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SUMMARY

Tankyrase 1 (TNKS) and tankyrase 2 (TNKS2) belong
to the poly(ADP-ribose) polymerase family of pro-
teins, which use nicotinamide adenine dinucleotide
tomodify substrate proteins with ADP-ribosemodifi-
cations. Emerging evidence has revealed the patho-
logical relevance of TNKS and TNKS2, and identified
these two enzymes as potential drug targets. How-
ever, the cellular functions and regulatory mecha-
nisms of TNKS/2 are still largely unknown. Through
a proteomic analysis, we defined the protein-protein
interaction network for human TNKS/2 and revealed
more than 100 high-confidence interacting proteins
with numerous biological functions in this network.
Finally, through functional validation, we uncovered
a role for TNKS/2 in peroxisome homeostasis and
determined that this function is independent of
TNKS enzyme activities. Our proteomic study of the
TNKS/2 protein interaction network provides a rich
resource for further exploration of tankyrase func-
tions in numerous cellular processes.
INTRODUCTION

The poly(ADP-ribose) polymerase (PARP) protein superfamily is

a group of enzymes that use nicotinamide adenine dinucleotide

(NAD+) as a substrate to modify target proteins by adding

ADP-ribose modifications (Berger et al., 2004; B€urkle, 2005;

Riffell et al., 2012). This post-translational modification, called

PARylation, plays crucial roles in various cellular functions,

including DNA damage repair (Malanga and Althaus, 2005),

apoptosis (Koh et al., 2005), stress response (Leung et al.,

2011), cell division (Chang et al., 2004), transcription (Kraus

and Lis, 2003), and chromatin remodeling (Schreiber et al.,

2006). The 17 identified members of the PARP family, which

have structurally similar PARP catalytic domains (Amé et al.,

2004; Hottiger et al., 2010; Rouleau et al., 2010; Vyas et al.,

2013), have diverse cellular localizations and functions. Among

them, PARP1 and PARP2 have been the main foci of research

because pharmacologically targeting their enzyme activities in-

terferes with DNA damage repair (Durkacz et al., 1980, 1981b)

and sensitizes cells to the effects of DNA-damaging agents (Dur-
This is an open access article under the CC BY-N
kacz et al., 1981a). Recent studies have also highlighted the

potential of two additional druggable PARP family members,

tankyrase 1 (TNKS) and tankyrase 2 (TNKS2), as therapeutic tar-

gets (Lehtiö et al., 2013; Riffell et al., 2012).

Mice with knockout of either TNKS or TNKS2 are viable and

display only a mild phenotype, but loss of both tankyrases leads

to embryonic lethality (Chiang et al., 2008), suggesting that TNKS

andTNKS2are functionally redundant. Indeed, TNKSandTNKS2

share high sequence identity. TNKS contains four distinct do-

mains: an N-terminal homopolymeric region with His, Pro, and

Ser residues (His-Pro-Ser domain); an ankyrin domain containing

5 ankyrin repeat clusters (ARCs) for 24 ankyrin repeats; a sterile

alpha module (SAM) domain; and a C-terminal PARP catalytic

domain (Lehtiö et al., 2013). TNKS2 lacks the N-terminal His-

Pro-Ser domain but has an extra seven-residue insertion

between the ARCs and the SAM domain (Lehtiö et al., 2013). In

addition, TNKS and TNKS2 can associate with each other

through their SAM domains, facilitating their PARP activities

and cellular functions (Lehtiö et al., 2013; Mariotti et al., 2016).

The association between TNKS/2 and their substrates is medi-

ated by their ankyrin domains and a short consensus amino acid

sequence, RxxPxG, in the substrates (Guettler et al., 2011; Mor-

rone et al., 2012). The relatively long ankyrin domains of TNKS/2

can serve as docking sites for the substrates, giving TNKS/2 a

large capacity to bind a variety of substrates (Lehtiö et al.,

2013). Moreover, a database search revealed that hundreds of

human proteins contain the RxxPxG motif or its degenerated

form; these proteins could be substrates for TNKS/2 (Guettler

et al., 2011).

The TNKS-mediated PARylation of substrates leads to two

possible outcomes: a change in their localization or protea-

some-dependent degradation. The E3 ligase RNF146 recog-

nizes the PARylation of TNKS substrates and is responsible for

their subsequent ubiquitination and degradation (Zhang et al.,

2011). Functionally, TNKS and TNKS2 control various cellular

events through their corresponding substrates. For example,

TNKS and TNKS2 regulate telomere homeostasis by binding to

and degrading the telomere protein TRF1 (Smith et al., 1998).

TNKS and TNKS2 also activate Wnt signaling by degrading the

b-catenin destruction complex components AXIN1 and AXIN2

(Huang et al., 2009). Moreover, TNKS and TNKS2 associate

with and PARylate the NUMA protein at spindle poles to regulate

mitotic checkpoint (Chang et al., 2005), positively regulate the

AKT pathway by degrading the tumor suppressor PTEN (Li

et al., 2015), and are involved in the heritable disease cherubism
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Figure 1. Proteomic Analysis of the TNKS/2 Protein Interaction Network

(A) Schematic illustration of human TNKS and TNKS2 protein domains.

(B) The total spectral counts (TSCs) and corresponding numbers of HCIPs for TNKS and TNKS2 under the indicated treatments.

(C) Total numbers of peptides and proteins identified in the MS analysis. A MUSE score R0.8 was used as the cutoff to identify HCIPs.

(D) Comparison of the numbers of TNKS/2-interacting proteins identified using AP-MS, immunoprecipitation-western blotting (IP-WB), in vitro pulldown assay,

and yeast two-hybrid in the BioGrid database with the interacting proteins found in our dataset.

