
(third row), or Htt and DHC double-knockdown cells were stained for LAMP1 (first column) or cortactin (middle column).
Boxes 1-4 are magnified regions highlighting the cortactin meshwork surrounding the peripheral LE/lysosomes in DHC
RNAi cells, which is absent in Htt RNAi or Htt and DHC double-knockdown cells. Scale bar = 20 pm, except magnified
images. The magnified images are 4x the size of original image; scale bar =5 pm. (B) The sizes of the peripheral
LE/lysosomal patches were evaluated in mock (n = 4), Htt RNAi (n = 7), DHC RNA: (n = 37), or Htt and DHC double-
knockdown cells (n = 37). Error bars, £SEM.

As inhibition of kinesin-1 had a more pronounced effect on 2006; Twelvetrees et al., 2010), we chose to focus on modulating ki-

lysosomal position, and because kinesin-1 but not kinesin-2 is  nesin-1 function in Htt- and dynein-depleted cells. In Htt RNAI cells,
known to interact with Htt via the HAP1 adaptor (McGuire et al.,  there is a significant increase (p < 0.0001) in the amount of cells with
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FIGURE 8: Peripheral LE/lysosomal patches induced by dyneln depletlon are lost upon depolymerization of actin
filaments with Latrunculin B. Cells were depleted of either dynein or Htt by siRNA, or were treated with scrambled
control oligos, then were treated with either DMSO (left) or Latrunculin B. Prominent peripheral LAMP1-positive patches
formed in dynein RNAi cells are not seen in drug-treated cells. Latrunculin-induced depolymerization of actin filaments

was visualized with phalloidin staining. Scale bar = 20 pm.

a perinuclear concentration of LE/lysosomes, from 10 £ 6% (£95% Cl,
n = 106) in cells transfected with the control plasmid, GFP-stalk, to
39 £ 9% (#95% ClI, n = 110) transfected with GFP-tail. In addition,
there is a significant decrease in the amount of cells with cortical ac-
cumulations of LE/lysosomes (p < 0.0001), from 27 £ 8% in cells trans-
fected with GFP-stalk, to 4 + 4% in cells transfected with GFP-tail
(Figure 9, B and D). The fact that kinesin-1 inhibition dampened the
severity of the LE/lysosomal dispersion exhibited by cells lacking Htt
suggests that these mislocalized LE/lysosomes remain associated
with microtubules and are subject to kinesin-1-mediated motility.

In striking contrast, LE/lysosomal localization in DHC RNAI cells
was not significantly altered by the expression of the dominant-neg-
ative kinesin-1 construct (Figure 9, C and D). These cells continue to
exhibit peripheral LE/lysosomes, despite the expression of the func-
tion-blocking tail of kinesin-1. One possibility is that the continued
localization of LE/lysosomes to the periphery might be explained by
the experimental method since the RNAI transfection is performed
24 h prior to the DNA transfection, leaving time for the LE/lysosomes
to accumulate on the cell edge before kinesin-1 activity is decreased
by addition of the tail construct. To address this issue, we cotrans-
fected cells simultaneously with GFP-KIF5C tail and either mCherry-
CC1 (Supplemental Figure S4) or FLAG-p50 (data not shown), both
of which are dominant-negative constructs of dynactin subunits that
effectively inhibit dynein/dynactin function. LE/lysosome localization
in these double transfectants remained peripheral despite inhibition
of kinesin-1 function, potentially due to continued kinesin-2 activity
and/or association with cortical actin.

DISCUSSION

A recently proposed model of Htt function postulates that Htt acts as
a scaffold to integrate the molecular motors and effector molecules
involved in intracellular transport, acting to coordinate bidirectional
vesicle motility along the microtubule and actin cytoskeletons (Caviston
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and Holzbaur, 2009). To delineate the specificity of Htt as a facilitator
of vesicle transport, we compared the effects of Htt- and dynein-de-
pletion on endosomal trafficking. Our results indicate that Htt acts on
several populations of organelles, including early, recycling, and LE/
lysosomes, to coordinate dynein-dependent positioning toward the
cell center. Depletion of either Htt or dynein results in a dispersion of
both endosomes and LE/lysosomes throughout the cytoplasm.

