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Summary statement
In contrast to PEX16-deficient fibroblasts from Zellweger syndrome patients, PEX16-knockout HeLa,
HEK?293, and CHO-K1 cell lines established using the CRISPR/Cas9 system can partially maintain

peroxisomes.

Abstract

Mammalian PEX16 has been considered essential for generating and maintaining peroxisomal
membranes. This view is based primarily on the finding that fibroblasts from several PEX16-deficient
patients are devoid of peroxisomal structures, but can form peroxisomes upon expression of PEX16.
However, unlike these patient-derived cells, pex16 mutants in other model organisms contain partially
functional peroxisomes. Here, we report that PEX16-KO cells derived from three mammalian
cultured cell lines are comprised of cells containing a fewer number of enlarged peroxisomes and
cells lacking peroxisomes. We also suggest that PEX16 accelerates the process by which peroxisome-

less cells form peroxisomal membranes and subsequently establish mature peroxisomes,
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independently on its ability to mediate peroxisomal targeting of PEX3. Nevertheless, PEX16 is not
absolutely required for this process. Moreover, a well-known patient-derived PEX16 mutant inhibits
the de novo formation of peroxisomal membranes. Our findings suggest that although PEX16 is
undoubtedly important for optimal peroxisomal membrane biogenesis, mammalian cells may be able

to form peroxisomes de novo and maintain the organelles without the aid of PEX16.

Abbreviations used in this paper: CHO, Chinese hamster ovary; DKO, double-KO; PBD, peroxisome
biogenesis disorder; PMP, peroxisomal membrane protein; PTS1, peroxisomal targeting signal 1; ZS,
Zellweger syndrome.

Introduction

Peroxisomes are single membrane-enclosed organelles that fulfill a diverse range of metabolic
functions, including fatty acid oxidation and ether lipid synthesis (Wanders and Waterham, 2006).
These versatile organelles depend on a set of peroxins encoded by the PEX genes for their biogenesis.
Mutations in the PEX genes impair peroxisome assembly, leading to the defects in peroxisomal
metabolic pathways, which in humans cause peroxisome biogenesis disorders (PBDs) (Wanders,
2014).

Fibroblasts derived from the vast majority of PBD patients contain aberrant peroxisomes that
have an array of peroxisomal membrane proteins (PMPs), but not matrix proteins. By contrast,
fibroblasts from a rare subset of PBD patients are devoid of any detectable peroxisomal membranes,
and these patients are associated with mutations in the PEX3, PEX16, or PEX19 genes (Fujiki et al.,
2014; Waterham et al., 2016). Likewise, PEX3- or PEX19-deficient mammalian cells obtained by
means of mutagenesis or targeted KO have been reported to lack peroxisomal membranes (Kinoshita
et al., 1998; Matsuzono et al., 1999; Ghaedi et al., 2000; Schrul and Kopito, 2016; Jean Beltran et al.,
2018; Tanaka et al., 2019). Notably, these peroxisome-less cells can form peroxisomes de novo upon
introduction of the respective wild-type genes (Agrawal and Subramani, 2016; Farré et al., 2019).
Previous studies on mammalian PEX3, PEX16, and PEX19 have established their roles in the
biogenesis of PMPs (Fang et al., 2004; Jones et al., 2004; Kim et al., 2006; Matsuzaki and Fujiki,
2008; Yagita et al., 2013; Hua et al., 2015; Liu et al., 2016). Thus, the impaired PMP biogenesis
seems to ultimately result in the loss of peroxisomal membranes.

It has long been considered that PEX3 and PEX19 are highly conserved across eukaryotes,
while PEX16 is not. Indeed, despite its initial identification in the yeast Yarrowia lipolytica (Eitzen et
al., 1997), the PEX16 gene is absent in most yeast species (Schliiter et al., 2006; Smith and Aitchison,
2013). Moreover, unlike mammalian PEX16, Y. lipolytica Pex16 has been suggested to function in

peroxisome division (Eitzen et al., 1997; Guo et al., 2003; Guo et al., 2007). However, a more recent
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study reported that Komagataella phaffii (formerly called Pichia pastoris) Pex36 and Saccharomyces
cerevisiae Pex34 are functionally homologous to PEX16 (Farré et al., 2017). Intriguingly, the growth
defect phenotype of K. phaffii pex36A cells can be rescued partially by overexpressing human PEX16,
Y. lipolytica Pex16, or S. cerevisiae Pex34; while K. phaffii Pex36 is capable of inducing de novo
peroxisome formation in PEX16-defective human fibroblasts (Farré et al., 2017). Thus, PEX16
orthologues might be more conserved than previously thought and share some functional similarity.

Nevertheless, dysfunction of PEX16 orthologues does not necessarily lead to complete loss of
peroxisomes. In fungi, Y. lipolytica pex16A, Penicillium chrysogenum pex16A, and K. phaffii pex36A
cells can still assemble import-competent peroxisomes (Eitzen et al., 1997; Farré et al., 2017)
(Opalinski et al., 2012). Similarly, Drosophila melanogaster pex16 mutants are able to maintain
partially functional peroxisomes (Nakayama et al., 2011). Furthermore, Arabidopsis thaliana pex16
mutants with negligible levels of PEX16 protein harbor a fewer number of enlarged peroxisomes
(Burkhart et al., 2019). Eventually, the complete loss of peroxisomes due to PEX16 deficiency is
evident only in the fibroblasts from a few PBD patients (Honsho et al., 1998; Shimozawa et al., 2002;
Shaheen et al., 2011).

To address this issue, we reevaluated the consequences of PEX16 disruption in mammalian
cells by generating and analyzing PEX16-KO clonal cells derived from three widely used cultured
cell lines. We suggest that PEX16 is unequivocally pivotal for optimal peroxisome biogenesis, but is
not a prerequisite for assembling peroxisomes de novo or maintaining them. Our observations are
rather consistent with the previous studies on non-mammalian model organisms, challenge the current
view that mammalian PEX16 is absolutely essential for peroxisomal membrane biogenesis, and might
open new avenues for future studies on the mechanisms underlying de novo formation and

maintenance of peroxisomes.

Results

PEX16-KO Hela cells can partially maintain import-competent peroxisomes

To reexamine the biogenesis of peroxisomes in PEX16-defective human cells, we generated PEX16-
KO HelLa cells via the CRISPR/Cas9 system. HeLa cells were used, since PEX3 or PEX19 KO in
HelLa cells results in loss of peroxisomal membranes (Schrul and Kopito, 2016; Baldwin et al., 2021,
unpublished data; see also later sections). By targeting exon 1, we established multiple PEX16-KO
clonal HeLa cell lines, from which four representative clones were used in this study (Fig. S1A).
Immunoblot analysis using total cell lysates and membrane fractions prepared from these PEX16-KO
clones showed no detectable PEX16 protein (Fig. 1A). These PEX16-KO cell lines were then
immunostained for PMP70 (also known as ABCD3) and catalase, markers for the peroxisomal

membrane and matrix proteins, respectively. Strikingly, all the cell lines were heterogeneous in terms
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of peroxisome biogenesis; a subpopulation of cells showed PMP70- and catalase-containing
peroxisomes, whereas the rest of cells lacked PMP70-positive structures with catalase being localized
diffusively in the cytosol (Fig. 1B). The proportions of cells harboring peroxisomes varied between
the clones (Fig. 1C). Intriguingly, the heterogeneous biogenesis of peroxisome was still observed in
subclones established from two PEX16-KO cell lines (Fig. 1D; Fig. S1B), implying that the complete
loss of peroxisomes may occur stochastically. In addition, peroxisomes in PEX16-KO cells were
larger in size and fewer in number than those in wild-type cells (Fig. 1B, insets; Fig. 1E), suggesting
impaired peroxisome biogenesis even in these peroxisome-positive cells. We also performed
guantitative RT-PCR and demonstrated that the steady-state PEX16 mMRNA expression was decreased
by ~40-90% in PEX16-KO clones (Fig. S1C), implying that the mutations trigger nonsense-mediated
mMRNA decay. Apparently, although the level of PEX16 mRNA expression differs among clones, this
difference did not explain the difference in the proportion of peroxisome-positive cells.

PEX16-KO HEK293 and CHO-K1 cells exhibit heterogeneous peroxisome biogenesis

To validate the peroxisomal phenotypes observed in PEX16-KO Hela cells, we generated additional
KO cells using the human embryonic kidney cell line HEK293 and the Chinese hamster ovary
(CHO)-derived cell line CHO-K1, both of which have been widely used in cell biology. For KO in
HEK?293 cells, we used two gRNAs that were the same as those used for the KO in HeLa cells and
three additional gRNAs that were designed to target exon 4, and analyzed one representative clone for
each gRNA (Fig. S2A). PEX16 protein was not detectable in the five PEX16-KO clonal HEK293 cell
lines (Fig. S2B). Decrease in the steady-state PEX16 mRNA level was also observed in these KO
clones, with clones ex1-g1-14 and ex1-g2-6, which were generated by disrupting exon 1, showing a
prominent decrease (Fig. S2C). Importantly, all the PEX16-KO HEK?293 clones were comprised of
cells with peroxisomes and cells lacking peroxisomes (Fig. 2A,B), and peroxisomes found in the KO
cells were fewer in number and larger in size (Fig. 2C).