See also Figure S1 and Tables S1, S2, S3, and S4.
by regulating the protein stability of 3BP2 (Levaot et al., 2011).

Recently, we and others demonstrated that TNKS and TNKS2

play a positive role in the regulation of YAP, a key downstream

effector in the Hippo pathway, by degrading the angiomotin

(AMOT) family of proteins (Troilo et al., 2016; Wang et al.,

2015, 2016). Because some of the substrates that are PARylated

and degraded by TNKS/2 are tumor suppressors—for example,

AXIN1/2, PTEN, and AMOTs—TNKS/2 could be attractive tar-

gets for cancer therapy. Indeed, researchers have developed

TNKS/2 inhibitors and demonstrated them to be effective anti-

cancer agents (Lehtiö et al., 2013; Riffell et al., 2012), indicating

that TNKS/2 inhibition has great translational potential.

Previous studies have not only highlighted the important roles

of TNKS/2 in maintaining tissue homeostasis and their potential

usefulness in cancer therapy, but also fueled a great interest

in identifying additional TNKS/2 binding partners. To further

elucidate the biological functions and therapeutic potential of

TNKS/2, we conducted a proteomic analysis of TNKS/2-associ-

ated protein complexes in both normal and inactive conditions.

By using the Minkowski distance-based unified scoring environ-

ment (MUSE) algorithm (Li et al., 2016), we identified 104 and

147 high-confidence interacting proteins (HCIPs) under normal

and TNKS/2-inactive conditions, respectively. Through in-depth

functional validation, we demonstrated the association of perox-

isome protein 14 (PEX14) and TNKS/2, and further characterized

the role of TNKS/2 in pexophagy. Our proteomic study not only

elucidated the TNKS/2 protein-protein interaction network, but

also revealed a number of previously uncharacterized binding

partners and potential substrates for TNKS/2.

RESULTS

Proteomic Analysis of the Protein-Protein Interaction
Network for TNKS/2
To achieve a comprehensive understanding of the TNKS/2 pro-

tein interaction network, we established HEK293T cells stably
738 Cell Reports 20, 737–749, July 18, 2017
expressing human TNKS or TNKS2 (Figure 1A) fused with SFB

triple tags (S tag-FLAG tag-streptavidin-binding peptide [SBP]

tag) through viral infection and puromycin selection (Figures

S1A and S1B). After validation by western blotting and immu-

nofluorescent staining, we subjected these TNKS-293T and

TNKS2-293T cells to tandem affinity purification (TAP) (Fig-

ure S1A). To determine whether TNKS/2 enzyme activities are

required for protein complex formation, we pretreated the cells

with the TNKS/2 inhibitor XAV939 for 48 hr. XAV939 has been

shown to dramatically suppress TNKS/2 activities (Wang et al.,

2015). Cells pretreated with DMSO were used as controls (Fig-

ure S1A). We identified the associated proteins in the isolated

complexes using mass spectrometry (MS) and matched them

with proteins in the human International Protein Index database.

A complete list of the peptides and proteins identified is provided

in Table S1.

To refine the TNKS/2 proteomic data, we used theMUSE algo-

rithm, which has been described previously (Li et al., 2016), to

assign quality scores to the identified protein-protein interac-

tions. To filter out nonspecific interacting proteins, we applied

a control group of 1,626 unrelated TAP-MS experiments that

were performed under identical experimental conditions (1,606

experiments using overexpressed TAP-tagged protein baits

and 20 experiments using empty vector baits) to the MUSE algo-

rithm. We assigned a MUSE score to each identified interaction

and considered any interaction with a MUSE score of least 0.8

and raw spectra counts greater than 1 to be an HCIP (Fig-

ure S1A). Through these analyses, we identified 104 HCIPs

among the 601 unique preys of TNKS/2 proteins in the DMSO-

treated control group and 147 HCIPs among the 714 identified

unique preys in the XAV939-treated group (Figures 1B and 1C;

Tables S2, S3, and S4). In addition, a subset of the above-

mentioned 1,626 controls, which contains 338 TAP-MS experi-

ments whose raw data are available in the PRIDE database,

were used as our secondary control set for the MUSE analysis,

where 91% of identified HCIPs were confirmed (Tables S3 and



S4). This evaluation suggests that our current data analysis is

highly reproducible by using a publicly available control set. To

estimate the frequently observed non-specific binding proteins

in our HCIPs, we compared our HCIP dataset with the Contam-

inant Repository for Affinity Purification (CRAPome), a well-de-

signed repository of ‘‘frequent flyers’’ for affinity purification

(Mellacheruvu et al., 2013). Only 5.6% of our identified HCIPs

overlapped with the preys frequently shown in the CRAPome

database (i.e., >20% frequency). 92.8% of HCIPs were enriched

at least 5-fold, whereas 87.3% of HCIPs were enriched at least

20-fold in comparison with their respective abundances in the

CRAPome database (Table S4). Again, these results highlight

the quality of our TNKS HCIP dataset.

Overview of the TNKS Protein Interaction Network
To determine the reproducibility of our TAP data, we performed

biological replication for all of the experiments. The overall HCIP

reproducibility rate was close to 90%, and this rate increased

when the cutoff number of identified peptides increased, sug-

gesting that our proteomic data were highly reproducible.

TNKS and TNKS2 had more than 85% overlap in their HCIPs

(Figure S1C), indicating that their binding proteins are quite

similar, so we combined them for further bioinformatic analysis.

