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ABSTRACT

Promoting the macroautophagy/autophagy-mediated degradation of specific proteins and orga-
nelles can potentially be utilized to induce apoptosis in cancer cells or sensitize tumor cells to
therapy. To examine this concept, we enriched for autophagosomes from histone deacetylase
inhibitor (HDACi)-sensitive U937 lymphoma cells and isogenic HDACi-resistant cells. Mass spectro-
metry on autophagosome-enriched fractions revealed that HDACi-resistant cells undergo elevated
pexophagy, or autophagy of the peroxisome, an organelle that supports tumor growth. To disturb
peroxisome homeostasis, we enhanced pexophagy in HDACi-resistant cells via genetic silencing of
peroxisome exportomer complex components (PEX1, PEX6, or PEX26). This consequently sensitized
resistant cells to HDACi-mediated apoptosis, which was rescued by inhibiting ATM/ataxia-
telangiectasia mutated (ATM serine/threonine kinase), a mediator of pexophagy. We subsequently
engineered melanoma cells to stably repress PEX26 using CRISPR interference (CRISPRi). Melanoma
cells with repressed PEX26 expression showed evidence of both increased pexophagy and perox-
isomal matrix protein import defects versus single guide scrambled (sgSCR) controls. In vivo studies
showed that sgPEX26 melanoma xenografts recurred less compared to sgSCR xenografts, following
the development of resistance to mitogen-activated protein kinase (MAPK)-targeted therapy. Finally,
prognostic analysis of publicly available datasets showed that low expression levels of PEX26, PEX6
and MTOR, were significantly associated with prolonged patient survival in lymphoma, lung cancer
and melanoma cohorts. Our work highlighted that drugs designed to disrupt peroxisome home-
ostasis may serve as unconventional therapies to combat therapy resistance in cancer.

Abbreviations: ABCD3/PMP70: ATP binding cassette subfamily D member 3; ACOX1: acyl-CoA
oxidase 1; AP: autophagosome; COX: cytochrome c oxidase; CQ: chloroquine; CRISPRi: clustered
regularly interspaced short palindromic repeats interference; DLBCL: diffuse large B-cell lymphoma;
GO: gene ontology; dCas9: Cas9 endonuclease dead, or dead Cas9; HDACi: histone deacetylase
inhibitors; IHC: Immunohistochemistry; LAMP2: lysosomal associated membrane protein 2; LCFAs:
long-chain fatty acids; LFQ-MS: label-free quantitation mass spectrometry; LPC: lysophoshatidylcho-
line; MAP1LC3B/LC3B: microtubule associated protein 1 light chain 3 beta; MTOR: mechanistic target
of rapamycin kinase; PBD: peroxisome biogenesis disorders; PTS1: peroxisomal targeting signal 1;
ROS: reactive oxygen species; sgRNA: single guide RNA; VLCFAs: very-long chain fatty acids; Vor:
vorinostat; WO: wash-off.
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Introduction autophagosome [1]. These autophagosomes subsequently
fuse with lysosomes to degrade cargoes into their building
blocks. The autophagy-mediated degradation of specific car-
goes in cancer cells may facilitate survival, or conversely,
apoptosis [2].

Previous work from our lab exhibits the opposing apopto-
tic fates of autophagy in an isogenic lymphoma system that
models sensitivity and resistance to histone deacetylase inhi-
bitors (HDACi) [3]. Specifically, in HDACi Vorinostat (Vor)-
sensitive U937 parental lymphoma cells, we demonstrate that
autophagy facilitates apoptosis, while inhibiting autophagy

Cancer cells tightly regulate the degradation of macromole-
cules that mediate cell fate. Disturbing the homeostasis of
specific macromolecules by promoting their degradation
could be utilized to kill cancer cells. Macroautophagy/auto-
phagy is a process whereby damaged macromolecules, includ-
ing lipids, proteins, and organelles, collectively referred to as
cargoes, are initially flagged for degradation via ubiquitina-
tion. Cargoes are then encapsulated by an expanding double-
membrane vesicle, a phagophore, which forms an
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protects cells from Vor-induced toxicity. Conversely, in the
isogenic U937 Vor-resistant cell line, termed B8, blocking
autophagy results in apoptosis in the presence of Vor [3].

Autophagy is critical for maintaining cellular homeostasis,
and we hypothesized that the contents of the autophago-
somes, including proteins and/or organelles, differed in the
U937 and B8 cell lines. Previous studies demonstrate that
different tumor types can possess variable autophagosome
cargoes [4,5]. For instance, analyses of autophagosome cargo
proteins from PANC-1 pancreatic cells versus MCF7 breast
cancer cells show that more than 60% of identified proteins
are exclusive to each cell type [4]. Moreover, different chemi-
cal treatments of the same cell type also lead to variations in
their autophagosome cargoes. Specifically, when MCF7 cells
are incubated with autophagy modulators, such as the MTOR
inhibitor rapamycin, the vacuolar type H"-ATPase inhibitor
concanamycin A, or serum starvation, approximately 70% of
identified autophagosome cargo proteins in each case are
exclusive to their respective conditions [5]. Moreover, recent
studies indicate that in addition to proteins, autophagosomes
can engulf entire organelles, such as endoplasmic reticula
[6,7], mitochondria [8], and peroxisomes [9].

Peroxisomes are highly specialized organelles with vital
metabolic functions that include: beta-oxidation of very-long
chain fatty acids (VLCFAs) [10], C,; to Cy4 bile acid conver-
sion [11], alpha-oxidation of branched-chain fatty acids [12],
and the primary steps of plasmalogen synthesis [13].
Considering that cancers may be reliant on alternative meta-
bolic reprogramming for their survival [14], and peroxisomes
are essential metabolic organelles, examining the effects of
disrupting peroxisome homeostasis in cancer cells is of poten-
tial therapeutic interest.

One mode to reduce peroxisome numbers is to promote
pexophagy, the autophagy-mediated degradation of peroxi-
somes. Pexophagy is regulated by the peroxisomal exportomer
complex, composed of PEX1, PEX6 and PEX26. On the sur-
face of the peroxisome, PEX1 and PEX6 form
a heterohexameric AAA-ATPase, which is anchored to the
peroxisomal membrane via PEX26 [15]. The peroxisomal
protein PEX5 shuttles peroxisomal targeting signal 1 (PTS1)
sequence-containing proteins from the cytosol into the per-
oxisomal matrix. Upon PEX5-mediated delivery of PTSI-
containing proteins into the matrix, the exportomer complex
facilitates the recycling of PEX5 from the peroxisomal matrix
to the cytosol [16]. When either PEXI, PEX6, or PEX26 are
silenced, mono-ubiquitinated PEX5 accumulates on the per-
oxisomal membrane [17]. An accumulation of peroxisomal
membrane-bound ubiquitinated PEX5 in turn recruits the
autophagy cargo receptor SQSTM1/p62 (sequestosome 1) [9]
or NBR1 [17], to the peroxisomal membrane to cue phago-
phores to engulf peroxisomes.

A previous study from our group shows that B8 Vor-
resistant cells, maintained in Vor, possess elevated peroxisome
levels, compared with their isogenic Vor-treated U937 paren-
tal counterparts [18]. Additional reports demonstrate that
eukaryotic cells regulate superfluous peroxisome levels by
triggering pexophagy [19-21]. However, the level at which
pexophagy occurs, and whether increasing pexophagy affects
cell viability have yet to be established. In this investigation,
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we first aimed to characterize putative differences in the
autophagosome cargo proteins present in the Vor-sensitive
(U937) and -resistant (B8) isogenic cells. We found that
peroxisome-related proteins were highly abundant within
the autophagosome fraction of B8 cells, compared to vehicle-
or Vor-treated U937 cells. We speculated that Vor-
maintained B8 cells, amid an elevated abundance of peroxi-
somes [18], utilized pexophagy to maintain peroxisome
homeostasis. We then examined the in vitro effects of silen-
cing genes encoding the peroxisomal exportomer complex as
a method to disrupt peroxisome homeostasis and induce
apoptosis in therapy-resistant B8 cells. We next tested the
effects of stably repressing PEX26 using clustered regularly
interspaced short palindromic repeats interference (CRISPRi)
in melanoma cells for in vivo modeling of therapy resistance.
Upon targeted therapy of mice, we observed decreased tumor
recurrence in PEX26-silenced melanoma versus respective
controls. Furthermore, bioinformatic analyses of patient
tumor samples demonstrated that a transcriptional signature
that may reflect elevated pexophagy correlated with increased
survival in lymphoma, melanoma, and lung cancer patients.
Collectively, this manuscript highlighted that crippling per-
oxisome homeostasis by silencing PEX26 can be leveraged to
kill therapy-resistant tumors and delay the acquisition of
resistance, while transcriptional signatures of pexophagy in
cancer patients could serve as valuable predictors in survival
outcome.

Results

Enrichment for autophagosomes from HDACi-sensitive
and HDACi-resistant isogenic cells using density
centrifugation

We previously developed an isogenic U937 lymphoma model
system to characterize sensitivity and resistance to the apop-
totic effects of Vorinostat (Vor) [3]. Vor-sensitive U937 par-
ental cells and Vor-resistant B8 cells, undergo pro-death and
pro-survival autophagy, respectively (Fig. S1A). We hypothe-
sized that different sets and proportions of cargo proteins
exist in U937 and B8 autophagosomes (Figure 1A).

