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Abstract

Impaired organelle-specific protein import triggers a variety of cellular stress responses, including adaptive pathways to balance protein
homeostasis. Most of the previous studies focus on the cellular stress response triggered by misfolded proteins or defective protein import
in the endoplasmic reticulum or mitochondria. However, little is known about the cellular stress response to impaired protein import in
the peroxisome, an understudied organelle that has recently emerged as a key signaling hub for cellular and metabolic homeostasis. To
uncover evolutionarily conserved cellular responses upon defective peroxisomal import, we carried out a comparative transcriptomic
analysis on fruit flies with tissue-specific peroxin knockdown and human HEK293 cells expressing dominant-negative PEX5“M4. Our
RNA-seq results reveal that defective peroxisomal import upregulates integrated stress response (ISR) and downregulates ribosome
biogenesis in both flies and human cells. Functional analyses confirm that impaired peroxisomal import induces elF2a
phosphorylation and ATF4 expression. Loss of ATF4 exaggerates cellular damage upon peroxisomal import defects, suggesting that
ATF4 activation serves as a cellular cytoprotective mechanism upon peroxisomal import stress. Intriguingly, we show that
peroxisomal import stress decreases the expression of TRNA processing genes and inhibits early pre-rRNA processing, which leads to
the accumulation of 47S precursor rRNA and reduction of downstream rRNA intermediates. Taken together, we identify ISR
activation and ribosome biogenesis inhibition as conserved adaptive stress responses to defective peroxisomal import and uncover a
novel link between peroxisomal dysfunction and rRNA processing.

Keywords: PEX5, peroxisomal import stress, integrated stress response, ribosome biogenesis, early rRNA processing

Significance Statement

The ability to sense and respond to defective organelle protein import is crucial in maintaining cellular homeostasis. Here, through
comparative transcriptomic analysis on fruit flies and human cell cultures, we show that defective peroxisomal import upregulates
integrated stress response (ISR) and downregulates ribosome biogenesis. Intriguingly, the activation of ATF4 by peroxisomal import
stress is not dependent on classical elF2a kinases, suggesting a distinct elF2a-independent mechanism for ATF4 activation.
Furthermore, peroxisomal import stress specifically downregulates early pre-rRNA processing, a unique cellular response that has
not been reported in any previous organelle stresses. Together, the activation of ISR and the inhibition of ribosome biogenesis may
serve as an adaptive mechanism to maintain protein homeostasis and cellular fitness upon peroxisomal import stress.

Introduction including adaptive pathways to maintain protein homeostasis.
Generally, cellular stress responses downregulate anabolic proc-

esses and employ energetic reserves for pro-survival functions.

Eukaryotic cells contain various membrane-bound subcellular
compartments, such as the endoplasmic reticulum (ER), mito-

chondria, and peroxisomes. Proteins that reside in each organelle
are mainly synthesized on cytosolic ribosomes and imported to
the organelles by elaborate machinery (1). Impaired protein im-
port into organelles elicits a number of cellular stress responses,

In line with this notion, unfolded protein response (UPR) in ER or
mitochondria inhibits protein translation to reduce the workload
and activates transcriptional induction of chaperones or pro-
teases to maintain protein homeostasis (2, 3). Also, mistargeting
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of mitochondrial proteins activates UPR*™ (UPR activated by pro-
tein mistargeting) to reduce global translation and increase the
proteasomal activity to modulate the proportion of unimported
precursor proteins in the cytosol (4, 5). In addition, inhibition of
mitochondrial import induces the expression of Cis1, which is as-
sociated with the mitochondrial translocase, to prevent the accu-
mulation of mitochondrial precursor protein at the mitochondrial
translocase as a surveillance mechanism (6). Moreover, it has
been shown that blockage of mitochondrial import by a “clogger”
protein immediately activates a global transcriptional program to
restore cellular proteostasis (7). However, mechanisms under-
lying the response to impaired protein targeting in other organ-
elles, including peroxisomes, are poorly understood.

Peroxisomes are central metabolic organelles in almost all eu-
karyotic cells (8, 9). The organelles play an essential role in lipid
metabolism, including beta-oxidation of very long-chain fatty
acids and alpha-oxidation of branched fatty acids, biosynthesis
of ether phospholipid and bile acid (8). Moreover, peroxisomes
play a crucial role in detoxifying reactive oxygen species (ROS)
due to their abundance of antioxidant enzymes, such as catalase
(Cat) (10). Given that peroxisomes are important in human physi-
ology, genetic defects of peroxisomal biogenesis or the absence of
functional peroxisomes are associated with severe pathology in
humans (11-13). For example, patients with Zellweger syndrome,
the most severe peroxisomal biogenesis disorder, exhibit cranio-
facial dysmorphism, hepatic dysfunction, and neurological ab-
normalities (11, 12). In addition, emerging studies suggest that
impaired peroxisomal functions increase the risk of obesity and
its complications (14, 15). Lastly, dysregulated peroxisomal im-
port function has recently been linked to aging (16, 17), cancer
(18), viral infection, immune response (19, 20), and neurodegener-
ation (21, 22).

Peroxisomal matrix enzymes are post-translationally imported
into the organelles from the cytosol. Unlike other organelles with
enclosed membranes, peroxisomes can import folded enzymes,
and then they seem to lack intraperoxisomal chaperones (23,
24). Most of the cargo proteins contain peroxisome targeting sig-
nals type 1 (PTS1) sequence at the C-terminus consisting of a ser-
ine-lysine-leucine (SKL) motif or a conservative variant (25, 26).
PTS1 proteins are transported to the peroxisomes by the shuttling
receptor PEXS. The cargo-receptor complex binds to the peroxi-
somal membrane proteins PEX13 and PEX14. After docking, the
cargo proteins are translocated across the peroxisomal mem-
brane and imported into the lumen, while receptor protein PEX5
is then mono-ubiquitinated at the cysteine 11 site by E3 ubiquitin
ligases PEX2, PEX10, and PEX12. The PEX1-PEX6 complex releases
ubiquitinated PEXS5 from the peroxisomal membrane to the cyto-
sol, and PEXS is deubiquitinated by USP9X in mammalian systems
for the next cycle of transport (26-28).

Several recent studies have found that peroxisomal protein im-
portis compromised with age (16, 17, 29-33). For instance, cat is ob-
served to be mislocalized to the cytosol in aged cells and replicative
senescent cells (31, 33). Our previous studies show that peroxisomal
import activities are significantly decreased in aged fly hepatocytes
(16, 30). However, the precise contribution of impaired peroxisomal
import to the loss of cellular homeostasis during aging remains
largely unknown. Interestingly, a recent study has unveiled peroxi-
somal retrograde signaling in Caenorhabditis elegans (34). The authors
discovered that peroxisomal import stress triggers transcriptional
upregulation of peroxisomal Lon protease lonp-2/LONP2 and cata-
lase ctl-2/CAT through NHR-49/PPARa and its co-factor MDT-15/
MED15 (34). Nonetheless, whether this retrograde signaling ob-
served in worms is conserved in mammals remains unclear.

This study aims to identify evolutionarily conserved cellular
responses to peroxisomal import deficiency through a compara-
tive transcriptomic analysis between fruit flies and human cells.
Our RNA-seq results reveal that peroxisomal import stress
triggers the induction of integrated stress response (ISR) and in-
hibition of ribosome biogenesis in both flies and humans.
Functional analyses show that defective peroxisomal import in-
duced markers of ISR, such as elF2o0 phosphorylation and ATF4
translation, consistent with previous studies using Pex2 knock-
out mice (35, 36). Additionally, we observe that peroxisomal im-
port stress downregulates the expression of ribosomal RNA
(rRNA) processing genes and inhibits the early processing of
47S precursor rRNA. Thus, our study uncovers previously un-
defined cellular stress responses to defective peroxisomal import
and links peroxisomal import stress to ribosome biogenesis and
protein homeostasis.

Results

Generation of peroxisomal import stress in
human cells and flies

Despite the emerging importance of peroxisomes in regulating
aging and diseases, little is known about how cells cope with per-
oxisomal dysfunction. The cellular stress responses to defective
peroxisomal import are largely uncharacterized. To study peroxi-
some import stress responses, we generated an inducible peroxi-
somal import blockage system in the mammalian cell culture. In
this system, we knocked in Tet-ON 3G tetracycline-inducible ex-
pression construct into the AAVS1 safe harbor locus in human
embryonic kidney-derived HEK293 cells. The inducible expression
construct contained a FLAG-tagged full-length human PEX5 with
a single amino acid substitution at position 11 (cysteine to alanine,
C11A), a conserved ubiquitination site for PEXS recycling and per-
oxisomal protein import (Fig. 1A and B). PEXS is the receptor that
recognizes cargo proteins containing peroxisomal targeting signal
type 1 (PTS1) and delivers them to the peroxisomal matrix through
docking complex PEX13/PEX14. After releasing its cargo, PEX5 is
mono-ubiquitinated through the E3 ubiquitin ligase complex
PEX2/PEX10/PEX12 and then released from the peroxisome mem-
brane by the AAA-ATPases PEX1 and PEX6. In the cytosol, the ubi-
quitin moiety is removed, and PEX5 becomes available for another
round of import (13, 37) (Fig. 1A).