Intriguingly, although treatment with XAV939 inhibited the

enzyme activity of TNKS/2, the identified HCIPs in the XAV939-

treated group substantially overlapped with the ones identified

in the DMSO-treated control group (Figure S1C; Table S5), sug-

gesting that TNKS/2 enzyme activities have only a mild effect on

the formation of the TNKS/2 protein interaction complex under

these experimental conditions.

We next compared our HCIP lists with data available in

the literature. Of 60 protein interactions identified using high-

throughput affinity purification (AP)-MS experiments with

TNKS/2 and reported in BioGrid, 17 were identified as HCIPs

in the DMSO-treated control group and 16 in the XAV939-treated

group (Figure 1D). Of 23 interactions identified using immunopre-

cipitation-western blotting (IP-WB), 6 were identified as HCIPs in

the DMSO-treated control group and 10 were identified as

HCIPs in the XAV939-treated group (Figure 1D). Of 12 interac-

tions reported in BioGrid and identified in in vitro pulldown

experiments with TNKS/2, 3 were identified as HCIPs in the

DMSO-treated control group and 4 were identified in the

XAV939-treated group (Figure 1D). Finally, for yeast two-hybrid

data in BioGrid, we identified 4 out of 15 reported interactions

with TNKS/2 in the DMSO group and 6 out of 15 in the XAV939

group (Figure 1D). Several of the interactions reported in BioGrid

were also identified in our dataset but did not pass the stringent

filtering criteria we used with the MUSE algorithm (six interac-

tions in AP-MS, one interaction in in vitro pulldown, and one

interaction in yeast two-hybrid data). Moreover, we identified

additional high-confidence interactions with TNKS/2 that were

not reported in BioGrid (Figure 1D), further extending our knowl-

edge of the TNKS/2 protein interactome. Taken together, these

results suggest that our TNKS/2 proteomic dataset not only re-

produced previous findings, but also provided an additional

collection of candidate HCIPs for further validation.

To provide a comprehensive overview of the cellular func-

tions that TNKS/2 may be involved in, we performed Gene
Ontology (GO) analysis of the TNKS/2 HCIPs. This analysis

indicated that the identified HCIPs have different subcellular lo-

calizations (Figure S1D) and are involved in multiple cellular

functions (Figure S1E). We also conducted a signaling pathway

annotation for TNKS/2 HCIPs. Besides the reported pathways

(i.e., telomere regulation, Wnt-b catenin pathway, and Hippo

pathway), several other key signaling pathways were also

highly enriched (i.e., hypoxia signaling, Rho GTPase signaling,

and autophagy), suggesting that TNKS and TNKS2 have

more extensive cellular functions than previously reported (Fig-

ure S1F; Table S6).

We also organized the TNKS/2 protein interaction network

globally and functionally, focusing on clustering theHCIPs based

on their subcellular localizations or biological functions (Figure 2).

TNKS/2 HCIPs were enriched in several organelles, such as

the mitochondria, Golgi apparatus, endoplasmic reticulum, per-

oxisomes, endosomes, plasma membrane, centrosomes, and

cytoskeleton (actin and tubulin) (Figure 2). Moreover, GO anal-

ysis specifically pointed to two protein families that may be asso-

ciated with TNKS/2: the STRIPAK protein phosphatase complex

and an E3 ligase group that includes RNF146, which degrades

TNKS substrates (Figure 2). Taken together, these data sug-

gested that TNKS and TNKS2 localize on several cellular com-

partments and may participate in biological processes related

to these organelles.

To validate the TNKS/2 protein interaction network, we per-

formed reciprocal TAP-MS with 10 selected HCIPs (SSSCA1,

BCR, GSK3b, STRN, STRN3, PDCD10, CTNNBPL2, FAM40A,

PEX5, and PEX14). Among these, we reciprocally identified

TNKS/2 in SSSCA1, BCR, STRN3, and PEX14 TAP-MS experi-

ments (Figure 3A), which were also identified previously (Guettler

et al., 2011). As shown in Figures 3B and 3C, SSSCA1 associates

with both TNKS and TNKS2. We also validated the interaction

between BCR and TNKS (Figure 3D). The TNKS/2 TAP-MS ex-

periments identified many subunits of the STRIPAK protein

phosphatase complex (Figure 2); however, a strong interaction

was detected only between STRN3 and TNKS (Figure 3E), sug-

gesting that STRN3 is themajor TNKS binding partner in this sta-

ble complex. In addition, both TNKS and TNKS2 are associated

with STRN3 (Figure 3F). These data were consistent with the re-

sults of the reciprocal TAP-MS, in which STRN3, but not STRN,

PDCD10, CTNNBPL2, or FAM40A in the STRIPAK complex,

reciprocally identified TNKS/2.

Even though GSK3b-reciprocal TAP-MS did not identify

TNKS/2, we detected interactions between GSK3b and

TNKS/2 by co-transfection followed by IP-WB experiments (Fig-

ure 3G). GSK3b can phosphorylate TNKS/2 during mitosis, but

the function of this phosphorylation is not clear (Yeh et al.,

2006). This may explain why we did not identify TNKS/2 in the

GSK3b-reciprocal TAP-MS experiment, because most kinase-

substrate interactions are transient and weak. To determine

the role of GSK3b in TNKS/2 regulation, we treated cells with

the GSK3b inhibitor LiCl and found that LiCl-mediated inhibition

of GSK3b decreased TNKS protein levels (Figure 3H). Intrigu-

ingly, LiCl treatment decreased both TNKS and TNKS2 protein

levels when TNKS/2 enzyme activities were inhibited by

XAV939, but had only a mild effect on expression level of the

TNKS/2 substrate AMOT (Figure 3I). These data suggested
Cell Reports 20, 737–749, July 18, 2017 739



Figure 2. Integrated Interaction Map of the Human TNKS/2 Family

TNKS/2 HCIPs were grouped based on their cellular functions and localizations as indicated by GO analysis and a literature search. The different dot colors

indicate the dependencies of the HCIPs on XAV939-based treatment. ER, endoplasmic reticulum. See also Tables S4, S5, and S6.
that GSK3b might stabilize TNKS/2. The functional relevance of

these findings deserves further investigation.