To test our hypothesis, we blocked autophagosome-
lysosome fusion via chloroquine (CQ) treatment and enriched
CQ-treated whole-cell extracts for autophagosomes using
a density centrifugation approach, similar to approaches pre-
viously used to characterize autophagosome cargo proteins
[4,5,22]. As expected, immunoblots demonstrated a time-
dependent increase in autophagy markers, SQSTM1/p62,
and the cleaved/lipidated form of MAP1LC3B/LC3B (micro-
tubule associated protein 1 light chain 3 beta; LC3B-1I) upon
CQ treatment. Apoptosis was reduced in U937 cells upon Vor
+CQ treatment versus Vor treatment alone as demonstrated
by decreased PARP levels (Fig. SIA-D), while CQ treatment
increased apoptosis in HDACi-resistant Vor-cultured B8 cells
(Fig. S1A and S1E-G). A schematic of the density centrifuga-
tion process and downstream analyses is shown in Fig. S2A.
Immunoblots for autophagy markers, LAMP2 (lysosomal
associated membrane protein 2), SQSTM1, and LC3B-II con-
firmed that autophagosomes were primarily enriched in the
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Figure 1. Peroxisomes are elevated in whole-cell and autophagosome fractions upon vorinostat (Vor) treatment. (A) Cell models used: Vor-treated U937 cells (blue),
Vor-resistant U937 (B8) cells (red), and DMSO-treated U937 cells (green). Small circles indicate autophagosomes (AP), whereby their putative cargo proteins will be
identified via mass spectrometry (MS). (B) Immunoblot of density centrifugation fractions. Lysates from inputs, Fraction 1 (Fr.1-AP enriched), Fr.2, Fr.3 and Fr.4 from
chloroquine (CQ)-co-treated cells were immunoblotted for organelle markers: LAMP2 (lysosome), SQSTM1 and LC3B-II (autophagosome), COX4l1 (mitochondria), CAT
(peroxisome). Molecular masses (kDa) are indicated on the left. DMSO is represented by (D) and Vor by (V). (C) Electron microscopy of Fr.1. A representative image of
Fr.1 extract from CQ-treated B8 (Vor-maintained) cells. Red double arrowheads indicate double-membrane autophagosomes, and red single arrowheads represent
granular lysosomes. Scale bar: 400 nm. (D) Intensity counts (vertical axis) of peptides (horizontal axis) corresponding to the listed autophagosome (G0:0005776)
genes from Fr.1 and input extracts of Vor-maintained B8 cells. (E-G) Protein MS volcano plots comparing Fr.1 cargos between conditions. (E) B8 vs. U937, (F) B8 vs.
U937+ Vor, (G) U937+ Vor vs. U937. Peroxisomal proteins (represented by gene names) are shown for each comparison. (H-J) Protein MS volcano plots comparing
inputs (+CQ) of conditions shown in (A). (H) B8 vs. U937, (I) B8 vs. U937+ Vor, (J) U937+ Vor vs. U937. All Vor treatments are 2 uM, and CQ 25 pM.

heavily enriched in Fr.3, whereas the peroxisomal marker
CAT (catalase) was most abundant in Fr.4 (Figure 1B and
S2B). To further validate the integrity of autophagosomes

top fraction of the density centrifugation gradient, termed
Fr.1, and partially in Fr.2 (Figure 1B and S2B). The mitochon-
drial protein COX4I1 (cytochrome c oxidase subunit 411), was



from the enrichment procedure, electron microscopy of Fr.1
was performed. Figure 1C shows numerous double-
membrane organelles, indicative of autophagosomes (red
double arrowheads), while larger single-membrane, granu-
lated structures are indicative of lysosomes (red single arrow-
heads). Relatively small single-membrane vesicles also
appeared in our enrichment, which were likely phagosomes
(see Table S1, raw data: PRIDE Archive, PXD013926). The
data presented above demonstrated a procedure whereby
autophagosomes can be enriched and characterized in subse-
quent applications.

Peroxisome-related proteins are abundantly detected in
the autophagosome-enriched fraction of HDACi-resistant
cells

Label-free quantitation mass spectrometry (LFQ-MS) was uti-
lized to assess protein differences between cargoes from
enriched autophagosomes (Fr.1) and whole-cell lysates from
U937 and B8 cells. We first estimated the fold-enrichment of
autophagosomes following our described density centrifuga-
tion method (Figure 1B,C and S2A). By utilizing a mass
spectrometry (MS) spectral counting method [23], we
assessed peptides corresponding to the Gene Ontology (GO)
term: autophagosome (GO:0005776) in Fr.1, and respective
whole-cell extracts (both samples were treated with CQ).
Figure 1D provides a representative peptide intensity plot in
Fr.1 and whole-cell extracts (inputs) of B8 cells and exhibits
an enrichment in the majority of autophagosome peptides.
Similar patterns were observed when comparing Fr.1 vs. input
of vehicle and Vor-treated U937 cells (Fig. S2C and S2D). To
estimate the fold-enrichment of autophagosomes from the
density centrifugation procedure, we plotted individual Fr.1:
input peptide intensity ratios corresponding to the autopha-
gosome GO term in vehicle- and Vor-treated U937 cells,
along with Vor-cultured B8 cells (Fig. S2E). We observed
mean Fr.liinput peptide ratios of 4.5, 4.4, and 3.0 across
U937+ DMSO, U937+ Vor, and B8 (Vor), respectively,
which indicated an enhanced enrichment of autophagosomes
in Fr.1 compared to inputs (Fig. S2E). Top ranked gene
ontology (GO)-based molecular functions for Fr.1 have been
provided in Fig. S2F.

Peptide signal intensities and inferred protein abundance
between Fr.1 of Vor-cultured B8 cells and Fr.1 of vehicle- or
Vor-treated U937 cells (Figure 1E-G and Table S1) were next
compared. We observed an abundance of peroxisomal pro-
teins in Fr.1 isolated from Vor-maintained B8 cells (Figure 1E,
F). For instance, peptides corresponding to peroxisomal pro-
tein-encoding-genes ACAAI, ACSL1, AGPS, CAT, DECR2,
HSD17B4, PEX11B and SLC27A2, were increased by two-
fold or greater (p < 0.05, Student’s t-test) in Fr.1 of Vor-
maintained B8 versus DMSO-treated U937 cells (Figure 1E).
Only ACAAI was enriched when comparing Vor-treated
U937 to DMSO-treated U937 Fr.1 (Figure 1G). We inferred
that peroxisomes may be abundant in B8 autophagosome-
enriched fractions, suggesting that Vor-resistant cells used
autophagy to engulf peroxisomes, a process known as

pexophagy.
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B8 cells exhibit increased expression of peroxisome biogen-
esis proteins, and elevated levels of ABCD3/PMP70 (ATP
binding cassette subfamily D member 3) immunofluorescent
puncta [18], a surrogate reporter of peroxisome membranes.
We were therefore intrigued that the MS revealed evidence of
pexophagy in B8, as one might then expect these cells to
contain less peroxisomes within the autophagosome-
enriched fraction. However, our analysis of LFQ-MS peptide
counts on the inputs (i.e., whole-cell extracts) used to enrich
for autophagosomes supported that Vor-maintained B8 cells
indeed had the highest levels of peroxisomal peptides com-
pared to both vehicle- and Vor-treated U937 extracts
(Figure 1H-J and Table S2). As peroxisome homeostasis is
tightly regulated [19], our data suggested that B8 cells remove
excess, perhaps damaged, peroxisomes by autophagy.

HDACi treatment induces both peroxisome proliferation
and pexophagy

We verified our LFQ-MS results using western blot to deter-
mine the abundance of peroxisomal proteins in our cell lines.
Vor-treated U937 cells contained moderate levels of peroxi-
somal proteins, compared to Vor-maintained B8 cells, which
contained the highest peroxisomal protein levels, while vehi-
cle-treated U937 cells contained the lowest levels (Figure 2A).
We next expanded our analysis to examine the levels of
additional proteins in peroxisome biology in extracts from
U937 cells before and after treatment with Vor, alongside B8
cells maintained or not (wash-off, WO) in Vor. We profiled
proteins from the peroxisomal importomer complex (PEX13
and PEX14), peroxisomal protein trafficking proteins (PEXS5,
PEX7), and members of peroxisomal exportomer complex
(PEX1 and PEX6), which exports PEX5 and PEX7 into the
lumen [16]. Collectively, PEX5, PEX1, PEX6, and PEX26
orchestrate pexophagy [17]. We observed that Vor-
maintained B8 cells had the highest levels of the aforemen-
tioned peroxisomal proteins, many of which were repressed
after the cells were cultured in the absence of Vor (Figure 2B).
Many peroxisomal proteins were increased, in a time-
dependent fashion, upon acute Vor treatment of U937 cells,
but none reached the elevated levels observed in Vor-
maintained B8 cells (Figure 2B).

