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VPS13D interacts with VCP/p97 and negatively 
regulates endoplasmic reticulum–mitochondria 
interactions

ABSTRACT Membrane contact sites (MCSs) between the endoplasmic reticulum (ER) and 
mitochondria are emerging as critical hubs for diverse cellular events, and alterations in the 
extent of these contacts are linked to neurodegenerative diseases. However, the mechanisms 
that control ER–mitochondria interactions are so far elusive. Here, we demonstrate a key role 
of vacuolar protein sorting–associated protein 13D (VPS13D) in the negative regulation of 
ER–mitochondria MCSs. VPS13D suppression results in extensive ER–mitochondria tethering, 
a phenotype that can be substantially rescued by suppression of the tethering proteins VAPB 
and PTPIP51. VPS13D interacts with valosin-containing protein (VCP/p97) to control the level 
of ER-resident VAPB at contacts. VPS13D is required for the stability of p97. Functionally, 
VPS13D suppression leads to severe defects in mitochondrial morphology, mitochondrial cel-
lular distribution, and mitochondrial DNA synthesis. Together, our results suggest that 
VPS13D negatively regulates the ER–mitochondria MCSs, partially through its interactions 
with VCP/p97.

INTRODUCTION
Membrane contact sites (MCSs) between the endoplasmic reticu-
lum (ER) and mitochondria are emerging as essential hubs for di-
verse cellular events in eukaryotic cells, including lipid and calcium 
transfer (Vance, 1990; Szabadkai et al., 2006; Csordas et al., 2010), 
mitochondrial quality control (Hamasaki et al., 2013; McLelland 
et al., 2018), mitochondrial division (Friedman et al., 2011; Ji et al., 

2017) and fusion (Abrisch et al., 2020), and mitochondrial DNA 
(mtDNA) synthesis (Murley et al., 2013; Lewis et al., 2016). At MCSs, 
organelle membranes are closely apposed and tethered with a gap 
distance of 10–40 nm but do not fuse (Csordas et al., 2006; Friedman 
et al., 2011). Multiple molecular tethers at ER–mitochondria MCSs 
have been identified, such as the ER–mitochondria encounter com-
plex in yeast (Kornmann et al., 2009), Mitofusin 2 (MFN2; de Brito 
and Scorrano, 2008), VDAC-GRP75-DJ-1-IP3R (Szabadkai et al., 
2006; Liu et al., 2019), Fis1-Bap31 (Iwasawa et al., 2011), VAPB-PT-
PIP51 (De Vos et al., 2012), PDZD8 (Hirabayashi et al., 2017), Mito-
guardin 2 (Freyre et al., 2019; Xu et al., 2020), and VPS13A (Kumar 
et al., 2018) in mammals. Although it is known that these proteins 
play a role in ER–mitochondria MSCs, the molecular mechanisms by 
which ER–mitochondria MSCs are controlled are largely unknown.

Alterations in the extent of ER-mitochondrial interactions are 
closely associated with major types of neurodegenerative diseases, 
including Alzheimer’s disease (AD; Zampese et al., 2011), Parkin-
son’s disease (PD; Guardia-Laguarta et al., 2014), and Amyotrophic 
Lateral Sclerosis (ALS; De Vos et al., 2012). Mutations in the principal 
genes associated with familial AD (Bekris et al., 2010; Zhang et al., 
2011), including amyloid precursor protein (APP), Presenilin 1, and 
Presenilin 2, enhanced the physical connections between the ER 
and mitochondria, as well as lipid metabolism (Area-Gomez et al., 
2012; Filadi et al., 2016). Mutations in vesicle-associated membrane 
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protein B (VAPB), an ALS-related protein, resulted in an autosomal-
dominant form of ALS, increased its affinity to its binding partner, 
PTPIP51, and consequently enhanced the interactions between the 
ER and mitochondria, correlating with increased Ca2+ transfer into 
the mitochondria (De Vos et al., 2012). Additionally, the ALS-related 
protein TDP-43 can impair VAPB–PTPIP51 binding via glycogen syn-
thase kinase 3β, resulting in the impairment of Ca2+ uptake into the 
mitochondria and subsequent ATP production(Stoica et al., 2014). 
α-Synuclein, a hallmark of PD, has been reported to localize to ER–
mitochondrial MCSs (Guardia-Laguarta et al., 2014), and PD-related 
mutations of α-Synuclein can bind to VAPB and disrupt the ER–mi-
tochondria connections (Paillusson et al., 2017; Cali et al., 2019). 
However, the molecular mechanisms that safeguard the ER-mito-
chondrial interactions and their roles in diseases are largely elusive.

Human VPS13D consists of 4388 amino acids with a molecular 
weight of 492 kDa. It has been shown to harbor a ubiquitin-associ-
ated (UBA) domain, which is required for mitochondrial clearance in 
Drosophila (Anding et al., 2018). Mutations in VPS13D were recently 
identified in human neurodegenerative diseases (a new type of au-
tosomal recessive spastic ataxia), and mitochondria in these patients 
showed severe defects in both morphology and function (Gauthier 
et al., 2018; Seong et al., 2018). Recent studies showed that VPS13D 
was localized to various organelle MCSs under diverse metabolic 
conditions, including the ER–mitochondria/peroxisome MCSs un-
der normal conditions and mitochondria–lipid droplet junctions un-
der starvation (Baldwin et al., 2021; Guillen-Samander et al., 2021; 
Wang et al., 2021). Here, we demonstrate a critical role of VPS13D 
in the negative regulation of ER–mitochondria MCSs. We show that 
VPS13D suppression results in extensive ER–mitochondrial tether-
ing, a phenotype that was substantially rescued by suppression of 
the tethering proteins VAPB and PTPIP51. Furthermore, VPS13D 
interacts with VCP/p97 ATPase to dissociate VAPB, and VPS13D is 
required for p97 stability. Functionally, VPS13D suppression resulted 
in severe defects in mitochondrial morphology, mitochondrial distri-
bution, and mitochondrial DNA (mtDNA) synthesis. Our findings 
reveal an important role of VPS13D in the negative regulation of 
ER–mitochondria MCSs and provide new insight into the mecha-
nisms of mitochondrial dysfunctions implicated in relevant 
diseases.

RESULTS
VPS13D suppression results in extensive endoplasmic 
reticulum–mitochondria tethering
Given the role of VPS13D in determining mitochondrial morphol-
ogy and function in disease, we explored whether it could affect 
the interactions between the ER and mitochondria, using live-cell 
confocal microscopy. Remarkably, small interfering RNA (siRNA)–
mediated VPS13D suppression resulted in extensive ER–mitochon-
dria tethering in U2OS cells by live-cell confocal microscopy (Figure 
1A). The efficiency of siRNA-mediated VPS13D suppression was 
confirmed by Western blots (Supplemental Figure S1A) and quan-
titative PCR (qPCR; Supplemental Figure S1B). Increased interac-
tions between the ER and mitochondria could be observed in both 
perinuclear and peripheral regions of cells (Figure 1, A–C). Our 
definition of perinuclear regions is described in Supplemental 
Figure S1C.

In addition, the extensive ER−mitochondria tethering induced by 
VPS13D suppression was quantitatively confirmed in a doxycycline 
(Dox)-inducible splitGFP-based ER−mitochondria MCS reporter 
U2OS cell line, which was a modified version of that used in a previ-
ous study (Cieri et al., 2018). Because the reconstitution of GFP 
(green fluorescent protein) was irreversible, a low concentration 

(0.1 μM) and a short incubation time (12 h) of DOX were applied to 
avoid artificial tethering between the ER and mitochondria. Under 
this condition, both the ER and mitochondria appeared to be mor-
phologically normal, and the GFP signals were specifically localized 
to the ER–mitochondria intersections (Supplemental Figure S1D). 
More importantly, we found that VPS13D suppression substantially 
increased the fluorescence intensity of splitGFP at sites where mito-
chondria were tethered to the ER (Supplemental Figure S1E).

