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ABSTRACT

Overexpression of PTP4A phosphatases are associated with advanced cancers, but their biological
functions are far from fully understood due to limited knowledge about their physiological substrates.
VCP is implicated in lysophagy via collaboration with specific cofactors in the ELDR complex. However,
how the ELDR complex assembly is regulated has not been determined. Moreover, the functional
significance of the penultimate and conserved Tyr805 phosphorylation in VCP has not been established.
Here, we use an unbiased substrate trapping and mass spectrometry approach and identify VCP/p97 as
a bona fide substrate of PTP4A2. Biochemical studies show that PTP4A2 dephosphorylates VCP at Tyr805,
enabling the association of VCP with its C-terminal cofactors UBXN6/UBXD1 and PLAA, which are
components of the ELDR complex responsible for lysophagy, the autophagic clearance of damaged
lysosomes. Functionally, PTP4A2 is required for cellular homeostasis by promoting lysophagy through
facilitating ELDR-mediated K48-linked ubiquitin conjugate removal and autophagosome formation on
the damaged lysosomes. Deletion of Ptp4a2 in vivo compromises the recovery of glycerol-injection
induced acute kidney injury due to impaired lysophagy and sustained lysosomal damage. Taken
together, our data establish PTP4A2 as a critical regulator of VCP and uncover an important role for
PTP4A2 in maintaining lysosomal homeostasis through dephosphorylation of VCP at Tyr805. Our study
suggests that PTP4A2 targeting could be a potential therapeutic approach to treat cancers and other
degenerative diseases by modulating lysosomal homeostasis and macroautophagy/autophagy.

Abbreviations: AAA+: ATPases associated with diverse cellular activities; AKI: acute kidney injury;
CBB: Coomassie Brilliant Blue; CRISPR: clustered regularly interspaced short palindromic repeats;
ELDR: endo-lysosomal damage response; GFP: green fluorescent protein; GST: glutathione
S-transferase; IHC: immunohistochemistry; IP: immunoprecipitation; LAMP1: lysosomal-associated
membrane protein 1; LC-MS: liquid chromatography-mass spectrometry; LGALS3/Gal3: galectin 3;
LLOMe: L-leucyl-L-leucine methyl ester; MAP1LC3/LC3: microtubule associated protein 1 light chain 3;
MEF: mouse embryonic fibroblast; PLAA: phospholipase A2, activating protein; PTP4A2: protein
tyrosine phosphatase 4a2; PUB: NGLY1/PNGase/UBA- or UBX-containing protein; PUL: PLAP, Ufd3,
and Lub1; TFEB: transcription factor EB; UBXN6/UBXD1: UBX domain protein 6; UPS: ubiquitin-
proteasome system; VCP/p97: valosin containing protein; VCPIP1: valosin containing protein inter-
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Introduction

Protein tyrosine phosphorylation is essential for proper
cellular operation. Abnormalities in protein tyrosine phos-
phorylation contribute to many human disorders. Given the
success in halting disease progression through inhibition of
protein tyrosine kinase activity [1], improved understand-
ing of the biological underpinnings of protein tyrosine
phosphatases (PTPs) is expected to create new opportu-
nities for targeted disease intervention. Among the >100
members of the PTP superfamily are PTP4Al1 (protein
tyrosine phosphatase 4al) PTP4A2 and PTP4A3, which
are highly oncogenic when overexpressed [2-4].
Aberrantly high PTP4A  expression promotes cell

proliferation, migration, and tumorigenesis in vivo [5-11].
Elevated PTP4A level is observed in many types of tumors
and is strongly correlated with late-stage metastasis and
poor clinical outcomes [2,4,12,13]. These findings identify
PTP4As as potential therapeutic targets for metastatic
cancers.

In spite of the oncogenicity associated with PTP4A overexpres-
sion, their fundamental roles in normal cellular physiology and
tumor development are not completely understood. Previous stu-
dies have shown that ectopic expression of PTP4As in cultured
cells leads to activation of several signaling molecules, including
the RHO family of small GTPases, SRC, STAT3, MAPK1/ERK2-
MAPK3/ERK], and AKT [3]. PTP4As are also reported to interact
with the CNNM family of magnesium transport mediators and
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regulate intracellular Mg** concentration [14]. Mice deficient in
Ptp4a2, the most abundantly and ubiquitously expressed PTP4A
family member, display several developmental anomalies,
due to increased level of PTEN and decreased AKT activity
in the affected tissues [15-17]. Notably, Ptp4a2 deletion in
Pten heterozygous mice (ptp4a2™’") raises the PTEN level,
reduces AKT activity, and impedes Pten deficiency-induced
tumorigenesis [18]. Mechanistic analysis reveals that
PTP4A2 downregulates PTEN and promotes tumorigenesis
by dephosphorylating PTEN at Tyr336, which augments the
NEDD4-mediated PTEN ubiquitination for proteasomal
degradation [18]. Interestingly, a critical role of autophagy
in PTP4A3-driven tumor progression has also been
reported [19], although the underlying mechanism has not
been fully elucidated. Therefore, continued identification
and characterization of PTP4A substrates will enhance our
understanding of the PTP4As in normal and disease
biology.

Autophagy is a tightly regulated lysosome-mediated intra-
cellular degradative process that removes and recycles dysfunc-
tional cellular components such as damaged organelles and
misfolded proteins [20]. Defects in autophagy have been linked
to cancer and neurodegenerative disorders [21]. Proper func-
tion and integrity of lysosomes are therefore essential for nor-
mal cellular functions. Given the absolute requirement of
lysosome for autophagy and detrimental consequences from
unwanted leakage of lysosomal content to the cellular milieu,
lysosomal damage poses severe threat to cellular well-being
[22]. Lysophagy, a specific type of selective autophagy, clears
damaged lysosomes through the autophagic process [23-25].
VCP/p97 (valosin containing protein), an evolutionarily con-
served cytosolic member of the ATPases Associated with
diverse cellular Activities (AAA+), is a master regulator of
cellular homeostasis [26,27]. Although best known for its role
as a protein “segregase” that extracts and unfolds ubiquitinated
substrates from protein complexes or membranes for protea-
somal degradation [27,28], VCP also serves as a crucial regu-
lator of selective autophagy, including lysophagy [29-33]. To
that end, an endo-lysosomal damage response (ELDR) com-
plex, consisting of VCP and its cofactors UBXN6/UBXD1
(UBX domain protein 6), PLAA (phospholipase A2, activating
protein), and YOD1 (YOD1 deubiquitinase), was recently
identified as essential machinery for the detection and clear-
ance of ruptured lysosomes by lysophagy [31]. However, the
mechanism by which the ELDR complex assembly is regulated
is still unknown. Here, we identify VCP as a novel substrate of
PTP4A2 by substrate trapping and mass spectrometry. We
further demonstrate that dephosphorylation of VCP at the
penultimate and conserved Tyr805 by PTP4A2 promotes the
association of VCP with its C-terminal cofactors UBXN6 and
PLAA, therefore facilitating autophagosome formation and
clearance of damaged lysosomes. Downregulation of PTP4A2
impairs the ELDR complex assembly, leading to prolonged
lysosomal damage. Importantly, deletion of Ptp4a2 in mice
delays the recovery from acute kidney injury (AKI) due to
prolonged lysosomal damage. Taken together, our study
reveals an essential role for PTP4A2 in promoting VCP-
mediated lysophagy to maintain cellular homeostasis.
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Results
Identification of VCP as a PTP4A2 substrate

To further define the biochemical basis for PTP4A func-
tions, we sought to identify and characterize physiological
substrates for the PTP4A phosphatases. We used
a catalytically inactive PTP4A2 substrate-trapping mutant
PTP4A2P%94-C101S 118] hereinafter referred to as PTP4A2
[DACS], to capture its substrates from human acute mye-
loblastic leukemia Kasumi-1 cell treated with pervanadate,
a pan-PTP inhibitor. One of the prominent tyrosine-
phosphorylated proteins at ~95 kDa was found specifi-
cally bound to GST (glutathione S-transferase)-tagged
PTP4A2[DACS] in both the elution and glutathione
beads fraction, but not the GST control or GST-PTP4A2
(Figure 1A). The 95-kDa band was also consistently iden-
tified as the major tyrosine-phosphorylated protein from
human chronic myelogenous leukemia K562 (Figure S1A)
and immortalized mouse spermatocyte GC-1 cells (Figure
SI1C). We then performed an in-gel digestion of the 95-
kDa band from Kasumi-1 and K562 cells for protein
identification by liquid chromatography-mass spectrome-
try (LC-MS). VCP surfaced as a top hit and a putative
PTP4A2 substrate based on the LC-MS analyses
(Figure 1B and SI1B). To demonstrate the robustness of
the substrate trapping and mass spectrometry identifica-
tion approach, we also compared the 95-kDa fractions
from both the GST-PTP4A2[DACS] and GST-PTP4A2
bound samples from GC-1 cells, which were reduced,
alkylated and proteolytically digested by trypsin for mass
spectrometric sequencing. VCP was identified only from
the GST-PTP4A2[DACS] captured sample, but not from
GST-PTP4A2 (Figure S1D). To corroborate the mass
spectrometry results, a VCP specific antibody was used
to directly detect VCP in the substrate trapping samples.
As expected, VCP was pulled down by GST-PTP4A2
[DACS], but not GST-PTP4A2 or GST alone, from the
K562, Kasumi-1, human histiocytic lymphoma U937 and
human acute promyelocytic leukemia HL-60 cell lysates
(Figure 1C). Moreover, we also generated a plasmid of
green fluorescent protein (GFP) tagged VCP and co-
expressed it with Flag-PTP4A2 or Flag-PTP4A2[DACS]
in HEK293 cells. Not surprisingly, GFP-VCP was strongly
trapped by GST-PTP4A2[DACS] or Flag-PTP4A2[DACS]
as a tyrosine-phosphorylated protein (Figure 1D and 1E).