Ithas shown that stable expression of PEX mutant exerts
a dominant-negative effect on wild-type PEX5 recycling and ef-
ficiently blocks peroxisomal import in mammalian cell culture
(38). In our inducible system, the PEX5°1* mutant protein level
was robustly induced by treating cells with increasing concen-
trations of doxycycline (Dox), 0.1-1 ug/mL, but not in wild-type
HEK?293 cells (Fig. 1C). Induction of the PEX5“' mutant was
able to block peroxisomal import (marked by GFP-PTS1 reporter)
without affecting peroxisomal number (marked by PEX14)
(Fig. 1D, E and G). Furthermore, we noticed that the peroxisomal
import was effectively blocked (70%) 24 h post Dox treatment
and completely blocked (100%) by 48 h post Dox treatment,
even though the highest induction of PEX5“'™ mutant protein
and cell growth defect were observed in 72h (Fig. S1).
Interestingly, unimported PTS1 signals were accumulated in
the cytosol, which may cause the imbalance of protein homeo-
stasis (Fig. 1F).

To identify evolutionarily conserved pathways involved in
peroxisomal stress responses, we also silenced peroxins in
Drosophila oenocytes, the hepatocyte-like cells containing high

5C11A
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Fig. 1. Targeting PEXS to generate peroxisomal import stress in human HEK293 cells and Drosophila oenocytes. A) Simplified model of peroxisomal import
machinery in humans. PTS1: peroxisomal targeting signal of type 1. B) Schematic diagram for the generation of tetracycline-inducible PEX5“'*4 knock-in
HEK?293 cell line (Tet-PEX5°"4). FLAG is tagged at the C-terminal of the PEX5'*4 sequence. C) Western blot to verify the PEX5“*'* expression in WT and
Tet-PEX5"* cells. 0.1 or 1 pg/mL of Dox was treated for 3 days. D) Immunostaining showing peroxisomal import activity in human Tet-PEX5* cells
with or without 1 pg/mL of Dox treatment for 3 days. Scale bar: 10 um. E-G) Quantification of the percentage GFP-PTS1 import per cell (E), percentage
unimported cytosolic GFP-PTS1 per cell (F), and peroxisomal number (marked by PEX14) per cell (G) of (D). H) Immunostaining showing peroxisomal
import activity in Drosophila oenocytes of wild-type (~RU) and Pex58VA! (+RU). PromE-GS-Gal4 driver used for inducible oenocyte-specific Pex5 knockdown.
(I-K) Quantification of the percentage of imported YFP-PTS1 per region (1), percentage of unimported YFP-PTS1 (J), and the number of peroxisome marked
by PMP70 per region (K) of (H). All experiments are presented as mean + SD; t test; ***P < 0.0001; ns, not significant; N = 10-15.

amounts of peroxisomes (30, 39). Previously, we reported that of Pex5 in Drosophila oenocyte significantly blocked peroxisomal

knocking down Pex5 in oenocytes shows increased ROS and the
production of inflammatory cytokines (30). We utilized an
oenocyte-specific GeneSwitch driver (PromE®®-Gal4) to transient-
ly knock down peroxin genes in the adult oenocytes. RU486
(mifepristone, or RU) activated PromE®®-Gal4 (+RU). Knockdown

import (indicated by YFP-PTS1 reporter) without altering
peroxisomal number (marked by Pmp70/Abcd3) (Fig. 1H, I, and
K). Like the mammalian system, unimported YFP-PTS1 reporter
proteins accumulated in the cytosol upon Pex5 knockdown

(Fig. 1J).

$20Z 1290100 9| uo 1sanb Aq 00Z£6/ ./6212ebd/ 01 /c/a1onie/snxauseud;woo dno-oliwepeoe//:sdiy Wo.ll papeojumod



4 | PNAS Nexus, 2024, Vol. 3, No. 10

Transcriptomic analysis reveals conserved
peroxisomal stress responses in human cells
and Drosophila oenocytes

Then, we performed transcriptomic analysis from human
Tet-PEX5°!4 cells and Drosophila Pex5 knockdown oenocytes to
characterize cellular responses induced by defective peroxisomal
import. RNA-seq analysis was carried out using human
Tet-PEX5°1 cells treated with or without Dox for 3 days and oe-
nocytes dissected from flies fed with or without RU486 for 5 days
(Fig. 2A).

Our RNA-seq analysis revealed great transcriptional responses
in PEX5“1* expressing HEK293 cells with 4,426 upregulated differ-
entially expressed genes (DEGs) and 3,009 downregulated DEGs
(fold-change >1.2, FDR <0.1) (Fig. 2B, File S1). On the other hand,
Pex5 knockdown in fly oenocytes produced 1,059 DEGs (587 upre-
gulated and 472 downregulated) (fold-change >1.2, FDR<0.1)
(Fig. 2C and Fig. S2). To our surprise, most of the peroxisome bio-
genesis genes and peroxisomal matrix enzymes were not signifi-
cantly upregulated in response to defective peroxisomal import
in human PEX5M* cells, except for peroxisomal Lon peptidase 2
(LONP2) (Fig. S2). In fly oenocytes with Pex5 knockdown, although
no peroxisome biogenesis genes were significantly upregulated
upon peroxisomal import stress, we found four matrix enzymes
were induced by Pex5 knockdown, hydroxyacid oxidase,
acyl-CoA oxidase (Acox57D-p, ACOX1), Cat, and xanthine de-
hydrogenase (ry) (Fig. S2). These results suggest that peroxisomal
retrograde signaling might be activated upon peroxisomal import
stress, consistent with a recent study (34). The downstream tar-
gets of the peroxisomal retrograde signaling appear to differ
across species or among different cell types.

Touncover the conserved cellular processes that were differen-
tially regulated by PEX5 mutants, we conducted gene ontology
(GO) analysis on identified DEGs. Human PEX5“"4 specifically in-
duced transcriptional regulation, apoptotic process, actin cyto-
skeleton organization, Wnt signaling, MAPK cascade, ER
unfolded protein response (UPR¥®), and Hippo signaling (Fig. 2D,
File S3). In contrast, PEX5!** downregulated translation (includ-
ing mitochondrial translation), mRNA splicing, rRNA processing,
ribosome biogenesis, mitochondrial respiration, and fatty acid
beta-oxidation (Fig. 2E, File S3).

Fly Pex5 knockdown upregulated transmembrane transport,
proteolysis, actin cytoskeleton organization, defence response, re-
sponse to ER stress, and immune system process (Fig. 2F, file S3),
while downregulated rRNA processing, ribosome biogenesis, lipid
metabolism, hydrogen peroxide catabolic process, and oxidant
detoxification (Fig. 2G, File S3). Through the GO analysis, we iden-
tified several common pathways altered upon defective peroxi-
somal import in both humans and flies. For example, both PEX5
mutants upregulate cytoskeleton organization, immunity and in-
flammatory response, and ER stress response, while downregu-
lated mitochondrial respiration, lipid metabolism, and ribosome
biogenesis including rRNA processing and ribosomal assembly.

Besides the shared pathways, we found 811 conserved DEGs be-
tween humans and flies (Fig. 3A). For example, genes in ER stress
were upregulated, such as HSP90ABI1/Hsp83 (human vs. fly),
SEC61A1/Sec6lalpha, SYVN1/sip3, DNAJB12/CG3061, HSPAIA/
Hsc70-3. In contrast, genes involved in ribosome biogenesis are
downregulated, including UTP6/CG7246, NOP10/CG7637, FBL/Fib,
NOP58/nop5, NOP58/Nop56, REXO5/Rex05, and CG9107/RRP7A. In
addition, Gene Set Enrichment Analysis (GSEA) on both PEX5 mu-
tants in fly and humans further confirmed that defective peroxi-
somal import specifically upregulated ER UPR and ISR pathways,

while downregulated ribosome biogenesis and rRNA processing
(Fig. 3B and C). Together, these results suggest that peroxisomal
import stress perturbs protein homeostasis, which leads to the in-
duction of ER and ISR and inhibition of ribosome biogenesis in
both flies and humans.