Our data suggested that the increase in peroxisomes
observed in our models was dependent on the presence of
the HDAC inhibitor Vor. HDACi treatment results in the
net acetylation of histone proteins, which results in tran-
scriptional activation [24]. We therefore assessed whether
Vor-induced upregulation of peroxisomes occurred at the
mRNA level. The expression of a broad panel of PEX
mRNAs was detected using qPCR (Figure 2C). We found
that the mRNA expression of all PEX transcripts, with the
exception of PEX26 and PEXI14, were significantly upregu-
lated in B8 cells maintained in Vor, compared to the same
cells wherein the Vor was washed off for 1 week
(Figure 2C). Similar results were obtained in U937 cells
acutely treated with Vor, compared to vehicle-treated
U937 cells, with PEX26 and PEX14 levels not being induced
with acute HDACi treatment. We included FOXOI and
MAPILC3B in our qPCR analysis (Figure 2C), both known
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Figure 2. Pexophagy occurs in proportion to whole-cell peroxisome levels. (A) Immunoblot validation of Fr.1 from all conditions, alongside respective whole-cell
extracts (inputs). Peroxisomal proteins: CAT, ACSL1, PEX11B, PEX19 and PEX3. LAMP2 and LC3B-Il are lysosome and autophagosome protein, respectively. (B) Whole-
cell extract peroxisomal protein profile. Shown are acute Vor-treated U937 cells (6,12,18 h), chronically-treated B8 (Vor) and B8 cells washed-off from Vor for one
week, referred to as B8 washoff (WO). All samples were treated with CQ. ACTB is a loading control. (C) Relative mRNA expression of PEX genes in vehicle and Vor
(2 pM)-treated U937 cells, Vor-maintained B8 (B8 [Vor]), and vehicle-cultured B8 (WO) cells. MAP1LC3B and FOXO1 are shown as positive controls for HDACi-induced
transcriptional upregulation. All samples were normalized to the housekeeping gene ACTB. (D) Schematic of pexophagy. Ubiquitinated PEX5 is attached to the outer
surface of the peroxisome and binds the cargo receptors SQSTM1 or NBR1, which facilitates peroxisomal engulfment into an expanding autophagosome (AP). (E)
PEX5-Ubiquitin colocalization (+CQ) in vehicle (DMSO)-treated U937, Vor-treated U937, and B8 cells chronically maintained in Vor, with quantitation show below. (F)
PEX5 and SQSTM1 colocalization, and (G) PEX5 and NBR1 colocalization (+CQ) in vehicle (DMSO)-treated U937, Vor-treated U937, and B8 cells chronically maintained
in Vor. Insets shown for each condition (scale bar for D and E: 10 um). (H) Number of colocalized puncta per condition (merge) from analyses of (F) PEX5 with
SQSTM1, and (G) PEX5 with NBR1 are shown below respective images. (I) Co-immunoprecipitation of PEX5 with SQSTM1 (top), and corresponding inputs (below). All
Vor treatments are 2 uM (18 h U937, chronic treatment B8), and CQ 25 puM (18 h).

to be transcriptionally upregulated by HDACi [25]. Thus, Peroxisome homeostasis, a balance of peroxisome biogenesis
Vor enhanced the expression of the majority of the perox- and degradation, is required to maintain appropriate peroxi-
isomal proteins we examined at the transcriptional level. some number and quality [26]. The abundance of peroxisomal



proteins within Fr.1, and whole-cell extracts of Vor-maintained
B8 cells prompted us to hypothesize that pexophagy may be
utilized in our model system to maintain peroxisome home-
ostasis as a consequence of HDACi-induced peroxisome
increase (Figure 2C). Molecular signatures of pexophagy
include the ubiquitination of PEX5, or peroxisomal membrane
proteins, followed by an interaction with the autophagy recep-
tors SQSTM1 [9], and/or NBR1 on the peroxisome surface
[27,28] (Figure 2D). To investigate pexophagy in our models
of Vor sensitivity and resistance, we first analyzed levels of
ubiquitinated PEX5, and PEX5 interacting with SQSTMI in
DMSO- and Vor-treated U937 cells, and Vor-resistant B8
cells. Immunofluorescence analyses showed that PEX5 and ubi-
quitin colocalized to the greatest extent in cells acutely treated
with Vor, with high co-localization in B8 cells also observed,
compared to DMSO-treated U937 cells (Figure 2E). We
recorded high levels of SQSTM1 co-localized with PEX5 in
both Vor-treated U937 and B8 cells maintained in Vor. DMSO-
treated U937 cells contained the lowest quantified levels of
SQSTM1-PEX5 co-localization (Figure 2F,H). We next tested
whether there was any differential contribution for the pexo-
phagy receptor proteins SQSTMI1 and NBRI between our
HDACi-sensitive and -resistant models. Immunofluorescence
analysis of PEX5 and NBR1 in the presence of Vor demon-
strated a less-pronounced co-localization compared to that
observed between PEX5-SQSTM1 (Figure 2G,H). We further
demonstrated an interaction of SQSTM1 with PEX5 by immu-
noprecipitation in vehicle and Vor-treated U937 cells, as well as
Vor-maintained B8 cells (Figure 2I). However, we were not able
to detect a PEX5-NBRI interaction via immunoprecipitation
(Figure 2H and S3A). Thus, in our model systems and in the
presence of Vor, PEX5 interacted with SQSTM1, with little to
no interaction with NBRI.

Silencing of the exportomer complex in Vor-maintained
B8 cells induces pexophagy and increases apoptosis

Having shown that Vor-cultured B8 cells have increased per-
oxisomes at baseline, relative to U937, and that pexophagy is
occurring, we next tested the impact of disrupting peroxisome
homeostasis on the survival of drug-resistant B8 cells. PEX1,
PEX6, and PEX26 are components of the exportomer complex,
which collectively function to suppress pexophagy [17]. Thus,
genetic silencing of PEXI, PEX6, or PEX26 is expected to
promote pexophagy [17,29,30] (Figure 3A, schematic). We
genetically silenced each of the exportomer components PEX1,
PEX6, and PEX26 (Figure 3A, right). Upon silencing of PEXI,
PEX6, or PEX26, immunofluorescence analysis revealed an
increased co-localization of PEX5 with ubiquitin, and
SQSTM1 (Figure 3B,C), both hallmarks of pexophagy [9,17].
Silencing of the exportomer components in B8 cells also
resulted in reduced puncta containing ABCD3, which serves
as a marker for peroxisome levels (Figure 3D). Finally, we
observed that B8 cells underwent apoptosis upon exportomer
silencing, compared to the scrambled control siRNA (siSCR)-
transfected cells (Figure 3E). The latter was consistent with our
hypothesis that silencing the exportomer complex promoted
pexophagy, thus peroxisome homeostasis was disrupted, and
increased apoptosis ensued in Vor-maintained B8 cells.
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B8 cells cultured in the absence of Vor (B8-WO) and
U937 cells were shown to express similar levels of peroxiso-
mal proteins (Figure 2B). This gave us the opportunity to
determine whether the induction of apoptosis upon geneti-
cally silencing PEX26 in B8 cells was dependent on the
presence of superfluous peroxisomes that characterize Vor-
maintained B8 cells. To address this, we performed a side-by-
side comparison of the apoptotic effects of silencing PEX26
expression in U937 cells, B8 WO cells, and Vor-maintained
B8 cells. In B8 WO cells silenced for PEX26, we observed no
induction of apoptosis compared to its respective siSCR con-
trol (Fig. S3B and S3C). As expected, PEX26 silencing
increased apoptosis in Vor-maintained B8 cells versus
respective scrambled control (Fig. S3B and S3C). Moreover,
while an increase in apoptosis was observed in siPEX26-
transfected U937 cells, apoptosis was not further enhanced
upon Vor treatment of PEX26-silenced U937, compared to
the same siSCR-transfected cells treated with Vor (Fig. S3B
and S3C). Finally, we directly compared apoptosis levels
between PEX26- and PEX3-silenced B8 cells and observed
no significant difference in apoptosis between both
approaches (Fig. S3D and S3E). These data demonstrated
that disrupting peroxisome homeostasis under conditions
where peroxisomes are in excess, as is the case in Vor-
maintained B8 cells, resulted in apoptosis. Thus, peroxisomes
are suggested to be partial mediators of drug resistance in B8
cells.

ATM is a mediator of apoptosis upon PEX26 silencing in
therapy resistant B8 cells

We next sought to uncover the mechanism by which PEX26-
silencing promotes apoptosis. A previous investigation in
hepatocellular carcinoma (HepG2) cells demonstrates that
ATM signaling drives monoubiquitination of PEX5 at the
peroxisomal membrane followed by SQSTM1-PEX5 binding,
ultimately leading to pexophagy [9]. We examined whether
ATM signaling was implicated in the apoptosis that ensued
when we promoted pexophagy via silencing PEX26 in Vor-
cultured B8 cells. We treated B8 cells with two well-described
ATM inhibitors termed KU55933 [31] or KU60019 [32],
which, as expected, resulted in decreased phosphorylation of
both ATM (S1981) and H2AX (S139) (Fig. S4A and S4B).
Pharmacological ATM inhibition with either KU55933 or
KU60019 rescued the siPEX26-induced apoptosis detected in
B8 cells (Figure 4A,B and S4C). We next determined the
impact of blocking ATM on peroxisome levels by assessing
ABCD3 puncta. As anticipated, treatment of B8 cells with
PEX26 siRNA reduced ABCD3 puncta levels versus control
cells (Figure 4C). However, treatment with either KU55933 or
KU60019 reverted peroxisome levels toward those observed in
control scrambled RNA-treated B8 cells (Figure 4C,D). Thus,
apoptosis upon PEX26 silencing in B8 cells was partially
attributed to an ATM-mediated decrease in peroxisomes.
Thus far, we have used PEX26 siRNA to induce pexophagy
in our chemo-resistant cells. We next tested whether the
chemical inducer of pexophagy, 3-aminotriazole (3-AT) [33],
induced apoptosis in B8 cells and whether apoptosis was
mediated by ATM. 3-AT treatment induced apoptosis in B8
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cells (Figure 4E), concomitant with a significant reduction in
peroxisome levels (Fig. S4D and S4E). Moreover, co-treatment
of B8 cells with 3-AT and either ATM inhibitor (KU55933,
KU60019) partially rescued apoptosis (Figure 4E). Together
our data suggested that pexophagy-induced apoptosis in drug-
resistant cells proceeds via an ATM-dependent mechanism.

