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VPS13D promotes peroxisome biogenesis

Heather A. Baldwin®?@®, Chunxin Wang'®, Gil Kanfer'®, Hetal V. Shah®?, Antonio Velayos-Baeza*®, Marija Dulovic-Mahlow?,
Norbert Briiggemann>¢@®, Allyson Anding’®, Eric H. Baehrecke’®, Dragan Maric®, William A. Prinz’@®, and Richard . Youle!®

The VPS13 gene family consists of VPS13A-D in mammals. Although all four genes have been linked to human diseases, their
cellular functions are poorly understood, particularly those of VPS13D. We generated and characterized knockouts of each
VPS13 gene in Hela cells. Among the individual knockouts, only VPS13D-KO cells exhibit abnormal mitochondrial
morphology. Additionally, VPS13D loss leads to either partial or complete peroxisome loss in several transformed cell lines
and in fibroblasts derived from a VPS13D mutation-carrying patient with recessive spinocerebellar ataxia. Our data show that

VPS13D regulates peroxisome biogenesis.

Introduction
Peroxisomes mediate a wide range of metabolic pathways,
including the B-oxidation of fatty acids, production of lipid pre-
cursors, and amino acid catabolism. Critically, peroxisomes perform
essential antioxidant functions that prevent damage by reactive
oxygen species. The importance of peroxisomes is highlighted by the
clinical presentation of a group of peroxisome biogenesis disorders
(PBDs), including the Zellweger syndrome spectrum. These patients
exhibit a combination of neurological, liver, and/or adrenal defects to
varying levels of severity. 14 identified peroxin (PEX) and non-
peroxin genes are involved in mammalian peroxisome biogenesis.
Mammalian peroxisomes proliferate via growth and fission
of preexisting peroxisomes or de novo from the ER. Recent work
suggests that mitochondria may also serve as a source of de
novo peroxisome formation (Sugiura et al., 2017). Interestingly,
peroxisomes and mitochondria share fission factors DRPI (dy-
namin-1-like protein) and MFF (mitochondrial fission factor). In
mammals, peroxisomes are required for the breakdown of very
long chain fatty acids (VLCFAs), which are then passed to the
mitochondria for further metabolism. The accumulation of
VLCFAs in peroxisome-deficient cells causes mitochondrial dam-
age and swelling in Pex19 mutant flies and human skin fibroblasts
(Biilow et al., 2018). Mitochondrial fragmentation and swelling
were found in mouse cells following PEX5 or PEX3 loss (Tanaka
et al.,, 2019). This interplay is also illustrated by the observation of
mitochondrial abnormalities in PBD patients (Salpietro et al., 2015;
Hughes et al., 1990; Goldfischer et al., 1973). We recently reported
that VPSI3D is a novel factor regulating mitochondrial size and

fission in both human cells and Drosophila (Anding et al., 2018).
Like mitochondria, peroxisomes are highly dynamic, altering their
size, number, and cellular distribution in response to external and
internal stimuli (Mast and Aitchison, 2018).

Vacuolar protein sorting 13 (VPS13; originally named SOI1)
was discovered in Saccharomyces cerevisiae for its role in Golgi
trafficking (Brickner and Fuller, 1997). Vps13p, the fifth-largest
protein in yeast, has been implicated in sporulation, phospho-
lipid regulation (Park and Neiman, 2012), and mitochondrial
integrity (Park et al., 2016). Vpsl3p has also been linked to
mitochondria-ER membrane contact sites. VPS13 dominant
mutants suppress the lipid transport defect in ER-mitochondria
encounter structure (ERMES) loss-of-function mutant S. cer-
evisiae cells (Lang et al., 2015). The ERMES complex acts as a
physical tether between the ER and the outer mitochondrial
membrane. Vps13p’s lipid transport functions bypass the ERMES
at alternate membrane contact sites. There is increasing evi-
dence of the VPSI3 family’s role in lipid transport-related
pathways in humans (Yeshaw et al., 2019; Ramseyer et al., 2018;
Park et al., 2015). Kumar et al. (2018) demonstrated the role of
human VPS13A and VPS13C in lipid transport at ER contact sites.

Mammals have four VPS13 homologues: VPSI13A-D (Velayos-
Baeza et al., 2004). Mutations in VPSI3A cause the neurode-
generative disease chorea-acanthocytosis (Rampoldi et al., 2001;
Ueno et al., 2001). VPS13B is associated with Cohen syndrome
(Kolehmainen et al., 2003), a neurodevelopmental disorder that
shares features with autism. While fewer studies have examined
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VPS13B biology, there is evidence that the protein regulates traf-
ficking from the Golgi apparatus and the integrity of the Golgi
complex structure (Seifert et al., 2015; Duplomb et al, 2014).
Genome-wide association studies have implicated VPS13C in Par-
kinson’s disease (Lesage et al., 2016). In contrast to VPSI3A-C, VPSI3D
is considered an essential gene in human cells (Hart et al., 2015;
Blomen et al., 2015). Complete loss of VPSI3D causes embryonic
lethality in mice and flies (Seong et al., 2018; Anding et al., 2018).

In humans, VPS13D mutations are linked to movement dis-
orders classified as a subtype of spinocerebellar ataxia, spinocer-
ebellar ataxia autosomal recessive 4 (SCAR4; Gauthier et al., 2018;
Seong et al., 2018; Koh et al., 2019). Peroxisomes play an important
role in overall nervous system function and are particularly crit-
ical for cerebellar development and function through adulthood
(De Munter et al., 2015). Cerebellar pathologies are associated with
dysfunctions in peroxisomal ether lipid synthesis, a-oxidation,
and B-oxidation. However, no peroxisomal phenotype has been
reported in VPSI3D mutant cerebellar ataxia patients.

We investigated the cellular biology of VPSI3A-D knockout
(KO) in human cells and found a dual role for VPS13D in mito-
chondrial morphology and peroxisome biogenesis.

Results

KO and exogenous expression of VPS13A-D genes

Our previous work showed that VPSI3D deletion leads to round
mitochondria (Anding et al., 2018), a phenotype that is con-
served from flies to humans. Two independent VPSI3D-KO cell
lines were generated by disrupting exon 3 (KO 45) or exon 34
(KO 19) via CRISPR, as previously described (Anding et al., 2018).
Both VPSI3D-KO lines exhibit normal cell growth and viability
(Fig. S1) and have indistinguishable mitochondrial phenotypes:
abnormal rounding and fragmentation. The two VPS13D-KO cell
lines were considered interchangeable in our experimental de-
sign. To investigate if other VPSI3 gene family members play a
role in mitochondrial morphology, we generated VPSI3A-KO,
VPS13B-KO, and VPS13C-KO HelLa cells. In contrast to VPS13D-
KO cells, there is no observable aberration in the mitochondrial
morphology or connectivity in the VPSI3A-C KO lines (Fig. 1, A
and B). Although some VPSI3B-KO cells displayed fragmented
mitochondria, the magnitude did not reach substantial signifi-
cance (Fig. 1 C). Due to the increasing evidence of the presence of
VPS13 family proteins at multiple types of membrane contact
sites, we assessed the involvement of VPSI3A-D in the mor-
phology of other organelles. As shown in Fig. S2, there is no
observable difference in the appearance of the Golgi, ER, endo-
somes, and lysosomes between the four VPSI3A-D KO and con-
trol HeLa cells, with the exception of the Golgi structure in
VPSI3B-KO cells, which appears slightly more fragmented. This
finding is consistent with a previous report on a VPS13B role in
Golgi integrity (Seifert et al., 2011).

Owing to the lack of suitable antibodies and/or the relatively
low endogenous protein expression level in HeLa cells, we were
not able to determine the subcellular localization of endogenous
VPS13D by immunostaining. To overcome this issue, we gen-
erated an internally tagged VPS13D construct, VPS13D-i-GFP, in
which GFP is inserted in frame, replacing exon 40. Exon 40 is
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present in variant 2A (main variant found in the brain) but
skipped in variant 1A (main variant in nonneural tissues;
Velayos-Baeza et al., 2004). This tagged VPSI3D construct has
previously been shown to rescue the mitochondrial phenotype
in VPSI3D-KO cells (Anding et. al., 2018). We found the GFP
signal to be imperceptible unless immunostained for GFP.
VPS13D-i-GFP immunofluorescence is primarily cytosolic, with
a partial concentration of GFP signal on and around the Golgi
apparatus (Fig. S3 A). We also performed subcellular fractiona-
tion and found that endogenous VPS13D is present in both heavy
(mitochondria and ER) and light (peroxisomes/lysosomes/en-
dosomes) membrane fractions (Fig. S3 B). His-tagged VPS13A
and VPS13C constructs were also overexpressed in WT and their
respective KO cells. Both had a partial cytosolic signal. Exoge-
nously expressed VPS13A and VPS13C clearly encircle the outer
membrane of lipid droplets (Fig. S3 C), concurring with recent
reports of VPSI3A and VPSI13C localization to lipid droplets
(Yang et al., 2016; Kumar et al., 2018; Yeshaw et al., 2019).

VPS13D loss disrupts peroxisome density

Surprisingly, immunofluorescence of peroxisomal markers re-
vealed that at least half of the VPSI3D-KO cells exhibit partial or
complete peroxisome loss (Fig. 1, A and E). A substantial portion
of VPS13D-KO cells express catalase (CAT) in the cytosol, instead
of in peroxisomes as in control cells. Peroxisome biogenesis
disruption is most commonly associated with a “ghost” peroxi-
somal phenotype where cells show defective CAT import but
have peroxisomal bodies positive for peroxisomal membrane
protein 70 (PMP70). PEX3, PEX16, and PEX19 are the only per-
oxisome biogenesis genes known to be essential for the forma-
tion of the peroxisomal membrane structures. We found that
PMP70 is completely absent in certain VPSI3D-KO cells (Fig. 1D).
PEX14 is a single-transmembrane peroxisomal membrane pro-
tein important for the import of certain peroxisomal matrix
proteins and normally localized to peroxisomes. In the absence
of peroxisomes, several PEX proteins, such as PEX3, PEX12,
PEX13, PEX26, and PEX14, mislocalize to mitochondria (Sugiura
etal., 2017). Indeed, PEX14 is mistargeted to mitochondria in the
population of VPSI3D-KO cells lacking PMP70 signal, further
confirming the loss of peroxisomes in VPS13D-KO cells (Fig. 1, D
and F). The ubiquitin (Ub)-associated binding domain (UBA) is
unique to VPS13D in the VPS13 family and has been shown to be
required for normal mitochondrial morphology in both flies and
HeLa cells (Anding et al., 2018). Cells with the VPS13D UBA
domain deleted (VPSI3DAUBA KO 16) lose PMP70-positive per-
oxisomes and have rounded mitochondria, though at a lower
incidence than the complete VPSI3D KOs (Fig. 1 G). As with the
mitochondria, peroxisomes are also normal in VPSI3A-C KO
HelLa cells (Fig. 1 B). We did not observe a similar peroxisomal
phenotype in S. cerevisiae vpsI3A yeast (Fig. 1 H), revealing a
novel function for a VPS13 family protein.