TNKS and TNKS2 Interact with the Peroxisome Protein
PEX14
In our proteomic analysis, we identified two peroxisome pro-

teins, PEX5 and PEX14, as TNKS/2-associated proteins (Fig-

ure 2). PEX5 and PEX14 form a heterodimer that facilitates
740 Cell Reports 20, 737–749, July 18, 2017
cytosolic cargo docking and transport into the peroxisome

lumen (Brocard et al., 1997; Smith and Aitchison, 2013). Consis-

tent with the results of our reciprocal TAP-MS validation of the

TNKS protein interaction network, we found that TNKS specif-

ically interacted with PEX14, but not PEX5 (Figure 3J). Moreover,

PEX14 interacted with both TNKS and TNKS2 (Figure 3K). TNKS

enzyme activity was not required for its association with PEX14,

because the TNKS PAR-inactive mutant TNKS-PD still bound to



Figure 3. Validation of TNKS/2 Proteomics

(A) A summary map of cytoscape-generated merged interaction network for TNKS/2 and selected reciprocal HCIPs.

(B) SSSCA1 interacts with TNKS. A pulldown assay was performed with S protein beads (SFB-tagged proteins were used as the baits), and the indicated proteins

were detected by WB.

(C) Association between TNKS/2 and SSSCA1. A pulldown assay was performed with S protein beads (SFB-tagged proteins were used as the baits), and the

indicated proteins were detected by WB.

(D) Association between TNKS and BCR. A pulldown assay was performed with S protein beads (SFB-tagged BCR was used as the bait), and the indicated

proteins were detected by WB.

(E) TNKS specifically binds to STRN3 in the STRIPAK complex. A pulldown assay was performed with S protein beads (SFB-tagged proteins were used as

the baits), and the indicated proteins were detected by WB.

(F) Association between TNKS/2 and STRN3. A pulldown assay was performed with S protein beads (SFB-tagged proteins were used as the baits), and the

indicated proteins were detected by WB.

(G) Association between GSK3b and TNKS/2. A pulldown assay was performed with S protein beads (SFB-tagged TNKS/2 were used as the baits), and the

indicated proteins were detected by WB.

(H and I) GSK3b stabilizes TNKS/2. Cells were treated with 25 mM LiCl for 12 hr and subjected to WB with the indicated antibodies (H). To assess dose de-

pendency, we used 10 or 25 mM LiCl to treat cells for 12 hr (H). To assess the effects of XAV939 treatment, we pretreated cells with 10 mM XAV939 for 24 hr and

then subjected them to treatment with 25mMLiCl for another 12 hr (I). DMSOwas used as a control for XAV939 treatment. Quantification of TNKS protein levels is

shown as numbers below the blots.

(J) TNKS associates with PEX14, but not PEX5. A pulldown assay was performed with S protein beads (SFB-tagged proteins were used as the baits), and the

indicated proteins were detected by WB. The labels ‘‘long’’ and ‘‘short’’ refer to the exposure time for WB.

(K) Both TNKS and TNKS2 associate with PEX14. A pulldown assay was performed with S protein beads (SFB-tagged TNKS/2 proteins were used as the baits),

and the indicated proteins were detected by WB.

(legend continued on next page)

Cell Reports 20, 737–749, July 18, 2017 741



PEX14 (Figure 3L). Interestingly, of the four potential TNKS-bind-

ing motifs (TBMs) in PEX14 predicted in a previous study (Guet-

tler et al., 2011) (Figure 3M), we found that both the third and

fourth motifs were required for the association of PEX14 with

TNKS (Figure 3N), suggesting that these two TBMs function

cooperatively to mediate the association between PEX14 and

TNKS. Together, these results demonstrated that PEX14 is a

bona fide binding partner for TNKS and TNKS2.

TNKS and TNKS2 Localize on Peroxisomes
TNKS and TNKS2 have several different cellular localizations

(Lehtiö et al., 2013; Riffell et al., 2012; Vyas et al., 2013), but

they mostly form vesicle-like punctate structures in the cyto-

plasm (Figure 4A). Using different organelle markers as controls,

we found that TNKS partially co-localized with the endoplasmic

reticulum, but not with the Golgi apparatus, early endosomes, or

mitochondria (Figure 4A). Because TNKS and TNKS2 associated

with PEX14 (Figures 3J–3N), we next investigated whether TNKS

and TNKS2 would co-localize with PEX14 on peroxisomes.

Indeed, as shown in Figure 4B, both TNKS and TNKS2 co-local-

ized with PEX14. Depletion of PEX14 TBMs (TBM3 and TBM4)

disrupted the co-localization between TNKS and PEX14 (Fig-

ure S2A). In addition, the peroxisome localization of TNKS and

TNKS2 was confirmed by using additional peroxisome markers,

PMP70, PMP-N-10, and catalase (Figure 4B; Figure S2B). Taken

together, this evidence suggests that TNKS and TNKS2 localize

on peroxisomes.