PEX26 CRISPRi melanoma cells exhibit decreased
peroxisome function and increased pexophagy

Our findings in B8 cells, a unique model of drug resistance,
underscored the importance of assessing the impact of pro-
moting pexophagy in other model systems. To address this,
we focused our efforts on BRAF-mutated A375 melanoma
cells, which classically exhibit therapy resistance and are
amenable to genetic engineering approaches and in vivo
modeling [34,35]. We stably repressed PEX26 transcription
in A375 cells using CRISPRi (Figure 5A) [36]. Immunoblot
profiling of A375 (dCas9 clone A4) sgPEX26-2 and
sgPEX26-4 cell extracts demonstrated a reduction in the
expression of peroxisome exportomer complex proteins,
PEX1, PEX6, and PEX26, and the peroxisomal matrix
import protein PEX5, compared to A375 sgSCR control

B8 siSCR vs siPEX26
ATMi-KU55933

B8 siSCR vs siPEX26
ATMi-KU60019
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(Figure 5B). Similar to our B8 model, repression of PEX26
reduced peroxisomal puncta in sgPEX26 A375 cells, com-
pared to their sgSCR counterparts (Fig. S5A). Importantly,
we also observed increased pexophagy in sgPEX26 versus
sgSCR  cells, as demonstrated by enhanced co-
immunoprecipitation of SQSTM1 with PEX5 in sgPEX26
A375 cells (Figure 5C left, and S5B). Immunoblot densito-
metry quantitation of SQSTM1 co-immunoprecipitated with
PEX5, demonstrated a relatively high ratio of SQSTMI1
bound to PEX5 in CQ-treated sgPEX26 cells versus CQ-
treated scSCR controls (Figure 5C, right). The densitometry
measurements were reflective of input levels for each con-
dition (Figure 5C, left). To complement the co-
immunoprecipitation findings, we performed immunofluor-
escence colocalization analysis of SQSTM1 with PEX5 and
observed enhanced SQSTM1-PEX5 colocalization
(Figure 5D). To further demonstrate that pexophagy was
occurring, we blocked autolysosome formation, and hence
peroxisome degradation, using CQ (Figure 5E, top). Here,
we observed the highest fold-changes in ABCD3 puncta
accumulated upon CQ versus vehicle treatment of sgPEX26
cells, when compared to CQ and vehicle-treated sgSCR cells
(Figure 5E bottom, and S5C). The above data demonstrated
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that CRISPRi-mediated silencing of PEX26 in A375 cells
provided a reliable model of pexophagy.

We next investigated the integrity of peroxisome-specific
functions in the aforementioned model system, as silencing of
PEX26 resulted in defects in the import of peroxisomal matrix
proteins (Figure 5F,G). As a consequence of decreased PEX5
levels, hence defective matrix-cytosol shuttling, import of the
peroxisomal matrix protein CAT was severely dampened in
sgPEX26 compared to sgSCR A375 cells (Figure 5F top, bottom).
To further investigate this, we engineered our CRISPRi model
system to express a GFP-PTS1 vector, which served as a reporter
for generalized PEX5-mediated import of PTS1-bearing proteins
[37]. Similar to the CAT-ABCD3 colocalization assay (Figure 5F),
we observed decreased GFP-PTS1 import in sgPEX26 vs. sgSCR
A375 cells (Figure 5G). Specifically, Pearson values for sgPEX26
cells were reminiscent of PTS1-ABCD?3 colocalization values of
the PEXI hemizygous peroxisome biogenesis disease (PBD)
model cell line, M2H (Figure 5G, bottom right panel).

We next investigated the impact on specialized peroxisome
functions in sgPEX26 versus sgSCR A375 cells. Peroxisomes
mediate the early steps of plasmalogen synthesis and beta-
oxidation of VLCFAs to long-chain fatty acids (LCFAs)
[13,38]. ACOXI1 (acyl-CoA oxidase 1) facilitates peroxisomal
VLCFA beta-oxidation following its trafficking to the peroxiso-
mal matrix via PEX5 [39,40]. ACOX1 is synthesized as a 75-kDa
protein (ACOXla) and is cleaved into 53-kDa (ACOX1b) and
22-kDa (ACOXIc) products within the peroxisome [41]. Thus,
relatively high levels of ACOX1a, and low levels of ACOX1b and
ACOXlc, versus control cells, can serve as a surrogate marker of
peroxisome import and function [41,42]. In PEX26 CRISPRi
cells, we observed decreased cleavage of ACOXla, consistent
with our observations of decreased peroxisomes and hence over-
all peroxisomal function (Figure 5H and S6A). We finally
assessed the function of peroxisomes in PEX26 CRISPRi A375
cells, versus sgSCR controls, by measuring lysophoshatidylcho-
line (LPC) and plasmalogen levels. We observed an approxi-
mately two-fold increase in 26:0 LPC in sgPEX26 versus sgSCR
cells (Figure 5I and S6B-H), which suggested defective VLCFA
beta-oxidation in PEX26 CRISPRI cells. Numerous plasmalogen
species (Fig. S6I-N), and consequently total plasmalogens
(Figure 5]), were markedly reduced in PEX26 CRISPRi A375
cells. Collectively, these data demonstrated that CRISPRi-
mediated repression of PEX26 compromised import and
known peroxisomal functions and served as a suitable tool to
interrogate the effects of enhanced pexophagy in a cancer model.

CRISPRi-mediated PEX26 silencing attenuates tumor
relapse in a xenograft melanoma mouse model

BRAF-mutated A375 cells are sensitive to the BRAF inhibitor
vemurafenib and can develop acquired resistance upon
chronic exposure to vemurafenib [35]. We next tested the
response of PEX26-silenced A375 cells (sgPEX26-4) to long-
term treatment of vemurafenib (Figure 6A). While both the
sgSCR control cells and the sgPEX26 cells responded to
vemurafenib initially (Figure 6B and S7A, left panel), the
sgSCR cells developed resistance after two weeks as expected
(Figure 6B and S7A). Importantly, the sgPEX26 cells showed
delayed development of vemurafenib resistance and grew
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significantly slower compared to the s¢gSCR cells (Figure 6B
and S7A). This phenotype was rescued when sgPEX26 cells
were maintained in media containing the ATM inhibitor
KU55933 (Figure 6B and S7A).

We next examined the in vivo effects of stable PEX26
knockdown on A375 tumor initiation, outgrowth, and
response to pharmacological inhibition of BRAFY**F using
the vemurafenib analog PLX4720 [35] (Fig. S7B). A375-
sgSCR or sgPEX26-4 cells were subcutaneously injected
into both flanks of NOD/SCID mice. We observed no sig-
nificant difference in tumor outgrowth, or time to tumor
palpation, between the sgSCR and sgPEX26-4 cohorts of
mice fed control chow (Figure 6C). In a separate cohort,
mice from each group (sgSCR and sgPEX26-4) were
switched from control chow to chow containing PLX4720
when the tumors reached a volume of approximately
200 mm”’ [43,44] (Figure 6D and S7B). We noted no appre-
ciable difference in initial anti-tumor response to PLX4720
between the sgSCR and sgPEX26-4 cohorts (Figure 6D).
At day 30, we observed the maximum reduction in tumor
volume in both the sgSCR and sgPEX26-4 groups
(Figure 6D). It is well established that resistance to the anti-
tumor effects of vemurafenib in mice and patients develops
over time [43,45]. Thus, mice were kept on PLX4720 chow
to test for the effect of PEX26 knockdown on the time to
tumor relapse, that is, the time to the acquisition of resis-
tance to PLX4720 by measurable tumor volume. We
detected the first relapsed melanoma 2 d after robust
PLX4720-mediated tumor shrinkage (Figure 6E). Forty-two
days following tumor response to PLX4720, approximately
88% (7/8) of the sgSCR-derived tumors recurred, while only
44% (4/9) of the sgPEX26-4-derived tumors recurred
(Figure 6E). Thus, downregulating PEX26 resulted in
delayed disease recurrence following acquired drug resis-
tance. We confirmed that the sgPEX26-4-derived tumors
expressed approximately three-fold less PEX26 mRNA than
the sgSCR-derived tumors, regardless of PLX4720 treatment
(Fig. S7C-E). Immunohistochemistry (IHC) staining for
PEX26 on tumors harvested from mice bearing sgSCR and
sgPEX26-4 tumors was then performed (Figure 6F, images).
In tumors from mice fed control chow, positive PEX26 THC
staining was exhibited in approximately 47% and 23% of
sgSCR and sgPEX26-4 tumors, respectively (Figure 6F,
graph). Similarly, in tumors from mice fed PLX4720 chow,
positive PEX26 IHC staining was present in approximately
57% and 38% of sgSCR and sgPEX26-4 tumors, respectively
(Figure 6F). Levels of peroxisomal proteins were next inves-
tigated from control and PEX26-repressed tumors. We
observed decreased protein levels of PEX26, PEX1, PEX6
and PEXS5, in sgPEX26-4 tumors from mice fed control
chow and PLX4720 chow, compared to their respective
sgSCR tumors (Figure 6G). We noted an overall increase
in p-MAPKI/ERK2-MAPK3/ERK1 expression in the
PLX4720-treated tumors (Figure 6G) versus control chow-
treated tumors, consistent with the chronic pharmacological
inhibition of BRAFY®"F resulting in feedback activation of
the MAPK1-MAPK3 pathway [46-48]. Collectively, our data
demonstrated that stably silencing PEX26 in A375 cells
downregulated the expression of PEX26-associated proteins