To further verify VCP as a PTP4A2 substrate, we
assessed the ability of PTP4A2 to directly dephosphorylate
VCP. Recombinant His-tagged PTP4A2 protein, but not the
catalytically inactive PTP4A2°'°'® mutant, reduced the
overall tyrosine-phosphorylation of immunoprecipitated
VCP from either human embryonic kidney (HEK) 293 or
human breast adenocarcinoma MCF7 cells (Figure 2A and
2B). It is noteworthy that the phosphatase activity exhibited
by PTP4A2 toward VCP is comparable to that of PTP1B,
a member of the PTP family with robust phosphatase
activity (Figure S2A and S2B). Furthermore, co-expression
of HA-PTP4A2 and Flag-VCP in human lung carcinoma
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Figure 1. Identification of VCP as a PTP4A2 substrate. (A). Substrate trapping by GST affinity isolation was done by incubating lysates from pervanadate-treated
Kasumi-1 cells with GST, GST-PTP4A2 and GST-PTP4A2[DACS] beads. The bound proteins were eluted with pervanadate, and both elution and remaining beads were
fractionated by SDS-PAGE, and stained by Coomassie Brilliant Blue or blotted with phosphotyrosine antibody (4G10). (B). In-gel digestion of the p95 band from
Kasumi-1 cells for protein identification by LC-MS, and VCP was identified as the top hit as PTP4A2 substrate. (C). PTP4A2 substrate trapping by GST affinity isolation.
Pervanadate-treated K562, Kasumi-1, U937 and HL-60 cell lysates were incubated with GST, GST-PTP4A2 and GST-PTP4A2[DACS] beads. The affinity isolated proteins
and the lysate were blotted with VCP and GAPDH antibodies. (D). Pervanadate-treated GFP-VCP-expressing HEK293 cell lysates were incubated with GST, GST-PTP4A2
and GST-PTP4A2[DACS] beads. The bound proteins were blotted with phosphotyrosine (4G10) and GFP antibodies, and stained by Coomassie Brilliant Blue to reveal
the amount of GST proteins. (E). Flag-PTP4A2 or Flag-PTP4A2[DACS] were co-expressed with GFP-VCP in HEK293 cells, then Flag-IP was performed for substrate
trapping. The bound proteins were blotted with phosphotyrosine (4G10) and GFP antibodies, and stained by Coomassie Brilliant Blue to reveal the amount of
immunoprecipitated PTP4A2 proteins. CBB: Coomassie Brilliant Blue; IB: immunoblot; IP: immunoprecipitation.

H1299 cells considerably diminished the overall tyrosine
phosphorylation on VCP (Figure 2C). These data indicate
that PTP4A2 can dephosphorylate VCP on tyrosine
residues(s) in vitro and inside the cells. We further estab-
lished that, in addition to PTP4A2, co-expression of either
HA-PTP4A1 or HA-PTP4A3 with Flag-VCP also reduced
the overall phosphorylation on VCP (Figure S2C), indicat-
ing that VCP is likely a substrate for all PTP4As. We next
examined whether PTP4A2 can dephosphorylate endogen-
ous VCP inside the cell. As shown in Figure 2D and 2E,
Flag-PTP4A2 expression substantially reduced endogenous
VCP tyrosine phosphorylation in both HEK293 and H1299
cells. In contrast, clustered regularly interspaced short
palindromic repeats (CRISPR)-mediated PTP4A2 deletion
in MCF7 cells notably enhanced VCP tyrosine phosphor-
ylation (Figure 2F). These observations show that PTP4A2
can dephosphorylate endogenous VCP on tyrosine residue-
(s). Taken together, the results identify VCP as a novel
PTP4A2 substrate.

PTP4A2 dephosphorylates VCP at its penultimate tyrosine
805

Phosphorylation of the penultimate Tyr805 at the C terminus
of VCP has been reported to account for more than 90% of
the overall VCP tyrosine phosphorylation [34]. Tyr805 is
strictly conserved among VCPs from different species
(Figure S3A), indicating an evolutionarily conserved function
for Tyr805 phosphorylation of VCP. To determine if
PTP4A2-mediated VCP dephosphorylation occurs at its
C terminus, we generated a series of truncated Flag-VCP
constructs, including VCP[[1-48]], VCP[[1-76]], VCP[209-
806], and VCP[482-806] (Figure S3B). We found that the
truncated VCP constructs could still be tyrosine phosphory-
lated if the C-terminal segment (762-806) was intact, and that
expression of PTP4A2 significantly inhibited VCP tyrosine
phosphorylation, indicating that PTP4A2 dephosphorylates
VCP C-terminal tyrosine residues (Figure S3B and S3C).

We next performed mass spectrometry analyses to deter-
mine the site and extent of VCP dephosphorylation by
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Figure 2. PTP4A2 dephosphorylates tyrosine phosphorylated VCP. (A and B). His-PTP4A2 dephosphorylates immunoprecipitated Flag-VCP from cells. Incubation of
5 uM purified His-tagged PTP4A2 or its inactive mutant PTP4A2°'°"S with 5 uM of immunoprecipitated Flag-VCP from either HEK293 cells (A) or MCF7 cells (B) for 1 h,
then dephosphorylation of VCP was examined by blotting with phosphotyrosine (PY20) and Flag antibodies. (C). HA-PTP4A2 and Flag-VCP were co-expressed in
H1299 cells, and Flag-IP was performed. The lysate and bound proteins were blotted with phosphotyrosine (PY20) and Flag antibodies. (D and E). Flag-PTP4A2 was
overexpressed in HEK293 (D) or H1299 (E) cells, and VCP-IP was performed. The lysate and bound proteins were blotted with phosphotyrosine (4G10), VCP, ACTB and
Flag antibodies. (F). CRISPR-Cas9-mediated PTP4A2 deletion was carried out, and VCP-IP was performed in MCF7 cells. The lysate and bound proteins were blotted
with phosphotyrosine (4G10), VCP, ACTB, PTP4A1 and PTP4A2 antibodies. IP: immunoprecipitation.

PTP4A2 with stable isotope dimethyl labeling of Flag-VCP in
vector control and HA-PTP4A2-expressing cells (Figure 3A-
C). We confirmed successful immunoprecipitation (IP) of
VCP by Coomassie Brilliant Blue (CBB) staining (Figure
S3D) and found that PTP4A2 expression reduced VCP tyr-
osine phosphorylation by 60% (Figure 3B). The immunopre-
cipitated VCP samples were trypsin digested on-beads, and
stable-isotope dimethyl labeling was performed on VCP pep-
tides from both vector control group (light, 12CH,0) and HA-
PTP4A2 co-expressing group (heavy, '’CD,0). The same
amount of peptides from control and HA-PTP4A2 overex-
pressing H1299 cells were pooled together for a total of 3
replicates for IMAC enrichment (95% pooled sample) fol-
lowed by LC-MS/MS. To identify the site of VCP depho-
sphorylation upon PTP4A2 expression, we searched for
phosphorylation sites (>2-fold decrease; p < 0.05) on VCP.
A total of 21 phosphorylation sites were identified, and quan-
titative LC-MS/MS analysis revealed that only the phosphor-
ylation of Tyr805 showed more than 50% reduction upon
PTP4A2 expression (Figure 3C and S3E). These findings
suggest that the C-terminal Tyr805 was specifically depho-
sphorylated by PTP4A2. To further confirm this result, we
measured VCP phosphorylation in either WT or Ptp4a2-
deficient mouse embryonic fibroblast (MEF) cells
(Figure 3D-F). Endogenous VCP was successfully immuno-
precipitated from these cells (Figure S3F), and western blot
showed that VCP was highly tyrosine phosphorylated in
ptp4a2-deleted MEF cells (Figure 3E). Quantitative LC-MS
/MS measurements were then performed, and Tyr805 was
the only site of phosphorylation identified in endogenous
VCP. In line with the mass spectrometry data from HA-
PTP4A2 overexpressing H1299 cells (Figure 3C), we found

a ~ 2.5-fold increase in Tyr805 phosphorylation in ptp4a2-
deleted MEF cells (Figure 3F), further demonstrating that
PTP4A2 catalyzes VCP dephosphorylation on Tyr805.

