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TRIM37, a novel E3 ligase for PEX5-mediated
peroxisomal matrix protein import
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Most proteins destined for the peroxisomal matrix depend on the peroxisomal targeting signals (PTSs), which require the
PTS receptor PEX5, whose deficiency causes fatal human peroxisomal biogenesis disorders (PBDs). TRIM37 gene muta-
tions cause muscle-liver-brain—eye (mulibrey) nanism. We found that TRIM37 localizes in peroxisomal membranes and
ubiquitylates PEX5 at K464 by interacting with its C-terminal 51 amino acids (CT51), which is required for PTS protein
import. PEX5 mutations (K464A or ACT51), or TRIM37 depletion or mutation, reduce PEX5 abundance by promoting
its proteasomal degradation, thereby impairing its functions in cargo binding and PTS protein import in human cells.
TRIM37 or PEX5 depletion induces apoptosis and enhances sensitivity to oxidative stress, underscoring the cellular re-
quirement for functional peroxisomes. Therefore, TRIM37-mediated ubiquitylation stabilizes PEX5 and promotes peroxi-

somal matrix protein import, suggesting that mulibrey nanism is a new PBD.

Introduction

Peroxisomes are single membrane—-bound organelles found in
most eukaryotic cells. They house many metabolic path-
ways, most notably for  oxidation of fatty acids, as well as
the production and degradation of hydrogen peroxide and other
reactive oxygen species (Smith and Aitchison, 2013). Human
diseases caused by peroxisomal disorders highlight the neces-
sity of this organelle. Peroxisomal diseases fall into two cat-
egories: single-enzyme defects and peroxisomal biogenesis
disorders (PBDs; Waterham et al., 2016). PBDs are more com-
plex in etiology in that many peroxisomal enzymes are affected,
generally via lack of peroxisomal protein import (Waterham et
al., 2016). Earlier work in yeast, together with genetic pheno-
type complementation of peroxisome-deficient CHO mutant
cells or human patient fibroblasts, identified PEX genes (encod-
ing peroxins) necessary for peroxisomal biogenesis (Erdmann,
2016; Honsho et al., 2016). So far, 14 complementation groups
(CGs) in PBDs have been identified based on the PEX gene mu-
tation and clinical phenotypes (Ebberink et al., 2012; Waterham
et al., 2016). Deficiency of PEXS protein causes PBDs of CG2,
manifesting peroxisomal matrix protein import defects (Dodt et
al., 1995; Wiemer et al., 1995).

Peroxisomal biogenesis involves the assembly of peroxi-
somal membrane proteins (PMPs), followed by the import of
matrix proteins (Ma et al., 2011). The latter depends on distinct
peroxisomal targeting signals (PTSs): PTS1, comprising a non-
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cleaved C-terminal tripeptide, SKL, or its conserved variants
(Gould et al., 1989); or PTS2, consisting of the nonapeptide
sequence (R/K)(L/V/T/Q)XX(L/V/I/H/Q)(L/S/G/A/K)X(H/Q)
(L/A/F) localized near the N terminus of the cargo protein
(Swinkels et al., 1991). In mammals, PEXS and PEX7 isoforms
are the receptors for PTS1 and PTS2 cargoes, respectively, but
PEXS isoforms are required for both PTS1 and PTS2 protein
import because, whereas both isoforms (PEXS5S and PEXS5L)
bind PTS1 cargo directly, only the long isoform (PEX5L) inter-
acts with PTS2 cargo indirectly via its interaction with PEX7
(Braverman et al., 1998; Otera et al., 2000). PTS protein import
occurs through the following steps: receptor—cargo binding in
the cytoplasm; docking of the receptor—cargo complex at per-
oxisomal membranes and translocation to the matrix; and cargo
release and recycling of receptors to the cytosol for the next
round of import (Ma et al., 2011).

Ubiquitylation regulates PEX5-mediated PTS protein
import and stability. Monoubiquitylation at a conserved, N-
terminal cysteine in PEXS is essential for receptor stability and
for recycling from peroxisomes to the cytosol during the ma-
trix protein import cycle in yeast and mammals (Carvalho et
al., 2007; Platta et al., 2007; Williams et al., 2007; Okumoto
et al., 2011). PEX4 and UbcH5a/b/c family members serve as
the E2 for cysteine monoubiquitylation in PEXS5 of yeast and
mammals, respectively (Wiebel and Kunau, 1992; Grou et
al., 2008). Components of the RING complex (PEX2/PEX10/
PEX12) serve as the E3 ligase for PEXS in both yeast and mam-
mals (Krause et al., 2006; Okumoto et al., 2014). In contrast
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to monoubiquitylation, polyubiquitylation targets yeast Pex5
for proteasomal degradation via the RADAR (receptor accu-
mulation and degradation in the absence of recycling) path-
way, a quality-control system preventing the accumulation of
nonfunctional Pex5 on peroxisomal membranes (Kiel et al.,
2005). PEXS stability decreases in several human PBD patient
cells (Dodt and Gould, 1996; Yahraus et al., 1996), suggesting
that a similar quality-control mechanism may operate in mam-
mals. Although conservative modes of PEXS ubiquitylation
exist in different organisms, the precise mechanisms of PEXS
ubiquitylation and the quality-control system remain to be
established in mammals.

Muscle-liver—brain—eye (mulibrey) nanism is a rare au-
tosomal recessive growth disorder of prenatal onset caused
by TRIM37 gene mutations (Avela et al., 2000). TRIM37 is a
member of the tripartite motif (RING, B-Box, and coiled-coil
domains) family and has E3 ubiquitin ligase activity toward it-
self and histone H2A protein (Kallijirvi et al., 2005; Bhatnagar
et al., 2014). TRIM37 localizes to peroxisomes (Kallijirvi et
al., 2002). Patients with mulibrey nanism or PBDs have severe
growth and development problems early in life (Avela et al.,
2000; Steinberg et al., 2006).

In this study, we unveil a novel function of TRIM37 in
regulating PTS protein import. TRIM37 interacts with PEX5
and monoubiquitylates PEXS at K464. Monoubiquitylation by
TRIM37 stabilizes PEXS protein and effectively increases its
binding to cargoes, which promotes PTS protein import. Either
TRIM37 depletion in human cancer cell lines or TRIM37 mu-
tation in human patient cells impairs PTS protein import, con-
firming that mulibrey nanism is a new type of PBD.

TRIM37 localizes to peroxisomes, but its exact location and
functions were not elucidated (Kallijarvi et al., 2002). Immu-
nostaining of endogenous TRIM37 confirmed its peroxisomal
localization, showing colocalization with the PMP marker
PMP70, although many dots containing TRIM37 were not per-
oxisomes (Fig. 1 A). Subcellular fractionation also established
that TRIM37 localized in the organelle fractions (P), similar to
the peroxisomal matrix protein, catalase; the PMP PMP70; and
other organelle proteins: LAMP1 (lysosome), VDACI (mito-
chondria), and Sec61-f (ER). The cytosolic protein GAPDH
was in the supernatant fraction (S; Fig. 1 C). To further demon-
strate the subcellular location of TRIM37, peroxisomes were
separated from other organelles using a density gradient that
separates PMP70 and catalase from other organelle proteins,
such as LAMPI1, Sec61-f, and VDACI (Fig. 1, B and C). Con-
sistent with the partial localization of TRIM37 to peroxisomes
by immunostaining, ~40% of TRIM37 was present in the per-
oxisome fraction (Fig. 1 C).

To address whether TRIM37 resides in the peroxisomal
membrane or matrix, the organelle fractions were subjected
to alkaline carbonate or Triton X-100 extraction, respectively.
As expected for PMPs, PMP70 was resistant to carbonate but
not Triton X-100 extraction, whereas catalase, a matrix en-
zyme, was mostly solubilized by both extractions (Fig. 1 D).
Like PMP70, TRIM37 remained in the pellet after carbon-
ate extraction but was solubilized by Triton X-100, show-
ing that TRIM37 is a PMP.