550 M. S. DAHABIEH ET AL.

A B A375 in vitro growth
500 - in response to vemurafenib (1 uM)
—e- sgSCR
%\ﬁ %A{, S 4001 o sgPEX26-4
i Vg N
&vie/) Sl X 190 o SUSCR#KUS5933
10,000 Cells 1 M vemurafenib 2 -0- SgPEX26-4+KU55933 .
seededin 2 M KU55933 1S 200 4 i
each well Added Crystal violet Staining  Crystal violet Staining E *
L [ [ ] [ [ | =
I ] 1 1 1 Q
Day 0 1 14 19 22 O 100 l
»
Media changes + Cells counts every 72 hours 0 - - . . . .
1 4 7 10 13 16 19 22 25
Days
C Tumor volume vs. time: D Tumor volume vs. time: E %Tumor recurrence:
control chow 200 PLX4720 chow (Day 14+) post response to PLX4720
1200 4 ' 100 4
710001 - sgSCR E 150 - sgSCR 8 80 — SgPEX26-4
£ 1| ™ sgPEX26-4 £ = SgPEX26-4 “é
= 800 %100 5 ® 60
$ 600 > 1991 | £§ 40
o -
£ 400 £ : 3 p=0.0496
= = 50 ; s 204
200 4 ' X
0 T T T T T 0 T T - T T T 0 ! 1 T T 1
0 5 10 15 20 25 0 5 10 15 20 25 30 0 10 20 30 40 50
Days post injection Days post-injection Days tumor-free

F SgPEX26-4

Control Chow

PLX4720 Chow

sg sg
SCR PEX2 sgSCR tumors  sgPEX26-4 tumors  sgSCR tumors SgPEX26-4 tumors
- control chow control chow PLX4720 chow PLX4270 chow

Cell lines

=1

20N WA g
=] o

% PEX26-positive cells
(=]

o

sgSCR sg sgSCR sg
PEX26-4 PEX26-4

Control chow PLX4720 chow

Figure 6. CRISPRi-mediated PEX26 silencing attenuates tumor relapse in a xenograft melanoma mouse model. (A) Schematic of in vitro vemurafenib treatment of
A375 dCAS9 sgSCR and A375 dCAS9 sgPEX26-4 cells. (B) in vitro growth curve of sgSCR and sgPEX26-4 cells in response to 1 uM vemurafenib treatment, maintained in
media containing DMSO or 2 pM KU55933. (n = 3, Two-way RM ANOVA with Tukey's multiple comparisons test). (C) Measurements of A375 dCAS9 sgSCR and A375
dCAS9 sgPEX26-4 tumor volume (mm?) versus days post subcutaneous-injection into 6-10 week old female NOD/SCID female mice (5 mice per group) fed control
chow. At day 25, once a critical tumor volume (approximately 1200 mm?>) was reached by at least one mouse, both groups were sacrificed. Tumor volumes were
measured every 2-3 d until the endpoint was reached. No significant differences in tumor volume were observed. (D) Tumor volume versus time (days) plot of sgSCR
and sgPEX26-4 injected mice. Mice were fed control chow until day 14 (gray dashed vertical line), then chow was switched to the Vemu analog, PLX4720. (E)
Recurrence-free survival plot of PLX4720-chow-fed mice injected with A375 dCAS9 sgSCR or A375 dCAS9 sgPEX26-4 cells (p = 0.0496). (F) Top: PEX26 immunohis-
tochemistry (IHC) 3,3'-Diaminobenzidine (DAB) staining of control chow and PLX4720-fed mice, bearing either sgSCR or sgPEX26-4 tumors. Nuclei are stained blue
with hematoxylin. Scale bar: 20 pm. Bottom: comparative percentages of PEX26-positive stained (= 0.2 mean DAB intensity/cell) sgSCR versus sgPEX26-4 tumors from
mice fed control chow (*p = 0.0373, Student’s t-test) and PLX4720 chow (*p = 0.0343, Student’s t-test). (G) Representative immunoblots from sgSCR and sgPEX26-4
tumors from mice fed control chow, or PLX4720. Shown are PEX26, PEX1, PEX6, and PEX5 (peroxisomal proteins), p-MAPK1-MAPK3 (control for MAPK/ERK
reactivation upon chronic PLX4720 treatment), MAPK1, and ACTN1 as a loading control).
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Figure 7. A signature of elevated pexophagy is correlated with increased survival across multiple cancer types. Gene Expression heat maps of PEX1, PEX6, PEX26 and
MTOR expression (negative regulators of pexophagy) in (A) DLBCL (GSE10846), (B) Lung cancer (Rousseaux, GSE30219), and (C) melanoma (SKCM-TCGA) cohorts. (D-
F) Kaplan-Meier plot (Cox survival) of PEX6, PEX26, and MTOR expression in DLBCL, lung cancer and melanoma cohorts, respectively. p-values for Kaplan-Meier plots

are shown in the top right of each plot.

and forestalled the acquisition of resistance to MAPK-
targeted therapy in vivo.

A gene expression signature of elevated pexophagy is
a prognostic marker for increased overall survival across
various cancers

To establish whether our experimental findings had potential
clinical relevance, we utilized SurvExpress [49], a biomarker
and survival analysis validation tool, to assess whether
a putative pexophagy gene signature consisting of PEXI,
PEX6, PEX26 and MTOR (mechanistic target of rapamycin
kinase), could be used to predict outcomes in tumor cells
from cancer patients. The exportomer complex (PEXI,
PEX6, PEX26) is a negative regulator of pexophagy
(Figures 3-5) [17,29], and MTOR is a bona fide negative
regulator of both autophagy [31] and pexophagy [18]. PEX1
expression did not differ between high- and low-risk groups
in diffuse large B cell lymphoma (DLBCL), but opposed the
trends observed for PEX6, PEX26 and MTOR in lung cancer
and melanoma cohorts (Figure 7A-C and S8A-C). Exclusion
of PEXI from Cox-survival analyses did not significantly alter
survival probability amongst cohorts (Fig. S8D-F). High
expression levels of PEX6, PEX26 and MTOR were associated
with high-risk, or decreased survival, in DLBCL, lung cancer
and melanoma patients (Figure 7A-C). Subsequent Cox
regression for survival analyses using a PEX6, PEX26 and
MTOR gene signature were performed on two groups, low-
risk (increased probability of survival) or high-risk (decreased
probability of survival), of individuals based on gene expres-
sion values (Figure 7D-F). In all three cohorts, we observed

statistically significant increases in survival in groups with low
expression of our gene signature, predicting that increased
expression signature of pexophagy-promoting genes in
tumors may be attributed to increased patient survival.

In addition to pexophagy, peroxisome levels can be
reduced via decreased expression of peroxisome biogenesis
genes PEX3, PEX16 or PEX19 [18]. Thus, we next examined
whether low expression levels of the above genes were asso-
ciated with significantly increased survival amongst cancer
patients. Upon examination of PEX3, PEXI6, and PEX19
transcript levels in the same DLBCL, lung cancer, and mela-
noma cohorts (Figure 7), we observed no significant differ-
ence in gene expression between low risk (increased survival)
and high risk (decreased survival) groups (Fig. S8G-I).
Opverall, analyses of publicly available data demonstrated that
low expression of negative regulators of pexophagy (PEX6,
PEX26, MTOR) would predict increased pexophagy,
decreased therapy resistance, and increased patient survival
(Figure 7).

Discussion

This body of work supported that disrupting peroxisome
homeostasis in cancer is a potential unconventional method
to overcome or forestall therapy resistance (Figure 8). In this
study, pexophagy, and paradoxically peroxisomes, were found
to be elevated in HDACi-resistant B8 cells compared to the
sensitive line, as identified by our MS analysis of autophago-
some-enriched fractions. We discovered that HDACi treat-
ment upregulated peroxisomes at the transcriptional level
versus untreated U937 (B8 parental) cells (Figure 2C).
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Figure 8. PEX26 silencing mislocalizes peroxisomal matrix proteins, promotes pexophagy and enhances therapy sensitivity. (Top) Drug-resistant cells exhibit
increased levels of peroxisomes compared to therapy-sensitive cancer cells. (Middle) When the exportomer complex (PEX1, PEX6, PEX26 — abbreviated with
numbered circles) is functional, PEX5 can be recycled back to the cytosol to shuttle PTS1-bearing proteins to the peroxisomal matrix. When the exportomer complex
is downregulated via PEX26 silencing or inhibition, ubiquitinated PEX5 interacts with the pexophagy receptor SQSTM1 (or NBR1), which mediates increased
engulfment by autophagosomes. ATM localizes PEX5 to the peroxisomal membrane to facilitate pexophagy [9]. (Bottom) Peroxisomes are generally elevated in
therapy resistance, while inducing peroxisomal matrix protein import deficiencies and/or pexophagy promotes therapy sensitivity.