To further study the PTP4A2-catalyzed VCP dephosphor-
ylation at Tyr805, we generated a phospho-specific antibody
p-VCP (Tyr805) against this site using VCP C-terminal phos-
phopeptide CSVYTEDNDDDLpYG (VCP [p-Tyr805] pep-
tide) as an antigen. To characterize the p-VCP (Tyr805)
antibody, we prepared recombinant VCP with site-specific
phosphorylation at Tyr805 (VCP [p-Tyr805] protein) by
expressed protein ligation [35] (Figure S3G and S3H). To
evaluate the specificity of the p-VCP (Tyr805) antibody, we
utilized the ligated VCP (p-Tyr805) protein as a positive con-
trol and the bacterially expressed recombinant VCP as
a negative control in a Phos-tag gel assay, which can differ-
entiate up-shifted phosphorylated proteins from non-
phosphorylated counterparts. As expected, the p-VCP
(Tyr805) antibody specifically recognized the ligated VCP
(p-Tyr805) protein but not the non-phosphorylated VCP
sample (Figure S3I). In addition, treatment of the ligated
VCP (p-Tyr805) protein with PTP1B completely abolished
the p-Tyr805 signal, leading to a downshift band of the ligated
VCP (p-Tyr805). Consistent with previous findings that VCP
Tyr805 is phosphorylated by the SRC kinase [36,37], we con-
firmed that SRC can indeed phosphorylate the full-length
VCP at Tyr805, since little tyrosine phosphorylation was
observed in VCP [1-795] in the presence of SRC (Figure
S3J). We also found that pervanadate treatment significantly
enhanced the p-Tyr805 signal in H1299 cells overexpressing
Flag-VCP (Figure S3K). Collectively, these results indicate
that we have successfully obtained a specific antibody against
Tyr805-phosphorylated VCP.
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Figure 3. Tyr805 of VCP is dephosphorylated by PTP4A2. (A). Experimental design of quantitative LC-MS/MS analysis by stable isotope dimethyl labeling to identify
the sites that PTP4A2 dephosphorylates on VCP in H1299 cells overexpressing Flag-VCP with or without HA-PTP4A2. (B). HA-PTP4A2 and Flag-VCP were co-expressed
in H1299 cells, and Flag-IP was performed. The lysate and bound proteins were blotted with phosphotyrosine (4G10), Flag, ACTB and HA antibodies. The reduction of
relative VCP phosphorylation upon PTP4A2 overexpression in H1299 cells was quantified based on the intensity of the bands by ImageJ. (C). The relative fold change
of all the phosphorylation sites (including Ser-, Thr- and Tyr-phosphorylation) identified on VCP by LC-MS/MS. A total of 21 phosphorylation sites were identified, and
the red dot is Tyr805. (D). Experimental design of quantitative LC-MS/MS analysis by stable isotope dimethyl labeling to identify the sites that PTP4A2
dephosphorylates on VCP in WT and ptp4a2-deficient MEF cells. (E). VCP-IP was performed in WT and ptp4a2 KO MEF cells. The lysate and bound proteins were
blotted with phosphotyrosine (4G10), VCP, ACTB and PTP4A1 and PTP4A2 antibodies. The reduction of relative VCP phosphorylation upon ptp4a2 deletion in MEF
cells was quantified based on the intensity of the bands by ImageJ. (F). The relative fold change of VCP Tyr805 phosphorylation in WT and ptp4a2 KO MEF cells by LC-
MS/MS. (G). PTP4A2 substrate trapping by GST affinity isolation. Pervanadate-treated Kasumi-1 or HL-60 cell lysates were incubated with GST, GST-PTP4A2 and GST-
PTP4A2[DACS] bound on beads. The lysate and bound proteins were blotted with p-VCP (Tyr805), VCP and GAPDH antibodies. (H). PTP4A2 substrate trapping by
Flag-IP. Flag-PTP4A2 or PTP4A2[DACS] was transiently transfected into HCT116 and HEK293 cells, and then Flag-IP was performed after pervanadate treatment. The
lysate and bound proteins were blotted with p-VCP (Tyr805), VCP, GAPDH and Flag antibodies. (I). HA-PTP4A2 dephosphorylates Flag-VCP in H1299 cells. HA-PTP4A2
or PTP4A2[DACS] was co-expressed with Flag-VCP or VCPY®%F in H1299 cells, and then Flag-IP was performed after pervanadate treatment. The lysate and bound
proteins were blotted with p-VCP (Tyr805) specific, VCP and HA antibodies. IP: immunoprecipitation.



We then utilized the p-VCP (Tyr805) specific antibody to
investigate the PTP4A2-catalyzed VCP dephosphorylation.
Substrate trapping experiments confirmed that Tyr805 phos-
phorylated VCP was indeed associated with PTP4A2[DACS]
in different cell lines (Figure 3G and 3H). Furthermore, co-
expressing PTP4A2, but not its inactive mutant PTP4A2
[DACS], with VCP in H1299 cells significantly reduced VCP
Tyr805 phosphorylation level, whereas the VCPY***" mutant
did not show any reactivity with the p-VCP (Tyr805) anti-
body (Figure 3I). To quantitatively determine the specificity
and efficiency of PTP4A2 mediated dephosphorylation of
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VCP at Tyr805, we performed PTP4A2 phosphatase assay
using both the ligated VCP (p-Tyr805) protein (Figure S3L)
and VCP C-terminal p-Tyr805 containing peptide
CSVYTEDNDDDL(pY)G as substrates (Figure S3M). We
found the catalytic efficiency (k../Ky) for the PTP4A2-
catalyzed  hydrolysis of VCP  (p-Tyr805) protein
(165.9 + 15.3 M 's™") is 186- and 263-fold higher than those
of pNPP (0.89 + 0.06 M's™!) and VCP C-terminal p-Tyr805
peptide (0.63 + 0.05 M~'s™"), respectively. These data further
demonstrate that PTP4A2 specifically dephosphorylates
Tyr805 at the C terminus of VCP.
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PTP4A2 catalyzed VCP dephosphorylation at Tyr805
promotes ELDR complex formation

The C-terminal tail of VCP is known to bind NGLY1/
PNGase/UBA- or UBX-containing proteins (PUB) or the
PLAP, Ufd3, and Lubl (PUL) domain [37-40]. Interestingly,
mutations of the strictly conserved Tyr805 in VCP, even
a subtle change from Tyr to Phe, completely abolished the
VCP-PUB and VCP-PUL interaction [36,37]. Moreover,
phosphorylation of Tyr805 by SRC also abolishes the interac-
tion between VCP and PUB or PUL domain-containing pro-
teins [36,37]. These observations highlight the importance of
the hydroxyl group on Tyr805 for PUB and PUL interactions.
However, the functional significance of VCP Tyr805 phos-
phorylation has not been established. We hypothesized that
PTP4A2 promotes the ELDR complex assembly through
dephosphorylation of VCP at Tyr805.

To define the functional role of PTP4A2-mediated VCP
Tyr805 dephosphorylation, we first examined the colocaliza-
tion of PTP4A2 with VCP and its C-terminal co-factors PLAA
and UBXNG6 inside the cell. As shown in Figure 4A, PTP4A2
colocalized with VCP, PLAA and UBXNG6 in punctate struc-
tures within the cell upon lysosomal damage. Of Note,
PTP4A1 and PTP4A3 also colocalized with VCP puncta
when treated with lysosomal damage reagent L-leucyl-
L-leucine methyl ester (LLOMe) (Figure S4A). We also
found that LLOMe does not affect PTP4A2’s phosphatase
activity toward the VCP (p-Tyr805) protein (Figure S4B),
indicating that PTP4A activities are not sensitive to lysosome
damage. Importantly, we found that PTP4A2-mediated
dephosphorylation of Tyr805 increased UBXN6 and PLAA
association with VCP (Figure 4B). Consistent with previous
findings [36,37], substitution of Tyr805 by Phe completely
abolished the interaction between VCP and UBXN6 or
PLAA either in the presence or absence of PTP4A2
(Figure 4B). Furthermore, expression of the constitutively
active SRC*’" significantly enhanced VCP Tyr805 phos-
phorylation and diminished VCP interaction with PLAA
and UBXN6, while PTP4A2 but not its phosphatase dead
mutant PTP4A2°''® abrogated SRC-mediated VCP phos-
phorylation and restored PLAA and UBXNG6 association
with VCP (Figure 4C). As expected, VCPY8F ¢ould not be
phosphorylated by SRC**’" and is unable to interact with
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PLAA and UBXNG6 with or without the presence of PTP4A2
(Figure 4C). These findings demonstrated that PTP4A2
reverses SRC-mediated Tyr805 phosphorylation on VCP and
promotes PLAA and UBXN6 binding to VCP. To further
confirm this conclusion in vivo, we immunoprecipitated
VCP from spleen samples of either control or ptp4a2™'~
mice and found that deletion of Ptp4a2 not only enhanced
VCP Tyr805 phosphorylation, but also reduced the level of
PLAA and UBXN6 bound to VCP (Figure 4D). Taken
together, our data suggest that PTP4A2-mediated depho-
sphorylation of VCP at Tyr805 promotes the interaction
between VCP and its C-terminal cofactors PLAA and
UBXNG®6, which are major components of the ELDR complex.

To further examine the changes in VCP binding proteins
upon PTP4A2 expression, we also analyzed the total cellular
proteomes between control and PTP4A2 expressing cells
using stable isotope dimethyl labeling (Figure 3A). As
described in previous section, immunoprecipitated Flag-VCP
in the presence or absence of HA-PTP4A2 was digested with
trypsin and the same amount of peptides from control and
HA-PTP4A2 cells were pooled together (5% pooled sample)
for a total of 3 replicates for proteome analysis to identify
alterations in VCP binding proteins. Consistent with the
biochemical analysis, VCP-bound UBXN6 showed more
than a 30% increase in abundance (p < 0.05) upon PTP4A2
expression, although PLAA was not detected in this mass
spectrometry experiment (Figure 4E). In addition, a list of
known VCP-binding proteins or cofactors has been identified
(Figure 4E and Table S1). Among them, 7 proteins showed
increased interaction with VCP, while 30 proteins showed
decreased interaction with VCP in PTP4A2 expressing cells.
These data suggest that PTP4A2 catalyzed VCP Ty805 depho-
sphorylation not only changes C-terminal cofactor interaction
but may also alter its overall cofactor binding profile. Further
investigations are required to examine the physiological rele-
vance of these additional alterations.