VPS13D loss induces peroxisomal and mitochondrial
aberrations in multiple human cell lines

To confirm the peroxisome loss phenotype observed in HeLa
cells, we knocked out VPSI3D in other mammalian cell lines
using distinct VPS13D CRISPR gRNAs. We employed a new
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Figure 1. VPS13D, but not VPS13A-C, is required for normal mitochondrial morphology and peroxisome maintenance. (A) HeLa WT and VPS13D KO 19
and KO 45 cells fixed and stained for TOM20 and CAT. (B) VPS13A-C KO cells similarly stained for TOM20 and CAT. Scale bars = 10 um. (C) The fraction of each
cell line’s population manually classified as “rounded,” “partial,” or “normal” mitochondrial morphology. *, P = 0.0128; ****, P = 0.0003. (D) VPS13D-KO and
WT cells stained for PEX14 and PMP70. Arrows indicate examples of VPS13D-KO cells with simultaneous nonperoxisomal PEX14 and missing PMP70. Scale bars
=10 pm. (E) Cells classified by peroxisome phenotype (CAT signal) as “cytosolic,” “partial,” or “normal.” *, P = 0.0224 (VPS13D KO versus WT). Kruskal-Wallis
and Dunn’s tests for multiple comparisons (versus WT) of normal (mitochondrial/peroxisomal) cells were used in C and E. Each count represents a field of = 100
cells; n counts: WT = 15; VPS13A-KO, VPS13B-KO, VPSI3C-KO = 12; VPS13D-KO = 18. Error bars represent SEM. (F) VPS13D KO 45 cells costained for TOM20 and
PEX14. Scale bar = 5 um. (G) Quantification of peroxisomal phenotype in fixed HeLa WT, VPS13D AUBA KO 16, and VPS13D KO 19 cells. The fraction of cells
missing peroxisomes was determined by cytosolic CAT (blue), negative PMP70 (dark-green), or mislocalized PEX14 (yellow-green) signal. n = 3 counts; 2100
cells per count. Boxes mark 25th, 50th, and 75th percentiles, and lines show the upper and lower extreme values (Tukey method). (H) vps134 and control yeast
transiently transfected with peroxisomal marker mCherry-SKL. Cells were outlined (dashed white lines) by hand for visibility. Scale bar = 1 pm.
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strategy that involved using a mixture of three unique VPS13D
CRISPR guides, each targeting different exons: 13, 19, and 21.
Following selection, the total pool of mixed CRISPR-edited cells
was examined for peroxisomal and mitochondrial phenotypes.
The pooled VPSI3D-KO Hela cells displayed peroxisomal loss and
rounded mitochondria, as in the original individual VPSI3D-KO
clones (Fig. 2, A and B). VPS13D-deficient HCT116 (colorectal
carcinoma) and U20S (osteosarcoma) cells similarly displayed
heterogeneous levels of partial to complete peroxisome loss
(Fig. 2, A and B). However, in both HCT116 and HeLa cells, a
smaller fraction of cells exhibited the peroxisomal phenotype
than did the two individual HeLa VPS13D-KO clones (Fig. 2, B
and C). Several attempts at screening individual KO clones in
HCTI116 and U20S cells using gRNA targeting exon 19 failed to
identify any KO clones. (On the basis of sequencing data, only a
few heterozygous clones were obtained.) This led us to speculate
that the complete elimination of VPS13D may be lethal, as re-
ported in three different whole-genome CRISPR screens (Hart
et al., 2015; Blomen et al., 2015; Wang et al., 2015). There may be
a minor residual amount of VPS13D protein in our original
VPSI3D-KO 19 and 45 lines (Fig. S3 D), perhaps due to unexpected
splicing events. The use of three gRNAs greatly enhances the
likelihood of completely deleting VPS13D in individual cells.
Therefore, we checked the penetrance of the mitochondrial and
peroxisomal phenotypes over time after the transient CRISPR
transfection into HeLa and HEK293T (human embryonic kid-
ney) cells (Fig. 2, D and E). While the percentage of cells ex-
hibiting a round mitochondrial phenotype decreased in 293T
and Hela cells from 6 d after transfection (DAT) to 13 DAT, a
significant number of cells retained the mitochondrial pheno-
type at 13 DAT (Fig. 2 F). In contrast, the fraction of cells without
visible peroxisomes dropped significantly in both 293T and
HelLa cells from 6 DAT to 13 DAT.

Heterogeneity of peroxisome abundance is stochastic in
VPS13D-KO cells

Any given population of VPSI3D-KO cells examined displayed a
mixture of three distinct peroxisomal phenotypes that we de-
fined as “normal” (no loss), “partial” (<50% missing), or “missing”
(nondetectable). VPSI3D-KO cells were subcloned to reestablish
single colonies for expansion and phenotypic analysis. Despite
several rounds of separate subcloning experiments, we were un-
able to achieve a homogeneous population of cells with either “all
normal” or “all missing” peroxisomes (Fig. S4 A). The stochastic
peroxisomal phenotype is not limited to VPSI3D-KO cells, as the
extent of peroxisome loss also varies among six different PEXI4-
KO subclone lines (Fig. S4 B). We also identified a varying portion
of PEX5-KO cells lacking PMP70-positive structures and mis-
localized PEX14, in addition to the expected cytosolic CAT in all
PEX5-KO cells (Fig. S4 C).

Because of the inability to achieve complete homogeneity in
the VPSI3D-KO phenotype, we tracked if, and how, the peroxi-
somal phenotype changed in individual VPSI3D-KO cells over
time. We generated a VPS13D-KO line stably expressing GFP-CAT
in order to observe the peroxisomal phenotype in live cells. A
population of GFP-CAT VPSI3D-KO cells were subcloned into
separate wells on a single plate. Each well was imaged over 5 d at
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12-h intervals. Within a well of 1-6 cells, each cell’s phenotype
was manually assigned a peroxisomal phenotype (normal, par-
tial depletion, or complete absence) and tracked over the 10 time
points. The fraction of cells with normal peroxisome number for
each time point per well is displayed in Fig. 3 A (left). The trend
line for the average of all the wells analyzed (black) indicates a
gradual decrease in the number of cells with a normal number of
peroxisomes over time. This indicates a progressive loss of
peroxisomes in VPSI3D-KO cells. Therefore, we hypothesized
that the VPSI3D-KO cells without peroxisomes may be more
vulnerable to environmental or other stress, leading to slower
growth, death, or senescence. We separated individual cells
(excluding predecessors or progeny) into groups by their initial
peroxisomal phenotype and calculated the fraction of cells ex-
hibiting normal, partial, or missing peroxisome phenotypes, or
death, by the final time point (day 5; Fig. 3 A, right). VPSI3D-KO
cells exhibiting an abnormal peroxisomal phenotype were more
likely to die than those with normal peroxisomes within the 5 d.
We would expect this difference to be even greater over longer
periods of observation. Although cells with fewer peroxisomes
die more frequently than those with a normal number of per-
oxisomes, we did not find a substantial survival or growth defect
in the whole population of VPSI3D-KO HelLa cells (Fig. S, A and
B). Consistent with this finding, immunostaining detected no
cytosolic cytochrome c signal in VPSI3D-KO cells or in PEX5-KO
or PEX19-KO cells (Fig. S1 C), indicating the lack of basal apo-
ptosis underlying peroxisome loss.

We also performed shorter-term (<25 h) imaging of live GFP-
CAT VPS13D-KO cells at much shorter time intervals, allowing
more accurate tracing of individual cells and the timing of their
division, death, or phenotypic changes. The analysis of three
independent short-term imaging experiments (Fig. S5) con-
firmed that the peroxisomal phenotype (normal versus cytosolic
CAT) has no effect on the VPSI3D-KO cell’s ability to divide and
survive the division (Fig. 3 B). Comparison of the cell’s initial
versus final peroxisomal phenotypes validated the loss, but
never the gain of peroxisomes within an individual cell or its
progeny (Fig. 3 C). Within each experiment, cells were separated
by whether they divided or not during the observed time period.
There was no significant difference in the fraction of cells ex-
hibiting either a normal, partial, or cytosolic phenotype between
the two groups (Fig. 3 D).

VPS13D does not impact peroxisomal segregation

during division

One possible etiology of the peroxisome loss in VPSI3D-KO cells
is the asymmetrical distribution of peroxisomes during cell di-
vision. Therefore, we investigated whether VPS13D is important
for the normal segregation and roughly equal distribution of
peroxisomes during cellular division. Recently divided or di-
viding daughter VPSI3D-KO and control HelLa cells were identi-
fied by immunostaining for mitosis factor Aurora B. Using
a custom image analysis program, peroxisomes were counted
for each daughter cell in a pair. The difference in peroxisome
number between two daughter cells was not significantly
affected by VPS13D loss (Fig. 3 E). The peroxisome number
likely decreases within individual VPSI3D-KO cells over time,
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Figure 2. VPS13D loss causes mitochondrial and peroxisomal phenotypes in multiple cell lines. (A) Representative images of HeLa, HCT116, and U20S
cells after transfection of VPS13D CRISPR gRNA mix were fixed and stained for CAT (red) and TOM20 (green). (B) Quantification of cells with cytosolic (cyto.) CAT and
rounded mitochondria (mito) in Hela cells with and without VPSI3D gRNA mix in parallel with VPS13D KO 19 and 45 cells. One-way ANOVA, Tukey post-hoc multiple
comparisons (vs. HeLa-WT): *, P = 0.0320; **, P = 0.0016; ***, P < 0.0005. (C) Quantification of the peroxisomal phenotype (CAT) of HCT116 cells with and without
VPS13D gRNA mix. Welch t test: **, P = 0.0045. (D and E) Representative images of Hela and 293T cells 6 DAT with VPS13D gRNA mix stained for CAT (red) and
TOM20 (green; D) or for PMP70 (red) and TOM20 (green; E). (F) Quantification of cells with rounded mitochondria, cytosolic (Cyto) CAT, and missing (Miss) PMP70
signal in 293T and Hela cells either 6 DAT or 13 DAT with VPS13D gRNA mix. Each dot represents the count from one field of images. Mean cells/field for 6 DAT: n =
116 (HeLa), n = 138 (293T); mean cells/field for 13 DAT: n = 72 (HeLa), n = 86 (293T). Partial peroxisome phenotype cells were excluded from the total count. Box-and-
whisker plot whiskers in B, C, and F represent minimum (before lower fence) and maximum (before upper fence) values. Scale bars = 10 um.
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Individual GFP-CAT VPS13D-KO cells separated into groups by their initial peroxisomal phenotype (normal, partial, missing) and fraction of cells classified as
normal (dark gray), partial (turquoise), or missing (green) peroxisomes or dead (red) at final time point (day 5). n = 43 wells; 1-30 unique cells per well. GFP-CAT
VPS13D-KO were seeded into chamber wells, and selected fields were imaged continuously overnight. Three independent experiments (detailed in Fig. S5) were
performed over different time periods: 8 (experiment A), 12 (experiment B), or 25 (experiment C) h at 900-s (experiment A) or 600-s (experiments B and C)
intervals. (B) Select frames from one field of experiment C. Arrows point to cells of interest for tracking with cytosolic CAT/missing peroxisomes (pink and blue)
or partial peroxisome phenotype (yellow and green). Dashed arrows (pink, blue, or green) point to the progeny of the same (color-matched) cells at later time
points. Note one of the pink daughter cells drifts out of frame at ~24 h. Yellow asterisks indicate the transformation of partial to cytosolic CAT phenotype
within an individual cell (19 h). Scale bar = 10 pm. (C) Heatmap plot correlating a cell’s peroxisomal phenotype (CAT localization) at the initial (O h) time-point
with their (or their progeny’s) final phenotype (8-25 h).- N, normal; P, partial; C, cytosolic; X, dead/dying. (D) Cells at the initial time point were classified by
whether they divided by the end of the experiment according to initial peroxisomal phenotype: normal (gray), partial (blue), or cytosolic (green) CAT. Each point
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is one independent experiment.Boxes mark 25th, 50th, and 75th percentiles, and lines show the upper and lower extreme values (Tukey method). n cells per
experiment were as follows: A (square) = 91 nondividing, 12 dividing; B (circle) = 47 nondividing, 7 dividing; C (triangle) = 39 nondividing and 79 dividing. No
significant difference in peroxisome phenotype prevalence in the dividing versus nondividing groups (Welch’s two-sample t test). (E) Representative images of
dividing WT and VPS13D-KO cells stained for PMP70, DAPI, and Aurora B. Two representative images of dividing VPS13D-KO cells that originally had normal
(top) or reduced (bottom) peroxisomes are shown. Difference in peroxisome count between two daughter cells (each dot represents one pair of newly divided
daughter cells) is shown in the right-hand bottom panel. Both WT and VPS13D-KO: n = 80 images (2 daughter cells per image). Scale bar = 5 um. (F) Model of
VPS13D’s variable effect on peroxisome number. Green represents localization of CAT.