To determine whether the transcriptional changes observed
above are general peroxisomal import stress response or are spe-
cific to the loss of Pex5, we conducted additional RNA-seq analysis
on fly oenocytes with knockdown of Pex1 or Pex12. Previous studies
demonstrated that reducing the expression of both Pex1 and Pex12
led to impaired peroxisome import, although Pex1 knockdown
caused a stronger peroxisomal import defect than Pex12 knock-
down (30, 40). Consistent with these studies, we found that the
knockdown of Pex1 induced 1,008 DEGs, whereas the knockdown
of Pex12 only induced 235 DEGs (fold-change >1.2, FDR<0.1)
(Fig. S3A, File S4). A pairwise comparison of the transcriptional
changes among three Pex knockdowns indicated that Pex5 knock-
down exhibited gene expression profiles more similar to Pex1
knockdown (r=0.18), compared with Pex12 (r=0.092) (Fig. S3B).
Even though the transcriptional changes were not identical
among 3 Pex knockdowns (Fig. S3A), ER pathway was differentially
regulated in all 3 knockdowns (Fig. S3C), as well as ribosome bio-
genesis and assembly (Fig. S3D and E, File S5). Thus, the differen-
tial regulation of ER stress and ribosome biogenesis does not only
respond to the loss of Pex5; rather it is a general stress response to
peroxisomal import defects.

Although the link between peroxisomal impairment and ER
stress responses has been previously reported (35, 36), we decided
to conduct a detailed analysis to deepen our understanding of the
ER stress and ISR pathways as a conserved cellular responses to
peroxisomal dysfunction. Additionally, since the connection be-
tween peroxisomes and ribosome biogenesis has not been studied
before, we further investigated the mechanism by which peroxi-
somal import stress downregulates ribosomal biogenesis.

Peroxisomal import stress activates the ISR

Our transcriptomic analysis revealed that ER stress response
pathways are upregulated among all 3 Pex knockdowns (Pex1,
Pex5, and Pex12) in Drosophila and PEX5°**# in humans. The ER
stress pathways are mediated through 3 stress sensors, including
inositol-requiring protein 1 (IRE1), protein kinase RNA-like ER kin-
ase (PERK), and activating transcription factor 6 (ATF6) (2)
(Fig. 4A). IRE1 splices the transcription factor XBP1 pre-mRNA
into its mature form, which is translocated to the nucleus to in-
duce the transcription of molecular chaperone genes (41). PERK
phosphorylates the a subunit of eukaryotic initiation factor 2
(eIF2) at serine 51, which blocks the exchange of elF2-GDP to
elF2-GTP and global translation (42, 43). Phosphorylated elF2a
(p-elF2a) selectively enhances the translation of ATF4, a transcrip-
tion activator of genes essential for adaptive responses (44, 45).
The ATF6 branch is responsible for the transcriptional induction
of the ER chaperone genes (46).

To test whether ER stress is indeed induced by defective peroxi-
somal import, we first examined the IRE1-XBP1 branch. We em-
ployed an Xbpl-EGFP reporter in Drosophila to measure Ire-1
mediated splicing activity (47). Consistent with previous studies,
Xbp1 splicing was enhanced to produce in-frame EGFP expression
upon treating dithiothreitol (DTT), a potent ER stress inducer
(Fig. 4B and C). Surprisingly, the Xbp1-EGFP reporter was not in-
duced by Pex5 knockdown fly oenocytes (Fig. 4B and C).
Similarly, the spliced-XBP1 (sXBP1) levels remained unchanged
in human cells expressing PEX5“**4 mutant proteins (Fig. 4D
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Fig. 2. Transcriptomic analysis on peroxisomal stress response in human Tet-PEX5'# cells and Pex5 knockdown flies. A) Schematic diagram showing
RNA-seq analysis in both human cell culture and fly oenocytes. B) Volcano plot for human PEX5“*** RNA-seq (FDR < 0.1, FC > 1.2). C) Volcano plot for

Drosophila Pex5*4 RNA-seq (FDR < 0.1, FC > 1.2). D) Dot plot showing upregulated biological processes in human cells expressing PEX

5114 (Dox+)

compared with control condition (Dox-). E) Dot plot showing downregulated biological processes in human cells expressing PEX5“'** (Dox+) compared
with control condition (Dox-). F) Dot plot showing upregulated biological processes in fly Pex5 knockdown oenocytes compared with wild-type. G) Dot plot
showing downregulated biological processes in fly Pex5 knockdown oenocytes compared with wild-type.
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and E). Our finding is consistent with a previous study where Pex2
knockout mice showed no changes in IREla signaling and its
RNase activity, but the PERK pathway and ATF4 transcriptional
activities were activated in the liver of Pex2 knockout mice (35).
Similarly, we found the cleavage of ATF6 was only slightly acti-
vated, but not significantly, upon peroxisomal import stress in hu-
man cells (Fig. 4F-H). Due to the lack of fly Atf6 antibody, we did
not test the ATF6 branch in the fly model.

We then examined the PERK branch by measuring the phos-
phorylation of elF2a in both Pex5 knockout flies and PEX5M* e
pressing human cells. Contrary to IRE1-XBP1 and ATF6
pathways, we observed a significant increase in phosphorylation
of elF2a upon peroxisomal import deficiency in both flies (Fig. 41
and]) and human cells (Fig. 4K and L). In line with these observa-
tions, we also found that the protein expression of ATF4 was high-
ly induced in human PEX5°!# mutants (Fig. 4K and M). The
potential compounding effect of Dox (1 ug/mL) was excluded,
since Dox treatment alone did not induce elF2a phosphorylation
and ATF4 expression in wild-type HEK293 cells (Fig. 4K-M).
These results suggest that peroxisomal import stress activates a
specific branch of ER stress pathways, the PERK-elF2a-ATF4 axis.

The elF2a and ATF4 are also known as the core regulators of ISR
and they mediate cellular adaptation to a variety of stress condi-
tions, including ER stress (48, 49). Four known mammalian
protein kinases phosphorylate elF2a: PKR-like ER kinase (PERK),

X -

heme-regulated elF2o kinase (HRI), double-stranded RNA-
dependent protein kinase (PKR), and general control nonderepres-
sible 2 (Fig. 4A). Each kinase is activated by distinct stress stimuli
(50). We then wondered which elF2a kinase is responsible for the
induction of elF2a phosphorylation upon peroxisomal import
stress. To address this question, we knocked down the four known
elF2a kinases individually in Tet-PEX5™# cells using siRNAs
(Fig. S4) and after that treated the cells with Dox to trigger peroxi-
somal import stress. We found that only PERK knockdown attenu-
ated the phosphorylation of elF2a induced by PEX5!** expression
(Fig. 5A and B). Intriguingly, none of the elF2a kinase knockdowns
blocked the induction of ATF4 upon peroxisomal import stress
(Fig. 5A and C). ATF4 can be induced through elF2a-independent
pathways, such as mitochondrial stress response (51, 52) and
mTORC1 signaling (53-55). Although no kinase knockdown affects
the ATF4 induction, ISR inhibitor (ISRIB) treatment (56, 57) blocked
ATF4 induction under peroxisomal stress (Fig. 5D and E), indicat-
ingindependent mechanisms for elF20 phosphorylation and ATF4
activation.