PTP4A2 is essential for autophagy-mediated clearance of
damaged lysosomes

VCP coordinates with specific cofactors to regulate distinct
cellular processes, including cell division, organelle biogenesis,
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Figure 5. PTP4A2 is not involved in VCP-mediated UPS pathway. (A). Reporter cells stably expressing Ub®”-GFP was treated with 10 uM VCP inhibitor NMS-873 for
24 h, and GFP signal was captured by microscope and western blot. (B). UbS7¢V-GFP reporter cells were transfected with siRNAs (set 1) against VCP, PLAA, UBXNG,
PTP4A2 or PTP4A1 for 72 h, and GFP signal was captured by microscope and western blot. Scale bars: 200 pm.



and protein degradation via the ubiquitin-proteasome system
(UPS) [41]. To determine whether PTP4A2-catalyzed VCP
Tyr805 dephosphorylation is involved in the VCP-mediated
UPS pathway, we utilized a reporter cell line stably expressing
Ub“7®V_GFP, a well-characterized ubiquitin fusion degrada-
tion reporter [42]. As a control, NMS-873, a selective allos-
teric inhibitor of VCP [43], successfully elevated the level of
UbS7SV_GFP (Figure 5A). To probe the potential involvement
of PTP4A2 in the UPS pathway, we compared the Ub“7®-

A Control
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GFP level upon siRNA mediated knockdown of either ELDR
complex components or PTP4A family members. We con-
firmed that the two different sets of siRNAs (set 1 and set 2)
used in the experiment could achieve at least 90% gene knock-
down efficiency (Figure S5A and S5B). We showed that
knockdown of VCP significantly enhanced the accumulation
of Ub’®V_GFP, in line with an essential role of VCP in UPS
(Figure 5B and S5C). However, depletion of either PLAA or
UBXN6 did not affect the degradation of Ub“’®V-GFP,
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indicating that the ELDR complex is not involved in UPS.
Consistent with this notion, knockdown of PTP4A2 or both
PTP4A1 and PTP4A2 failed to raise Ub®®V-GFP level
(Figure 5B and S5C). These data indicate that PTP4A2-
mediated VCP Tyr805 dephosphorylation is not involved in
the UPS pathway.

In addition to its established role in UPS, VCP can also
serve as an essential regulator of selective autophagy, includ-
ing lysophagy [29-33]. A recent study has linked a function of
VCP and its C-terminal cofactors to the clearance of ruptured
lysosomes through autophagy, where VCP associates with
UBXN6, PLAA and YODI1 to form an ELDR complex to
remove K48-linked ubiquitin conjugates on damaged lyso-
somes and promote autophagosome formation for the clear-
ance of damaged lysosomes [31]. Of note, we found here that
dephosphorylation of VCP at Tyr805 by PTP4A2 is required
for the ELDR complex formation (Figure 4 and Table S1),

suggesting that PTP4A2 is required for autophagy-mediated
damaged lysosome clearance. To further strengthen the func-
tional linkage between PTP4A2 and lysophagy, we first exam-
ined the subcellular localization of PTP4A2. PTP4As possess
a CAAX prenylation motif at their C terminus, which loca-
lizes them to the plasma membrane and the endosomal com-
partments [8,44-47]. In addition to endosome localization as
previously reported [44-46], we found that PTP4A2 is also
localized at lysosome and autophagosomes upon lysosomal
damage as evidenced by its colocalization with LAMP1 (lyso-
somal-associated membrane protein 1) and MAPILC3/LC3
(microtubule-associated protein 1 light chain 3) (Figure 6A).
Similarly, PTP4A1 and PTP4A3 also showed lysosomal loca-
lization in both basal and lysosomal damage condition, and
both colocalized with autophagosome upon lysosomal damage
(Figure S6). To further support this observation, we per-
formed an APEX2-PTP4A2 proximity labeling experiment
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then cells were treated with or without LLOMe for 1 h and fixed for imaging at both green and red channel by microscope. The bar graph represents the percentage
of cells with PTP4A2 and LGALS3 colocalization on vesicles. Three independent experiments with at least 30 cells in each experiment were used for calculation. (B).
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followed by an unbiased quantitative proteomics approach to
identify PTP4A2 neighboring proteins in situ in both basal
and damaged lysosomes condition. A total of 1689 proteins
were identified as PTP4A2-neighboring proteins (Figure 6B
and Table S2). Again, VCP was significantly enriched as
a PTP4A2 proximal protein in response to lysosomal damage
(Figure 6B and 6C). Moreover, 109 plasma membrane pro-
teins and 61 endosomal membrane proteins were identified as
expected, while 56 lysosomal membrane proteins were also
identified (Figure 6B and 6D). Notably, most of these lysoso-
mal proteins were not enriched upon LLOMe treatment,
suggesting PTP4A2’s lysosomal localization is not lysosomal
damage dependent. Interestingly, a reported K48-
ubiquitinated lysophagy target LAMP2 was also found close
to PTP4A2 [48], providing biochemical evidence that PTP4A2
is a lysosomal resident protein in the vicinity of ubiquitination
substrates upon lysosomal damage (Figure 6D). Gene
Ontology (GO) analysis of the PTP4A2 interactomes con-
firmed the significant enrichment for GO terms linked with
lysosomes and autophagy (Figure 6E and 6F).

To explore whether PTP4A2 plays a role in the endolyso-
somal damage response, we used the lysosomotropic reagent
LLOMe, which can specifically and acutely damage late endo-
somal and lysosomal compartments as visualized by the
translocation of cytosolic LGALS3/Gal3 (galectin 3) to the
damaged lysosomes (Figure S7A). LLOMe treatment trig-
gered a burst of LGALS3 punctate structures that colocalized
with PTP4A2 (Figure 7A), showing recruitment of PTP4A2 to
damaged lysosomes. Notably, both PTP4A1 and PTP4A3 also
colocalized with LGALS3 puncta upon lysosomal damage
(Figure S7B). As expected, knockdown of VCP, UBXN6 or
PLAA significantly delay the autophagic clearance of
LGALS3-positive vesicles (Figure 7B and S7C) [31].
Likewise, knockdown of PTP4A2 also increased LGALS3-
positive damaged lysosomes after 16 h of LLOMe washout
(Figure 7B and S7C), supporting an essential role of PTP4A2
in autophagic clearance of damaged lysosomes. Furthermore,
removal of both PTP4A1 and PTP4A2 elicited even more
damaged lysosome accumulation compared to PTP4A2
knockdown alone, suggesting a compensatory role of
PTP4A1 for loss of PTP4A2 (7B and S7C).

PTP4A2 promotes K48 ubiquitin conjugate removal and
autophagosome formation

Lysosomal damage induces extensive protein ubiquitination
for recruitment of the autophagy machinery by the LC3-
receptor proteins such as SQSTM1/p62 and engulfment of
damaged organelle by phagophore membranes [49-51]. Both
the K63 and K48 ubiquitin linkages have been detected on
damaged lysosomes, but only the K63 chains are responsible
for the recruitment of SQSTM1 to the damaged lysosomes for
autophagy, while the K48 ubiquitin conjugates need to be
removed by the ELDR complex to facilitate LC3 recruitment
and autophagosome formation [31]. To determine whether
PTP4A2 is required for K48 ubiquitination removal, we
assessed the functional relevance of PTP4A2-mediated turn-
over of K48 conjugates for autophagy. Expression of GFP-
PTP4A2 successfully cleared the K48 conjugates on damaged

AUTOPHAGY 1571

lysosomes, with no significant impact on the K63 chains,
suggesting that PTP4A2 promotes specifically the clearance
of the K48 linkages (Figure 8A). Further, expression of the
catalytically inactive GFP-PTP4A2[DACS] mutant failed to
remove K48-positive vesicles and GFP-PTP4A2[DACS]
strongly colocalized with K48-decorated lysosomes 8 h after
washout (Figure 8A), indicating that PTP4A2 phosphatase
activity is required for K48 removal on damaged lysosomes.
Additional evidence confirmed that these K48 vesicles are
indeed on lysosomes as evidenced by the LAMP1 staining,
and expression of HA-PTP4A2 displayed less K48 positive
LAMPI1 vesicles than HA-PTP4A2[DACS] (Figure S8A). In
addition, we also measured K48 removal upon expression of
VCPY®F a3 mutant VCP incapable of binding UBXN6 and
PLAA. Expression of VCP***" but not WT VCP resulted in
the accumulation of K48 ubiquitination, but neither of them
affected K63-linked ubiquitination (Figure S8B), again sug-
gesting that the PTP4A2-mediated dephosphorylation of VCP
at Tyr805 and recruitment of VCP C-terminal cofactors
PLAA and UBXNG6 are required for K48 removal. Moreover,
depletion of PTP4A2 with siRNA also led to accumulation of
K48-positive lysosomes, which is similar to knockdown of
ELDR complex components VCP, PLAA and UBXN6
(Figure 8B and S8C). These data suggest that PTP4A2 is
required for K48 conjugates removal after lysosomal damage.
Strikingly, knockdown of both PTP4A1 and PTP4A2 caused
marked K48 accumulation even at 2 h after washout
(Figure 8B), indicating both PTP4Al1 and PTP4A2 are
involved in K48 clearance.

