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Impaired XK recycling for importing manganese
underlies striatal vulnerability in Huntington’s
disease
Gaurav Chhetri1*, Yuting Ke1,2*, Ping Wang2,3, Muhammad Usman1, Yan Li1, Ellen Sapp2, Jing Wang4, Arabinda Ghosh5, Md Ariful Islam1,
Xiaolong Wang1, Adel Boudi2, Marian DiFiglia2, and Xueyi Li1,2

Mutant huntingtin, which causes Huntington’s disease (HD), is ubiquitously expressed but induces preferential loss of striatal
neurons by unclear mechanisms. Rab11 dysfunction mediates homeostatic disturbance of HD neurons. Here, we report that
Rab11 dysfunction also underscores the striatal vulnerability in HD. We profiled the proteome of Rab11-positive endosomes
of HD-vulnerable striatal cells to look for protein(s) linking Rab11 dysfunction to striatal vulnerability in HD and found XK,
which triggers the selective death of striatal neurons in McLeod syndrome. XK was trafficked together with Rab11 and was
diminished on the surface of immortalized HD striatal cells and striatal neurons in HD mouse brains. We found that XK
participated in transporting manganese, an essential trace metal depleted in HD brains. Introducing dominantly active Rab11
into HD striatal cells improved XK dynamics and increased manganese accumulation in an XK-dependent manner. Our study
suggests that impaired Rab11-based recycling of XK onto cell surfaces for importing manganese is a driver of striatal
dysfunction in Huntington’s disease.

Introduction
Selective neuronal vulnerability is a fundamental feature shared
by neurodegenerative disorders for which no effective treat-
ment exists (Fu et al., 2018; Muddapu et al., 2020; Paß et al.,
2021; Subramaniam, 2019). Understanding the molecular
mechanisms underlying the preferential loss of certain pop-
ulations of neurons is highly important for developing targeted
disease-modifying treatments. However, studies on biological
factors that make particular populations of neurons preferen-
tially prone to degeneration whereas other neuronal populations
relatively resilient have been challenging because most of the
disease-causing or relevant proteins are not specific for the vul-
nerable neurons or brain regions, but ubiquitously expressed in
many other cell types and tissues.

Huntington’s disease (HD) is a slowly progressive neurode-
generative disease caused by an elongation of the polyglutamine
tract near the NH2 terminus of huntingtin (HTT), a cytoplasmic
protein with a function in multiple cellular pathways
(MacDonald et al., 1993; Bates et al., 2015; Saudou and Humbert,

2016). Individuals with HD suffer a preferential loss of medium
spiny neurons in the striatum in the early stages of the disease
and severe atrophy of the whole brain in advanced stages
(Tabrizi et al., 2020; Vonsattel and DiFiglia, 1998). While great
progress has been made in discovering cellular pathways dys-
functional in HD, mechanisms that underlie the early loss of
striatal neurons in HD are still poorly understood (Bates et al.,
2015; Saudou and Humbert, 2016; Tabrizi et al., 2020). Previous
studies have shown that some proteins that are differentially
expressed in the striatum contribute to such vulnerability of
striatal neurons in HD. For example, Rhes, a SUMO E3 ligase, is
highly enriched in the striatum, and HAP1, an interactor for
HTT, is expressed at low levels in the striatum (Liu et al., 2020;
Subramaniam et al., 2009). These studies also suggest that
preferential vulnerability of striatal neurons in HD is a multi-
farious process.

We have shown that the HDmutation diminishes the activity
of Rab11 by compromising a factor for activating Rab11, and that
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Rab11 dysfunction mediates the homeostatic disturbance of HD
neurons (Li et al., 2009a; Li et al., 2012; Li et al., 2010; McClory
et al., 2014). Recently, we identified this Rab11 activator as a
transport protein particle II (TRAPPII) and suggested that Ka-
lirin linkedHTT to TRAPPII (Ke et al., 2020; McClory et al., 2018;
Wang et al., 2020). While these studies strengthen our idea that
Rab11 dysfunction is a key mediator of disease progression in
HD, a gap in knowledge exists between Rab11 dysfunction and
the preferentially early loss of striatal neurons in HD because
Rab11 is not specific for striatal neurons but ubiquitously ex-
pressed in all types of brain cells and other tissues. Considering
that Rab11 regulates endosomal recycling of receptor and
transporter proteins back onto cell surfaces for exerting func-
tions (Welz et al., 2014), we speculate that the striatal vulnera-
bility in HD is a consequence of deficient Rab11-based recycling
of protein(s) necessary for the function and survival of striatal
neurons but relatively dispensable to other cell populations.

XK is a multipass membrane protein covalently linked to the
glycoprotein Kell on the surface of red blood cells; its deficiency
induces early loss of striatal neurons in McLeod syndrome, an
X-linked form of neuroacanthocytosis (Ho et al., 1994; Russo
et al., 1998). Unlike red blood cells, which express both XK and
Kell, neurons in the brain express only XK, which is mainly
intracellular (Claperon et al., 2007). The function of XK is not
known. Studies from XK null mice suggest that XK is engaged in
cellular homeostasis of divalent cations (Rivera et al., 2013). In
observance that McLeod syndrome and HD exhibit a preferen-
tially early loss of striatal neurons, Danek and colleagues pro-
posed that XK and HTT belong to a common pathway that
renders striatal neurons preferentially vulnerable to degenera-
tion (Danek et al., 2001). However, this pathway still remains
elusive.

STHdhQ111/Q111 cells are neuronal progenitors established
from the embryonic striatum of mice having HTT exon-1 re-
placed by human HTT exon-1 bearing 111 CAG repeats, whereas
the wild-type (WT) counterparts (STHdhQ7/Q7) are from em-
bryonic striata of WT littermates (Trettel et al., 2000). These
cells present defects seen in cells of HD patients, e.g., energy
metabolism disturbance, impaired autophagy, oxidative stress,
defective endosomal trafficking, and Rab11-regulated recycling
(Gines et al., 2003; Martinez-Vicente et al., 2010; McClory et al.,
2014; Milakovic and Johnson, 2005; Pal et al., 2006). Therefore,
we utilized these cells to find protein(s) linking Rab11 dysfunc-
tion to the preferential vulnerability of striatal neurons in HD.
We focused on the proteome of Rab11-positive endosomes and
found XK. Our live cell imaging and biochemical and histological
studies showed that XK trafficking was regulated by Rab11 and
was impaired in HD striatal cells. We further found that XK was
involved in transporting manganese (Mn), an essential trace
metal highly enriched in the striatum and reduced in HD brains.
Expression of dominantly active Rab11 in STHdhQ111/Q111 cells
improved XK dynamics in endosomes and increased Mn accu-
mulation in an XK-dependent manner. Collectively, our study
suggests that the early loss of striatal neurons in HD involves
defective Rab11-regulated recycling of XK onto neuronal surfa-
ces for importing Mn, thus sharing with McLeod syndrome a
common pathway for the degeneration of striatal neurons.

Results
Proteomic analysis detects XK in Rab11-positive endosomes of
striatal cells
We proposed Rab11 dysfunction to be a key mediator of disease
progression in HD (Li et al., 2009a; Li et al., 2009b; Li et al., 2012;
Li et al., 2010). We speculate that the contribution of Rab11
dysfunction to the selective vulnerability of spiny neurons in HD
is mediated by a protein, which relies on Rab11 for recycling
back onto neuronal surfaces; such a mediator protein would be
necessary for the survival of striatal neurons but relatively
dispensable to other populations of cells. We focused on the
proteome analysis of Rab11-positive endosomes in HD vulnera-
ble cells that are in the process of recycling back onto cell sur-
faces as a way to identify such a mediator protein.

To isolate Rab11-positive endosomes, we developed a two-
step method, which required the expression of 6xhistidine-
tagged Rab11 (His-Rab11) to label endosomes in cells. In the
first step, cytosolic and membrane-bound (endosomes) His-
Rab11 were enriched with Nickle-based affinity chromatogra-
phy, whereas in the second step, membrane-bound and cytosolic
His-Rab11 were separated over a sucrose gradient (Fig. 1 A). Prior
to endosome isolation, cells were treated with β-cycloheximide
to minimize the detection of newly synthesized proteins. Iso-
lated endosomes from STHdhQ7/Q7 cells by Western blot
analysis showed His-Rab11 was enriched in eluates (step 1) and
centrifugation pellets (step 2); cytosolic EGFP was not detectable
in eluates or endosomes (Fig. 1 B). GRASP55, which identifies the
Golgi apparatus, was undetected, but Calnexin, which marks the
endoplasmic reticulum (ER), was weakly present in prepared
endosomes (Fig. 1 B). Electron microscopic analysis of membrane-
bound His-Rab11 revealed clusters of tubulovesicular profiles
(Fig. 1 C), reminiscent of the morphology of Rab11-positive re-
cycling endosomes (Prekeris et al., 2000; Ullrich et al., 1996).
Proteomics analysis of prepared His-Rab11 endosomes led us to
947 proteins, which included those functioning as receptors,
transporters, and adhesion molecules (Table S1). As expected,
proteins known to have a role in or travel through Rab11-positive
endosomes were found in our analyses (Fig. 1 D). Interestingly,
McLeod syndrome causal protein XK was included in the proteins
identified in our proteomics analyses. Western blot analysis using
a commercial XK antibody, which showed reactivity to XK as well
as other proteins (Fig. S1, A–C), verified the presence of XK in the
prepared Rab11 endosomes (Fig. 1 B). In contrast to XK, Calnexin
was not enriched in prepared endosomes. In addition, prior
to endosome isolation, STHdhQ7/Q7 cells were treated with
β-cycloheximide to allow newly synthesized XK tomove out of the
ER. Hence, we concluded that XK detected in prepared endosomes
did not stem from the contaminated ER membranes.

XK localizes to Rab11-positive endosomes in striatal cells
Due to the crossreactivity of the XK antibody, we generated a
reporter expressing EGFP-fused XK to facilitate the study of the
subcellular localization of XK. We inserted EGFP into the second
extracellular loop of XK to minimize disturbing the targeting
signal(s) in XK (Fig. S1 D). Chimeric XK-EGFP was expressed at
an expected size and distributed in density-gradient centrifu-
gation fractions with a pattern overlapping that of endogenous
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XK (Fig. S1 E), suggesting that the XK-EGFP reporter mimics
endogenous XK in subcellular localization. To determine the
localization of XK in the endocytic pathway, STHdhQ7/Q7 cells
were transfected with XK-EGFP-expressing plasmids along with
plasmids expressing mCherry-Rab4, mCherry-Rab5, mCherry-
Rab11, or dsRed-Vps35. Prior to being processed for fluorescent
microscopy, cells were treated with β-cycloheximide for 5 h.
Under these conditions, XK-EGFP was colocalized with
mCherry-Rab11 at both small and large punctate structures and
was rarely detected at structures labeled with mCherry-Rab4,
mCherry-Rab5, or dsRed-Vps35 (Fig. 2, A and B). These data
indicate the association of XK with Rab11-positive recycling
endosomes in cells.

Rab11 regulates XK trafficking
Having verified a connection of XK with Rab11-positive endo-
somes, we next examined whether XK was a trafficking cargo of
Rab11. We manipulated Rab11 activity in STHdhQ7/Q7 cells by
expressing dominant negative Rab11 (dNrab11) and dominant
active Rab11 (dArab11) mutants, which are widely used for in-
vestigating the effects of Rab11 on cargo trafficking (Prekeris

et al., 2000; Ullrich et al., 1996). In previous studies, we char-
acterized glucose transporter 3 as a Rab11-dependent trafficking
cargo using a biotinylation assay, in which cell surface proteins
are labeled with biotin and separated from nonlabeled cyto-
plasmic proteins (McClory et al., 2014). Our Western blot
analysis showed that ectopic expression of dNrab11 or dArab11
did not affect overall levels of XK in STHdhQ7/Q7 cells (Fig. 2, C
and D). However, the levels of biotinylated cell surface XK were
increased in cells expressing dArab11 and decreased in cells
expressing dNrab11 (Fig. 2, C and D). Consistent with a regula-
tory role for Rab11 in XK trafficking, XK-EGFP and mCherry-
dArab11 were colocalized at vesicular structures distributed
throughout the cytoplasm and clustered at perinuclear regions,
whereas XK-EGFP and mCherry-dNrab11 were codistributed at
large tubulovesicular structures (Fig. 2 E). Taken together, these
data suggest that Rab11 regulates XK trafficking to cell surfaces.