The mislocalization of both early and late endosomes we ob-
served upon dynein depletion is consistent with previous observa-
tions (Valetti et al., 1999; Driskell et al., 2007; Traer et al., 2007;
Palmer et al., 2009). Although disruption of dynein function by dom-
inant-negative approaches has been shown to retard the efficient
recycling of transferrin (Driskell et al., 2007) and EGFR degradation
(Taub et al., 2007), we did not observe any significant defects in the
kinetics of transferrin uptake and recycling, or in the kinetics of EGF
receptor degradation in dynein-depleted cells. Similarly, Htt has
been implicated in multiple steps in endocytosis and trafficking (re-
viewed in Caviston and Holzbaur, 2009). Here we show that expres-
sion of Htt is required for the normal localization of multiple endo-
cytic compartments. However, depletion of Htt did not induce
measurable defects in the kinetics of transferrin uptake or recycling
or in EGFR degradation. Thus in Hela cells, organelle mislocaliza-
tion does not appear to markedly affect function.

Does Htt coordinate oppositely directed

microtubule motors?

In regard to organelle localization, our observations are consistent
with a model in which Htt facilitates the dynein-mediated transport
of intracellular organelles. However, Htt has also been proposed as
a potential regulator of kinesin-motility via HAP1 binding (McGuire
etal., 2006; Twelvetrees et al., 2010) or phosphorylation (Colin et al.,
2008). Here we designed experiments to address the ability of Htt
to modulate kinesin-1 function. Our results suggest that, whereas
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LE/lysosomal dispersion in Htt knockdown cells is mitigated by disruption of kinesin activity in Htt-
knockdown but not DHC-knockdown cells. (A—C) Scrambled control (A), Htt RNAI (B), or DHC RNA: (C) cells were
transfected with GFP-KIF5C stalk (GFP-stalk, left panel) or GFP-KIF5C tail (GFP-tail, right panel). LE/lysosomes of
transfected cells were visualized by staining for LAMP1. Note that, in (B), transfection of GFP-tail restores a perinuclear
concentration of LE/lysosomes that is absent in cells transfected with the control plasmid, GFP-stalk. In (C), peripheral
accumulations of LE/lysosomes (arrowheads) persist in DHC RNAI cells in GFP-tail-positive cells. Scale bar =20 um.
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Htt appears to strongly potentiate dynein function, kinesin-1-based
transport does not appear to be seriously affected by loss of Htt in
our assays. Whereas Htt interacts directly with dynein (Caviston
et al., 2007), the interaction with kinesin-1 is indirect, mediated by
HAP-1 (McGuire et al., 2006; Twelvetrees et al., 2010). Thus Htt may
function primarily as a dynein effector in organelle trafficking.

We also conducted a structure-function analysis to examine the
contribution of different Htt domains to the rescue of organelle dis-
persion induced by depletion of Htt. Colin et al. reported that the
truncated construct Htt480, which contains the binding site for the
kinesin-interacting protein, HAP1 (aa1-230), and a phosphorylation
site (5421) that promotes plus-end-directed moitility, increased the
velocity of bidirectional motility of post-Golgi vesicles in neuronal
cells (Colin et al., 2008). Considering this, we initially hypothesized
that Htt480 might rescue organelle mislocalization in Htt RNA cells;
however, this truncated construct was not sufficient for rescue in our
assays. One possible explanation is that the effect on motility seen
by Colin et al. is specific to post-Golgi vesicles, which are expected
to move primarily in the anterograde direction. Expression of
Htt1472, which contains both the HAP-1 (aa1-230) and the dynein
(2a601-698) binding sites, did partially reduce the mislocalization of
LE/lysosomes in Htt RNAi cells, but full-length Htt was required for
more complete rescue. These results suggest that full-length Htt, a
scaffold that makes essential protein—protein interactions along its
length, is crucial to coordinate dynein-mediated transport and main-
tenance of the perinuclear localization of organelles.