eventually affecting cell health. Our proposed model of the
progressive peroxisomal phenotype change in VPSI3D-KO cells is
illustrated in Fig. 3 F.

Overexpression of peroxisomal membrane proteins and
VPS13D can induce peroxisomal loss in WT cells

We found that GFP tagging on either the N-terminus or
C-terminus of VPSI3D inactivates VPSI3D function (Anding
et al., 2018), similar to yeast Vpsl3p (Lang et al., 2015; Park
et al., 2016). To exogenously express untagged VPS13D with a
fluorescent marker for transfection, we made a GFP-Ub-VPS13D
construct in which VPSI13D is transcribed and translated with
GFP-Ub but is subsequently cleaved by endogenous deubiquiti-
nases, leaving an untagged VPS13D and GFP-Ub reporter for
transfected cells. GFP-Ub-VPS13D overexpression rescues the
round mitochondrial phenotype in HeLa VPSI3D-KO cells (Fig. 4,
A and B).

Transiently transfecting either an N-terminal (AN) or
C-terminal (AC) truncated form of VPS13D does not rescue mi-
tochondrial morphology (Fig. 4 C), suggesting that both the
N-chorein and Atg2 C domains are essential for VPS13D’s
function. Symptomatic patients usually carry compound heter-
ozygous VPS13D mutations: one nonsense and one missense
(Gauthier et al., 2018; Seong et al., 2018). Among the eight tested
point mutations, only R4228Q is a homozygous patient muta-
tion. All of the VPS13D mutants examined, except for N3521S,
rescued VPS13D mitochondrial morphology like WT VPS13D
(Fig. 4 C). N3521S is the only mutation of the group that is in a
DUF1162 domain. The DUF1162 repeats are also referred to as the
“Vpsl3 adaptor binding (VAB) domain,” following the discovery
of their role in the organelle-specific recruitment of Vpsl3p
(Bean et al., 2018). The yeast Vpsl3 mutant N2428S, which
corresponds to the N3521S mutation in VPS13D spastic ataxia
patients, has been reported to be defective in binding to all three
adaptor proteins (Dziurdzik et al., 2020), highlighting the im-
portant role of the VAB/DUF1162 domain.

In contrast to mitochondrial morphology, overexpression of
the WT GFP-Ub-VPSI3D construct only slightly reduced the
fraction of VPSI3D-KO cells missing peroxisomes (Fig. 4 B). Un-
expectedly, overexpression of VPS13D reduces peroxisomes
even in WT cells (Fig. 4, D and E). It appears that the peroxisomal
phenotype of HeLa cells is affected by too high or too low VPS13D
expression. We asked if this phenomenon is unique to VPS13D or
whether it is also found in cells overexpressing known peroxi-
somal proteins, particularly those found in the peroxisomal
membrane. We generated viral constructs coexpressing a GFP-
SKL and the untagged PEX3, 14, 16, 19, or 26 genes, separated by
an internal ribosome entry site (IRES) element to avoid artifacts
caused by a fusion tag. HeLa cells stably overexpressing PEX3,
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PEX14, PEX16, or PEX26 had cytosolic GFP-SKL and fewer PMP70-
positive peroxisomal membrane structures (Fig. 5, A and B). In
contrast, overexpression of PEX19, localized to the cytosol, had
no impact on peroxisome amount (Fig. 5). The observed
overexpression-induced disruption of peroxisomes is indepen-
dent of autophagy, as PEX3, PEX14, PEX16, and PEX26 over-
expression still led to peroxisome loss in Atg8 hexa-KO (6KO)
cells (Nguyen et al., 2016; Fig. 5, A and B). Overexpression of
PEX14 also disrupted peroxisome membrane assembly in U20S
and 293T cells, but not as severely as in HeLa cells (Fig. 5, C
and D).

VPS13D-KO cells have morphologically distinct peroxisomes
We noticed a trend between the peroxisome loss in VPSI3D-KO
cells and the appearance of unusually shaped peroxisomal
structures. Most peroxisomes in WT cells appear spherical and
consistent in diameter, typical of mammalian cells (~0.5 um). In
contrast, a subset of VPSI3D-KO cells have larger elongated
peroxisomes that form in a bent, ellipsoid-like manner (Fig. 6 A).
The morphological analysis of peroxisomes visualized by PMP70
revealed a higher level of larger and less circular peroxisomal
structure in VPSI3D-KO cells (Fig. 6 B). Linear regression
analysis shows that increased peroxisome volume is correlated
with lower numbers of peroxisomes in VPSI3D-KO cells (Fig. 6
C), whereas no such relationship between peroxisome size and
number exists in WT cells. Abnormally shaped and elongated
peroxisomes have also been observed in cells from patients with
PBDs (Bjgrgo et al., 2017; Hughes et al., 1990; Ebberink et al.,
2010).

Evidence of peroxisome reduction in VPS13D mutant

patient cells

VPS13D dysfunction has recently been linked to a form of spi-
nocerebellar ataxia, SCAR4 (Gauthier et al., 2018; Seong et al.,
2018). We examined fibroblasts derived from a VPSI3D
mutation-carrying patient and the patient’s two heterozygous
parents from the German family identified as LUB1. Compound
heterozygous mutations in VPSI3D were identified by Seong
et al. (2018) in the patient and a symptomatic sibling: a mater-
nal nonsense mutation (Tyrl803Ter) and a paternal missense
mutation in the highly conserved C-terminal region of the
VPSI3D gene (Ala4210Val, rs746736545). Both siblings in this
family demonstrated adult-onset ataxia and neuropathy. We
examined the peroxisomal phenotype of fibroblasts derived
from the patient (LUBLI) and the patient’s parents (LUBL3,
LUBL4). Some LUBLI fibroblasts, but not the asymptomatic
parental cells, displayed cytosolic CAT expression indicative of
peroxisome loss (Fig. 7 A). We observed this phenomenon in
several separate experiments, but the average proportion of cells
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Figure 4. Exogenous expression of VPS13D rescues VPS13D-KO mitochondrial phenotype, but not peroxisomal phenotype. (A) VPS13D KO 19 cells
were transiently transfected with either GFP-Ub-VPS13D or GFP-Ub (ctrl) for 2 d and stained for TOM20. (B) Proportion of GFP-positive cells manually
classified as having either round and fragmented, fragmented only, or normal mitochondria for GFP-Ub-VPS13D and GFP-Ub groups. Welch’s two-sample t test
between groups for each phenotype class: *, P = 0.03055; **, P = 0.0007925; ***, P = 0.0001459. The same analysis was performed for peroxisome phe-
notypes (CAT): *, P = 0.0126. Error bars in A and B represent SEM. (C) Schematic (top panel) of WT VPS13D protein domains, including the B-propeller/
DUF1162 regions (light pink). Patient mutations are indicated by red star. Bottom: Quantification of the proportion of VPS13D KO 45 cells with normal mi-
tochondrial morphology following transfection with the corresponding VPS13D constructs. Each point is an independent field of view of two independent
experiments, A (circles) and B (triangles). 3-4 images/experiment (ctrl); 2-3 images/experiment (AN, AC, mutants 1-8); mean number of cells per image: n =
272 (ctrl), n = 81 (nonctrl). (D) HeLa WT and VPS13D-KO cells stably expressing GFP-Ub-VPS13D and stained for CAT. (E) Quantification of peroxisomal
phenotype in cells from D; n = 3 counts, 100 cells/count. Scale bar = 5 pm. Box-and-whisker plot whiskers in C and E represent minimum (before lower fence)

