XK is a partner for VPS13A: a molecular link
between Chorea-Acanthocytosis and McLeod
Syndrome
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ABSTRACT Vps13 is a highly conserved lipid transfer protein found at multiple interorgan-
elle membrane contact sites where it mediates distinct processes. In yeast, recruitment of
Vps13 to different contact sites occurs via various partner proteins. In humans, four VPS13
family members, A-D, are associated with different diseases. In particular, vps13A mutants
result in the neurodegenerative disorder Chorea-Acanthocytosis (ChAc). ChAc phenotypes
resemble those of McLeod Syndrome, caused by mutations in the XK gene, suggesting that
XK could be a partner protein for VPS13A. XK does, in fact, exhibit hallmarks of a VPS13A
partner: it forms a complex with VPS13A in human cells and, when overexpressed, relocalizes
VPS13A from lipid droplets to subdomains of the endoplasmic reticulum. Introduction of two
different ChAc disease-linked missense mutations into VPS13A prevents this XK-induced
relocalization. These results suggest that dysregulation of a VPS13A-XK complex is the
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common basis for ChAc and McLeod Syndrome.

INTRODUCTION
Chorea-Acanthocytosis (ChAc) and McLeod Syndrome, adult-onset
neurodegenerative disorders with very similar symptomology, are
caused by mutations in the VPS13A and XK genes, respectively (Ho
et al., 1994; Rampoldi et al., 2001; Walker et al., 2008; Roulis et al.,
2018). Both diseases are characterized by progressive loss of neu-
rons in the striatum and choreic movements, as well as the presence
of acanthocytes in peripheral blood smears (Walker et al., 2008;
Roulis et al., 2018). The similar phenotypes of the two syndromes
suggest that the two genes are functionally linked; however, the
molecular basis for either disease has remained elusive.

The XK gene encodes a polytopic integral membrane protein
(Ho et al., 1994). In red blood cells, the XK protein is located in the
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plasma membrane in a complex with the Kell blood group antigen
protein (Russo et al., 1998). There are multiple other XK-related
(XKR) genes in humans. In mice, XKR8 encodes a lipid scramblase
localized at the plasma membrane, which flips phosphatidylserine
to the outer leaflet of the plasma membrane in response to apop-
totic signals (Suzuki et al., 2013). Two other family members in mice,
XKR4 and XKR?, can similarly act as phosphatidylserine scramblases
at the plasma membrane (Suzuki et al., 2014). This activity of XKR4,
-8, and -9 suggests that proteins in the XK family might generally
function as phospholipid scramblases, though no such activity has
been shown for XK.

In humans, VPS13A encodes one of four members of the highly
conserved Vps13 protein family (Velayos-Baeza et al., 2004). While
mutations in VPS13A result in ChAc, mutations in each of the other
members of the gene family result in distinct disorders often associ-
ated with neurological symptoms, including Cohen Syndrome and
autism (VPS13B), Parkinson’s disease (VPS13C), and cerebellar ataxia
(VPS13D) (Kolehmainen et al., 2003; lonita-Laza et al., 2014; Lesage
et al., 2016; Gauthier et al., 2018; Seong et al., 2018). The connec-
tion of mutations in VPS13 family genes to these different diseases
makes understanding the molecular function of this protein family of
particular importance.

Studies in fungi have demonstrated that proteins in the Vps13
family act at interorganelle contact sites to mediate the transfer of
lipids between different organellar membranes (Lang et al., 2015;
Park etal., 2016; Kumar et al., 2018). In baker's yeast, Saccharomyces
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cerevisiae, there is a single VPS13 gene. The yeast Vps13 protein is
found at several different interorganellar contacts, including
mitochondrial-endosome contacts, endoplasmic-reticulum (ER)-
vacuolar contacts, and mitochondrial-vacuolar contacts, depending
on the growth state of the cell (Lang et al., 2015; Park et al., 2016;
John Peter et al., 2017). The deletion of yeast VPS13 is pleiotropic,
resulting in missorting of vacuolar proteins in the secretory pathway,
failure in sporulation, and defects in mitochondrial homeostasis
(Bankaitis et al., 1986; Brickner and Fuller, 1997; Park and Neiman,
2012; Park et al., 2016). These pleiotropic effects probably reflect
loss of Vps13 function at different contact sites (Park et al., 2016;
John Peter et al., 2017).

The yeast system has been an informative way to assess the pos-
sible functions of the mammalian orthologs of VPS13 that are af-
fected by mutations associated with various diseases. For example,
introduction of missense mutations in VPS13A, associated with
ChAc into the cognate amino acids in yeast VPS13, creates mutants
specifically defective in mitochondrial homeostasis, as well as redis-
tribution of Vps13 away from mitochondrial contact sites (Park et al.,
2016). These observations indicate that mitochondrial localization
correlates with a specific function of Vps13 and suggest that loss of
a mitochondrial function of VPS13A may be the basis of ChAc.

Recruitment of yeast Vps13 to different contact sites is mediated
by different partner proteins, termed adaptors (Park et al., 2013;
John Peter et al., 2017; Bean et al., 2018). Adaptor proteins are local-
ized on different organelles and share a specific motif, centered
around the amino acid sequence Oxx®xPxPPx®, where @ is a hydro-
phobic amino acid (hereafter referred to as the P-x-P motif), through
which they compete for binding to the same region of Vps13, termed
the Vps13 adaptor binding (VAB) domain (Bean et al., 2018). For
example, Vps13 localizes to endosomal membranes through interac-
tion with the adaptor protein Ypt35 (Bean et al., 2018). Spo71 is a
meiosis-specific adaptor protein that recruits Vps13 to the prospore
membranes used to package the haploid products of meiosis into
spores (Park et al., 2013). When ectopically expressed in vegetative
cells, Spo71 competes with Ypt35 for binding to Vps13, resulting in
relocalization of Vps13 away from endosomes to the plasma mem-
brane (Park et al., 2013; Bean et al., 2018). Importantly, while loss of
VPS13 is pleiotropic, deletion of individual adaptor proteins causes
only a subset of the vps13A phenotypes—those associated with loss
of Vps13 activity at a specific organellar contact site (Park et al., 2013;
John Peter et al., 2017; Bean et al., 2018).