It is known that ATF4 responds to oxidative stress as a redox-
regulated transcription factor (58-60). Previously, we showed
that impaired peroxisomal function induces ROS production in
Pex5 mutant flies (30). We verified that PEX5!!# expressing hu-
man cells also showed elevated intracellular ROS levels (Fig. SSA
and B). We then wonder whether ROS can activate ATF4
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Fig. 4. Peroxisomal import stress activates p-elF2a-ATF4 axis, but not XBP1 and ATF6 branches of the ER stress response pathway. A) Schematic diagram
of ER stress response and the ISR pathways. B) Immunostaining of fly oenocytes expressing Xbp1-EGFP splicing reporter upon Pex5 knockdown and DTT
treatment. Scale bar: 20 pm. C) Quantification of nucleus GFP intensity of (B). Data are presented as mean + SD; one-way ANOVA; Tukey’s multiple
comparison test: **P < 0.001; ns, not-significant; N = 3. D, E) RT-PCR analysis of unspliced-XBP1 (uXBP1) and sXBP1 in human PEX5“*** cells treated with or
without Dox (1 ug/mL). Data are presented as mean + SD; t test; ns, not significant; N = 3. F-H) Western blotting showing ATF6 cleavage human PEX5°!4
cells treated with or without Dox (1 pg/mL). Data are presented as mean + SD; t test; ns, not significant; N = 3. I, J) Western blotting showing
phosphorylation of elf2a (p-elF2q) in wild-type and Pex5~* mutant flies. Data are presented as mean + SD; t test; **, P < 0.01; N = 3. K-M) Western blotting
showing p-elF2a and ATF4 expression in human PEX5“**4 cells treated with or without Dox (1 pg/mL). Data are presented as mean + SD; one-way ANOVA;
Tukey’s multiple comparison test: **P < 0.001; ns, not significant; N =3-5.

expression upon peroxisomal import stress. To test this, we
treated PEX5°!'* expressing human cells with a ROS scavenger,
N-acetyl-L-cysteine (NAC). We observed that peroxisomal import
stress increased mRNA and protein expression of Nuclear Factor
Erythroid 2-Related Factor 2 (NRF2), a key antioxidant regulator
under oxidative stress (61), while the NAC treatment blocked
PEX5°!'*.mediated induction of NRF2 (Fig. S5C-E). Intriguingly,

NAC treatment did not block the induction of ATF4 upon peroxi-
somal import stress, although it reduced the basal levels of
ATF4 (Fig. SF-H). Together, these results suggest that peroxisomal
import stress activates ATF4 through an unknown mechanism in-
dependent of elF2a kinases and ROS signaling.

Previously, we have reported impaired peroxisomal import func-
tion in aged fly oenocytes (30). This led us to investigate whether ISR
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Fig. 5. ATF4 is activated through the ISR pathway in response to defective peroxisomal import. A-C) Western blotting showing phosphorylation of elf2a
(p-elF20) and ATF4 expression in human Tet-PEX5“M cells with the knockdown of the 4 elF2a kinases. Data are presented as mean + SD; one-way ANOVA;
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500 nM). ISRIB was added one day before Dox treatment. Data are presented as mean + SD; one-way ANOVA; Tukey’s multiple comparison test: **P < 0.001;
N = 3.F) ATF4 mRNA expression by gqRT-PCR of human Tet-PEX5"*4 cells treated with 4 mM NAC. NAC was administered 3 h prior to Dox treatment, which
lasted for 48 h. Data are presented as mean + SD; one-way ANOVA; Tukey’s multiple comparison test: *P < 0.01; **P <0.001, N = 3. G, H) Western blot

analysis showing ATF4 expression in human Tet-PEX5°! cells treated with 4 mM NAC. NAC was pretreated 3 h prior to Dox treatment, which lasted for

48 h. Data are presented as mean + SD; one-way ANOVA; Tukey’s multiple comparisons test: *P < 0.01; **P < 0.001; N =3.

and ATF4 are upregulated in aged flies. Analysis of oenocyte-
specific translatome in young (1-week-old) and aged (4-week-old)
flies (16) showed significant upregulation of ISR genes in aged oeno-
cytes (Fig. S6A). Additionally, we found that the protein expression
of ATF4 was induced in aged flies (Fig. S6B and C). These findings
demonstrate that the ISR-ATF4 pathway, associated with peroxi-
somal dysfunction, is linked to the aging process.

Induction of ATF4 by peroxisome import stress is
cytoprotective

ATF4 serves as a central regulator of metabolic and oxidative
homeostasis as well as cell survival (62), through the transcrip-
tional regulation of genes in amino acid transport, metabolism,
protein homeostasis, and antioxidant (62). However, ATF4 has
also been implicated in promoting apoptosis, cell-cycle arrest,
and senescence under persistent cellular stress (3, 62, 63). In our

transcriptomic analysis, we observed upregulation of many
ATF4 target genes, including molecular chaperones like HSPA1A
and HSPA1B in humans and Hsp70Ba, Hsp70Bb, Hsp70Bc in flies,
in response to peroxisomal import stress (Fig. 6A). Consistent
with the increased ATF4 translation shown in Fig. 5, ATF4
mRNA expression was significantly elevated in PEX5“M# mutant
cells (Fig. 6B). We hypothesized that the induction of ATF4 might
serve as an adaptive mechanism to protect cells from peroxisomal
import stress. We showed that 3 days of PEX5'# expression led to
a 20% reduction in cell number, while ATF4 knockdown further re-
duced the cell number under peroxisomal import stress (Fig. 6C).
To assess whether the decreased cell number is due to enhanced
cell death, we quantified live and dead cells using LIVE/DEAD cell
imaging kit (Fig. 6D and E). We found that the cells with peroxi-
somal import stress only exhibited mild cell death. However, the
extent of cell death was further exacerbated by ATF4 knockdown
under peroxisomal import stress, underscoring the essential role
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Fig. 6. Induction of ATF4 by peroxisome import stress is cytoprotective. A) Heatmap showing upregulation of ATF4 target genes in both fly Pex5
knockdown and human PEX5“M' cells. ATF4 target gene set is retrieved from GSEA. B) ATF4 mRNA expression by gRT-PCR of human Tet-PEX5°!4 cells
with the knockdown of ATF4. Data are presented as mean + SD; one-way ANOVA; Tukey’s multiple comparison test: **P < 0.01; ***P < 0.001, ns, not
significant, N = 3. C) Cell number was counted after 3 days of dox (1 ug/mL) treatment with ATF4 knockdown in human Tet-PEX5!'% cells. Data are
presented as mean + SD; one-way ANOVA; Tukey’s multiple comparison test: **P < 0.001; ***P < 0.0001; N = 6. D) ATF4 knockdown cells were stained with
a LIVE/DEAD cell Imagingkit. Live cells were detected by the green channel, whereas dead cells were detected by the red channel. E) Quantification of the
percentage of dead cells in the total cell of (D). Data are presented as mean + SD; one-way ANOVA; Tukey's multiple comparison test: **P <0.001;

P <0.0001; N=5.

of ATF4 in maintaining cell fitness, particularly in response to per-
oxisomal dysfunction. Since intracellular ROS is elevated upon
peroxisomal import stress (Fig. SSA and B), we wonder whether
ROS scavengers can rescue ATF4 knockdown-induced cell death.
We surprisingly found that NAC treatment showed no effects on
cell death induction associated with ATF4 knockdown (Fig. S5F),
which again suggests a ROS-independent regulation of ATF4 dur-
ing peroxisome import stress. Together, these findings suggest
that ATF4 activation represents a cytoprotective mechanism to
sustain cell fitness under peroxisomal import stress.

Peroxisomal import stress inhibits ribosome
biogenesis, especially early rRNA processing
Ribosomes are macromolecular complexes assembled with rRNA
and ribosomal proteins that function as mRNA translation

machines (64). In humans, the 80S ribosome consists of a small
40S subunit and a large 60S subunit. The small 40S subunit con-
tains 18S rRNA and 33 ribosomal proteins, while the large 60S sub-
unit contains 28S, 5.8S, and 5S rRNAs as well as 47 ribosomal
proteins (r-proteins) (64, 65) (Fig. 7). Ribosome biogenesis is the
most energy-demanding process in cellular activities. It involves
all three nuclear RNA polymerases and sequential rRNA modifica-
tion and processing steps (65) (Fig. S7A). The process takes place
mainly in the nucleolus and is initiated by transcription of preri-
bosomal RNA (pre-rRNA) through RNA polymerase I (Pol I), from
which the mature 18, 5.8, and 28S rRNAs are generated (Fig. 7).
Our comparative transcriptomic analysis revealed that the
ribosome biogenesis pathway was downregulated upon peroxi-
somal import stress in both human cells and fly hepatocytes, par-
ticularly the genes involved in rRNA modifications and processing
(Fig. 7 and Fig. S7B, C). For example, peroxisomal import stress
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Fig. 7. Ribosome biogenesis is downregulated upon peroxisomal import stress. Schematic diagram showing ribosome biogenesis pathway (adapted from

the KEGG pathway). Human genes and their fly homologs are separated by slash. Genes that are downregulated only in human PEX

5C11A cells are

highlighted in yellow. Genes that are downregulated only in fly Pex5*¥4! are highlighted in blue. Genes that are downregulated in both human PEX5*#

SRNAl

cells and fly Pex are highlighted in green.

downregulated genes involved in rRNA modification (FBL/Fib,
NOP58/Nop5, NOP56/Nop56, SNU13/hoip, NOP10/CG7637, and
DKC1/Nop60B) and rRNA processing (EMG1/CG3527, RCL1/Rtcl,
NAT10/1(1)G0020, POP4/Pop4, POP5/Pop5, and REX05/CG33158)
(Fig. 7). We performed gRT-PCR analysis to validate the expression
of a few candidate genes identified from the RNA-seq.
Interestingly, most of the downregulated ribosome biogenesis

genes are linked to early rRNA modification and processing
in both flies and human cells (e.g. FBL/Fib, NOP58/Nop5, and
NOP10/CG7637) (Fig. 8A and B), suggesting that early steps of
rRNA processing are specifically targeted by peroxisomal import
stress.