Similar peroxisomal phenotypes were observed in two Pex16-KO CHO-K1 clonal cell lines
generated using independent gRNAs targeting exon 4 (Fig. 3; Fig. S3). Unfortunately, due to
difficulty in detecting endogenous Pex16 protein in CHO-K1 cells by immunoblotting, we were
unable to present evidence for lack of Pex16 protein expression in these CHO-K1-derived cell lines.
For clone ex4-g1-6, we failed to determine the mutation(s); nevertheless, the result of quantitative
RT-PCR analysis suggests that this clone is likely to have a large deletion around exon 4 (Fig. S3),
which encodes a putative transmembrane domain that was shown to be required for peroxisomal
localization and function of PEX16 (Honsho et al., 2002). Apparently, this clone exhibited rather
more severe phenotypes than the other CHO-K1-derived clone ex4-g2-21. For instance, peroxisomes
in ex4-g2-21 were positive for both catalase and a subset of peroxisomal matrix proteins harboring

peroxisomal targeting signal 1 (PTS1), while those in ex4-g1-6 cells were positive for the latter
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proteins, but barely for catalase (Fig. 3A,B). Thus, it is unlikely that clone ex4-g1-6 expresses a

functional Pex16 protein.

Reintroduction of the PEX16 gene rescues the peroxisomal phenotypes in PEX16-KO cell lines
To exclude the possibility that the aberrant peroxisome biogenesis in PEX16-KO cells was due to off-
target effects, we sought to perform rescue experiments by expressing wild-type PEX16. During the
course of this study, we realized that PEX16 overexpression in wild-type HeLa cells often induced
complete loss of peroxisomes or resulted in cells with fewer and often larger peroxisomes,
irrespective of whether PEX16 was epitope-tagged or not (Fig. S4). The disruption of peroxisome
biogenesis induced by PEX16 overexpression was also observed in HEK293 and CHO-K1, although
it was not as severe as in HelLa cells. Consistently, a similar observation was recently reported in
HelLa, HEK293T, and U20S cells stably overexpressing PEX16 (Baldwin et al., 2021). We therefore
optimized DNA transfection conditions such that exogenous PEX16 expression had little impact on
peroxisome morphology in wild-type cells (Fig. S4). As a result, HA-PEX16 expressed in wild-type
as well as in PEX16-KO HeLa cells was barely visible by immunofluorescence microscopy; the
detectable HA-PEX16 signals colocalized almost exclusively with PMP70 (Fig. 4A; Fig. S5A).
Importantly, this low-level expression of HA-PEX16 rescued the aberrant peroxisome morphology in
PEX16-KO HeLa clone ex1-g1-3, which was evident even in cells where the HA-PEX16 levels were
under detectable (Fig. 4A; Fig. S5A). A similar observation was made in the other PEX16-KO HelLa
clones upon HA-PEX16 expression (Fig. S5B,C). To further support this observation, we quantified
the number and size of peroxisomes in PEX16-KO cells after expression of PEX16. For this, we
employed a viral 2A sequence-based bicistronic vector encoding HA-PEX16 and mCherry fused with
nuclear localization signals (mCherryNLS), facilitating the identification of transfectants. Indeed, the
guantification confirmed that the low-level expression of PEX16 rescued the aberration in peroxisome
morphology in PEX16-KO HelLa, HEK293, and CHO-K1 clones, as assessed by immunostaining for
PMP70 (Fig. 4B-D; Fig. S5B-D). Next, we asked if the transient expression of PEX16 can increase
the proportion of cells with peroxisomes in PEX16-KO cells. To this end, we used PEX16-KO HeLa
ex1-g1-20 subclones 3 and 6, which showed a lower number of cells with peroxisomes. At 4 days
after transfection, we analyzed the cells for the presence of peroxisomes and demonstrated a
significant increase in the proportion of peroxisome-positive cells (Fig. 4F). Thus, it is most likely
that the impaired peroxisome biogenesis in PEX16-KO cells was accounted for by the PEX16
deficiency.

Taken together, these observations suggest that although the CRISPR/Cas9-mediated KO of
PEX16 in HeLa, HEK293, and CHO-K1 cells has a significant impact on peroxisome biogenesis,
these mammalian cultured cells can manage to maintain import-competent peroxisomes in the
absence of PEX16.
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PEX3 localizes to peroxisomes in PEX16-KO HelLa cells but with reduced efficiency

Mammalian PEX16 has been suggested to function in the biogenesis of PEX3 (Kim et al., 2006;
Matsuzaki and Fujiki, 2008; Hua et al., 2015). Given the essential role of PEX3 in the import of most
PMPs (Fang et al., 2004; Matsuzono and Fujiki, 2006; Yagita et al., 2013; Liu et al., 2016), the
presence of peroxisomes in PEX16-KO mammalian cultured cells implied that PEX3 would localize
to peroxisomes without the aid of PEX16. Indeed, endogenous PEX3 was localized to peroxisomes in
PEX16-KO cells with catalase-positive peroxisomes (Fig. 5A). It should be noted that PEX3 was not
visible in PEX16-KO cells lacking catalase-positive puncta (Fig. 5A); whether the lack of detectable
PEX3 in these cells is a cause or effect of the complete loss of peroxisomal membranes is to be
determined.

We also assessed the peroxisomal targeting of nascent PEX3 in PEX16-KO HelLa cells by
transiently expressing PEX3-HA. The result revealed that PEX3-HA was colocalized with PMP70
(Fig. 5B). However, almost all transfected cells also displayed an mislocalization of PEX3-HA to
cytoplasmic compartments, potentially to the ER and/or mitochondria. Our transfection conditions
were optimized to express PEX3-HA at a relatively low level, and under the same transfection
conditions, PEX3-HA was almost exclusively localized to peroxisomes in wild-type HeLa cells, with
<1% cells showing mislocalization of PEX3-HA to mitochondria (data not shown). Furthermore, as
described in the following section, a similar partial cytoplasmic mislocalization was also observed for
PEX3 that was stably expressed in the PEX16-KO background (Fig. 6F). Thus, the observed
mislocalization of PEX3-HA in PEX16-KO HeLa cells seemed not to be a simple artifact caused by
overexpression. In addition to this mislocalization, we also noticed that at least in some cells, not all
peroxisomes efficiently incorporated PEX3 (Fig. 5B, middle panels). Collectively, these observations

suggest that PEX3 can localize to peroxisomes with a lower efficiency in the absence of PEX16.

PEX16 is not essential for but facilitates de novo peroxisome formation
Since mammalian PEX16 is thought to be indispensable for de novo peroxisome formation (Kim et
al., 2006; Sugiura et al., 2017; Farré et al., 2019), we next set out to investigate whether the de novo
peroxisome assembly observed upon complementation of peroxisome-less cells requires PEX16. To
this end, we disrupted the PEX3 and PEX19 individually in PEX16-KO clone ex1-g1-3 cells (Fig.
S6A). The resulting double KO (DKO) cell lines, PEX16/PEX3-DKO and PEX16/PEX19-DKO,
respectively, were confirmed to lack peroxisomal membranes by immunostaining for PMP70 (Fig.
S6B). Using these cell lines, we then performed genetic complementation assays and asked whether
peroxisomes arise.

PEX16/PEX3-DKO cells were transfected with HA-PEX16, PEX3, or both together. At 48 h
post-transfection (Fig. S6C), PEX3-transfected cells showed a very few PMP70-positive puncta that
were negative for catalase, whereas transfectants with PEX3 and HA-PEX16 exhibited more PMP70-

positive puncta that occasionally coincided with catalase. Remarkably, at 64 h post-transfection (Fig.
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6A,B), PEX3-tranefected cells displayed several PMP70-containing structures that were either
positive or still negative for catalase, while cells transfected with both PEX3 and HA-PEX16
established numerous import-competent peroxisomes. On the other hand, the transfection of HA-
PEX16 alone failed to generate any peroxisomal structures (Fig. 6A; Fig. S6C). Similar observations
were made using PEX16/PEX19-DKO cells upon expression of FLAG-PEX19 (Fig. 6C,D), except
that the progression of the PEX19-induced peroxisome formation appeared to be slower than that of
the PEX3-induced one in PEX16/PEX3-DKO cells; at 64 h post-transfection, the transfection of
FLAG-PEX19 resulted in formation of one to several PMP70-positive, but catalase-negative,
structures (Fig. 6C). The physiological significance of and reason for this difference remains unclear.
Given that PEX3-containing pre-peroxisomal structures are thought to be fundamental to the
formation of mature peroxisomes (Agrawal and Subramani, 2016; Farré et al., 2019), one possible
explanation could be that PEX3 overexpression generated many PEX3-positive structures that later
imported other PMPs and matrix proteins, leading to the apparently faster progression.

To further confirm that import-competent peroxisomes can arise de novo in the PEX16-KO
background, especially in PEX16/PEX19-DKO cells, we generated PEX16/PEX19-DKO cells stably
expressing HA-PEX19 using puromycin as a selection marker. The established cell line, termed
16/19-DKO"PE*19 \was a bulk population of puromycin-resistant cells, and therefore not all cells
expressed HA-PEX19. Importantly, a subpopulation of the HA-PEX19-expressing cells contained
catalase-positive peroxisomes (Fig. 6E), providing further evidence for the PEX16-independent de
novo assembly of peroxisomes. The presence of peroxisomes was likewise evident in a subpopulation
of the PEX16/PEX3-DKO cells stably expressing PEX3-mEGFP (Fig. 6E). In this cell line, termed
16/3-DKOFEMECRP 3 portion of PEX3-mEGFP showed a cytoplasmic, non-peroxisomal localization
(Fig. 6F), further implying the importance of PEX16 for the PEX3 biogenesis. Collectively, our
findings suggest that PEX16 is not essential for de novo peroxisome biogenesis involving the initial
formation of pre-peroxisomal membranes, but is nevertheless likely to enable peroxisome-less cells to

efficiently generate hundreds of peroxisomes upon genetic complementation.