Similar to yeast Vps13, human VPS13A localizes to mitochon-
dria—ER, ER-lipid droplet, and mitochondria—endosome contact
sites in human cells (Kumar et al., 2018; Munoz-Braceras et al., 2019;
Yeshaw et al., 2019). The yeast model of Vps13 function predicts
that VPS13A should be recruited to these different sites by different
adaptor proteins to mediate distinct functions. We propose that loss
of VPS13A function at one of these contact sites is responsible for
ChAc, in which case, loss of the adaptor protein at that contact site
should result in a disease very similar to ChAc.

The similar symptomology of ChAc and Mcleod Syndrome
caused by vps13A and xk mutants, respectively, suggests that XK
and VPS13A might function in the same cellular pathway. Indeed,
our results show that the two proteins interact and that XK exhibits
the hallmarks of a VPS13A adaptor protein, which recruits
VPS13A to a specific site in human cells. However, mutations in
neither a P-x-P motif in XK nor the VAB domain of VPS13A disrupt
the XK-VPS13A interaction, suggesting that XK partners VPS13A in
a manner distinct from the yeast adaptors. Nonetheless, these re-
sults reveal a specific molecular link between ChAc and Mcleod
Syndrome.
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RESULTS

VPS13A and XK coprecipitate from Hela cells

A key prediction of an adaptor protein is that it stably interacts with
VPS13A in human cells. This idea was tested biochemically by look-
ing for coimmunoprecipitation (co-IP) of VPA13A and XK from Hela
cells. Endogenous VPS13A was detected using a commercially
available antibody (see Materials and Methods). A HAP1 human cell
line containing a small internal deletion in the VPS13A gene was
used to validate the 0-VPS13A antibody (Figure 1A). To monitor the
XK protein, the green fluorescent protein gene (GFP) was fused to
XK and expressed under the cytomegalovirus promoter. In soluble
cell lysates probed with o-GFP antibodies, a protein of the molecular
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FIGURE 1: Coimmunoprecipitation of VPS13A and XK. (A) Lysates
from human HAP1 cells containing either VPS13A or a 197 nucleotide
deletion within exon 11 of VPS13A, vps13A-Ae11— were probed with
either 0-VPS13A antibodies or 0-GAPDH antibodies as a loading
control. (B) Lysates from untransfected Hela cells or cells transfected
with plasmids expressing GFP (pEGFP-C1) or GFP-XK (pcDNA3.1(+)-
N-eGFP-XK). (Top panels) GFP-Trap was used to precipitate GFP
containing proteins and the precipitates were probed with either
o-VPS13A or 0-GFP antibodies. The asterisk indicates a likely GFP-XK
degradation product. (Bottom panels) Soluble lysates before
immunoprecipitation were examined by Western blot using a-GAPDH
or 0-GFP antibodies. (C) Lysates from untransfected Hela cells or
cells transfected with plasmids expressing GFP (pEGFP-C1), GFP-XK
(PcDNA3.1(+)-N-eGFP-XK), GFP-XK'-37 (pJS135), or GFP-XK371-444
(pJS129). (Top panels) VPS13A immunoprecipitates using a-VPS13A
probed with either o-GFP or a-VPS13A antibodies. The asterisk
marks the position of likely GFP-XK degradation products and
background bands. (Bottom panels) The soluble lysates before
immunoprecipitation were examined by Western blot using o-GAPDH
or 0-GFP antibodies.
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weight predicted for GFP-XK was observed only in Hela cells trans-
fected with the fusion gene (Figure 1B). The protein level of VPS13A
in soluble lysates was too low to be detected by immunoblot analy-
sis, but VPS13A was visible when the protein was concentrated by
immunoprecipitation with the VPS13A antibody (Figure 1C).

Hela cells were transfected with plasmids expressing GFP alone
or the GFP-XK fusion. Twenty-four hours after transfection, the GFP-
trap reagent was added to soluble cell lysates to immunoprecipitate
GFP proteins (Figure 1B). The immunoprecipitates were also probed
with a-VPS13A antibodies, revealing that VPS13A coprecipitated
specifically with GFP-XK (Figure 1B). Coimmunoprecipitation was
also observed when the situation was reversed, that is, GFP-XK, but
not GFP alone, was detected in immunoprecipitates generated us-
ing 0-VPS13A antibodies (Figure 1C). Coimmunoprecipitation of
VPS13A and XK was independently discovered by Urata et al.
(2019). XK and VPS13A therefore form a complex in vivo.

Interaction between VPS13A and XK does not require the
P-x-P motif

In yeast, organelle-specific partner proteins bind to Vps13 through a
region of the protein carrying the P-x-P consensus sequence (Bean
et al., 2018). The XK protein has 10 predicted transmembrane do-
mains with both its N- and C-termini oriented into the cytoplasm (Ho
et al., 1994; Suzuki et al., 2014). Within XK, there are two pairs of
prolines properly spaced for P-x-P motifs (WCSGSPFPENI at amino
acids 257-267 and SSKTSPEPGQF at amino acids 425-435). The first
sequence is located in the fourth extracellular loop of the protein,
while the second is found in the C-terminal cytoplasmic tail, making
this the best candidate. To test whether XK binds to VPS13A through
its C-terminal tail, GFP fusions containing either the last 74 amino
acids of XK, including the putative P-x-P motif (GFP-XK371-444), or the
XK lacking the C-terminal 74 amino acids (GFP-XK'-37%) were
analyzed.

Endogenous VPS13A protein was immunoprecipitated from
Hela cells containing various GFP-XK fusions using the o-VPS13A
antibodies. Similar amounts of VPS13A were precipitated from all
the lysates (Figure 1C). GFP-XK'-370, but not GFP-XK?"'-44, bound
to VPS13A (although the possibility that this negative result is due to
the low amount of GFP-XK37'-444 in the soluble lysates has not been
ruled out). Therefore, the first 370 amino acids of XK are sufficient
for VPS13A interaction and the potential P-x-P motif in the XK C-
terminus is not required.