Next, we sought to verify our findings on peroxisomal stress-
regulated rRNA processing using northern blot and specific RNA
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Fig. 8. rRNA processing is inhibited in response to defective peroxisomal import. A) Quantitative RT-PCR showing the expression of rRNA processing
genes upon Dox treatment in human PEX5%M14 cells. Data are presented as mean + SD; t test: *P < 0.05; *P < 0.01; **P < 0.001; N = 3. B) Quantitative RT-PCR
showing the expression of rRNA processing genes in fly oenocytes with Pex5 knockdown. Data are presented as mean + SD; t test: *P < 0.05; ns, not
significant; N = 3. C) Schematic diagram of the rRNA processing and maturation pathway. Approximate locations of northern blotting probes are noted in
red (5’ETS) and green (ITS1). D) Northern blot showing different rRNA intermediates in human PEX5“**4 cells with or without Dox treatments. Methylene
blue staining was shown for equal RNA loading. E) Band intensity of rRNA intermediates was normalized to 18S rRNA and the fold-change between Dox+
and Dox— treatments was presented. Data are presented as mean + SD; t test: *P < 0.05; **P < 0.01; **P < 0.001; N = 3-4. F) Quantitative RT-PCR analysis on
the expression of human 47S pre-rRNA after Dox treatment. Data are presented as mean + SD; t test; **P < 0.001; N =4. G) Quantitative RT-PCR analysis
on the expression of 47S pre-rRNA in Pex5 knockdown flies. Data are presented as mean + SD; t test; P < 0.01; N=4.

probes to visualize various rRNA intermediates. The human pri-
mary pre-TRNA, 47S rRNA, is synthesized by RNA Pol I. 47S rRNA
is polycistronic, containing 18, 5.8, and 28S rRNAs, flanked by

the 5" and 3’ external transcribed spaces (5’ and 3’ ETS) and two
internal transcribed spacers (ITS1 and ITS2). This pre-rRNA
must be processed by multiple enzymes to release mature
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rRNAs (Fig. 8C). We first carried out a northern blot analysis to
characterize the changes in various rRNA intermediates upon per-
oxisomal import stress. Our northern blot analysis using an ITS1
probe revealed a significant decrease in most of the processing in-
termediates (45, 41, 30, 26, and 21S rRNAs) upon peroxisomal im-
port stress (Fig. 8D and E). Intriguingly, the northern blots using
the 5’ETS probe showed slightly, but significantly, increased levels
of the full 475 pre-TRNA in PEX5“'** expressing cells (Fig. 8D and E).
The S’ETS is located at the extreme 5’ end of the 47S pre-rRNA and
is not present in the downstream 45S rRNA intermediates (Fig. 8C).
Thus, the 5’ETS can be used to precisely monitor the level of the full
47S pre-rRNA. The reduced downstream rRNA intermediates and
increased 47S pre-rRNA observed from our northern blot analysis
suggest that peroxisomal import stress might inhibit an early
pre-rRNA processing step converting 47S pre-TRNA to 45S rRNA,
potential through repressing the cleavage of 5’ETS sequence at
the A’ site. Furthermore, we confirmed the 47S rRNA accumulated
phenotypes using qRT-PCR and primers targeting 5’ETS in both hu-
man PEX5M cells and fly oenocytes with Pex5 knockdown (Fig. 8F
and G). Additionally, we observed 47S rRNA accumulation and
downregulation of rRNA processing genes in old flies, suggesting
that the downregulation of early TRNA processing is linked to the
aging process (Fig. S7D). Together, these results demonstrate that
early rRNA processingis inhibited upon peroxisomal import stress,
leading to an accumulation of 47S pre-rRNA and a decrease in
downstream intermediates.

Protein synthesis is inhibited in response to
defective peroxisomal import

The mammalian target of rapamycin complex 1 (mTORC1) signal-
ing is well-established for its pivotal role in protein translation
and ribosome biogenesis (66, 67). Among its best-understood sub-
strates downstream of mTORC1 are the ribosomal protein S6
(RPS6) kinases (S6K1/2) and the protein initiation factor 4E binding
proteins. As a serine/threonine kinase, mTORC1 phosphorylates
S6K1, thereby enhancing ribosomal DNA transcription. Moreover,
mTORC1/S6K1 regulates mRNA translation at both initiation and
elongation stages. Additionally, 4E-BP1, another critical translation
initiation factor downstream of mTORC1, plays a role in mRNA
translation. Phosphorylation of 4E-BP1 leads to its release from
elF4E, allowing cap-dependent translation to proceed (66).

Given that ribosome biogenesis is altered upon peroxisomal
dysfunction, we wondered whether mTORC1 signaling is also tar-
geted by peroxisomal import stress. Our western blot analysis re-
vealed that the phosphorylation of both S6K1 and 4E-BP1 was
significantly downregulated in human PEX5*'# cells (Fig. 9A-C),
suggesting a potential inhibition of global protein synthesis and
reduction of rRNA transcription. These findings further suggest
that the accumulation of 47S pre-rRNA observed in response to
peroxisomal import stress is mainly attributed to the inhibition
of early rRNA processing, despite the downregulation of TRNA
synthesis.

Finally, we investigated whether peroxisomal stress-regulated
inhibition of ribosome biogenesis affects global protein synthesis
using a puromycin incorporation assay. Puromyecin, a structural
analog of aminoacyl tRNAs, is incorporated into nascent polypep-
tide chains during translation, thereby preventing elongation (68,
69). Aminimal amount of puromycin is incorporated into neosyn-
thesized proteins, directly reflecting the mRNA translation rate in
vitro (68, 70). We treated Dox for 3 days on PEX5°!* cells, followed
by brief incubation (10 min) with puromycin before protein ex-
traction. Global translation was measured by western blotting

with an antibody against puromycin. As expected, we found
that peroxisomal import stress significantly inhibited global pro-
tein synthesis (Fig. 9D and E). The reduction of global protein syn-
thesis under peroxisomal import stress might be attributed to a
combination of ISR activation and ribosome biogenesis inhibition
(Fig. 9F).

Discussion

Peroxisome is the central metabolic site for detoxification of
hydrogen peroxide, B-oxidation of very long-chain fatty acids,
and ether phospholipid biosynthesis. Emerging studies have sug-
gested that peroxisomes are the novel regulator of animal aging
and society-impacting diseases such as cancer, viral infection,
diabetes, and neurodegeneration (15, 71). Peroxisomal function,
in particular peroxisomal import, is known to be impaired during
aging. However, how cells mount adaptive responses to cope with
defective peroxisomal import remains to be established. Here, we
conduct a comparative transcriptomic analysis to profile tran-
scriptional changes under peroxisomal import stress in both fruit
flies and human cell cultures. We identified that defective peroxi-
somal import activates the ISR pathway and induces elF2a phos-
phorylation and ATF4, a critical regulator for cellular fitness and
protein homeostasis. In addition, peroxisomal import stress
downregulates ribosome biogenesis, especially in early rRNA pro-
cessing. Our work uncovers a conserved adaptive mechanism that
protects cells from peroxisomal import stress and maintains cel-
lular protein homeostasis (Fig. 9F).

Although we did not find many peroxisome genes that are up-
regulated in response to defective peroxisomal import, we uncov-
ered two conserved cellular responses in both flies and human cell
culture, the activation of ISR and downregulation of ribosome bio-
genesis. Both stress responses are likely used by the cells to cope
with loss of protein homeostasis and accumulation of unimported
peroxisomal proteins. Here, we show that peroxisomal import
stress specifically activates the phosphorylation of elF2a signal-
ing, but not the XBP1 or ATF6 branches of the ER stress pathway.
These results are consistent with a previous study wherein Pex2
knockout mice exhibited unchanged IREla signaling and its
RNase activity, but the PERK pathway and ATF4 transcriptional
activities were activated in the liver of Pex2 knockout mice (35).
Additionally, we found that the upstream regulation of elF2a
phosphorylation and ATF4 is not identical despite defective per-
oxisomal import inducing both elF2a phosphorylation and ATF4
expression. Although the translation of ATF4 is known to be regu-
lated through p-elF2a (48, 49), emerging evidence suggests that
ATF4 expression can be regulated independently from the
PERK-p-elF2q axis. It has been shown that ATF4 was required for
only 7.5% of ER UPR genes, whereas PERK was required for nearly
50% of UPR responses from previously published RNA-seq studies
(72,73),indicating distinct regulations and functions of ATF4 from
PERK-p-elF2a signaling.