To determine the topology of TRIM37, we fused GFP at
the N (GFP-TRIM37) and C terminus of TRIM37 (TRIM37-
GFP) and conducted protease protection assays. The region
of PMPs (PMP70) facing the cytosol was degraded, whereas
a matrix protein, catalase, was resistant to protease degra-
dation (Fig. 1 E). In the presence of Triton X-100, however,
both PMP70 and catalase were degraded. Because both GFP-
TRIM37 and TRIM37-GFP proteins were degraded in the ab-
sence or presence of Triton X-100 (Fig. 1 E), TRIM37 is a PMP
with both N and C termini facing the cytosol.

To study the role of TRIM37, we used a shRNA to knock down
TRIM37 in HepG2 cells. TRIM37 was almost completely de-
pleted in TRIM37 knockdown (KD) cells (Fig. 2 A). Fluores-
cence microscopy of endogenous PTS1-containing proteins
(immunostained with the a-SKL antibody; Fig. 2 B), as well
as GFP-PTS1 (GFP-SKL, GFP-ACOX1, and GFP-PECR) and
PTS2 (thiolase-GFP) fusion proteins (Fig. 2, C and D), showed
a severe mislocalization of matrix proteins from peroxisomes to
the cytoplasm in TRIM37-depleted cells when compared with
WT cells. The expression levels of proteins tested were unaf-
fected by TRIM37 depletion (Fig. S1 A). However, no defect
was observed in localization of the PMPs PMP70 (Fig. 2 B) and
PMP22-GFP (Fig. 2, C and D) upon TRIM37 depletion, indicat-
ing arole of TRIM37 only in peroxisomal matrix protein import.
Similarly, subcellular fractionation assays of endogenous
PTS1-containing proteins (ECH1, ACOT1/2, and GSTK1) in
HepG2 cells showed their redistribution to the cytosolic frac-
tions upon TRIM37 depletion, comparable to that seen in PEXS
KD cells (Fig. 2 E), but PMP70 distribution was unaffected.
Fractionation results also showed that most GFP-SKL protein,
but not PMP22-GFP or PEX13, was cytosolic upon TRIM37
depletion (Fig. S1, B and C). A peroxisomal matrix protein im-
port defect was also observed in HEK 293T cells depleted for
TRIM37 (Fig. S1, D-F), suggesting the TRIM37 function in
humans is cell type independent. A similar peroxisomal matrix
protein import defect was observed in another TRIM37 KD sta-
ble cell line (TRIM37 KD-2#) using a second shRNA (Fig. S1,
G and H), excluding other off-target effects. Furthermore, GFP-
ACOXT1 relocalized to peroxisomes when TRIM37 protein ex-
pression was rescued in TRIM37 KD cells (Fig. S1, I and J).
To test whether similar phenotypes were observed in pa-
tients with TRIM37 mutation, we examined PTS protein local-
ization in fibroblasts from a mulibrey nanism patient with the
most common mutation (Avela et al., 2000). This patient had
an A to G transition in the 3’ splice acceptor sequence of in-
tron 6 (c.493-2A>G), which is supposed to result in aberrant
splicing and a frame shift (fs) mutation at Argl66, causing an
early translation stop in the coiled-coil domain of TRIM37
(Fig. 3 A). As described previously (Avela et al., 2000), we con-
firmed that this TRIM37 gene mutation altered mRNA splicing
and expressed no TRIM37 protein in the patient (Fig. S2, A and
B; and Fig. 3 A). Immunostaining showed that most endoge-
nous PTSI-containing proteins were cytoplasmic and only a
small fraction colocalized with PMP70 in the patient fibroblasts
(Fig. 3 B). Similarly, most PTS1 proteins (GFP-RFP-SKL and
GFP-PECR) exogenously expressed in these patient cells were
cytoplasmic, and only a few peroxisomal structures were seen
in comparison with normal cells (Fig. 3 C). These data show
that TRIM37 depletion or mutation causes an import defect for
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Localization and topology of TRIM37 in peroxisomal membranes. (A) Subcellular localization of TRIM37. HepG2 cells were immunostained

using antibodies against PMP70 and TRIM37. Bars: 5 pm; (insets) 2.5 pm. (B and C) Distribution of TRIM37 in peroxisome fractions. By using a density
gradient method, other organelle proteins such as ER and lysosomes floated on the top, whereas mitochondrial proteins resided at the 22.5/27.5% inter-
face. We pooled these two fractions as organelles (O) except peroxisomes. Peroxisomes (PO) floated slightly in the densest layer. (D) TRIM37 is an integral
membrane protein. PNSs from HepG2 cells were fractionated differentially into cytosolic (S) and organelle (P) fractions by centrifugation at 100,000 g
(100 kg). The P fractions were also extracted by either 0.1 M alkaline Na,CO3 or 0.5% Triton X-100, and the supernatants and pellets were collected.
(E) Topology of TRIM37 fusion proteins. The organelle fractions from GFP-TRIM37- or TRIM37-GFP-expressing HEK 293T cells were either untreated or
treated with proteinase K plus trypsin in the presence or absence of 1% Triton X-100 for the indicated times.

peroxisomal matrix proteins, but not for PMPs, manifesting a
similar phenotype as PEXS depletion or mutation.

The Argl66fs mutation should result in a translation fs at
Argl66 and premature termination 10 amino acids downstream
(Fig. S2 C). Overexpressing TRIM37 (Argl166fs)-GFP mutant
protein in normal cells did not redistribute peroxisomal RFP-
SKL (Fig. S2, D-F), excluding any dominant-negative effect of
Argl66fs on peroxisomal matrix protein import.

TRIM37 is an E3 ligase for PEXS
In mammals, the import of PTS1 and PTS2 proteins requires
PEXS, whose function depends on ubiquitylation (Dodt et al.,

1995; Wiemer et al., 1995; Braverman et al., 1998; Thoms and
Erdmann, 2006; Okumoto et al., 2014). The resemblance of
phenotypes caused by TRIM37 and PEXS5 deficiency prompted
us to ask whether the E3 ligase TRIM37 ubiquitylates PEXS.
We tested whether TRIM37 expression level could modu-
late PEXS ubiquitylation in vivo in HEK 293T cells. To follow
the ubiquitylation status of endogenous PEXS, cells were trans-
fected with HA-ubiquitin with or without TRIM37-GFP over-
expression plasmids, and PEXS ubiquitylation was monitored
by detection of PEXS in pull-down of HA-ubiquitin (Fig. 4 A,
IP: HA). Ubiquitylated PEXS was hardly detected in control
(GFP) cells but was evident in TRIM37-GFP-overexpressing
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Figure 2. Loss of TRIM37 impairs import of peroxisomal matrix proteins. (A) TRIM37 detection in HepG2 control and TRIM37 KD cells. (B) Immunostaining
of peroxisomal proteins in HepG2 control and TRIM37 KD cells. Cells were costained with antibodies against PMP70 and PTS1 proteins. Bars: 10 pm.
(C and D) Localization of peroxisomal matrix and membrane proteins in HepG2 control and TRIM37 KD cells. The tripeptide SKL was fused to the C termi-
nus of GFP (GFP-SKL). Bars: 5 pm. The cDNAs encoding the PTS 1-containing proteins (ACOX1, acyl-CoA oxidase 1; PECR, peroxisomal trans-2-enoyl-CoA
reductase) were fused to the C terminus of GFP (GFP-ACOX1 and GFP-PECR). Thiolase and PMP22 were fused to the N terminus of GFP (thiolase-GFP and
PMP22-GFP). These GFP constructs were transfected into HepG2 control and TRIM37 KD cells. Images were taken with the same exposure time for each
construct (24 h after transfection). Nuclei were stained with DAPI. The expression levels of these constructs are equal in control and TRIM37 KD cells, as
shown in Fig. S1 A. The number of punctate peroxisomes per cell was calculated and presented as mean = SEM; ***, P < 0.001 (Student's # test). The
results are representative of three independent experiments. (E) Subcellular distribution of peroxisomal proteins in HepG2 control, TRIM37 KD, and PEX5
KD cells. Cytosolic (S) and organelle (P) fractions were separated by 100,000 g centrifugation of PNSs ECH1 (enoyl-CoA hydratase 1), ACOT1/2 (acyl-

CoA thioesterase 1/2), GSTK1, GSTk1, and GAPDH.