Htt coordinates organelle positioning and transport along
the cytoskeleton

Htt has been proposed to play a role in coordinating actin and mi-
crotubule-based vesicular transport (Pal et al., 2006). We found that,
in cells depleted of dynein, LE/lysosomes accumulated near the cell
periphery in tightly packed clusters, similar to the observations of
(Loubery et al., 2008); further, these LE/lysosomes were clustered in
regions enriched for cortactin and Arp2/3. Lysosomes in these pe-
ripheral patches no longer colocalized with microtubules, but in-
stead became apparently enmeshed in cortactin-positive actin fila-
ments (Figure 9E). Consistent with this possibility, peripheral patches
were reduced by actin depolymerization induced by Latrunculin B.
In contrast, in cells depleted of Htt, LE/lysosomes remained associ-
ated with microtubules (Figure 9E); continued association of LE/lys-
osomes with microtubules was also observed in cells depleted of
both Htt and dynein.

In the absence of dynein, LE/lysosomes may be more likely to
bind to actin than to undergo minus-end-directed microtubule motil-
ity, perhaps because there is a decrease in vesicle-associated dynein
to compete with myosin, as was recently modeled in vitro (Schroeder
et al., 2010). However, our results suggest that, in cells, Htt may be
required to facilitate a switch in cytoskeletal tracks. The apparent off-

loading of LE/lysosomes from the microtubule seen upon dynein
depletion was not seen in cells doubly depleted for dynein and Htt.
Consistent with this interpretation, Htt has been shown to interact
with the myosin linker optineurin (Sahlender et al., 2005), and the
Htt-HAP40 complex has been shown to induce a switch in affinity of
endosomes from microtubules to actin (Pal et al., 2006).

However, our findings do not distinguish between this cytoskel-
etal switching model and a second model in which Htt acts as a re-
cruitment factor for proteins like N-WASP or p61Hck, that induce
the polymerization of new actin filaments (Taunton et al., 2000;
Vincent et al., 2007). This recruitment could then result in the forma-
tion of an actin meshwork that encages peripheral LE/lysosomes, an
activity that is absent in Htt-depleted cells. The observation that
cortactin, a marker for newly polymerized actin, is enriched in re-
gions surrounding peripheral LE/lysosomes in dynein-depleted, but
not in Htt-depleted cells, provides support for this enmeshment
model. Because Htt has scaffolding activity and the ability to inte-
grate multiple factors involved in microtubule and actin-based
transport as well as cytoskeletal remodeling, both models are con-
sistent with a role for Htt as a coordinator of the cytoskeletal asso-
ciation of vesicular cargo.

Htt and the spatial regulation of intracellular trafficking

In our studies in Hela cells, we have observed that, surprisingly,
strict perinuclear localization is not required for normal recycling ki-
netics of transferrin uptake or recycling or for the degradation of
EGFR. Although Htt may play an important role in the regulation of
the cytoskeletal association of organelles in vivo, this role may be
dispensable in Hela cells. Small, nonpolarized cells may not require
precise positioning of endosomes and lysosomes for proper traffick-
ing. Spatial regulation of organelles in cells grown in culture has
been previously shown to be nonessential for function: when micro-
tubules are depolymerized, the Golgi becomes mislocalized but
remains functional (Cole et al., 1996).