ATF4 is one of the master regulators of cellular stress response
(62). However, persistent stress conditions promote ATF4 to in-
duce apoptosis (3, 63, 74). To examine the role of ATF4 activation
in peroxisomal import stress response, we measured cellular fit-
ness and cell death upon peroxisomal stress and ATF4 depletion.
Our results suggest that ATF4 is critical for maintaining cellular
fitness upon peroxisomal stress because cells with ATF4 knock-
down are more sensitive to peroxisomal import stress. These find-
ings are consistent with the role of ATF4 in transcriptional
activation of the genes involved in resistance to oxidative stress
(59, 60). Thus, activation of ATF4 represents an adaptive
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Fig. 9. Protein synthesis is diminished upon peroxisomal import stress. A) Western blotting analysis of mTOR signaling by monitoring the
phosphorylation of S6K (p-p70S6K) and 4EBP1 (p-4EBP1) in human PEX5“M*4 cells. B) Quantification of phosphorylation of S6K band intensity normalized
by S6K. Data are presented as mean + SD; t test: *P < 0.05; N = 3. C) Quantification of phosphorylation of 4EBP1 band intensity normalized by 4EBP1. Data
are presented as mean + SD; t test: P < 0.01; N = 3. D) Puromycin incorporation assay in human Tet-PEX5*** upon Dox treatment. Human Tet-PEX5“'**
cells were incubated with or without Dox for 3 days, following by addition of 10 pug of puromyecin for 10 min. Western blotting was carried out using an
antibody against puromycin. B-Actin blot and Ponceau S staining were shown for equal protein loading. E) Quantification of western blot antibody against
puromycin. Band intensity is normalized by p-actin. Data are presented as mean SD; t test; ***, P <0.001; N =4. F) Model showing ribosomal biogenesis
inhibition and ISR activation as two conserved cellular responses to defective peroxisomal import (Created with BioRender.com).

mechanism that protects cells from the damage induced by per-
oxisomal import stress. Intriguingly, despite the elevated intracel-
lular ROS under peroxisomal import stress, ROS scavenger NAC
did not can block peroxisomal dysfunction-mediated ATF4 activa-
tion. This finding highlights a ROS-independent mechanism for
ATF4 activation upon peroxisomal import stress.

Eukaryotic ribosome biogenesis is a highly complex event that
involves 80 ribosomal proteins, more than 200 nonribosomal

proteins, and 75 small nucleolar RNAs (75). The defect of ribosome
biogenesis at various steps can promote cell-cycle arrest, senes-
cence, or apoptosis (76). In this regard, impaired ribosome biogen-
esis is linked with cancer, aging, and aging-related degenerative
diseases, even though the exact mechanisms need further study
(76-78). Through our transcriptomic analysis, we find significantly
decreased gene expression involved in ribosome biogenesis in
both fly and human PEXS mutants, particularly those involved
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in rRNA processing. Our northern blotting analysis further shows
that peroxisomal import stress specifically inhibits A’ cleavage in
the 5'ETS of 47S pre-rRNA. Ribosome RNA processing is highly
regulated and involves the modification and cleavage of the pre-
cursor rfRNA and the packaging and assembly of the rRNA into
ribosome subunits (79). However, the exact mechanism for A’
cleavage of 47S pre-rRNA remains elusive. Interestingly, a recent
study (80) reported that A’ cleavage of 47S pre-rRNA is inhibited
upon the treatment of sodium arsenite (NaAsO2), an ISR inducer
(81, 82). The authors hypothesize that the unprocessed pre-TRNA
is stored within the nucleolus until the stress has resolved, at which
point it can reenter the ribosome biogenesis pathway. Likewise, the
peroxisomal import stress might trigger a similar retention of the
pre-rRNA pool during the early adaptive response phase. This
pre-TRNA can be quickly released for ribosome biogenesis once
the peroxisomal import stress is resolved. Further studies are
needed to investigate this possibility. Given that sodium arsenite re-
presses A’ cleavage of 47S pre-TRNA, the ISR signaling (e.g. ATF4)
could be one of the promising candidates in mediating pre-rRNA
processing upon peroxisomal import stress. Furthermore, it has
been well-established that reduced ribosome proteins and ribosome
biogenesis factors can increase longevity in model organisms (see
(76) for review). Thus, ribosome biogenesis inhibition can be a pro-
tective mechanism to confer peroxisomal stresses.

mTOR is a crucial regulator of cellular growth and promotes
protein synthesis by activating S6 kinases or keeping 4E-BP proteins
in an inactivated state to halt translation elongation. Sé6 kinase
phosphorylates several downstream targets, including the RPS6,
a component of the 40S ribosomal subunit. Phosphorylation of
RPS6 by S6 kinase is thought to facilitate ribosome biogenesis by
increasing the synthesis of rRNA and other components of the ribo-
some. Thus, mTOR activity is highly linked with ribosome biogen-
esis. Interestingly, the mTOR pathway is downregulated upon
peroxisomal import stress in human PEX5“** cells, suggesting a
potential decrease in TRNA synthesis. This finding further supports
the idea that early pre-rRNA processing is specifically inhibited by
peroxisomal import stress. We speculate that the peroxisomal im-
port stress might trigger the retention of 47S pre-rRNA, which
could be quickly released and processed for ribosome biogenesis
once the stress is resolved. Although numerous efforts have gone
to identify the rRNA processing factors, the enzyme responsible
for cleavage at the A’ site of the 5'ETS is still not fully established.
Identifying this undefined enzyme and understanding how it regu-
lates the pre-rRNA process will provide an essential insight into
this unique cellular stress response in the nucleolus.

Peroxisomes communicate with other organelles, including mito-
chondria and ER, through membrane contact sites or peroxisome-
derived metabolites (28). In agreement with peroxisome-center
inter-organelle communication, our transcriptomic analysis identi-
fies many organelle-specific gene expression changes, especially the
genes involved in ER and mitochondrial function. Peroxisomes are
highly linked with the mitochondria in diverse metabolic and cellu-
lar processes such as B-oxidation of fatty acids, redox homeostasis,
andinflammatory responses (83). In this regard, it has been reported
that the loss of functional peroxisomes causes mitochondrial dys-
function (83-87). For example, patients with peroxisomal biogenesis
disorders exhibit altered inner mitochondrial membrane structure
and reduced respiratory chain complex activities (87). Similarly,
liver-specific Pex5-knockout mice showed the functional decline of
respiratory chain complexes I, III, and V, reduced membrane
potential, increased ROS production, and morphological changes
in mitochondria (84). Our transcriptomic analysis revealed that the
oxidative phosphorylation pathway is downregulated upon

PEX5°114 expression. For example, the expression of genes in com-
plexes I-1V of the respiratory chain is downregulated upon peroxi-
somal import stress. These results suggest that mitochondrial
electron transport activity is significantly impaired under peroxi-
somal stress, consistent with previous publications (86, 88, 89).
Activation of the ATF4 pathway also occurs under mitochondrialim-
port stress (52, 90). Mitochondrial stress, induced by OXPHOS inhib-
itors leads to HRI-dependent ATF4 activation in human cells (90). In
contrast to these previous studies, we observed under peroxisomal
import stress ATF4 induction is independent of elF2a kinases and
ROS signaling, suggesting a noncanonical regulation is involved.
Our finding is aligned with previous research showing that ATF4
can be activated by FCCP even when elF2au kinases are depleted
(52), or by mTORC1 signaling under mitochondrial stress (53-55).

It is known that ISR-ATF4 activation is a common cellular re-
sponse to many cellular stresses, including mitochondrial and
ER stress. It is not a surprise that peroxisomal import defects
can also active ISR-ATF4 pathway. However, the downregulation
of ribosome biogenesis upon impaired peroxisomal import, in par-
ticular early rRNA processing, has not been observed under other
organelle dysfunctions yet. Although recent transcriptome ana-
lysis reveals that mitochondrial protein import defects downregu-
lates the expression of 80S ribosome components (7), it remains to
be determined whether mitochondrial stress specifically inhibits
early rRNA processing as what we observed in peroxisomal import
stress. Given the functional connection between peroxisomes and
mitochondria, it is possible that the induction of ISR-ATF4 and the
downregulation of ribosome biogenesis are the common cellular
responses to both peroxisomal and mitochondrial dysfunction.