However, our data were consistent with a model whereby B8
cells, in an attempt to maintain peroxisome homeostasis,
countered the increase in peroxisomes by engaging pexo-
phagy. Our prior works show that HDACi treatment of
U937 and B8 cells enhances ROS levels [18,50] and increases
autophagosome abundance [3]. Thus, pexophagy may occur
upon HDACi treatment as a means of maintaining peroxi-
some homeostasis, and/or due to HDACi-mediated ROS-
mediated macromolecule damage [9,21]. Herein, we showed
that disrupting peroxisome homeostasis in B8 cells, via forced
pexophagy, triggered an ATM-dependent cell death.
Developing methods to modulate pexophagy carries impli-
cations in cancer and PBD. In Vor-maintained B8 lymphoma
cells, silencing components of the exportomer complex
(PEX1, PEX6 and PEX26), induced hallmarks of pexophagy:
PEX5 ubiquitination, PEX5-SQSTM1 binding, and reduced
ABCD3 puncta [51]. Importantly, apoptosis was increased
by approximately two-fold compared to scrambled controls
(Figure 3E). A previous report by the Walker group demon-
strates that ATM signaling at the peroxisomal membrane
mediates pexophagy in response to elevated levels of H,O,.
Conversely, ATM-deficient fibroblasts fail to undergo

pexophagy upon H,O, treatment compared to control fibro-
blasts [9]. In HDACi-resistant B8 cells, pharmacologically
blocking ATM rescued apoptosis and partially returned per-
oxisomal puncta toward baseline levels (Figure 4A-C). The
importance of ATM in response to therapy when we silenced
PEX26 was further supported in our CRISPRi A375 model
system. While we observed an induction of pexophagy upon
repressing PEX26 in A375, our data in this model also
revealed defects in peroxisomal matrix protein import. It is
thus plausible that defective peroxisomal matrix protein shut-
tling upon PEX26 silencing, rendered peroxisomes partially
dysfunctional and contributed to the observed delay in ther-
apy resistance.

Our PEX26 CRISPRi A375 model system provided a means
of investigating PEX26 silencing in a stable system (i.e. not
relying on transient transfection as in B8). A375 cells acquired
resistance to therapy, in vitro and in vivo, following an initial
anti-proliferative response to MAPK-targeted therapy [43,44].
In addition to the induction of pexophagy, stable transcrip-
tional repression of PEX26 also induced autophagy, as
demonstrated by higher levels of LC3B-II in CQ-treated
PEX26-repressed cells versus CQ-treated sgSCR controls



(Figure 5C). In support of PEX26-deficient peroxisomes pro-
moting autophagy in our model system, a recent report by
Law et al. demonstrates that genetic silencing of PEX26 (PEX1
and PEX6) induces autophagy in HeLa cells [17]. It is plau-
sible that autophagy is upregulated to either facilitate peroxi-
some degradation, or as a means of survival to cope with
potential stresses induced as a result of dampened peroxisome
levels. The data we presented in this manuscript from cancer
cells indicated that HDACi treatment upregulates peroxi-
somes, while ATM inhibition partially rescues pexophagy.
However, considering that peroxisomes did not completely
return to baseline levels upon ATM inhibition suggested that
other pathways may mediate peroxisome degradation in our
model system. Alternatively, it is plausible that not all mem-
brane-bound PEX5 molecules may be liberated upon ATM
blockade, resulting in only a partial rescue of matrix protein
import. Nonetheless, it would be of potential interest to the PBD
field to test the impact of treatment with HDACi and/or ATMi
on reverting peroxisomes toward a functional state.

The mechanism by which pexophagy induction in cancer
cells mediates apoptosis and/or attenuates tumor growth
could also be postulated based on our current understanding
of Mendelian peroxisome biogenesis disorders [52]. A clinical
feature of PBD patients, including those with PEX26 biallelic
defects, is decreased cellular levels of plasmalogens [53],
essential glycerophospholipids that mediate membrane archi-
tecture, undergo ROS quenching [53], and regulate signaling
pathways [52]. Our mass spectrometry-based measurements
of LPCs in PEX26-deficient melanoma cells showed increased
26:0 and 24:0 levels, suggesting defective beta-oxidation.
Additionally, we observed decreased plasmalogen levels in
sgPEX26 cells compared to sgSCR controls (Figure 5L]J, and
S6). AGPS (alkylglycerone phosphate synthase), a peroxisomal
enzyme imperative to the initial steps of plasmalogen synth-
esis, is elevated in aggressive (heightened migratory, invasive
and tumorigenic properties) cancer cells, RAS-transformed
cells, and primary human tumors [54]. Silencing AGPS in
aggressive breast cancer lines decreases plasmalogen levels,
tumor cell migration/invasion, and tumor growth in xeno-
grafts [54]. Future studies will focus on overexpressing plas-
malogen-synthesizing enzyme in PEX26-deficient melanoma
cells to determine the extent to which plasmalogens contri-
bute to tumor proliferation.

Finally, testing whether our pexophagy signature pre-
dicted patient outcomes across other cancer types, and
recent data highlighting peroxisomes in supporting tumor-
igenesis and therapy-resistance, may accelerate interest in
the development of chemical inhibitors directed against
peroxisomal proteins [52]. Inhibiting regulators of tran-
scription of peroxisomal exportomer genes, such as
PEX26, could be a feasible method of promoting pexophagy.
Specifically, in U20S osteosarcoma cells, PPARGC1A/PGC-
la (PPARG coactivator 1 alpha) controls the transcription
of PEX26, PEX1 and PEX6, alongside other PEX genes [55].
A small molecule against PPARGCIA (SR-18292) inhibits
PPARGC1A-dependent gluconeogenic activity in hepatic
cells, ameliorating type 2 diabetes in mouse models [56].
SR-18292 could be tested as a mode of promoting pexo-
phagy, and thus inducing apoptosis in tumor cells.
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Considering that lipid metabolism is a burgeoning field
within tumor biology [57,58], and peroxisomes are specia-
lists at an array of unique lipid-processing pathways [59],
specifically promoting pexophagy could illuminate new
therapeutic opportunities in cancer.

Materials and methods
Cell culture

U937 cells (ATCC, CRL-1593.2), B8 (Vor-resistant derived
from U937), and B8 washoff (WO, 1 week removed from
Vor) cells were maintained at cell densities ranging from
300,000-750,000 cells/mL in 75 cm? vented flasks (Corning
Inc., 430,641 U) with 1640 RPMI (Wisent Bio Products, 350—
000-CL), 10% (v:v) FBS (Wisent Bio Products, 080-150) and
0.5% (v:v) penicillin/streptomycin (Wisent Bio Products,
450-200-EL). B8 cells were constantly maintained in 2 uM
vorinostat (Cayman Chemical Company, 10,009,929).
HEK293FT and the A375 CRISPRi (see below) cells were
cultured in DMEM (Wisent Bio Products, 319-016-CL),
10% (v:v) FBS and 0.5% (v:v) penicillin/streptomycin and
maintained at 25-75% confluence in 75 cm?® vented flasks.
The patient-derived M2H PEX19%**P (stably expressing GFP-
PTS1) was kindly provided by the lab of Dr. Nancy
Braverman (Research Institute of McGill University
Children’s Hospital, Montréal, Canada). M2H cells were cul-
tured in 1640 RPMI (same additives as U937 media) and
maintained at 25-75% confluence in 75 cm?® vented flasks.
All cells were incubated at 37°C in 5% CO,, with a humidity
>80% in a Forma'™ SteriCycle'™ 37°C CO2 incubator
(Thermo Fisher Scientific).

Immunoblotting

Immunoblots were performed as previously described [18],
with the following primary antibodies (manufacturer, product
number, dilution): ACSL1 (Cell Signaling Technology, 9189;
1:1000), ACTB/B-actin (Sigma-Aldrich, A5441; 1:10,000),
CAT/catalase (Cell Signaling Technology, 12980; 1:10,000),
COX4I1/COX-IV (Abcam, ab14744; 1:500), LAMP2 (Santa
Cruz Biotechnology, SC-5571; 1:1000), LC3B-II (Cell
Signaling Technology, 3868; 1:1000), SQSTM1/p62 (Santa
Cruz Biotechnology, SC-292; 1:1000), PEX1 (BD Biosciences,
61179; 1:1000), PEX3 (Sigma-Aldrich, HPA042830; 1:1000),
PEX5 (Proteintech Group, 12545-1-AP; 1:2000), PEX6 (kindly
provided by Dr. N. Braverman, 1:2000), PEX7 (Abcam,
ab134962; 1:1000), PEX11B (Abcam, ab110004; 1:5000),
PEX13 (Proteintech Group, 26649-1-AP; 1:1000), PEX14
(Abcam, ab113286; 1:1000), PEX19 (Proteintech Group,
26649-1-AP; 1:1000).

Immunofluorescence

Immunofluorescence experiments were performed as in the
methods section of reference [18]. The following primary
antibodies were used (manufacturer, product number; dilution):
PEX5 (Proteintech Group, 12545-1-Fr.1; 1:400), ubiquitin (Santa
Cruz Biotechnology, SC-8017; 1:100), GFP (Thermo Fisher
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Scientific, GF28R; 1:250), SQSTM1/p62 (Santa Cruz
Biotechnology, SC-292; 1:100), ABCD3/PMP70 (Abcam,
ab211533; 1:200), CAT/catalase (Cell Signaling Technology,
12980; 1:500).

Flow cytometry

All flow cytometry experiments were conducted on the
LSRFortessa (BD Biosciences). Cells were initially centrifuged
at 300 xg for 5 min, washed twice in 1X PBS (Wisent, 311-
425-CL), with 5-min spins at 300 xg. For apoptosis detection
300,000 cells were co-stained with 1.5 uL of ANXA5/annexin
V-Cy5 (BD Biosciences, 559933) and 0.25 pg/mL of PI (BD
Biosciences, 51-66211E), in 1X binding buffer (BD
Biosciences, 556454) per tube.