To further assess the functional relevance of PTP4A2-
mediated turnover of K48 conjugates, we next evaluated if
PTP4A2 is required for LC3 recruitment and autophagosome
formation around damaged lysosomes. We first inhibited K48
conjugates removal by depletion of PTP4A2 or both PTP4Al
and PTP4A2 and analyzed the accumulation of LC3-negative
LGALSS3 vesicles 8 h after LLOMe-induced damage. We found
that although LC3-decorated membranes accumulated in the
vicinity of LGALS3-labeled lysosomes, they failed to colocalize
when PTP4A2 or PTP4A1 and PTP4A2 were downregulated,
leading to increased number of LC3-negative LGALS3 vesicles
(Figure 8C), which is similar to what was observed upon
depletion of VCP or its C-terminal cofactors PLAA and
UBXNG6 [31] (Figure 8C). These results suggest that PTP4A2
is also required for the LC3-decorated autophagy fusion with
damaged lysosomes. To further investigate whether ELDR
component YODI1 deubiquitinase is involved in PTP4A2-
mediated K48 removal, we first examined the colocalization
of GFP-YOD1 and mCherry-PTP4A2. Indeed, YOD1 translo-
cated to and colocalized with PTP4A2 vesicles upon lysosomal
damage (Figure S8D), indicating that PTP4A2 cooperates with
YOD1 during lysophagy for K48-linked Ub removal. To
further examine the impact of PTP4A2 on YODI1 lysosomal
localization, we established PTP4A2 deleted human osteosar-
coma U20S cells by CRISPR (Figure S8E). VCP is recruited to
damaged lysosomes through extensive ubiquitination of lyso-
somal proteins [31]. As expected, VCP’s lysosomal localiza-
tion upon LLOMe treatment were not affected in PTP4A2 KO
cells (Figure S8F and S8G). Interestingly, although PLAA and
UBXNG6’s lysosomal translocation was not affected by PTP4A2
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deletion, the recruitment of YODI1 to damaged lysosomes
were significantly impaired (Figure S8F and S8G), confirming
that PTP4A2-mediated K48 removal is through YODI.
Interestingly, we also found GFP-VCPIP1 (valosin containing
protein interacting protein 1), another deubiquitinase with
high activity against K48-linked polyUb [52], also translocated
to PTP4A2 positive puncta upon lysosomal damage, albeit to
a lesser degree than YOD1 (Figure S8D). Importantly, endo-
genous VCPIP1 also translocated to punctate structures in the
presence of LLOMe, which is significantly abolished in
PTP4A2 KO cells (Figure S8F and S8G). Considering
VCPIP1 is also the most abundant VCP-binding protein
enriched by PTP4A2 overexpression (Table S1), it is possible
that VCPIP1 may also be involved in PTP4A2 and VCP
mediated lysophagy. Taken together, we conclude that
PTP4A2-mediated dephosphorylation of VCP at Tyr805 pro-
motes UBXN6 and PLAA recruitment to VCP, where it may
cooperate with YOD1 [31] or other deubiquitinases, such as
VCPIP1, to remove the K48 conjugates on damaged lyso-
somes to enable autophagosome formation and clearance of
the damaged lysosomes.

PTP4A2 is required for recovery from acute kidney injury
in mice

Autophagy is required for protection of acute kidney injury
(AKI) by sequestering damaged lysosomes [23,53]. To assess
the physiological function of PTP4A2 in driving clearance of
damaged  lysosomes by autophagy, we utilized
a  rhabdomyolysis  induced ~AKI  mouse model
Rhabdomyolysis, characterized by injury to skeletal muscle
fibers, can induce AKI as a severe complication [54]. We
found PTP4A2 is highly expressed in the epithelium of renal
proximal and distal tubules (Figure 9A). To investigate the
pathophysiological importance of PTP4A2 in rhabdomyolysis
induced AKI, we compared the recovery efficiency after gly-
cerol-induced AKI in WT and ptp4a2 KO mice (Figure 9B).
HE staining demonstrated that ptp4a2”~ mice exhibited
delayed recovery from AKI as evidenced by the persistent
loss of brush border, vacuolization, tubular dilation, and cast
formation in renal tubules, while all WT mice recovered
by day 9 (Figure 9C). We further evaluated the kidney func-
tion by determining the serum urea nitrogen. On AKI day 3,
both WT and ptp4a2~'~ mice contained significantly elevated
serum urea nitrogen, which returned to the normal level on
AKI day 9 for the WT but not the ptp4a2~'~ mice (Figure 9D),
further confirming the delayed recovery from AKI in ptp4a2~’
~ mice.

To further evaluate if the delayed recovery from AKI in
ptp4a2 KO mice is due to the failure of autophagy-mediated
clearance of damaged lysosomes, we first performed immu-
nohistochemistry (IHC) staining with LAMP1 (a lysosome
marker) and LGALS3 (a damaged lysosome marker) to show
lysosomal damage. LAMP1 staining revealed enlarged lyso-
somes in both WT and ptp4a2~'~ kidney at AKI day 3, which
was completely diminished only in WT mice at AKI day 9
(Figure S9A). LGALS3 staining showed that on day 3 of the
AKI experiment, renal tubules have accumulated lysosomal
damage, which were eliminated on day 9 in WT mice, but not
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in Ptp4a2 deficient mice, suggesting that Ptp4a2 deletion
causes an extended lysosomal damage in renal tubules
(Figure 9E). Electron microscopy analysis revealed accumula-
tion of damaged lysosomes in kidneys from both WT and
ptp4a2”’~ on day 3, which persisted only in ptp4a2™’~ mice
on day 9 (Figure S9B). We then performed LC3 (an autopha-
gosome marker) and polyUb-K48 (ELDR substrates) staining.
Interestingly, LC3 staining indicated that Ptp4a2 deletion did
not affect autophagosome initiation because autophagy could
still be induced by the lysosomal damage on day 3 and dis-
appear on day 9 in both WT and ptp4a2 KO mice (Figure 9F).
Furthermore, rhabdomyolysis-mediated AKI prompted an
immediate accumulation of K48 ubiquitination in renal
tubules, which was eliminated on day 9 of AKI experiment
in WT mice, whereas deletion of Ptp4a2 caused a prolonged
accumulation of K48 ubiquitination even on day 9
(Figure 9G). Given the newly established role of PTP4A2-
mediated dephosphorylation of VCP at Tyr805 in ELDR
complex assembly (Figure 4 and Table S1), we next examined
VCP Tyr805 phosphorylation and its cofactor recruitment in
kidney samples. As expected, VCP Tyr805 phosphorylation
was significant reduced on day 3 after AKI and recovered
on day 9 in WT mice, as evidenced by both 4G10 and
p-VCP (Tyr805) antibody (Figure 9H). Accordingly, UBXNG6
and PLAA association with VCP were clearly enhanced
on day 3, and then reduced to basal level on day 9
(Figure 9H). In contrast, VCP Tyr805 phosphorylation as
well as PLAA and UBXNG6 recruitment did not change in
ptp4a2”’~ mice (Figure 9H). Since transcription factor EB
(TFEB) activation is essential for lysosomal damage response
to kidney injury [55], we then measured the TFEB activation
in the kidney samples. Inactive TFEB is phosphorylated by
mTOR and sequestered in the cytosol, whereas dephosphor-
ylation and nucleus translocation will active TFEB to promote
autophagy and lysosomal biogenesis [56,57]. IHC study
showed that nuclear translocation of TFEB occurred on day
9 of WT but not in ptp4a2™'~ kidney (Figure S9C). Western
blot further confirmed TFEB down-shifted (due to depho-
sphorylation) only in WT kidney samples on day 9, which
was not observed in ptp4a2~'~ mouse kidney (Figure S9D),
indicating that the impaired damaged kidney repair in Ptp4a2
deletion is at least partially due to failure of TFEB activation.
Future studies are needed to determine if TFEB activation is
dependent on PTP4A2 mediated VCP dephosphorylation.
Altogether, these data strongly support that PTP4A2 pro-
motes K48 conjugates removal in vivo through dephosphor-
ylating VCP at Tyr805 and augmenting ELDR complex
formation, which facilitates autophagy-mediated clearance of
damaged lysosomes in rhabdomyolysis induced AKI.

Discussion

The PTP4A phosphatases are novel anti-cancer targets due to
their aberrant expression in advanced tumors [2-4,14].
However, the underlying mechanism(s) of action for the
PTP4As are not completely understood. Unraveling the mole-
cular basis of PTP4As in normal and disease biology is essen-
tial for the development of PTP4A-based therapeutics.
Although a non-catalytic role for the PTP4As in modulating
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Figure 9. Ptp4a2 deletion delayed the recovery of glycerol-injection induced acute kidney injury. (A). Kidneys were isolated from WT and ptp4a2 KO mice, and IHC
was performed with PTP4A2 antibody. Scale bars: 100 um. (B). lllustration of the experimental design for glycerol-injection mediated acute kidney injury (AKI) model.
(€). Kidneys were collected at 3 days or 9 days after AKI from WT and ptp4a2 KO mice, and H&E staining was performed. Scale bars: 100 um. (D). Blood was collected
at 3 days, 6 days, or 9 days after AKI from WT (n = 6) and ptp4a2 KO (n = 6) mice, and blood urea nitrogen was measured as indicator of kidney injury. (E - G).
Kidneys were collected at 3 days or 9 days after AKI from WT and ptp4a2KO mice, and IHC was performed with LGALS3 (E), LC3 (F) and K48-linage specific
polyubiquitin (G) antibodies, respectively. Scale bars: 100 pm. (H). Kidneys were collected at 3 days or 9 days after AKI from WT and ptp4a2 KO mice, and VCP-IP was

performed from kidney lysates. The lysate and bound proteins were blotted with phosphotyrosine (4G10), p-VCP (Tyr805) specific, VCP, PLAA, UBXN6, ACTB and
PTP4A1 and PTP4A2 antibodies.



intracellular Mg>* concentration has been described [14], the
phosphatase activity is required for many of the PTP4A func-
tionalities [18,58,59]. Consequently, identification and char-
acterization of physiological substrates for the PTP4As will be
key to understanding many of their actions in cellular phy-
siology and oncogenic development. We previously estab-
lished PTEN as a substrate for PTP4As and showed that
PTP4A2 promotes tumorigenesis by dephosphorylating
PTEN at Tyr336, thereby augmenting the NEDD4-mediated
PTEN ubiquitination and proteasomal degradation [18]. Here
we identify VCP (p-Tyr805) as a substrate for PTP4A2 using
substrate trapping, mass spectrometry, and rigorous biochem-
ical analyses. We further demonstrate that, through depho-
sphorylation of VCP at Tyr805, PTP4A2 functions as a crucial
regulator of VCP to promote lysophagy. These findings offer
a new mechanism whereby PTP4A2 normally plays
a cytoprotective and homeostatic role and can support cancer
progression when upregulated.