In summary, we uncover two evolutionarily conserved path-
ways as the cellular stress responses to defective peroxisomal
import. We show that peroxisomal import stress activates the
ISR pathway to induce ATF4, a cytoprotective mechanism to
protect cells from damage associated with peroxisomal defects.
Moreover, we provide the first evidence that peroxisomal import
stress downregulates TRNA processing and inhibits A’ cleavage
of 47S pre-rRNA. Finally, we observed activation of ISR-ATF4 path-
way and downregulation of ribosome biogenesis in aged flies. We
expect that our study will contribute to a better understanding of
peroxisomal stress response and possible therapeutic strategies
for peroxisome-associated diseases, such as metabolic disorders,
neurodegenerative disease, and aging.

Materials and methods

Detailed reagent information is provided in the Table of Reagents.

Plasmid construction

Human PEX5 cDNA was purchased from Dharmacon Mammalian
Gene Collection. The hPEX5 was amplified by PCR using the for-
ward and reverse primers (5'-CACTATAGGGAGACCCAAGCT
TATCTAGACATGGCAATGCGGGAGCT-3" and 5'-TCTTACTTGTCA
TCGTCGTCCTTGTAGTCGCCCTGGGGCAGGCC-3) and intro-
duced between Xhol and BamHI sites in c-Flag pcDNA3
(Addgene #20011) to generate Flag-tagged hPEX5 using
NEBuilder HiFi DNA assembly Master mix (New England
Biolabs). Site-directed mutagenesis for amino acid substitution
(cysteine to alanine at position 11, C11A) was performed using
the QS5 Site-directed mutagenesis kit (New England Biolabs)
according to the manufacturer’s instruction. The primers for
the PEX5°M# mutant were 5-GGAGGCCGAAgctGGGGGTGCCA
ACC-3' and 5-ACCAGCTCCCGCATTGCC-3'. To generate
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tetracycline-inducible PEX5¢M'4 plasmid, we modified pMK243
(Tet-OsTIR1-PURO) from Masato Kanemaki (Addgene #72835).
PMK243 was digested by Bglll and Mlul to remove the OsTIR se-
quence. Flag-PEX5“™** was amplified by PCR using the forward
and reverse primers (5'-gattatgatcctctagacatatgctgeagattactt
gtcatcgtegtecttgtagt-3' and 5'-tcctaccctcgtaaagaattcgeggeegeaa
tggcaatgegggagetggt-3') and introduced between BgIlI and
Mlul sites in digested pMK243 plasmid to generate Tet-
PEX5CMA-PURO plasmid. All plasmids are confirmed by Sanger se-
quencing. GFP-tagged PTS1 plasmid was purchased from Addgene
(#54601).

Generation of CRISPR knock-in HEK293 cells
expressing PEX5¢14

HEK?293 cells were cultured in Dulbecco’s Modified Eagle Medium
containing 10% fetal bovine serum, with penicillin and streptomy-
cin. Cells were incubated in a 37 °C incubator in an atmosphere of
5% CO2in air. To generate a stable cell line, we followed the proto-
col described by Natume et al. (91). 1x10° HEK293 cells were
plated in one well of a 6-well plate. After 24 h, 800 ng of AAVS1
T2 CRISPR in pX330 (Addgene #72833) and 1pg of
Tet-PEX5CMA-PURO were transfected using Effectene (Qiagen) ac-
cording to the manufacturer’s instructions. After 48 h, the cells
were detached and diluted at 10 to 100 times in 10 mL of selection
medium containing 1 pg/mL of puromycin. The cells were seeded
in a 10 cm dish and the selection medium was exchanged every 3
to 4 days. After 8 to 10 days, colonies were marked using a marker
pen under a microscope, picked by pipetting with 10 pL of
trypsin-EDTA, and subsequently transferred to a 96-well plate
containing 100 pL of the selection medium. The cells were allowed
to grow until confluency and subcultured 24-well plates and
6-well plates. The cells containing correct PEX5“''# knock-in
were identified through PCR genotyping.

Genomic DNA isolation and PCR

To extract genomic DNA, cells were first lysed in buffer A solution
(100 mM Tris-HCl [pH 7.5], 100 mM EDTA, 100 mM NaCl, 0.5%
SDS) followed by incubation at 65 °C for 30 min. Buffer B (1.43 M po-
tassium acetate, 4.28 M lithium chloride) was then added and incu-
bated on ice for 10 min. After centrifuging at 12,000 rpm for 15 min,
the supernatant was transferred to a new microtube with isopropa-
nol. Precipitated genomic DNA was washed in 70% ethanol and
resuspended with DNase-free water. To verify Tet-PEXSS™A-PURO
insertion into the AAVS1 locus, genomic PCR was performed using
Q5 High-Fidelity DNA polymerase (New England BioLabs). Primers
for WT cell validation are: 5’-cgtttcttaggatggectte-3’ and 5'-agaagg
atggagaaagagaa-3’. Primers for Tet-PEXSC11A-PURO integration
are: 5'-cgtttcttaggatggectte-3’ and 5'-ccgggtaaatctccagagga-3'.

Fly husbandry and strains

Female flies were used in all experiments. Flies were maintained at
25 °C, 60% relative humidity, and a 12-h light/dark cycle. Adults
and larvae were reared on a standard cornmeal and yeast-based
diet (0.8% cornmeal, 10% sugar, and 2.5% yeast). Fly stocks used
in this study were as follows: Pex5M%°0/FM7h (BDSC #44685),
UAS-Pex5™N#1 (BDSC #58064), UAS-Pex1™NA! (BDSC #28979), and
UAS-Pex128NAT (BDSC #53308). The control line used for the KD ex-
periments is yw® (a gift from Marc Tatar). Gene-switch driver
PromE800-GS-Gal4 (a gift from Heinrich Jasper) was used to drive
oenocyte-specific gene knockdown. Gene KD was achieved by feed-
ing flies on 100 uM of RU486 food (Mifepristone, Cayman Chemical
#100063171) for 5-6 days.

Fly oenocyte RNA isolation

Adult female oenocytes (20 tissues per replicate) were dissected in
cold 1xPBS before RNA extraction. For oenocyte dissection, we
first removed fat body through liposuction and then detached oe-
nocytes from the cuticle using a small glass needle. Tissue lysis,
RNA extraction was performed using RNeasy Micro kit (QIAGEN,
#74034) with the following modifications. Tissues were pooled in
1.7 mL centrifuge tube containing 150 uL of Buffer RLT and
143 mM B-mercaptoethanol on ice during the dissection.
Samples were then incubated at room temperature (RT) for
3 min. 150 pL buffer RLT was added and tissues were homogen-
ized using pellet pestle grinder (Kimble pellet pestles,
#749540-0000).

RNA-seq and bioinformatics

RNA-seq libraries were constructed using 100 ng of total RNA and
NEBNext Ultra II RNA Lib Prep kit (NEB, Ipswich, MA, USA.
#E7770L). RNA concentrations were measured using Qubit RNA
BR Assay Kit (Thermo Fisher Scientific, #10210). Poly(A) mRNA
was isolated using NEBNext Oligo d(T)25 beads and fragmented
into 200 nt in size. Purification of the ligation products are per-
formed wusing Beckman Coulter AMPURE XP (BECKMAN
COULTER, #A63880). After cDNA synthesis, each cDNA library
was ligated with a NEBNext adaptor and barcoded with an
adaptor-specific index (NEBNext Multiplex Oligos for Illumina,
NEB, #E7335S). Twelve libraries were pooled in equal concentra-
tion and sequenced using Illumina HiSeq 3000 platform (single
end, 150 bp reads format).

FastQC (v0.11.8) was first performed to check the sequencing
read quality. Sequence alignment and mapping were performed
using the Spliced Transcripts Alignment to a Reference (STAR)
software (v2.7.3a) (92). The raw reads were mapped to D. mela-
nogaster genome (BDGP Release 6) or Genome Reference
Consortium Human Build 38 (GRCh38). Reads mapped were
then counted with summarized Overlaps function using “Union”
mode in R. Counts are then analyzed in DESeq2 (v1.26.0) (93) for
batch control analysis and test for differential expression.
RNA-seq read files have been deposited to NCBI's Gene
Expression Omnibus (GEO) (Accession #GSE167197).

GO and pathway analysis were performed with DAVID (91). For
GSEA analysis, text was trimmed and organized using Java script.
Normalized counts were used as input for parametric analysis
and organized as suggested by GSEA tutorial site (94). Collapse da-
taset to gene symbols was set to false. Permutation type was set to
gene set; number of permutations was set to 1,000; enrichment
statistic used as weighted analysis; metric for ranking genes was
set to signal to noise.