C-terminal part of PEX16 is important for its ability to accelerate de novo peroxisome biogenesis
To gain insight into how PEX16 accelerates the process by which numerous peroxisomes are
established in cells lacking pre-existing peroxisomes (Fig. 6), we focused on two well-characterized
PEX16 mutants: PEX16ANG69 and PEX16R176X (Fig. 7A). PEX16ANG9 lacks the N-terminal 69 aa
residues (Honsho et al., 2002). PEX16R176X (or p.Argl76Ter) was identified in a patient with
Zellweger syndrome (ZS) (Honsho et al., 1998; South and Gould, 1999), the most severe form of
PBD. Notably, the fibroblast cell line established from this patient (known as GM06231) lacks
peroxisomal membranes and has been commonly used in this research field. Our earlier study showed

that both PEX16ANG69 and PEX16R176X can localize to peroxisomes, but cannot restore peroxisome
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assembly in GM06231 cells (Honsho et al., 2002). In addition, our later in vitro study suggested that
PEX16ANG69 is unable to mediate peroxisomal targeting of PEX3 (Matsuzaki and Fujiki, 2008).
Although not determined experimentally, PEX16R176X is supposed to be defective in mediating the
PEXA targeting, since a mutant lacking the C-terminal 21 aa residues is devoid of this activity
(Matsuzaki and Fujiki, 2008).

We examined whether these two mutants can accelerate the peroxisome assembly in
PEX16/PEX19-DKO HeLa cells. Surprisingly, PEX16ANG69 retained the ability to facilitate the
PEX19-induced formation of peroxisomes (Fig. 7B-D). Quantification analysis suggested that
PEX16ANG69 facilitated the PEX19-induced de novo peroxisome formation as efficiently as wild-type
PEX16 did, although the formation of mature peroxisomes tended to be less efficient in PEX16AN69-
transfected cells than in PEX16-transfected cells (Fig. 7E). Furthermore, we also demonstrated that
PEX16ANG69 can rescue the aberrant peroxisomal morphology in PEX16-KO Hela cells (Fig.
S6D,E). These results imply that PEX16 exerts an as yet unknown function when peroxisome-less
cells establish numerous peroxisomes upon complementation. By contrast, PEX16R176X failed to
accelerate the PEX19-induced de novo formation of peroxisomes. PEX16R176X rather appeared to
inhibit the generation of PMP70-contatining structures (Fig. 7B, rightmost panel). To confirm this, we
performed a similar experiment in PEX16/PEX3-DKO HeLa cells, which can form more peroxisomes
upon expression of PEX3 alone than PEX16/PEX19-DKO can upon expression of PEX19 alone (Fig.
6). The results indicated that PEX16R176X significantly decreased the number of cells that formed
PMP70-positive structures (Fig. 7F—H), supporting the notion that PEX16R176X can abrogate de
novo peroxisome biogenesis. Although the underlying mechanism remains to be addressed, this
finding seems to be consistent with our previous result that PEX16R176X overexpression in CHO-K1
cells affected peroxisome biogenesis (Honsho et al., 2002), paradoxically suggests the involvement of
PEX16 in the formation of peroxisomal membranes, and might provide clues to why a few of the
reported PEX16-deficient fibroblasts are devoid of peroxisomes. Altogether, our results argue that the
C-terminal part of PEX16 plays a previously unknown and yet important role in the biogenesis of

peroxisomes.

Discussion

The present study has suggested that PEX16 is unambiguously important for peroxisome biogenesis
in HeLa, HEK293, and CHO-K1, but also suggested that these mammalian cultured cells manage to
form and maintain peroxisomes in the absence of PEX16. Thus, our findings appear to challenge the
long-standing view that mammalian PEX16 is an absolute requirement for de novo peroxisome
formation (Kim and Mullen, 2013). Nonetheless, our observations are in good agreement with reports
on the PEX16 orthologue mutants in other model systems (Burkhart et al., 2019) (Eitzen et al., 1997;

)
Qo
=
O
()]
>
[
©
£
©
()
)
Q
()
O
O
<
[ ]
()
O
[
Q2
O
(%)
()
O
Y=
(o)
©
C
-
>3
O
=



Nakayama et al., 2011; Opalinski et al., 2012; Farré et al., 2017). Moreover, the presence of import-
competent peroxisomes in our PEX16-KO cells might explain why our extensive genetic screening of
peroxisome-deficient CHO cell mutants has not isolated any mutants defective in the Pex16 gene
(Fujiki et al., 2020).

Previous studies reported that fibroblasts from PEX16-deficient ZS patients are devoid of
peroxisomes (Honsho et al., 1998; Shimozawa et al., 2002; Shaheen et al., 2011). On the other hand,
the PEX16-KO clonal cell lines established in the present study were a mixture of cells with import-
competent peroxisomes and cells without peroxisomal membranes (Figs. 1-3; Figs. S1-S3). As our
knowledge on the function of PEX16 and more broadly on peroxisome biogenesis is limited, it is
difficult to reconcile the difference between these observations. Given the apparently mild phenotypes
of our PEX16-KO cells, one might speculate that these KO cells would still express partially
functional PEX16 protein. However, similar peroxisomal phenotypes were confirmed in multiple KO
clones generated from three different cell lines, two human and one Chinese hamster cell lines, using
multiple gRNAs targeting exon 1 or exon 4. Furthermore, immunoblot analysis using the antibody
against the C-terminal ~90 residues of human PEX16 showed no detectable full-length or truncated
PEX16 protein at least in the human cell-derived PEX16-KO clones (Fig. 1A and Fig. S2B), and
nonsense-mediate MRNA decay was evident in many of the PEX16-KO clones, especially in the
clones generated by disrupting exon 1 (Figs. S1-S3). Thus, it seems unlikely that our PEX16-KO
cells have a hypomorphic allele. Nevertheless, we cannot completely exclude the possibility that these
PEX16-KO clones express a truncated PEX16 protein at an undetectable level. In that scenario,
however, expression of a truncated PEX16 would not necessarily lead to a milder phenotype and
could potentially result in a more severe phenotype than a null phenotype. Importantly, a similar
scenario could happen also in the PEX16-deficient ZS fibroblasts; the disease-causing mutations in
the ZS fibroblasts might contribute to the complete loss of peroxisomes, as implied by an inhibitory
effect of PEX16R176X on peroxisome biogenesis (Fig. 7) (Honsho et al., 2002). Of note, the PEX16-
deficient ZS fibroblasts so far reported were shown to express aberrant PEX16 mRNAs (Honsho et
al., 1998; Shimozawa et al., 2002; Shaheen et al., 2011). Obviously, further research is required to
explain the difference between the PEX16-deficient ZS fibroblasts and our PEX16-KO cell lines.
Given that the phenotypes of our PEX16-KO cells are consistent with the phenotypes of PEX16
orthologue mutants in non-mammalian species, our findings should motivate additional KO studies
using other cell lines as well as analysis of knock-in cell lines carrying a disease-causing mutation.

The present study leaves several other questions unanswered. For instance, it is unclear why
PEX16-KO cells are heterogeneous in peroxisome biogenesis. Given the aneuploidy and genetic
instability in HeLa, HEK293, and CHO-K1 cells (Adey et al., 2013; Landry et al., 2013; Lin et al.,
2014; Vishwanathan et al., 2017; Wurm and Wurm, 2017), it might be possible that subpopulations of
cells in a given PEX16-KO clonal cell line differentially express proteins involved in any aspect of

peroxisome biogenesis; leading to differential peroxisome biogenesis, including de novo formation
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and degradation. Intriguingly, a similar heterogeneity was recently reported in Vdac2-deficient mouse
embryonic fibroblasts (Hosoi et al., 2017) as well as VPS13D-KO Hela cells (Baldwin et al., 2021),
indicating that this type of phenotype is not restricted to PEX16 deficiency. Although the underlying
mechanisms have yet to be investigated, neither VDAC2 nor VPS13D appears to be involved directly
in the biogenesis of PMPs. Therefore, these observations suggest that under some unknown
circumstances, cells could lose peroxisomal membranes even when the machinery for PMP
biogenesis is functional. Supporting this notion, Baldwin et al. (2021) also reported some PEX5-KO
and PEX14-KO Hela clones with a subpopulation of cells lacking peroxisomal membranes, despite
the fact that both PEX5 and PEX14 are known to be dispensable for PMP biogenesis (Fujiki, 2016).
Further investigations at the single-cell level would be required to explain the observed heterogeneity
in peroxisome biogenesis.

Another issue is why peroxisomes found in PEX16-KO cells are larger in size and lower in
number. Given the proposed function of PEX16 in the biogenesis of PMPs (Kim et al., 2006;
Matsuzaki and Fujiki, 2008; Hua et al., 2015), this could be an indirect effect of PEX16 deficiency.
With respect to this issue, it is of interest to mention that a fewer number of enlarged peroxisomes
were also observed in fibroblasts from PEX16-deficient non-ZS patients (Ebberink et al., 2010;
Kumar et al., 2018; Zaabi et al., 2019) and also that knockdown of PEX16 was most recently
suggested to induce autophagic degradation of peroxisomes (Wei et al., 2021). Furthermore, how
PEX16 facilitates the process by which peroxisome-less cells generate numerous peroxisomes also
awaits further studies. This function is unlikely dependent on its ability to mediate the targeting of
PEX3 (Fig. 7). Possible roles may include to accelerate the formation of pre-peroxisomal membranes,
to facilitate a post-targeting step of the PEX3 biogenesis, to mediate lipid incorporation, to regulate
peroxisome division, etc. Whatever the exact function is, it is not necessarily essential for de novo
peroxisome assembly. Addressing these questions should help clarify the functions of mammalian
PEX16 and lead to a comprehensive understanding of the mechanisms underlying de novo formation

and maintenance of peroxisomes.