and maximum (before upper fence) values.
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Figure 5. Overexpression of peroxisomal membrane proteins disrupts peroxisomal biogenesis in WT cells. (A) Representative images of HeLa WT and
ATG8 6KO cells stably coexpressing untagged PEX genes and GFP-SKL. Cells were stained for PMP70 (red in merged) and TOM20 (white in merged). The
PMP70 channel is isolated as a grayscale image. (B) Box plots quantify the fraction of WT (gray) or 6KO (blue) cells missing PMP70-positive perox-
isomesfollowing overexpression of each PEX gene; each dot represents an independent field of view; total cells per group: n = 562 (PEX3, WT), n = 522 (PEX3,
6KO); n = 131 (PEX14, WT), n = 285 (PEX14, 6KO); n = 95 (PEX16, WT), n = 190 (PEX16, 6KO); n = 352 (PEX19, WT), n = 388 (PEX19, 6KO); n = 370 (PEX26, WT), n =
388 (PEX26, 6KO). (C) 293T and U20S cells transduced with the PEX-IRES-GFPSKL (green) constructs stained with PMP70 and DAPI. (D) Box plots of the
fraction of PEX-overexpressing 293T (triangles) and U20S (circles) cells missing peroxisomes 1 wk (t1) and 2 wk (t2) after transduction. Each point represents
an independent field of view; mean number of cells per field: n = 262 (PEX14, 293T), n = 259 (PEX16, 293T), n = 200 (PEX19, 293T); n = 79 (PEX14, U20S), n = 71
(PEX16, U20S), n = 70 (PEX19, U20S). Representative images in D are from the second time point. Exemplifying cells are highlighted by white dashed out-
lining.Scale bar = 10 um. For B and D, boxes mark 25th, 50th, and 75th percentiles, and lines show the upper and lower extreme values (Tukey).
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Figure 6. VPS13D-KO cells have elongated peroxisomes correlating with peroxisome loss. (A) Maximum-intensity projections of super-resolution images
of WT and VPS13D-KO cells stained for PMP70. (B) Morphology and size measurements of individual peroxisomes in WT or VPS13D-KO cells. Each data point
represents the average values of all peroxisomes in an individual cell. Shape factor represents deviation from circularity (circle = 1). Welch’s t test; ****, P <
0.0001 (volume, surface area); **, P = 0.0024 (longest axis); *, P = 0.0358 (circularity). (C) Linear regression analysis: peroxisomal volume versus peroxisome
density (number of peroxisomes per cell volume, um=3) plot (left) inVPS13D-KO (green) or WT (gray) cells. VPSI3D-KO slope = -0.5944 to -0.29242; WT slope =
-0.2191 to 0.127 (95% Cl); test for if slope is significantly nonzero: KO, P < 0.0001; WT, P = 0.5950. Right: Relative peroxisome density (number per cell volume)
in WT and VPS13D-KO cells; Welsh’s t test; ****, P < 0.0001. VPS13D-KO 19 and 45 cells included in analysis. WT, n = 48 cells; VPSI3D-KO, n = 75 cells. Scale bar

=5 um. For B and C (right), boxes mark 25th, 50th, and 75th percentiles, and lines show the upper and lower extreme values (Tukey).

with cytosolic CAT within a given population is <10% (Fig. 7 B). A
mitochondrial morphology phenotype was reported in fibro-
blasts derived from an unrelated SCAR4 patient (Seong et al.,
2018). We failed to identify an obvious mitochondrial phenotype
in LUBL.1 cells, but we did not perform a quantitative analysis as
did Seong et al.

Peroxisomal loss in VPS13D-KO cells is independent of
pexophagy

Selective autophagy of peroxisomes, pexophagy, allows the
maintenance of peroxisome number in response to cellular
needs and environmental cues. To test if aberrantly increased
pexophagy may explain the peroxisome loss in VPSI3D-KO cells,
we knocked out the autophagy gene, FAK family kinase-
interacting protein of 200 kD (FIP200), in the VPSI3D-KO cells.
The FIP200/VPSI13D double-KO (DKO) cells allowed us to observe
changes in peroxisomal phenotype under long-term autophagy
inhibition. There was no observable difference in the propor-
tion of cells lacking peroxisomes in the FIP200/VPSI3D-DKO
cells compared with VPSI3D single-KO cells, and the average
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peroxisome amounts (relative to cell size) in three independent
FIP200/VPSI3D-DKO clones are not significantly different from
those in VPS13D-KO cells (Fig. 8 A). It is unlikely that pexophagy
is stimulated by loss of VPS13D. FIP200 loss also did not affect
the mitochondrial morphology aberrations in VPSI3D-KO cells
(Fig. 8 B).

VPS13D loss attenuates PEX19-dependent peroxisome
formation

Of the peroxins, only three are essential for peroxisome bio-
genesis in mammals: PEX3, PEX16, and PEX19. All three are in-
volved in the import of peroxisomal membrane proteins (Fujiki,
et al., 2012). The loss of any of these three genes results in a
homogeneous population of cells completely lacking perox-
isomes. Each of the KO lines can be rescued within days fol-
lowing replacement of the missing gene (South and Gould
1999; Honsho et al., 2002). If VPSI3D is involved in peroxi-
some biogenesis, the loss of VPS13D would attenuate peroxisome
formation in certain essential PEX gene KO cells following
rescue with the expression of the respective gene. Peroxisome
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Figure 7. VPS13D mutation carrying patient fibroblasts also show peroxisome loss. (A) Fibroblasts from SCAR4 patient (LUBL.1; bottom panel) and the
patient’s two heterozygous nonsymptomatic parents (LUBL.3 and LUBL.4; top and middle panels) immunostained for CAT (red) and TOM20 (green); nuclei
were visualized by DAPI (blue). Cell with cytosolic CAT is identified with a white arrow. Scale bar = 50 um. (B) Quantification of cytosolic (cyto.) CAT cells in
LUBL1 patient cells (red) compared with the two unaffected parental lines, LUB13 (light blue) and LUB1.4 (gray), or an unrelated control fibroblast line, LUBCtrl
(black). Three separate experiments are grouped; each data point represents an independent field of view. Parental and unrelated control data were combined
into a single group (“control”) for statistical comparison with LUBL.1 (patient). Welch’s t test; *, P = 0.0154. Per group: n = 26 (patient), n = 22 (control); boxes

mark 25th, 50th, and 75th percentiles, and lines show the upper and lower extreme values (Tukey).

biogenesis in WT HeLa cells is disrupted by overexpression of
peroxisomal membrane proteins PEX3 and PEX16, but not by the
cytosolic PEX19 protein. Thus, we used PEX19-based rescue to
assay the effect of VPS13D on peroxisome biogenesis. We used
CRISPR to knock out PEX19 in WT and VPSI13D-KO HeLa cells, and
we generated the lentiviral construct pHAGE-PEX19-IRES-GFP-
SKL to visualize the peroxisomal phenotype in live PEX19-KO or
PEX19/VPS13D-DKO cells. The GFP signal also serves as an indi-
cator of expression of the untagged PEXI9 gene. Cells were im-
aged 2-8 d following PEX19-IRES-GFP-SKL transduction. These

Baldwin et al.
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images were subject to an automatic quantification using a
custom deep learning model designed to classify peroxisome
absence in HeLa cells to minimize human-introduced bias while
maximizing image analysis efficiency. Following reintroduction
of PEX19, a growing proportion of PEX19-KO cells gain perox-
isomes (as indicated by a punctate GFP signal; Fig. 8 C). The
population of rescued cells increases over time, and, by 8 d after
virus addition, >75% of the PEX19-KO cells displayed perox-
isomes (Fig. 8 D). In contrast, only ~50% of the PEX19/VPSI3D-
DKO cells had peroxisomes at the 8-d time point. Across the
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observed time points, VPSI3D loss significantly attenuated the
rescue of peroxisome biogenesis in PEX19-KO cells by PEX19
(Fig. 8 D). The impaired peroxisome rescue is consistent across
three independent PEX19/VPSI3D-DKO clones. These findings
strongly indicate that VPSI3D is involved in peroxisome
biogenesis.

Discussion

Until recently, there has been little understanding of the func-
tion of VPS13D in cellular biology or human pathology since its
discovery over a decade ago (Velayos-Baeza et al., 2004). In this
study, we report on the role of VPS13D in peroxisome biogenesis.
In contrast to the essential peroxisome biogenesis genes (PEX3,
PEX16, and PEX19), VPS13D loss results in incomplete and vari-
able peroxisome loss as populations of VPSI3D-KO cells, such as
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an independent field of view. One-way ANOVA,
Tukey post hoc multiple comparisons test (versus
WT); **** P < 0.0001. Per group number of images
(N) and total cells (n): WT, n = 6, n = 1,987; VPS13D-
KO, n =9, n = 3,179; FIP200-KO, n = 3, n = 1,016;
FIP200/VPS13D-DKO 27, n = 3, n = 811; DKO 51, n =
3, n = 828; DKO 59, n = 3, n = 872. (C) Represen-
tative images of live PEX19-KO or PEX19/VPS13D-
DKO cells transduced with PEX19-IRES-GFP-SKL at
each time point. Peroxisome presence or absence is
indicated by punctate or cytosolic GFP-SKL. Scale
bar = 20 um. (D) Time course of rescued cells
(containing peroxisomes) following PEX19 re-
introduction. Each dot represents the mean frac-
tion of 6 fields of view per PEX19-KO or PEX19/
VPS13D-DKO subclone. Welch's t test; *, P < 0.05;
***, P < 0.001. Total cells across all time points: n =
252 (PEX19 KO 8), n = 196 (PEX19 KO 10), n = 189
(PEX19 KO 11), n = 226 (PEX19/VPSI3D DKO 5), n =
217 (PEX19/VPS13D DKO 7), n = 228 (PEX19/VPS13D
DKO 9). Mean number of cells per time point: n = 63
(PEX19 KO 8, PEX19 KO 11), n = 49 (PEX19 KO 10),
n = 56 (PEX19/VPSI3D DKO 5), n = 54 (PEX19/
VPSI13D DKO 7), n = 57 (PEX19/VPSI13D DKO 9). For
A, B, and D, boxes mark 25th, 50th, and 75th per-
centiles, and lines show the upper and lower ex-
treme values (Tukey).
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PEX14-KO cells, display variable levels of peroxisome depletion.
KO of VDAC2 in mouse embryonic fibroblasts also led to a het-
erogeneous degree of peroxisome absence (Hosoi et al., 2017).
Hypomorphic PEX mutants, commonly associated with milder
presentations of PBDs, also display peroxisomal mosaicism
(Weller et al., 2003; Wanders and Waterham, 2006). In these
cases, the severity of the peroxisomal phenotype can be in-
creased with elevated temperature (40°C) or rescued with
lower-temperature (30°C) incubation (Gootjes et al., 2004;
Berendse et al., 2013; Ratbi et al., 2015). We did not observe in
preliminary experiments a significant change in severity of
VPS13D-KO peroxisomal phenotype after incubation at 40°C.
VPS13A and VPS13C have been found at various ER-organelle
contact sites, including those with mitochondria, lipid droplets,
and/or late endosomes (Yang et al., 2016; Kumar et al., 2018;
Yeshaw et al., 2019). We also localized exogenous VPS13A and
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VPS13C to lipid droplets in HeLa cells. VPS13D expression is
predominantly cytosolic, with a slight preferential localization
proximal to the Golgi apparatus. Subcellular fractionation con-
firms the presence of VPS13D in membrane fractions. Although
this observation is consistent with the Golgi-sorting function
first identified for Vps13p in yeast, the connection between Golgi
localization of VPS13D and its mitochondrial and peroxisomal
functions remains unknown. Supporting our observations,
Guillén-Samander et al. (2021) recently also reported that
VPS13D is mainly diffuse in the cytosol with some variable ac-
cumulation in the Golgi complex as well as weak enrichment
around mitochondria. In addition, VPS13D can be recruited to
mitochondria and peroxisomes by the outer mitochondrial
membrane GTPase, Mirol/2. Interestingly, the VAB/B-propeller
domain of VPS13, which contains N3531S patient mutation, is
required for Mirol/2 recruitment.