In contrast, neuronal cells rely on a polarized cell morphology
and tightly regulated transport. Therefore, it is likely that Htt plays a
more essential role in facilitating dynein-mediated endosomal trans-
port and vesicle trafficking along the cellular cytoskeleton. A role for
Httin transport in neuronal cells has been established both by study-
ing the mutant form of Htt that causes HD and by depleting endog-
enous Htt. Either expression of mutant Htt or depletion of endoge-
nous Htt causes defects in the transport of mitochondria, BDNF, and
APP (Gauthier et al., 2004; Trushina et al., 2004; Her and Goldstein,
2008), suggesting that some trafficking and transport defects that
occur in the presence of mutant Htt could be due to a loss of wild-
type function induced by the expansion of polyglutamine repeats.
Further elucidation of the function of normal Htt is thus necessary in
order to better understand the dysfunctional nature of mutant Htt
and the pathogenesis of HD.

(D) Percentage of total cells transfected with GFP-tail or GFP-stalk that exhibited compact perinuclear (yellow),
perinuclear (blue), dispersed (red), or peripheral LE/lysosomes (green). Error bars, +95% CI. *, p < 0.0001. (p values
generated using Fisher’s exact test for proportional data.) (E) Model of a role for Htt in coordinating organelle transport
along the actin and microtubule cytoskeletons. In control cells, vesicular cargo, such as LE/lysosomes (green), are
transported to the cell periphery along the microtubule (red) by kinesin-1 (purple) possibly via an adaptor complex
involving HAP1 and Hitt (yellow). There, they undergo a Htt-dependent change in cytoskeletal affinity, possibly

via a myosin (brown) linker molecule such as optineurin. LE/lysosomes are able to return to the cell center by
dynein-dependent microtubule transport (blue), facilitated by Htt. Under DHC RNAI conditions, LE/lysosomes can no
longer undergo minus-end-directed microtubule transport and thus accumulate along the cell edge in the cortical actin
network and are enmeshed in newly polymerized actin. In Htt RNAi cells, there is a decrease in new actin along the cell
cortex, a defect in switching cytoskeletal tracks and inefficient dynein-mediated microtubule transport. As a result,
LE/lysosomes do not concentrate at the perinuclear region and instead become more evenly distributed throughout

the cytoplasm and accumulate at the microtubule plus-ends.
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MATERIALS AND METHODS

Cells and immunocytochemistry

Hela-M cells (a gift from Andrew Peden) were maintained in DMEM
with glutamax and 10% fetal bovine serum. Cells grown on coverslips
were fixed with 4% paraformaldehyde (PFA) and permeabilized with
0.2% saponin. Early endosomes were detected with either mouse
monoclonal antibody (BD Transduction Laboratories, Lexington, KY)
or rabbit polyclonal (Abcam, Boston, MA) to EEAT. Recycling and LE/
lysosomes were detected with antibodies to Rab11 (rabbit poly-
clonal; Zymed, San Francisco, CA), or LAMP1 (rabbit polyclonal; Ab-
cam). Antibodies to GFP (mouse monoclonal; Abcam), tubulin
(DM1a; Sigma, St. Louis, MO), and cortactin (p80/85 mouse mono-
clonal; Millipore, Billerica, MA) were also used. Actin was stained with
Alexa 594-phalloidin (Molecular Probes, Eugene, OR). Cells were in-
cubated with Alexa fluorphore-conjugated secondary antibodies
(Molecular Probes), and coverslips were mounted on slides using
ProLong Gold antifade reagent (Invitrogen, Carlsbad, CA).