Quantitative real-time polymerase chain reaction
Quantitative real-time polymerase chain reaction (QRT-PCR) was
performed using Quantstudio 3 Real-Time PCR system and SYBR
green master mixture (Thermo Fisher Scientific, USA #A25778).
All gene expression levels were normalized to RpL32 (in
Drosophila), GAPDH (in humans) by the method of comparative
Ct (95). Mean and standard errors for each gene were obtained
from the averages of three biological replicates, with two tech-
nical repeats. RT-PCR primers are listed below.

Immunostaining and peroxisomal import assay

For fly peroxisomal import assay, a YFP-PTS1 reporter expressed
transiently in fly oenocytes using PromE-GS-Gal4 (with 1-day
RU486 feeding). Adult oenocyte tissues were dissected in 1x PBS
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and fixed in 4% paraformaldehyde for 15 min at RT. Tissues were
washed with 1x PBS with 0.3% Triton X-100 (PBST) for three times
(~5 min each time) and blocked in PBST with 5% normal goat se-
rum for 30 min. Tissues were then incubated overnight at 4 °C
with anti-Pmp70 Guinea Pig polyclonal antibody (a gift from
Kyu-Sun Lee, 1:500) diluted in PBST, followed by the incubation
with secondary antibodies for 1h at RT. After washes, tissues
were mounted using ProlLong Gold antifade reagent (Thermo
Fisher Scientific) and imaged with an FV3000 Confocal Laser
Scanning Microscope (Olympus). Hoechst 33342 was used for nu-
clear staining. For the quantification, the images were first proc-
essed and deconvoluted using Olympus CellSens Dimension
software (Olympus). The number of punctae or fluorescent inten-
sity/area in a selected region of interest (ROI) was measured using
the CellSens. To quantify the punctae near the nucleus, we first
selected ROIs surround the nucleus according to Hoechst signal,
and then counted the punctae number within each ROI using
the CellSens Measure and Count module. Two to four ROIs were
analyzed for each image. The imaging quantifications were done
single or double blind.

For peroxisomal import assay in human cells, Tet-PEX5¢!14
cells were seeded in 24-well plates on coverslips (Neuvitro
#GG1215PLL). After 1 day, cells were transfected with GFP-SKL
plasmid using Effectene reagent (Qiagen) following the manufac-
turer’s instructions. Next day, the cells were treated with or with-
out Dox (1pg/mL) for 2 days. The cells were fixed in 4%
paraformaldehyde for 10 min, and rinsed with 1x PBS, then per-
meabilized in 0.5% Triton X-100 in PBS for 10 min. Cells were
blocked in PBS containing 1% bovine serum albumin for 1h at
RT, then incubated with anti-PEX14 (Thermo Fisher Scientific,
#10594-1-AP) diluted in PBS for overnight at 4 °C. Next day, cells
were incubated with secondary antibodies (Alexa Flour 594 don-
key anti-rabbit IgG [1:1,000] for 1h at RT). After washes, cells
were mounted using ProlLong Gold antifade reagent (Thermo
Fisher Scientific) and imaged with an FV3000 Confocal Laser
Scanning Microscope (Olympus). Hoechst 33342 was used for nu-
clear staining. For the quantification, the number of punctae per
cell was counted manually. The image quantifications were
done double blind. See Key resources table for antibody
information.

Western blotting

Tet-PEX5-!4 cells were seeded in 6-well plates. After one day,
cells were treated with or without Dox for 3 days. The proteins
were extracted in NP-40 cell lysis buffer (Thermo Fisher
Scientific, #FNN0021) containing 1xprotease inhibitor cocktail
(Sigma). For fly samples, 10-15 adult female flies were homogen-
ized and lysed in 20 mM Tris-HCl (pH 8.0), 100 mM NaCl, 5 mM
B-mercaptoethonal, 1xprotease inhibitor cocktail (Sigma).
Protein samples were denatured with Laemmli sample buffer
(Bio-Rad, #161-0737) at 95 °C for 5 min. Then proteins were sepa-
rated by Mini-PROTEAN TGX Precast Gels (Bio-Rad). Following in-
cubation with primary and secondary antibodies, the blots were
visualized with Pierce ECL Western Blotting Substrate (Thermo
Scientific). See Key resources table for antibody information.

Northern blotting

Tet-PEX5-! cells were grown on a 12-well plate (3.75 x 10° cells)
with or without Dox (1 pg/mL) for 2-3 days. Total RNA was ex-
tracted using Trizol reagent. RNA was separated on a 1% agarose
gel prepared with Tri/Tri buffer (30 mM triethanolamine and
30 mM tricine, pH 7.9) containing 1.2% formaldehyde and run in

Tri/Tribuffer. RNAs were transferred to a positively charged nylon
membrane (Sigma) and fixed by UV cross-linking. Membranes
were prehybridized with ULTRAhyb Ultrasensitive hybridization
buffer (Thermo) for 30 min at 65 °C. The DIG-labeled oligonucleo-
tide probe was added and incubated for 1 h at 65 °C then overnight
at 37 °C. After hybridization, the membranes were washed twice
for 10 min in 2x SSC with 0.1% SDS and then washed twice for
Smin in 0.1xSSC with 0.1% SDS at 37°C. DIG-labeled probes
were detected with CDP-Star, ready-to-use (Sigma), following
the manufacturer’s instructions.

To prepare northern blotting probes, synthetic DNA oligonu-
cleotides were prepared by Integrated DNA Technologies (IDT)
and resuspended to a final concentration of 100 uM in dH,0. The
probes used in this study were 5’ETS, 5'-CGGAGGCCCAACC
TCTCCGACGACAGGTCGCCAGAGGACAGCGTGTCAGC -3/ ITS-1,
5'-GGCCTCGCCCTCCGGGCTCCGTTAATGAT-3"; 18S, 5'-CGGAA
CTACGACGGTATCTG-3". The oligonucleotide probes were 3'-end
coupled to digoxigenin (DIG)-dUTP using DIG Oligonucleotide
Tailing Kit, 2nd Generation (Sigma), following the manufacturer’s
instructions.

Puromycin incorporation assay

Protein synthesis was monitored by quantification of the incorp-
oration of puromycin into nascent polypeptide chain as described
previously (68). In brief, Tet-PEX5“*'# cells were incubated with or
without 1 pg/mL of Dox for 3 days, following by addition of 10 pg/
mL of puromycin (Sigma #P7255) for 10 min. Cells were lysed for
western blotting using an antipuromycin antibody (Sigma,
#MABE343, 1:25000) to label the newly synthesized proteins.

Cell fitness assay

2.5 % 10* Tet-PEX52 cells were seeded in a 96-well plate. Next
day, cells were transfected with 20 nM of siRNAs using Opti-MEM
(Thermo, 31985062) and RNAIMAX (Thermo, 13778150) according
to the manufacturer’s instructions. After 3 h, cells were incubated
with or without Dox (1 pg/mL) for 3 days, and the number of cells
was counted manually. All sSiRNA molecules were obtained from
(IDT, Coralville, IA, USA), see Key resources table.

Cell death assay

2.5 x 10* Tet-PEX5* cells were seeded in a 96-well plate. The next
day, cells were transfected with 20 nM of siRNAs using Opti-MEM
(Thermo, 31985062) and RNAIMAX (Thermo, 13778150) according
to the manufacturer’s instructions. Cells were then incubated
with or without Dox (1 pg/mL). After 3 days, cells were stained
with a LIVE/DEAD Cell Imaging Kit (Thermo, R37601), according
to the manufacturer’s instructions, and imaged on an FV3000
Confocal Laser Scanning Microscope (Olympus).

Intracellular ROS measurement

Human Tet-PEX5“M4 cells were seeded on 35 mm culture dish.
After recovered for 1 day, cells were treated with Dox (1 pg/pL)
for 48 h. To scavenge ROS, 4 mM NAC was added 3 h before the
Dox treatment. To measure the intracellular ROS level, cells
were incubated with 10 uM of H,DCFDA for 10 min in the dark
at 37 °C, and then washed with Hanks’ balanced salt solution.
ROS levels were examined using a confocal microscope (FV3000,
Olympus) with an excitation wavelength of 488 nm. Five different
areas of cells were randomly selected from each sample, and the
mean relative fluorescence intensity was measured for each
group of cells.
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Statistical analysis

GraphPad Prism (GraphPad Software, La Jolla, CA, USA) was used
for statistical analysis. Detailed test used are given in the corre-
sponding figure legends. Statistical analysis was performed using
either an unpaired two-tailed t test or one-way ANOVA with
Tukey multiple comparison.
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