(WT) cells (Fig. 4 A, first and second lanes). The molecular
weight of the ubiquitylated PEXS5 suggested that the modifica-
tion was monoubiquitylation (Fig. 4 A) and that deubiquityl-
ase (USP2) treatment caused the disappearance of the slower
migrating upper band of exogenously expressed myc-PEX5
protein (Fig. S3 A). This ubiquitylation was not observed in
TRIM37 (ARING)-GFP-overexpressing cells (Fig. 4 A, third
lane), suggesting its dependence on the RING domain, which
is necessary for the E3 ligase activity of TRIM37. This require-
ment of TRIM37 for PEX5 monoubiquitylation in vivo was
confirmed independently by showing that monoubiquitylation
of exogenous PEXS was also enhanced by TRIM37 overexpres-
sion and reduced by KD (Fig. 4, B and C).

To examine whether TRIM37 ubiquitylates PEXS directly
in vitro, TRIM37 protein purified from bacteria and myc-PEXS
protein was immunoprecipitated from HEK 293T cells overex-
pressing myc-PEXS. Purified TRIM37 protein had E3 ligase

activity in vitro as indicated by its self-ubiquitylation (Fig. S3
B). We used the E1 enzyme UBEI and different E2 enzymes
for in vitro ubiquitylation assays and found that UbcHS family
(UbcHS5a/b/c) proteins catalyzed TRIM37-mediated PEXS
ubiquitylation (Fig. S3 C), analogous to the finding that the
UbcHS family is the E2 for PEXS5 ubiquitylation on cysteine 11
(C11; Grou et al., 2008). The E3 ligase activity of TRIM37 de-
pended on its RING domain, as mutations (C18R or C35/36S)
that interfered with the RING structure (Kallijérvi et al., 2005;
Bhatnagar et al., 2014) strongly reduced TRIM37-mediated
PEXS ubiquitylation (Fig. 4 D). In contrast to the results of the
in vivo ubiquitylation experiments, the TRIM37 E3 ligase ac-
tivity on PEXS in vitro was manifested mainly by PEXS poly-
rather than monoubiquitylation. An explanation might be that
the myc-PEXS substrate purified from HEK 293T cells had
already undergone monoubiquitylation in vivo, and excessive
ubiquitylation components might cause sustained polyubiqui-
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tylation in vitro. To circumvent this problem, we used nonubig-
uitylated, purified PEXS from Escherichia coli and found that
both mono- and polyubiquitylation of PEXS were catalyzed
by TRIM37 (WT), but not its RING domain mutants (C18R
or C35/36S; Fig. S3 D). Together, the in vitro and in vivo data
show that TRIM37 directly monoubiquitylates PEXS.

Two sites were reported previously for PEXS5 ubiquitylation.
One is the nonconventional C11 ubiquitylation site, which is
required for PEXS recycling during PTS protein import (Oku-
moto et al., 2011); the other site is lysine 209 (K209), which is
crucial for pexophagy induced by high levels of reactive oxygen
species (Zhang et al., 2015). Surprisingly, TRIM37 still ubiqui-
tylated PEXS mutants lacking both these known sites (C11A/
K209A; Fig. S3 E) in vitro, suggesting the existence of other
ubiquitin acceptor sites for TRIM37-mediated PEXS ubiquityl-
ation. Most probably the sites were not cysteines because sam-
ples for Western blots were prepared in reducing conditions.
By scanning lysines in PEXS, we found that K464 and K519
might be ubiquitin acceptor sites because their mutation caused
an almost complete loss of PEXS5 ubiquitylation in vivo (Fig.
S3 F). To prove this, we made the double mutant PEXS (K464/
K519A) and expressed it with ubiquitin (KO), which has all
its lysines mutated to arginines, thereby preventing polyubig-
uitylation and accumulating only monoubiquitylated species.
As expected, the double mutant PEXS (K464/K519A) lost all
ubiquitylation; however, the single mutants, PEX5 (K519A)
and PEXS5 (K464A), were still monoubiquitylated in the pres-
ence of ubiquitin (KO) (Fig. 4 E). Therefore, K464 and K519
are the alternative sites for PEXS monoubiquitylation.

To identify the functional TRIM37 site, we performed in
vitro ubiquitylation assays using PEXS5 mutants. TRIM37 could
still (mono- and poly-) ubiquitylate PEX5 (K519A), but not
K464/K519A or K464A (Fig. 4 F), providing direct evidence

GFP-RFP-SKL GFP-PECR

Figure 3. TRIM37 gene mutation causes a defect in the
import of peroxisomal matrix proteins. (A) Diagram of
TRIM37 structure and the fs mutation at Arg166. Loss of
TRIM37 protein in human patient fibroblasts (AG02122)
was verified by Western blot. (B) Normal (AG21802)
or patient fibroblast cells (AG02122) were stained with
antibodies against PTS1 proteins and PMP70. (C) GFP-
RFP-SKL or GFP-PECR constructs were transfected into the
fibroblasts. The images were taken 24 h after transfection.
The expression of GFP-RFP-SKL and GFP-PECR constructs in
patient cells was very weak, and hence relatively higher
exposure times were used to capture the signal compared
with those for normal cells. Bars: 10 pm; (insets) 5 pm.

that K464 is the principal PEXS5 ubiquitylation site targeted by
TRIM37. Confirming this, TRIM37 failed to ubiquitylate the
PEXS5 (K464R) mutant in vitro (Fig. S3 G). Meanwhile, in
vivo TRIM37 depletion reduced ubiquitylation of the K519A
mutant (with K464 intact), comparable to that for PEX5 (WT)
(Fig. 4 G). Additionally, TRIM37 depletion did not alter the pat-
tern of ubiquitylation of PEXS (K464 A) (Fig. 4 G). These results
show that TRIM37 monoubiquitylates PEXS primarily at K464.

To explore how TRIM37 regulates PEX5 ubiquitylation, we
mapped the TRIM37 interaction region on PEXS5 using the
yeast two-hybrid system and co-immunoprecipitation (IP) as-
says. PEXS protein can be divided into three segments: the
structurally disordered N-terminal region that binds to mem-
brane peroxins (Saidowsky et al., 2001); a middle region com-
prising seven tetratricopeptide repeats (TPRs), which recognize
the PTS1 cargoes (Gatto et al., 2000); and a CT51 region with
no attributed function (Fig. 5 A). TRIM37 was fused to the
GAL4-binding domain (BD) and several forms of PEXS5 to the
activation domain (AD), and their positive interactions were
determined by growth in media without histidine (—His) and
—His + 2 mM 3-amino-1,2,4-triazole (3-AT; more stringent
condition). Cells transformed with BD-TRIM37 and AD-PEX5
(WT) grew on the —His and —His + 2 mM 3-AT selection plates
(Fig. 5 B), indicative of their direct interaction. The AD-PEXS5
(ATPR) mutant also interacted with BD-TRIM37; however,
the CT51 deletion (ACT51) fully disrupted their interaction
(Fig. 5, A and B), suggesting that CT51 contributes to the inter-
action of PEXS with TRIM37.