Materials and Methods

Antibodies

Rabbit antibodies to catalase (against rat catalase) (Tsukamoto et al., 1990), PMP70 (against aa
645-659 of rat PMP70) (Tsukamoto et al., 1990; Kinoshita et al., 1998), PTS1 peptide (against aa
652- 661 of rat acyl-CoA-oxidase) (Otera et al., 1998), PEX3 (against aa 356-373 of human PEX3;
affinity-purified for immunostaining) (Ghaedi et al., 2000), PEX16 (against aa 244-336 of human
PEX16) (Honsho et al., 2002), and PEX19 (against human PEX19) (Liu et al., 2016), and guinea pig
antibodies to PEX14 (against aa 241-376 of rat PEX14) (Mukai et al., 2002) and catalase (against

human catalase) (Yagita et al., 2017) were as described. Mouse monoclonal antibodies against B-actin
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(6D1; MBL), cytochrome P450 reductase (F-10; Santa Cruz Biotechnology), and HA (16B12;
Covance) were purchased. HRP-linked donkey anti-rabbit IgG and sheep anti-mouse IgG antibodies
(GE Healthcare) were used as secondary antibodies for immunoblotting. The following fluorescent-
labeled secondary antibodies were used for immunostaining: Alexa Fluor 488- or Alexa Fluor 568-
conjugated goat anti-rabbit IgG antibodies; Alexa Fluor 488- or Alexa Fluor 647-conjugated goat
anti-guinea pig 1gG antibodies; and Alexa Fluor 488-conjugated goat anti-mouse 1gG antibody
(Invitrogen).

Plasmids

All plasmids used in the present study were generated using standard PCR-based techniques and
verified by DNA sequencing. Plasmids encoding PEX3 (pcDNAZeo/RnPEX3) (Ghaedi et al., 2000),
PEX3-HA (pcDNAZeo/PEX3-HA) (Yamashita et al., 2014), and FLAG-PEX19 (pcDNAZeo/FLAG-
PEX19) (YYagita et al., 2013) were as described. For the plasmids expressing HA-PEX16
(pcDNAZeo/HA-PEX16), HA-PEX16AN69 (pcDNAZeo/HA-PEX164N69), and HA-PEX16R176X
(pcDNAZeo/HA-PEX16R176X), the corresponding PEX16 cDNA fragments were amplified from
pCMVSPORT.HsSPEX16 (Honsho et al., 1998) and subcloned into a modified pcDNA3.1/Zeo(+)
vector (Invitrogen) encoding an N-terminal 2xHA tag (pcDNAZeo/HA) (Yagita et al., 2013).

For the plasmid encoding mCherryNLS (pcDNAZeo/mCherryNLS), a DNA fragment coding
for an artificial 24-mer peptide containing three copies of the SV40 large T antigen NLS
(DPKKKRKVDPKKKRKVDPKKKRKY; NLS sequences are underlined) was inserted into
pcDNAZeo/mCherry (Okumoto et al., 2018), downstream of and in-frame with the mCherry gene,
using inverse PCR.

For the coexpression of mCherryNLS and HA-PEX16, FLAG-PEX19, or PEX3, we used a
modified 2A peptide-based bicistronic expression system involving a tandem P2A-T2A sequence,
which was shown to minimize the generation of unseparated fusion proteins resulting from
incomplete ribosomal skipping (Liu et al., 2017; Pan et al., 2017). The amino-acid sequence of the
P2A-T2A cassette used is as follows:
GSGATNFSLLKQAGDVEENPGPGSGEGRGSLLTCGDVEENPGP (P2A and T2A peptides are
underlined). First, a DNA fragment containing the mCherryNLS sequence followed in-frame by the
P2A-T2A cassette was cloned into pcDNAG6N/myc-His A vector, a modified pcDNAG6/myc-His A
vector (Invitrogen) in which the Bglll-Notl fragment containing CMV enhancer/promoter and part of
the multiple cloning site had been replaced by the corresponding fragment of pcDNA3.1/Zeo(+)
vector. The resulting plasmid, termed pcDNAGN/mMCherryNLS-P2A-T2A, was then used to create the
bicistronic expression plasmids pcDNA6N/mCherryNLS-2A-HA-PEX16, pcDNABN/mCherryNLS-
2A-FLAG-PEX19, and pcDNABN/mCherryNLS-2A-PEX3. The HA-PEX16, FLAG-PEX19, and PEX3
sequences in these plasmids were obtained by PCR from pcDNAZeo/HA-PEX16, pcDNAZeo/FLAG-
PEX19, and pcDNAZeo/RnPEX3.
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For the generation of stable cell lines, we cloned a desired coding sequence into pEF-
IRESpuro3 vector (Yagita et al., 2017). To obtain pEF-IRESpuro3/HA-PEX19, the HA-PEX19
sequence was amplified from pcDNAZeo/HA-PEX19 (Matsuzono et al., 2006) and ligated into pEF-
IRESpuro3 vector. To construct pEF-IRESpuro3/PEX3-mEGFP expressing PEX3 with a C-terminal
MEGFP connected via a 15-aa flexible linker, a DNA fragment encoding PEX3 followed by a 5-aa
linker (GGGGS) and a fragment encoding mEGFP with an N-terminal 10-aa linker
(GGGGSGGGGS) were cloned together into pEF-IRESpuro3 vector. The PEX3 sequence was
obtained from pcDNAZeo/RnPEX3, while the mEGFP sequence was originally prepared by
introducing the monomerizing A206K mutation into pcDNAZeo/C-EGFP (Yagita et al., 2013) using
inverse PCR.

Cell culture and cell lines

Hela, HEK293, and their derivative cell lines were grown in DMEM (Invitrogen)
supplemented with 10% FBS at 37°C under 5% CO,. CHO-K1 and its derivative cell lines were
cultured in Ham’s F-12 medium (Invitrogen) supplemented with 10% FBS under 5% CO,. Unless
otherwise indicated, cells were maintained in the absence of any antibiotics. To generate HelLa-
derived and HEK293-derived cell lines, plasmid transfection was conducted using Lipofectamine
2000 (Invitrogen) according to the manufacturer’s instructions. To generate CHO-K1-derived KO cell
lines, plasmid transfection was carried out using Lipofectamine (Invitrogen) according to the
manufacturer’s instructions.

PEX16-KO clonal cell lines were generated via CRISPR/Cas9-mediated gene editing,
essentially as described (Yagita et al., 2017). The gRNAs targeting exon 1 or exon 4 of the human
PEX16 gene and those targeting exon 4 of the Chinese hamster Pex16 gene were designed using
CRISPOR (http://crispor.org) (Concordet and Haeussler, 2018) (Haeussler et al., 2016) and cloned
into pX330 vector (Addgene plasmid # 42230; a gift from Feng Zhang). The target sequences were as
follows (see also Figs. S1-S3): hPEX16-Ex1-gRNA1, 5>-GGTGACGAGTCACGTACTCC-3’;
hPEX16-Ex2-gRNA2, 5’-GGAGTACGTGACTCGTCACC-3’; hPEX16-Ex4-gRNAI, 5°-
GAGCGTGCTGGAGTGCGTGG-3’; hPEX16-Ex4-gRNA2, 5’-GCTGACATGGCTGAGCGTGC-
3’; hPEX16-Ex4-gRNA4, 5°-CGAGGGCGATGACAAGCCAG-3’; cPex16-Ex4-gRNAL, 5°-
GCTGACATGGCTGAGCGTGC-3’; and cPex16-Ex4-gRNA2, 5’-CCATGTCAGCAACTTCTGCT-
3’. The resulting pX330-based plasmids were separately transfected into HeLa, HEK293, and CHO-
K1 cells, followed by single-cell cloning using limiting dilution at 0.5 cell/well into 96-well plates.
After expansion, clones were screened for successful KO by genotyping and/or immunoblotting. For
genotyping, genomic DNA was extracted from each clone, and a region encompassing the gRNA
target sites was PCR-amplified using the following primer sets: 5>-GTGTGAGTGAGCATCTGCCT-
3’ and 5’-GTGGGAAGCGGTTCAAGAGA-3’ for human PEX16-KO clones generated by disrupting
exon 1; 5’-GTCCATCTGAGCCTCAAACC-3’ and 5’-~AGCCGCATCATTGTCTTCTC-3’ for
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human PEX16-KO clones generated by disrupting exon 4; and 5’-CTCTGCTTCTCAGTGTACTC-3’
and 5’>-TGCTCCAAACCCACAGATCA-3’ for CHO-K1-derived Pex16-KO clones. The purified
PCR products were then directly Sanger-sequenced. In the case of heterozygous mutations, the
sequencing trace data were deconvoluted using TIDE webtool (http://shinyapps.datacurators.nl/tide/)
(Brinkman et al., 2014). To further characterize the mutations in the PEX16-KO cell lines used in this
study, the PCR product was cloned into T-Vector pMD19 (Takara Bio Inc.) and sequenced.

To generate the DKO HelLa cell lines PEX16/PEX3-DKO and PEX16/PEX19-DKO, CRISPR
gRNA s targeting exon 2 of the human PEX3 gene (5’-ATGATATTGTCGTCGTGCTT-3’) and exon
1 of the human PEX19 gene (5’-GTGTCGGGGCCGAAGCGGAC-3’) were likewise designed and
cloned into pX330 vector. These plasmids were individually transfected into PEX16-KO HeLa clone
ex1-g1-3 cells. After single-cell cloning and expansion, clones were screened for the absence of PEX3
or PEX19 protein using immunoblotting. Genotyping was not performed. For each DKO cell line, one
clone was chosen and used in the present study.