XK traffics together with Rab11 and exhibits poor dynamics in
HD striatal cells
To further demonstrate that Rab11 regulates XK trafficking, we
performed real-time live cell imaging with STHdhQ7/Q7 cells

Figure 1. Proteomic analysis of Rab11 endosomes uncovers XK. (A) Schematic representation of two-step isolation of Rab11 endosomes. STHdhQ7/Q7
cells were transfected with pcDNA3.1-6xHis-Rab11 to label endosomes. Homogenates were prepared using a ball-bearing homogenizer and centrifuged to
remove nuclei and then incubated with Nickel resins. Eluates from Nickel resins were overlaid on a sucrose gradient and centrifuged to obtain membrane-
bound His-Rab11 in pellets (endosomes). (B)Western blot analysis of eluates from nickel resins and ultracentrifuge pellets (membrane-bound His-Rab11) with
indicated antibodies. Shown are blot analyses from one of the four individual endosomal preparations. The open arrowhead indicates a protein likely to be an
isoform of XK, as signals for this protein were very low at the basal state and appeared to increase when different amounts of XK-expressing plasmids were
transfected (Fig. S1). Star symbols indicate signals for exogenous and endogenous Rab11, which were still persistent during the incubation of the blots with
anti-EGFP and secondary antibodies. (C) Membrane-bound His-Rab11 in ultracentrifugation pellets were resuspended in glutaraldehyde and dropped onto
grids for electron microscopic analysis. Images in both panels showed profiles of tubulovesicular clusters, which are reminiscent of recycling endosomes in
cells. Shown are electron microscopic images from one of four individual endosomal preparations.(D) Examples of known Rab11 interactors and/or known
cargo proteins identified in the proteomic analysis of isolated Rab11 endosomes are shown. Shown are the proteins identified in all four endosomal prepa-
rations. Source data are available for this figure: SourceData F1.
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Figure 2. Rab11 regulates XK trafficking. (A) Co-
localization of XK-EGFP with mCherry-Rab11 in stri-
atal cells. SThdhQ7/Q7 cells were transfected with
plasmids expressing XK-EGFP and with plasmids ex-
pressing dsRed-Rab4, dsRed-Rab5, dsRed-Vps35, or
mCherry-Rab11. After treatment with β-cycloheximide,
cells were processed for fluorescence microscopy.
Shown are representative confocal images, which were
captured individually for each channel and merged.
Yellow structures indicate where the colocalization of
XK-EGFP with mCherry-fused endosomal marker pro-
teins took place. Scale bars: 10 μm (merge) and 2 μm
(inset). (B) Pearson’s coefficient of colocalization. Digital
images were analyzed with the JACoP plugin of the NIH
ImageJ Fiji. Each symbol represents one cell. Data are
mean ± SD. (C) Western blot of biotinylated proteins
and postnuclear supernatants of SThdhQ7/Q7 cells
transfected with plasmids expressing dNrab11 or dArab11
or empty vectors. Shown are blot analyses from one of
the three individual experiments. (D) Densitometry for
blot analyses in C. Data are mean± SD. One-way ANOVA
and post hoc Tukey’s analysis: F(2,6) = 44.26, P < 0.001;
Tukey’s test * P < 0.01, # P < 0.001. (E) Effects of
dominant active and inactive mutants of Rab11 on the
subcellular distribution of XK-EGFP. STHdhQ7/Q7 cells
were transfected with plasmids expressing XK-EGFP
along with plasmids expressing mCherry-fused dArab11
or dNrab11. Confocal images showed that XK-EGFP and
mCherry-dArab11 colocalized at small vesicular structures
distributed throughout the cytoplasm and clustered at
perinuclear regions, whereas the colocalization of XK-
EGFP and mCherry-dNrab11 occurred at large tubulove-
sicular structures. Scale bars: 20 μm (merge) and 3 μm
(inset). Source data are available for this figure: Source-
Data F2.
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coexpressing XK-EGFP and mCherry-Rab11. Consistent with the
above findings in static cell imaging studies, XK-EGFP and
mCherry-Rab11 trafficked together on small motile vesicles and
were colocalized at large tubulovesicular structures; small mo-
tile vesicles containing XK-EGFP and mCherry-Rab11 were fre-
quently seen in STHdhQ7/Q7 cells (Fig. 3, Fig. S2; and Videos
1 and 2). The morphology of large tubulovesicular structures
underwent frequent changes with motile vesicles joining in and
coming out, indicating their highly dynamic nature in WT cells.
In STHdhQ111/Q111 cells, small motile vesicles containing both
XK-EGFP and mCherry-Rab11 were barely seen, and large tu-
bulovesicular structures were far less dynamic than those in
WT cells (N = 5WT and 6 HD cells, mean ± SDmotile vesicles per
cell, WT vs. HD: 208.2 ± 104.9 vs. 30.8 ± 12.2; two-tailed Stu-
dent’s t test: P < 0.005; Fig. 3, Fig. S2; and Videos 3 and 4).
Collectively, these data suggest that XK-EGFP trafficking is im-
paired in HD striatal cells.

As Rab11 activation is compromised in HD cells, we wondered
whether XK-EGFP trafficking could be improved by enhancing
the activity of Rab11. To this end, STHdhQ111/Q111 cells were
cotransfected with plasmids expressing mCherry-dArab11 and
XK-EGFP, respectively, and imaged in real time with the same
imaging parameters as above. Upon expression of dArab11, the
number of small motile vesicles produced and the dynamics of
large tubulovesicular structures were vastly increased; events of
vesicle joining in and coming out from large tubulovesicular
structures were frequently seen (N = 4 HD-dArab11 cells, mean ±
SD motile vesicles per cell, two-tailed Student’s t test, HD-
dArab11 vs. WT: 306 ± 199.9 vs. 208.2 ± 104.9, P = 0.37; HD-
dArab11 vs. HD: 306 ± 199.9 vs. 30.8 ± 12.2, P < 0.01; Fig. 3,
Fig. S2; and Videos 5 and 6). These data suggest that the impaired
trafficking of XK-EGFP in HD striatal cells is a result of the de-
ficient activity of Rab11.

Endogenous XK deficiently traffics to cell surfaces in HD
striatal cells
Our above studies showed an impairment of the dynamics of XK
inside HD striatal cells. To know whether the decline in XK
dynamics changes its expression level on the cell surface in HD
striatal cells, we replaced the EGFP moiety in XK-EGFP with the
pH-sensitive GFP, pHluorin, which is fluorescent only in envi-
ronments with a neutral pH, e.g., extracellular spaces
(Miesenbock et al., 1998). Under the same transfection con-
ditions, the signal intensities of pHluorin on the cell surface of
STHdhQ111/Q111 were lower than those of STHdhQ7/Q7 cells
(Fig. 4, A and B). To determine whether the trafficking of en-
dogenous XK onto cell surfaces was also impaired in HD striatal
cells, we first compared overall as well as cell surface levels of
endogenous XK between STHdhQ7/Q7 and STHdhQ111/Q111
cells. Compared with STHdhQ7/Q7 cells, STHdhQ111/Q111 cells
expressed comparable levels of total XK protein, but exhibited a
decrease in levels of biotinylated XK on cell surfaces (Fig. 4,
C–E), a sign of defective trafficking of endogenous XK to the cell
surface in STHdhQ111/Q111 cells. We then took advantage of the
commercial XK antibody, which recognizes an extracellular
epitope and thus is suitable for selectively labeling cell surface
located XK molecules. Although other proteins were

crossreactive to the antibody, their cytosolic localization would
not interfere with the accuracy in detecting cell surface XK in
brain sections (Fig. S1). To ascertain the integrity of plasma
membranes being maintained, detergent was omitted in all
solutions used for immunolabeling and washing brain sections
as previously described (Ke et al., 2020). Under these con-
ditions, the levels of XK on and/or in close proximity to the
surface of striatal neurons in brain sections of HD140Q/140Q
mice were reduced relative to those of WT mice (Fig. 4 F). The
reduction of XK on cell surfaces was not a consequence of cell
shrinkage or altered expression of XK in the brain of HD140Q/
140Qmice (Fig. 4, G and H; and Fig. S3, A and B). Similar results
were obtained with the diaminobenzidine-based immunohisto-
chemistry method to detect cell surface XK in brain sections (Fig.
S3, C–E). These results suggest that endogenous XK is deficiently
delivered to neuronal surfaces in the brain of HD mice.

XK is involved in importing manganese
The results above suggest that striatal neurons in HD are defi-
cient in XK function. However, how the deficient function of XK
leads to preferential degeneration of striatal neurons remains
elusive. Previous studies suggest that XK is involved in the
cellular homeostasis of divalent cations in red blood cells (Rivera
et al., 2013). Manganese (Mn) is an essential trace metal that is
broadly distributed in the brain but has its highest levels in the
striatum and is reduced in postmortem brains of HD patients
(Horning et al., 2015; Rosas et al., 2012). Defective Mn enrich-
ment has been reported in STHdhQ111/Q111 cells and YAC128 HD
mice as well as in human iPSC-derived striatal neuroprogenitor
cells (Joshi et al., 2019; Pfalzer et al., 2020; Williams et al., 2010).
These lines of evidence led us to the idea that XK maintains the
homeostasis of cellular Mn.

To test this idea, we first conducted bioinformatics analyses
to determine whether XK contained a Mn-binding site. Metal
ion interaction analysis predicted 15 sites where a Mn2+ ion
could bind to XK, among which the two sites formed by 230T-
232V-233L and 221T-223V-224I, respectively, were exposed to
external environments or faced the predicted pore (Fig. S4 A).
Molecular dynamic simulation studies revealed that upon the
binding of Mn2+ ion at the 230T-232V-233L site, the predicted
pore underwent a transition from a compact and closed con-
formation to an open basket shape, which might facilitate Mn2+

transport (Fig. S4 B and Video 7). This molecular simulation
analysis indicates the potential of XK to be a Mn transporter.

We then examined whether the levels of cellular Mn were
correspondingly altered upon manipulating the expression of
XK. To this end, we took advantage of the Fura-2 fluorescence
quenching assay for measuring cellular Mn described by Kwa-
kye and colleagues (Kwakye et al., 2011). In this assay, the higher
the readout of fura-2 fluorescence signals, the lower the con-
centration of cellular Mn. Consistent with previous findings
(Williams et al., 2010), STHdhQ111/Q111 cells contained signifi-
cantly lesser Mn than STHdhQ7/Q7 cells (Fig. S5 A). Using this
assay, we found that the ectopic expression of XK did not in-
fluence levels of cellularMn at the basal state, but enhancedMn-
stimulated enrichment of Mn (Fig. S5, B and C; and Fig. 5 A and
B). On the other hand, siRNA-mediated knockdown of XK
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Figure 3. Dynamics of Rab11 endosomes in HD striatal cells declines and is enhanced upon expression of dominantly active Rab11. Time-lapse cell
imaging of SThdhQ7/Q7 cells expressing XK-EGFP and mCherry-Rab11, SThdhQ111/Q111 expressing XK-EGFP and mCherry-Rab11, and SThdhQ111/Q111
expressing XK-EGFP and mCherry-dArab11. Prior to imaging and during the whole period of imaging, cells were treated with β-cycloheximide to ascertain the
detection of XK-EGFP in the endocytic pathway. A series of six consecutive frames were chosen from Videos 1, 3, and 5, respectively, to highlight cotrafficking
of XK-EGFP with mCherry-Rab11 or with mCherry-dArab11 in motile vesicles and the dynamics of large tubulovesicular structures labeled with XK-EGFP and
mCherry-Rab11 or with XK-EGFP and mCherry-dArab11. Boxed regions were enlarged and shown below the corresponding frame. Arrows in insets trace motile
structures containing both XK-EGFP and mCherry-Rab11/dArab11, whereas arrowheads point to structures changing in their size. Dashed circles indicate motile
structures containing both XK-EGFP and mCherry-Rab11/dArab11 disappearing in the following images, and dashed polygons identify those appearing in the
following images. Enlarged dashed contours indicate dynamic changes in the morphology of large vesiculotubular structures, likely reflecting events of vesicle
fusion and budding. Scale bars in the last frame of each of SThdhQ7/Q7, SThdhQ111/Q111, and SThdhQ111/Q111 + dArab11: 10 μm (upper), 2 μm (middle), and
0.5 μm (lower). Source data are available for this figure: SourceData F3.
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Figure 4. Defective trafficking of XK onto cell surfaces in HD cells. (A) Confocal images of SThdhQ7/Q7 and SThdhQ111/Q111 cells transiently transfected
with plasmids expressing XK-pHluorin showed that pHluorin signals occurred at cell surfaces and intracellular compartments. Arrows point to cells with XK-
pHluorin signals concentrated in the perinuclear regions. (B) Densitometry of pHluorin signals on the sharp edges of each of SThdhQ7/Q7 and SThdhQ111/Q111
cells showed a decline in the expression of XK-pHluorin on the surface of HD striatal cells. (C) Western blot analysis of biotinylated proteins and postnuclear
supernatants of SThdhQ7/Q7 and SThdhQ111/Q111 cells with indicated antibodies. Shown are blot analyses from one of the three experiments. (D and E)
Densitometry of signals of XK in postnuclear supernatants (total, D) and biotinylated XK (cell surfaces, E) for blot analyses in (C). (F) Images of XK staining in a
brain section of WT and HD140Q/140Q mice. A series of consecutive coronal brain sections cut through the striatum were processed for labeling with an-
tibodies for XK, with detergents omitted in all solutions to ensure the integrity of the plasma membrane. Images were captured from the nucleus accumubens
of each brain section with the same settings. (G and H) Digital images from three brain sections for each of 3 WT and 3 HD mice were analyzed with the NIH
ImageJ Fiji software to measure the cross-sectional area (G) and signal intensity (H) of striatal neurons immunoreactive to the XK antibody. Arrowheads in F
indicate examples of neurons applied for densitometry and for measuring their cross-section areas. Scale bars: 20 μm (A), 100 μm (F), and 5 μm (inset in F).
Data are mean ± SD. Each symbol in B, G, and H represents one cell and in D and E represents one experiment. Two-tailed Student’s t test. Source data are
available for this figure: SourceData F4.
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mitigated Mn-triggered accumulation of Mn (Fig. 5, C and D).
These data suggest that XK is involved in transporting Mn.