TNKS and TNKS2 Promote Pexophagy
Interestingly, overexpression of TNKS or TNKS2 led to a

decrease in the total number of peroxisomes in cells (Figures

5A and 5B) and the enlargement of individual peroxisomes (Fig-

ures 5A and 5C), where TNKS or TNKS2 co-localized with these

enlarged peroxisomes. The cell size was not obviously changed

in this experimental setting. It is known that the number of perox-

isomes, like other metabolic organelles in cells, is highly regu-

lated in the cell (Till et al., 2012). The reduction of the number

of peroxisomes is mediated by pexophagy, a type of macro-

autophagy in which large cytosolic material is delivered to lyso-

somes for degradation (Iwata et al., 2006). An inability tomaintain

peroxisome numbers has been linked to neurodegenerative and

developmental disorders (Ribeiro et al., 2012; Singh et al., 2009),

but the precise mechanisms underlying pexophagy remain un-

clear. Our data of reduced peroxisome number and enlarged

individual peroxisomes in cells with TNKS/2 overexpression sug-

gested that TNKS and TNKS2 may promote pexophagy.

To confirm this finding, we examined the co-localization of

TNKS and the autophagymarker LC3. As expected, the enlarged

peroxisomes induced by TNKS co-localized with LC3 (Fig-

ure 5D). Because pexophagy requires the involvement of lyso-

somes, we next examined and showed that the TNKS-positive
(L) The association between TNKS and PEX14 is independent of TNKS enzyme ac

were used in the pulldown assay.

(M and N) Two TNKS/2-binding motifs (TBMs) were identified in PEX14. Four TBM

between TNKS and PEX14 (N). A pulldown assay was performed with S protein be

and the indicated proteins were detected by WB. Quantification of TNKS in pulld

See also Figure S2.
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peroxisomes also co-localized with lysosomes (Figure 5D).

Taken together, these results confirmed that TNKS and TNKS2

have roles in promoting pexophagy.

Intriguingly, the enzyme activities of TNKS/2 were not required

for pexophagy; a TNKS-inactive mutant, TNKS-PD, promoted

co-localization of the autophagy marker LC3 and peroxisomes

(Figure 5D). Consistent with this finding, XAV939 treatment failed

to block TNKS-induced co-localization of peroxisomes and LC3

(Figure 5D). Moreover, overexpression of the E3 ligase RNF146,

which recognizes and degrades TNKS substrates, had no effect

on peroxisome number (Figures S3A and S3B) or size (Figures

S3A and S3C). Collectively, these data suggest that the enzyme

activities of TNKS/2 are not essential for TNKS/2-induced

pexophagy.

TNKS and TNKS2 Are Involved in Selective Pexophagy
during Amino Acid Starvation
Under low-amino acid conditions, peroxisomes are degraded by

selective pexophagy (Sargent et al., 2016). Treatment with

Hank’s balanced salt solution (HBSS), a medium that lacks

amino acids but contains glucose for cell survival, induced pex-

ophagy, as indicated by a decrease in expression levels of two

peroxisome proteins, PMP70 and catalase (Figure 5E; Fig-

ure S3D). Interestingly, loss of TNKS/2 prevented HBSS-induced

pexophagy, as indicated by the stabilization of peroxisome pro-

teins PMP70 and catalase in HBSS-treated cells (Figure 5E; Fig-

ure S3D). Reconstitution of either TNKS or its inactive mutant

TNKS-PD rescued HBSS-induced pexophagy in TNKS/2-defi-

cient cells (Figure S3E). These data suggest that TNKS and

TNKS2 are involved in HBSS-induced pexophagy.

Notably, the level of TNKS protein expression decreased upon

treatment with HBSS (Figure 5E), suggesting that as a peroxi-

some-localized protein, TNKS could also be targeted for clear-

ance via pexophagy. To test this hypothesis, we examined

the TNKS level in cells treated with bafilomycin A1 (BFA), a

vacuolar-type H+-ATPase (V-ATPase) inhibitor, which prevents

maturation of autophagic vacuoles by inhibiting fusion between

autophagosomes and lysosomes (Yamamoto et al., 1998). As

shown in Figure S3F, treatment with BFA stabilized expression

levels of TNKS and two peroxisome proteins (PMP70 and cata-

lase) upon HBSS treatment.

However, HBSS-induced pexophagy was enhanced in cells

pretreated with XAV939 (Figure 5F; Figure S3G), in which

TNKS/2 protein levels were dramatically increased. Moreover,

HBSS-induced starvation combined with XAV939 treatment

further enhanced pexophagy over HBSS treatment only, as

shown by the decreased peroxisome number (Figures 5G and

5H) and the enlarged peroxisome size (Figures 5G and 5I). Given

that XAV939 is a TNKS/2 enzyme inhibitor, these results further

demonstrated that TNKS and TNKS2 promote selective pexoph-

agy independently of their enzyme activities.
tivity. The SFB-taggedwild-type TNKS and its PAR-inactive mutant, TNKS-PD,

s were predicted (M), and TBM3 and TBM4 were required for the association

ads (SFB-tagged PEX14 and its TBM-deletion mutants were used as the baits),

own samples is shown as numbers below the blot.



Figure 4. TNKS and TNKS2 Localize on

Peroxisomes

(A) Formation of TNKS as vesicle-like structures in

the cytoplasm. Immunofluorescent staining was

performed to detect the localization of SFB-tagged

TNKS with the indicated constructs or antibodies.

Nuclei were stained with DAPI.

(B) TNKS/2 localize on peroxisomes. Immunofluo-

rescent staining was performed to detect the

localization of SFB-tagged TNKS/2 with the indi-

cated constructs or antibody. Nuclei were stained

with DAPI. PMP70 and PMP-N-10 are peroxisome

markers.