To establish PEX16/PEX19-DKO cells stably expressing HA-PEX19 (16/19-DKQ"APEX1%)
PEX16/PEX19-DKO cells were transfected with pEF-IRESpuro3/HA-PEX19 that had been linearized
with Sspl restriction enzyme. The transfected cells were then selected with 0.5 pug/ml puromycin
(Sigma-Aldrich) for ~2 weeks. Similarly, PEX16/PEX3-DKO cells were transfected with Sspl-
linearized pEF-IRESpuro3/PEX3-mEGFP and selected with puromycin to generate PEX16/PEX3-
DKO cells stably expressing PEX3-mEGFP (16/3-DKO"®**™ECFP) gingle-cell cloning was not done

for either of these stable cell lines, and pooled populations of puromycin-resistant cells were analyzed.

Genetic complementation assays

Cells grown in 12-well plates were transfected and analyzed as described in figure legends. The
amounts of each plasmid DNA used for transfection were as follows: pcDNAZeo/HA-PEX16 and its
derivatives, 10 ng/well; pcDNAG6N/mCherryNLS-2A-HA-PEX16, 10 ng/well; pcDNAZeo/RnPEX3,
100 ng/well; pcDNAZeo/FLAG-PEX19, 100 ng/well; pcDNAGN/mCherryNLS-2A-FLAG-PEX19, 100
ng/well; and pcDNAGN/mCherryNLS-2A-PEX3, 200 ng/well. The total amount of transfected plasmid
DNA was maintained constant at 400 ng/well by adding empty pcDNA3.1/Zeo(+) vector.
Lipofectamine 2000 (Invitrogen) was used at 1 pL/well to deliver plasmid DNA into HelLa-derived
and HEK293-derived cells, while Lipofectamine (Invitrogen) was used at 2.4 pL/well to deliver
plasmid DNA into CHO-K1-derived cells. For the experiments shown in Fig. 4, Fig. S4, Fig. S6D,
and Fig. S6E, cells grown on glass coverslips were transfected and analyzed as indicated in the figure
legends. For the experiments shown in Fig. 6, Fig. 7, and Fig. S6C, cells grown in 12-well plates (not
on glass coverslips) were transfected as indicated in the figure legends. On the following day,

transfected cells were plated on glass coverslips and further cultured until analysis.
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Immunofluorescence microscopy
All immunostaining steps were performed at RT. Briefly, cells grown on glass coverslips were fixed
with 4% PFA in PBS for 15 min, permeabilized with 1% Triton X-100 in PBS for 5 min, and blocked
with PBS-BSA (1% BSA in PBS) for 30 min. Coverslips were then incubated with primary antibodies
in PBS-BSA for 90 min and washed extensively with PBS, followed by a 60-min incubation with the
appropriate Alexa Fluor-conjugated secondary antibodies diluted in PBS-BSA. After extensive
washes with PBS, coverslips were rinsed with ultrapure water and mounted on slides with PermaFluor
aqueous mounting medium (Thermo Fisher Scientific). Where appropriate, nuclei were stained with
Hoechst 33342 during one of the washing steps after the secondary antibody incubation.

Image acquisition was performed at RT using a laser-scanning confocal microscope (LSM
710 with Axio Observer.Z1; Carl Zeiss) controlled by ZEN acquisition software. Images shown in
Fig. S1A were captured using a 63%/1.40 NA i Plan-Apochromat oil immersion objective, while all
the other images were acquired using a 100x/1.46 NA alpha Plan-Apochromat oil immersion
objective. Linear brightness and contrast adjustments were performed using Fiji (https:/fiji.sc;)
(Schindelin et al., 2012) for presentation purpose, and final figures were prepared using Adobe
Photoshop CS6 and Illustrator CS6. All images within one dataset were taken at the same intensity

and, unless otherwise indicated, were adjusted identically.

Quantification of peroxisomal morphology

To quantify the number of peroxisomes and the average size of peroxisomes in an individual cell, 4-6
z-sections at 0.5-um interval were obtained as described above. 2D images produced by maximum
intensity projection method of ZEN 2012 software (Carl Zeiss) were then converted into threshold
images. The peroxisome number and the average size of peroxisomes in an individual cell were
determined using the Analyze Particles package of ImageJ 1.52a software (National Institutes of
Health).

Preparation of whole cell lysates and membrane fractions for immunoblot analysis

To prepare whole cell lysates, cells were washed twice with PBS and lysed in SDS-sample buffer
(62.5 mM Tris-HCI, pH6.8, 2% SDS, 10% glycerol, 5% 2-mercaptoethanol, and 0.01% bromophenol
blue), followed by heating at 95°C for 10 min with occasional vortexing to shear genomic DNA. For
preparation of membrane fractions, cells were detached by trypsin treatment and then resuspended in
buffer H (0.25 M sucrose, 20 mM Hepes-KOH, pH 7.4, 1 mM EDTA, and a protease inhibitor
cocktail (Peptide Institute, Osaka, Japan)), followed by the homogenization on ice by passing through
a 27-gauge needle (with 1mL syringe). Homogenates were centrifuged at 800x g for 5 min to pellet
nuclei and debris, and the postnuclear supernatants were separated into cytosolic and membrane
fractions by ultracentrifugation at 100,000x% g for 30 min. The membrane fractions were dissolved in

SDS-sample buffer, followed by heating at 95°C for 10 min.
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Immunoblotting

Samples were separated by SDS-PAGE and electrotransferred to a polyvinylidene fluoride membrane
(Bio-Rad Laboratories) using the Mini Trans-Blot Cell (Bio-Rad Laboratories). Blots were blocked in
PBS-T-milk (PBS containing 0.1% Tween 20 and 5% nonfat dry milk) for 30-60 min at RT,
incubated with appropriate primary antibodies for 12-18 h at 4°C, washed three times with PBS-T
(PBS containing 0.1% Tween 20) for 10 min each, and then incubated with HRP-conjugated
secondary antibodies for 60-90 min at RT. For immunoblotting with anti-HA and anti-p-actin
antibodies, both primary and secondary antibodies were diluted in PBS-T-milk. For immunoblotting
with anti-PEX3, anti-PEX16, and anti-PEX19 antibodies, Can Get Signal Solutions 1 and 2
(TOYOBO) were used to dilute primary and secondary antibodies, respectively. After extensive
washing in PBS-T, blots were developed with Amersham ECL Prime Western Blotting Detection
Reagent (GE Healthcare) and visualized using a luminescent image analyzer (LAS 4000 Mini;
Fujifilm).

Quantitative real-time RT-PCR

TRIzol reagent (Invitrogen) was used for the extraction of total RNA from the cells. First-strand
cDNA was synthesized using a PrimeScript RT reagent kit (Takara bio). The steady-state expression
level of PEX16 mRNA was determined by quantitative real-time RT-PCR using SYBR Premix Ex
Taq Il (Takara Bio) and an Mx3000P QPCR system (Agilent Technologies), and then the value was
normalized to that of GAPDH mRNA. Primer sets used were as follows: human PEX16, 5°-
AGCCTCCTGAGTGACAGAAAG-3’ and 5’-GCAGGTAGTAGAGCAGCAGGAT-3’; human
GAPDH, 5’-ATGGAAATCCCATCACCATCTT-3’ and 5’-CGCCCCACTTGATTTTGG-3’;
Chinese hamster Pex16-a, 5°>-GAAGTTGCTGACATGGCTGA-3’ and 5’-
CTGGATGAGAGCAATGACGA-3’; Chinese hamster Pex16-b, 5°-
AGCAGGAGGAGCTTAGCACA-3’ and 5’-GAGAGTAGCCAGGGTGTCCA-3’; and Chinese

hamster Gapdh, 5’-TGTGGAAGGACTCATGACCA-3’ and 5’-GGATGCAGGGATGATGTTCT-3".

Statistical analysis
Statistical analysis was performed as indicated in the figure legends using GraphPad Prism (version 9;

GraphPad Software). No statistical method was used to predetermine sample size.
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Fig. 1. Characterization of PEX16-KO HeLa cell lines. (A) Whole cell lysates (WCL, top) and

membrane fractions (bottom) of parental HeLa cells and PEX16-KO HeLa clones were analyzed by

immunoblotting for PEX16. B-actin and cytochrome P450 reductase (P450r), an ER membrane

protein, were used as a loading control. (B) The indicated HeLa cell lines were immunostained with

antibodies against PMP70 and catalase. Insets show higher-magnification images of the boxed areas.
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Scale bars, 20 um. (C) Pie charts show the proportion of cells with (with Per; green) or without (w/o
Per; grey) peroxisomes in the indicated PEX16-KO clones. Cells showing catalase-positive punctate
structures were counted as cells with peroxisomes. Data were collected from three independent
immunostaining experiments. (D) Subclones were established from clone ex1-g1-20 and likewise
analyzed for the presence of peroxisomes. Data were collected from two independent experiments and
are presented as in C. (E) The number of peroxisomes per cell (left) and the average size of
peroxisomes in an individual cell (right) were quantified. For simplicity, cells with PMP70-positive
punctate structures were scored. Boxes represent the interquartile range (IQR), with thick lines
showing the median. Whiskers extend to the minimum and maximum data points within 1.5 times
IQR beyond the box. Each dot represents the value for an individual cell. Kruskal-Wallis test
followed by Dunn's multiple comparisons test versus parental HeLa; ****, p<0.0001. n in C-E, total