Expression of dominantly active Rab11 improves manganese
enrichment in HD striatal cells
The above studies show Rab11-dependent trafficking of XK and
establish a role for XK in Mn uptake. To determine if the defect
of Mn accumulation in STHdhQ111/Q111 cells could be mitigated
by enhancing the activity of Rab11, STHdhQ111/Q111 cells were
transfected with plasmids expressing dArab11. The expression of
dArab11 improved STHdhQ111/Q111 cells to enrich Mn upon ex-
posure to Mn (Fig. 5 E and F). To know whether the beneficial
effect of dArab11 on Mn accumulation was dependent on XK,
STHdhQ111/Q111 cells were transfected with dArab11-expressing
plasmids along with XK-specific or scramble siRNA. Transfec-
tion of XK-siRNA along with or without dArab11-expressing
plasmids efficiently reduced the expression level of XK (Fig. 5

E). Under these conditions, STHdhQ111/Q111 cells transfected
with dArab11-expressing plasmids along with XK-siRNA were
less enriched in Mn than STHdhQ111/Q111 cells transfected with
dArab11-expressing plasmids together with a scramble siRNA
(Fig. 5 F), suggesting that XK mediates the beneficial effect of
dArab11 on the enrichment of Mn. Taking all the above lines of
evidence together, we predicted a model that defective Rab11-
regulated recycling of XK onto neuronal surfaces for importing
manganese is a primary driver of dysfunction and early death of
striatal neurons in HD (Fig. 6).

Discussion
In this study, we report four novel findings. First, we developed
a method for isolating Rab11-positive endosomes from cultured
cells. The expression of His-Rab11 can be mediated with lenti-
virus or adeno-associated virus to enable the isolation of Rab11-

Figure 5. XK is involved in transporting manganese. (A–D) Mn accumulation in SThdhQ7/Q7 cells was elevated and reduced upon ectopic expression (A
and B) and knockdown (C and D) of XK, respectively. SThdhQ7/Q7 cells were transfected with pcDNA3.1-XK or empty vector (Mock) or XK-specific or Scramble
siRNA. After exposure to Mn, cells were harvested for verifying changes in expression levels of XK by Western blot analysis (A and C) and for measuring the
contents of cellular Mn (B and D). Blot analyses shown in A and C were obtained from one of the three experiments. (E and F) Expression of dArab11 in
SThdhQ111/Q111 cells promotes Mn accumulation in an XK-dependent manner. SThdhQ111/Q111 cells were transfected with plasmids expressing dsRed-
dArab11 along with XK-specific or Scramble siRNA. After Mn exposure, cells were collected for Western blot analysis (E) and measurement of cellular Mn (F).
Data in B, D, and F are mean ± SD. One-way ANOVA and post hoc Tukey’s analysis: F(3,8) = 619.5, P < 0.0001 (B), F(3,8) = 81.47, P < 0.0001 (D), F(5,12) = 144, P <
0.0001 (F); Tukey’s test: # P < 0.0001. Source data are available for this figure: SourceData F5.
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positive endosomes from animal tissues. Second, we identified a
set of proteins functioning at or trafficking through Rab11-
positive endosomes in striatal cells and verified XK as a new
trafficking cargo protein of Rab11. Third, we demonstrated that
the expression of dominantly active Rab11 in HD striatal cells
improved endosomal dynamics by increasing the fusion and
fission of cargo-laden vesicles at endosomes. This finding not
only strengthens our idea that mutant HTT impairs vesicle
formation from Rab11-positive endosomes, but also provides a
mechanism for the regulatory role of dominantly active Rab11 in
improving endosomal recycling. Lastly, we clarified a function
for XK and thus a pathogenic mechanism for McLeod syndrome.
XK has been predicted to be a membrane transporter and to
maintain the homeostasis of cellular divalent cations (Rivera
et al., 2013). However, the substrate cation is unknown. Our
study revealed that the levels of cellular Mn were increased in
striatal cells ectopically expressing XK and decreased in cells

treated with XK-specific siRNA, suggesting that XK is involved
in transporting Mn into cells.

HD and McLeod syndromes are inherited neurodegenerative
disorders presenting a similar pattern of selective neuro-
degeneration in the striatum, which leads to the idea that HTT
and XK belong to a common pathway (Danek et al., 2001). This
pathway has not been clarified. Here, we suggest that Rab11-
dependent recycling is such a pathway. HTT is a cytoplasmic
protein associated with intracellular membrane-bound struc-
tures including endosomes. Several lines of evidence suggest
that HTT is involved in the process of conversion from Rab5- to
Rab11-controlled endosomal transport (Ke et al., 2020; Li et al.,
2008; Li et al., 2009b; McClory et al., 2018; Pal et al., 2006;Wang
et al., 2020). In this scenario, Rab5 through HAP40 recruits HTT
onto endosomal membranes, where HTT regulates the activa-
tion of Rab11 by association with a protein complex composed of
Kalirin and TRAPPII. Mutant HTT interferes with the Kalirin–

Figure 6. A model of selective degeneration of striatal neurons in HD. The idea that Rab11 activation is achieved by a protein complex composed of HTT,
Kalirin, and TRAPPII was based on our recent studies (Ke et al., 2020; McClory et al., 2018; Wang et al., 2020). Mutant HTT compromises the Kalirin–TRAPPII
complex in activating Rab11 on endosomal membranes (1), thereby impeding XK recycling back onto neuronal surfaces (2) and reducing XK-mediated import of
Mn into neurons (3). Constant deficiency of Mn along with the chronic decline of functions of other Rab11-regulated trafficking proteins render the dysfunction
of striatal neurons (4) and eventually leads to degeneration of striatal neurons and atrophy of the striatum (5).
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TRAPPII complex in activating Rab11, thereby leading to the
dysfunction of Rab11 and slowing endosomal recycling of a host
of proteins including those involved in transporting nutrients.
XK is a transmembrane protein covalently linked to Kell on the
surface of red blood cells. In the brain, XK and Kell are inde-
pendently expressed with XK in neurons and Kell restricted to
blood cells in vessels (Claperon et al., 2007). In neurons, XK is
mainly intracellular, hence resembling the subcellular localiza-
tion of Rab11-regulated trafficking cargo proteins (Claperon
et al., 2007; Li et al., 2010; McClory et al., 2014). These lines of
evidence suggest that XK is likely to recycle through Rab11-
positive endosomes. Indeed, we found that XK was physically
associated with Rab11-labeled endosomes and trafficked together
with Rab11 in motile transporting vesicles. Consistent with im-
paired recycling, XK was expressed normally but diminished on
cell surfaces of immortalized STHdhQ111/Q111 cells and of stri-
atal neurons in brain sections of HD140Q/140Q mice. Our study
suggests that the deficient function of XK is a common patho-
genic mechanism shared by McLeod syndrome and HD. In
McLeod syndrome, the deficient function of XK arises from
genetic mutations rendering the absence of XK, whereas in HD,
XK functional deficiency originates from impaired recycling
back onto cell surfaces because of Rab11 dysfunction.

How the deficient function of XK triggers preferential de-
generation of striatal neurons is not clear. Based on the domain
structure, XK has been suggested to be a membrane transporter
(Ho et al., 1994), but its substrate remains elusive. Consistently,
red blood cells of XK null mice exhibit homeostatic disturbance
of divalent cations and have a reduction in the activity of
sodium-dependent magnesium transport, which coincides with
an increase in the levels of cellular magnesium (Rivera et al.,
2013). However, the same study showed that red blood cells of
mice null for both XK and Kell manifest an increase in the ac-
tivity of sodium-dependent magnesium transport, arguing
against the idea that XK is a magnesium transporter. We found
that ectopic expression of XK promoted striatal cells to enrich
Mn, whereas siRNA-mediated knockdown of XK reduced Mn
accumulation, suggesting that XK is a Mn transporter. Mn is a
trace metal essential for brain physiology and function by
serving as a cofactor for various enzymes, e.g., Mn-dependent
superoxide dismutase 2, an enzyme converting the superoxide
byproducts produced in mitochondria to hydrogen peroxide and
molecular oxygen to protect cells from oxidative stress (Chen et al.,
2018; Horning et al., 2015; Smith et al., 2017). Chronic excessive
exposure to Mn can lead to manganism, an irreversible condition
that resembles Parkinson’s disease (Guilarte and Gonzales, 2015;
Kwakye et al., 2015). Despite its vital role in all cells, Mn is not
evenly distributed in the brain but exhibits the highest levels in the
striatum (Bonilla et al., 1982). Such a distribution pattern of Mn in
the brain may be a reason for the preferential vulnerability of
striatal neurons to the deficient function of XK.

Mn deficiency is seen in immortalized STHdhQ111/Q111 cells
and in human striatal neuroprogenitor cells derived from in-
duced pluripotent stem cells, as well as in postmortem brains of
HD patients (Joshi et al., 2019; Rosas et al., 2012; Williams et al.,
2010). In YAC128 transgenic mice, which express humanmutant
HTT andmanifest selective loss of striatal neurons characteristic

of HD (Slow et al., 2003), deficient accumulation of Mn is re-
stricted to the striatum (Williams et al., 2010). On the other
hand, excessive Mn induces toxicity specifically to striatal
neurons (Guilarte and Gonzales, 2015; Kwakye et al., 2015).
Therefore, Mn deficiency is likely to dictate the selectivity of
death of striatal neurons in McLeod syndrome as well as in HD.
Consistent with Mn deficiency, activities of Mn-dependent en-
zymes, e.g., superoxide dismutase 2 and arginase 2, are reduced
in postmortem brains of HD patients; the decline of their ac-
tivities may relate to oxidative stress and impaired urea cycle in
HD brains (Browne et al., 1997; Butterworth, 1986; Handley et al.,
2017; Patassini et al., 2015). Very recently, Wilcox and colleagues
reported that YAC128 mice were protected from a Mn-
dependent decline in motor performance upon chronic ad-
ministration of a low dose of Mn (Wilcox et al., 2021). These
lines of evidence highlight that Mn deficiency contributes to
the pathogenesis of HD and also suggest that strategies that
mitigate Mn deficiency may be beneficial in treating HD.
However, the mechanism of Mn deficiency in HD is unknown.
We showed here that XK was a Mn transporter and deficiently
recycled in immortalized HD striatal cells and striatal neurons
in HD mouse brains. Our data suggest that Mn deficiency in HD
results from defective Rab11-regulated recycling of XK onto
neuronal surfaces for importing Mn. Consistent with this idea,
an expression of dArab11 in STHdhQ111/Q111 cells improved XK
dynamics in endosomes and led to an increase in Mn enrich-
ment, which was attenuated upon suppressing the expression of
XK. However, it is not clear whether the function of XK in trans-
porting Mn is coupled with other cations or substrates, e.g., lipids,
as XKwas recently shown to be a phospholipid scramblase (Adlakha
et al., 2022; Ryoden et al., 2022). Mn deficiency in HD may also
involve other transporter proteins, e.g., transferrin receptor, which
can transportMn and deficiently recycle in HD cells (Horning et al.,
2015; Li et al., 2009a; Li et al., 2009b). ATP13A1, one of the five P5-
type ATPase transporters displaying Mn-transporting activities
(Cohen et al., 2013), was identified in our proteomics analysis. It is
necessary for future studies to examine whether ATP13A1 is a traf-
ficking cargo of Rab11 and/or contributes to Mn deficiency in HD.

How XK imports Mn from outside the neurons in vivo re-
mains speculative. Bioinformatics analyses predicted two
potential sites capable of binding to extracellular Mn, dem-
onstrating the feasibility of XK as a Mn transporter. Molecular
dynamics simulation studies revealed that upon the binding of
Mn at the predicted binding site, the predicted pore formed by
the helices of XK underwent a transition from a closed compact
conformation to an open basket shape to facilitate ion influx.
Our data showed that XK resembled a transferrin receptor in
the subcellular distribution, mainly intracellular, and Rab11-
regulated endocytic recycling. Transferrin receptor is well
known to rely on endocytosis to transport iron into cells. An
alternative way by which XK transports Mn into cells may be
the endocytosis of the XK-Mn complexes.

Notably, vacuolar protein sorting-associated protein 13A
(Vps13A), which causes selective death of striatal neurons in
autosomal recessive neuro-acanthocytosis (Rampoldi et al.,
2001; Ueno et al., 2001), was also included in the proteins
identified in our proteomics analysis. How mutations of Vps13A
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render selective death of striatal neurons has not been defined.
Vps13A locates atmitochondrion–ER, mitochondrion–endosome,
and ER–lipid droplet contact sites and plays a key role in
transporting lipids between these intracellular organelles
(Dziurdzik and Conibear, 2021; Kumar et al., 2018; Munoz-
Braceras et al., 2019; Yeshaw et al., 2019). Very recently,
Vps13A was found to colocalize and interact with XK; a disease-
causative mutation in Vps13A hindered Vps13A to colocalize
with XK (Park and Neiman, 2020; Urata et al., 2019), providing
an explanation for their similar pathogenicity in triggering
preferential degeneration of striatal neurons. It will be inter-
esting to know whether Vps13A has a role in Rab11-positive
endosomes and whether Vps13A participates in HD onset.