The in vivo interactions between an E3 ligase and
its substrate are very transient (Iconomou and Saunders,
2016), so not surprisingly, we were unable to detect the in-
teraction between TRIM37 and PEX5 (WT) by co-IP assay

TRIM37 ubiquitylates and stabilizes PEXS5
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Figure 4. TRIM37 ubiquitylates PEX5 at K464. (A) HEK 293T cells were transfected with constructs overexpressing HA-ubiquitin (WT), plus GFP, TRIM37-
GFP (WT), or TRIM37 (ARING)-GFP. The cell lysates (input) were used for HA-IP followed by detection with the indicated antibodies. The asterisk in the
GFP blot indicates the IgG light chain. (B) HEK 293T cells were transfected with constructs expressing myc-PEX5 together with GFP(—) or TRIM37-GFP(+).
Cell lysates were collected for the myc-IP. Myc-PEX5 and TRIM37-GFP proteins were detected by myc and GFP antibody, respectively. (C) HEK 293T control
and TRIM37 KD cells were transfected with constructs expressing myc-PEX5. (D) Histidine-TRIM37 (WT) or the RING mutants (C18R and C35/36S) of
TRIM37 were purified from bacterial lysates and used for in vitro ubiquitylation assays in the presence of E1 (UBE1), E2 (UbcH5b), and myc-PEX5 immu-
noprecipitated from HEK 293T cells overexpressing myc-PEX5. PEX5 ubiquitylation was detected by myc antibody. The amount of TRIM37 proteins was
determined using histidine antibody before the ubiquitylation assay. (E) HEK 293T cells were transfected with the indicated PEX5 constructs together with
constructs expressing HA-ubiquitin (KO). (F) In vitro ubiquitylation assay using myc-PEX5 (WT) or the indicated PEX5 mutants, UBE1, UbcH5b, and TRIM37
proteins. (G) HEK 293T control or TRIM37 KD cells were transfected with constructs expressing myc-PEX5 (WT) or the indicated PEX5 mutants, together with

HA-ubiquitin (KO). s.e., short exposure; |.e., long exposure.

(not depicted). Surprisingly, however, the interaction with
TRIM37 was stabilized in the PEX5 (ATPR) mutant, as
seen in our co-IP experiments (Fig. 5 C), and this interac-
tion was abolished when CT51 was deleted (PEX5 1-296)
(Fig. 5 C), further confirming that CT51 is required for PEXS5
interaction with TRIM37.

Next, we asked whether the interacting region (CT51)
was required for PEXS ubiquitylation by TRIM37. As expected,
deletion of CT51 (ACT51) abolished PEXS ubiquitylation, and
even TRIM37 overexpression, which enhanced ubiquitylation
of PEXS (WT), failed to restore PEXS5 (ACT51) ubiquitylation
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in vivo (Fig. 5 D). Additionally, TRIM37 did not ubiquitylate
PEXS5 (ACTS51) in vitro (Fig. 5 E), demonstrating that TRIM37
ubiquitylates PEXS5 by interacting with the CT51 region.

To address whether the PEXS5 (K464A) and PEXS5
(ACT51) mutants retain their ability to import PTS proteins,
we built shRNA-resistant PEX5 constructs (WT, K464A, and
ACTS51) and reexpressed them in PEXS KD cells, respectively
(Fig. 5 F). As expected, PEX5 KD resulted in cytoplasmic
GFP-ACOX1 proteins, and reexpressing PEX5 (WT) rescued
the import defect. However, neither PEX5 (K464A) nor PEXS
(ACTS51) complemented the import defect (Fig. 5 F). These
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Figure 5. TRIM37 ubiquitylates PEX5 by interacting with CT51 of PEX5, which is required for peroxisomal matrix protein import. (A) Diagram of PEX5
constructs and summary of their inferactions with TRIM37. (B) TRIM37 and PEX5 (WT or the indicated mutants) were fused to the GAL4-BD and -AD,
respectively, and transformed into the yeast AH109 strain. (C) HEK 293T cells were transfected with TRIM37-GFP together with the indicated myc-PEX5
mutants. Cell lysates (input) were collected for myc-IP or control IgG-IP (Ctrl), followed by Western blot with the indicated antibodies. (D) HEK 293T cells

were fransfected with GFP(—) or TRIM37-GFP(+) together with constructs expressing myc-PEX5 WT or ACT51. Cells were collected for the indicated anti-

body analysis 24 h after transfection. (E) In vitro ubiquitylation assay using myc-PEX5 (WT) or (ACT51), UBET, UbcH5B, and TRIM37. (F) pCMV-myc and
GFP-ACOX1 constructs were transfected into HepG2 control and PEX5 KD cells. shRNA-resistant myc-PEX5 (WT), (K464A), or (ACT51) constructs, together

with GFP-ACOX1, were transfected into HepG2 PEX5 KD cells. Myc antibody was used to stain overexpressed myc-PEX5. The localization of GFP-ACOX1
was observed by fluorescence microscopy. Bars: 10 pm.
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Figure 6. TRIM37 inhibits polyubiquitylation-dependent proteasomal degradation of PEX5. (A) HEK 293T cells were transfected with myc-PEX5 (WT) or
PEX5 (K464A) and immunostained with myc antibody. The arrows indicate the proteasome-like structure in myc-PEX5 (K464A)-expressing cells. (B and
D) HEK 293T cells transfected with myc-PEX5 (WT), PEX5 (K464A), or PEX5 (ACT51) and HA-ubiquitin constructs were treated with 10 pM MG132 for
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or HA antibody fo localize the proteasomes and ubiquitin aggregates, respectively. (C and E) Myc-PEX5 and HA-ubiquitin were cotransfected into HepG2
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costained with myc and HA antibody fo detect the colocalization of myc-PEXS with ubiquitin aggregates. (F) HEK 293T cells transfected with myc-PEX5
(WT) or (K464A) were treated with 50 pg/ml CHX in the absence or presence of 10 pM MG 132 for 6 h. Cell lysates were collected in 1% CHAPS buffer
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myc-PEX5 blots. PEX5 protein amount at time O in each group was set to 100%. Bars: 5 pm.
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data strongly support our conclusion that TRIM37-mediated
PEXS ubiquitylation is essential for PTS protein import.

To understand the role of TRIM37-mediated ubiquitylation of
PEXS in the matrix protein import cycle, we studied the local-
ization of PEXS5 (K464A), which is not a substrate of TRIM37.
As expected, PEXS (WT) was cytosolic, but interestingly, the
PEXS5 (K464A) localized, in addition to the cytosol, in a single
dot near the perinuclear region (Fig. 6 A, arrows), which resem-
bles the cytoplasmic proteasome center (Wéjcik and DeMartino,
2003). To further study the localization of the nonubiquitylated
PEXS pool, we localized PEX5 mutants, as well as the PEX5
(WT), in cells depleted of TRIM37 but in the presence of the
proteasome inhibitor MG132, which blocks proteasomal deg-
radation and induces the formation of a characteristic large ag-
gresome near the perinuclear region (Wojcik and DeMartino,
2003). Confirming our hypothesis, in the presence of MG132,
the PEXS5 (K464A) and (ACT51) mutants that could not be
ubiquitylated by TRIM37 localized mostly in a large aggregate
near the nucleus, whereas these aggregates were far less abun-
dant for PEX5 (WT) (Fig. 6 B). Notably, these PEX5 aggre-
gates were observed in most TRIM37-depleted cells (Fig. 6 C).
Finally, we confirmed that these large aggregates containing
PEXS (K464A or ACT51) or PEXS (WT) in TRIM37 KD cells
colocalized with ubiquitin aggregates and/or the proteasome
marker PSMA2 (Fig. 6, D and E).

We characterized in vivo PEXS ubiquitylation by separat-
ing the cytosolic (soluble fraction) and proteasome-associated
PEXS (insoluble fraction; Fig. 6 F). The soluble fraction con-
tained most, if not all, the monoubiquitylated PEX5 (WT), and
the insoluble fraction contained some polyubiquitylated PEXS5
species, as seen by the smeared, higher molecular weight bands
(Fig. 6 F, left). The protein synthesis inhibitor cycloheximide
(CHX) caused a small but significant decrease of PEX5 (WT)
proteins and the disappearance of the smeared bands, but these
effects were reversed by MG132. These results suggest that
PEXS is subject to a slow rate of proteasomal degradation in a
polyubiquitylation-dependent manner. Interestingly, the K464 A
mutant appeared even more heavily polyubiquitylated (pre-
sumably at other ubiquitin acceptor sites in PEXS) relative to
PEXS5 (WT) in the basal state and therefore manifested a robust
degradation by proteasomes because CHX treatment resulted
in an almost complete loss of the mutant protein, which was re-
versed by MG132 (Fig. 6 F, right). These results suggested that
monoubiquitylation of PEXS at K464 by TRIM37 might have a
stabilizing function because mutation of this site in PEXS5 causes
proteasomal degradation by polyubiquitylation at other sites,
reminiscent of a mammalian equivalent of the yeast RADAR
pathway that eliminates nonfunctional PEXS5 from peroxisomes
(Kiel et al., 2005; Léon et al., 2006).