numbers of cells scored.
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Fig. 2. Characterization of PEX16-KO HEK293 cell lines. (A) Parental HEK293 cells and the
indicated PEX16-KO HEK293 clones were immunostained with antibodies against PMP70 and
catalase. Scale bar, 20 pm. (B) Pie charts show the proportions of cells with (with Per; green) or
without (w/o Per; grey) peroxisomes in the indicated clones. Cells showing PMP70-positive punctate
structures were counted as cells with peroxisomes. (C) The number of peroxisomes per cell (left) and
the average size of peroxisomes in an individual cell (right) were quantified as in Fig. 1E. Boxes,
whiskers, and dots are as in Fig. 1E. Kruskal-Wallis test with Dunn's multiple comparisons test versus
parental HEK293; **** p<0.0001; ***, p<0.001. n in B and C, total numbers of cells scored.
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Fig. 3. Characterization of Pex16-KO CHO-K1 cell lines. (A-C) Parental CHO-K1 cells and
Pex16-KO CHO-K1 clones ex4-g1-6 and ex4-g2-21 were immunostained with indicated antibodies.
Scale bars, 10 um. Note that peroxisomes in clone ex4-g1-6 were positive for a subset of matrix PTS1
proteins, whereas they barely contained catalase. (D) The proportions of cells with (with Per; green)
or without (w/o Per; grey) peroxisomes in the indicated clones were quantified as in Fig. 2B. (E) The
number of peroxisomes per cell (left) and the average size of peroxisomes in an individual cell (right)
were quantified and are shown as in Fig. 1E. Kruskal-Wallis test with Dunn's multiple comparisons

test versus parental CHO-K1; **** p<0.0001. n in D and E, total numbers of cells scored.
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Fig. 4. Genetic complementation rescues the aberrant peroxisome morphology in PEX16-KO
cell lines. (A) HeLa and PEX16-KO HeLa clone ex1-g1-3 cells were transfected with a vector or HA-
PEX16. At 48 h after transfection, cells were fixed and immunostained with antibodies to PMP70 and
HA. Note that transfection of HA-PEX16 to PEX16-KO clone ex1-g1-3 cells restored normal
peroxisome morphology not only in cells expressing detectable HA-PEX16 (white asterisk) but also
in cells where HA-PEX16 was hardly visible (yellow asterisks). Scale bars, 20 um. (B) The indicated
PEX16-KO cell lines were transfected for 48 h with mCherryNLS or mCherryNLS-2A-HA-PEX16 and

stained for PMP70. Note that the nuclear localization of mCherryNLS was inefficient in CHO cells
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for unknown reason. Scale bars, 10 um. (C-E) PEX16-KO cell lines derived from HelLa (C), HEK293
(D), and CHO-K1 (E) were transfected and immunostained as in (B). Cells exhibiting both
mCherryNLS and PMP70-positive peroxisomes were analyzed for the number of peroxisomes (upper
graphs) and the average size of peroxisomes in an individual cell (lower graphs). Boxes, whiskers,
and dots are as in Fig. 1E. Total numbers of cells scored (n) are shown. Mann-Whitney U test versus
control group (mCherryNLS); **** p<0.0001; ***, p<0.001, *, p<0.05. (F) Subclones 3 and 6
derived from PEX16-KO HeLa ex1-g1-20 were transfected for 4 days with mCherryNLS or
mCherryNLS-2A-HA-PEX16, stained for PMP70, and analyzed for the presence of PMP70-positive
peroxisomal structures. Due to undetectable level of mCherryNLS expression at the time of analysis,
>500 cells were randomly scored in each experiment, and the proportion of peroxisome-positive cells
was calculated. Data represent the means + SEM of six (sub 3) and four (sub 6) independent fields of
view. Dots indicate values for individual fields of views. Unpaired t test versus control group
(mCherryNLS); **** p<0.0001; ***, p<0.001.
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Fig. 5. PEX3 can localize to peroxisomes in PEX16-KO HelLa cells. (A) HeLa cells and PEX16-

KO clones ex1-g1-3 and ex1-g2-4 were immunostained for PEX3 and catalase. Cell nuclei were

Vector

PEX3-HA

stained with Hoechst 33342. Note that the anti-PEX3 antibody only very weakly detected endogenous
PEX3 in wild-type HeLa cells; therefore, the PEX3 staining shown in micrographs for parental HeLa
cells was digitally enhanced in brightness and contrast (enhanced B&C) to demonstrate its
colocalization with catalase. Bars, 20 um. (B) PEX16-KO clone ex1-g1-3 cells were transiently
transfected with PEX3-HA or a vector for 48 h and then immunostained with antibodies to PMP70
and HA. Scale bars, 10 pm.
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Fig. 6. PEX16 is not essential for de novo formation of peroxisomes. (A) PEX16/PEX3-DKO
HeLa cells were transfected for 64 h with a vector, HA-PEX16, PEX3, or PEX3 together with HA-
PEX16 and immunostained for catalase and PMP70. Scale bars, 10 um. (B) Cell lysates from A were
analyzed by immunoblotting for HA, PEX3, and B-actin. (C) PEX16/PEX19-DKO cells were
transfected with a vector, HA-PEX16, FLAG-PEX19, or FLAG-PEX19 plus HA-PEX16. At 64 h post-
transfection, cells were fixed and immunostained as in A. Insets show higher-magnification images of

the boxed areas. Scale bars, (main images) 20 um; (insets) 5 um. (D) Cell lysates from A were
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analyzed by immunoblotting for HA, PEX19, and p-actin. Note that HA-PEX16 was stabilized by
coexpressed FLAG-PEX19, as reported (Liu et al., 2016). (E) PEX16/PEX19-DKO cells and
PEX16/PEX19-DKO cells stably expressing HA-PEX19 (16/19-DKO""&*%) were immunostained
with antibodies against HA, PMP70, and catalase. Nuclei were stained with Hoechst 33342. Scale
bars, 20 um. (F) PEX16/PEX3-DKO cells and PEX16/PEX3-DKO cells stably expressing PEX3-
mMEGFP (16/3-DKO"®™ ) were immunostained with antibodies against PMP70 and catalase, and
also stained with Hoechst 33342 for nuclei. PEX3-mEGFP was detected by EGFP fluorescence.
Insets show higher-magnification images of the boxed areas. Scale bars, (main images) 20 pm;
(insets) 10 pm.
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Human PEX16 (Honsho, 2002) (Honsho, 2002) (Matsuzaki, 2008) (This study)
WT (336 aa) | TMD)| TMD)| ] + + + accelerate
110 131 222 243
ANG9 [ ] + - - accelerate
70
R176X [ TMD ] + - N.D. inhibit
175
B PEX16/PEX19-DKO Hela
mCherryNLS mCherryNLS-2A-FLAG-PEX19 ;
+ Vector + Vector + HA-PEX16 + HA-PEX16AN69 + HA-PEX16R176X
@ E
2 PEX16/PEX19-
So % DKO
== °w
2a £3
Q3 £,
5 28297 _ne
8,2
c D 235
“E
PEX16/PEX19-DKO PEX16/PEX19-DKO b g
mChemyNLS-2A- — ! a-Catalase/ =T
FLAG-PEX19: — + + + + a-Catalase «-PMP70/Hoechst
g € o
HA-PEX16: - - & Z = 2|2 -
D) X[ 83
- -7 g [a £5¢
Q") < =220
-— T 295 E
a-HA N dze
(HA-PEX16) ; Se2
25 << #3530
N | © E
n|e Ec
-_ 20 2’ P <
S E WT  AN69
a-PEX19 B——— é’ W HA-PEX16
v +
|
neantin: (D I mCherryNLS-2A-
a-p-actin -——— — - ¥ FLAG-PEX19
PEX16/PEX3-DKO HelLa
F G PEX16/PEX3-DKO H
mCherryNLS mCherryNLS-2A-PEX3 mCherryNLS-
+ Vector + Vector + HA-PEX16 2A-PEX3: — + +

R176X +

Iy
[=]

mCherryNLS/
a-PMP70
8

PEX16/PEX3-
HA-PEX16: — - % DKO
(kD) ek ke
S -3
o
a-HA
(HA-PEX16) '

=25

n
=]

(in mCherryNLS+ cells)

+ HA-PEX16R176X + HA-PEX16R176X

-1 20
| 0
- 37 HA-PEX16R176X: —
a-PEX3 - - mCherryNLS-2A-PEX3:  +
5 o-f-actin [we s - -
- 37

% of cells with PMP70+ puncta
5

+ +

mCherryNLS/
a-PMP70

Fig. 7. C-terminal part of PEX16 is important for efficient de novo formation of peroxisomes.
(A) Schematic view of human PEX16 and its truncation mutants. Activities of respective proteins in
localizing to peroxisomes (Honsho et al., 2002), complementing PEX16-deficient peroxisome-less
fibroblasts (Honsho et al., 2002), and enhancing the peroxisomal targeting of PEX3 in vitro
(Matsuzaki and Fujiki, 2008) are shown on the right. Effect on de novo peroxisome formation, which
was analyzed in B—H, is also indicated. TMD, transmembrane domain; +, active; -, inactive; N.D., not
determined. (B) PEX16/PEX19-DKO HelLa cells were transfected as indicated. At 64 h after
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transfection, cells were immunostained for PMP70. The arrowhead indicates a PMP70-positive
structure. (C) Cells shown in B were analyzed by immunoblotting using the indicated antibodies. (D)
PEX16/PEX19-DKO cells were transfected as indicated for 64 h and immunostained for PMP70 and
catalase. Nuclei were stained with Hoechst 33342. (E) PEX16/PEX19-DKO cells were transfected
and stained as in D, and then cells showing mCherryNLS expression were analyzed for the formation
of peroxisomes. The percentages of cells with PMP70-positive but catalase-negative pre-mature
peroxisomes (upper) and cells with catalase-positive mature peroxisomes (lower) are indicated. Data
are the means + SEM of three independent experiments where >150 cells were scored in each
experiment. Gray dots indicate values for individual experiments. Unpaired t test; n.s., not significant.
(F) PEX16/PEX3-DKO HeLa cells were transfected with the indicated plasmids and immunostained
as in B. Two representative images are shown for cells cotransfected with mCherryNLS-2A-PEX3 and
HA-PEX16R176X. (G) Cells shown in F were analyzed by immunoblotting using the indicated
antibodies. (H) PEX16/PEX3-DKO cells were transfected with the indicated plasmids and
immunostained as in B. Cells expressing mCherryNLS were scored and assessed for the formation of
PMP70-positive structures. Graph shows the percentages of cells with PMP70-positive puncta, and
data represent the means + SEM of four independent experiments where >300 cells were scored in
each experiment. Grey dots indicate values for individual experiments. Unpaired t test; ****,
p<0.0001. Scale bars, 20 pm.
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A hPEX16-ex1-gRNA1