To gain structural details of hypertethered ER–mitochondria con-
tacts, we examined 3D reconstructed projections of these contacts 
in a perinuclear region of VPS13D-suppressed U2OS cells. We ob-
served that the mitochondria were almost completely circumscribed 
by multiple ER tubules (Figure 1D). In addition, we directly exam-
ined ER-mitochondrial MCSs in VPS13D-suppressed U2OS cells by 
transmission electron microscopy (TEM). The ER–mitochondria 
MCSs were defined as regions within ∼30-nm gaps between the ER 
and the outer mitochondrial membranes (OMM) under TEM (Csor-
das et al., 2006). Compared with the controls, VPS13D suppression 
caused substantial increases in both the number and length of ER–
mitochondria contacts (Figure 1, E and F).

In addition, we examined whether VPS13D regulated contacts 
between the ER and other organelles, including the Golgi appara-
tus, peroxisomes, early endosomes, and late endosomes/lyso-
somes. We did not detect any substantial morphological changes in 
these ER-associated MCSs upon VPS13D suppression in U2OS cells 
(Supplemental Figure S2).

Given that VPS13A, another member of the human VPS13 family, 
was reported to be a lipid transporter at ER–mitochondria MCSs 
(Kumar et al., 2018), we tested whether the suppression of VPS13A 
could alter the ER–mitochondria interactions. The siRNAs-mediated 
suppression of VPS13A failed to increase the ER–mitochondrial in-
teraction substantially by live-cell confocal microscopy (Supplemen-
tal Figure S3, A and B). In contrast, VPS13A and VPS13D double 
suppression led to an increase in ER–mitochondria interactions to an 
extent similar to that of VPS13D suppression alone (Supplemental 
Figure S3, A and B). The efficiency of siRNA-mediated silencing of 
VPS13A was confirmed by qPCR (Supplemental Figure S3C). These 
results indicated that the extensive associations between the ER and 
mitochondria were specific to VPS13D suppression and suggested 
that VPS13A was not required in the ER–mitochondria hypertether-
ing, as the hypertethering phenotype still existed in the VPS13A/D 
double-knockdown condition.

In addition, we examined the localization of endogenous VPS13D 
relative to ER–mitochondria MCSs by immunofluorescence (IF) using 
a polyclonal antibody against VPS13D, which was precleared as pre-
viously described (Valverde et al., 2019). IF experiments using this 
precleared antibody showed that VPS13D was preferentially present 
at the intersections between the ER and mitochondria (Supplemen-
tal Figure S3D, Top panel); however, IF signals of endogenous 
VPS13D almost completely disappeared upon VPS13D suppression 
(Supplemental Figure S3D, Bottom panel). We found that a substan-
tial portion of endogenous VPS13D (49%) was present or enriched at 
the sites of mitochondria tethering to the ER (Supplemental Figure 
S3E); meanwhile, 79% of ER–mitochondria junctions were marked 
by endogenous VPS13D (Supplemental Figure S3F). As a negative 
control, we rotated the VPS13D image 90° relative to the ER image 
and quantified the percentage of VPS13D puncta or foci at the ER 
contacts. We found that the percentage of 90°-rotated VPS13D at 
ER contacts is substantially reduced (Supplemental Figure S3E), sug-
gesting that the presence of VPS13D at ER contacts is significant 
and not due to chance. Our results are in accordance with a recent 
study (Guillen-Samander et al., 2021).
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FIGURE 1: VPS13D suppression led to extensive ER–mitochondria tethering. (A) Confocal images of live U2OS cells 
labeled with mCherry-mito7 (red) and ER-mGFP (green) upon treatment with either scrambled siRNAs (top) or VPS13D-
specific siRNAs (bottom). Left: whole cell image; Middle: ER–mitochondria intersections at cell periphery (top inset) or at 
perinuclear region (bottom inset); Eight: colocalization-based analysis of ER and mitochondria intersections, with white 
pixels showing potential contacts. (B, C) Quantification of extent of physical interactions between ER and mitochondria 
in perinuclear (B) and peripheral regions (C) based on colocalization-based analysis showing the percentage of 
mitochondrial surface covered by ER. For perinuclear region, scrambled (n = 8), VPS13D (n = 8), VPS13A (n = 38), or 
VPS13A&D siRNAs (n = 21) were analyzed. For peripheral region, scrambled (n = 9), VPS13D (n = 9), VPS13A (n = 49), or 
VPS13A&D siRNAs (n = 18) were analyzed. One-way ANOVA was followed by Tukey’s multiple comparisons test. Mean 
± SD. (D) Left: Maximum-intensity projection of 10 z stacks (0.2 μm thickness in each stack) of confocal micrographs of 
ER–mitochondria MCSs at a perinuclear region. Right: 3D reconstruction of ER–mitochondria MCSs from four angles of 
view along the z-axis. (E) TEM micrographs showing examples of ER–mitochondria contacts in scrambled or VPS13D 
siRNAs–treated cells with two insets on right. Examples of ER–mitochondria contacts are indicated by red arrows, and 
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VPS13D negatively regulates the level of VAPB
To understand how VPS13D negatively regulates ER–mitochondria 
interactions, we examined the cellular distribution of the known 
tethering proteins involved in ER–mitochondria MCSs by IF. Among 
these tethers, we found that the ER-resident tethering protein VAPB, 
known for tethering the ER to mitochondria with its binding partner 
PTPIP51, was strongly enriched at sites around mitochondria (Figure 
2A, Middle panel), presumably at ER–mitochondria MCSs, upon 
VPS13D suppression. To test whether this enrichment is specific for 
VAPB, we examined the distribution of sec61, a general ER mem-
brane marker, in cells depleted of VPS13D. The sec61 protein is al-
most evenly distributed all over the ER, though we can still see en-
hanced ER–mitochondria interactions in VPS13D-suppressed U2OS 
cells (Figure 2A, Bottom panel). This result suggests that the enrich-
ment of VAPB at ER contacts is specific upon VPS13D suppression. 
The antibody against VAPB used in the IF assays was validated by 
siRNA-mediated suppression (Figure 2B).

To further confirm the enhanced enrichment of VAPB at ER–mi-
tochondria MCSs in VPS13D-suppressed cells, we performed cell 
fractionation to examine the levels of VAPB and PTPIP51 in crude 
mitochondrial fractions, which contained pure mitochondria and 
mitochondria-associated membranes (MAMs). The level of VAPB 
increased strongly in the crude mitochondrial fractions in VPS13D-
suppressed cells (Figure 2C). In addition, consistent with our imag-
ing results, the cellular fractionation assays showed that levels of 
calnexin, a marker for MAMs, increased in crude mitochondrial frac-
tions upon VPS13D suppression (Figure 2C), suggesting enhanced 
ER–mitochondria interactions. The suppression of VPS13D also in-
creased the level of PTPIP51 in the crude mitochondrial fractions, 
but to a lesser extent than that of VAPB (Figure 2C). To test whether 
the increase of VAPB at MAMs/mitochondria only mirrors the in-
crease of VAPB in whole-cell lysate, we examined the ratio of the 
VAPB level in scrambled cells to that in VPS13D-suppressed cells. 
We found that the level of VAPB increased upon VPS13D suppres-
sion in whole-cell lysate (WCL), but the extent of the increase in 
VAPB level in MAMs/mitochondrial fractions is significantly higher 
than that in WCL (Figure 2, C and D).