ATM phosphorylation assay

Cells were incubated with ATMi, KU55933 (Selleck
Chemicals LLC, S1092) or KU60019 (Selleck Chemicals
LLC, S1570), for 1 h prior to treatment with neocarzinostatin
(Sigma-Aldrich, N9162; 0.5 ug/mL) for 1 h. Cells were washed
and fresh media was replaced, allowing the cells to initiate
response to genotoxic stress. Cell were collected 2 h post
treatment via trypsinization and washed twice in PBS. Cells
were fixed at room temperature (RT) in 2% PFA-PBS, fol-
lowed by two washes in PBS, and then permeabilized via the
addition of 95% ethanol dropwise, under agitation, to a final
concentration of 70% and stored at —20°C until use. Cells
were centrifuged at 900 g and washed once with cold PBS and
once with PBS containing 1% (w:v) BSA (Sigma-Aldrich,
A7906) and 0.05% (v:v) Tween 20 (Bio-Rad Laboratories,
1610781) (PBSA-T) at RT. Cells were incubated in PBSA-T
with both anti-p-H2AX(S139) (EMD Millipore, JBW301;
1:1000) and anti-p-ATM(S1981) (Cell Signaling Technology,
D25E5; 1:1000) for 1 h at room temperature. Cells were
washed with PBS, and incubated with secondary antibodies
(goat anti-rat Alexa Fluor 488 [A-11070]; goat anti-mouse
Alexa Fluor 647 [A-21237]; Thermo Fisher Scientific) for
1 h at RT. Cells were washed with PBS, followed by data
collection (minimum 10,000 events) on a BD Fortessa
(Becton Dickinson).

siRNA transfection

Transfections were performed as previously described [18].
Cells were treated for 48 h after which knockdowns were
validated and downstream experiments performed. The fol-
lowing siRNAs were used: All-stars negative control siRNA
(siSCR, Qiagen, proprietary sequence).

PEX1 Duplex (IDT):

5'-rCrUrArGrArGrArUrUrUrUrArCrArGrUrArCrUrUr
GrUrGGA-3'

5-rUrCrCrArCrArArGrUrArCrUrGrUrArArArArUr
CrUrCrUrArGrCrC-3'

PEX6 Duplex (IDT):

5'-rCrUrArCrGrCrGrUrUrCrUrArArGrUrCrGrGrArUrCr
ArCAC-3'

5'rGrUrGrUrGrArUrGrGrCrArCrUrUrArGrArArCrGrC-
rGrUrArGrCrU-3'

PEX26 Duplex (IDT):

5'- rCrUrCrArCrUrGrGrArUrArArCrArUrCrUrArAr
ArUrUrCTT-3'

5'-rArArGrArArUrUrUrArGrArUrGrUrUrArUrCrCr
ArGrUrGrArGrCrC-3’

In-gel digestion and LC-MS/MS

For MS measurements, whole cell extracts (inputs), and den-
sity centrifugation samples were lysed in AMPK buffer (see
above), then subjected to in-gel digestion and LC MS/MS as
described in reference [60].

Density centrifugation

U937 and B8 cells were each seeded at 500,000 cells/mL in
600 mL of 1640 RPMI with 10% (v:v) FBS, 0.5% (v:v) pen/
strep. U937 cells were co-treated with either DMSO/25 uM
CQ (Cayman Chemical Company, 14,194) for 18 h (U937),
2 uM Vor/25 pM CQ (U937+ Vor), or in the case of B8 cells
maintained in 2 pM Vor and treated with 25 pM CQ for 18 h.
Cells were harvested via centrifugation at 100 xg for 5 min,
media were aspirated, and pellets were washed twice with 1X
PBS. Pellets were then resuspended in 0.5 mL homogenization
(HM) buffer (0.25 M NaCl, 1 mM EDTA (Sigma-Aldrich,
EDS-1 KG) 20 mM HEPES (Sigma-Aldrich, H4034)-NaOH,
pH 7.4, + 1 tablet of cOmplete™, Mini, EDTA-free protease
inhibitor cocktail per 10 mL buffer (Roche, 4,693,159,001),
and sheared through a 26-gauge syringe until intact cells were
no longer visible under a hemocytometer. Sheared cells were
then further diluted with HM buffer and Nycodenz (Sigma-
Aldrich, D2158), to a final concentration of 52% and volume
of 2.4 mL, which was loaded on the bottom of a 13.2 mL
ultracentrifuge tube. 3 mL of 26% Nycodenz, followed by
2 mL of 24%, 2.5 mL of 20%, and 2.5 mL of 20% were
successively added overtop each other to form
a discontinuous gradient. Samples were then spun in
a Beckman Coulter Optima XPN-80 ultracentrifuge at
104,613 xg for 3 h, and the interface separating the 15 and
20% layers was isolated and spun at 21,000 xg in a table-top
centrifuge. Other interfaces were also collected and analyzed
via western blot. Following microcentrifugation, samples were
washed twice with 1X PBS + protease inhibitor cocktail, and
processed for downstream applications (western blot, mass
spectrometry, electron microscopy).

Electron microscopy

For electron microscopy (EM) processing, samples corre-
sponding to Fr.1 were pelleted according to the final step of
the Nycodenz density centrifugation protocol, washed 3X in
1X PBS to remove excess Nycodenz, then fixed in 2% for-
maldehyde and 2.5% glutaraldehyde in 0.1 M sodium cacody-
late buffer, pH 7.4. Samples were stored at 4°C, then processed
via initially washing 3X in cacodylate buffer, then incubating
in 1% osmium tetroxide-1.5% potassium ferrocyanide (in H,
O) for 1 h at RT in the dark. Pellets were then washed in H,



O (or in malelate buffer pH 5.15) 3-4x 1% uranyl acetate in
H,0 (or in maleate buffer) for 30 min - 1 h, followed by
a wash in H,0 3x with subsequent dehydration: 70% EtOH
15 min, 90% EtOH 15 min, 100% EtOH 2 x 15 min. Samples
were then incubated with propyleneoxide (Sigma-Aldrich,
82,320) for 1 h followed by Infiltration: Epon-epoxy embed-
ding medium (Sigma-Aldrich, 45,345) mixed 1:1 with propy-
leneoxide at RT 2-3 h. An embedding mold filled with freshly
mixed Epon was prepared, whereby samples were placed and
placed in an oven for polymerization for 24-48 h at 60°C.

In vitro growth curve

A375 sgSCR and sgPEX26-4 cells were seeded at 10,000 cells/
well in 6-well plates on day 0. The next day, cells were treated
with 1 M vemurafenib (Plexxikon, Berkeley, CA) and 2 uM
KU55933 or corresponding control as indicated. Cells were
manually counted from day 1 and every 3 d. When confluent,
cells were trypsinized and subsequently seeded in a new plate
as indicated in Figure 6A.

Immunoprecipitation (IP)

U937 and B8 cells were co-cultured under the same condi-
tions used for autophagosome enrichment described in the
density centrifugation section above, at a density of 500,000
cells/mL in 30 mL of respective media for each PEX5 or IgG
IP. For CRISPRi A375 cell lines, 1 x 10° cells were initially
seeded into 15 mL of respective media (see cell culture section
of methods for details) in a 75-cm? flask, and vehicle (H,O) or
25 uM CQ was added 48 h post-seeding. Cells were harvested
24 h later. For U937, B8, and A375 PEX5 and SQSTMI1 co-
immunoprecipitations, cells were harvested from 75 cm?
flasks by pipetting (U937, B8), or trypsinization (A375), and
washed twice in sterile 1X Dulbecco’s PBS (Multicell, 311-425
CL). Cells were next lysed on ice for 15 min with 1X CST lysis
buffer (Cell Signaling Technology, 9803), 0.384% v:v protease
inhibitor (Sigma-Aldrich, P8340), 0.384% phosphatase inhibi-
tor cocktail 2 (Sigma-Aldrich, P5726), 1% v:v phosphatase
inhibitor cocktail 3 (Sigma-Aldrich, P0044). Extracts were
then centrifuged at 10,000 xg for 10 min and the supernatant
was transferred to fresh 1.5-mL tubes. Lysates were quanti-
tated and diluted to 1 mg/mL in 1X CST buffer with inhibi-
tors. All lysates were then pre-cleared with 30 pL of Protein
G Dynabeads™ (Thermo Fisher Scientific, 1004D) and incu-
bated on a nutator for 1 h at 4°C. Lysates with beads were
then spun at 1500 xg for 2 min, placed over a magnetic stand,
and supernatants were transferred to new 1.5-mL tubes. For
PEX5 immunoprecipitations, 2.5 ug of PEX5 antibody
(Proteintech Group, 12,545-1-AP) was added to sample
tubes containing 1 mg of protein extract in 1 mL lysis buffer,
while 2.5 ug of IgG control antibody (Proteintech Group,
3000-0-AP) was added to separate tubes containing 1 mg of
respective protein extracts in 1 mL lysis buffer. Samples were
then incubated overnight (16-18 h) on a nutator at 4°C. The
following day, 30 uL of Protein G Dynabeads were added to
all samples and incubated for 1 h on a nutator at 4°C. Samples
were quick spun at 1500 xg for 1 min and placed on a mag-
netic stand for 2 min. The supernatant was gently aspirated,
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and beads were washed by taking samples off the magnetic
stand and pipetting up and down with cold 1X CST buffer
(with inhibitors) over ice. Samples were then placed back on
the magnetic stand, and the wash procedure was repeated two
more times. After the last wash, samples were kept on the
magnetic stand, liquid was aspirated, and 120 pL of 1X Blue
Loading Buffer Pack cocktail (Cell Signaling Technology,
7722) was added to all samples, tubes were vortexed, and
incubated at 95°C for 8 min. Protein extracts were separated
from magnetic beads and loaded on acrylamide gels for down-
stream immunoblot analysis.

Densitometry measurements

Intensity of each band (Gray Mean Value) was quantified
using Image] (ROI tool), background value was measured at
a blank region of the same film and was subsequently sub-
tracted from the gray mean value of each band.