GFP-XK localizes throughout the endomembrane system

To determine whether VPS13A and XK form complexes at specific
places within the cell, localization of the two proteins was examined
by fluorescence microscopy. Background fluorescence was too
great in Hela cells for these experiments, so HEK293T cells were
used. An N-terminal GFP fusion to human XK displayed a heteroge-
neous localization throughout the cytoplasm (Figure 2Ai). While lo-
calization was seen at the plasma membrane, extensive localization
to intracellular membranes, including small foci, bright perinuclear
fluorescence, and a reticular pattern throughout the cytosol was also
visible. This was not a consequence of the position of the GFP tag,
as a similar distribution was seen for a C-terminally tagged XK con-
struct (Figure 2Aii). This is in contrast to a C-terminal mouse XK-GFP
fusion that was previously reported to localize to the plasma mem-
brane in HEK293T cells (Suzuki et al., 2014). The reason for this dis-
crepancy is not clear. The GFP-XK'-370 construct had a similar distri-
bution to the full-length proteins (Figure 2Aiii), but GFP-XK371-444,
consistent with this protein lacking a transmembrane domain, was
found diffusely throughout the cell (Figure 2Aiv).
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mTagBFP-KDEL

FIGURE 2: Localization of GFP-XK. (A) HEK293T cells were
transfected with plasmids expressing GFP-XK (pcDNA3.1(+)-N-eGFP-
XK), XK-GFP (pJS136), GFP-XK'370 (pJS135), or GFP-XK371-444
(pJS129) and examined by fluorescence microscopy. (B) HEK293T cells
were transfected with plasmids expressing GFP-XK (pcDNA3.1(+)-N-
eGFP-XK) and the ER marker mTagBFP-KDEL (pEFIRES-mTagBFP-
KDEL). Panels i-vi show a representative cell where GFP-XK displays a
reticular pattern overlapping with the ER marker. Panels iv-vi are
higher magnification views of the boxed areas in panels iiii,
respectively. The arrow indicates a region where the GFP-XK signal
colocalizes with ER marker. Panels vii-xii show a representative cell
where GFP-XK displays a punctate pattern. Panels x—xii are higher
magnification views of the boxed areas in panels vii-ix, respectively.
The arrows highlight examples of GFP-XK foci that lack corresponding
foci of ER signal. Scale bars = 10 um.
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VPS13A”mCherry Lipid Droplets

FIGURE 3: VPS13A”AmCherry localizes to lipid droplets and the ER. (A) HEK293T cells
transfected with a plasmid expressing VPS13AAmCherry (pVPS13A"mCherry) and stained with
the lipid droplet marker BODIPY 493/503. (B) HEK293T cells transfected with plasmids
expressing VPS13A”mCherry and ER marker mTagBFP-KDEL display a partial colocalization of
VPS13A~mCherry and ER marker. Dashed lines indicate the cell outlines. Insets show higher
magnification views of the boxed regions. Scale bars =10 pm.

Several hundred cells expressing GFP-XK were examined and
the extent of localization in each pattern varied between different
cells. The reticular pattern resembles the ER and GFP-XK in this pat-
tern extensively colocalized with the ER marker mTagBFP-KDEL
(Salo et al., 2016) (Figure 2B, i-vi). In contrast, GFP-XK foci did not
obviously correspond with the lumenal ER marker (Figure 2Bviixii),
suggesting that these foci represent localization to some other com-
partment or are elaborations of ER that lack lumenal content. Thus,
the GFP-XK protein is found in multiple compartments including the
ER and the plasma membrane.

VPS13A was localized using the VPS13AAmCherry protein which
contains an internal insertion of mCherry after amino acid residue
1371 of VPS13A (Kumar et al., 2018). As reported previously, two
patterns of VPS13AAmCherry localization were seen: bright round
puncta and short tubular structures (Figure 3). Consistent with previ-
ous reports (Kumar et al., 2018), costaining of cells with the lipid
droplet dye 4,4-Difluoro-1,3,5,7,8-Pentamethyl-4-Bora-3a,4a-Diaza-
s-Indacene (BODIPY 493/503) demonstrated that the bright puncta
represent localization to the surface of lipid droplets (Figure 3A),
while the tubular structures overlap with the ER marker mTagBFP-
KDEL (Figure 3B).

VPS13A and GFP-XK colocalize in human cells

Cells cotransfected with VPS13A”mCherry and GFP-XK exhibited
colocalization of the two proteins to discrete puncta (Figure 4A,
yellow arrows), extended linear elements (Figure 4B, pink arrows) or
larger, ring-shaped structures (Figure 4B, white arrows). The XK fu-
sions were more extensively distributed throughout cells than
VPS13A"mCherry. Therefore, colocalization was quantified by deter-
mining the fraction of VPS13AmCherry foci that also displayed
GFP-XK. To control for possible effects of the GFP tag, colocalization
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VPS13A”mCherry Lipid droplets

XK-GFP was examined as well. Almost every
VPS13A~mCherry focus in the cotransfected
cells had an associated GFP-XK or XK-GFP
focus (Figure 4C). In contrast, no correspon-
dence between GFP and VPS13AmCherry
localization was observed, confirming that
colocalization is due to the XK protein. Con-
sistent with the co-IP results, GFP-XK'-370
colocalized with VPS13A"mCherry (though
the colocalization was slightly reduced from
full-length GFP-XK), but GFP-XK¥71-44 did
not (Figure 4C). Similar results were seen
when we quantified the colocalization of the
different GFP fusions with VPS13AAmCherry
at the extended linear elements or ring
structures (Figure 4D).

The number of bright VPS13A~mCherry
foci visible was reduced in cells cotrans-
fected with XK. Cells cotransfected with ei-
ther GFP or GFP-XK31-44 displayed ~5 foci
per cell (Figure 4E). This number dropped to
~1 focus per cell in cells cotransfected with
any of the XK fusions capable of binding to
VPS13A. Furthermore, extended linear
elements and ring structures containing
VPS13AAmCherry were only seen in the
cells coexpressing GFP-XK, XK-GFP, or
GFP-XK'-379, though significantly (p < 0.005,
unpaired t test) more of these structures
were seen with XK-GFP than the other
fusions (Figure 4F). These results indicate
that interaction with XK redistributes the VPS13A”mCherry protein
either by concentrating it in fewer foci or in novel patterns.

GFP-XK relocalizes VPS13A from lipid droplets to
subdomains on the ER

To compare the punctate localization of VPS13AAmCherry with and
without GFP-XK coexpression, colocalization with the lipid droplets
was quantified. In cells transfected with only VPS13A"mCherry,
~99% of the bright VPS13A”mCherry puncta overlapped with the
lipid droplet marker, consistent with localization on the lipid droplet
surface (Figure 5). By contrast, in cells where GFP-XK was cotrans-
fected with VPS13A”mCherry, only ~5% of the VPS13A mCherry
puncta colocalized with lipid droplets. Thus, expression of GFP-XK
releases VPS13A protein from lipid droplets.