VPS13D is the only VPS13 family member with a UBA, and our
data now link the VPS13D UBA domain to peroxisome biogenesis
in addition to the previously reported role in mitochondrial
morphology (Anding et al., 2018). It remains unclear how the
mitochondrial and peroxisomal phenotypes in VPSI3D-KO cells
may be connected. Peroxisome loss has previously been linked
to mitochondrial dysfunction. Swollen, rounded mitochondria
were reported in the livers of mice modeling a common PEXI
variant found in Zellweger syndrome patients (Hiebler et al.,
2014). Mitochondrial swelling was reported in both a PEXI9
Drosophila model and PEX19-null patient fibroblasts. Billow et al.
(2018) posited that the accumulation of free fatty acids (partic-
ularly VLCFAs) and the activation of lipolysis due to peroxisome
loss directly affect mitochondrial morphology. Yet, we do not
find evidence of the severely rounded mitochondria character-
istic of VPSI3D KO in the PEX-KO HelLa cells completely lacking
peroxisomes.

Mitochondria are not the only organelle whose morphology is
influenced by VPS13D. Large, elliptical peroxisomes (visualized
by either PMP70 or CAT) were found in VPSI3D-KO cells. PEX14-
KO cells display particularly striking misshaped and long per-
oxisomes. The finding that the prevalence of abnormally elon-
gated peroxisomes in VPSI3D-KO cells is correlated with reduced
peroxisomal amount may reflect altered peroxisomal fission in
an attempt to compensate for lower peroxisomal biogenesis.
Elongated peroxisomes are also observed in fibroblasts derived
from patients with mutations in two genes involved in peroxi-
somal biogenesis: PEX1]3 and PEX16 (Ebberink et al., 2010, 2012).
The difference in peroxisomal morphology in control and VPSI3D-
KO cells supports a role of VPSI3D in peroxisome biogenesis akin
to that of other known peroxisomal biogenesis genes.

On the basis of our findings, we conclude that VPS13D affects
peroxisome number through its role in peroxisome biogenesis.
The specific pathways of peroxisome biogenesis are poorly un-
derstood and disputed. At least 14 PEX genes involved in per-
oxisome biogenesis have been identified in mammals (Tanaka
et al,, 2019). Likely more are yet to be discovered, for >30 per-
oxisome biogenesis genes are identified in yeast (Waterham and
Ebberink, 2012). While the details remain to be elucidated, there
are two widely accepted pathways of peroxisome biogenesis in
mammalian cells: fission of preexisting peroxisomes and de
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novo formation from the ER. The latter was confirmed by the
finding that peroxisomes are able to form in PEX3-KO cells that
completely lacked any preexisting peroxisomes (Sugiura et al.,
2017). In contrast to PEX3 and PEX16, PEX19 is a cytosolic pro-
tein and has an insignificant effect on peroxisome number when
overexpressed in WT cells. Thus, use of a PEX19 rescue assay
allowed us to directly assess VPS13D’s role in peroxisome bio-
genesis. We found that VPS13D loss significantly attenuates the
ability of exogenous PEX19 to rescue peroxisome formation in
PEX19-KO cells, identifying VPS13D as a factor in PEX19-
mediated peroxisome biogenesis.

Further study is required to elucidate how direct VPS13D acts
on peroxisome biogenesis and through which cellular path-
way(s). There is mounting evidence of the involvement of VPS13
proteins in interorganelle contact and lipid transport. Vpsl13p
preferentially binds to specific phospholipids (De et al., 2017
Rzepnikowska et al., 2017) and dynamically localizes to multiple
membrane contact sites (Lang et al., 2015; John Peter et al., 2017;
Bean et al., 2018). Recent studies indicate a similar role for
mammalian VPS13A and VPS13C (Park et al., 2015; Kumar et al.,
2018; Yeshaw et al., 2019). VPS13D likely contributes to perox-
isome biogenesis via interorganelle lipid transport and/or other
pathways regulating cellular phospholipids.

Peroxisomes are important in human neurons, as exempli-
fied by the cognitive and neurological defects associated with
PBDs (Aubourg and Wanders, 2013; Wanders et al., 2017). They
also play an important role in cerebellar development (De
Munter et al.,, 2015). Mutations in genes involved in peroxi-
somal biogenesis and peroxisomal lipid metabolism are linked to
cerebellar defects in PBD patients and ataxia syndromes (Faust,
2003; Pierce et al., 2010; Dick et al., 2011; Buchert et al., 2014).
We observed a peroxisomal phenotype in a fibroblast cell line
derived from a patient with a VPS13D-linked form of spinocer-
ebellar ataxia (SCAR4). The incidence of cells missing perox-
isomes is low and much less penetrant than in the VPSI3D-KO
HeLa cells. Homozygous VPS13D loss is embryonic lethal, and
the patient cell lines stem from partial loss of function of
VPS13D, likely explaining the reduced peroxisome phenotype in
the patient cells relative to the other VPS13D-KO cell lines we
examined. Our finding of a partial peroxisomal defect in the
VPS13D mutant patient cells may provide a critical link between
VPS13D’s peroxisomal role and the neurological pathology of
SCAR4 and similar disorders.

Materials and methods
All materials used in this study are detailed in Table S1.

vps13A yeast phenotype

vps13A yeast (BY74741 background) were a gift from Aaron M.
Neiman (Stony Brook University, Stony Brook NY; Park et al.,
2016). The WT BY74741n yeast strain and pRS425-mCherry-SKL
plasmid (Joshi et al., 2016) were provided by William Prinz. Cells
were grown in yeast extract peptone dextrose medium (1% Bacto
yeast extract, 2% Bacto peptone, 2% glucose) at 30°C. Yeast were
transformed with mCherry-SKL using standard techniques, then
imaged on a Zeiss LSM 880 confocal microscope (100 objective).
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Cloning

VPS13A-C Myc-His-tagged constructs were generated by in-
serting the ORF of the gene (VPS13A variant 1A, VPS13C variant
1A) into pcDNA4-TO-mycHis vectors (Invitrogen) according to
the manufacturer’s instructions. Cloning of VPS13D-i-GFP was
described previously (Anding et al., 2018). GFP-Ub-VPS13D was
generated by inserting VPS13D cDNA (variant 2A) into GFP-Ub-
Cl plasmid. GFP-Ub was a gift from Nico Dantuma (Addgene
plasmid #11928) at Karolinska Institutet, Stockholm, Sweden
(Dantuma et al., 2006). AN or AC truncated GFP-Ub-VPS13DAN
and GFP-Ub-VPS13DAC were made as described above for WT
GFP-Ub-VPS13D by cloning the last 351-13,092 (AN) and first
1-11,868 bp (AC) of VPS13D cDNA into GFP-Ub-C1. The retroviral
PBMN-GFP-CAT construct was made by inserting CAT cDNA
into pBMN-Z vector. All cloning is PCR based via the Gibson
assembly cloning method (New England Biolabs). To generate
the PEX overexpression lentiviral constructs, Gateway elements
were removed from the original pHAGE vector, and new mul-
tiple cloning sites were introduced to create a new pHAGE-IRES-
puromycin vector. Next, GFP-SKL is PCR amplified (SKL se-
quence is introduced in the reverse primer) to replace the
puromycin maker to make pHAGE-IRES-GFP-SKL. For PEX gene
overexpression, PEX3, PEX5, PEX14, PEX16, PEX19, and PEX26
were PCR amplified and cloned into the Nhel/Sall sites to make
PHAGE-PEX-IRES-GFP-SKL constructs. All plasmids were con-
firmed by Sanger sequencing. Complete sequence maps of each
plasmid are available upon request and will be deposited to
Addgene. Primers used for cloning are detailed in Table 1.

Stable cell line generation, transduction, and transfection
Retroviral and lentiviral plasmids were cotransfected in
293T cells with the appropriate helper plasmids and poly-
ethylenimine. Fresh media were added the day after transfec-
tion. Viruses were harvested 48 h and 72 h after transfection,
then transduced into HeLa cells with 8 pug/ml polybrene. Stable
GFP-CAT expressing VPSI3D-KO cells were generated by trans-
ducing pBMN-GFP-CAT into VPSI3D KO 45 cells, then sorting by
FACS for optimal GFP expression. Lentiviral (pHAGE) PEX3-26
constructs were similarly stably expressed in WT and Atg8 6KO
cells for measurement of peroxisome disruption by PMP over-
expression. In the biogenesis assay, cells were used directly
following lentiviral PEX19-IRES-GFP-SKL transduction. Tran-
sient expression of nonviral plasmids (pcD13A-1A-mH, pcD13C-
1A-mH, and VPS13D-i-GFP, GFP-Ub-VPS13D, and GFP-Ub, all
CRISPR constructs) into HeLa cells was done using FuGENE HD
(at 1:3 ratio of DNA to FuGENE) in Opti-MEM medium. For
subcellular localization experiments, all constructs were trans-
fected at 1 ug/100 ul concentrations (total DNA dependent on
size of chamber slide wells).

KO cell generation and confirmation

CRISPR sgRNA sequences targeting genes of interest were
cloned into pSpCas9(BB)-2A-Puro (PX459) plasmid (Addgene
#62988), a gift from Feng Zhang (Broad Institute of Massachu-
setts Institute of Technology, Cambridge, MA), as described in
Ran et al. (2013). Two different CRISPR design strategies were
used: double guides targeting introns on the 5’ and 3’ sides of the
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exon of interest (VPS13A-KO, VPS13B-KO, VPS13C-KO) or a
single guide targeting the exon of interest (PEX3-KO, PEX16-KO,
PEX19-KO). CRISPR plasmids were transfected into HeLa cells
using FuGENE HD following the manufacturer’s protocol (1 pg
DNA; 1:3 DNA/FuGENE ratio). Transfected cells were selected
with 1 ug/ml puromycin; time of treatment was determined by
total death of nontransfected puromycin-treated control cells.
See Table 2 for target gRNA sequences and PCR primers.

Single colonies were established by subcloning populations
into 96-well plates. Cell lines expanded from the individual
colonies are referred to as subclones in this study. When the
colonies were large enough, they were sampled to be screened
by PCR and ultimately confirmed by sequencing. The VPSI3D KO
19 and KO 45 cell lines studied are the same as those generated
for Anding et al. (2018). Generation of the VPSI3DAUBA KO line
is also described in Anding et al. (2018). FIP200-KO (Vargas
et al, 2019), and Atg8 6KO (Nguyen et al., 2016) cells have
been described previously. For all (gene)/VPSI3D-DKO cell lines,
the CRISPR plasmids for the gene of interest were transfected
into VPSI3D KO 45 cells. All KO cell lines were confirmed with
Western blotting and sequencing, with the exception of
PEX19 single-KO and DKO lines. The loss of PEX19 was con-
firmed through phenotype (complete cytosolic expression of
CAT in whole cell population).