To further validate this role of TRIM37-mediated
monoubiquitylation of PEXS as a stabilizing modification,
we studied the half-life of PEX5 (WT) and the mutants. After
inhibition of new protein synthesis by CHX, the half-lives of
PEXS (K464A) and PEXS5 (ACT51) mutants were greatly re-
duced relative to that of WT PEXS5 (Fig. 6 G). For PEX5 (WT)
and both mutants, the half-lives were extended upon MG132
addition, showing that PEXS is subject to proteasomal degrada-
tion (Fig. 6 G). Interestingly, we found that monoubiquitylated
PEXS in myc-PEX5 (WT) proteins and TRIM37 also decreased

A

TRIM37KD - + (kD)
PExs-100 =100
< 80
TRIM37-1OO % ©0 ks
= 40
A t. 7, O
NI 40 & “Control TRIM37 KD
B © €
E g g
2 £kD) 5100, —
Gt AN
TRIM37 [ 100 2 20 ._
Actin -40 a Normal Patient
C Control TRIM37 KD

CHX(h) 0 61224 0 6 1224 (kD)

PEX5[— —— —|[ - — }100
PEX5 (%) 100105 100 83 51 44 5 6
TRIM37 s we — ]| F100

Actin [ e | e -]

Figure 7. Loss of TRIM37 reduces stability of PEX5 proteins. (A and B)
PEX5 and TRIM37 protein levels in HepG2 control versus TRIM37 KD cells
and in normal (AG21802) versus patient (AG02122) fibroblasts. Cell ly-
sates were collected a day after cells were plated. Quantification was
based on three independent experiments and presented as mean + SEM
(n=3); **, P <0.01 (Student's ttest). (C) PEX5 and TRIM37 stabilities in
HepG2 control versus TRIM37 KD cells after 50 pg/ml CHX treatment for
the indicated times. The amount of PEX5 proteins normalized to the loading
control, actin, in control, and normal cells was set to 100%.

after CHX treatments, which were inhibited by MG132 treat-
ment (Fig. 6 G, top; and Fig. S4 A). Considering the stabilizing
role of TRIM37, this decrease of TRIM37 might cause the dis-
appearance of the monoubiquitylated form of PEXS, which is
inhibited when TRIM37 is stabilized by MG132.

In agreement with the results obtained with these mu-
tants, both TRIM37 depletion in HepG2 cells and TRIM37
mutation in patient cells resulted in a 40-50% reduction of
endogenous PEXS protein under normal growth conditions
(Fig. 7, A and B). The half-lives of endogenous PEXS5 pro-
teins were strikingly reduced in TRIM37 KD cells compared
with its slow degradation in control cells (Fig. 7 C). These
multiple lines of evidence show clearly that K464 ubiquityla-
tion in PEXS by TRIM37 inhibits proteasome degradation of
PEXS5 and enhances its stability. Thus, TRIM37 is a positive
regulator of PTS protein import and a negative regulator of
proteasomal PEXS5 turnover.

The initial step in the peroxisomal import of PTS1-containing
cargoes is the recognition and binding of the PTS in the cyto-
plasm by the TPR domain of PEXS (aa 296-580; Gatto et al.,
2000). TRIM37-mediated PEXS ubiquitylation (K464) occurs
in the TPR domain, so we asked whether this ubiquitylation
might also affect PEXS binding to its cargoes.

TRIM37 ubiquitylates and stabilizes PEXS
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Figure 8. Binding of PEX5 to PTS1 cargoes does not require ubiquitylation
by TRIM37. (A) HepG2 cells were transfected with GFP and myc-PEX5
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(K464A), or (ACT51). Cell lysates were collected for GFP-IP and West-
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GFP-IP was performed to detect their interactions with endogenous PEX5.
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We characterized the affinity of PEXS5 for different
PTS1-containing cargoes (GFP-RFP-SKL, GFP-ACOX1, and
GFP-PECR) and found that PEXS bound strongly to ACOX1
(Fig. S4 B), making it the most suitable cargo for our studies.
The binding of ACOX1 to PEXS mutants (K464 A and ACT51)
was affected (Fig. 8 A, IP: GFP), but the relative differences
in the binding were comparable with relative differences in the
levels of PEXS5 (WT), (K464A), and (ACT51) in the protein
lysates (Fig. 8 A, input). Similarly, the interaction between
PEXS and PTS cargoes (GFP-ACOX1 and GFP-PECR) in
TRIM37-depleted cells was reduced (Fig. 8 B, IP: GFP), but
this reduction also reflected the PEXS5 levels in the protein ly-
sates (Fig. 8 B, input). To prove that reduced interactions of
PEXS5 mutants with PTS cargoes were caused by variations
in PEXS protein levels, MG132 was used to inhibit the CHX-
induced degradation of PEXS (K464A and ACTS51) proteins
(Fig. 8 C). The interactions of the two PEXS5 mutants with
ACOX1 were hardly detected (CHX+ and MG132—) but were
rescued when their protein levels were increased after MG132
addition (Fig. 8 C, CHX+ and MG132+). Therefore, the cargo
binding ability itself is not affected by PEXS mutation or by
TRIM37 depletion, and the differences seen in the co-IP are
mainly a result of the relatively low levels of the PEXS mutants
or endogenous PEXS proteins in TRIM37-depleted cells, which
are caused by the proteasomal degradation.

TRIM37 or PEXS5 depletion induces
apoptosis and results in increased
sensitivity to oxidative stress

Supporting the essential cellular function of peroxisomes
(Schrader and Fahimi, 2006), PEXS depletion induced cell
apoptosis, as indicated by the pronounced increase of the cleav-
age products of Caspase 3 and poly-ADP ribose polymerase
and the percentage of dead cells detected by propidium iodide
staining (Fig. 9, A and B). Not surprisingly, PEXS depletion led
to more cell death induced by oxidative stress (H,O,; Fig. 9 B).
TRIM37 depletion also manifested a similar phenotype, with
more cells undergoing apoptosis and enhanced sensitivity to
H,0, (Fig. 9, C and D). Immunostaining also showed that more
cells underwent apoptosis after TRIM37 depletion, as indicated
by the levels of cleaved Caspase 3 (Fig. 9 E). Consistently,
basal apoptosis was also seen in fibroblasts of a patient with
a TRIM37 gene mutation, as shown by immunostaining and
Western blot detection for cleaved Caspase 3 proteins (Fig. 9, F
and G). These results suggest that the PTS import defect caused
by TRIM37 depletion might account for the apoptosis.

To address this directly, we overexpressed PEXS5 protein
in TRIM37 KD cells. As expected, the decrease of PEXS protein
by TRIM37 depletion was rescued in PEXS overexpression in
TRIM37 KD cells (Fig. S4 C). More importantly, the import of
GFP-ACOX1 and GFP-PECR was also rescued in this cell line
(Fig. S4 D). As a result, the cell apoptosis induced by TRIM37
KD was rescued by PEX5 overexpression, though partially, as
indicated by a decrease of cleaved caspase 3 (Fig. S4 C). These
results strongly indicate that the enhanced apoptosis caused by
TRIM37 depletion depends, significantly but not completely, on
PEXS5-mediated peroxisomal protein import.

(C) HepG2 cells transfected with the indicated constructs were treated with
50 pg/ml CHX in the absence or presence of 10 pM MG 132 for 6 h. Cells
were collected for GFP-IP. s.e., short exposure; |.e., long exposure.
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Figure 9. TRIM37 or PEX5 depletion induces apoptosis and results in increased sensitivity to oxidative stress. (A and C) Lysates from HepG2 control versus
PEX5 KD cells and control versus TRIM37 KD cells were immunoblotted for the indicated proteins. (B and D) HepG2 control versus PEX5 KD cells or control
versus TRIM37 KD cells were either left untreated or were treated with 0.25 mM H,O, (B) or the indicated H,O, concentrations (C) for 3 h before propidium
iodide staining for flow cytometry and cell death analysis. Data from triplicate samples in each group are presented as mean + SEM and are representative

of three independent experiments;

*, P <0.05; **, P <0.01 (Student's ttest). (E and F) HepG2 control versus TRIM37 KD cells and normal versus patient

fibroblast cells were immunostained with antibody that detects cleaved Caspase 3. (G) Cleaved Caspase 3 and TRIM37 levels in lysates from normal and

patient cells (AG02122). Bars, 10 pm.