GFP-XKis localized in multiple compartments (Figure 2), yet GFP-
XK recruits VPS13A to discrete foci, not throughout the cell. To which
compartment is VPS13A being directed? Staining GFP-XK and
VPS13"mCherry cotransfected cells with the lipid droplet marker
confirmed that the colocalizing foci are not at lipid droplets (Figure
6A). By contrast, when the ER marker mTagBFP-KDEL was cotrans-
fected, 100% of the GFP-XK/VPS13A”mCherry foci overlapped with
the blue fluorescence (average of two independent experiments
with at least 20 foci scored in each experiment), indicating that these
are specific regions of the ER (Figure 6B). Thus, induction of GFP-XK
recruits VPS13A from lipid droplets to subdomains of the ER. This
could result from release of VPS13A from the lipid droplet and re-
cruitment to the ER, or alternatively, VPS13A could be located in an
ER subdomain wrapped around lipid droplets (Kumar et al., 2018)
and this entire subdomain released by GFP-XK expression

VPS13A localizes to ER-mitochondria contact sites (Kumar et al.,
2018; Yeshaw et al., 2019). It is possible, therefore, that the specific
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regions of the ER to which XK recruits VPS13A are these contact
sites. To investigate this possibility, a mitochondrial marker (mito-
BFP; Friedman et al., 2011) was cotransfected along with GFP-XK
and VPS13A"mCherry into HEK293T cells. For each GFP-XK/
VPS13A~mCherry focus, fluorescence of the mitochondrial marker
was examined and each focus was scored for overlap with the mito-
chondrial marker. Over half of the XK/VPS13A foci were found adja-
cent to or overlapping the mitochondrial signal (62%, average of
three experiments with at least 50 foci scored per experiment;
Figure 6C). This result indicates that a substantial fraction of the XK/
VPS13A complexes in the ER could be at ER-mitochondrial contact
sites, though nearly 40% are not associated with mitochondria. As a
control, the association of VPS13A~AmCherry foci with the mitochon-
drial marker was also examined in cells without GFP-XK overexpres-
sion (i.e., when the VPS13A"mCherry foci are at lipid droplets).
Although an increase in association with mitochondria is seen with
GFP-XK overexpression, the change was not statistically significant
(p = 0.06; Student's t test). Thus, it is not clear whether the XK/
VPS13A structures represent mitochondrial contact sites.

VPS13A localization is disrupted by disease-associated
mutations

In yeast, multiple Vps13 adaptors compete for binding to the VAB
domain of the protein (Bean et al., 2018). One disease-associated
VPS13A missense mutation, W2460R (Dobson-Stone et al., 2002), is
found in the VAB domain, raising the possibility that it is the loss of
interaction with an adaptor protein that is relevant to the disease
state. Given that the P-x-P motif defined from yeast is not required
for XK-VPS13A interaction, the question was whether the VPS13A
VAB domain is necessary for XK to interact with VPS13A. The
W2460R mutation was introduced into the VPS13A”"mCherry con-
struct and was cotransfected with a plasmid expressing GFP-XK into
HEK293T cells. In Western blots of extracts probed with anti-VPS13A
antibodies, the endogenous VPS13A protein was not visible in ex-
tracts of HEK293T cells, though both the wild-type and mutant
VPS13A~mCherry proteins were observed (Figure 7A). These results
demonstrate not only that the mutant is expressed as a full-length
protein (albeit at a reduced level compared with the wild type) but
also that VPS13A~AmCherry is significantly overexpressed in the
transfected cells. We found that our GFP-trap reagent cross-reacted
with VPS13AAmCherry; therefore, to test for coprecipitation, anti-
XK antibodies were used to pull down GFP-XK and the precipitates
were probed with anti-VPS13A antibodies. Both the wild-type
VPS13AAmCherry protein and VPS13AWZ40RAmCherry coprecipi-
tated with GFP-XK in these experiments (Figure 7A). The signal from
VPS13AW24RAMCherry was lower than with the wild-type protein,
but above any background from the endogenous protein (Figure
7A, lane 3). The lower precipitation of VPS13AW240RAmCherry may
be due to the lower expression level of this construct. These results
indicate that mutation of the VAB domain does not disrupt the phys-
ical interaction of XK with VPS13A.

The localization of VPS13AW2460RAmMCherry was then examined
by fluorescence microscopy. Similar to the wild-type protein,
VPS13AW240RAMCherry was found distributed in small patches tu-
bules that partially overlapped with an ER marker (Figures 7B and
3B). However, in contrast to the wild-type protein, larger, bright foci
were absent and no association of VPS13AW240RAmMCherry with the
lipid droplet marker was seen (Figure 7C). Thus, the VAB domain is
required for the association of VPS13A with the lipid droplets.

GFP-XK overexpression induces the colocalization of
VPS13A~mCherry with GFP-XK in foci, elongated elements, and
rings (Figure 4). Surprisingly, despite the coprecipiation of the two
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proteins (Figure 7A), when VPS13AW240RAmCherry and GFP-XK
were cotransfected, the distribution of VPS13AW240RAmCherry did
not appear to colocalize with GFP-XK (Figure 7D). To quantify this
observation, the number of GFP-XK rings that display mCherry
fluorescence in cells cotransfected with GFP-XK and either
VPS13AAmCherry or VPS13AW?40RAmCherry was counted. While
87% of the GFP-XK rings displayed colocalization with the wild-
type, only 3% colocalization was seen with VPS13AW2460RAmMCherry
(average of at least two experiments with at least 24 rings scored
per experiment, p < 0.00015; Student's t test).

Colocalization was also examined with VPS13A carrying a sec-
ond disease-associated mutation, 190K, located in the conserved
N-Chorein domain near the amino-terminus of VPS13A (Rampoldi
etal., 2001). Similarto VPS13AW240RAmMCherry, VPS13A“AmCherry
did not colocalize with overexpressed GFP-XK (Figure 7E). Thus,
disease-associated mutations in two different domains of VPS13A
disrupt colocalization with XK in vivo.

DISCUSSION

The neurogenerative disorders, ChAc and McLeod Syndrome, are
caused by two different genes: VPS13A and XK, respectively. Be-
cause VPS13 family proteins are known to be recruited to different
organelles through partner proteins, the phenotypic similarities be-
tween ChAc and MclLeod Syndrome suggested that XK might be a
VPS13A partner protein. This idea is strongly supported by the fact
that the two proteins form a complex and colocalize within the cell
(Urata et al., 2019; this work). Furthermore, XK is capable of relo-
calizing VPS13A from lipid droplets to ER subdomains, and two
different disease-associated mutations in VPS13A disrupt this
relocalization. We propose therefore that both ChAc and MclLeod
Syndrome result from disruption of XK-VPS13A complex formation.