For “pooled” VPS13D CRISPR experiments, HeLa, HCT116,
293T, and U20S cells were similarly transfected, each with a
mixture of the three gRNA plasmids targeting either exon 13, 19,
or 21. After transient transfection overnight, cells were selected
with puromycin for 2 d to enrich for transfection events. The
total population of cells after selection was used for phenotypic
analysis.

Cell culture

Human fibroblast cell lines (LUBL.1, LUBL.3, LUBL.4) were kindly
provided by Katja Lohmann and Nobert Briiggemann (Univer-
sity of Liibeck, Liibeck, Germany). All cell lines (HeLa, HEK-293,
human fibroblasts) were incubated at 37°C in 5% CO,. HelLa,
HEK-293T, and U20S cell lines were cultured with high-glucose
DMEM supplemented with 10% FBS, GlutaMAX, nonessential
amino acid (NEAA), Hepes, and sodium pyruvate. HCT116 cells
were grown in McCoy’s 5A (modified) media, supplemented
with GlutaMAX, NEAA, and 10% FBS. Human fibroblasts were
cultured in high-glucose DMEM supplemented with 15% FBS,
GlutaMAX, 50 IU/ml penicillin, and 50 ug/ml streptomycin. All
fibroblasts used for analysis were between 5 and 10 passages old.

Subcellular fractionation

Cells harvested from a 10-cm dish were washed twice with 5 ml
1x PBS and resuspended in 4.5 ml solution B (20 mM Hepes-
KOH, pH 7.6, 220 mM mannitol, 70 mM sucrose, 1 mM EDTA,
0.5 mM PMSEF), then transferred to a 15-ml glass homogenizer
and homogenized with 30 strokes using a drill-fitted pestle. Cell
homogenates were then spun at 800 g for 10 min at 4°C to
remove the nuclei, and the supernatant was collected and
centrifuged at 10,000 g for 20 min at 4°C. The pellet (mito-
chondria-rich heavy membrane) was resuspended in 200-500
pl solution B. The cytosolic supernatant was collected and
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Plasmid cloning

Primer

Sequence

GFP-Ub-VPS13D

EGFP-Ub forward

5'-TCTAGATAACTGATCATAATCAGCCATAC-3’

GFP-Ub-VPS13D

EGFPC1 forward

5'-GATCACTCTCGGCATGGAC-3’

GFP-Ub-VPS13D

EGFPC1 reverse

5'-CATTTTATGTTTCAGGTTCAGGG-3'

GFP-Ub-VPS13D

Ub-Vps13D forward

5'-TACTCCGTCTCAGAGGTGGGATGTTGGAAGGCCTTGTAGC-3'

GFP-Ub-VPS13D

Ub-Vps13D reverse

5'-ATTATGATCAGTTATCTAGATCAGGAGTCCAGCTCCAGCTG-3'

GFP-Ub-VPS13DAC

Ub-Vps13D-dC reverse

5 -ATTATGATCAGTTATCTAGATCAAATTGGTGTTCCACCTTG-3'

GFP-Ub-VPS13DAN

Ub-Vps13D-dN forward

5'-TACTCCGTCTCAGAGGTGGGATGGAGGAGAAATGGAAGAATGACC-3'

GFP-Ub-VPS13DAN

Ub-Vps13D-dN reverse

5'-ATTATGATCAGTTATCTAGATCAGGAGTCCAGCTCCAGCTG-3'

GFP-Ub- Vps13D-G1200D forward 5'-AGTATAGGTGACACCAAAGTTAATGTCTCAATG-3’
VPS13DmutG1200D

GFP-Ub- Vps13D-G1200D reverse 5'-ACTTTGGTGTCACCTATACTTGCAGTTG-3’
VPS13DmutG1200D

GFP-Ub- Vps13D-G4149S forward 5'-CCTTGTAGCCAGCATCCATGGCCTGGCTC-3'
VPS13DmutG4149S

GFP-Ub- Vps13D-G4149S reverse  5'-CATGGATGCTGGCTACAAGGTGTTCACC-3'
VPS13DmutG4149S

GFP-Ub- Vps13D-L2900S forward  5'-GGGTGCACTTCGTGGTTTGCCACCCTGAC-3'
VPS13DmutL2900S

GFP-Ub- Vps13D-L2900S reverse 5’-GCAAACCACGAAGTGCACCCCGTGTGGT-3’
VPS13DmutL2900S

GFP-Ub- Vps13D-N4107I forward 5'-GGAGTATCAATCTCTGCTGCCAAGTTTGC-3'
VPS13DmutN34107I

GFP-Ub- Vps13D-N4107I reverse 5'-TTGGCAGCAGAGATTGATACTCCGTGTGTAACATTTC-3’
VPS13DmutN34107I

GFP-Ub- Vps13D-N3521S forward 5'-CGAATTGACAGCTTTTCTAAGGTCCCGGTTG-3’
VPS13DmutN3521S

GFP-Ub- Vps13D-N3521S reverse  5'-TTAGAAAAGCTGTCAATTCGGAAAGGAG-3'
VPS13DmutN3521S

GFP-Ub- Vps13D reverse4228Q 5'-CAGAGGGTTCAGAAACCGCGTTGCTGCAC-3’
VPS13DmutR4228Q forward

GFP-Ub- Vps13D reverse4228Q 5'-CGCGGTTTCTGAACCCTCTGTGCTTGAG-3’
VPS13DmutR4228Q reverse

GFP-Ub- Vps13D_S405R forward 5'-TTAGTGAACCGTCAGATCCGCTAGCGCTACCGGTCGCCACCAT-3’
VPS13DmutS405R

GFP-Ub- Vps13D_S405R reverse 5'-AGACATGATCTCGCTTTGTATACGTGTTCATACACGAGGCATC-3'
VPS13DmutS405R

GFP-Ub- Vps13D-T1118M forward 5'-AATCCAGAGATGATTGTGGAGCTAATTGG-3'
VPS13DmutT1118M

GFP-Ub- Vps13D-T1118M reverse 5'-TCCACAATCATCTCTGGATTGAGGATAATATC-3’
VPS13DmutT1118M

GFP-Ub-VPS13DmutT865A

Vps13D-T865A forward

5'-GATTGATTTATGCTTCAGATCCCAAATATCCAG-3'

GFP-Ub-VPS13DmutT865A

Vps13D-T865A reverse

5'-GATCTGAAGCATAAATCAATCGACGCTC-3'

pBMNz-GFP-CAT

pBMN-CAT_reverse

5'-CGCGGTACCGTCGACTGCAGAATTCTCACAGATTTGCCTTCTCCCTTGC-3’

pBMNz-GFP-CAT

pBMN-GFP reverse

5'-ATAAAATCTTTTATTTTATCGTCGACTTACTTGTACAGCTCGTC-3'

pBMNz-GFP-CAT

pBMNeGFP-CAT_forward

5'-TACAAGTCCGGACTCAGATCTCGAGGGATGGCTGACAGCCGGGATC-3'

pCDNA-VPS13A/C-mycHis

pcDNA-3xHA-C forward

5'-ATCCAGCACAGTGGCGGCCGCTACCCATACGATGTTCCTGACTATGCGGGCTATCCCTATGACGTC
CCGGACTATGCAGG-3'

pCDNA-VPS13A/C-mycHis

pcDNA-3xHA-C reverse

5'-GGTTTAAACGGGCCCTCTAGACTAAGCGTAATCTGGAACGTCATATGGATAGGAGCCTGCATAGTC
CGGGACGTCATAGG-3'

pCDNA-VPSI3C-mycHis

Vps13A forward

5'-TACTCCGTCTCAGAGGTGGGATGGTTTTCGAGTCGGTGGT-3’
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Table 1. Primers used for cloning in this study (Continued)
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Plasmid cloning

Primer

Sequence

pCDNA-VPS13C-mycHis

Vps13A reverse

5'-ATTATGATCAGTTATCTAGATCAGAGGCTCGGAGAAGGTTCTC-3'

pCDNA-VPSI3C-mycHis

Vps13C forward

5'-TACTCCGTCTCAGAGGTGGGATGGTGCTGGAGTCGGT-3’

pCDNA-VPS13C-mycHis

Vps13C reverse

5'-ATTATGATCAGTTATCTAGATTTAAGATGGCAATTGGGGTCTGA-3'

pHAGE-IRES-GFP-SKL

IRES-GFP forward

5'-TGAAAAACACGATGATAATATGGCCACAACCATGGTGAGCAAGGGCGAG-3'

pHAGE-IRES-GFP-SKL

pHAGE-GFP-SKL reverse

5'-GTAATCCAGAGGTTGATTAGGATCCCTACAGCTTGGAACCGGACTTGTACAGCTCGTCCATGC-3’

pHAGE-IRES-GFP-SKL

pHAGE-linker forward

5'-CCTCCATAGAAGACACCGGCGGCCGCGCTAGCCTCGAGTCTAGAGTCGACACGCGTGAATTCCGCC

CCCCCCCCCTAACGT-3'

5'-ACGTTAGGGGGGGGGGGCGGAATTCACGCGTGTCGACTCTAGACTCGAGGCTAGCGCGGCCGLCCGG
TGTCTTCTATGGAGG-3'

5'-CATAGAAGACACCGGCGGCCGCGCTAGCCACCATGGCGTCCTCGGAGCAG-3'

pHAGE-IRES-GFP-SKL pHAGE-linker reverse

pHAGE-PEX14-IRES- pHAGE-PEX14 forward

GFPSKL g
2

pHAGE-PEX14-IRES- pHAGE-PEX14 reverse 5'-TTAGGGGGGGGGGGCGGAATTCACGCGTGTCGACCTAGTCCCGCTCACTCTCG-3' f::’,_:
GFPSKL &
o

pHAGE-PEX16-IRES- pHAGE-PEX16 forward 5'-CATAGAAGACACCGGCGGCCGCGCTAGCCACCATGGAGAAGCTGCGGCTC-3" g
GFPSKL z
°

pHAGE-PEX16-IRES- pHAGE-PEX16 reverse 5'-TTAGGGGGGGGGGGCGGAATTCACGCGTGTCGACTCAGCCCCAACTGTAGAAG-3' g
GFPSKL g
pHAGE-PEX19-IRES- pHAGE-PEX19 forward 5'-CATAGAAGACACCGGCGGCCGCGCTAGCCACCATGGCCGCCGCTGAGGAA-3' {3
GFPSKL T%
)

pHAGE-PEX19-IRES- pHAGE-PEX19 reverse 5'-TTAGGGGGGGGGGGCGGAATTCACGCGTGTCGACTCACATGATCAGACACTGTTCACCAC §
GFPSKL ®
pHAGE-PEX26-IRES- pHAGE-PEX26 forward CATAGAAGACACCGGCGGCCGCGCTAGCCACCATGAAGAGCGATTCTTCGACC-3' g
GFPSKL %
pHAGE-PEX26-IRES- pHAGE-PEX26 reverse 5'-TTAGGGGGGGGGGGCGGAATTCACGCGTGTCGACTCAGTCACGGATGCGGAG-3’ §
GFPSKL 3
©

pHAGE-PEX3-IRES- PEX3-IRES reverse 5'-TTAGGGGGGGGGGGCGGAATTCACGCGTGTCGACTCATTTCTCCAGTTGCTG-3' >
GFPSKL §
pHAGE-PEX3-IRES- pHAGE-PEX3 forward 5'-CATAGAAGACACCGGCGGCCGCGCTAGCCACCATGCTGAGGTCTGTATGG-3' %
GFPSKL s
N