Mass-spectrometry (MS) analyses

All MS data presented in this manuscript were uploaded onto
Proteomics IDEntifications (PRIDE) database (PXD013926)
Using the label-free quantification function from MaxQuant
software (version 1.4.1.2), output data from nine autophago-
some enrichment experiments (U937 DMSO/CQ, U937
+ Vor/CQ, B8+ Vor/CQ, n = 3), and nine respective whole
cell extract inputs (U937 DMSO/CQ, U937+ Vor/CQ, B8
+ Vor/CQ, n = 3) was arranged into a single file containing
peptide identities, counts, intensities, etc (see attached MS
data). With Perseus software (version 1.6.7.0, MaxQuant plat-
form), rows containing “reverse” and “contaminant” were
initially removed, followed by rows, which contained a zero-
intensity value for peptides across all rows. We first examined
(Logy) relative peptide intensities from each Fr.1 based on the
following criteria: (1) scored a p-value of 0.05 or lower upon
a Student’s t-test comparison between biological triplicates of
two conditions (e.g. n = 3, B8+ Vor/CQ vs. n = 3, U937
+ DMSO/CQ), (2) corresponding peptide intensities were
two-fold greater with respect to the conditions under compar-
ison, and (3) identified protein identities overlapped between
two separate t-tests (e.g. common B8 proteins between B8 vs
U937 and B8 vs U937+ Vor). The same approach was fol-
lowed for analysis of inputs. For selectivity analysis (B8+ Vor/
CQ Fr.1 vs. B8+ Vor/CQ input), a Student’s t-test of respec-
tive biological triplicates was performed and analyzed based
on a minimum two-fold enrichment and p-value of 0.05 or
lower.

RNA expression analyses

A “negative regulation of pexophagy” signature was first
assembled consisting of PEX1, PEX6, PEX26, and MTOR.
This signature was analyzed in DLBCL (GSE10846), lung
cancer (Rousseaux, GSE30219), and melanoma (SKCM-
TCGA) data sets using SurvExpress, an online tool for bio-
marker validation in cancer gene expression [49]. Original
(Quantile-Normalized) data sets were censored based on
days to death and last follow up and divided into two risk
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groups: “high risk” and “low risk” based on prognostic index
rank from the Cox model. Heat maps of each gene were
generated based on risk groups, with gene expression values
plotted with respect to each individual (within a risk group).
Histograms were embedded within scale bars to display the
number of individuals with a given expression value. P-values
were also displayed which are based on relative gene expres-
sion levels between “high risk” and “low risk” groups.
A Kaplan-Meier curve was plotted based on aggregation of
individual gene expression and days to death/last follow up
within the data set. An aggregated p-value was also displayed
for each curve. PEXI expression opposed that of PEX6,
PEX26, and MTOR, we excluded this from downstream
Kaplan-Meier analyses, as PEX1 would further decrease the
overall p-value of the Kaplan-Meier curve, and misrepresent
the survival analyses.

qPCR

The methodology for qPCR was followed as previously
described [18]. All primer sequences are found in Table S4.

PEX26 CRISPRi cell line generation

2 million HEK293FT cells were seeded onto 10 cm dishes and
lentiviral particles were generated housing the pHR-SFFV-
dCas9-BFP-KRAB plasmid (Addgene: 46,911, depositing
labs: Stanley Qi, Jonathan Weissman) [61]. 2 mL of lentiviral
particles were transduced overtop 500,000 A375 cells in
a 10 cm dish (final volume 10 mL). Four days after transduc-
tion, BFP-positive cells were single-cell sorted (FACSAria
Fusion cell sorter) in a 96-well dish (Corning Inc., 3598)
containing A375 culture media. Two separate clones, termed
A4 and F3, from the 96-well dish were utilized for down-
stream experiments following expansion and validation by
positive immunoblot for dCAS9. PEX26 guide RNAs, termed
PEX26-2, and PEX26-4 were obtained from Human Genome-
wide CRISPRa-v2 Libraries (Addgene, 83978, 1000000091,
depositing lab: Jonathan Weissman), were cloned into the
pRNUG6-sgRNA EF1Alpha-puro-T2A-BFP (Addgene, 60955,
depositing lab: Jonathan Weissman) puromycin-resistant vec-
tor, then generated according to methods presented in [62].
Respectively, PEX26-2 and PEX26-4 and scramble sgRNAs
were:

5" GAAAGACTCACCTCGCCTCC 3/,

5" GGCTAGGGCCAGGTATTCCA 3’

5" GTCCACCCTTATCTAGGCTA 3'.

Following validation of correct cloning by Sanger
Sequencing, plasmids were incorporated into lentiviral parti-
cles and transduced overtop 500,000 A4 and F3 dCAS9-
expressing cells. Following selection in 2 ug/mL puromycin
(Sigma-Aldrich, P9620), A4 and F3 cells expressing either
sgSCR, sgPEX26-2 and sgPEX26-4 were generated.

Mouse experiments

All animal experiments complied with McGill University’s
guidelines on animal care and were conducted in pathogen-
free conditions. Twenty female nonobese diabetic (NOD)/

severe combined immunodeficiency (SCID) mice aged 6-
10 weeks old were randomized and separated into two groups
of ten. One group was subcutaneously injected in both flanks
with 1 million A375 dCAS9 sgSCR-expressing cells, and the
other group with 1 million A375 dCAS9 sgPEX26-4-expres-
sing cells. All mice were fed control irradiated chow (Research
diet, AIN-76A) until day 14, where half the mice from each
group were fed chow containing PLX4720. Tumor volumes
were measured two to three times weekly, and volumes were
calculated according to the formula: V = (W? x L)/2, where
W = width (mm), and L = length (mm), until the volume
endpoint of approximately 1200 mm® was reached. For
Recurrence-Free Survival plots, tumors that measured <
40 mm’ following PLX4720 chow administration were con-
sidered ablated, as measurement within this range were sub-
ject to high wvariability. For subsequent RNA (qPCR) and
immunoblot experiments, tumors were pulverized with
a mortar and pestle under liquid nitrogen and further pro-
cessed according to qPCR and immunoblotting techniques in
the respective aforementioned methods sections.

Immunohistochemistry staining

Tumors were harvested, fixed in 10% formalin for 24 h at 4°C,
then exchanged for 70% ethanol (EtOH) until embedding.
Slides with tissues were deparaffinized and hydrated by the
following steps at room temperature (RT): 3 incubations with
xylene for 5 min each, 2 incubations in 100% EtOH, 1 incuba-
tion in 95% EtOH, 1 incubation in 70% EtOH, running tap
water for 5 min, followed by submersion in ddH,O for 2 min.
Tissue slides were then submerged in a container containing 1X
TE (10 mM Tris-Cl, pH 8.0 + 1 mM EDTA (Sigma-Aldrich,
EDS-1 KG)), 0.5% v:v Tween 20 (VWR, 97,062-332), pH 9.0,
and pressure cooked for 20 min at maximum pressure, then
allowed to cool to RT for 1 h. Slides were then rinsed in wash
buffer (1X TBS [50 mM Tris-Cl, pH 7.5 + 150 mM NaCl], 0.1%
viv. Tween 20) and endogenous peroxidase activity was
quenched in a solution of 3% H,0, (in methanol) for 15 min,
followed by 3 changes in wash buffer for 5 min each. Next,
slides were incubated with blocking buffer (10% v:v donkey
serum [Jackson Immunoresearch, 017-000-121] in wash buffer)
for 20 min and rinsed in wash buffer. One hundred pL of
PEX26 antibody (Novus Biologicals, NBP1-32,743) at 1:500
dilution was then added over of each tissue and incubated for
1 h at RT, then rinsed in 3 changes of wash buffer for 5 min
each change. Two drops of HRP conjugate (Agilent
Technologies, K400211-2) were added overtop each tissue for
30 min and washed in 4 changes of wash buffer for 5 min each
change. 100 uL of DAB solution (Vector Laboratories, SK-4105)
was added to each slide for 2 min and 30 s and immediately
rinsed in 4 changes of wash buffer for 5 min each change, then
rinsed in ddH,O for 5 min. Tissues were then counterstained in
filtered hematoxylin for 1 min, dipped in bluing buffer (37 mM
NH,OH) 10 times, and rinsed for 5 min in tap water. Next,
tissues were dehydrated in 95% EtOH for 2 min, 100% EtOH
for 1 min (repeated twice), and xylene for 30 s (repeated 3
times). Slides were covered with a thin layer of Permount
mounting medium (Fisher Scientific, SP15-500) and
a coverslip was placed on top.



Immunohistochemistry analysis

Images of stained tissues were taken using a Ziess Axioscan
brightfield camera (20X objective). The mean DAB stain intensity
per cell was obtained using QuPath v0.2.0-m4 software with the
following method. Using the brightfield-DAB setting, a region of
interest visually containing low, medium and high DAB staining
was selected and stain vectors were estimating using automatic
program settings. Using these settings, cells were then detected
under the hematoxylin OD settings, with a requested pixel size
0.5 pm, background radius 10 um, sigma 2 pm, threshold 0.05,
and cell expansion 10 pm. From these settings positive cell detec-
tion was performed on each image, with fat cells excluded from
analysis. The “cell: DAB OD mean” value was obtained for region
of interest and the percent of cells > 0.2 (versus the total cell
number) was determined as the % DAB-positive. For multiple
images per slide, the average was taken and plotted as a single
value.

Statistical analysis

Student’s t-tests (unpaired, two-tailed, 95% confidence inter-
val) and One-Way ANOVA (Tukey’s post test) were applied
for statistical tests presented in this manuscript, using
GraphPad Prism Version 9.0.0 unless otherwise stated.
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