Rab11 is emerging as a central node involved in the patho-
genesis of a group of neuropsychiatric disorders. Genetic mu-
tations of Rab11 cause severe intellectual disability with brain
structural malformations (Lamers et al., 2017). We have shown
that impaired activation of Rab11 contributes to HD pathogenesis
and demonstrated that Rab11 activation in mammals is achieved
by a protein complex composed of TRAPPII, Kalirin, and HTT
(Ke et al., 2020; McClory et al., 2018; Wang et al., 2020). Genetic
studies have linked several subunits of TRAPPII to brain de-
velopmental disorders, whereas a coding variant of Kalirin is
associatedwith schizophrenia (Bogershausen et al., 2013; Harripaul
et al., 2018;Marin-Valencia et al., 2018;Milev et al., 2017; Mir et al.,
2009; Mochida et al., 2009; Mohamoud et al., 2018; Philippe et al.,
2009; Russell et al., 2018; Van Bergen et al., 2020). Like mutant
HTT, genetic variants of TRAPPII subunits and Kalirinmay disable
Rab11 activation and therefore impinge on the function of Rab11.
However, Rab11-dependent endosomal traffic has been an un-
derexplored area of research in neuroscience. Our development
of a method for purifying Rab11-positive endosomes, which can
be adapted for use in brain tissues, should aid future studies to
discover molecular factors that mediate the pathogenesis of the
above brain developmental disorders.

In summary, we develop a method for isolating Rab11-
positive endosomes and profile the proteome of Rab11-positive
endosomes of mouse striatal cells. We characterize XK as a new
cargo of Rab11 and unveil a function for XK in transporting
manganese. Our study provides a common mechanism for the
preferentially early loss of striatal neurons in McLeod syndrome
and Huntington’s disease.

Materials and methods
Animals
HD140Q/140Q and WT mice were housed under a regular 12-h
light/dark cycle and a constant temperature with food and water
ad libitum. Experimental procedures regarding intracardiac
perfusion and collection of brain tissues were performed ac-
cording to the institutional and U.S. National Institute of Health
guidelines and approved by the Massachusetts General Hospital
Subcommittee on Research Animal Care.

Plasmids construction
Mouse XK was amplified from cDNA using forward primers 59-
ATGAAATTCCCGGCCTCGGTG-39 and reverse primers 59-TTA

AGCAGAGCACAGATCAACAGCAGT-39, purified, and cloned into
the Xho I and Xba I sites of pcDNA3.1. The XK-EGFP reporter was
designed by inserting an enhanced green fluorescent protein
(EGFP) moiety into the second extracellular loop of XK. The
N-terminal and C-terminal portions of XK were amplified with
primers (59-ATGAAATTCCCGGCCTCGGTG-39 and 59-GCGGTC
GGACTGACAGTAGATACA-39 for XK-N) and primers (59-CCA
GAATGAAGAACCTTATGTGAGC-39 and 59-TTAAGCAGAGCA
CAGATCAACAGCAGT-39 for XK-C), respectively. PCR products
were purified and digested with Age I and Not I for XK-N and
with Xho I and Asc I for XK-C. XK-N and XK-C along with Not I
and Xho I treated EGFP open-reading framewere cloned into the
Age I and Asc I sites of pET41a, from which the DNA fragment
coding the XK-EGFP chimera was released and subcloned into
pcDNA3.1. Constructs expressing dsRed-fused Rab4, Rab5,
Rab11, and Vps35 as well as plasmids expressing mCherry-Rab11
were made as described previously (Ding et al., 2021). The
pcDNA3.1-mCherry-dArab11 plasmid was constructed by re-
placing pcDNA3.1-mCherry-Rab11 with the dArab11 coding
fragment. All plasmids were verified by DNA sequencing before
being used for studies.

Cell culture and transfection
STHdhQ7/Q7 and STHdhQ111/Q111 cells were maintained in
Dulbecco’s modified eagle medium (DMEM) supplemented with
10% fetal bovine serum, L-glutamine, and penicillin/streptomy-
cin at 33°C in a humidified CO2 incubator (Thermo Fisher Sci-
entific). DMEM medium, fetal bovine serum, and supplements
were purchased from Thermo Fisher Scientific. The day before
transfection, STHdhQ7/Q7 and/or STHdhQ111/Q111 cells were
seeded onto glass coverslips in a 24-well plate, or in 35mmglass-
bottomed dishes (Eppendorf), or in 10 cm dishes at 5 × 105 cells
ml−1. Transfection was conducted with Lipo8000 (Beyotime
Biotechnology) according to the manufacturer’s protocol. We
used 2 μl Lipo8000 per 1 μg of plasmids for each transfection
and equal molar concentration of DNAs, where different plas-
mids were used for transfection and comparisons. For siRNA
transfections, 20 nM of annealed siRNA oligos (Genewiz, XK
sense: 59-UCAUCGUCCUGGUCCUCUUUATT-39 and antisense:
59-UAAAGAGGACCAGGACGAUGATT-39; Genewiz Scramble)
were mixed with 0.2 μg of empty pcDNA3.1 vector. The mixture
of liposomes and nucleic acids were incubated at room tem-
perature for 25 min with gentle mixing every 5 min and then
applied evenly onto cells. Cells were cultured for indicated
times.

Purification of Rab11-positive endosome
STHdhQ7/Q7 cells transfected with plasmids bicistronically ex-
pressing His-Rab11 and EGFP were harvested 24 h after trans-
fection, washed in cold PBS, and resuspended in 1 ml of cold
homogenization buffer (0.25 M sucrose buffer, 10 mM HEPES,
5 mM MgCl2, 1 mM PMSF, and protease inhibitor cocktail).
Homogenates were prepared by passing cells through an iso-
biotec Balch homogenizer (Heidelberg) with a 12-μm ball clear-
ance for 25 times. Homogenates were centrifuged at 12,000 rpm
for 15 min (4°C). The postnuclear supernatant fraction was in-
cubated with Ni-NTA resins for 1 h at 4°C in a rotating shaker.
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After centrifugation for 2 min at 4°C and 2,000 rpm, the resins
were washed with five resin-bed volumes (2 × 500 µL) of
washing buffer (0.25M sucrose buffer, 10mMHEPES, and 5mM
MgCl2). Proteins on Ni-NTA resins were eluted twice using one
resin-bed volume of elution buffer (0.25 M sucrose buffer,
10 mM HEPES, 5 mM MgCl2, and 250 mM imidazole). Eluates
were combined and overlaid with 0.3 M sucrose (10 mMHEPES,
5mMMgCl2) in 5ml Beckman Coulter Open-Top Thinwall Ultra-
Clear Tube (Beckman Coulter). After centrifugation at 4°C and
41,000 rpm for 1 h, the aqueous fraction was discarded and the
pellet was resuspended into 100 μl of resuspension buffer
(0.25 M sucrose buffer, 10 mM HEPES, and 5 mM MgCl2) or in
2.5% glutaraldehyde for analyses. For Western blot and mass
spectrometry analyses, the concentration of proteins in endo-
some samples was determined with the bicinchoninic acid (BCA)
assay (Thermo Fisher Scientific).

Subcellular fractionation
To examine whether the XK-EGFP reporter mimicked endoge-
nous XK in subcellular distribution, STHdhQ7/Q7 cells in 10-cm
dishes were transfected with pcDNA3.1-XK-EGFP for 16 h and
cultured further in the presence or absence of 50 μg/ml of
β-cycloheximide for 5 h. Cells were then scraped into culture
media and collected by centrifugation at 4°C 1,000 rpm for
5 min. After sequential washes with cold PBS and cold homog-
enization buffer (25 mM Tris/Cl pH 7.5 and 130 mM KCl), cells
were resuspended in homogenization buffer containing protease
inhibitors and homogenized by passing through a 25-gauge
needle 20 times on ice. Lysates were cleared by centrifugation
at 4°C and 2,000 rpm for 5 min. Postnuclear supernatants were
overlaid on a discontinuous Nycodenz gradient premade in an
SW41 tube (Beckman Coulter) as 0.66ml of 40% and 5ml each of
25 and 5% Nycodenz (Axis-Shield/Alere Technologies AS) and
centrifuged at 4°C and 30,000 rpm for 1 h. Twelve fractions of
1 ml each were collected from top to bottom of each gradient.
Equal volumes of each fraction were used for precipitating the
proteins with three volumes of methanol/chloroform (2:1, v/v).
After being dried at 37°C for 1 h, precipitated proteins in each
fraction were resuspended in 1XSDS sample buffer and analyzed
by SDS-PAGE and Western blot.

Transmission electron microscopy
Purified endosome samples were fixed with 2.5% glutaraldehyde
solution at 4°C for 30 min and overlaid on a ultrathin carbon sup-
port film or microgrid for 5 min. Then microgrids were washed
three times with ddH2O for 5 min each. After washing, the mi-
crogrids were stained with phosphotungstic acid hydrate (pH 6.5;
Sigma-Aldrich) for 5 min at room temperature and then washed
three times with ddH2O for 5 min each. After being air-dried at
room temperature, samples on microgrids were examined under a
120-kV transmission electronmicroscope (Talos L120C G2). The dot
resolution of 0.37 nm and the line resolution of 0.23 nmwere used.

Liquid chromatography/mass spectrometry (LC/MS) and
data analysis
His-Rab11-labeled endosomes, 100 μg of proteins, were reduced
with 10 mMDTT for 30 min at 56°C, followed by alkylation with

20 mM iodoacetamide for 30 min in the dark at room temper-
ature. Then, the sample was transferred to a 10 kDa ultrafil-
tration tube and washed with 25 mMNH4HCO3 three times. The
samples were treated with trypsin (sequencing-grade; Promega) at
a final protease-to-protein ratio of 1:100 (w/w) overnight at 37°C.
The digestive reaction was stopped by adding formic acid, and the
peptides were desalted using Pierce C18 Spin Tips (Thermo Fisher
Scientific) then stored at −20°C for later LC-MS analysis at
Shanghai Jiao Tong University Instrumental Analysis Center.

Trypsin-treated samples were analyzed using an EASY-nLC
1,200 system coupled online to an Orbitrap Q Exactive Plus mass
spectrometer (Thermo Fisher Scientific). Reverse-phase sepa-
ration was accomplished using analytical columns (15 cm long,
5 mm inner diameter) ranging from 2 to 100% buffer B at a flow
rate of 300 nl/min. The total analysis time was 60 min. The
mobile phase consisted of 0.1% formic acid solution (A) and 0.1%
formic acid in 80% acetonitrile solution (B). MS data were ac-
quired using a data-dependent top-20 method, with a mass-to-
charge ratio (m/z) range between 350 and 1,500 most abundant
precursor ions in positive ionization mode. The resolution was
set to 700,000 at m/z 200 for MS scans, followed by 17,500 for
MS/MS scans of the top 20 ion candidates per cycle. The auto-
matic gain control (AGC) was set to 5e4 ions for MS and 1e5 for
MS/MS. MS was put on a dynamic exclusion list for 30 s.

Protein identification was performed using the Proteome
Discoverer software 2.4 with Sequest HT search engine. Search
parameters were set as follows: (i) species, Mus musculus; (ii)
protein database, UniProtKB/Swiss-Prot (including 16,996 se-
quences); (iii) digestion, trypsin (full), allowing up to twomissed
cleavage; (iv) static modifications, carbamidomethyl; (v) dy-
namic modifications, methionine oxidation/+15.995 Da (M);
acetyl/+42.011 Da (N-Terminus); Met-loss/−131.040 Da (M);
Met-loss+acetyl/−89.030 Da (M; vi) precursor mass tolerance =
10 ppm, fragment mass tolerance = 0.02 Da and (vii) FDR tar-
gets: 0.01.