Previous work showed that overexpression of VAPB increased 
ER–mitochondria associations in NSC34 cells by EM (Radu Stoica 
et al., 2014). Consistently, we showed that overexpression of VAPB 
alone or coexpression of VAPB and PTPIP51 substantially enhanced 
the interactions between the ER and mitochondria in the ER–mito-
chondria MCSs reporter cell line by both confocal microscopy (Sup-
plemental Figure S4, A–C) and flow cytometry (Supplemental Figure 
S4, D–H). These results indicated that the expression of VAPB alone 
or the coexpression of VAPB and PTPIP51 was able to promote ER–
mitochondria interactions. Therefore, we hypothesized that VPS13D 
controlled the extent of ER–mitochondria MCSs by regulating the 
level of VAPB. To prove this, we tested whether suppression of both 
VAPB and its binding partner PTPIP51 could rescue the extensive 
tethering between the ER and mitochondria resulting from VPS13D 
suppression. Consistent with previous studies (De Vos et al., 2012), 
double suppression of VAPB and PTPIP51 robustly reduced ER–mi-
tochondria interactions in wild type (WT) U2OS cells. The efficiency 

of siRNAs-mediated suppression of VAPB and PTPIP51 was con-
firmed by Western blots (Figure 2E). More importantly, we found 
that the suppression of VAPB and PTPIP51 substantially rescued the 
ER–mitochondria hypertethering at both perinuclear and peripheral 
regions in VPS13D-suppressed cells (Figure 2, F and G). This result 
suggested that VPS13D negatively regulates ER–mitochondria 
MCSs by modulating the levels of VPAB and PTPIP51.

VPS13D interacts with p97 and is required for the stability 
of p97
Next, we investigated how VPS13D negatively regulates the level of 
VAPB at ER–mitochondrial MCSs. AAA-ATPase valosin-containing 
protein (VCP/p97) reportedly plays essential roles in ubiquitin-de-
pendent protein degradation, dynamics, and homeostasis (Ye et al., 
2001). p97 acts downstream of ubiquitin signaling events and uti-
lizes the energy from ATP hydrolysis to extract its substrate proteins 
from membrane structures or multiprotein complexes (Ye et al., 
2001). We found that endogenous VPS13D interacted with p97 by 
coimmunoprecipitation assays (Supplemental Figure S5A). Further-
more, we investigated which domains of VPS13D were responsible 
for interacting with p97 via GFP-trap assays. Our bioinformatics 
analysis predicted that VPS13D consists of an N-terminal lipid trans-
fer domain, a UBA domain followed by a VPS13 adaptor-binding 
(VAB) domain, and a VPS13_C domain at its C-terminus (Figure 3A). 
The GFP-trap assays indicated that both the UBA domain and the 
VAB domain were capable of interacting with p97 (Figure 3B). In 
contrast, the C-terminal region of VPS13D (residues 3791–4363) 
failed to interact with p97, supporting the conclusion that VPS13D-
p97 interaction is specific. p97 was predicted to harbor an N do-
main at the N-terminus and a D1/D2 domain at its C-terminus (Stolz 
et al., 2011; Supplemental Figure S5B, Top panel). Our GFP-trap 
assays showed that neither the N domain alone nor the D1/D2 do-
main alone was able to interact with VPS13D (Supplemental Figure 
S5B, Bottom panel), suggesting that both of these two domains of 
p97 were required for interaction with VPS13D.

The UBA domain of VPS13D was reported to bind to K63-, but 
not K48-linked ubiquitin chains, as determined by in vitro binding 
assays (Anding et al., 2018). We examined whether the VAB do-
main of VPS13D interacted with ubiquitin via IF. The IF results 
showed that VAB-GFP puncta were associated with both K63- and 
K48-linked ubiquitin chains in cells, with a preferential interaction 
with K63-linked ubiquitin (Supplemental Figure S5C). In addition, 
our GFP-trap assays confirmed the interactions between VAB-
GFP and K63- and K48-linked ubiquitin chains (Supplemental 
Figure S5D). To further validate the VAB domain−ubiquitin inter-
actions, GFP-trap assays using harsh wash buffers were performed 
to wash out proteins that were noncovalently bound to VAB-GFP. 
These results showed that neither K63- nor K48-linked ubiquitin 
was detectable (Supplemental Figure S5E), indicating that the 
VAB domain interacted with ubiquitin chains in a noncovalent 
manner and also that the VAB domain might not be conjugated 
by ubiquitin. In addition, our GFP-trap assays showed that p97 
interacted with both K48- and K63-linked ubiquitin chains (Sup-
plemental Figure S5F). Taken together, these lines of evidence 

yellow arrows in insets indicate the extension of ER–mitochondria MCSs. M indicates mitochondria. MCSs under TEM 
were defined as regions within 30–nm gaps between ER and OMM (Csordas et al., 2006). (F) Quantification of length of 
ER–mitochondria MCSs (left panel) and number of ER–mitochondria MCSs per mitochondrion (right panel). In these 
quantifications, scrambled cells (n = 16 MCSs) and VPS13D siRNA–treated cells (n = 18 MCSs) are analyzed. Two-tailed 
unpaired Student’s t test. Mean ± SD. Scale bar, 10 μm in whole-cell image and 2 μm in insets in A; 2 μm in D; 1 μm in 
big region and 0.2 μm in insets in E.
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FIGURE 2: VPS13D negatively regulates the level of VAPB at ER contacts. (A) Immunostaining of U2OS cells treated 
with either scrambled (top) or VPS13D siRNAs (bottom) with anti-VAPB antibody (green, Top and Middle) or Sec61 
(green, Bottom) and anti-Tom20 antibody (red). Left panel: merged image of whole cells; Middle panel: VAPB (gray, Top 
and Middle) or Sec61 (gray, Bottom); right panel showing two insets with one onset from cell perinuclear regions (top) 
and the other from cell periphery (bottom) with linescan analysis on the right. (B) Top: immunostaining of fixed U2OS 
cells treated with scrambled (left) or VAPB-specific siRNAs (right) with anti-VAPB antibody (green). Contrast range of 
images was set to 600–10,000 for both scrambled and VAPB siRNAs–treated cells. Bottom: the mean fluorescence of 
VAPB signals was quantified in scrambled (n = 35) and VAPB siRNA (n = 46)–treated cells. Mean intensity is defined as 
total fluorescence divided by the area of cells. Two-tailed unpaired Student’s t test. Mean ± SD. (C) Cell fractionations 
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indicated that the UBA domain and the VAB domain of VPS13D 
were independently associated with p97 and ubiquitin, suggest-
ing that VPS13D, p97, and ubiquitin might form a ternary protein 
complex.