5' - CCAGGAGTACGTGACTCGTCACC -3’
3’ - [6GTcCTCATGCACTGAGCAGTGG -5

~—ar--
i

Human E. i " B ] Exon/Non-coding
PEX16 locus " - . 7 Il Exon/Coding
Exon 1 Exon 2 Exon 3 Exon4 Exon5
o — Intron
5/ - GGAGTACGTGACTCGTCACCCGG -3°
3’ - CCTCATGCACTGAGCAGTGGGCC -5’
hPEX16-ex1-gRNA2
PEX16-KO HelLa clones (exon 1)
WT allele gDNA 5’ - ATGGAGAAGCTGCGGCTCCTGGGCCTCCGCTACCAGGAGTACGTGACTCGTCACCCGGCCGCCACGGCCCAGCTGGAGACAGCAGTGCGG. .« .
Protein MEKLRLLGLRYQEYVTRHPAATAQLETAVRGFSYLLAGRFADSHELSELVYSASNLLVLLNDGILRKELRKKLPVSLSQQKLLTWLSVLE. . .
gDNA 5’ - ATGGAGAAGCTGCGGCTCCTGGGCCTCCGCTACCARGA--ACGTGACTCGTCACCCGGCCGCCACGGCCCAGCTGGAGACAGCAGTGCGG. .. A2 bp
1 1 3 Protein MEKLRLLGLRYQERDSSPGRHGPAGDSSAGLQLPAGRSIRRFARAVRAGVLCL*
ex1-g1-
gDNA 57 - ATGGAGAAGCTGCGGCTCCTGGGCCTCCGCTA@GAQ:GTACGTGACTCGTCACCCGGCCGCCACGGCCCAGCTGGAGACAGCAGTGC. .. +2bp
Protein MEKLRLLGLRYQDRT*
ex1-g1-20 gDNA 5’ - ATGGAGAAGCTGCGGCTCCTGGGCCTCCGCTACCARGA-——————— CTCGTCACCCGGCCGCCACGGCCCAGCTGGAGACAGCAGTGCGG. . . A8 bp
Protein MEKLRLLGLRYQDSSPGRHGPAGDSSAGLQLPAGRSIRRFARAVRAGVLCL*
gDNA 5’ - ATGGAGAAGCTGCGGCTCCTGGGCCTCCGCTACCAGGAGTACGTGACTCGTC-CCGGECGCCACGGCCCAGCTGGAGACAGCAGTGCGGG. .. A1 bp
1-92-4 Protein MEKLRLLGLRYQEYVTRPRPPRPSWRQQCGASVTCWQVDSPIRTSCQSWCTLPLTCLCCSMTGSYGRSFGKSCLCRCPSRSC*
ex1-g2-
gDNA 5’ - ATGGAGAAGCTGCGGCTCCTGGGCCTCCGCTACCAGGAGTACGT - === mm====mmm———mm e £CctACGTGACTCCAGCTGGAGACAGC. .. A20bp (A23bp & +3bp)
Protein MEKLRLLGLRYQEYVSPAGDSSAGLOLPAGRS IRRFARAVRAGVLCL *
1-92-31 gDNA 57 - ATGGAGAAGCTGCGGCTCCTGGGCCTCCGCTACCAGGAGTACGTGACTCGTCQACCGCCACGGCCCAGCTGGAGACAGCAGTGCG. .. +1bp
exi-g Protein MEKLRLLGLRYQEYVTROPGRHGPAGDSSAGLOLPAGRS IRRFARAVRAGVLCL *
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Fig. S1. Generation and characterization of PEX16-KO clonal HeLa cell lines. (A) Partial genomic structure of the
human PEX16 gene (upper part) and the sequences of PEX16 alleles in PEX16-KO clones (lower part). In the diagram
illustrating the genomic structure, open and filled boxes represent non-coding and coding regions in exons, respectively.
Horizontal lines between boxes indicate introns. The target sequences of gRNAs in exon 1 are indicated, with the PAM
sequences being boxed. In the genomic DNA sequences (gDNA), the ATG start codons are shown in bold uppercase letters,
insertions are underlined, and deletions are indicated by dashes. Indel sizes (+, insertion; A, deletion) are also shown on the
right. Deduced amino-acid sequences (protein) for each allele are also shown under the corresponding genomic sequence. The
aberrant amino-acid sequences generated by frame-shift mutations are indicated in blue letters. Red asterisks mark the
position where each translation terminates. Note that clones ex1-g1-3 and ex1-g1-20 were generated using hPEX16-Ex1-
gRNAI1, while ex1-g2-4 and ex1-g2-31 were generated with PEX16-gRNA2. (B) Pie charts showing the proportions of cells
with (with Per; green) or without (w/o Per; grey) peroxisomes in six subclones established from clone ex1-g1-3. Cells
showing catalase-positive punctate structures were counted as cells with peroxisomes. Data were collected from two
independent. n, total number of cells counted. (C) Relative PEX16 mRNA levels in PEX16-KO HeLa clones and subclones.
PEX16 mRNA levels were determined by quantitative real-time PCR, normalized to the level of GAPDH mRNA, and are
expressed relative to the value for parental HeLa cells. Date shown are the means + SEM of three independent experiments.
Dots indicate individual data points.
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A hPEX16-Ex1-gRNA1 hPEX16-Ex4-gRNA2 hPEX16-Ex4-gRNA4
5’ - CCAGGAGTACGTGACTCGTCACC -3’ 5/ - GCTGACATGGCTGAGCGTGIGG -3’ 5’ - CCGCTGGCTTGTCATCGCCCTCG -3
3’ - [GGTCCTCATGCACTGAGCAGTGG -5’ 3’ - CGACTGTACCGACTCGCACGACC -5' 3’ - [GGJGACCGAACAGTAGCGGGAGC -5’
ST e T T AP bbb
Human E. I m . - . 1 D Exon/Non-coding
PEX16 locus " Il Exon/Coding
Exon 1 Exon 2 Exon 3 Exon4 Exon5
il i — Intron
5' - GGAGTACGTGACTCGTCACHCG] -3 5 - GAGCGTGCTGGAGTGCGTGAAGG -3
3’ - CCTCATGCACTGAGCAGTGGGCC -5’ 3’ - CTCGCACGACCTCACGCACCTCC -5°
hPEX16-Ex1-gRNA2 hPEX16-Ex4-gRNA1
PEX16-KO HEK293 clones (exon 1)
WT allele |[ 9ONA 5° - tggecegegg(...111 bp...)gcagghTGGAGAA(. . .36 bp...)GACTCGTCACCCGECCGCCACGGCCCAGCTGGAGACAGCA. . .
Protein MEKLRLLGLRYQEYVTRHPAATAQLETAVRGFSYLLAGRFADSHELSELVYSASNLLVLLNDGILRKELRKKLPVSLSQQKLLTWLSVLE. . .
ex1-g1-14 | gDNA 5’ - tggcc ( ) GCCACGGCCCAGCTGGAGACAGCA. .. A180 bp
X1-g Protein Start codon disruption
ex1-g2-6 gDNA 5’ - tggccegegg(-..111 bp...)gcaggATGGAGAA(. . .36 bp...)GACT GCTGGAGACAGCA. .. A23 bp
Protein MEKLRLLGLRYQEYVTAGDSSAGLQLPAGRSIRRFARAVRAGVLCL*
PEX16-KO HEK293 clones (exon 4)
WT allele | gDNA 5 - ctcaggtgaagag(...185 bp...)ttgcaglCGCTGTCCCAGCAGAAGCTGCTGACATGGCTGAGCGTGCTGGAGTGCGTGGAGGTG. . -
A4 gDNA 5’ - ctcaggtgaagag(...185 bp...)ttgcagTCGCTGTCCCAGCAGAAGCTGCTGACATGGCTGAGCGTGCTGGAGTG----GAGAIG. .. A4 bp
ex4-g1-
9 gDNA 5’ - ctcaggtgaagag(...185 bp...)ttgcagTCGCTGTCCCAGCAGAAGCTGCTGACATGGCTGAGCGTGCTGGAGTGC-TGEAGGTG. .. A1 bp
440D gDNA 5’ - ctcageca ( ) TGATGGRGTGCGTGGAGETG. . . A233 bp (A236 bp & +3 bp )
ex4-g2-
9 gDNA 5’ - ctcaggtgaagag(...185 bp...)ttgcagTCGCTGTCCCAGCAG TGATGGRGTGCGTGGAGGTG. . . A22