SDS-PAGE and Western blot analysis
SDS-PAGE and Western blot analysis were conducted as stan-
dard procedures. Primary antibodies used for Western blot
analysis included rabbit anti-XK (1:2,000, ARP33809_P050;
Aviva System Biology), rabbit anti-Calnexin (1:2,000, ab10286;
Abcam), mouse anti-Rab11A (1:1,000, AB_397984; BD Bioscience,
BD Transduction Laboratories), mouse anti-Transferrin receptor
(1:2,000; AB_2533029; Thermo Fisher Scientific), mouse anti-
EGFP (1:2,000; AT0028; Engibody Biotechnology), mouse anti-
GRASP55 (1:1,000; ab211531; Abcam), and mouse anti-GAPDH (1:
5,000; 60004-1-Ig; ProteinTech). All secondary antibodies used
for Western blot analysis were diluted at 1:10,000. Peroxidase
AffiniPure goat anti-mouse (115035003) and anti-rabbit
(111035003) IgG (H+L) were purchased from Jackson Im-
munoResearch. Blots were developed using enhanced PierceTM
enhanced chemiluminescence (Thermo Fisher Scientific) and
imaged with the ChemiDocTM MP Imaging System (Bio-Rad).
Densitometry was conducted using the NIH ImageJ/Fiji software
1.48v. Background signals were removed. Signal intensities for
each relevant protein were normalized with the signal of GAPDH
or actin in the corresponding sample.
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Immunohistochemistry
Mice at age of 3–4mo (3WT and 3 HD) were deeply anesthetized
and processed for intracardiac perfusion with 50 ml phosphate
saline followed by 50 ml 4% (w/v) paraformaldehyde (Sigma-
Aldrich) in 0.1 M in phosphate buffer (pH 7.4). Fixed brains of
WT and HD140Q/140Q mice were cut into 30-μm-thick coronal
sections on a cryostat. For each animal, a series of three con-
secutive brain sections cut through the striatum were used for
immunohistochemistry. Immunolabeling was performed with
free-floating brain sections, with Triton X-100 being omitted in
all buffers to preserve the integrity of the plasma membrane.
Immunolabeled XK in brain sections was detected on incubation
with BODIPY FL conjugated goat anti-rabbit IgG (H+L; In-
vitrogen) or with the avidin–biotin peroxidase method (Vec-
tastain Elite ABC kit; Vector Laboratories). Brain sections were
mounted onto glass slides with ProLong Gold or Cytoseal
(Thermo Fisher Scientific). Cells in brain sections were identi-
fied by Hoechst 34580 staining of nuclei. Digital images were
acquired through a Zeiss LSM 880 confocal microscope (Carl
Zeiss) using the Zeiss Zen Black software with the same settings,
including pinhole, laser strength, signal gain, and offset. For
brain sections detected with the peroxidase method, digital
images were collected using a SPOT camera.

Images were analyzed with NIH ImageJ/Fiji by examiners
blinded to genotypes. From each image, 10–15 cells with a clear
edge were chosen for analysis. The outer and inner edges of the
soma of a chosen neuron were tracked using the freehand se-
lection tool to generate two contours. Signal intensities within
the outer and inner contours for each neuron were measured
separately. The difference in the signal intensities within the
two contours was determined. Cross-sectional areas of the outer
contour of each chosen neuronwere alsomeasured and used as a
measure of cell shrinkage in HD140/140Q mouse brains.

Confocal microscopy
After transfection with corresponding plasmids for 16 h,
STHdhQ7/Q7 cells on glass coverslips were treated with 50 μg/
ml β-cycloheximide, fixed in 4% paraformaldehyde, and pro-
cessed for confocal microscopy. Cells were identified by staining
the nuclei with Hoechst 33258 (1:2,000, H3569; Thermo Fisher
Scientific). All images were taken with a Zeiss LSM 900 confocal
microscope (Carl Zeiss) with a 63× oil immersion objective (1.4
numerical aperture) using the Zeiss Zen Black software. Optical
slices within the z-stack were taken at 1.00or 2.00 μm intervals.
High-resolution images were acquired using the Zeiss LSM 900
with Airyscan under the 63× oil immersion objective in a super-
resolution mode. Optical slices within the z-stack were 0.13 μm
with a frame size of 2,210 × 2,210 pixels. Images were merged
and analyzed using the NIH ImageJ/Fiji software by at least
two examiners who were blinded to experimental conditions.
The JACoP plugin was applied to determine Pearson’s corre-
lation coefficient as a measure of the frequency of protein
colocalization in cells. Images used for colocalization analysis
were obtained from at least three independent transfections
or experiments. Statistical analyses were conducted using
GraphPad Prism 7 software. All data were represented as
mean ± SD.

Live cell imaging
STHdhQ7/Q7 and STHdhQ111/Q111 cells for time-lapse imaging
were seeded in 35-mm glass-bottomed dishes (Eppendorf) the
day before transfection. After transfection with pcDNA3.1-XK-
EGFP along with pcDNA3.1-mCherry-Rab11 or with mCherry-
dArab11 for 16 h, cells were treated with β-cycloheximide and
imaged in phenol red–free DMEMmedia using a Zeiss LSM 900
confocal laser scanning microscope with the Zen Blue software
2.1 (Carl Zeiss AG), which was equipped with an Airyscan with
live cell capabilities and fitted with a fast-AS module. The NA oil
immersion alpha Plan-Apochromat 63×/1.40 Oil CorrM27 ob-
jective (Zeiss) was used with Carl Zeiss Immersol Immersion Oil
518 F (ne = 1.518 [23 _C]; Carl Zeiss). We used the 488-nm ex-
citation (green) and 561-nm excitation (red) for imaging the XK-
EGFP and mCherry-Rab11/dArab11, respectively. Time-resolved
images were acquired with a 1-s interval at a pixel resolution of
0.10 µm (fast-AS mode) in XY and 0.2 µm interval in Z step-size
using the piezo drive. The microscope was equipped with an
environmental chamber that maintained the environment at
33°C with humidified 5% CO2 gas during the entire imaging. All
cells were imaged with the same settings. Image analysis was
conducted as previously described (Ding et al., 2021). We de-
termined the dynamics of the structures containing XK-EGFP
and mCherry-Rab11/dARab11 in two ways. First, we counted the
number of small motile structures, which were defined as those
present in a previous image but absent in the following one(s),
and vice versa, and/or those moving from one place to another
with a distance of at least three times the diameter of the motile
vesicle. Second, we tracked the change in their size and/or
morphology.

Cellular fura-2 manganese extraction assay
Measurement of cellular Mn was conducted with the cellular
fura-2 Mn extraction assay (CFMEA) as previously described
(Kwakye et al., 2011). STHdhQ7/Q7 and/or STHdhQ111/Q111 cells
transfected with corresponding plasmids with or without XK-
specific or scramble siRNAs for 16 h were further cultured in the
presence and absence of 100 μM of Mn dichloride tetrahydrate
(MnCl2·4H2O) for 6 h. After Mn exposure, cells were quickly
washed three times with 0.5 ml PBS. The cells were extracted at
33°C for 1 h in 0.5 ml PBS containing 0.1% Triton X-100 and 0.5
μM of fura-2. After extraction, 100 μl of cell lysates were
transferred into a 96-well plate for measuring signals of fura-
2 fluorescence on a plate reader at Ex360 (filter bandwidth ±35
nm) and Em535 (filter bandwidth ±25 nm) with an integration
time of 200 ms using the multimode analysis software (version
3.2.0.6) and top-read settings. The graph was plotted after
normalizing average raw fluorescence signal values (RFU) with
the total protein concentration for individual readings. One-way
ANOVA followed by Tukey’s test was conducted to determine
statistical significance. The remaining cell lysates were used for
Western blot analysis to determine levels of proteins.

Molecular dynamics simulation of manganese transport
The initial coordinate of XK for simulations was obtained from
the AlphaFold Protein Structure Database (https://alphafold.ebi.
ac.uk/entry/Q9QXY7). The binding sites of Mn2+ ion in XK were

Chhetri et al. Journal of Cell Biology 13 of 16

McLeod causal XK dysfunction in Huntington’s disease https://doi.org/10.1083/jcb.202112073

https://alphafold.ebi.ac.uk/entry/Q9QXY7
https://alphafold.ebi.ac.uk/entry/Q9QXY7
https://doi.org/10.1083/jcb.202112073


predicted using the metal ion-binding site prediction and
docking server, with the protein energy minimized using 1,000
steps of conjugate gradient algorithm (https://www.cgl.ucsf.
edu/chimera/). The simulations were carried out in a physio-
logical salt solution system using the Desmond 2020.1 from
Schrödinger. The systemwas initially equilibrated using an NVT
(constant number of particles, volume, and temperature) en-
semble for 100 ps to retrain the XK and Mn2+ complex, followed
by a short run equilibration and minimization using an NPT
(constant number of particles, pressure, and temperature) en-
semble for 12 ps. The NPT ensemble was set up using the Nose-
Hoover chain coupling scheme with a temperature of 27°C, a
relaxation time of 1.0 ps, and a pressure of 1 bar. The time step
was 2 fs. TheMartyna–Tuckerman–Klein chain coupling scheme
barostat method was used for pressure control with a relaxation
time of 2 ps. The particle mesh Ewald method was used for
calculating long-range electrostatic interactions, with the radius
for the coulomb interactions fixed at 9 Å. The RESPA integrator
was applied to calculate the bonded forces for each trajectory
with a time step of 2 fs. The root mean square deviation, radius
of gyration, root mean square fluctuation, and radius of gyration
were calculated to monitor the stability of the molecular dy-
namics simulation.

Online supplemental material
Fig. S1 shows the characterization of the antibody for XK and of
the XK-EGFP reporter. Fig. S2 shows supporting data for Fig. 3.
Fig. S3 shows supporting data for Fig. 4. Fig. S4 shows the pre-
dicted Mn-binding sites in XK and the simulated movement of
Mn through XK. Fig. S5 shows the effects of altered XK ex-
pression on Mn accumulation in STHdhQ111/Q111 cells. Videos
1 and 2 show the dynamics of XK-EGFP and mCherry-Rab11 in
STHdhQ7/Q7 cells. Videos 3 and 4 show the dynamics of XK-
EGFP and mCherry-Rab11 in STHdhQ111/Q111 cells. Videos 5 and
6 show the dynamics of XK-EGFP and mCherry-dArab11 in
STHdhQ111/Q111 cells. Video 7 shows the simulation of Mn ion
movement through the predicted pore of XK. Table S1 shows the
proteins identified by mass spectrometry analysis of the pro-
teome of His-Rab11 endosomes isolated from STHdhQ7/Q7 cells.

Acknowledgments
We thank Drs. Aaron B Bowman, Michael Aschner, and Gunnar
Kwakye for their suggestions on the Fura-2 fluorescence
quenching assay for measuring cellular manganese.

This work was supported by Endowments from the Pao
Foundation (Anna Peiqing Sohmen) to X. Li, who is also sup-
ported by the Hereditary Disease Foundation, the Dake Family
Fund, and the Infectious Diseases Society of America. G. Chhetri
was sponsored by the Chinese scholarship council, and M. Di-
Figlia was supported by the Dake Family Fund and the CHDI
foundation.

The authors declare no competing financial interests.
Author contributions: G. Chhetri, Y. Ke, P. Wang, Y. Li, E.

Sapp, A. Ghosh, A. Boudi and X. Wang designed, performed, and
analyzed experiments. M. Usman, M.A. Islam and Y. Li con-
ducted data analysis. G. Chhetri, M. DiFiglia, and X. Li wrote the

manuscript. X. Li. conceived, designed, analyzed, and supervised
the overall execution of the study.

Submitted: 14 December 2021
Revised: 15 June 2022
Accepted: 29 July 2022

References
MacDonaldM.E., C.M.Ambrose, M.P.Duyao, R.H.Myers, C.Lin, L.Srinidhi,

G.Barnes, S.A.Taylor, M.James, N.Groot, et al. 1993. A novel gene con-
taining a trinucleotide repeat that is expanded and unstable onHuntington’s
disease chromosomes. The Huntington’s disease collaborative research
group. Cell. 72:971-983. https://doi.org/10.1016/0092-8674(93)90585-e

Adlakha, J., Z. Hong, P. Li, and K.M. Reinisch. 2022. Structural and bio-
chemical insights into lipid transport by VPS13 proteins. J. Cell Biol. 221:
e202202030. https://doi.org/10.1083/jcb.202202030

Bates, G.P., R. Dorsey, J.F. Gusella, M.R. Hayden, C. Kay, B.R. Leavitt, M.
Nance, C.A. Ross, R.I. Scahill, R. Wetzel, et al. 2015. Huntington disease.
Nat. Rev. Dis. Primers. 1:15005. https://doi.org/10.1038/nrdp.2015.5

Bogershausen, N., N. Shahrzad, J.X. Chong, J.C. von Kleist-Retzow, D. Stanga,
Y. Li, F.P. Bernier, C.M. Loucks, R. Wirth, E.G. Puffenberger, et al. 2013.
Recessive TRAPPC11 mutations cause a disease spectrum of limb girdle
muscular dystrophy and myopathy with movement disorder and in-
tellectual disability. Am. J. Hum. Genet. 93:181–190. https://doi.org/10
.1016/j.ajhg.2013.05.028

Bonilla, E., E. Salazar, J.J. Villasmil, and R. Villalobos. 1982. The regional
distribution of manganese in the normal human brain. Neurochem. Res.
7:221–227. https://doi.org/10.1007/BF00965060

Browne, S.E., A.C. Bowling, U. MacGarvey, M.J. Baik, S.C. Berger, M.M.
Muqit, E.D. Bird, and M.F. Beal. 1997. Oxidative damage and metabolic
dysfunction in Huntington’s disease: Selective vulnerability of the basal
ganglia. Ann. Neurol. 41:646–653. https://doi.org/10.1002/ana.410410514

Butterworth, J. 1986. Changes in nine enzyme markers for neurons, glia, and
endothelial cells in agonal state and Huntington’s disease caudate nu-
cleus. J. Neurochem. 47:583–587. https://doi.org/10.1111/j.1471-4159.1986
.tb04539.x