In yeast, Vps13 partners, termed adaptors, bind to Vps13
through the conserved VAB domain. Indeed, a mutation in VPS13A
that results in ChAc, VPS13A-W2460R resides in the adaptor bind-
ing domain and disrupts colocalization with XK. Despite the loss of
colocalization, the VPS13AW240R stil| coimmunoprecipitates with XK.
While this is consistent with our finding that the P-x-P motif in XK is
not required for interaction with VPS13A and suggests that XK does
not bind to VPS13A through the VAB domain, it is puzzling that the
W2460R mutation disrupts colocalization with XK but not co-IP of
the two proteins. One possible explanation is that colocalization
into specific ER subdomains requires an additional partner protein
to stabilize the VPS13A-XK complex at these sites. In this model, the
W2460R mutation disrupts the interaction with that additional
partner protein. Given that W2460 lies in the VAB domain, that
additional partner may bind VPS13A similarly to a canonical yeast
adaptor protein. Moreover, because the W2460R mutation also dis-
rupts the localization of the protein to lipid droplets, our results are
consistent with the model that recruitment of VPS13A to lipid drop-
lets is mediated through a yeast-like adaptor as well.

That the VAB domain mutation alters lipid droplet localization is
somewhat surprising given that previous studies have identified C-
terminal fragments of VPS13A that do not contain the VAB domain
as sufficient to localize GFP to lipid droplets (Kumar et al., 2018;
Yeshaw et al., 2019). In yeast, lipid-binding activities, with different
lipid specificities, have been identified in several regions of the
Vps13 protein, including the C-terminus (Rzepnikowska et al., 2017).
The effect of the disease mutations on lipid droplet localization
might result from an alteration in the folding of the C-terminus of the
protein rather than a direct role for these domains in lipid droplet
binding. Alternatively, it may be that, in the context of the intact
protein, localization to the lipid droplet requires interactions through
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Colocalization of GFP-XK and VPS13A~mCherry in human cells. HEK293T cells were transfected with
plasmids expressing VPS13A”AmCherry and various versions of GFP-XK as indicated. (A) Representative cell showing
colocalization of GFP-XK and VPS13A~mCherry in cytoplasmic foci (yellow arrows). Scale bar = 10 pm.

(B) Representative cell showing GFP-XK and VPS13A”AmCherry colocalization in ringlike structures (white arrows) and
linear elements (pink arrows). (C) Quantification of VPS13A”mCherry colocalization in foci containing various GFP-XK
proteins. Data are the average of at least three experiments with more than 25 foci scored in each experiment. Asterisks
indicate p value < 0.00002 by unpaired t test. In graphs C-F, error bars represent one SD. (D) Quantification of
VPS13A”AmCherry/GFP-XK colocalization in rings and linear elements. Data are the average of three or more
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VPS13A~mCherry localization to lipid droplets is altered by GFP-XK expression.
HEK293T cells were transfected with VPS13AAmCherry (pVPS13AAmCherry) without (left panels)
or with (right panels) mTagBFP-XK (pJS143-E6) and stained with the lipid droplet dye BODIPY
493/503. Yellow arrows highlight examples of VPS13A~mCherry foci and pink arrows highlight
examples of lipid droplets stained with BODIPY Green. Numbers below indicate the percentage
of VPS13A”mCherry foci overlapped with the lipid droplet marker + range. Data are the average
of two independent experiments. In the absence of GFP-XK 255 foci were scored, while 96 foci
were scored for cells containing GFP-XK. Scale bars = 10 pm. For illustration purposes, the cells
shown have a greater than average number of VPS13A”mCherry foci (Figure 4).

several domains of the protein, but that the C-terminal region is suf-
ficient for lipid droplet localization when fused to GFP.

Our GFP-XK fusion localized broadly in different membrane
compartments, yet VPS13A colocalized with XK only in small subdo-
mains of the ER. This restricted localization suggests that additional
factors might limit where XK and VPS13A interact. VPS13A contains
an FFAT motif, through which it interacts with the ER-localized VAP-
A protein (Kumar et al., 2018; Yeshaw et al., 2019). Mutation of the
FFAT motif in VPS13A disrupts its colocalization with VAP-A and
seems to broadly release VPS13A from the ER (Yeshaw et al., 2019).

4.6 +/-1.91

One possibility is that the combined action
of VAP-A and XK is necessary to recruit
VPS13A to specific subregions of the ER. It
will be interesting in this regard to test
whether overexpression of XK can still re-
cruit the FFAT mutant of VPS13A to specific
sites in the ER or, perhaps, just to the ER
more broadly.

A high-throughput proteomics study in
HEK293T cells identified XKR2, the closest
paralog to XK as a VPS13A interacting pro-
tein (Huttlin et al.,, 2015). Human cells en-
code seven XK paralogs and four VPS13
family genes. It is possible that other XK
paralogs function in conjunction with
VPS13A at different locations or in different
cell types or that these XK paralogs partner
with other VPS13 family proteins.

Another question to be resolved is what
is the XK/VPS13A subdomain of the ER?
One obvious possibility was that these
would represent ER-mitochondrial contact
sites. Though we see some association of
the mitochondria with these sites (Figure
6C), this association is not complete. One
complicating factor is that both XK and
VPS13A are overexpressed in our studies,
which could cause abnormal localization. To
resolve the question of where in the cell XK/
VPS13A act, it will be important to deter-
mine where XK and VPS13A are localized at
native expression levels.

Both MclLeod Syndrome and ChAc are
characterized by the appearance of acan-
thocytes in peripheral blood smears (Walker
et al., 2008). In these cells, the XK protein is
found in association with the Kell blood
group antigen in the red blood cell plasma
membrane (Russo et al., 1998). Although
GFP-XK was seen at the plasma membrane
in the HEK293T cells, this subpopulation of
XK did not associate with VPS13A. It re-
mains to be determined if VPS13A associates with XK to form a
junction site at the red blood cell plasma membrane that is impor-
tant for maintaining proper morphology of the cell or if, perhaps,
the acanthocytosis phenotype is a consequence of loss of XK-
VPS13A complexes at ER contact sites earlier in the differentiation
of the red blood cells.