Previous studies demonstrated that p97 promoted the degrada-
tion of VAPB mutants (Papiani et al., 2012; Baron et al., 2014), but 
whether p97 could interact with and facilitate the degradation of 
WT-VAPB was unclear. Therefore, we examined the interactions be-
tween p97 and VAPB by GFP-trap assays, and we found that p97-
GFP indeed interacted with endogenous VAPB (Supplemental 
Figure S5G). Because our results showed that VPS13D interacted 
with p97 and p97 also interacted with VAPB, we hypothesized that 
VPS13D might cooperate with the protein extractor p97 to dissoci-
ate the ER-resident tether VAPB from ER membranes, and conse-
quently control the ER–mitochondria MCSs. To test this idea, we 
examined the effects of p97 on the degradation of WT-VAPB or two 
disease mutant variants of VAPB, VAPB-P56S and VAPB-T46I (Chen 
et al., 2010), both of which were implicated in ALS. We found that 
overexpression of p97 substantially decreased the level of WT-VAPB, 
similarly to that of VAPB-P56S (Figure 3, C and D). One striking dif-
ference was that p97 overexpression failed to reduce the level of 
another VAPB mutant, VAPB-T46I (Figure 3, C and D), and this result 
was further confirmed in other cell lines, including HEK293, COS7, 
and HeLa cells (Supplemental Figure S5H), suggesting a new mech-
anism underlying the pathology of VAPB-T46I in ALS. To test whether 
VAPB-T46I is still sensitive to p97-mediated repression, but starts 
from a much higher level than the WT in the absence of p97 overex-
pression, we examined the level of VAPB and its pathogenic mutants 
in the absence of p97 overexpression in U2OS cells. We found that 
there is no substantial difference in the levels of VAPB-GFP, VAPB-
GFP-T46I, and VAPB-GFP-P56S (Supplemental Figure S5I).

Next, we investigated whether VPS13D suppression affected 
p97. We initially examined the cellular distributions of endogenous 
p97 upon VPS13D suppression by IF using an anti-p97 antibody 
(Supplemental Figure S6A), which was validated by siRNA-mediated 
suppression (Supplemental Figure S6A, bottom panel). In control 
cells, p97 was mainly cytosolic, with a small fraction of p97 localizing 
to ER–mitochondria intersections in form of the punctae-like struc-
tures (Supplemental Figure S6A, top panel). We found a significant 
decrease in the fluorescence of endogenous p97 protein upon 
VPS13D suppression (Supplemental Figure S6A, middle panel), sug-
gesting a correlation between VPS13D and p97 level. Therefore, we 
sought to explore whether VPS13D suppression affected the level of 
p97. Indeed, we found that the level of endogenous p97 was sub-
stantially reduced in response to VPS13D suppression (Figure 3, E 
and F). In addition, we explored whether VPS13D suppression af-
fected the p97-VAPB interactions. Our GFP-trap assays showed that 
a significantly smaller amount of VAPB was coimmunoprecipatated 

with p97-GFP in response to VPS13D suppression than in control 
cells (Figure 3G). We also noted that the level of p97-GFP was re-
markedly reduced in VPS13D-depelted cells (Figure 3, E and F), 
which may account for the smaller amount of VAPB coimmunopre-
cipitated by p97-GFP.

Given the correlation between VPS13D suppression and the re-
duced level of p97 in cells, we tested whether VPS13D was required 
for p97 protein stability by cycloheximide (CHX) chase assays. In 
control cells, endogenous p97 was stable, with a small but signifi-
cant decrease over time, and p97 was readily detected after 30 h 
treatment of CHX (Figure 3, H and I). In contrast, the initial level of 
endogenous p97 was substantially lower, and p97 was almost unde-
tectable after 17 h treatment of CHX in VPS13D-depleted cells 
(Figure 3, H and I), suggesting that p97 stability was compromised 
in response to VPS13D suppression.

To further confirm the role of p97 in the VPS13D-mediated 
regula tion of ER–mitochondria interactions, we examined 
ER−mitochondria interactions in cells in which p97 was inhibited 
by its allosteric inhibitor NMS873, using live-cell confocal micros-
copy. We found that p97 inhibition resulted in extensive ER–mito-
chondria tethering in both perinuclear and periphery regions in a 
dosage-dependent manner (Figure 3, J and K), which mimicked 
the phenotype induced by the suppression of VPS13D.

In addition, we examined the ER–mitochondria interactions in 
p97 siRNA–treated U2OS cells. We found that siRNA-mediated p97 
suppression significantly enhances the ER–-mitochondria interac-
tions (Figure 3, L–O), consistent with the p97 inhibitor results (Figure 
3, J and K). In addition, we examined the ER–mitochondria interac-
tions in response to p97 overexpression in VPS13D-suppressed 
U2OS cells. Cells with VPS13D suppression and GFP vector expres-
sion substantially increase the ER–mitochondria connections (Figure 
3N, Top panel; Figure 3O). Expression of p97-GFP moderately de-
creases, but does not completely rescue, the ER–mitochondria in-
teraction in both perinuclear and peripheral regions in VPS13D-sup-
pressed cells (Figure 3N, Bottom panel; Figure 3O), suggesting that, 
in addition to the level of p97, unknown pathways may also be re-
sponsible for the ER–mitochondria hypertethering phenotype ob-
served in VPS13D-suppressed cells.

VPS13D suppression perturbs mitochondrial morphology, 
mitochondrial distribution, and mtDNA synthesis
Next, we investigated whether the extensive ER–mitochondria teth-
ering resulting from VPS13D suppression affected mitochondrial 
dynamics and functions. We tracked the dynamics of the ER–mito-
chondria interactions in either control or VPS13D-suppressed U2OS 
cells. Time-lapse image analysis demonstrated that mitochondrial 
motility was dramatically impaired in VPS13D-suppressed cells com-
pared with that in controls (Figure 4A). Also, mitochondrial length 

were analyzed by immunoblots for calnexin (ER and MAMs), PTPIP51 (a tether on the OMM), VAPB (a tether on the ER 
membrane), and COXIV (mitochondria). The WCLs were analyzed as a control. (D) Ratio of the levels of proteins 
(calnexin, PTPIP51, and VAPB) in scrambled cells to those in VPS13D-suppressed cells. Three independent assays were 
analyzed. Two-tailed unpaired Student’s t test. Mean ± SD. (E) Immunoblots with antibodies against PTPIP51 and VAPB 
to demonstrate knockdown efficiency. (F) Confocal images of live U2OS cells expressing mCherry-mito7 and ER-mGFP 
upon treatment with scrambled, VPS13D siRNAs, VAPB+PTPIP51 siRNAs, or VPS13D+VAPB+PTPIP51 siRNAs. White 
pixels represented ER–mitochondria contacts. (G) Quantification of the extent of physical interactions between the ER 
and mitochondria at perinuclear (left panel) and peripheral regions (right panel) based on colocalization-based analysis 
showing the percentage of mitochondrial surface covered by ER. U2OS cells treated with scrambled (perinuclear: 16 
ROIs; peripheral: 18 ROIs), VPS13D (perinuclear: 14 ROIs; peripheral: 17 ROIs), VAPB+PTPIP51 (perinuclear: 27 ROIs; 
peripheral: 33 ROIs), or VPS13D+VAPB+PTPIP51 (perinuclear: 33 ROIs; peripheral: 33 ROIs) siRNAs were analyzed. 
One-way ANOVA followed by Tukey’s multiple comparisons test. Mean ± SD. Scale bar, 10 μm in whole cell image and 
2 μm in insets in A, B, and F.
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FIGURE 3: VPS13D interacts with p97, is required for p97 stability. (A) The domain organization of VPS13D and two 
truncation mutants. (B) GFP-trap assays indicated that the UBA and VAB domains independently interacted with p97. 
(C) Western blots showed the effects of p97 overexpression on GFP-VAPB (WT or disease mutant P56S and T46I). 
(D) Quantification of Western blots results . Three independent assays were performed. Ordinary one-way ANOVA, 
followed by Turkey’s multiple comparisons test. Mean ± SD. (E) Western blots showed that VPS13D suppression 
decreased the level of endogenous p97 in U2OS and HEK293 cells. (F) Quantification of Western blots results in (E). 
Two-tailed unpaired Student’s t test. Mean ± SD. (G) GFP-trap assays indicated that VPS13D suppression resulted in a 
reduced level of SNAP-VAPB coimmunoprecipitated with p97-GFP. (H) Western blots of cycloheximide chase assays 
showing the changes of the level of p97-GFP after CHX treatment. (I) Normalized ratio of p97-GFP to tubulin in 
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was significantly reduced (Figure 4B), in agreement with a previous 
study in Drosophila (Anding et al., 2018). In addition, we found that 
the majority of VPS13D-suppressed cells exhibited defects in mito-
chondrial distribution, in which mitochondria were clustered in peri-
nuclear regions (Figure 4C), suggesting that VPS13D is required for 
mitochondrial transport.