We identified a novel E3 ligase, TRIM37, mediating PEX5
stability and consequently affecting PTS protein import into
the peroxisomal matrix (Fig. 10). Several interesting results
emerged from our studies. First, TRIM37 depletion in cancer
cell lines or mutation in a mulibrey nanism patient impairs the
import of peroxisomal matrix proteins, but not of PMPs, indi-
cating that this disease is a new PBD. Second, TRIM37 ubig-
uitylates PEXS at K464, which promotes efficient PTS import.
Third, the deletion of the TRIM37-interacting region (CT51)
results in loss of PEXS ubiquitylation and a PTS protein import
defect. Our mechanistic studies deciphered an unexpected role
of TRIM37 in PEXS ubiquitylation: it maintains PEXS stability
and abundance, and hence increases PTS cargo imports into the
peroxisomal matrix. Thus, TRIM37 is a new positive regulator
of PTS protein import.

Polyubiquitylation occurs at one or two lysine residues
near the N terminus of PEXS in yeast, which serves as a quality-
control system (also called the RADAR pathway; Léon et al.,
20006) that prevents accumulation of the nonfunctional PEXS at

the peroxisomal membrane (Kiel et al., 2005). PEXS stability is
decreased in several human PBD patient cells (Dodt and Gould,
1996; Yahraus et al., 1996) and also in mulibrey nanism pa-
tients, suggesting that a similar quality-control mechanism may
also exist in mammals. A very small amount of PEX5 (WT)
is polyubiquitylated and undergoes a relatively slow protea-
somal degradation under basal conditions, but this rate is dra-
matically enhanced when PEXS ubiquitylation is inhibited by
TRIM37 dysfunction, a property expected of a quality-control
system. Additionally, we found that PEXS is subject to enor-
mous polyubiquitylation and degradation under oxidative stress
(H,0, treatment), a condition that disfavors peroxisomal matrix
protein import (Fig. S5, A—-C; Apanasets et al., 2014). These
results suggest that there is also a proteasomal quality-control
system in mammals to eliminate nonfunctional PEXS proteins,
which is negatively regulated by TRIM37 (Fig. 10 C). Interest-
ingly, we found that TRIM37 protein was remarkably reduced
in a CG4 (pex6 mutation) fibroblast cell line, in which PEX5
protein was also reduced (Fig. S5 D; Dodt and Gould, 1996;
Yahraus et al., 1996), further supporting a role for TRIM37 in
stabilizing PEXS protein.

TRIM37 ubiquitylates and stabilizes PEXS5
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Exactly what the relative roles are for the proteasome
versus pexophagy, which relies on PEXS5 monoubiquitylation
at K209 (Zhang et al., 2015), in PEXS stability is uncertain at
present, but the massive polyubiquitylation of PEXS induced
by H,O, treatment and detected in the insoluble fraction (Fig.
S5 A) is more reminiscent of the yeast RADAR pathway, in
which nonfunctional PEXS proteins are polyubiquitylated and
subjected to proteasomal degradation and whose mammalian
counterpart has not been described clearly.

Mulibrey nanism is an autosomal recessive, prenatal onset
growth disorder with characteristic dysmorphic features, cardiopa-
thy, and hepatomegaly caused by TRIM37 gene mutation (Avela et
al., 2000; Karlberg et al., 2004). Despite the severe clinical symp-
toms, the physiological consequence of TRIM37 dysfunction re-
mains elusive. Our results indicate that mulibrey nanism is a new
type of PBD. TRIM37 is a PMP whose depletion or mutation causes
a peroxisomal matrix protein import defect. The effect is direct
because our mechanistic experiments demonstrate that TRIM37
functions through regulating PEXS ubiquitylation and abundance.
Furthermore, TRIM37 dysfunction also causes cell apoptosis in
cancer cell lines and patient fibroblasts, which may result in the
growth problems observed in mulibrey nanism patients (Karlberg
et al., 2004), similar to that of PBDs caused by PEX5 mutations.

In contrast to our results, normal peroxisomes were re-
ported in fibroblasts from a mulibrey nanism patient (Kallijirvi
et al., 2002). The discrepancy likely lies in the complexities as-
sociated with the specific mutations observed in patients and the
actual cellular phenotype resulting from these mutations (Jagi-
ello et al., 2003). The cells from the patient we studied have the
same TRIM37 genomic mutation as reported elsewhere (Kalli-
jérvi et al., 2002), but because individuals with identical splice
site mutations can show variable levels of aberrant splicing and
TRIM37 protein expression (Jagiello et al., 2003), we took care
to analyze only patient cell lines devoid of TRIM37 protein. We
did also see normal PTS protein import in cells from a second

Figure 10. Model for TRIM37-mediated PEX5
ubiquitylation. (A) TRIM37 ubiquitylates PEX5
at K464 by interacting with its CT51 in concert
with the E1 enzyme, UBE1, and the E2 ubiqui-
tin-conjugating protein UbcH5. The ubiquityla-
tion at this site on PEX5 is reversed in vitro by
USP2. (B) TRIM37-mediated monoubiquityla-
tion of PEX5 at K464 stabilizes PEX5 by inhib-
iting its proteasome-mediated turnover via the
RADAR pathway, thereby enhancing import of
peroxisomal proteins. PEX5 plays a key role in
the import of both PTS1- and PTS2-containing
proteins info the peroxisomal matrix, and its
ubiquitylation at C11 facilitates its recycling to
the cytosol for multiple rounds of peroxisomal
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patient with the same splice site mutation, which we attributed
to the presence of normal TRIM37 mRNA and some TRIM37
protein expressed in the patient (Fig. S5, E-H). These obser-
vations further demonstrate that TRIM37 mutation contributes
to abnormal cellular processes and human diseases by aberrant
splicing. They also suggest that mutations at the splicing site are
not the sole determining factor for TRIM37 deficiency, and they
act together with other proteins, such as splicing factors acting
in trans, for the pathogenesis of mulibrey nanism.

Interestingly, peroxisomes appear to be normal in TRIM37
knockout mice (Kettunen et al., 2016). To resolve this appar-
ent discrepancy, we silenced TRIM37 in a mouse cell line,
Raw?264.7. Despite the almost complete depletion of TRIM37 in
this cell line (Fig. S5 1), localization of both peroxisomal matrix
and membrane proteins was normal in TRIM37 KD cells, as indi-
cated by the distribution of GFP-PECR and PMP22-GFP, respec-
tively (Fig. S5 J). However, in contrast to our results with human
cells, the PEXS protein level was unchanged in TRIM37 KD
Raw264.7 cells compared with the control cells (Fig. S5 I). These
results, together with the data from TRIM37 knockout mice, sug-
gest that TRIM37 functions differently in humans and mice.

Besides its functions in peroxisomal biogenesis, TRIM37
is also an E3 ligase for histone 2A and promotes breast cancer
development (Bhatnagar et al., 2014). It has recently been iden-
tified as a protein that regulates centrosome assembly (Balestra
et al., 2013; Meitinger et al., 2016). These results may reflect
the diverse functions of TRIM37. The links, if any, between
these alternative functions of TRIM37 remain to be discovered.