VCP regulates cellular homeostasis via its capacity to coor-
dinate both the ubiquitin-proteasome mediated protein degra-
dation and autophagy for macromolecule quality control and
turnover [26,27]. Changes in VCP expression or activity have
been implicated in the development of cancer [43,60,61] and
neurodegenerative disorders [62,63]. Although better known
for its ability to direct ubiquitinated proteins to the protea-
some [28,41,64], VCP is also a critical regulator of autophagy
[29-31,65-67], a cellular housekeeping process that gets rid of
large protein aggregates and damaged organelles through the
lysosome [21]. However, the biochemical mechanism by
which VCP participates in the autophagy process has been
enigmatic. Recent work from Hemmo Meyer’s group uncov-
ered an endo-lysosomal damage response (ELDR) complex
through which VCP cooperates with its specific cofactors
PLAA, UBXN6 and YOD1 to maintain lysosomal homeostasis
through autophagy [31]. However, how the ELDR complex is
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significance of the penultimate and conserved Tyr805 phos-
phorylation in VCP has not been established.

To perform its various cellular duties, VCP engages with
a large number of enzymes and adaptor proteins through its
N-terminal domain and C-terminal tail [68]. The PUB
domain of UBXN6 and PUL domain of PLAA are known to
bind the C-terminal tail of VCP [68]. Structural studies have
shown that the VCP-PUB or VCP-PUL complex is primarily
maintained by the hydrophobic Leu804 as well as the aro-
matic side chain of the penultimate Tyr805 of VCP, which
inserts into a hydrophobic pocket in the PUB or PUL domain
[68]. Phosphorylation of Tyr805 completely abolishes the
interaction between VCP and the PUB or PUL domain
[37,40,69]. Since Tyr805 of VCP is highly phosphorylated
inside the cells [70], we surmised that its dephosphorylation
may serve as a control mechanism for the recruitment of VCP
C-terminal cofactors. We demonstrate here that PTP4A2 pro-
motes the association of VCP with UBXN6 and PLAA, which
are components of the ELDR complex responsible for auto-
phagy mediated clearance of damaged lysosomes, by catalyz-
ing the removal of the phosphate from the penultimate and
conserved Tyr805 in VCP.

In addition to the VCP C-terminal cofactors PLAA and
UBXNG6, the N-terminal cofactor YOD1 deubiquitinase is also
involved in the lysophagy pathway for K48 ubiquitin conju-
gate removal, thereby facilitating the autophagosome fusion to
the damaged lysosome [31]. Although we were unable to
detect YODI in the VCP complexes either by IP or mass
spectrometry analysis (Figure 4 and Table S1), we confirmed
that YOD1 is involved in PTP4A2-mediated K48 removal.
Interestingly, we also found that VCPIP1, a deubiquitinase
with high activity against K48-linked polyUb [52], signifi-
cantly increased its interaction with VCP upon PTP4A2
expression (Table S1). It has been reported that VCPIP1
does not localize to damaged lysosomes when tagged with
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Figure 10. A working model for PTP4A2-mediated VCP p-Tyr805 dephosphorylation, ELDR complex formation, and damaged lysosome clearance. (A). VCP is localized
in the cytosol in the resting state, while PTP4A2 is a lysosomal resident protein. (B). Lysosomal damage triggers extensive ubiquitination of lysosomal proteins, which
recruit VCP from the cytosol to damaged lysosomes, where PTP4A2 dephosphorylates the lysosomal translocated VCP to facilitate the ELDR complex assembly on the
damaged lysosomes (C). The ELDR complex promotes K48 conjugates removal, leading to successful autophagosome formation and damaged lysosome clearance.
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endogenous VCPIPI significantly delayed damaged lysosome
clearance, indicating that VCPIP1 is a possible alternative
deubiquitinase for the ELDR complex [31]. We found that
GFP-tagged VCPIP1 can translocate to PTP4A2-positive vesi-
cles upon lysosomal damage. Most importantly, endogenous
VCPIP1 also formed punctate structure in response to
LLOMe treatment, which was abolished upon VCP or
PTP4A2 knockdown. Further investigation is needed to deter-
mine the functional requirement of different deubiquitinases
in lysophagy.

We have established a functional linkage between PTP4A2
and autophagy (Figure 10). It has been previously shown that
PTP4A2 is localized on the plasma membrane and endosomal
compartments through its C-terminal CAAX motif prenyla-
tion [8,44-47]. In this study, we found that PTP4A2 is loca-
lized on lysosomes as evidenced by its colocalization with
lysosomal marker LAMP1 in both basal and lysosome damage
conditions (Figure 6A and 10A). VCP is known to be loca-
lized in the cytosol in the resting state (Figure 10A).
Lysosomal damage will trigger extensive ubiquitination of
lysosomal proteins, which recruit VCP from cytosol to
damaged lysosomes [31]. Our results suggest that PTP4A2 is
a lysosomal resident protein and upon lysosomal damage
PTP4A2 can dephosphorylate the lysosomal translocated
VCP at Tyr805 to facilitate the ELDR complex assembly on
the damaged lysosomes (Figure 10B) in order to prepare for
the efficient clearance of the damaged lysosomes by the ELDR
complex (Figure 10C). Cancers are characterized by a high
metabolic demand and increased levels of oxidative stress,
which often cause lysosomal membrane permeabilization
[22]. As a final destination for autophagy, lysosome home-
ostasis is extremely important for the survival of cancer cells
due to the increased metabolic and biosynthetic demands
caused by uncontrolled proliferation [21]. Therefore, cancer
cells often hijack lysophagy to survive such stresses to ensure
lysosomal quality control. Autophagy activity also increases in
late-stage cancer or metastasis through establishing the pre-
metastatic niche, promoting tumor cell survival, and escaping
from immune surveillance to ultimately grow out an overt
metastasis [71,72]. Indeed, pharmacologically inhibition of
autophagy may represent an effective therapeutic strategy for
advanced cancer [73].

The ability of PTP4A2 to dephosphorylate VCP may explain
the oncogenic potential of PTP4A2 in driving efficient lysophagy
to support lysosomal hemostasis and survival in cancer cells.
Therefore, small molecular inhibitors that target the PTP4A
family members could be used to block lysophagy and lysosomal
homeostasis, and this can serve as a novel cancer therapeutic
approach for treating autophagy-addicted cancers, in addition to
existing VCP and autophagy inhibition strategies.

This study reveals a novel regulatory role of PTP4A2 in
promoting the ELDR complex assembly and lysophagy, but
the detailed mechanism of how the C-terminal cofactors
UBXN6 and PLAA work together with VCP in lysophagy
requires further study. In addition to PLAA and UBXNGS,
PTP4A2 mediated VCP Tyr805 dephosphorylation may also
enhance the association of VCP with two other PUB domain-
containing proteins NGLY1/PNGase, a peptide N-glycanase

involved in the deglycosylation of misfolded glycoproteins
[74], and RNF31/HOIP (ring finger protein 31), the catalytic
subunit of the E3 ubiquitin ligase LUBAC, which catalyzes the
assembly of linear ubiquitin chains [75]. Further investigation
is required to ascertain whether PTP4A2 regulates VCP bind-
ing to NGLY1/PNGase and RNF31/HOIP. Moreover, UBXN6
employs a unique bipartite binding mode where its PUB
domain binds the VCP C terminus and its VIM motif inter-
acts with the N-terminal domain of VCP [39], which may
restrict the conformational flexibility of VCP. Therefore,
PTP4A2-mediated UBXN6-VCP association could also trigger
an overall conformational change of VCP, which may affect
VCP N-terminal domain cofactor binding. Indeed, we found
PTP4A2 expression not only changes VCP C-terminal cofac-
tor association, but also alters the overall N-terminal domain
cofactor binding profile (Figure 4E and Table S1). Future
studies will determine the functional significance of the addi-
tional changes to VCP cofactor binding profile affected by
PTP4A2, especially the interaction of VCPIP1 and VCP in
lysophagy.

In summary, we have identified VCP (p-Tyr805) as
a physiological substrate of PTP4A2. Dephosphorylation of
VCP at Tyr805 by PTP4A2 promotes its association with the
C-terminal cofactors PLAA and UBXNS, resulting in the
formation of the ELDR complex. PTP4A2 stimulates the
ELDR complex-mediated removal of K48-linked ubiquitin
conjugates on damaged lysosomes for autophagosome for-
mation and clearance of lysosomal damage. Deletion of
Ptp4a2 in mice results in delayed recovery from glycerol-
induced AKI due to impaired function of the ELDR complex
on damaged lysosomes. Our findings not only for the first
time establish a functional linkage of PTP4A2 to the endo-
lysosomal homeostasis and autophagy, but also implicate
potential disease connections of hyperactivation of PTP4A2
in cancer and impairment of PTP4A2 activity in lysosomal
damage induced diseases, such as rhabdomyolysis-induced
kidney injury and myodegenerative and neurodegenerative
disorders.

Materials and methods
Animals

The ptp4a2 KO mice (ptp4a2”'") used in this study was
described previously [16]. For acute kidney injury mouse
model, experiment animals were deprived of water and food
for 24 h and then injected with glycerol (50%, 8 mL/kg)
deeply into the muscle of hind-legs to induce necrosis of
muscle cells. Two days, five days and eight days after injec-
tion, serums were collected for blood urea nitrogen (BUN)
analysis according to manufacturer’s recommendations
(ThermoFisher Scientific, EIABUN), while kidneys were col-
lected for either western blot or histology analysis. All mice
were maintained in either Indiana University School of
Medicine animal facility or Purdue University animal facility
according to the respective Institutional Animal Care and Use
Committee (IACUC) -approved protocols, and kept in
Thorensten units with filtered germ-free air.