S

centrifuged again at 100,000 g for 30 min at 4°C to obtain the Tracking GFP-CAT VPS13D-KO cells 8
o

cytosol fraction, which was concentrated with TCA and finally =~ GFP-CAT stable VPSI3D-KO 45 cells were seeded into 384-plate g
lysed in lithium dodecyl sulfate loading buffer (Thermo Fisher wells at 1-10 cells/well. The wells containing 1-6 total cells were =
Scientific). The pellet from the above ultracentrifugation was then imaged 10 times at 12-h intervals using a Nikon spinning g
resuspended in 100-200 pl solution B to obtain the light mem-  disk confocal microscope under a 20x water objective, incu- 3
S

brane fraction. bating at 5% CO, and 37°C. Multiple fields of the entire well were g
acquired, then stitched to show the entire well. Acquisition and 3

Immunofluorescence image stitching were performed in NIS-Elements software. 8
o

Cells were trypsinized, then seeded at approximately equal
confluency in Lab-Tek chamber slides (~50,000-100,000 cells
for two-well slides and ~25,000-50,000 for four-well slides).
Following 16-24 h, cells underwent fixation with 4% PFA (in
PBS) and were blocked with buffer (2.5% goat serum, 0.15%
Triton X-100-PBS). Cells were incubated with primary antibody
at RT for 2 h or at 4°C overnight, then stained with comple-
mentary (rabbit or mouse) Alexa Fluor antibody for 1 h at RT.
Nuclei were stained with DAPI (1:10,000; PBS). Washes with
PBS-Triton X-100 were performed between each step, and cells
were stored and imaged in PBS. All immunostained cells were
imaged with Zeiss LSM confocal microscope under 63x oil-
immersion objective, except for the patient fibroblasts, which
were acquired using the 40x oil objective.
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Plates were removed between the 12-h imaging intervals to re-
fresh media. For phenotypic analysis of each well at each time
point, individual cells were manually classified by individual cell
peroxisomal phenotype (CAT expression/localization): normal
number, partial number, or completely missing peroxisomes. In
cases in which a cell’s phenotype was unclear, no classification
was assigned. Cells visually determined to be dead on the basis of
morphology and/or absence in later time points were also
counted. Cells classified as unclear or dead were included in the
total number of cells per well when calculating the fraction of
GFP-CAT VPSI3D-KO live cells within an individual well ex-
hibiting a normal peroxisome amount. Trend lines for each
well’s fraction of normal cells over time were modeled using
the locally weighted scatterplot smoothing (LOWESS) method
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Table 2. Target gRNA sequences and PCR primers used for KO cell generation in this study
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Gene Exon Target sequence Forward primer Reverse primer
PEX5 6 5’-AGGGAACAGCCACCGATCGC-3’ 5'-GTGTGGCTAAGAGGGTCAGT-3’ 5'-AAGTTGGTTCGAGAACGTGGAT-3'
PEX14 3 5’-TGTAGAAACTTCACTGCCG-3’ 5'-CTGCCGGGGAGTATGAAGAA-3’ 5'-GTCATCTTGCCGCTCCATTG-3'
PEX19 4 5’-TGCCACTGACCTTCAGGTG-3' 5'-TGAAAGGTCACAGTGTTATTGT-3' 5'-ACAGCACATCCTTGGAGAGT-3'
VPSI3A 3 5’ 5'-CTTCTTTTTCTTAAAATAA-3’ 5'-TGGGGAGAACGTTTTGAAAG-3’ 5'-TTCAAATCGGCCCCTAGTCA-3'
3’ 5’-CCTTCCTGGACATGCAGCC-3'
VPS13B 8 5’ 5'-TATCTTTCTCCTTTAGTAG-3’ 5'-GGGTGCTGATCAGGAAATGAAG-3' 5'-ACGAAGGAGAGCACAGAAAGGA-3'
3’ 5’-CCACTTGAAATCTTTGAAT-3'
VPSI3C 8 5’ 5'-TTGAGTAGTACCTTAGCTA-3’ 5'-GCTTCCACTGTGAAGGACGTA-3’ 5'-TGAGACTACAGTCAAGTGACCA-3'
3 5'-CTTGTGTTAGCCTCGTTTT-3’
VPSI3D 13 5’-CATACACGAGGCATCTGCAG-3' 5'-GCTCCTCCTGGCGGAATTTA-3’ 5'-GACATTGGCCCACAGAGAGA-3’
VPS13D 19 5’-CATACACGAGGCATCTGCAG-3' 5'-GCTCCTCCTGGCGGAATTTA-3’ 5'-ACGTGCTACCCATTGAGACA-3'
VPSI3D 21 5’-AAGAACCTGATGGTGTCTCG-3’ 5’-CTCCCCTTGCCCTGATTCTC-3’ 5'-AACCCAGGTTTGCAGTGTGA-3’

FIP200 4-5 5 5'-ACTATGTAAAAACACCTTAG-3’
3 5-GTAGTTTTAGGAATAGCAGG-3’

5'-AGACCTGATAACCAGTTTGAGCAT-3’

5'-TGTCAAACTTTTTGCATACTTCCT-3'

(fraction of cells with normal peroxisomes [fNorm] vs. time) for
display in graphs. Individual GFP-CAT VPSI3D-KO cells were also
analyzed to compare initial and final peroxisomal phenotypes.
Both those found at the initial time points and any of their
progeny (appearing at later time points) were separated into
groups by their initial (at first time of appearance) peroxisomal
phenotype (normal, partial, missing). The fraction of cells clas-
sified as either of the three peroxisomal phenotypes or dead at
the last time point (5 d) were calculated for each group.

For overnight (short-term) experiments, GFP-CAT VPSI3D-
KO cells were plated into four-chamber Lab-Tek wells at ~75%
confluency in normal culturing media (described above). The
following day, cells were refreshed with the same type of media
and imaged with Zeiss LSM 880 confocal microscope with 63x
oil objective, incubating at 5% CO, and 37°C. Per experiment, 10
independent fields of view (2-4 wells of a single chamber slide)
were selected as a series of positions in ZEN software (Carl
Zeiss). A time series was set up to image each position every 600
(experiments B and C) or 900 (experiment A) s. Z-stacks of five
slices at 2-um intervals were acquired per position. Maximum-
intensity projection time series were made for each position for
manual classification and figure images. The most visible cells
(~50% per image) identified at the initial time point (first frame)
were assigned a unique identifier and applied to the same
individual cell or its two progeny across time series. Each
unique cell was labeled “cell” for all time points if it never
divided or as “parent” if it divided at some point in the time
series (predivision) and then “progeny” (daughter cells after
division). For analysis of initial phenotypes, cells were grou-
ped as nondividing or dividing if labeled as cell or parent,
respectively, at time point O (first frame). Final phenotypes
were determined by the recorded phenotype of the final cell
(or its progeny) at the last visible frame of the series, which
occurred at 27,900-30,600 s (A), 46,200 s (B), or 90,000 s (C),
depending on the experiment.
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Manual quantification of VPS13A-D KO phenotypes

For quantification of mitochondrial and peroxisomal pheno-
types, WT and VPS13A-D KO cells stained for translocase of
outer membrane 20 (TOM20) and CAT were viewed under
a Zeiss confocal microscope (LSM 410). Cells were manually
counted by one of three phenotype classifications. Mito-
chondrial phenotype was defined by observed mitochon-
drial morphology: “normal” (tubular, connected), “fragmented”
(nontubular but not swollen), and “swollen” (fragmented but
also round and enlarged). The peroxisomal phenotype counts
were classified as “normal” level of peroxisomes per cell, “par-
tial” (peroxisomes present but only in <50% of the normal
population per cell), and “missing” (no peroxisomes observed,
completely cytosolic CAT signal). Each count consists of 100-150
cells viewed and counted from areas within distinct areas of the
chamber slide well. Combined mitochondrial phenotype analysis
includes data from four independent experiments. Peroxisomal
phenotype is a combination of three experiments. (All three
were performed in parallel with three of the mitochondrial
phenotype experiments.) Each experiment consisted of from
three to six technical replicates (fields within slide well) per cell
line. VPSI3D KO 19 and VPSI3D KO 45 were included in both
mitochondrial and peroxisomal quantifications. Statistical
analysis was performed on the mean values (fraction of “nor-
mal” cells) of the technical replicates normalized to the WT
group (per experiment). One of the experiments used for both
mitochondrial and peroxisomal analyses was blinded. Due to
failure to meet the assumption of variance homogeneity and/or
normal distribution, measurement of significance for both mi-
tochondrial and peroxisomal analyses used the Kruskal-Wallis
rank-sum test and Dunn’s test for pairwise multiple compar-
isons (with no P-adjustment method applied). Peroxisome
phenotype (determined by CAT, PMP70, or PEXI4 im-
munostaining) for VPSI3DAUBA KO and PEX14, PEX5 KO ex-
periments were manually quantified as above.
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For the quantification of peroxisome phenotype in human
fibroblasts, cells were seeded, fixed, and stained for CAT and
DAPI. Stitched images of independent fields of view were ac-
quired for each slide chamber. The number of cytosolic CAT cells
was manually determined for each image. Manual classification
was blind to which cell type the image belonged. The total
number of cells per image was automatically counted using
nuclei segmentation of DAPI via R (EBImage package). The
fraction of cytosolic CAT to total number of cells (nuclei) was
calculated by dividing the former by the latter.

Automatic/deep learning classification of phenotypes

A custom convolutional neural network (CNN) was built and
trained using the Keras R interface (Chollet et al., 2017) and
Tensorflow (Abadi et. al., 2016) software for the binary classi-
fication of peroxisome phenotype (“normal” versus “missing”
peroxisomes). Images of individual CAT (immunofluorescence)-
stained WT HeLa and PEX19-KO cells were used as examples of
“normal” and “missing” phenotypes, respectively, for training the
model. For quantification of PMP70 and PEX14 phenotypes, a new
CNN was trained via transfer learning from the CAT CNN model
with the same model architecture. A separate CNN was built and
trained to classify mitochondrial phenotype of HeLa cells into either
“normal” or “swollen” on the basis of images of WT and manually
selected VPS13D-KO cells, respectively. The probability value of 0
indicates normal phenotype, and the probability value of 1 indicates
an abnormal mitochondrial morphology phenotype. Each model
was tested against a separate set of manually classified images. A
custom code using the R package EBImage (Pau et al., 2010) was
used for segmentation of individual cells. For either phenotype
classification, each cell analyzed is assigned a probability by the
deep learning model between 0 and 1, with O representing a normal
phenotype and 1 an abnormal (missing peroxisomes or rounded
mitochondria) phenotype. The probability values were thresholded
near 0 or 1 to quantify “true” normal and abnormal cells, filtering
out the intermediate probability values. This method was used to
quantify peroxisomal or mitochondrial phenotypes in the following
experiments: pooled VPS13D gRNA KO HeLa and non-Hela cells,
peroxisome biogenesis (PEX19 rescue assay), and PEX gene over-
expression (in HeLa and non-Hela cells).