Chen, P., J. Bornhorst, and M. Aschner. 2018. Manganese metabolism in
humans. Front. Biosci. 23:1655–1679. https://doi.org/10.2741/4665

Claperon, A., C. Hattab, V. Armand, S. Trottier, O. Bertrand, and T. Ouimet.
2007. The Kell and XK proteins of the Kell blood group are not co-
expressed in the central nervous system. Brain Res. 1147:12–24.
https://doi.org/10.1016/j.brainres.2007.01.106

Cohen, Y., M. Megyeri, O.C. Chen, G. Condomitti, I. Riezman, U. Loizides-
Mangold, A. Abdul-Sada, N. Rimon, H. Riezman, F.M. Platt, et al. 2013.
The yeast p5 type ATPase, spf1, regulates manganese transport into the
endoplasmic reticulum. PLoS One. 8:e85519. https://doi.org/10.1371/
journal.pone.0085519

Danek, A., J.P. Rubio, L. Rampoldi, M. Ho, C. Dobson-Stone, F. Tison, W.A.
Symmans, M. Oechsner, W. Kalckreuth, J.M. Watt, et al. 2001. McLeod
neuroacanthocytosis: Genotype and phenotype. Ann. Neurol. 50:755–764.
https://doi.org/10.1002/ana.10035

Ding, Y., Y. Li, G. Chhetri, X. Peng, J. Wu, Z. Wang, B. Zhao, W. Zhao, and X.
Li. 2021. Parkinson’s disease causative mutation in Vps35 disturbs
tetherin trafficking to cell surfaces and facilitates virus spread. Cells. 10:
746. https://doi.org/10.3390/cells10040746

Dziurdzik, S.K., and E. Conibear. 2021. The Vps13 family of lipid transporters
and its role at membrane contact sites. Int. J. Mol. Sci. 22:2905. https://
doi.org/10.3390/ijms22062905

Fu, H., J. Hardy, and K.E. Duff. 2018. Selective vulnerability in neurodegen-
erative diseases. Nat. Neurosci. 21:1350–1358. https://doi.org/10.1038/
s41593-018-0221-2

Gines, S., I.S. Seong, E. Fossale, E. Ivanova, F. Trettel, J.F. Gusella, V.C.
Wheeler, F. Persichetti, and M.E. MacDonald. 2003. Specific progress-
ive cAMP reduction implicates energy deficit in presymptomatic
Huntington’s disease knock-in mice. Hum. Mol. Genet. 12:497–508.
https://doi.org/10.1093/hmg/ddg046

Guilarte, T.R., and K.K. Gonzales. 2015. Manganese-induced Parkinsonism is
not idiopathic Parkinson’s disease: Environmental and genetic evi-
dence. Toxicol. Sci. 146:204–212. https://doi.org/10.1093/toxsci/kfv099

Handley, R.R., S.J. Reid, R. Brauning, P. Maclean, E.R. Mears, I. Fourie, S.
Patassini, G.J.S. Cooper, S.R. Rudiger, C.J. McLaughlan, et al. 2017. Brain

Chhetri et al. Journal of Cell Biology 14 of 16

McLeod causal XK dysfunction in Huntington’s disease https://doi.org/10.1083/jcb.202112073

https://www.cgl.ucsf.edu/chimera/
https://www.cgl.ucsf.edu/chimera/
https://doi.org/10.1016/0092-8674(93)90585-e
https://doi.org/10.1083/jcb.202202030
https://doi.org/10.1038/nrdp.2015.5
https://doi.org/10.1016/j.ajhg.2013.05.028
https://doi.org/10.1016/j.ajhg.2013.05.028
https://doi.org/10.1007/BF00965060
https://doi.org/10.1002/ana.410410514
https://doi.org/10.1111/j.1471-4159.1986.tb04539.x
https://doi.org/10.1111/j.1471-4159.1986.tb04539.x
https://doi.org/10.2741/4665
https://doi.org/10.1016/j.brainres.2007.01.106
https://doi.org/10.1371/journal.pone.0085519
https://doi.org/10.1371/journal.pone.0085519
https://doi.org/10.1002/ana.10035
https://doi.org/10.3390/cells10040746
https://doi.org/10.3390/ijms22062905
https://doi.org/10.3390/ijms22062905
https://doi.org/10.1038/s41593-018-0221-2
https://doi.org/10.1038/s41593-018-0221-2
https://doi.org/10.1093/hmg/ddg046
https://doi.org/10.1093/toxsci/kfv099
https://doi.org/10.1083/jcb.202112073


urea increase is an early Huntington’s disease pathogenic event
observed in a prodromal transgenic sheep model and HD cases. Proc.
Natl. Acad. Sci. USA. 114:E11293–E11302. https://doi.org/10.1073/pnas
.1711243115

Harripaul, R., N. Vasli, A. Mikhailov, M.A. Rafiq, K. Mittal, C. Windpassinger,
T.I. Sheikh, A. Noor, H. Mahmood, S. Downey, et al. 2018. Mapping
autosomal recessive intellectual disability: Combined microarray and
exome sequencing identifies 26 novel candidate genes in 192 consan-
guineous families. Mol. Psychiatr. 23:973–984. https://doi.org/10.1038/
mp.2017.60

Ho, M., J. Chelly, N. Carter, A. Danek, P. Crocker, and A.P. Monaco. 1994.
Isolation of the gene for McLeod syndrome that encodes a novel
membrane transport protein. Cell. 77:869–880. https://doi.org/10.1016/
0092-8674(94)90136-8

Horning, K.J., S.W. Caito, K.G. Tipps, A.B. Bowman, and M. Aschner. 2015.
Manganese is essential for neuronal Health. Annu. Rev. Nutr. 35:71–108.
https://doi.org/10.1146/annurev-nutr-071714-034419

Joshi, P., C. Bodnya, I. Ilieva,M.D. Neely, M. Aschner, and A.B. Bowman. 2019.
Huntington’s disease associated resistance to Mn neurotoxicity is
neurodevelopmental stage and neuronal lineage dependent. Neuro-
toxicology. 75:148–157. https://doi.org/10.1016/j.neuro.2019.09.007

Ke, Y., M. Weng, G. Chhetri, M. Usman, Y. Li, Q. Yu, Y. Ding, Z. Wang, X.
Wang, P. Sultana, et al. 2020. Trappc9 deficiency in mice impairs
learning and memory by causing imbalance of dopamine D1 and D2
neurons. Sci. Adv. 6:eabb7781. https://doi.org/10.1126/sciadv.abb7781

Kumar, N., M. Leonzino, W. Hancock-Cerutti, F.A. Horenkamp, P. Li, J.A.
Lees, H. Wheeler, K.M. Reinisch, and P. De Camilli. 2018. VPS13A and
VPS13C are lipid transport proteins differentially localized at ER contact
sites. J. Cell Biol. 217:3625–3639. https://doi.org/10.1083/jcb.201807019

Kwakye, G.F., D. Li, O.A. Kabobel, and A.B. Bowman. 2011. Cellular fura-
2 manganese extraction assay (CFMEA). Curr. Protoc. Toxicol. Chapter
12:Unit12.18. https://doi.org/10.1002/0471140856.tx1218s48

Kwakye, G.F., M.M. Paoliello, S. Mukhopadhyay, A.B. Bowman, and M.
Aschner. 2015. Manganese-induced Parkinsonism and Parkinson’s
disease: Shared and distinguishable features. Int. J. Environ. Res. Publ.
Health. 12:7519–7540. https://doi.org/10.3390/ijerph120707519

Lamers, I.J.C., M.R.F. Reijnders, H. Venselaar, A. Kraus, DDD Study, S. Jansen,
B.B.A. de Vries, G. Houge, G.A. Gradek, J. Seo, M. Choi, et al. 2017.
Recurrent de novo mutations disturbing the GTP/GDP binding pocket
of RAB11B cause intellectual disability and a distinctive brain pheno-
type. Am. J. Hum. Genet. 101:824–832. https://doi.org/10.1016/j.ajhg.2017
.09.015

Li, X., E. Sapp, K. Chase, L.A. Comer-Tierney, N. Masso, J. Alexander, P.
Reeves, K.B. Kegel, A. Valencia, M. Esteves, et al. 2009a. Disruption of
Rab11 activity in a knock-in mouse model of Huntington’s disease.
Neurobiol. Dis. 36:374–383. https://doi.org/10.1016/j.nbd.2009.08.003

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

Li, X., C. Standley, E. Sapp, A. Valencia, Z.H. Qin, K.B. Kegel, J. Yoder, L.A.
Comer-Tierney, M. Esteves, K. Chase, et al. 2009b. Mutant huntingtin
impairs vesicle formation from recycling endosomes by interfering
with Rab11 activity.Mol. Cell. Biol. 29:6106–6116. https://doi.org/10.1128/
MCB.00420-09

Li, X., A. Valencia, H. McClory, E. Sapp, K.B. Kegel, and M. Difiglia. 2012.
Deficient Rab11 activity underlies glucose hypometabolism in primary
neurons of Huntington’s disease mice. Biochem. Biophys. Res. Commun.
421:727–730. https://doi.org/10.1016/j.bbrc.2012.04.070

Li, X., A. Valencia, E. Sapp, N. Masso, J. Alexander, P. Reeves, K.B. Kegel, N.
Aronin, and M. Difiglia. 2010. Aberrant Rab11-dependent trafficking of
the neuronal glutamate transporter EAAC1 causes oxidative stress and
cell death in Huntington’s disease. J. Neurosci. 30:4552–4561. https://doi
.org/10.1523/JNEUROSCI.5865-09.2010

Liu, Q., S. Cheng, H. Yang, L. Zhu, Y. Pan, L. Jing, B. Tang, S. Li, and X.J. Li.
2020. Loss of Hap1 selectively promotes striatal degeneration in Hun-
tington disease mice. Proc. Natl. Acad. Sci. USA. 117:20265–20273.
https://doi.org/10.1073/pnas.2002283117

Marin-Valencia, I., G. Novarino, A. Johansen, B. Rosti, M.Y. Issa, D. Musaev,
G. Bhat, E. Scott, J.L. Silhavy, V. Stanley, et al. 2018. A homozygous
founder mutation in TRAPPC6B associates with a neurodevelopmental
disorder characterised by microcephaly, epilepsy and autistic features.
J. Med. Genet. 55:48–54. https://doi.org/10.1136/jmedgenet-2017-104627

Martinez-Vicente, M., Z. Talloczy, E. Wong, G. Tang, H. Koga, S. Kaushik, R.
de Vries, E. Arias, S. Harris, D. Sulzer, and A.M. Cuervo. 2010. Cargo

recognition failure is responsible for inefficient autophagy in Hun-
tington’s disease. Nat. Neurosci. 13:567–576. https://doi.org/10.1038/nn
.2528

McClory, H., X. Wang, E. Sapp, L.W. Gatune, M. Iuliano, C.Y. Wu, G. Nath-
wani, K.B. Kegel-Gleason, M. DiFiglia, and X. Li. 2018. The COOH-
terminal domain of huntingtin interacts with RhoGEF kalirin and
modulates cell survival. Sci. Rep. 8:8000. https://doi.org/10.1038/
s41598-018-26255-1

McClory, H., D. Williams, E. Sapp, L.W. Gatune, P. Wang, M. DiFiglia, and X.
Li. 2014. Glucose transporter 3 is a rab11-dependent trafficking cargo
and its transport to the cell surface is reduced in neurons of CAG140
Huntington’s disease mice. Acta Neuropathol. Commun. 2:179. https://doi
.org/10.1186/s40478-014-0178-7

Miesenbock, G., D.A. De Angelis, and J.E. Rothman. 1998. Visualizing secre-
tion and synaptic transmission with pH-sensitive green fluorescent
proteins. Nature. 394:192–195. https://doi.org/10.1038/28190

Milakovic, T., and G.V. Johnson. 2005. Mitochondrial respiration and ATP
production are significantly impaired in striatal cells expressingmutant
huntingtin. J. Biol. Chem. 280:30773–30782. https://doi.org/10.1074/jbc
.M504749200

Milev, M.P., M.E. Grout, D. Saint-Dic, Y.H. Cheng, I.A. Glass, C.J. Hale, D.S.
Hanna,M.O. Dorschner, K. Prematilake, A. Shaag, et al. 2017. Mutations
in TRAPPC12 manifest in progressive childhood encephalopathy and
Golgi dysfunction. Am. J. Hum. Genet. 101:291–299. https://doi.org/10
.1016/j.ajhg.2017.07.006

Mir, A., L. Kaufman, A. Noor, M.M. Motazacker, T. Jamil, M. Azam, K.
Kahrizi, M.A. Rafiq, R. Weksberg, T. Nasr, et al. 2009. Identification of
mutations in TRAPPC9, which encodes the NIK- and IKK-beta-binding
protein, in nonsyndromic autosomal-recessive mental retardation. Am.
J. Hum. Genet. 85:909–915. https://doi.org/10.1016/j.ajhg.2009.11.009