The results presented argue that dysfunction of an XK-VPS13A
complex is the common basis for both McLeod Syndrome and
ChAc. These proteins must function together to provide some ac-
tivity essential for long-term survival of striatal neurons as well as

experiments with at least 20 cells scored in each experiment and at least 20 total rings or linear elements scored for the
XK-GFP, GFP-XK, and GFP-XK'-370 constructs. *p < 0.0001 by one-way ANOVA with Dunnett’s test. (E) The number of
VPS13A~mCherry foci per cell in cells coexpressing either GFP alone or the indicated GFP-XK fusions. Data are the
average of at least three experiments with more than 25 foci scored for each construct in each experiment. At least 101
total foci scored for each construct. Horizontal lines indicate median values, boxes represent three quartiles, and
whiskers indicate the range of values. *p < 0.0001 by unpaired t test. (F) The fraction of cells displaying rings or lines of
VPS13A~mCherry fluorescence when coexpressing different GFP constructs. The fraction of cells displaying at least one
ring or linear element is shown. Values are averages of three independent experiments with at least 19 cells scored per

experiment. *p < 0.0005, unpaired t test
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VPS13A~mCherry and GFP-XK colocalize at the ER and mitochondria. HEK293T cells cotransfected with
VPS13A2mCherry and GFP-XK or mTagBFP-XK were either stained with the lipid droplet marker BODIPY 493/503 or
cotransfected with an additional plasmid expressing an ER marker (pEFIRES-mTagBFP-KDEL) or a mitochondrial marker
(mito-BFP). (A) Representative cell showing the localization of a VPS13AAmCherry/mTagBFP-XK focus (yellow arrow)
relative to a lipid droplet. (B) Representative cell showing the localization of a VPS13AAmCherry/GFP-XK focus (yellow
arrow) relative to the ER. (C) Representative cell showing the localization of a VPS13AAmCherry/GFP-XK focus (yellow

arrow) relative to the mitochondrial marker. Scale bars = 10 um.

normal red blood cell morphology. A critical outstanding issue is
what is this function of the XK-VPS13A complex? Based on the
behavior of the yeast ortholog, it is likely that VPS13A acts to trans-
fer lipids between the ER and another organelle. The function of
XK is unknown; however, some XKR proteins appear to act as
plasma membrane localized lipid scramblases able to flip phos-
phatidylserine across the lipid bilayer in response to apoptotic sig-
nals (Suzuki et al., 2014). If XK also has scramblase activity, then an
XK-VPS13A complex potentially links movement of lipids between
leaflets of one membrane to transport of lipids between two mem-
branes, providing an efficient way of moving a lipid from the lumi-
nal leaflet of one organellar membrane to the cytosolic leaflet of
another, or vice versa. Given the localization of VPS13A to mito-
chondrial-ER contacts and the mitochondrial defects of VPS13A
disease-associated mutations when expressed in yeast cells (Park
etal., 2016; Kumar et al., 2018; Yeshaw et al., 2019), it is tempting
to speculate that XK-VPS13A might act to transfer lipids between
the inner leaflet of the ER and the outer leaflet of the mitochon-
drial outer membrane.

MATERIALS AND METHODS

Cell culture and transfections

Hela (obtained from Sook-Young Sohn, Stony Brook University,
Stony Brook, NY) and HEK293T cells (obtained from Kevin Czaplin-
ski, Stony Brook University, Stony Brook, NY) were maintained at
37°C in humidified atmosphere at 5% of CO, in DMEM supple-
mented with 1% penicillin and streptomycin and 10% fetal
bovine serum (FBS). The HAP1 and HAP1-vps13A-Ae11 cell lines
were purchased from Horizon Discovery. The vps13A-de11 allele
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carries a 197 base pair deletion in exon 11 resulting in a frameshift
early in the coding region (https://www.horizondiscovery.com/
human-vps13a-knockout-cell-line-197bp-deletion). HAP1 cells were
incubated in Iscove’s Modified Dulbecco’s Medium supplemented
with 1% penicillin and streptomycin and 10% FBS at 37°C in humidi-
fied atmosphere at 5% of CO,.

Hela cells were transfected by using polyethyleneimine (PEI,
1 pg/pl). Briefly, when Hela cells were 80% confluent in 35-mm glass
bottom dishes (cat. P35G-1.5-14-C; MatTek Co.) or 10-cm tissue
culture dishes (cat. 83.3902; SARSTEDT), 1.5 ug plasmid DNA plus
7.5 pg PEl or 10 pg plasmid DNA plus 40 pg PEI were mixed into
100 or 600 pl DMEM medium, respectively. After 10 min incubation
at room temperature, this plasmid/PEl mixture in DMEM medium
was added dropwise onto Hela cells. Transfected cells were assayed
by Western blot analysis 24 to 48 h after transfection. Transfection
for HEK293T cells was done using Lipofectamine 2000 (cat. 11668-
019; Thermo Fisher Scientific) following the manufacturer’s instruc-
tions. For live cell microscopy, HEK293T cells were grown in gelatin
(cat. ES-006-B; Millipore)-coated 35-mm glass bottom culture
dishes. Separately, 2 ug plasmid DNA and 4 pl Lipofectamine 2000
were added to 200-pl aliquots of OptiMEM (cat. 31985-062; Life
Technologies). After 5 min incubation at room temperature, the Li-
pofectamine 2000 mixed with OptiMEM was added into the plas-
mid DNA plus OptiMEM and this mixture was incubated at room
temperature for 20 min. As with Hela cell transfection, the plasmid/
Lipofectamine 2000 mixture in OptiMEM medium was then added
dropwise onto HEK293T cells. For co-IP and Western blot analysis,
HEK293T cells were grown in 10-cm culture dishes, and aliquots of
10 pg of plasmid DNA in 1T ml OptiMEM and 20 pl of Lipofectamine
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FIGURE 7: The disease mutation W2460R alters VPS13A~mCherry
localization (A) Lysates of untransfected HEK293T cells, or cells
transfected with single plasmids expressing VPS13AAmCherry
(pVPS13A~mCherry) or GFP-XK (pcDNA3.1(+)-N-eGFP-XK), or two
plasmids expressing wild-type VPS13AAmCherry or

VPS 13AW240RAmCherry (pJS141-E4) with GFP-XK were analyzed by
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2000 in 1 ml OptiMEM were used for transfection. The amount of
two plasmids for cotransfection was 2.5 ug pGFP-XK and 7.5 ug
pVSP13AwtormutantAmCherry.

Al cell lines tested free of mycoplasma contamination.