We further explored whether these defects in mitochondrial 
morphology and distribution resulting from VPS13D suppression 
can be rescued by VAPB/PTPIP51 double knockdown or p97 
overexpression. We found that both of these defects in mito-
chondrial perimeter and distribution are substantially rescued 
upon the simultaneous suppression of VAPB and PTPIP51 (Figure 
4, B and C). Interestingly, p97 overexpression can significantly 
rescue, but not completely restore, these two defects (Figure 4, B 
and C), consistent with its effects on the ER-mitochondrial hyper-
tethering phenotype.

Previous studies demonstrated that mtDNA synthesis was spa-
tially and temporally regulated by ER–mitochondria MCSs (Murley 
et al., 2013; Lewis et al., 2016). Therefore, we sought to explore 
whether VPS13D regulated mtDNA synthesis. We performed 
siRNA-mediated suppression of VPS13D in a U2OS cell line stably 
expressing polG2-GFP, a marker of replicating mtDNA (Young et al., 
2015). We found that replicating mtDNA localized to mitochondria 
at a density of 0.28 μm–1 in control cells, with some polG2-GFP 
puncta preferentially localizing at the tips of mitochondria (Figure 
4D, Top panel). In contrast, VPS13D suppression reduced the den-
sity of replicating mtDNA by a factor of 4 and strongly increased the 
size of replicating mtDNA, suggesting aggregation of mitochondrial 
nucleoids (Figure 4D, Bottom panel). In addition, the aggregated 
replicating mtDNA failed to localize to the tips of mitochondria in 
VPS13D-suppressed cells (Figure 4D, Bottom panel), suggesting 
defects in synthesis and distribution of replicating mtDNA. In addi-
tion, suppression of dynamin-related protein 1 (Drp1) or mitochon-
drial fission factor (Mff) significantly decreased the number of repli-
cating mtDNA and caused the aggregation of replicating mtDNA 
(Figure 4E; Supplemental Figure S7, A–D), resembling the pheno-
type observed in VPS13D-suppressed cells. Suppression of MFN2 
also significantly altered the density and size of replicating mtDNA, 
but to a lesser extent than that resulting from the suppression of 
Drp1 or Mff (Figure 4E; Supplemental Figure S6, E and F). There-
fore, our results suggest that VPS13D suppression might lead to 
defects in mtDNA synthesis and distribution through affecting mito-
chondrial dynamics.

DISCUSSION
Interfaces between the ER and mitochondria are critical for main-
taining diverse cellular functions, and alterations in the extent of 

these contacts are linked to severe neurodegenerative diseases. 
However, the molecular mechanisms that negatively regulate the 
extent of ER–mitochondria MCSs are thus far largely elusive. Here, 
we demonstrated that VPS13D exerts quality control for ER–mito-
chondria interactions by negatively regulating the level of VAPB, 
partially through a p97-dependent pathway. Suppression of VPS13D 
caused intensive ER–mitochondria tethering. The UBA and VAB do-
mains of VPS13D associated independently with p97 and ubiquitin. 
VPS13D was required for the stability of p97 protein. Functionally, 
VPS13D is required for mitochondrial morphology, mitochondrial 
cellular distribution, and mtDNA synthesis.

Our results show that the overexpression of p97-GFP moderately 
decreases, but does not completely rescue, the ER–mitochondria 
hypertethering in VPS13D-suppressed cells (Figure 3, N and O), 
suggesting that the p97-dependent pathway may not be solely re-
sponsible for this hypertethering phenotype. Therefore, multiple 
pathways may be responsible for the ER–mitochondria hypertether-
ing in VPS13D suppressed cells. Because previous studies showed 
that VPS13 proteins, including VPS13D, bind and transfer glycero-
phospholipid and lipid fatty acid moieties in vitro, VPS13D is a po-
tential lipid transfer protein (Kumar et al., 2018; Wang et al., 2021). 
One possibility is that the lipid transfer activities of VPS13D may be 
involved in the regulation of the ER–mitochondria interactions. The 
mechanisms of lipid transfer activities of VPS13D in the regulation of 
ER–mitochondria contacts warrant further investigations. In addi-
tion, a recent study (Guillen-Samander et al., 2021) shows that Rho 
GTPase Miro1 recruits VPS13D to mitochondria and peroxisomes at 
ER contacts. It is possible that mitochondrial transport/distribution 
and cellular Ca2+ dynamics may be involved in the regulation of ER–
mitochondria interactions.

A previous study identified VPS13D, TSG101, and the ESCRTII 
component VPS36 in a genetic screen for mitophagy in Drosophila 
and further demonstrated that VPS13D acted as a key regulator of 
mitochondrial size and bound to tetra-ubiquitin chains through the 
UBA domain by in vitro pull-down assays (Anding et al., 2018). In 
this study, we showed that the VAB domain of VPS13D interacted 
with both the K63-linked and K48-linked ubiquitin chains via in vivo 
coimmunoprecipitation assays and confocal microscopy (Supple-
mental Figure S5). In addition, we demonstrated that both the UBA 
domain and the VAB domain interacted with p97 ATPase (Figure 3), 
which functioned downstream from ubiquitin signaling events (Ye 
et al., 2001; Jentsch and Rumpf, 2007). These results suggested that 
VPS13D, ubiquitin chains, and p97 might form a ternary protein 
complex at the ER–mitochondria contacts. In considering the contri-
bution of VPS13D to the level of p97, we envision that deletion of 
one component (VPS13D) may impair the efficient assembly of the 
ternary protein complex, and unassembled components (p97) may 