EEA1, early endosomemarker; ER-3, endoplasmic

reticulum marker; GM130, Golgi marker; TOM20,

mitochondria marker. Scale bars, 20 mm. See also

Figure S2.
TNKS’s Ankyrin Domain Is Required for Its Peroxisome
Localization and Its Role in Pexophagy
To determine how TNKS and TNKS2 regulate pexophagy, we

generated a series of TNKSdomain-deletionmutants (Figure 6A).
C

As shown in Figure 6B, loss of TNKS’s an-

kyrin domain, but not its SAM or PARP

domain, disrupted its peroxisome locali-

zation. Moreover, TNKS’s ankyrin domain

was also required for its role in promoting

pexophagy, because overexpression of

the TNKS ankyrin domain-deletionmutant

did not affect either peroxisome number

(Figures 6B and 6C) or peroxisome size

(Figures 6B and 6D). On the other hand,

deletion of either the SAM domain or the

PARP domain of TNKS did not affect its

peroxisome localization or its role in pex-

ophagy (Figures 6A–6D). Because the an-

kyrin domain mediates the association

between TNKS/2 and their binding part-

ners, these results suggest that some

TNKS/2-binding proteins are required for

TNKS/2 peroxisome localization and their

roles in pexophagy.

TNKSand TNKS2Associatewith the
Autophagy-Related Protein ATG9A
Because TNKS and TNKS2 bind to PEX14

and localize in peroxisomes, we studied

whether the TNKS/2 serve as a receptor

for selective autophagy on peroxisomes.

TNKS and PEX14 co-localized with both

autophagy marker LC3 and lysosomes

(Figure 6E). Previous studies showed

that the autophagy receptors p62 and

NBR1 are involved in pexophagy (Deo-

saran et al., 2013). However, we failed to

detect the interactions between TNKS/2

and p62, NBR1, or LC3 (data not shown),

suggesting that other autophagy-related
proteins may bind to TNKS/2 and be required for TNKS-depen-

dent pexophagy. To identify such candidate proteins, we

searched the TNKS/2-HCIP list generated by our proteomic

analysis and identified an autophagy-related protein, ATG9A,
ell Reports 20, 737–749, July 18, 2017 743



Figure 5. TNKS and TNKS2 Promote Pexophagy

(A–C) TNKS and TNKS2 changed the number and size of peroxisomes. Immunofluorescent staining was performed to detect the localization of SFB-tagged

TNKS/2 and the peroxisome marker PMP70. Nuclei were stained with DAPI. TNKS-positive cells are indicated by the yellow line, and TNKS-negative cells are

indicated by the white line. Gated areas are enlarged (A). The number of peroxisomes per TNKS-positive or -negative cell is shown (B). The size of each

peroxisome was measured (C). Data are represented as mean ± SEM.

(D) TNKS promotes pexophagy independently of PAR activity. Immunofluorescent staining was performed to detect the localization of SFB-tagged TNKS and

TNKS-PD with RFP-LC3, mCherry-lysosome, and PMP70 antibody. Cells were pretreated with XAV939 (10 mM) for 24 hr.

(legend continued on next page)
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as a potential TNKS/2-binding protein in both the DMSO- and

XAV939-treated groups (Figure 2).

Upon induction of autophagy, ATG9A co-localizes with

phagophore markers in autophagosomes (Young et al., 2006).

Functionally, ATG9A is the only multipass transmembrane ATG

protein; it promotes autophagic membrane growth via a poorly

defined mechanism (Noda et al., 2000; Young et al., 2006). Inter-

estingly, ATG9A associated with TNKS/2 in our pulldown exper-

iments (Figure 6F). Moreover, TNKS/2 and ATG9A co-localized

in a vesicle-like structure in the cytoplasm in a manner similar

to TNKS-positive peroxisome localization (Figure 6G). In addi-

tion, three TBMs were predicted in ATG9A (Figure S4A), the

first of which was required for the association between TNKS

and ATG9A (Figure S4B). Although ATG9A and PEX14 formed

distinct vesicles in the cells (Figure 6H), overexpression of

TNKS promoted their co-localization (Figure 6H). These results

suggested that TNKS might link PEX14 with ATG9A to promote

pexophagy.

To test this hypothesis, we generated short hairpin RNA

(shRNA)-mediated knockdown cells for PEX14 and ATG9A,

respectively (Figure 6I). Interestingly, loss of PEX14 disrupted

the peroxisome localization of TNKS (Figure 6J) and inhibited

TNKS-induced pexophagy; both the number and size of the per-

oxisomes were similar to those in untransfected cells (Figures 6K

and 6L). In contrast, although TNKS was still able to localize on

the peroxisomes (Figure 6J), it failed to induce pexophagy in

ATG9A-deficient cells (Figure 6J); both the number and size of

the peroxisomeswere similar to those in untransfected cells (Fig-

ures 6J–6L). Moreover, loss of PEX14 or ATG9A stabilized the

peroxisome proteins PMP70 and catalase in response to combi-

nation treatment with HBSS and XAV939 (Figure S4C); however,

reconstitution of either PEX14 or ATG9A, but not their TBM-

deleted mutants, rescued the pexophagy induced by combina-

tion treatment with HBSS and XAV939 (Figure S4C). Taken

together, these results demonstrated that an ATG9A-TNKS/2-

PEX14 complex may serve as a receptor to induce pexophagy,

where TNKS and TNKS2 promote pexophagy by associating

with PEX14 on the peroxisomes and recruiting autophagy ma-

chinery through ATG9A (Figure 6M).