Plasmid construction

Plasmids and primers used in this study are listed in Tables 1 and 2,
respectively. To construct plasmid JS135, expressing the C-termi-
nally truncated XK protein, the region coding the first 370 amino
acids of XK was first amplified from pcDNA3.1(+)-N-eGFP-XK
(GenScript) using the PCR with oligos JSO587 and JSO588.
pPcDNA3.1(+)-N-eGFP-XK was digested with EcoRV and Xbal restric-
tion enzymes to release the XK coding region and the vector back-
bone (~6.2 kb) was purified by agarose gel electrophoresis using
PureLink Quick Gel Extraction kit (cat. K2100-12; Invitrogen). The
PCR fragment was then introduced into the linearized vector by
Gibson assembly (cat. E2611L; New England BioLabs) according to
the manufacturer’s instructions.

To construct a plasmid for expression of a GFP fusion to the C-
terminal 74 amino acids of XK in mammalian cells (pJS129), a GFP-
XK371-444 fusion was first assembled in a yeast expression vector. The
GFP gene was amplified by PCR to place Spel and Smal sites before
the start and stop codons, and XK*7™-44 was amplified from a hu-
man cDNA library flanked with Smal and Xhol sites. These two PCR
products were incorporated into the Spel/Xhol-digested yeast ex-
pression vector pRS425-TEF (Mumberg et al., 1995) by Gibson as-
sembly, creating the plasmid, pJS113. To generate pJS129, pJS113
was used as a template to amplify GFP-XK3'=#4 with oligonucle-
otides JSO558 and JSO559, and the PCR product introduced into
EcoRI and Xhol digested mammalian expression vector pcDNAS3 (a
gift from Sook-Young Sohn, Stony Brook University, Stony Brook,
NY) by Gibson assembly. To construct the plasmid pJS136 for ex-
pression of C-terminally GFP tagged XK, the XK cDNA with EcoRI
and Sacll sites at 5" and 3’ ends, respectively, was amplified from
PcDNA3.1(+)-N-eGFP-XK using oligos JSO587 and JSO600. This
PCR product and the expression plasmid pEGFP-N1 (Molecular
Cloning Facility, Stony Brook University, Stony Brook, NY) were di-
gested with EcoRI and Sacll and ligated, resulting in C-terminally
GFP-tagged XK. To construct a plasmid expressing N-terminally
mTagBFP-tagged XK (pJS143-E6), mTagBFP cDNA was amplified
from pEFIRES-mTagBFP-KDEL by using JSO654/JSO655 and
PcDNA3.1(+)-N-eGFP-XK was linearized by Hindlll/EcoRI double
digestion in order to remove the fragment encoding. The mTagBFP
cDNA was incorporated into the linear pcDNA3.1(+)-N-XK back-
bone by Gibson assembly. To generate the expression plasmids
pJS141-E4 and pJS141-E6, which express pVSP13AW240RAmCherry,
two fragments were amplified using the pairs of oligos JSO623/
JSO605 and JSO606/JSO607 with pVSP13ANmCherry as template.

co-IP using polyclonal anti-XK antibodies and Western blot using
anti-VPS13A antibodies, anti-XK antibodies, or anti-GAPDH
antibodies as a loading control. (B) Localization of
VPS13AW24RAmCherry was examined in HEK293T cells cotransfected
with plasmids expressing VPS13AW2460RAmCherry (pJS141-E4) and the
ER marker mTagBFP-KDEL (pEFIRES-mTagBFP-KDEL).

(C) VPS13AW240RAMCherry localization was examined in HEK293T
cells stained with the lipid droplet dye BODIPY 493/503.

(D) Distribution of VPS13AW240RAmCherry in cells cotransfected with
plasmids expressing VPS13AW240RAmCherry (pJS141-E4) and GFP-XK
(pcDNA3.1(+)-N-eGFP-XK). (E) Distribution of VPS13A“AmCherry in
cells cotransfected with VPS13A"%AmCherry (pJS144-B2) and
GFP-XK (pcDNA3.1(+)-N-eGFP-XK). Arrows in D and E indicate rings
of GFP-XK in the ER. Scale bars = 10 pm.
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Name Gene expressed Source
JS113 GFP-XK371-444 This study
JS129 GFP-XK371-444 This study
JS135 GFP-XK™370 This study
JS136 XK-GFP This study
JS141-E4 VPS13AW2460RAmCherry  This study
JS141-E6 VPS13AW240RAmCherry  This study
JS143-E6 mTagBFP-XK This study
JS144-B2 VPS13APKAmCherry This study
pVPS13AMmCherry  VPS13AAmCherry (Kumar et al.,
2018)
pcDNA3.1(+)-N- GFP-XK GenScript
eGFP-XK
mito-BFP mitochondrial-BFP (Friedman
etal., 2011)
PEFIRES-mTagBFP-  ER localized BFP (Salo et al.,
KDEL 2016)

TABLE 1: Plasmids used in this study.

These PCR products encompass the 5 and 3’ ends of the
VPS13AAmCherry gene with the base change creating the W2460R
mutation located at the overlap of the two fragments within the
primer sequences. pVSP13AAmCherry was cut with Apal and Notl
to release the region of the VPS13AAmCherry gene 3’ of the
mCherry coding region, and pVSP13AW240RAmCherry was created
using Gibson assembly to combine the two PCR products with the
vector backbone. The expression plasmid pJS144-B2 expressing
pVSP13APAmCherry was constructed in a similar manner. To am-
plify sequences carrying the 190K mutation, the pairs of oligos used
were CMV-F/JSO638 and JSO637/JS0639. pVPS13AmCherry
was cut with Xhol and Sall to release the region of the
VPS13AAmCherry gene 5 of the mCherry coding region and the

expression vector was reassembled by Gibson assembly using the
vector backbone and the two PCR products.

Immunoprecipitation and Western blot analysis

Transfected cells were washed with phosphate-buffered saline (PBS;
cat. 14190-144; Life Technologies), harvested using a cell scraper
into 1.5-ml microcentrifuge tubes, and stored at -80°C. For GFP-
pull downs, cell pellets were resuspended in 200 pl lysis buffer
(10 mM Tris-HCI, pH 7.5; 150 mM NaCl; 0.5 mM EDTA; 0.5% NP-40;
protease inhibitor cocktail; cat. 04 693 159 001; Roche) and lysed by
sonication with a microprobe (QSONICA Sonicators) at amplitude
40 for 10 s, twice per sample. Cell lysates were centrifuged at
11,000 x g for 5 min at 4°C and supernatants were collected.
To precipitate GFP-tagged proteins, 25 pl GFP-trap agarose
(cat. GTAO20; Bulldog Bio) was added to the supernatants and incu-
bated at 4°C for 1 h. GFP-trap agarose was precipitated by centrifu-
gation at 2500 x g at 4°C for 2 min and washed twice with washing
buffer (10 mM Tris/Cl, pH 7.5; 150 mM NaCl; 0.5 mM EDTA). Finally,
2x SDS sample buffer (100 mM Tris, pH 6.8; 4% SDS; 20% Glycerol;
0.2 mg/ml Bromophenol blue; 0.72 M B-Mercaptoethanol) was
added and the beads were boiled at 100°C for 5 min.