Plasmids and transfections

Htt1472 was constructed by introducing a termination codon at
aal1472 into the mouse Htt sequence obtained from plasmid HU3
(a gift from Yvon Trottier) and then subcloning the truncation into
PCDNA3 for mammalian expression. pcDNA1-Ht480 and full-length
Htt (HD17) were gifts from Sandrine Humbert and Frederic Saudov;
GFP-KIF5C tail and GFP-KIF5C stalk were gifts from Yoshiyuki Konishi
and Mitsutoshi Setou. All DNA transfections were performed with Fu-
gene (Roche, Indianapolis, IN). For RNAi knockdown, cells were trans-
fected with siRNA duplexes (Dharmacon) directed against human Htt
(GenBank NM_00211): 5-GAACUAUCCUCUGGACGUAUU; a scram-
bled control oligo: 5-GGUGACUCUAAUACUCCGAUU; or dynein
heavy chain (GenBank NM_001376): 5-GAGAGGAGGUUAU-
GUUUAAUU ata final concentration of 2.5-10 nM using Lipofectamine
RNAiMax (Invitrogen). siRNA and DNA double transfections were
performed sequentially with siRNAs transfected first followed by DNA
transfection 24 h later. Cells were fixed 48 h after DNA transfection.

Immunoblot analysis

For Western blotting to detect knockdown, cells were lysed in low-
detergent lysis buffer (10 mM Tris-HCI, 25 mM NaCl, 5 mM EDTA,
0.25% Igepal CA-630; Sigma) with protease inhibitor cocktail
(Sigma). Total protein was measured using the BCA protein assay kit
(Pierce, Rockford, IL). Blots were probed with antibodies against:
transferrin receptor (CD71; BD Pharmingen, San Diego, CA), Hitt
(2166; Chemicon, Billerica, MA), DHC (R325, Santa Cruz Biotechnol-
ogy, Santa Cruz, CA), B—catenin (BD Transduction), EGFR (Upstate,
Billerica, MA), and phospho-ERK (p-ERK) (p44/42; Cell Signaling
Technology, Beverly, MA). Chemiluminescence was enhanced by
SuperSignal West Pico Chemiluminscent Sustrate (Thermo Scien-
tific, Rochester, NY) and exposed to film or the Image Reader LAS-
3000 (FUJIFILM Medical Systems USA, Stamford, CT). Densitometry
was performed with Image-J (NIH, Rockville, MD).

Transferrin receptor uptake

To measure uptake from the plasma membrane, cells were lifted off
plates by adding 5 mM EDTA in phosphate-buffered saline (PBS)
and incubating at 37°C for 5 min. Cells were pelleted, resuspended
in cold DMEM containing 25 mM HEPES and 10% fetal bovine se-
rum (FBS) and anti-CD71 antibody diluted at 1:200, and incubated
on ice for 30 min. Cells were washed twice with cold media and then
incubated at 37°C for 0, 1, 2, 5, 15, and 30 min. Alexa-488 second-
ary antibody was diluted 1:200 into tubes, and cells were incubated
on ice for 30 min. Cells were washed extensively, fixed in 4% PFA,
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resuspended in FACS buffer (5% FBS, 1 mM EDTA, 0.02% NaNjy in
PBS), and analyzed by flow cytometry (EPICS XL; Beckman Coulter,
Brea, CA).

Transferrin trafficking assays

To label early endosomes, cells grown on coverslips were serum-
starved for 40-50 min in DMEM containing 25 mM HEPES. Cells
were bathed in DMEM containing 25 mM HEPES, 0.1% bovine se-
rum albumin (BSA), and 50 pug/ml Alexa 594-Tf for 3 min at 37°C,
then washed with warmed media containing 25 mM HEPES and
10% FBS, and incubated at 37°C for 12 min (including wash time).
Cells were immediately fixed and processed for immunocytochemis-
try. To label recycling endosomes, cells were serum-starved as in the
early endosome labeling and bathed in DMEM containing 25 mM
HEPES, 0.1% BSA, and 50 pg/ml Alexa 594-Tf for 30 min at 37°C.
Cells were washed in ice-cold media containing 25 mM HEPES and
10% FBS, transferred to warmed media for 0, 2, 5, 10, 20, or 60 min,
washed with ice-cold PBS, and fixed immediately. To label recycling
compartments for analysis by flow cytometry, cells were lifted off
plates with 5 mM EDTA in PBS, pelleted, and resuspended in serum-
free media containing 25 mM HEPES to serum starve for 30-40 min
at 37°C. Cells were then pelleted and resuspended in DMEM con-
taining 25 mM HEPES, 0.1% BSA, Tf-488 (50 pg/ml), and incubated
at 37°C for 30 min. Cells were washed and resuspended in with ice-
cold media containing 10% FBS and 25 mM HEPES, then transferred
to 37°Cfor0, 1, 2, 5, 10, 20, or 60 min, washed with ice-cold media,
and fixed and prepared for flow cytometry as written above.