Mochida, G.H., M. Mahajnah, A.D. Hill, L. Basel-Vanagaite, D. Gleason, R.S.
Hill, A. Bodell, M. Crosier, R. Straussberg, and C.A. Walsh. 2009. A
truncating mutation of TRAPPC9 is associated with autosomal-
recessive intellectual disability and postnatal microcephaly. Am.
J. Hum. Genet. 85:897–902. https://doi.org/10.1016/j.ajhg.2009.10.027

Mohamoud, H.S., S. Ahmed, M. Jelani, N. Alrayes, K. Childs, N. Vadgama,
M.M. Almramhi, J.Y. Al-Aama, S. Goodbourn, and J. Nasir. 2018. A
missense mutation in TRAPPC6A leads to build-up of the protein, in
patients with a neurodevelopmental syndrome and dysmorphic fea-
tures. Sci. Rep. 8:2053. https://doi.org/10.1038/s41598-018-20658-w

Muddapu, V.R., S.A.P. Dharshini, V.S. Chakravarthy, and M.M. Gromiha.
2020. Neurodegenerative diseases - is metabolic deficiency the root
cause?. Front. Neurosci. 14:213. https://doi.org/10.3389/fnins.2020.00213

Munoz-Braceras, S., A.R. Tornero-Ecija, O. Vincent, and R. Escalante. 2019.
VPS13A is closely associated with mitochondria and is required for ef-
ficient lysosomal degradation. Dis. Model Mech. 12:dmm036681. https://
doi.org/10.1242/dmm.036681

Pal, A., F. Severin, B. Lommer, A. Shevchenko, and M. Zerial. 2006.
Huntingtin-HAP40 complex is a novel Rab5 effector that regulates early
endosome motility and is up-regulated in Huntington’s disease. J. Cell
Biol. 172:605–618. https://doi.org/10.1083/jcb.200509091

Park, J.S., and A.M. Neiman. 2020. XK is a partner for VPS13A: A molecular
link between chorea-acanthocytosis and McLeod syndrome. Mol. Biol.
Cell. 31:2425–2436. https://doi.org/10.1091/mbc.E19-08-0439-T

Paß, T., R.J. Wiesner, and D. Pla-Martin. 2021. Selective neuron vulnerability
in common and rare diseases-mitochondria in the focus. Front. Mol.
Biosci. 8:676187. https://doi.org/10.3389/fmolb.2021.676187

Patassini, S., P. Begley, S.J. Reid, J. Xu, S.J. Church, M. Curtis, M. Dragunow,
H.J. Waldvogel, R.D. Unwin, R.G. Snell, et al. 2015. Identification of
elevated urea as a severe, ubiquitous metabolic defect in the brain of
patients with Huntington’s disease. Biochem. Biophys. Res. Commun. 468:
161–166. https://doi.org/10.1016/j.bbrc.2015.10.140

Pfalzer, A.C., J.M. Wilcox, S.G. Codreanu, M. Totten, T.J.V. Bichell, T. Hal-
besma, P. Umashanker, K.L. Yang, N.L. Parmalee, S.D. Sherrod, et al.
2020. Huntington’s disease genotype suppresses global manganese-
responsive processes in pre-manifest and manifest YAC128 mice. Met-
allomics. 12:1118–1130. https://doi.org/10.1039/d0mt00081g

Philippe, O., M. Rio, A. Carioux, J.M. Plaza, P. Guigue, F. Molinari, N. Bod-
daert, C. Bole-Feysot, P. Nitschke, A. Smahi, et al. 2009. Combination of
linkage mapping and microarray-expression analysis identifies NF-
kappaB signaling defect as a cause of autosomal-recessive mental re-
tardation. Am. J. Hum. Genet. 85:903–908. https://doi.org/10.1016/j.ajhg
.2009.11.007

Prekeris, R., J. Klumperman, and R.H. Scheller. 2000. A Rab11/Rip11
protein complex regulates apical membrane trafficking via recycling

Chhetri et al. Journal of Cell Biology 15 of 16

McLeod causal XK dysfunction in Huntington’s disease https://doi.org/10.1083/jcb.202112073

https://doi.org/10.1073/pnas.1711243115
https://doi.org/10.1073/pnas.1711243115
https://doi.org/10.1038/mp.2017.60
https://doi.org/10.1038/mp.2017.60
https://doi.org/10.1016/0092-8674(94)90136-8
https://doi.org/10.1016/0092-8674(94)90136-8
https://doi.org/10.1146/annurev-nutr-071714-034419
https://doi.org/10.1016/j.neuro.2019.09.007
https://doi.org/10.1126/sciadv.abb7781
https://doi.org/10.1083/jcb.201807019
https://doi.org/10.1002/0471140856.tx1218s48
https://doi.org/10.3390/ijerph120707519
https://doi.org/10.1016/j.ajhg.2017.09.015
https://doi.org/10.1016/j.ajhg.2017.09.015
https://doi.org/10.1016/j.nbd.2009.08.003
https://doi.org/10.1097/WNR.0b013e328315cd4c
https://doi.org/10.1128/MCB.00420-09
https://doi.org/10.1128/MCB.00420-09
https://doi.org/10.1016/j.bbrc.2012.04.070
https://doi.org/10.1523/JNEUROSCI.5865-09.2010
https://doi.org/10.1523/JNEUROSCI.5865-09.2010
https://doi.org/10.1073/pnas.2002283117
https://doi.org/10.1136/jmedgenet-2017-104627
https://doi.org/10.1038/nn.2528
https://doi.org/10.1038/nn.2528
https://doi.org/10.1038/s41598-018-26255-1
https://doi.org/10.1038/s41598-018-26255-1
https://doi.org/10.1186/s40478-014-0178-7
https://doi.org/10.1186/s40478-014-0178-7
https://doi.org/10.1038/28190
https://doi.org/10.1074/jbc.M504749200
https://doi.org/10.1074/jbc.M504749200
https://doi.org/10.1016/j.ajhg.2017.07.006
https://doi.org/10.1016/j.ajhg.2017.07.006
https://doi.org/10.1016/j.ajhg.2009.11.009
https://doi.org/10.1016/j.ajhg.2009.10.027
https://doi.org/10.1038/s41598-018-20658-w
https://doi.org/10.3389/fnins.2020.00213
https://doi.org/10.1242/dmm.036681
https://doi.org/10.1242/dmm.036681
https://doi.org/10.1083/jcb.200509091
https://doi.org/10.1091/mbc.E19-08-0439-T
https://doi.org/10.3389/fmolb.2021.676187
https://doi.org/10.1016/j.bbrc.2015.10.140
https://doi.org/10.1039/d0mt00081g
https://doi.org/10.1016/j.ajhg.2009.11.007
https://doi.org/10.1016/j.ajhg.2009.11.007
https://doi.org/10.1083/jcb.202112073


endosomes. Mol. Cell. 6:1437–1448. https://doi.org/10.1016/s1097
-2765(00)00140-4

Rampoldi, L., C. Dobson-Stone, J.P. Rubio, A. Danek, R.M. Chalmers, N.W.
Wood, C. Verellen, X. Ferrer, A. Malandrini, G.M. Fabrizi, et al. 2001. A
conserved sorting-associated protein is mutant in chorea-acanthocytosis.
Nat. Genet. 28:119–120. https://doi.org/10.1038/88821

Rivera, A., S.Y. Kam, M. Ho, J.R. Romero, and S. Lee. 2013. Ablation of the
Kell/Xk complex alters erythrocyte divalent cation homeostasis. Blood
Cell Mol. Dis. 50:80–85. https://doi.org/10.1016/j.bcmd.2012.10.002

Rosas, H.D., Y.I. Chen, G. Doros, D.H. Salat, N.K. Chen, K.K. Kwong, A. Bush, J.
Fox, and S.M. Hersch. 2012. Alterations in brain transition metals in
Huntington disease: An evolving and intricate story. Arch. Neurol. 69:
887–893. https://doi.org/10.1001/archneurol.2011.2945

Russell, T.A., M.J. Grubisha, C.L. Remmers, S.K. Kang, M.P. Forrest, K.R.
Smith, K.J. Kopeikina, R. Gao, R.A. Sweet, and P. Penzes. 2018. A
schizophrenia-linked KALRN coding variant alters neuron morphology,
protein function, and transcript stability. Biol. Psychiatr. 83:499–508.
https://doi.org/10.1016/j.biopsych.2017.10.024

Russo, D., C. Redman, and S. Lee. 1998. Association of XK and Kell blood group pro-
teins. J. Biol. Chem. 273:13950–13956. https://doi.org/10.1074/jbc.273.22.13950

Ryoden, Y., K. Segawa, and S. Nagata. 2022. Requirement of Xk and Vps13a
for the P2X7-mediated phospholipid scrambling and cell lysis in mouse
T cells. Proc. Natl. Acad. Sci. USA. 119:e2119286119. https://doi.org/10
.1073/pnas.2119286119

Saudou, F., and S. Humbert. 2016. The Biology of huntingtin. Neuron. 89:
910–926. https://doi.org/10.1016/j.neuron.2016.02.003

Slow, E.J., J. van Raamsdonk, D. Rogers, S.H. Coleman, R.K. Graham, Y. Deng,
R. Oh, N. Bissada, S.M. Hossain, Y.Z. Yang, et al. 2003. Selective striatal
neuronal loss in a YAC128 mouse model of Huntington disease. Hum.
Mol. Genet. 12:1555–1567. https://doi.org/10.1093/hmg/ddg169

Smith, M.R., J. Fernandes, Y.M. Go, and D.P. Jones. 2017. Redox dynamics of
manganese as a mitochondrial life-death switch. Biochem. Biophys. Res.
Commun. 482:388–398. https://doi.org/10.1016/j.bbrc.2016.10.126

Subramaniam, S. 2019. Selective neuronal death in neurodegenerative dis-
eases: The ongoing mystery. Yale J. Biol. Med. 92:695–705

Subramaniam, S., K.M. Sixt, R. Barrow, and S.H. Snyder. 2009. Rhes, a
striatal specific protein, mediates mutant-huntingtin cytotoxicity. Sci-
ence. 324:1327–1330. https://doi.org/10.1126/science.1172871

Tabrizi, S.J., M.D. Flower, C.A. Ross, and E.J. Wild. 2020. Huntington disease:
New insights into molecular pathogenesis and therapeutic opportunities.
Nat. Rev. Neurol. 16:529–546. https://doi.org/10.1038/s41582-020-0389-4

Trettel, F., D. Rigamonti, P. Hilditch-Maguire, V.C. Wheeler, A.H. Sharp, F.
Persichetti, E. Cattaneo, and M.E. MacDonald. 2000. Dominant

phenotypes produced by the HD mutation in STHdh(Q111) striatal cells.
Hum. Mol. Genet. 9:2799–2809. https://doi.org/10.1093/hmg/9.19.2799

Ueno, S., Y. Maruki, M. Nakamura, Y. Tomemori, K. Kamae, H. Tanabe, Y.
Yamashita, S. Matsuda, S. Kaneko, and A. Sano. 2001. The gene en-
coding a newly discovered protein, chorein, is mutated in chorea-
acanthocytosis. Nat. Genet. 28:121–122. https://doi.org/10.1038/88825

Ullrich, O., S. Reinsch, S. Urbe, M. Zerial, and R.G. Parton. 1996. Rab11 reg-
ulates recycling through the pericentriolar recycling endosome. J. Cell
Biol. 135:913–924. https://doi.org/10.1083/jcb.135.4.913

Urata, Y., M. Nakamura, N. Sasaki, N. Shiokawa, Y. Nishida, K. Arai, H.
Hiwatashi, I. Yokoyama, S. Narumi, Y. Terayama, et al. 2019. Novel
pathogenic XK mutations in McLeod syndrome and interaction be-
tween XK protein and chorein. Neurol. Genet. 5:e328. https://doi.org/10
.1212/NXG.0000000000000328

Van Bergen, N.J., Y. Guo, N. Al-Deri, Z. Lipatova, D. Stanga, S. Zhao, R.
Murtazina, V. Gyurkovska, D. Pehlivan, T. Mitani, et al. 2020. Defi-
ciencies in vesicular transport mediated by TRAPPC4 are associated
with severe syndromic intellectual disability. Brain. 143:112–130.
https://doi.org/10.1093/brain/awz374

Vonsattel, J.P., andM. DiFiglia. 1998. Huntington disease. J. Neuropathol. Exp.
Neurol. 57:369–384. https://doi.org/10.1097/00005072-199805000
-00001

Wang, X., M. Weng, Y. Ke, E. Sapp, M. DiFiglia, and X. Li. 2020. Kalirin in-
teracts with TRAPP and regulates Rab11 and endosomal recycling. Cells.
9:1132. https://doi.org/10.3390/cells9051132

Welz, T., J. Wellbourne-Wood, and E. Kerkhoff. 2014. Orchestration of cell
surface proteins by Rab11. Trends Cell Biol. 24:407–415. https://doi.org/
10.1016/j.tcb.2014.02.004