WT allele | gDNA 5’ - CTGTCCCAGCAGAAGCTGCTGACATGGCTGAGCGTGCTGGAGTGCGT(...40 bp...)GAAGTGGGCCGCTGGCTTGTCATCGCCCTC. ..

deod1d | gDNA 5’ - CTGTCCCAGCAGAAGCTGCTGACATGGCTGAGCGTGCTGGAGTGCGT(...40 bp...)GAAGTGGGCCGETG----GTCATCGCCCTC. .. Ad bp
ex4-g4-
g gDNA 5’ - CTGTCCCAGCAGAAGCTGCTGACATGGCTGAGCGTGCTGGAGTGCGT(...40 bp...)GAAGTGGGCCGETG-CTTGTCATCGCCCTC. .. A1bp
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Fig. S2. Generation and characterization of PEX16-KO clonal HEK293 cell lines. (A) Partial genomic structure of the
human PEX16 gene (upper part) and the sequences of PEX16 alleles in PEX16-KO clones (lower part). Diagrams and
sequences are shown as in Fig. STA. The genomic DNA (gDNA) sequences are depicted as follows: ATG start codon, bold
uppercase; coding region, uppercase; non-coding region in exon 1, lowercase; and intron, italic lowercase. The sequences of
the regions in parentheses are not depicted. Insertions and deletions are indicated as in Fig. S1A. Deduced amino-acid
sequences (protein) were shown only for the clones generated by disrupting exon 1. Note that individual clones were made
using the following gRNAs: ex1-gl-14, hPEX16-Ex1-gRNA1; ex1-g2-6, hPEX16-Ex1-gRNA2; ex4-g1-4, hPEX16-Ex4-
gRNAI; ex4-g2-2, hPEX16-Ex4-gRNA2; and ex4-g4-14, hPEX16-Ex4-gRNA4. (B) Immunoblot analysis of PEX16-KO
HEK?293 cell lines. Membrane fractions of the indicated HEK293 cell lines were analyzed by immunoblotting for PEX16
and cytochrome P450 reductase (P450r), an ER membrane protein. (C) Relative PEX16 mRNA levels in PEX16-KO
HEK?293 clones. Relative PEX16 mRNA levels were determined as in Fig. S1C and are expressed relative to the value for

parental HEK293 cells. Date shown are the means + SEM of three independent experiments, with dots indicating individual
data points.
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A B Chiniese hamster Pex16 transcript
cPex16-Ex4-gRNA2 cPex16-Ex4-gRNAT1 (XM_003497285.5)
5 — CCCAGCAGAAGTTGCTGACATGG -3’ 5' - GCTGACATGGCTGAGCGTGCIGG -3 Exons [ 1 [3] 4 [s]e] 7 [8] 9 Jio 11 ]
3" - @I‘CGTCTTCAACGACTGTACC -5 3’ - CGACTGTACCGACTCGCACGACC -5' — —
————————————— s T T Primer sets: a b
Chinese hamseter —E._//_-_._//_ ¥ ¥
Pex16 locus _ T 1, T 1
Exon 1 Exon4 Exon5 S 1.0 pm e B
o+
|:| Exon/Non-coding <
. Z- 0.8+ °
[l Exon/Coding Tk
— Intron %% 0.6
<O
g 0.4
Pex16-KO CHO-K1 clones (exon 4) s
X3
23 0.2 ¢
WT allele  gDNA  5' - TCCCTGTCCCAGCAGAAGTTGCTGACATGGCTGAGCGTGCTGGAGTGTGT. . . Ba
=
L ) T 00T (R —
ex4-g1-6 gDNA  Not determined; a large deletion around exon 47? ~ © =~ ~ © =~
X2 v 2
ex4-g2-21 gDNA 57 - 'I‘CCC'I‘GGCAQGAAGTTGCTGACATGGCTGAGCGTGCTGGAGTGTG... +1bp lQ V?’ S,’ lQ VP’ ,8,’
T ¥ s ¥
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& Pex16-KO & Pe)|(16—KO
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Fig. S3. Generation and characterization of Pex16-KO clonal CHO-K1 cell lines. (A) Partial genomic structure of the
Chinese hamster PEX16 gene (upper part) and the sequences of PEX16 alleles in Pex16-KO clones (upper part). Diagrams
and genomic DNA sequences are shown as in Fig. SIA. Note that clones ex4-g1-6 and ex4-g2-21were generated using
cPex16-gRNA1 and cPex16-gRNA2, respectively. (B) Relative Pex/6 mRNA levels in Pex16-KO CHO-K1 clones. Graph
shows the means = SEM of three independent experiments, with dots indicating individual data points. Two sets (a and b)
of Pex16-specific PCR primers were used. The PCR target regions are shown by thick bars in the diagram, where boxes
and numbers indicate the exon structure of the Pex/6 transcript XM 003497285.5.
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Fig. S4. Optimization of transfection conditions for transient expression of PEX16. (A) Representative images of cells
transiently expressing PEX16. HeLa cells (upper panels), HEK293 cells (lower left panels), and CHO-K1 cells (lower right
panels) were transfected with a plasmid encoding untagged PEX16 (PEXI6) or HA-tagged PEX16 (HA-PEXI6) as indicated.
At 48 h post-transfection, cells were immunostained with the indicated antibodies. Nuclei were counterstained with Hoechst
33342. Note that the transient expression of PEX16 resulted in cells with fewer peroxisomes (<30 per cell in HeLa and
HEK293; <20 per cell in CHO-K1) and in severe cases resulted in complete loss of peroxisomes. Note also that peroxisomes in
PEX16-overexpressing cells are often larger in size, particularly in HEK293 and CHO-K1 cells. Scale bars, 10 pm. (B)
Quantification of cells showing morphologically aberrant peroxisomes upon transient expression of PEX16. HeLLa, HEK293,
and CHO-K1 cells cultured in 12-well plates were transfected with the indicated amounts of empty vector and PEX16 or HA-
PEX16 for 48 h. Cells were then immunostained for PMP70 and analyzed for peroxisomal morphology. Graphs show the
fractions of cells showing fewer and often larger peroxisomes (light orange) and cells lacking peroxisomes (orange) in
randomly selected cells. Data are the means = SEM of three or four different fields of view. Total numbers of cells scored are
>700 per condition (typically ~2000). Cell lysates were also analyzed by immunoblotting as indicated (bottom).
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Fig. SS. Restoration of normal peroxisome morphology in PEX16-KO HeLa cells by low-level transient expression
of wild-type PEX16. (A) Additional representative images of parental HeLa and PEX16-KO HeLa clone ex1-g1-3 cells
transiently expressing HA-PEX16 at low levels. Cells were transiently transfected with vector or HA-PEX16 for 48 h (see
also Materials and Methods for details) and then immunostained with antibodies against PMP70 and HA. The white
asterisk indicates a cell showing a detectable level of HA-PEX16, while the yellow asterisk depicts a cell with a hardly
detectable HA-PEX16. Note that both of these cells showed the restoration of normal peroxisome morphology. (B)
Representative images of the indicated PEX16-KO clones transiently expressing HA-PEX16. Cells were transiently
transfected as in A and immunostained for PMP70. (C) Immunoblotting showing expression of HA-PEX16. Cells shown
in A and B were lysed and analyzed by immunoblotting for PEX16, HA, and f-actin. The open and filled arrowheads
point to exogenous and endogenous PEX16 proteins, respectively. (D) Representative images of PEX16-KO cells
transiently transfected with mCherryNLS-2A-HA-PEX16. The indicated PEX16-KO cell lines were transfected for 48 h
with mCherryNLS or mCherryNLS-2A-HA-PEX16 and stained for PMP70. Note that the nuclear localization of
mCherryNLS was inefficient in CHO cells for unknown reason. Scale bars, (A and B) 20 um; (D) 10 um.
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Fig. S6. PEX16 is not required for, but can accelerate, de novo formation of peroxisomes. (A) Characterization of PEX16/
PEX3-DKO and PEX16/PEX19-DKO cells by immunoblotting. Cell lysates of the indicated cell lines were analyzed by SDS-
PAGE and immunoblotting with antibodies against PEX3, PEX19, PEX16, and f-actin. (B) Representative images of PEX16/
PEX3-DKO and PEX16/PEX19-DKO cells. The indicated cells were immunostained for PMP70 (white) and stained with
Hoechst 33342 for nuclei (blue). (C) Representative images of PEX16/PEX3-DKO cells upon genetic complementation.
PEX16/PEX3-DKO cells were transfected with a vector, HA-PEX16, PEX3, or PEX3 together with HA-PEX16. Cells were

fixed at 48 h post-transfection and immunostained for catalase and PMP70. (D) Representative images of PEX16-KO Hela
cells expressing HA-PEX16AN69. PEX16-KO HeLa ex1-g1-20 cells were transfected for 48 h with vector, HA-PEX16, or HA-

PEX16AN69 and then immunostained for PMP70 and catalase. (E) Quantification of peroxisomal morphology in PEX16-KO
HeLa cells expressing HA-PEX16AN69. PEX16-KO HeLa ex1-g1-20 cells were processed as in D. The number of peroxisomes
(upper) and the average size of peroxisomes in an individual cell (lower) were quantified. Cells with peroxisomes were
randomly scored. Boxes denote the 25th, 50th, and 75th percentiles, while whiskers extend to the last data point within 1.5 times
interquartile range beyond the box. Total numbers of cells scored (7) are shown. Kruskal-Wallis test with Dunn's multiple
comparisons test: **** p<(0.0001; n.s., not significant. Scale bars, (A) 20 um; (C and D) 10 um.
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