cycloheximide chase assays in H. Mean ± SD. (J) Confocal image of live U2OS cells transfected with mCherry-mito7 (red) 
and ER-mGFP (green) upon treatment with DMSO or p97 allosteric inhibitor NMS873 (25 μM) for 8 h. (K) Quantification 
of extent of MCSs in U2OS cells treated with p97 inhibitor NMS-873. For quantifications in perinuclear regions: DMSO 
(n = 7), 5 μM (n = 14), 10 μM (n = 10), and 25 μM (n = 9); for quantifications in peripheral regions: DMSO (n = 9), 5 μM 
(n = 12), 10 μM (n = 12), and 25 μM (n = 7). One-way ANOVA followed by Tukey’s multiple comparisons test. Mean ± SD. 
(L) Confocal image of live U2OS cells transfected with mCherry-mito7 (red) and ER-mGFP (green) upon treatments with 
scrambled or two different p97 siRNA duplexes. (M) Immuno-blots with antibodies against p97 to demonstrate 
knockdown efficiency. (N) Confocal image of live U2OS cells transfected with mitoBFP (red), ER-TagRFP (green) and 
VPS13D siRNAs upon overexpression with GFP vector (blue) or p97-GFP (blue). (O) Quantification of extent of MCSs in 
U2OS cells treated with p97 siRNA, VPS13D siRNA/GFP vector, or VPS13D siRNA/p97-GFP. For quantification in 
perinuclear regions: scrambled (n = 13), p97 siRNA-1 (n = 21), p97 siRNA-2 (n = 23), VPS13D siRNA/GFP vector (n = 15), 
and VPS13D siRNA/p97-GFP (n = 21); for quantifications in peripheral regions: scrambled (n = 13), p97 siRNA-1 (n = 21), 
p97 siRNA-2 (n = 23), VPS13D siRNA/GFP vector (n = 15), and VPS13D siRNA/p97-GFP (n = 21). One-way ANOVA 
followed by Tukey’s multiple comparisons test. Mean ± SD. Scale bar, 10 μm in whole-cell image and 2 μm in insets in J, 
L, and N.
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FIGURE 4: VPS13D suppression results in defects of mitochondrial motility, morphology, cellular distribution, and 
mtDNA synthesis. (A) Left: whole cell image of U2OS expressing ER (green) and mitochondrial (red) markers were 
treated either with scrambled or VPS13D siRNA. Right: overlays of mitochondrial dynamics time course with two insets. 
Colors depict time points in the sequence, with white indicating relative immobility (Supplementary Video 1). 
(B) Mitochondrial perimeter in scrambled siRNA (669 mitochondria from 52 cells), VPS13D siRNAs–treated U2OS cells 
(754 mitochondria from 53 cells), VPS13D/VAPB/PTPIP51 siRNAs–treated U2OS cells (742 mitochondria from 51 cells), 
and VPS13D siRNAs/p97-GFP–treated U2OS cells (746 mitochondria from 49 cells). One-way ANOVA followed by 
Tukey’s multiple comparisons test. Mean ± SD. (C) Mitochondrial localization in scrambled siRNA (102 cells), VPS13D 
siRNAs–treated U2OS cells (150 cells), VPS13D/VAPB/PTPIP51 siRNAs–treated U2OS cells (95 cells), and VPS13D 
siRNAs/p97-GFP–treated U2OS cells (92 cells). Chi-squared and Fisher’s exact tests. (D) Confocal images of live 
polG2-GFP stable U2OS cells expressing mCherry-mito7 (red) up treatments with scrambled (Top) or VPS13D siRNAs 
(Bottom). Yellow arrows indicate replicating mtDNA at mitochondrial tips in scrambled cells; blue arrows indicate 
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be dislocated or inactive, and may eventually be subject to degra-
dation. Currently, we could not produce purified VAB domain pro-
teins from either human or other organisms in sufficient quantities 
for biochemical analysis. Thus, we could not detect direct binding 
between the VAB domain and ubiquitin or p97 in vitro. Therefore, 
we cannot preclude the possibility that the interactions among 
VPS13D, p97, and ubiquitin chains are indirect.

Our results suggested that the defects in mitochondrial length or 
size upon VPS13D suppression (Figure 4C) could be attributed to 
hyperactive ER-mitochondrial interactions. This might even be true 
in the case of the loss of VPS13D in Drosophila (Anding et al., 2018). 
A recent study showed that reducing mitochondrial fusion by sup-
pressing Marf (the MFN2 homolog in Drosophila) rescued mito-
chondrial size defects caused by the loss of VPS13D (Anding et al., 
2018). MFN2 was reported to serve as a tether at ER–mitochondria 
MCSs in mammals, and we speculated that Marf might also mediate 
ER–mitochondria interactions in Drosophila and that the suppres-
sion of Marf might counteract and alleviate ER–mitochondria hyper-
tethering resulting from the loss of VPS13D in Drosophila. Consis-
tently, p97 was reported to promote the degradation of MFN2 to 
break up ER–mitochondria MCSs before mitophagy (McLelland 
et al., 2018). It is interesting to test whether VPS13D participates in 
the p97-dependent regulation of ER–mitochondria MCSs to facili-
tate mitophagy. Taken together, it is plausible that several mecha-
nisms of the VPS13D-mediated regulations of ER–mitochondria 
MCSs exist in different scenarios and warrant further investigations.

METHODS
Request a protocol through Bio-protocol.

Plasmids and siRNA oligonucleotides
mCherry-mito7 (55102), mitoBFP (49151), p97-GFP (23971), pRK5-
HA-ubiquitin-WT (17608), pRK5-HA-ubiquitin-K48 (17605), and 
pRK5-HA-ubiquitin-K63 (17606) were purchased from Addgene. 
eBFP-peroxisome was previously described (Ji et al., 2017). ER-
tagRFP, ER-mGFP, polG2-GFP, mStrawberry-Rab4b, mStrawberry-
Rab7A, CFP-VAPB, and PTPIP51-TagBFP2 were gifts from Henry N. 
Higgs (Dartmouth Geisel School of Medicine). Lamp1-OFP and 
B4GALT1-GFP was purchased from Sinobiological. ACSL3-Halo was 
generated by cutting the ACSL3 ORF from pEFIRES-P-ACSL3-
mCherry (Addgene 87158) and pasting it into Halo-N1 vector, which 
was generated by replacing GFP with Halo in mGFP-N1 (Addgene 
54767). The construct for quantification of the extent of ER–mito-
chondria contacts was generated by inserting the mitochondrial tar-
geting sequence fused in frame with GFP1–10 (tom20-GFP1–10, a gift 
from Tito Calì at the University of Padua) and the ER targeting se-
quence of Sac1 fused in frame with GFP11 (Sac1-long linker-GFP11, a 
gift from Tito Calì at the University of Padua) into two MCS sites of 
pCW57-MCS1-P2A-MCS2 (Addgene 89180) under control of a dox-
ycycline-inducible promoter. The Lentivirus packaging plasmids 
psPAX (12260) and pMD2. G (12259) were bought from Addgene. 
All of the truncated mutants of VPS13D or p97 used in this study 
were generated by PCR using human VPS13D-myc-flag (Origene, 
RC205601) or p97-GFP (Addgene, 23971) as templates and cloning 
them into mGFP-N1 (Addgene 54767), mGFP-C1 (Addgene 54579), 

or the 3*flag vector, generated by replacing GFP with a 3*flag tag in 
mGFP-N1 (Addgene 54767). All of constructs used in this study were 
generated by using a ClonExpress II One Step Cloning kit (Vazyme, 
C112-01). Oligonucleotides for human VPS13D siRNAs were synthe-
sized by RiboBIO against target sequences 5′-GCAGAAGGATCCT-
TAAAGA-3′ (siRNA#1); 5′-GTAGCACGTTTGACATGAA-3′ (siRNA#2); 
and 5′-CAAAGAGCCTCTACTATGA-3′ (siRNA#3). Oligonucleotides 
for VPS13A were against sequences 5′-GGATGGGACTGGAAAT-
CAA-3′ (siRNA#1); 5′-GCAGCTACATTCCTCTTAA-3′ (siRNA#2); and 
5′-GGATAGAGCTTATGATTCA-3′ (siRNA#3). Oligonucleotides for 
p97 were against sequences 5′-GAAUAGAGUUGUUCGGAAU-3′ 
(siRNA#1); and 5′-GGAGGUAGAUAUUGGAAUU-3′ (siRNA#2). Oli-
gonucleotides for Drp1 were against sequences 5′-GGAACAAAG-
TATCTTGCTA-3′ (siRNA#1); 5′-GAAGGGTTATTCCAGTCAA-3′ 
(siRNA#2); and 5′-GGTTGGAGATGGTGTTCAA-3′ (siRNA#3). Oligo-
nucleotides for Mff were synthesized by RiboBIO against sequences 
5′-GGAGAGGATTGTTGTAGCA-3′ (siRNA#1); 5′-GTACTTACGCT-
GAGTGAAA-3′ (siRNA#2); and 5′-GTAGCTTTCTGGCTGCTTA-3′ 
(siRNA#3). Oligonucleotides for Mfn2 were against sequences 
5′-GGCCAAACATCTTCATCCT-3′ (siRNA#1); 5′-CGGTTCGACT-
CATCATGGA-3′ (siRNA#2); and 5′-GCGAGGAAATGCGTGAAGA-3′ 
(siRNA#3). Oligonucleotides for VAPB were against sequences 
5′-CCAACAGCGGAATCATCGA-3′ (siRNA#1); 5′-ACAGCACCACG-
TAGGTACT-3′ (siRNA#2); and 5′-CCGATGTTGTCACCACCAA-3′ 
(siRNA#3). Oligonucleotides for PTPIP51 were against sequences 
5′-GAAGCTAGATGGTGGATGA-3′ (siRNA#1); 5′-GGATGAGAGT-
GCTGACTGT-3′ (siRNA#2); and 5′-GCGGGACTCTGACAAAGAA-3′ 
(siRNA#3). As a control, scrambled siRNA (Negative Control), 
5′-CGUUAAUCGCGUAUAAUACGCGUAT-3′ (RiboBIO) was used.