Reagents
The antibodies used were as follows: TRIM37 (sc-515044; Santa
Cruz Biotechnologies), ECH1 (sc-515270; Santa Cruz Biotechnolo-



gies), ACOT1/2 (sc-373917; Santa Cruz Biotechnologies), GSTK1
(sc-515580; Santa Cruz Biotechnologies), ubiquitin (sc-8017; Santa
Cruz Biotechnologies), PMP70 (sc-514728; Santa Cruz Biotechnolo-
gies), LAMPI (sc-20011; Santa Cruz Biotechnologies), VDACI (sc-
390996; Santa Cruz Biotechnologies), Sec61-f (sc-393633; Santa Cruz
Biotechnologies), PSMA2 (2455; Cell Signaling Technology), cleaved
Caspase 3 (9664; Cell Signaling Technology), cleaved poly-ADP ribose
polymerase (5625; Cell Signaling Technology), GAPDH (2118; Cell
Signaling Technology), actin (A1978; Sigma-Aldrich), myc (C3956;
Sigma-Aldrich), PEX14 (ab109999; Abcam), HA (11867423001;
Roche), GFP (632593; Clontech), and histidine (34660; QIAGEN). An-
tibodies against PEXS and PTS1 were previously described by Wiemer
et al. (1995). The inhibitors used were as follows: CHX (C104450;
Sigma-Aldrich) and MG132 (C2211; Sigma-Aldrich). Components for
in vitro ubiquitylation were purchased from Boston Biochem: UBEI
(E-305), E2 enzyme set (K-980B), and ubiquitin (U-100H). USP2 was
provided by E. Bennett (University of California, San Diego).

Plasmids

The cDNA encoding TRIM37 was PCR amplified using a TRIM37
cDNA clone (TCH1003; Transomic) as a template and cloned into
pEGFP-N1 (TRIM37-GFP) and pEGFP-C1 (GFP-TRIM37), re-
spectively. pCMV-myc-PEX5 (WT) and (K209R) were gifts from
C. Walker (Center for Translational Cancer Research, Texas A&M
University, College Station, TX; Zhang et al., 2015). The PEXS ly-
sine mutants were constructed by PCR-directed mutagenesis using
pCMV-myc-PEXS5 (WT) as a template. PEXS5 mutants encoding dif-
ferent domains were cloned into pPCMV-myc plasmids. ACOX1 cDNA
was cloned into pEGFP-C1 plasmid with the GFP tag at the N termi-
nus. GFP-PECR, GFP-SKL, GFP-RFP-SKL, and thiolase-GFP were
obtained as previously described (Amery et al., 2001; Mizuno et al.,
2008; Nazarko et al., 2014). PMP22-GFP was provided by G. Luers
(Institute of Anatomy, University of Marburg, Marburg, Germany).
The cDNAs encoding TRIM37 or PEXS were cloned into a pETDuet-1
vector and fused with a histidine and an S tag at the N and C termini,
respectively. The shRNA-resistant PEX5 (WT), (K464A), or (ACT51)
mutants were constructed by PCR-directed mutagenesis. HA-ubiquitin
(WT) and HA-ubiquitin (KO) were purchased from Addgene (17608
and 17603). All constructs were sequenced.

Cell culture and DNA transfection

HEK 293T cells (ATCC), Raw264.7 (ATCC), and HepG2 (Zhang et
al., 2015) were cultured in DMEM supplemented with 10% FBS and
penicillin/streptomycin. Fibroblasts from healthy donors (AG21802)
and two mulibrey nanism patients (AG02122 and AG02506) were
obtained from the Coriell Institute and cultured in Eagle’s mini-
mum essential medium supplemented with 15% FBS. All cells were
incubated at 37°C in a humidified 5% (vol/vol) CO, incubator. Cell
transfection was performed by using X-tremeGENE HP DNA Trans-
fection Reagent (6366546001; Sigma-Aldrich) according to the manu-
facturer’s instructions.

Subcellular fractionation

Fractionation assays were performed as described by Otera et al.
(2000). In brief, ~108 cells were collected in homogenization buffer
(0.25 M sucrose and 5 mM Hepes-KOH, pH 7.4) with protease in-
hibitor cocktail (05892791001; Roche), followed by 30 strokes of an
Elvehjem-Potter homogenizer. Postnuclear supernatant (PNS) fractions
were obtained by centrifugation of homogenates at 750 g for 10 min.
The PNSs were subjected to ultracentrifugation at 100,000 g for 40
min. The supernatants were collected as cytosolic fractions (S). The

organelle pellet fractions (P; heavy and light mitochondrial and micro-
somal fractions) were suspended in urea buffer (120 mM Tris-HCI, pH
6.8, 4% SDS, 8 M urea, 0.1 M DTT, and 0.01% bromophenol blue). To
dissect the subcellular localization of peroxisomal matrix and mem-
brane proteins, the pellet fractions were extracted with either alkaline
carbonate buffer (100 mM Na,CO; and 10 mM Tris-HCI, pH 11.5) or
detergent buffer (2% Triton X-100 and 1 M NaCl) and incubated for
30 min on ice, followed by ultracentrifugation at 100,000 g for 40 min.
Supernatants and pellets were collected.

Protease degradation assay

TRIM37-GFP or GFP-TRIM37 constructs were transfected into HEK
293T cells. PNSs were separated into cytosolic and organelle fractions
by centrifugation at 25,000 g. P fractions were treated with 150 pg/
ml proteinase K plus 300 ug/ml trypsin in the presence or absence of
1% Triton X-100, or untreated in homogenization buffer on ice. The
samples were collected at each time point by taking the samples into
a TCA solution (13% final concentration) and stored at —80°C. Pro-
teins were extracted by TCA precipitation (Wang and Subramani,
2017). In brief, the cell lysates in TCA solutions were centrifuged
at 12,000 rpm for 5 min. The protein pellets were suspended and
washed with 80% ice-cold acetone twice, followed by a Western blot
analysis of the proteins.

Peroxisome isolation using density gradient

Peroxisomes were isolated by using acommercial kit (PEROX1; Sigma-
Aldrich). PNSs from HepG2 cells were fractionated differentially into
S and P fractions by centrifugation at 25,000 g. An Optiprep solution
(22.5%) containing the P fraction was placed in the middle layer with
27.5 and 20% Optiprep solutions on the top and bottom, respectively,
followed by ultracentrifugation at 100,000 g. Other organelle proteins
such as ER and lysosomes floated on the top, and mitochondria pro-
teins resided at the 22.5/27.5% interface, whereas peroxisomes slightly
floated in the densest layer.

Immunofluorescence

Cells were grown on cover slides and fixed with 4% PFA for 10 min,
followed by 5 min of 0.5% Triton X-100 permeabilization and 0.5 h of
blocking with 1% BSA in PBS at room temperature. To detect the lo-
calization of TRIM37 in peroxisomes, cells were pretreated with 25 pg/
ml digitonin for 5 min followed by the same procedures as described
previously. The slides were then incubated with primary antibodies and
the corresponding fluorescent dye—conjugated secondary antibodies for
2 hand 1 h, respectively. Nuclei were stained with DAPI (1 pg/ml).
Images were captured using a plan apochromat 100x 1.40-NA oil im-
mersion objective on a motorized fluorescence microscope (Axioskop
2 MOT plus; Carl Zeiss) coupled to a monochrome digital camera (Ax-
ioCam MRm; Carl Zeiss), and the pictures were processed using Axio-
Vision software (Carl Zeiss).

In vitro ubiquitylation assay

The in vitro ubiquitylation assay was performed as described by Bhat-
nagar et al. (2014). PEXS proteins were obtained either by myc-IP
from myc-PEX5-overexpressing HEK 293T cells or by purification of
bacterial histidine-PEXS proteins. UBEL, different E2s, bacterially pu-
rified TRIM37 (E3), ubiquitin, myc-PEXS, histidine-PEXS5 were added
in a final 50 pl of buffer (50 mM Tris-Cl, pH 7.5, 5 mM MgCl,, 2 mM
NaF, 10 mM DTT, and 2 mM ATP). The reactions were incubated at
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30°C for 1.5 h and boiled with 2x SDS sample buffer for 5 min, fol-
lowed by a Western blot detection of PEXS ubiquitylation.