DISCUSSION

In this study, we analyzed the human TNKS/2 protein interaction

network, identified more than 100 HCIPs for TNKS/2, and

expanded our knowledge of the cellular functions of TNKS/2.

Because many TNKS substrates can be recognized by the E3

ligase RNF146 and targeted via proteasome-dependent degra-

dation, the TNKS inhibitor XAV939 was used to stabilize the

TNKS substrates in cells stably expressing TNKS or TNKS2,
(E) TNKS and TNKS2 are involved in HBSS-induced pexophagy. HEK293A cells

HBSS for the indicated times. WB was performed with the indicated antibodies.

(F) XAV939 treatment promotes HBSS-induced pexophagy. HEK293A cells were

HBSS for the indicated times. WB was performed with the indicated antibodies.

(G–I) Combined treatment with XAV939 and HBSS induces pexophagy. HEK293A

and then subjected to immunofluorescent assays with a PMP70 antibody (G). The

measured (I). Data are represented as mean ± SEM.

Scale bars, 20 mm. ***p < 0.001. a.u., arbitrary unit. See also Figure S3.
which increased the chance of identifying TNKS substrates

in our TAP-MS experiments. Of note, at the TNKS inhibitor

XAV939 concentration (10 mM) used here, other PARP proteins

such as PARP1, PARP2, and PARP3 are expected to be inhibited

as well.

Through GO analysis, these identified HCIPs were parsed into

categories associated with their biological functions, providing

a useful resource for further dissecting the cellular roles of

TNKS/2. Future investigation is required to elucidate the func-

tional significance of the HCIPs identified here. For example,

we found that an E3 ligase group (RNF146 and five other E3

ligases) was highly enriched in association with TNKS/2 in

DMSO-treated control cells (Figure 2). RNF146 is known to

bind to TNKS/2 through the WWE domain of RNF146 and the

auto-PARylation of TNKS/2 (Zhang et al., 2011). XAV939-based

treatment inhibited PARylation, and therefore disrupted the

association of TNKS/2 with RNF146. Whether the other five

E3 ligases function similarly and/or redundantly to RNF146 de-

serves further investigation.

TNKS and TNKS2 have multiple cellular localizations, such as

at the telomeres (Smith et al., 1998), centrosomes (Ozaki et al.,

2012), and Golgi apparatus (Chi and Lodish, 2000). Although

our proteomic analysis revealed TNKS/2-related HCIPs in these

cellular compartments, confirming previously reported findings

(Figure 2), our localization study indicated that a significant frac-

tion of TNKS and TNKS2 localize to vesicle-like structures in the

cytoplasm (Figure 4A). Furthermore, our functional studies re-

vealed that TNKS and TNKS2 associate with peroxisome protein

PEX14 and localize on peroxisomes (Figures 3K, 4B, and S2B).

Intriguingly, our study uncovered an unexpected mechanism

of pexophagy mediated by TNKS/2. In mammalian cells,

the peroxisomes and other cytosolic components, including

damaged mitochondria, the endoplasmic reticulum, aggregated

proteins, and membrane remnants, are substrates of selective

autophagy and are sequestered and degraded in lysosomes

(Monastyrska and Klionsky, 2006; Sakai et al., 2006). As the

initial step of autophagy, a nascent membrane forms in the cyto-

plasm and wraps around these targeted cytosolic components

(protein aggregates, organelle, membrane remnants) to form

the autophagosome, a large double-membrane-bounded struc-

ture. Autophagosome fuses with lysosome, which allows the

sequestered materials to be degraded in lysosomes, recycled

as free amino acids, lipids, and other small molecules, and uti-

lized by the cell. Many autophagy receptors link organelles

with autophagosomes by associating with autophagy protein

LC3 on autophagosomes and ubiquitin substrate on the organ-

elle (Rogov et al., 2014; Zaffagnini andMartens, 2016). The ubiq-

uitination of peroxisome membrane proteins initiates the recog-

nition of peroxisomes for degradation (Kim et al., 2008). Two
transduced with either control shRNA or TNKS/2 shRNAs were treated with

pretreated with either DMSO or XAV939 (10 mM) for 24 hr and then treated with

cells were treated with HBSS only or HBSS containing 10 mMXAV939 for 24 hr

number of peroxisomes per cell is shown (H). The size of each peroxisome was
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ubiquitin-binding autophagy receptors, NBR1 and p62, are re-

cruited to target the ubiquitinated peroxisomes to autophago-

somes for degradation (Deosaran et al., 2013; Walter et al.,

2014; Yamashita et al., 2014). The peroxisomal biogenesis factor

5 (PEX5) has been identified to be ubiquitinated and involved in

pexophagy (Nordgren et al., 2015; Zhang et al., 2015). In addi-

tion, PEX2was found to have E3 ubiquitin ligase activity and pro-

mote the ubiquitination of peroxisome membrane proteins (i.e.,

PEX5 and PMP70) in pexophagy (Sargent et al., 2016). Intrigu-

ingly, the TNKS/2-mediated pexophagy mechanism discovered

in this study is a non-canonical process. On one hand, TNKS and

TNKS2 are not ubiquitin-binding proteins but require a physical

protein-protein interaction with PEX14 to localize on the peroxi-

some (Figure 6M). On the other hand, TNKS and TNKS2 are not

autophagy-related proteins but need ATG9A to recruit the auto-

phagy machinery to peroxisomes (Figure 6M). Our study uncov-

ered a ubiquitination-independent mechanism for pexophagy, in

which the ATG9A-TNKS/2-PEX14 axis bridges the peroxisome

and autophagy machinery to induce pexophagy. The detailed

regulatory mechanism of this process deserves further experi-

mentation. Moreover, examining whether dysregulation of

TNKS/2 is involved in the development of neurodegenerative

and developmental disorders caused by peroxisome clearance

will be interesting.