Antibodies and reagents
Anti-GFP (1:1000, 50430-2-AP, ProteinTech), anti-Mff (17090-1-AP; 
ProteinTech), anti-Drp1 (#8570; CST), anti-Mfn2 (12186-1-AP; Pro-
teinTech), anti-PTPIP51 (20641-1-AP; ProteinTech), anti-calnexin 
(10427-1-AP; ProteinTech), anti-COXIV (11242-1-AP; ProteinTech), 
anti-flag (F1804; Sigma), and anti-p97/VCP (10736-1-AP; Protein-
Tech) were used at 1:1000 dilutions for Western blots. Anti-VAPB 
(14477-1-AP; ProteinTech) was used at 1:1000 for Western blots and 
1:200 for immunofluorescence. Anti-tom20 (sc-17764; Santa Cruz 
Biotechnology), anti-tubulin (11224-1-AP; ProteinTech), and anti-
actin (60008-1-Ig, ProteinTech) were used at 1:5000 dilutions for 
Western blots. Anti-VPS13D (A304-691A; BETHY Laboratories) was 
used at 1:50 dilutions for coimmunoprecipitation and 1:100 for 
Western blots. The reagents NMS873 (TargetMol, T1853) and 
BODIPY 493/503 (Thermo Fisher, D3922) were used. Antibiotics 
such as G418 (10131027), puromycin (A1113803), hygromycin B 
(10687010), and blasticidin (A1113903) were obtained from Thermo 
Fisher (U.S.).

Cell culture, transfection, and stable lines
Human osteosarcoma U2OS cells (ATCC), human embryonic kidney 
HEK293 cells (ATCC), African green monkey kidney fibroblast-like 
COS7 cell line (ATCC), and human cervical cancer HeLa cells (ATCC) 
were grown in DMEM (Invitrogen) supplemented with 10% fetal 
bovine serum (Life Technologies) and 1% penicillin/streptomycin. All 

aggregation of replicating mtDNA in VPS13D siRNA–treated cells. (E) Quantification of the density of replicating 
mtDNA. The definition of density of replicating mtDNA is number of replicating mtDNA divided by the perimeter of 
mitochondria in the whole cell. Scrambled (n = 16), VPS13D siRNA (n = 11), Drp1 siRNA (n = 6), Mff siRNA (n = 10), and 
MFN2 siRNA–treated cells (n = 8) are analyzed. Two-tailed unpaired Student’s t test. mean ± SD. Scale bar, 10 μm in 
whole-cell image and 2 μm in insets in A and D.

https://en.bio-protocol.org/cjrap.aspx?eid=10.1091/mbc.e21-03-0097
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of the cell lines used in this study are free of mycoplasma contamina-
tion. For transfection, cells were seeded at 4 × 105 cells per well in a 
six-well dish ∼16 h before transfection. Plasmid transfections were 
performed in OPTI-MEM (Invitrogen) with 2 μl Lipofectamine 2000 
per well for 6 h, followed by trypsinization and replating onto glass-
bottomed confocal dishes at ∼3.5 × 105 cells per well. Cells were 
imaged in live-cell medium (DMEM with 10%FBS and 20 mM HEPES 
no P/S) ∼16–24 h after transfection. For all transfection experiments 
in this study, the following amounts of DNA were used per 3.5-cm 
well (individually or combined for cotransfection): 500 ng for mito-
BFP, eBFP2-peroxisome, mCherry-mito7, B4GALT1-GFP, ACSL3-
Halo, and Lamp1-OFP; 1000 ng for ER-tagRFP, ER-mGFP, and p97-
GFP; 300 ng for mStrawberry-Rab4b and mStrawberry-Rab7A. For 
siRNA transfections, cells were plated on 3.5-cm dishes with density 
30–40%, and 2 μl lipofectamine RNAimax (Invitrogen) and 50 ng 
siRNA were used per well. At 48 h after transfection, a second round 
of transfection was performed with 50 ng siRNAs. Cells were ana-
lyzed 24 h post–second transfection for suppression. For the genera-
tion of the stable Dox-inducible ER–mitochondria MCSs reporter 
U2OS cell line: day 1: 293T cells were seeded into 10-cm dish with 
∼3 × 106 cells 18 h before transfection; day 2: transfections were 
performed with 4 μg PCW-Tom20-GFP1-10-P2A-Sac1-long linker-
GFP11, 3 μg psPAX2, and 2 μg pMD2.G; day 3: U2OS cells were 
seeded into 10-cm dishes with 2 × 106 cells; day 4: the supernatant 
from transfected HEK293 cells was collected 48 h post–initial trans-
fection, followed by filtering through a syringe with 0.22-μm filters, 
and 1 ml filtered HEK293 supernatant was added to U2OS cells; day 
5: U2OS cells were grown in tetracycline-free medium containing 
G418 (2 μg/ml), followed by verification by imaging and Western 
blots. To make a polG2-GFP U2OS cell line, we transfected U2OS 
cells with polG2-GFP construct by lipofectamine 2000. At 24 h after 
transfection, cells were grown in G418 (1 μg/ml)-containing growth 
medium for another week, followed by fluorescence-activated cell 
sorting (FACS).

Live imaging by confocal microscopy
Cells were grown on glass-bottomed confocal dishes. Confocal 
dishes were loaded into a laser scanning confocal microscope 
(LSM780, Zeiss, Germany) equipped with multiple excitation la-
sers (405, 458, 488, 514, 561, and 633 nm) and a spectral fluores-
cence GaAsP array detector. Cells were imaged with the 63 × 1.4-
NA iPlan-Apochromat 63× oil objective using the 405-nm laser for 
BFP, 488-nm for GFP, and 561-nm for mStrawberry, OFP, tagRFP, 
or mCherry. To track the dynamics of mitochondria and ER, cells 
on confocal dishes were loaded into a spinning-disk confocal mi-
croscope (Olympus IX83, Japan) equipped with 100×/1.4 oil (WD 
013 mm, DIC slider) objective, multiple lasers (405, 488, 561, and 
640 nm) with corresponding filters, and EMCCD and scMOS 
cameras.