Yeast two-hybrid experiments

The GAL4-based Matchmaker yeast two-hybrid system (Clontech)
was used as described previously by Farré et al. (2013). TRIM37 and
PEXS or PEXS5 mutants were cloned into pPGBKT7 (BD) and pGADT7
(AD) vector, respectively. The BD and AD plasmids were cotrans-
formed into AH1009 strains using synthetic dextrose (SD) lacking spec-
ified amino acids, i.e., SD (Leu—, Trp—) plates. Transformants were
then grown on plates with His (SD [Leu—, Trp—]), —His (SD [Leu—,
Trp—, His—]), and —His + 3-AT (SD [Leu—, Trp—, His—] with 2 mM
3-AT). The strains were incubated at 30°C until visible colonies ap-
peared. Two transformants from each strain were tested. Transformants
growing on —His and —His + 3-AT plates indicated the direct interac-
tion of proteins expressed from the two constructs. 3-AT was used to
reduce background growth.

Protein purification

The constructs pETDuet-1-TRIM37 or pETDuet-1-PEXS5 were trans-
formed into BL21 E. coli. Protein expression was induced by 0.2 mM
IPTG at 22°C for 3 h. To solubilize PEXS, cell pellets were resus-
pended in lysis buffer (50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 1%
Triton X-100, and protease inhibitor cocktail). To solubilize TRIM37,
cell pellets were resuspended in lysis buffer (50 mM Tris-HCl, pH
7.5, 150 mM NaCl, 1.5% N-lauroylsarcosine, and protease inhibitor
cocktail). The cell lysates were subjected to ultrasonication at 4°C, and
cleared lysates were incubated with nickel-nitrilotriacetic acid aga-
rose (30230; QIAGEN) at 4°C for 3 h. For purification of TRIM37,
cleared lysates were diluted three times with buffer (50 mM Tris-HCl,
pH 7.5, 150 mM NaCl, and 2% Triton X-100) before nickel-nitri-
lotriacetic acid agarose binding. Beads were washed once with buffer
(50 mM Tris-HCI, pH 7.5, and 20 mM imidazole) and eluted with buf-
fer (50 mM Tris-HCI, pH 7.5, and 250 mM imidazole). Eluents were
dialyzed against 20 mM Tris-HCI, pH 7.5.

Western blot and IP
Cells were collected in lysis buffer (40 mM Hepes, pH 7.4, 120 mM
NaCl, 1 mM EDTA, 1.0% CHAPS, 10 mM pyrophosphate, 10 mM
glycerophosphate, and protease inhibitor cocktails). The lysates were
centrifuged, and supernatants were collected for Western blot analy-
sis. To detect PEXS polyubiquitylation in the insoluble fractions, the
pellets were resuspended in urea buffer (one fifth of the volume of the
1.0% CHAPS lysis buffer). Equal volumes of the soluble and insoluble
fractions were used for the immunoblots.

To study interactions between TRIM37 and PEXS or the mutants,
HEK 293T cells were transfected with TRIM37-GFP and myc-PEX5
(WT) or myc-PEXS5 mutants (ATPR or 1-296). Cells were collected in
lysis buffer (40 mM Hepes, pH 7.4, 120 mM NaCl, | mM EDTA, 0.3%
CHAPS, 10 mM pyrophosphate, 10 mM glycerophosphate, and prote-
ase inhibitor cocktails). To study interactions between PEXS and PTS
cargoes, cells transfected with myc-PEXS and various GFP-PTS con-
structs were collected in lysis buffer (50 mM Tris-HCL, pH 7.5, 150 mM
NaCl, 0.2% Triton X-100, 10% glycerol, and protease inhibitors). Equal
amounts of protein lysates (500 pug) were incubated with the correspond-
ing IP antibody followed by addition of protein G beads. The IP beads
were washed three times with lysis buffer and boiled for 10 min in 40 pl
of 2x SDS sample buffer (100 mM Tris-HCI, pH 6.8, 4% SDS, 20%
glycerol, 0.2 M DTT, and 0.02% bromophenol blue). The IP lysates were
subjected to Western blot detection of the interacting proteins. To detect
PEXS ubiquitylation, cells transfected with HA-ubiquitin were collected
in the denaturing lysis buffer (2% SDS, 150 mM NaCl, and 10 mM Tris-

HCI, pH 8.0) as described previously by Choo and Zhang (2009), and the
HA-IP was performed to detect the endogenous PEXS by Western blot.

Generating stable KD cells

The shRNA constructs to KD TRIM37 or PEX5 were in pLKO.1
backbones purchased from Open Biosystems (RHS4533-EG4591 and
RHS4533-EG5830). The two shRNA sequences targeting the TRIM37
gene were ShRNA #1 (5'-TTCGAGAATATGATGCTGTGG-3’) and
shRNA #2 (5'-TTCACTGGTAAAGTCTGGTGG-3"). The shRNA se-
quence targeting PEXS5 was 5'-AATCCTGAGTTACATCCACAG-3'.
The lentivirus system was used to establish KD stable cell lines as fol-
lows: the TRIM37 or PEXS5 shRNA constructs were transfected together
with the lentivirus packaging plasmids psPAX2 and pMD2.G. The
virus supernatants were collected and filtered for target cell infection
(HepG2 and HEK 293T cells). Surviving cell populations after puro-
mycin selection (2 pug/ml) were subjected to KD analysis by Western
blot. The TRIM37 shRNA #1 was also used for TRIM37 KD Raw264.7
cells because the mouse TRIM37 gene has the same targeting site.

Rescuing the TRIM37 KD cells

To confirm that the phenotype observed in the TRIM37 KD cells was
caused by loss of the TRIM37 protein, HepG2 cells were infected
with retroviruses expressing either the pBrit-empty vector or pBrit-
TRIM37 cDNA (shRNA resistant) to select stable cells using 0.5 pg/
ml puromycin. The pooled cells expressing the pBrit-empty vector
were then infected with lentivirus expressing either a control shRNA
or TRIM37 shRNA, and cells growing in 2 pg/ml puromycin were
pooled as control and TRIM37 KD cells, respectively. Cells expressing
shRNA-resistant TRIM37 cDNA were infected with lentivirus express-
ing TRIM37 shRNA, and stable cells growing in 2 pg/ml puromycin
were pooled (short hairpin-resistant TRIM37 and TRIM37 KD). After
5 d, all three pooled stable cells were individually transfected with
a plasmid transiently expressing GFP-ACOX1 c¢cDNA and processed
after 24 h for immunoblots of TRIM37 levels and for fluorescence
localization of GFP-ACOX1.

DNA extraction and RT-PCR

Fibroblast cells were collected and the DNA was extracted by using
the Wizard Genomic DNA Purification kit (A1125; Promega). The
region surrounding the genomic mutation site (¢.493-2A>G) was am-
plified by PCR with primers (forward, 5'-AGGAATCAAGAACCA
AGT-3’; and reverse, 5'-ATGGCTATGAAAATTTTTCT-3") and sent
for sequencing. To analyze the TRIM37 mRNA expression, RNA was
extracted from these fibroblast cells by TRIzol reagent (Invitrogen)
and reverse transcribed according to the manufacturer’s instructions
(4374966; Thermo Fisher). The cDNA was used as a template for
amplification of the region surrounding the splicing mutation sites
by PCR (forward, 5'-CCTTTAAACCTTTGGCAG-3'; and reverse,
5'-TGGTGCTCCACCTCCTGA-3").

Flow cytometry

Cells were treated or not treated with different doses of H,O, (H1009;
Sigma-Aldrich) added directly into the culture media and digested to
single cells using 0.25% trypsin. Cells were stained with 1 ug/ml propid-
ium iodide in PBS. Channel FL3 (deep red fluorescence, excitation of
488 nm, and emission 670 long pass) was used to detect the propidium
iodide signal using a FACSCalibur flow cytometer (Becton-Dickinson).

Statistics

P-values were calculated using a two-tailed unpaired Student’s 7 test.
P-values of <0.05 were considered statistically significant. *, P < 0.05;
** P <0.01; #**, P <0.001.



Online supplemental material

Fig. S1 (related to Fig. 2) shows that the loss of TRIM37 impairs the
import of peroxisomal matrix proteins. Fig. S2 (related to Fig. 3) shows
that TRIM37 gene mutation results in the defective import of peroxi-
somal matrix proteins. Fig. S3 (related to Fig. 4) shows that TRIM37
ubiquitylates PEXS at K464. Fig. S4 (related to Figs. 6, 8, and 9) and
Fig. S5 present data for the Discussion section.
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