Cell culture and treatment

MEF cells were isolated from Ptp4a2-deficient mice [18].
HEK293 (ATCC, CRL-1573), H1299 (ATCC, CRL-5803),
MCF7 (ATCC, HTB-22), HCT116 (ATCC, CCL-247), U20S
(ATCC, HTB-96), GC-1 (ATCC, CRL-2053), HeLa (ATCC,
CCL-2) and Ub®7®V-GFP-expressing HeLa cells, a gift from
Dr. Eli Chapman (University of Arizona) [42] were grown in
DMEM (Corning Cellgro, 10-013-CV), while Kasumi-1
(ATCC, CRL-2724), K562 (ATCC, CCL-243), U937 (ATCC,
CRL-1593.2) and HL-60 (ATCC, CCL-240) cells were grown
in RPMI 1640 (Corning Cellgro, 10-040-CV) supplemented
with 10% fetal bovine serum (Gibco, 26,400,044), penicillin
(50 units/mL), and streptomycin (50 pg/mL) (Corning,
MT30002CI) in a 37°C incubator containing 5% CO,. Cells
were seeded at 40-80% confluence in antibiotic-free medium
and grown overnight. Transfection was performed using PEI
(Polysciences, 23,966-2), Lipofectamine 2000 (Invitrogen,
11,668,019) or RNAIMAX (Invitrogen, 13,778,075) according
to the manufacturer’s recommendations. Two sets of siRNAs
against VCP, PLAA, UBXN6, PTP4A2 and PTP4Al were
purchased from Integrated DNA Technologies (set 1) and
Santa Cruz Biotechnology (set 2), respectively. Cells were
treated with NMS-873 (Sigma-Aldrich, SML1128) or LLOMe
(Sigma-Aldrich, L7393) as indicated in the text.

Antibodies

Anti-PTP4A1 and PTP4A2 antibody was a gift from
Dr. Zeng’s lab (National University of Singapore) [76], anti-
p-VCP (Tyr805) antibody was generated by Biomatik using
VCP (p-Tyr805) peptide CSVYTEDNDDDLpYG. Anti-
phosphotyrosine (4G10; Millipore, 05-321), anti-ubiquitin,
Lys48-specific, clone Apu2 (Millipore, 05-1307), anti-
ubiquitin, Lys63-specific, clone Apu3 (Millipore, 05-1308),
anti-phosphotyrosine (PY20; BD biosciences, 610,000), anti-
VCP (ThermoFisher Scientific, MA3-004), anti-GFP (D5.1;
Cell Signaling Technology, 2956), anti-PLAA (Santa Cruz
Biotechnology, sc-390,454), anti-LGALS3/galectin-3 (Santa
Cruz Biotechnology, sc-32,790), anti-ACTB/actin (Santa
Cruz Biotechnology, sc-47,778), anti-HA (Santa Cruz
Biotechnology, sc-7392), anti-PLAA (Abcam, ab133589), anti-
UBXN6/UBXD1 (Abcam, ab103651), anti-Flag, M2 (Sigma-
Aldrich, F1804), anti-LC3B (Sigma-Aldrich, L7543), anti-Flag
affinity gel (Bimake, B23102), anti-LAMP1 (Santa Cruz

Biotechnology, sc-20,011), anti-VCPIP1 (Santa Cruz
Biotechnology, sc-515,291), anti-TFEB  (ThermoFisher
Scientific, A303-673A; for western Dblot), anti-TFEB

(ThermoFisher Scientific, PA1-31,552; for IHC), anti-Biotin
(Santa Cruz Biotechnology, sc-57,636) are commercially
available.

Immunoprecipitation and immunoblotting

For Immunoprecipitation, cells were lysed in the lysis buffer
(20 mM Tris, pH 7.5, 150 mM NaCl, 10% glycerol, 1% Triton
X-100 [Fisher Scientific, BP151-100]) supplied with phospha-
tase inhibitor (Bimake, B15002) and protease inhibitor mix-
ture (Roche Applied Science, 04693132001) and cleared by
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centrifugation at 21,000 g, 10 min. Antibody and protein A/G
beads (Santa Cruz Biotechnology, sc-2003) were then added
to cell lysates and incubated at 4°C for 3 h to overnight
followed by extensively washing with the lysis buffer.
Proteins on the resins were eluted with SDS sample buffer
and then subjected to analysis by SDS-PAGE followed by
western blot with appropriated antibodies. For immunoblot-
ting, tissues or cultured cells were lysed with ice cold lysis
buffer. Equal amounts of protein were resolved by SDS-
PAGE, transferred to nitrocellulose membrane and subjected
to immunoblotting.

Substrate-trapping assay

For substrate trapping with recombinant protein by GST
affinity isolation, cells (1 x 10°) were treated with 1 mM
pervanadate (ThermoFisher Scientific, 207,991,000) for
30 min and collected by centrifugation at 21,000 g, 10 min.
The cell pellet was lysed with 3 mL lysis buffer (20 mM Tris,
pH 7.5, 100 mM NaCl, 1% Triton X-100, 10% glycerol, 5 mM
iodoacetic acid, 1 mM orthovanadate, protease inhibitors).
Dithiothreitol (10 mM) was added to the lysate and incubated
for 15 min on ice to inactivate any unreacted iodoacetic acid
and pervanadate. Supernatant was collected by centrifugation
at 17,000 g for 15 min. Wild-type PTP4A2 or substrate-
trapping mutant PTP4A2P®AC1015 (PTP4A2[DACS]) were
fused to GST or His-tag [77]. GST, GST-PTP4A2, or GST-
PTP4A2[DACS], or His-tagged PTP4A2 or His-tagged
PTP4A2°"" (25 ug) was coupled to GST beads (Sigma-
Aldrich, GE17-0756-05) or Ni-NTA beads (Qiagen, 30,230),
respectively, in lysis buffer, and incubated at 4°C for 1 h. Cell
lysates were incubated with PTP4A2 proteins conjugated to
beads at 4°C for 2 h. For substrate trapping inside the cell by
IP, cells in 15-cm dishes were transfected with Flag-PTP4A2
or Flag-PTP4A2[DACS] for 24-48 h. The transfected cells
were treated with 300 uM pervanadate for 30 min, the med-
ium was replaced with fresh medium for another 30 min, and
the cells were collected by centrifugation. The cell pellet was
lysed with 1 mL lysis buffer on ice for 1 min and then spun at
17,000 g at 4°C for 30 min, and the supernatant was trans-
ferred to a fresh tube and Flag agarose beads added and
incubated at 4°C for 3 h. Beads were collected by centrifuga-
tion at 3,600 g for 1 min and the supernatant was removed.
Beads were washed three times with 1.5 mL lysis buffer.
Bound proteins were resuspended in 50 pL Laemmli sample
buffer and boiled for 5 min, and the samples were resolved by
SDS-PAGE.

APEX2-PTP4A2 proximity labeling

PTP4A2 was sub-cloned into Flag-APEX2-C vector (Addgene,
128,146; deposited by Ken-Ichi Takemaru). HEK293 cells
stably expressing APEX2-PTP4A2 was established by transi-
ent transfection and selection in growth media containing
1 pug/mL puromycin. Cells were cultured in 90% confluent
and then treated with or without 250 uM LLOMe for 3 h. The
biotinylation protocol was performed as previously described
[78]. For enrichment of biotinylated proteins, cells were lysed
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in lysis buffer, and NeutrAvidin agarose (ThermoFisher
Scientific, 29,200) was used for protein purification.

On-bead digestion

Samples were reduced and alkylated with 10 mM tris-(2-car-
boxyethyl)phosphine (Sigma-Aldrich, C4706) and 40 mM
chloroacetamide (Sigma-Aldrich, C0267) in 50 mM Tris-
HCI, pH 8.5 at 95°C for 5 min. The reduced and alkylated
proteins were diluted by 5-fold with 50 mM triethylammo-
nium bicarbonate (TEAB; Sigma-Aldrich, 18,597) buffer.
Trypsin (500 ng) was added to each sample for overnight
digestion at 37°C. The trypsin digestion was stopped by add-
ing trifluoroacetic acid (TFA; Sigma-Aldrich, T6508) to a final
concentration of 0.5%. The tryptic peptides were desalted by
homemade stage tip with styrene divinyl benzene (SDB-XC)
membrane (3 M, E520).

Dimethyl labeling

The desalted peptides were dissolved in 100 pl of 100 mM
TEAB and were mixed with 4 uL of 4% heavy (*’CD,0;
Sigma-Aldrich, 596,388) for HA-PTP4A2-overexpressing
H1299, WT MEF cells or LLOMe treated APEX2-PTP4A2
expressing HEK293 cells or 4% light (‘*CH,O; Sigma-
Aldrich, 606,758) for control H1299, ptp4a2 KO MEF cells
or untreated APEX2-PTP4A2-expressing HEK293 cells, and
then 4 pL of freshly prepared 600 mM sodium cyanoborohy-
dride (Sigma-Aldrich, 156,159) [79]. The mixture was agitated
for 1 h at room temperature. The reaction was quenched by
adding ice-cold 16 pL of 1% ammonium hydroxide and agi-
tated the mixture for 1 min. Heavy and light dimethyl labeling
peptides were mixed after the labeled peptides were acidified
with 20 pL of 10% formic acid and then desalted by home-
made stage tip with SDB-XC membrane. After elution, 5% of
the collected sample were separated for total proteomics ana-
lysis. The remaining sample was used for IMAC-Fe phospho-
peptides enrichment.