For VPS13A or XK immunoprecipitations, cells were lysed with
lysis buffer (50 mM HEPES, pH 7.4; 150 mM KCI; 1 mM EDTA; 0.5%
NP-40; 1 mM DTT; protease inhibitor cocktail; cat. 04 693 159 001;
Roche) and sonicated under the same conditions described above.
Supernatants were incubated with 3 pl of anti-VPS13A antibody
(0.4 mg/ml) (cat. HPAO21652; Sigma) or 6 pl of anti-XK antibody
(0.4 mg/ml) (cat. HPAO19036; Sigma) at 4°C for 1.5 h; 25 pl of Dyna-
beads Protein A (cat. 81110110; Invitrogen) was added to the mix-
ture of lysate and anti-VPS13A antibody or anti-XK antibody and
incubated at 4°C for 1 h. After incubation the beads were washed
twice with washing buffer (20 mM Tris/Cl, pH 7.5; 20 mM NaNj3;
20 mM NaF) on magnet and boiled in sample buffer as described
above.

Protein samples were run on precast SDS-PAGE gels (3-8% gra-
dient) purchased from Invitrogen (cat. EAO375BOX). Transfer of the
large molecular weight of VPS13A protein (350 kDa) to membranes
was performed as described in Park et al. (2013). The primary

Name Sequence

JSO558 5-ACTAGTAACGGCCGCCAGTGTGCTGGAATTCATGAGTAAAGGAGAAGAACTTTT

JSO559 5-TAGAATAGGGCCCTCTAGATGCATGCTCGAGTTAAGCAGAGCAGAGATCTTC

JSO587 5-ACCGAGCTCGGATCCGAATTCTGCAGATATCTTATGAAATTCCCGGCCTC

JSO588 5-CTGATCAGCGGGTTTAAACGGGCCCTCTAGATTAATAGAATACAAGCATGAAGAG

JSO600 5-TGGTGGCGACCGGTGGATCCCGGGCCCGCGGAGCAGAGCAGAGATCTTCAG

JSO605 5-CTTCACCATGGCTTTTTCTACATCTTCTCTTCAGCCTTCTAGAGCCC

JSO606 5-TCCGGTGGGCTCTAGAAGGCTGAAGAGAAGATGTAGAAAAAGCCATGGTG

JSO607 5-GTATGGCTGATTATGATCTAGAGTCGCGGCCGCTTCAGAGGCTCGGAGAAGGT

JSO623 5-CGGCGGCATGGACGAGCTGTACAAGGGGCCCGCAACTGTGGTGACAGCTG

JSO637 5-CTCCTTGATGATGGCCATGT

JS0638 5-GAAGAAGGCACTTTAAGTAAATAAATTTCTTCCAATACGG

JSO639 5 -TTTATTTACTTAAAGTGCCTTCTTCTAGAATAAAATAT

JSO654 5- AGACCCAAGCTGGCTAGCGTTTAAACTTAAGCTTGCCACCATGAGCGAGCTGATTAAGGAGAA
JSO655 5-GCCGGGAATTTCATAAGATATCTGCAGAATTCGGATCCGAGCTCGGTACCATTAAGCTTGTGCCCCAGTT
CMV-F 5-CGCAAATGGGCGGTAGGCGTG

TABLE 2: Primers used in this study.
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antibodies used for Western blot analysis were anti-VPS13A at 1:500
dilution, anti-GFP (cat. 632381; Clontech) at 1:1000 dilution, and
anti-GAPDH (cat. 60004; Proteintech) at 1:5000 dilution. For sec-
ondary antibodies, ECL anti-mouse IgG (cat. NA931V; GE Health-
care) and ECL anti-rabbit IgG (cat. NA934V; GE Healthcare) were
used at 1:2500 and 1:5000 dilution, respectively.

Immunostaining and microscopy

To determine cellular localizations of VPS13A and/or XK, 70~80%
confluent HEK293T cells grown in gelatin-coated 35-mm glass
bottom culture dishes were transfected with pVPS13AAmCherry
(Kumar et al., 2018; Addgene plasmid #118758), pEGFP-CT,
pcDNA3.1(+)-N-eGFP-XK, pEFIRES-mTagBFP-KDEL (Salo et al.,
2016; Addgene plasmid # 87163), and/or mito-BFP (Friedman et al.,
2011; Addgene plasmid # 49151) as described above. Twenty-four
hours after transfection, cells were washed with Hank’s balanced salt
solution (HBSS) (cat. 14025092; Life Technologies) buffer and incu-
bated within FluoroBrite DMEM (cat. A18967-01; Life Technologies)
supplemented with 10% FBS during live cell imaging. Live cells were
observed using a wide-field Zeiss Observer.Z1 microscope with an
attached Orca I ERG camera (Hamamatsu) or a confocal Zeiss
Observer.Z1 microscope with a Yokogawa CSU-10 spinning disk,
Versalase 8 laser (VORTRAN), and attached PRIME 95B camera
(Photometrics). ZEN 2012 Blue edition software or MetaMorph soft-
ware was used to acquire and process images on the wide-field and
confocal microscopes, respectively. To visualize lipid droplets in live
cells, cells were washed once with PBS and HBSS buffer containing
monodansylpentane at 0.1 mM (cat. SM1000a; Abgent) or 4,4-Diflu-
oro-1,3,5,7,8-Pentamethyl-4-Bora-3a,4a-Diaza-s-Indacene (BODIPY
493/503) at 10 uM (cat. D3922; ThermoFisher) was added onto
cells. Cells were incubated at 37°C in humidified atmosphere at 5%
of CO5, for 15 to 30 min. Stained cells were washed twice with HBSS
buffer, and 1 ml FluoroBrite DMEM media supplemented with 10%
FBS was added before microscopy.
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