Wilcox, J.M., A.C. Pfalzer, A.A. Tienda, I.F. Debbiche, E.C. Cox, M.S. Totten,
K.M. Erikson, F.E. Harrison, and A.B. Bowman. 2021. YAC128 mouse
model of Huntington disease is protected against subtle chronic man-
ganese (Mn)-induced behavioral and neuropathological changes. Neu-
rotoxicology. 87:94–105. https://doi.org/10.1016/j.neuro.2021.09.002

Williams, B.B., D. Li, M. Wegrzynowicz, B.K. Vadodaria, J.G. Anderson, G.F.
Kwakye, M. Aschner, K.M. Erikson, and A.B. Bowman. 2010. Disease-
toxicant screen reveals a neuroprotective interaction between Hun-
tington’s disease and manganese exposure. J. Neurochem. 112:227–237.
https://doi.org/10.1111/j.1471-4159.2009.06445.x

Yeshaw,W.M., M. van der Zwaag, F. Pinto, L.L. Lahaye, A.I. Faber, R. Gomez-
Sanchez, A.M. Dolga, C. Poland, A.P. Monaco, S.C. van IJzendoorn, et al.
2019. Human VPS13A is associated with multiple organelles and influ-
ences mitochondrial morphology and lipid droplet motility. Elife. 8:
e43561. https://doi.org/10.7554/eLife.43561

Chhetri et al. Journal of Cell Biology 16 of 16

McLeod causal XK dysfunction in Huntington’s disease https://doi.org/10.1083/jcb.202112073

https://doi.org/10.1016/s1097-2765(00)00140-4
https://doi.org/10.1016/s1097-2765(00)00140-4
https://doi.org/10.1038/88821
https://doi.org/10.1016/j.bcmd.2012.10.002
https://doi.org/10.1001/archneurol.2011.2945
https://doi.org/10.1016/j.biopsych.2017.10.024
https://doi.org/10.1074/jbc.273.22.13950
https://doi.org/10.1073/pnas.2119286119
https://doi.org/10.1073/pnas.2119286119
https://doi.org/10.1016/j.neuron.2016.02.003
https://doi.org/10.1093/hmg/ddg169
https://doi.org/10.1016/j.bbrc.2016.10.126
https://doi.org/10.1126/science.1172871
https://doi.org/10.1038/s41582-020-0389-4
https://doi.org/10.1093/hmg/9.19.2799
https://doi.org/10.1038/88825
https://doi.org/10.1083/jcb.135.4.913
https://doi.org/10.1212/NXG.0000000000000328
https://doi.org/10.1212/NXG.0000000000000328
https://doi.org/10.1093/brain/awz374
https://doi.org/10.1097/00005072-199805000-00001
https://doi.org/10.1097/00005072-199805000-00001
https://doi.org/10.3390/cells9051132
https://doi.org/10.1016/j.tcb.2014.02.004
https://doi.org/10.1016/j.tcb.2014.02.004
https://doi.org/10.1016/j.neuro.2021.09.002
https://doi.org/10.1111/j.1471-4159.2009.06445.x
https://doi.org/10.7554/eLife.43561
https://doi.org/10.1083/jcb.202112073


Supplemental material

Chhetri et al. Journal of Cell Biology S1

McLeod causal XK dysfunction in Huntington’s disease https://doi.org/10.1083/jcb.202112073

https://doi.org/10.1083/jcb.202112073


Figure S1. Characterization of anti-XK antibodies and the XK-EGFP reporter. (A) Western blot analysis of lysates of cells transfected with the indicated
amounts of plasmids expressing WT XK. (B) Densitometry of blot analyses in A showed that signals for the protein band of ∼43 kD identified with an arrow
increased in a plasmid dose-dependent manner. Signals for the protein band of∼52 kD indicated by an open arrowhead were very weak at basal state, but also
appeared to increase in a plasmid dose-dependent manner. Signals for the protein bands of 90 and 100 kD marked by a star symbol remained constant
regardless of the amount of plasmids transfected, suggesting that they are crossreactive. (C)Western blot analysis of cytosol and total membranes prepared
from STHdhQ7/Q7 cells. The protein bands of 43 and 52 kD, respectively, were present in total membranes, whereas the protein bands of 90 and 100 kD were
cytosolic, further supporting their crossreactivity to XK antibodies. (D) Schematic representation of the XK-EGFP reporter. (E) STHdhQ7/Q7 cells were
transfected with pcDNA3.1-XK for 16 h and further cultured in the presence or absence of β-cycloheximide (CYX) for 5 h. Cells were collected for preparing
homogenates by passing through a 25-gauge needle. Postnuclear supernatants were overlaid on a discontinuous Nycodenz gradient and centrifuged as in
Materials and methods. The same volume of each fraction was analyzed by Western blot. Protein bands identified by fixed arrowheads were detected by other
antibodies left over in the XK antibody solutions which were reused. XK-EGFP was expressed at the expected size. The open arrowhead indicated the 52 kD
isoform of XK. Source data are available for this figure: SourceData FS1.
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Figure S2. Another set of cells to illustrate that the dynamics of Rab11 endosomes in HD striatal cells declines and is enhanced upon the expression
of dominantly active Rab11, as in Fig. 3. Boxed regions were enlarged and shown below the corresponding frame. Arrows in Insets trace motile structures
containing both XK-EGFP andmCherry-Rab11/dArab11, whereas arrowheads point to structures changing in their size. Dashed circles indicate motile structures
containing both XK-EGFP and mCherry-Rab11/dArab11 disappearing in the following images, and dashed polygons identify those appearing in the following
images. Enlarged dashed contours indicate dynamic changes in the morphology of large tubulovesicular structures, likely reflecting events of vesicle fusion and
budding. Scale bars in the last frame of each of SThdhQ7/Q7, SThdhQ111/Q111, and SThdhQ111/Q111 + dArab11: 10 μm (upper), 2 μm (middle), and 0.5 μm
(lower).
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Figure S3. XK is expressed normally in the striatum but is diminished on the cell surface of striatal neurons in CAG140 knock-in mice. (A and B)
Postnuclear striatal and cortical supernatants of WT (N = 7) and HD (N = 6) mice were analyzed by Western blot (A) followed by densitometry (B) to examine
expression levels of XK. The age of the mice was 10 mo. (C–E) A series of three consecutive coronal brain sections cut through the striatum of WT and
HD140Q/140Q mice were processed for labeling with antibodies for XK with the same procedures as in Fig. 4. Immunolabeled XK molecules were detected by
the avidin–biotin peroxidase method. (C) Images of immunolabeled XK in one brain section of one animal for WT and HD. Boxed regions were enlarged and
shown below the corresponding photograph. (D and E) Digital images captured from the striatum of four brain sections for each genotype were analyzed with
the NIH ImageJ/Fiji software to measure the cross-sectional areas (D) and signal intensity (E) of striatal neurons immunoreactive to the XK antibody. Scale bars:
150 μm. Intensities of XK, as well as GAPDH (A), immunoreactive signals were measured with the NIH ImageJ/Fiji software. Data are mean ± SD. Each symbol
represents one animal (A) and one cell (D and E), respectively. Two-tailed Student’s t test was done for comparison. Source data are available for this figure:
SourceData FS3.
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Figure S4. Analysis of the feasibility for XK to act as a manganese transporter. (A) Metal ion interaction analysis predicted 15 sites to which a Mn2+ ion
could bind in XK. Arrows point to two predicted sites exposed to external environments or the pore, and their corresponding residues were also displayed.
(B) The simulated trajectory of the Mn2+ movement through the pore formed by the helices of XK. At the beginning of the simulation, the Mn2+ ions were
clustered in the same place. At 10 ns, Mn2+ binding to the predicted site (230t-232V-233L) triggered the pore to change from a compact closed conformation to
an open basket shape, which facilitated the inward movement of the Mn2+ ion. Once the channel was in the open state, the Mn2+ inward movement might not
be driven by the electrostatic interaction with the binding sites but be driven by a concentration gradient. The ribbon structure was rotated at 30, 40, and 50
ns, respectively, to illustrate that the Mn2+ ion moved through the pore. Arrows in the ribbon structures point to the Mn2+ ion located inside the pore during the
simulation.
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Video 1. Dynamics of XK-EGFP and mCherry-Rab11 in WT striatal cells. STHdhQ7/Q7 cells were cotransfected with plasmids expressing XK-EGFP and
plasmids expressing mCherry-Rab11 for 16 h, treated with β-cycloheximide at 37°C for 5 h, and imaged size through a 63×/1.40 Oil CorrM27 objective at 33°C
with a 1-s interval at a pixel resolution of 0.10 μm (fast-AS mode) in XY and 0.2 μm interval in Z step-size using the Zeiss LSM 900 confocal laser scanning
microscopy system. Frame rate is 1 s.

Video 2. Dynamics of XK-EGFP and mCherry-Rab11 in WT striatal cells. STHdhQ7/Q7 cells were cotransfected with plasmids expressing XK-EGFP and
plasmids expressing mCherry-Rab11 for 16 h, treated with β-cycloheximide at 37°C for 5 h, and imaged size through a 63×/1.40 Oil CorrM27 objective at 33°C
with a 1-s interval at a pixel resolution of 0.10 μm (fast-AS mode) in XY and 0.2 μm interval in Z step-size using the Zeiss LSM 900 confocal laser scanning
microscopy system. Frame rate is 1 s.

Video 3. Dynamics of XK-EGFP and mCherry-Rab11 in HD striatal cells. STHdhQ111/Q111 cells were cotransfected with plasmids expressing XK-EGFP and
plasmids expressing mCherry-Rab11 for 16 h, treated with β-cycloheximide at 37°C for 5 h, and imaged through a 63×/1.40 Oil CorrM27 objective at 33°C with a
1-s interval at a pixel resolution of 0.10 μm (fast-AS mode) in XY and 0.2 μm interval in Z step-size using the Zeiss LSM 900 confocal laser scanning microscopy
system. Frame rate is 1 s.

Figure S5. Effects of altered levels of XK on manganese accumulation in HD striatal cells. (A) Deficiency of Mn in STHdhQ111/Q111 cells. At basal and
Mn-triggered states, STHdhQ111/Q111 cells enriched less Mn than STHdhQ7/Q7 cells, suggesting that HD striatal cells have a deficit in taking up Mn. (B and C)
Ectopic expression of XK significantly improved STHdhQ111/Q111 cells to accumulate Mn. (D and E) However, XK-siRNA treatment had little effect on Mn
accumulation in STHdhQ111/Q111 cells, though XK was efficiently lowered down upon transfection with XK-specific siRNA. Blot analyses in B and D were from
one of three experiments. Data in C and E are mean ± SD. One-way ANOVA and post hoc Tukey’s analysis: F(3,8) = 1,083, P < 0.0001 (A); F(3,8) = 55.8, P < 0.001
(C); F(3,8) = 2.495, P = 0.134 (E); Tukey’s test: # P < 0.0001. Source data are available for this figure: SourceData FS5.
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Video 4. Dynamics of XK-EGFP andmCherry-Rab11 in HD striatal cells. STHdhQ111/Q111 cells were cotransfected with plasmids expressing XK-EGFP and
plasmids expressing mCherry-Rab11 for 16 h, treated with β-cycloheximide at 37°C for 5 h, and imaged through a 63×/1.40 Oil CorrM27 objective at 33°C with a
1-s interval at a pixel resolution of 0.10 μm (fast-AS mode) in XY and 0.2 μm interval in Z step-size using the Zeiss LSM 900 confocal laser scanning microscopy
system. Frame rate is 1 s.

Video 5. Dynamics of XK-EGFP and mCherry-dArab11 in HD striatal cells. STHdhQ111/Q111 cells were transfected with plasmids expressing XK-EGFP
along with plasmids expressing mCherry-tagged dominant active Rab11 mutant for 16 h, treated with β-cycloheximide at 37°C for 5 h, and imaged through a
63×/1.40 Oil CorrM27 objective at 33°C with a 1-s interval at a pixel resolution of 0.10 μm (fast-AS mode) in XY and 0.2 μm interval in Z step-size using the
Zeiss LSM 900 confocal laser scanning microscopy system. Frame rate is 1 s.

Video 6. Dynamics of XK-EGFP and mCherry-dArab11 in HD striatal cells. STHdhQ111/Q111 cells were transfected with plasmids expressing XK-EGFP
along with plasmids expressing mCherry-tagged dominant active Rab11 mutant for 16 h, treated with β-cycloheximide at 37°C for 5 h, and imaged through a
63×/1.40 Oil CorrM27 objective at 33°C with a 1-s interval at a pixel resolution of 0.10 μm (fast-AS mode) in XY and 0.2 μm interval in Z step-size using the
Zeiss LSM 900 confocal laser scanning microscopy system. Frame rate is 1 s.

Video 7. Simulation of manganese movement through the predicted pore of the XK protein. The simulation was carried out in a physiological salt
solution system using an NVT ensemble for 100 ps followed by a short run equilibration and minimization using an NPT ensemble for 12 ps. The long-range
electrostatic interactions were calculated with the radius for the coulomb interactions fixed at 9 Å and the bonded forces for each trajectory were calculated
with a time step of 2 fs. Frame rate is 100 ps.

Provided online is Table S1. Table S1 shows the proteins identified by mass spectrometry analysis of the proteome of His-Rab11
endosomes isolated from STHdhQ7/Q7 cells.
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