Pexophagy assay

WT, VPS13D KO 45, FIP200 KO, and three FIP200/VPSI3D DKO
subclones were seeded into two-well Lab-Tek chamber slides. The
following day, cells were fixed and immunostained for TOM20 and
counterstained with DAPI. 3 x 3 single-plane images were acquired
on a Zeiss LSM 880 confocal microscope using a 63x objective, then
stitched using ZEN software. These images were subjected to au-
tomated classification of mitochondrial phenotype using the mito-
chondrial deep learning model. The fraction of cells with rounded
mitochondria was calculated. A significant difference between
group means was found using one-way ANOVA and the Tukey
honestly significant difference multiple comparisons test.

Peroxisome biogenesis assay
Three PEX19-KO and three PEX19/VPSI3D-DKO subclones were
seeded into a six-well plate. The following day, cells were
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transduced with an equal volume of PEX19-IRES-GFP-SKL len-
tivirus. Approximately 24 h later, the same cells were seeded
into two-well Lab-Tek chamber slides. The first imaging session
was the next day (2 d after virus). The same cells were used for
subsequent imaging time points. 30 min before imaging, each
well was treated with 1 uM deep red anthraquinone 5 (DRAQ5)
in fresh DMEM (without phenol red). 3 x 3 single-plane tiled
images were acquired (Zeiss LSM 880 confocal microscope, 63x
objective, incubation at 5% CO,, 37°C) at six independent (ran-
domly selected) fields of view. Following stitching (ZEN soft-
ware), images were subjected to analysis using the peroxisomal
deep learning model described above. Cells were thresholded by
a manually determined minimum GFP intensity (measured by
EBImage) to filter out nontransduced cells for analysis.

Peroxisome morphology analysis

WT and VPSI3D-KO cells were fixed and stained for PMP70.
Z-stacks encompassing the entire cell of interest (step size 0.5
pm) were acquired using the Zeiss LSM 880 Airyscan high-
resolution confocal microscope with a 63x objective. Cells
were identified and selected within a snapshot image taken of
the live scan at 1.8x. The “cropped” cell image was used to au-
tomatically determine (ZEN software) the optimal zoom and
resolution parameters for acquisition. Final Z-stacks of images
were processed using ZEN software’s 3D Airyscan deconvolution
algorithm (processing strength automatically determined). Per-
oxisome morphology was quantified using the Volocity (Perki-
nElmer) 3D image analysis program. For each image, a manual
region of interest was drawn around the cell to segment the cell
before peroxisome analysis and to determine the cell volume
(automatically quantified by Volocity on the basis of region of
interest shape/size and Z-stack range). Peroxisome density was
calculated by dividing the number of peroxisomes found by Vo-
locity by the volume (um?) of the cell. A combination of VPSI3D KO
19 and VPSI3D KO 45 cells was used in analysis. For each cell an-
alyzed, the peroxisomal parameters (surface area, volume, longest
axis, circularity) were averaged. These averaged values were used
for statistical analysis (Welch’s t test and linear regression
analysis). Linear regression models were made for WT and
VPSI3D-KO groups, plotting the average volume of peroxisomes
versus peroxisome density (per individual cell). A t test was used
to determine whether each group’s slope is significantly nonzero.

Peroxisome density quantification
For peroxisome quantification between dividing cells, daughter
cells were identified by staining for Aurora B kinase (AIM1).
Cells were imaged using Zeiss LSM 880 Airyscan microscope
and ZEN software. Images were automatically processed, seg-
mented, and analyzed via R using the EBImage package (Pau et.
al,, 2010). The automated program involves the creation of a
maximum-intensity projection of the image Z-stack, segmen-
tation of daughter cells (via DAPI and background fluorescence
outlining cell), then further segmentation and quantification of
peroxisomes (PMP70 signal) within each daughter cell. Welch’s
t test found no significance between WT and VPSI13D-KO groups.
A similar analysis was used in the FIP200-KO experiment,
but it was performed in Python using the skimage package (van
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der Walt et al., 2014). This program allowed 3D segmentation
and analysis directly on the Z-stack (no maximum-intensity
projections created). Cells with volume <200,000 voxels were
discarded from analysis. To calculate peroxisome density, the
number of peroxisomes found was divided by the volume of the
cell (calculated via the marching cubes algorithm in skimage).
These values were then all divided by the average peroxisome
density of the WT group to calculate relative peroxisomal den-
sity. Kruskal-Wallis and Dunn’s tests for multiple comparisons
were used to find significance between the group means.

Image processing and statistical analysis

All figures were created in Adobe Illustrator 2020 (Adobe). All
microscopic images shown in the figures were processed and
converted to TIFF format in Image]/Fiji (Schindelin et al., 2012).
Similar adjustments of brightness and contrast for visibility
were used across all microscopic images within an experiment.
No images underwent nonlinear transformations. In the case
when Z-stacks were acquired, maximum-intensity projections
were generated in Fiji for figures. The scale bars generated by
Fiji based on image metadata (ZEN; Carl Zeiss) were traced in
Adobe Illustrator to create a vectorized scale bar to add to im-
ages, allowing better visibility and consistency between figures.
All statistical analysis was conducted in R for Mac OS (R Core
Team, 2017). Graphs were created using the ggplot2 R package
(Wickham, 2009). Normality of sample distribution and heter-
ogeneity of variances between groups (for multiple comparisons
tests) were tested with the Shapiro-Wilk normality function
(Royston, 1982) and the Levene test (Levene, 1960) for equality
of variance. P values >0.05 indicate normal distribution or ho-
mogeneity of variances and thus are suitable for post hoc anal-
yses requiring normality. In the case where homogeneity of
variance was not found, nonparametric multiple comparison
tests to compare means were used. Welch’s t test was used for all
two-sample comparisons.

Online supplemental material

Fig. S1 shows the results of cell viability and clonogenic growth
analysis with cytochrome ¢ immunostaining of the HeLa
VPS13D-KO cells. Fig. S2 shows the phenotype of additional or-
ganelles in VPSI3A-D KO cells. Fig. S3 shows localization of
overexpressed VPS13A, VPS13C, and VPS13D; subcellular frac-
tionation of VPS13D localization; and Western blotting for HeLa
VPS13D KOs. Fig. S4 shows the heterogeneity of peroxisome
phenotype variance in VPSI3D-KO cells and PEX14-KO cells and
the immunostaining of CAT, PMP70, and PEX14 in PEX5- and
PEX14-KO cells. Fig. S5 shows three overnight GFP-CAT VPSI3D-
KO experiments used for analysis in Fig. 3, detailed via histo-
grams of peroxisomal phenotype versus time. Table Sl lists all
materials used in this study, including antibodies, cell lines,
vectors and plasmids, and cell culture solutions, chemicals, etc.
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Supplemental material

Provided online is one table. Table S1 lists all materials used in this study, including antibodies, cell lines, vectors and plasmids,
and cell culture solutions, chemicals, etc.
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Figure S1.  VPS13D loss does not reduce viability of HeLa population. (A) Cell growth rate of WT, VPS13D KO 19, and VPS13D KO 45 HeLa cells measured by
CellTiter-Glo assay. Luminescence normalized to day O for each group; n = 5,000 cells/well; 3 wells per group. Error bars show SD among the technical
replicates. (B) Clonogenic assay of WT and VPS13D KO 19 and 45 cells. Colonies were fixed and stained for crystal violet 8 d after seeding. Four dilution rates
were used (columns from left to right): 4 x 103, 2 x 103, 1 x 103, and 5 x 102. (C) HelLa WT, VPS13D KO 19, PEX5 KO 5, and PEX19 KO 10 cells costained for
cytochrome c (green) and TOM20 (red). Scale bars = 10 um.
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Figure S2. Other organelles in VPS13A-D KO cells are morphologically normal. WT, VPS13A-KO, VPS13B-KO, VPS13C-KO, and VPSI13D KO 45 cells were
fixed and immunostained for EEAL, LAMP1, GM130, or CLIMP63. Scale bars = 5 pm.
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Figure S3. Exogenous VPS13D preferentially localizes to Golgi, while VPS13A and VPS13C localize to lipid droplets. (A) Hela cells transiently
transfected with VPS13D-i-GFP immunostained for GFP and GM130 (red). (B) Subcellular fractionation Western blot of HeLa WT cells for endogenous VPS13D.
WCL, whole cell lysate; Cyto, cytosol; HM, heavy membrane; LM, light membrane. (C) His-tagged VPS13A or VPS13C stained for His-tag (red) and lipid droplets
(LipidTox; green). (D) Western blot of VPS13D in HeLa WT, VPSI3D KO 19, and VPS13D KO 45 cells with actin loading control. Scale bars in Aand C = 5 um.
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Figure S4. Stochastic peroxisome phenotype heterogeneity in Vps13D-KO populations. (A) VPS13D KO 19 cells were subcloned. Selected single colonies
were sampled 16 d after subcloning for immunofluorescence (CAT): “normal” (black), “partial” loss (gray), and “missing” peroxisomes or cytosolic CAT (green).
For each experiment, n = 6 counts, 100 cells per count. (B) Six independent PEX14-KO clones were immunostained with PMP70 and TOM20 and manually
classified by peroxisome phenotype: “normal” (black), “partial” (gray), or “missing” (green). One-way ANOVA (fraction of normal peroxisome cells between
clones; P = 0.0054; n = 3 counts/clone, 100 cells per count. Scale bar = 5 um. Error bars in A and B represent SEM. (C) Representative images and box plots of
the fraction of HeLa WT, PEX5-KO, and PEX14-KO cells with cytosolic CAT (red) or missing PMP70 (blue). Also included are representative images of PEX14
staining. Per group, n = 3 counts/clone, 2100 cells per count. Boxes mark 25th, 50th, and 75th percentiles, and lines show the upper and lower extreme values
(Tukey method). Scale bar = 10 pum.
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Figure S5. Histograms of peroxisome phenotypes over time in overnight GFP-CAT VPS13D-KO experiments. Binned histograms showing counts of cells
observed as having either normal (gray), partial (blue) missing/cytosolic CAT (green) peroxisomal phenotype, dividing (yellow), or dead (red) at each time point.
Experiment A: 900-s intervals, 34 time points (30,600 s final time point), 103 cells at initial time point; experiment B: 600-s intervals, 78 time points (46,200 s),
54 cells at first time point; experiment C: 600-s intervals, 151 time points (90,000 s), 118 initial cells.
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