Antibody preclearing
For endogenous VPS13D IF, anti-VPS13D antibody was first cleared 
according to the protocol described in (Valverde et al., 2019). Briefly, 
VPS13D-depleted HEK293 cells were fixed in 4% paraformaldehyde 
(PFA) for 15 min, rinsed with phosphate-buffered saline (PBS), 
quenched in 50 mM NH4Cl in PBS, washed twice with PBS, permea-
bilized with PBX (PBS containing 0.1% Triton X-100) for 10 min, and 
scraped in PBX with 1% Triton X-100. Antibodies were added to the 
fixed cells at the final concentration used for IF (1:100) and mixed 
overnight by rotation at 4°C. The mixture was then centrifuged at 
17,000 × g for 20 min at 4°C, and the supernatant containing cleared 
antibodies was used for IF.

Quantitative RT-PCR for detecting the mRNA level of 
VPS13D and VPS13A
U2OS cells were transfected with either scrambled, VPS13D, or 
VPS13A siRNAs. At 4 d after transfection, RNA was isolated with Trizol 
(Thermo Fisher) according to the instructions of the manufacturer. 
cDNA was reverse transcribed using RverTra Ace (TRT-101, TOYOBO) 
according to the directions of the manufacturer. The cDNA was ana-
lyzed using quantitative PCR with qPCR Mix (QPS-201, TOYOBO) us-
ing the following primers: VPS13D-1: 5′-GTGACTGACAACAGATAC-
GAGCCA-3′; 5′-CGACCAACCCATGTAACCCA-3′; VPS13D-2: 5′-TC-
GATATGCAGCACCAGATAAA-3′; 5′-CTGGTGGGAGTGAAGAG-
AAATAA-3′; VPS13D-3: 5′-GGATTTGCCTCAGATGGAGTTAC-3′; 
5′-TCCAGGACGTAGTGATGGCT-3′; VPS13A-1: 5′-CGGTGCTATG-
GCTAAG-3′; 5′-CCTCCACGAGTGATGC-3′; VPS13A-2: 5′-TGGGCT-
TATGCTATACATGGCG-3′; 5′-CCAAAGACACGAGAAGTTCACC-3′; 
VPS13A-3: 5′-TGTGATGAATCGCCGATCTGA-3′; 5′-CCATGTATAG-
CATAAGCCCACCA-3′.

Immunofluorescence staining
Cells were fixed with 4% PFA (Sigma) in PBS for 10 min at room 
temperature. After being washed three times with PBS, cells were 
permeabilized with 0.1% Triton X-100 in PBS for 15 min on ice. Cells 
were then washed three times with PBS, blocked with 0.5% BSA in 
PBS for 1 h, incubated with primary antibodies in diluted blocking 
buffer overnight, and washed three times with PBS. Secondary anti-
bodies were applied for 1 h at room temperature. After being 
washed three times with PBS, samples were mounted on Vecta-
shield (H-1000; Vector Laboratories).

Image analysis
All image analysis and processing were performed using ImageJ 
(National Institutes of Health). Colocalization-based analysis of ER–
mitochondria contacts was performed by a colocalization plugin 
(imageJ, NIH) with the following settings: ratio (0–100%): 50; 
threshold channel 1 (0–255): 50; threshold channel 2 (0–255): 50; 
display value (0–255): 255. ER–mitochondria intersection sites 
were automatically identified by the colocalization plugin, with 
white pixels representing potential ER–mitochondria contact sites. 
For mitochondrial perimeter measurement, an imageJ macro 
named the mitochondrial morphology macro (Dagda et al., 2008) 
was used to measure the perimeter of mitochondria in regions of 
interest (ROIs) where mitochondria are well resolved. For the mea-
surement of polG2-GFP–labeled replicating mitochondrial DNA 
density in mitochondria, two steps were performed. Step1: mea-
sure the number of polG2-GFP puncta by cell counter (imageJ plu-
gin, NIH) in ROIs; step2: measure the mitochondrial perimeters of 
corresponding ROIs. The density of replicating mitochondrial DNA 
was calculated as the number of polG2-GFP puncta divided by the 
perimeter of mitochondria in a ROI.

Differential centrifugation
Differential centrifugation was a modified version of the protocol 
previously described (Ji et al., 2017). Cells were harvested from 2 × 
10 cm2 dishes at 90% confluency. The following steps were con-
ducted at 4°C or on ice. Cells were washed with precold PBS twice 
and homogenized in isolation buffer (225 mM mannitol, 75 mM su-
crose, 0.1 mM EGTA, 30 mM Tris-HCl pH7.4) by Dounce (Wheaton 
Dura-Grind). The homogenate was centrifuged twice for 10 min at 
600 × g to remove nuclei and debris. The resulting supernatant was 
centrifuged three times for 15 min at 13,000 × g to obtain crude 
mitochondria. Western blotting was performed using rabbit anti-
VAPB (1:1000, 14477-1-AP, ProteinTech), rabbit anti-PTPIP51 
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(1:1000, 20641-1-AP, ProteinTech), rabbit anti-p97 (1:1000, 10736-
1-AP, ProteinTech), rabbit anti-calnexin (1:500, 10427-2-AP, Protein-
Tech), anti-Lamp1 (1:1000; sc-20011;Santa Cruz Biotechnology), 
anti-Rab7A (1:1000; A12784; ABclonal), anti-HSP60 (1:1000; 15282-
1-AP; ProteinTech), and rabbit anti-COXIV (1:1000, 11242-1-AP, Pro-
teinTech) antibodies.

Electron microscopy
Scrambled or VPS13D siRNA–treated U2OS cells were fixed with 
2.5% glutaraldehyde in 0.1 M phosphate buffer, pH 7.4 for 2 h at 
room temperature. After being washed three times with 0.1 M phos-
phate buffer, cells were scraped and collected with 0.1 M phosphate 
buffer followed by centrifugation at 3000 rpm. The pellet was resus-
pended in PBS (0.1 M) and centrifuged at 3000 rpm for 10 min. This 
step was repeated three times. The samples were postfixed with pre-
cold 1% OsO4 in 0.1 M phosphate buffer for 2–3 h at 4°C, followed 
by rinsing three times with PBS for 20 min. The samples were dehy-
drated in graded ethanol (50%, 70%, 85%, 90%, 95%, 2 × 100%) for 
15 min for each condition. The penetrations were performed in the 
order acetone-epoxy (2:1); acetone-epoxy (1:1); epoxy. Each round 
of penetration was performed at 37°C for 12 h. The samples were 
embedded in epoxy resin using standard protocols (Kumar et al., 
2014). Sections parallel to the cellular monolayer were obtained us-
ing a Leica EM UC7 with a thickness of 60–100 nm and examined 
under a Tecnai G2 20 TWIN (FEI) with accelerating voltage 200 kV. 
Mitochondria and ER were identified based on their respective mor-
phologies and were traced by hand. The extension length of ER–mi-
tochondria contact regions was measured using the “measure” tool 
in ImageJ (NIH)s. Mitochondria with ER within 30 nm at any point on 
the mitochondrial circumference were identified as contact sites.

Green fluorescent protein–trap assay
GFP-trap assays performed according to the manufacturer’s proto-
col (GFP-trap agarose beads, ChromoTek) were used for detection 
of protein–protein interactions. The 5% input was used in GFP traps 
unless otherwise indicated.

Statistical analysis
All statistical analyses and p-value determinations were performed 
in GraphPad Prism6. To determine p-values, ordinary one-way 
ANOVA with Turkey’s multiple comparisons test was performed 
among multiple groups and a two-tailed unpaired Student’s t test 
was performed between two groups. Chi-squared analysis followed 
by Fisher’s exact tests was performed in Figure 4C and Supplemen-
tal Figure S3C.

Data availability
All the data and relevant materials, including constructs and prim-
ers, that support the findings of this study are available from the 
corresponding author upon reasonable request.
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