EGFR degradation

To measure EGFR degradation and p-ERK1/2 activation, cells were
treated as previously reported (Taub et al., 2007). Briefly, cells were
serum starved for 14 h, stimulated with 100 ng/ml EGF (Sigma) for
the indicated times, washed extensively, lysed in buffer containing
protease and phosphatase inhibitors, and analyzed by Western
blot.

Drug treatment

Hela-M cells were treated with the indicated siRNAs for 48 h and
then treated with 2 pM Latrunculin B (A.G. Scientific, San Diego, CA)
or DMSO vehicle for 30 min, fixed in 4% PFA and stained for LAMP-
1, F-actin, and microtubules. Images of at least 50 cells per condi-
tion were obtained at 63x using epifluorescence. Cells were scored
for the number of LAMP-1-positive patches at the cell periphery.
Phalloidin staining was used to assess the effects of Latrunculin B on
the depolymerization of major stress fibers. Microtubules were not
noticeably disrupted by Latrunculin B treatment.

Microscopy and quantitative analysis

Images were captured either as previously described (Levy et al.,
2006) or using a DMI6000 microscope with a 63x objective using
Leica Application Suite for Advanced Fluorescence 2.1.2 (Leica
Microsystems, Bannockburn, IL) and a charged-coupled device
camera (Orca R2; Hamamatsu, Malvern, PA).

For linescans of LAMP1 intensity, line profiles, derived from a line
bisecting the nucleus of each cell, were generated using Image-J
(NIH). For analysis of early endosomes pulsed with Alexa-Tf, Z-series
were obtained at 1-pym intervals, images were deconvolved, and the
linescan of the maximum projection was generated with Leica MM
Basic Offline Version 1.2 (Leica). For linescan analysis, fluorescence
intensity along each line was interpolated to equalize the number of
data points per line. Linescan intensities were normalized in two
steps: first, each individual linescan was divided by its own median,
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and second, all intensities were divided by the maximum intensity.
The normalized linescans were averaged to generate a mean fluo-
rescence intensity profile for each group of RNAi-treated cells. To
evaluate the fluorescence intensity of exogenous Htt expression,
transfected cells processed for immunocytochemistry with antibody
against Htt were imaged at identical exposure times, and the sum of
intensity values in a transfected cell (arbitrary units, a.u.) was divided
by the area of the cell, measured using Leica MM Basic Offline Ver-
sion 1.2 (Leica). High expressors had an intensity greater than or
equal to ~1.7 x 10* a.u./um?, whereas cells with intensities below
1.7 x 10* a.u./um? were considered as medium/low expressors.
Colocalization and ROl measurements were performed using either
LASAF6000 or MetaMorph software.

For analysis of lysosomal motility, cells were treated with the in-
dicated siRNA oligos for 48 h and then incubated with LysoTracker
Red (Molecular Probes) at a 1:1000 dilution for 1 min. Cells were
imaged at 63x using epifluorescence at one frame per 2 s over
3 min. To measure lysosomal area, rolling ball background subtraction
was performed on each frame, then maximum intensity projections
were generated; images were thresholded with the Otsu function
of ImageJ. The ratio of the resulting binary images of the first frame
and the maximum intensity projection were used to estimate the
extent of lysosomal motility. This displacement index describes the
area the LE/lysosomes explore over the time course, with increased
overlap a measure of decreased motility (Quintero et al., 2009).
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