LC-MS/MS

The enriched phosphopeptides were dissolved in 5 uL of 0.3%
formic acid (FA) with 3% ACN and injected 4 pL into an
Easy-nLC 1000 (ThermoFisher Scientific, LC120). Peptides
were separated on a 45-cm in-house packed column
(360 pm o.d. x 75 um i.d.) containing C18 resin (2.2 um,
100 A; Michrom Bioresources, 9,996,610,000) with a 30-cm
column heater (Analytical Sales and Services) set at 50°C. The
mobile phase buffer consisted of 0.1% FA in ultra-pure water
(buffer A) with an eluting buffer of 0.1% FA in 80% ACN
(buffer B) run over a linear 60 min gradient of 5%-30% buffer
B at a flow rate of 250 nL/min. The Easy-nLC 1000 was
coupled online with a LTQ-Orbitrap Velos Pro mass spectro-
meter (ThermoFisher Scientific). The mass spectrometer was
operated in the data-dependent mode, in which a full MS scan
(from m/z 350-1500 with the resolution of 30,000) was fol-
lowed by the 10 most intense ions being subjected to colli-
sion-induced dissociation (CID) fragmentation (normalized
collision energy — 35%; automatic gain control target — 3E4;

max injection time - 100 ms; isolation window - 3 m/z; 60s
dynamic exclusion).

Data processing and analysis

The raw files were searched against the Homo sapiens or mus
musculus database with no redundant entries (Uniprot
FASTA file released Jan 2015) using the MaxQuant software
(version 1.5.5.1) with a 1% FDR cutoff at protein and peptide.
MS1 precursor mass tolerance was set at 20 ppm, and MS2
tolerance was set at 0.6 Da. Search criteria included a static
carbamidomethylation of cysteines (+57.0214 Da) and vari-
able modifications of oxidation (+15.9949 Da) on methionine
residues, acetylation (+42.011 Da) at N terminus of proteins,
and phosphorylation (+79.996 Da) on serine, threonine, and
tyrosine residues for the identification of phosphorylation
sites. A site localization probability of 0.75 was used as the
cutoff for localization of phosphosites. The search was per-
formed with full tryptic digestion and allowed a maximum of
two missed cleavages on the peptides analyzed from the
sequence database. Dimethyl-labeling quantitation was per-
formed by setting the multiplicity as 2, and the match between
runs function was enabled with a match time window of
1.0 min.

Generation of semisynthetic VCP (p-Tyr805) protein

The protein ligation is performed with IMPACT (Intein
Mediated Purification with an Affinity Chitin-binding Tag)
system (New England Biolabs, E6901S). Specifically, the
pTXB1 plasmid containing VCP (aa 1-793)-Mxelntein-
CBD fusion protein was expressed in E. coli BL21 (DE3),
induced by 0.4 mM IPTG (Fisher Scientific, BP1755-1) at
20°C. Cells were pelleted and lysed by sonication in a lysis
buffer (20 mM HEPES, pH 7.6, 150 mM NaCl, 1 mM
EDTA). The clarified lysate with cell debris removed was
loaded to chitin resin (New England Biolabs, S6651S). The
resin was washed with washing buffer (20 mM HEPES, pH
7.6, 150 mM NaCl), and incubated in cleavage buffer
(20 mM HEPES, pH 7.6, 150 mM NaCl, 100 mM MESNA
[Sigma-Aldrich, 1,392,807], 1 mM EDTA) overnight at 4°C.
Cleaved VCP thioester protein was eluted from the resin and
concentrated by ultrafiltration using an Amicon filter
(Millipore, UFC503008). To generate semisynthetic VCP
(p-Tyr805) protein, VCP thioester reacted with chemically
synthesized phosphorylated peptide (794
CVYTEDNDDDLpYGgpe) in the ligation buffer (20 mM
HEPES pH 7.6, 150 mM NaCl, 1 mM EDTA, 100 mM
MESNA) at room temperature for 18 h. The ligation reac-
tion was assessed by standard and Phos-tag SDS-PAGE
(Wako Chemicals, NC1051662) with Coomassie Brilliant
Blue staining and immunoblot with an antibody against
p-VCP (Tyr805).

Histology

Tissues were fixed in 4% paraformaldehyde (ThermoFisher
Scientific, 28,908) overnight at 4°C, embedded in paraffin,
serially sectioned (7 um), and stained with H&E according



to standard methods. For immunohistochemistry, de-
paraffined and hydrated sections were subjected to antigen
retrieval by boiling in 10 mM sodium citrate for 20 min.
Sections were then incubated with diluted antibodies (1:50-
1:400) at 4°C overnight. Signals were detected by
VECTASTAIN Elite ABC kit and developed using DAB sub-
strate (Vector laboratory, SK-4100). Images were captured
with a Nikon Inverted Microscope Eclipse Ti-S (Nikon
Instruments).

Imaging and immunofluorescence

PIRESpuro2-UBXD1-mCherry (Addgene, 31,835; deposited by
Hemmo Meyer), pEGFP-PLAA (Addgene, 85,669; deposited by
Hemmo Meyer), LAMP1-RFP (Addgene, 1817; deposited by
Walther Mothes), pmCherry-Gal3 (Addgene, 85,662; deposited
by Hemmo Meyer), RFP-RAB5 (Addgene, 14,437; deposited by
Ari Helenius), EGFP-LC3 (Addgene, 11,546; deposited by Karla
Kirkegaard) were used to examine the cellular localization of
corresponding genes. Cells were cultured directly on glass cover-
slips in 12- or 24-well plates. After experiments, cells were fixed
with 4% paraformaldehyde in phosphate-buffered saline (PBS;
Corning, 20-031-CV) for 15 min at room temperature, permea-
bilized with 0.2% Triton X-100 in PBS for 10 min, and blocked
with BSA (Sigma-Aldrich, A2153). For immunofluorescence,
appropriate antibodies were applied overnight at 4°C, followed
by wash and 1 h incubation with appropriate secondary anti-
body. DNA staining (0.5 pg of Hoechst no. 33,258/ml; Sigma-
Aldrich, 94,403) was used to identify cell nuclei. After washing
with PBS, the coverslips were mounted with anti-fade mounting
solution. Images were obtained with a Nikon Inverted
Microscope Eclipse Ti-S (Nikon Instruments).

Kinetic measurements for VCP (p-Tyr805) peptide

Initial rate measurements for the enzyme-catalyzed hydrolysis of
the substrates were performed as described previously [80]. The
VCP (p-Tyr805) peptide Cys-SVYTEDNDDDL(pY)G kinetic
assays were carried out at 37°C in a pH 7.0 buffer of 50 mM
3,3-dimethylglutarate ~ (Sigma-Aldrich, D4379), containing
10 mM DTT and 1 mM EDTA, with an ionic strength of
0.15 M, adjusted by addition of NaCl. Assay mixtures of 100 pL
in total volume were set up in a 96-well polystyrene plate.
A maximum substrate concentration of 1.3 mM of VCP
(p-Tyr805) peptide was used to determine the k., and K, values.
Reactions were started by the addition of PTP4A2 (2 pM). The
reaction was carried out at 37°C for 4 h. The reaction was
quenched using 100 pL of Biomol Green (Enzo Life Sciences,
BML-AK111-0250). After 20 min incubation at room tempera-
ture, the absorbance at 620 nm was read using a plate reader. The
amount of inorganic phosphate released was calculated using
a phosphate standard curve. The data were directly fit to the
Michaelis-Menten equation and steady-state kinetic parameters
were determined.

Kinetic measurements for VCP (p-Tyr805) protein

First-order rate measurements for the enzyme-catalyzed hydro-
lysis of the substrates were performed as described previously
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[18,81].The assay mixtures of 15 pL in total volume were set up
with 5 uM of the VCP (p-Tyr805) protein and 1 pM of PTP4A2
and the dephosphorylation was performed over a time course.
The VCP (p-Tyr805) protein dephosphorylation over time was
analyzed using the specific p-VCP (Tyr805) antibody by western
blot and normalized to total VCP concentration. The normal-
ized VCP (p-Tyr805) protein intensities were used to plot a first-
order rate plot. The k,,/K,; value was calculated by dividing the
first-order rate constant by the enzyme concentration.

Electron microscopy imaging

Kidneys were perfused, fixed (0.1 M sodium cacodylate [Sigma-
Aldrich, 20,840] with 4% paraformaldehyde, 0.1% electron
microscopy grade glutaraldehyde [Sigma-Aldrich, G5882], pH
7.3-7.4) and desired regions were cut into small pieces (0.5-1.0
mm cube-shaped). Tissue samples were further fixed in 2.5%
glutaraldehyde in 0.1 M cacodylate buffer overnight at 4°C and
then washed 3 times for 5 min each with 0.1 M sodium cacodylate
buffer. After washing, tissue samples were further fixed with 1%
Os0, (Sigma-Aldrich, 201,030) and 0.8% FeCN (Sigma-Aldrich,
P3289) for 1 h, then washed 3 times for 5 min each with water.
Samples were stained with 2% uranyl acetate in water for 20 min
then rinsed with water 3 times for 5 min each. Dehydration was
performed through grades of ethanol (50%-100%). After dehy-
dration, samples were infiltrated with acetonitrile and embedded
in resin. Ultra-thin sections (60 nm) were cut using Leica UC7
ultramicrotome (Leica Microsystems Inc.) and visualized under
the Tecnai T12 transmission electron microscope (ThermoFisher
Scientific) at an accelerating voltage of 80 kV.

Quantification and statistical analysis

Data sets were analyzed by the Student’s t test according to
the experiment using GraphPad Prism software (www.graph
pad.com), unless otherwise described in the methods or figure
legends. Error bars in figures indicate standard deviation (SD)
for the number of replicates, as indicated in the figure legend.
A p-value less than 0.05 (*), 0.01 (**) or 0.0001 (***) was
considered statistically significant.
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