Notably, TNKS/2 enzyme activities are not required for pex-

ophagy, although we have demonstrated that PEX14 is a sub-

strate of TNKS/2 (data not shown). This raises the possibility

that TNKS and TNKS2 function independently of their PAR activ-

ities but require association with their binding partners. Given

that GSK3b stabilized TNKS/2 (Figures 3H and 3I) and is involved

in mTOR inhibition (Inoki et al., 2006), which subsequently pro-

motes autophagy, we speculate that GSK3b may play a critical

role in TNKS/2-mediated pexophagy. This detailed regulatory

mechanism deserves further investigation. Collectively, our pro-

teomic study not only identified biologically relevant functions for

TNKS/2, but also provided a rich resource for further exploration

of their functions in numerous cellular processes.
Figure 6. PEX14 and ATG9A Are Required for TNKS/2-Induced Pexoph

(A) Schematic illustration of TNKS domain-deletion mutants.

(B–D) Loss of the ankyrin domain inhibits TNKS-induced pexophagy. Constructs

HEK293A cells. Immunofluorescent staining was performed by using PMP70 and

negative cell is shown (C). The size of each peroxisome was measured (D). Data

(E) TNKS and PEX14 co-localized with LC3 and lysosomes.

(F) Association between TNKS/2 and ATG9A. A pulldown assaywas performed wi

proteins were detected by WB.

(G) TNKS and TNKS2 co-localize with ATG9A in vesicle-like structures.

(H) TNKS promotes co-localization of ATG9A and PEX14. Immunofluorescent

Pearson’s correlation coefficient (R) for ATG9A and PEX14 was determined by u

(I) shRNA-mediated downregulation of PEX14 and ATG9A. HEK293A cells stably

antibodies. Two shRNAs targeting PEX14 (lanes 3 and 4) or ATG9A (lanes 3 and 4)

are labeled in blue.

(J–L) Loss of PEX14 or ATG9A blocks TNKS-induced pexophagy. Construct enco

with the indicated shRNAs. Immunofluorescent staining was performed using PM

peroxisomes per FLAG-positive or FLAG-negative cell is shown (K). The size of e

untransfected control cells. Long arrows indicate the peroxisomes in transfected

(M) Schematic illustration of TNKS/2-mediated pexophagy. Under the starved co

peroxisomes. This process is mediated by two TNKS1/2-associated proteins, P

Formed autophagosome fuses with lysosome, where peroxisomal proteins are d

Scale bars, 10 mm (H); 20 mm (B, E, G, and J). ***p < 0.001. a.u., arbitrary unit; ns
EXPERIMENTAL PROCEDURES

The information about antibodies and chemicals, constructs and viruses, cell

culture and transfection, immunofluorescent staining, and MS analysis in this

study is described in the Supplemental Experimental Procedures.

TAP of SFB-Tagged Protein Complexes

HEK293T cells stably expressing SFB-fused TNKS and TNKS2 proteins were

selected by culturing in medium containing 2 mg/mL puromycin and confirmed

by immunostaining and WB as described previously (Wang et al., 2014). For

TAP, HEK293T cells that had been pretreated with DMSO or 10 mM XAV939

for 48 hr were lysed in 100 mM NaCl; 20 mM Tris-Cl, pH 8.0; 0.5 mM EDTA;

0.5% Nonidet P-40 (NETN) buffer (with protease inhibitors) at 4�C for

20 min. The crude lysates were centrifugated at 14,000 rpm for 15 min at

4�C. The supernatants were incubated with streptavidin-conjugated beads

(Amersham) for 1 hr at 4�C. The beads were washed three times with NETN

buffer, and bound proteins were eluted with NETN buffer containing

2 mg/mL biotin (Sigma) for 120 min at 4�C. The elutes were incubated with S

protein beads (Novagen) for 1 hr. The beads were washed three times with

NETN buffer and subjected to SDS-PAGE. Each pulldown sample was run

just into the separation gel so that the whole band could be excised as one

sample and subjected to in-gel trypsin digestion and MS analysis.

For reciprocal TAP-MS analysis, HEK293T cells stably expressing

SFB-tagged indicated bait proteins were established by viral infection and

puromycin selection. After validation of bait protein expression and localiza-

tion, stable cells were pretreated with 10 mM XAV939 for 48 hr and subjected

to TAP-MS.

Bioinformatic Analysis

We performed the data analysis using the MUSE algorithm as previously

described (Li et al., 2016) to assign quality scores to the identified protein-pro-

tein interactions. 1,626 unrelated TAP-MS experiments, which were per-

formed under identical experimental conditions (1,606 experiments using

overexpressed TAP-tagged protein baits and 20 experiments using empty

vector baits), were used as controls for MUSE analysis. We assigned a

MUSE score to each identified interaction and considered any interaction

with a MUSE score of least 0.8 and raw spectra counts greater than 1 to be

an HCIP. We also used a subset of these 1,626 controls, which consists of

338 TAP-MS experiments performed under the same conditions as the raw

data available in the PRIDE database (PRIDE: PXD000415, PXD000593/

293T, PXD001383, and PXD002462), as our secondary control set and then

performed MUSE analysis again. To compare our HCIP dataset with the
agy

encoding wild-type or TNKS domain-deletion mutants were transfected into

FLAG antibodies (B). The number of peroxisomes per FLAG-positive or FLAG-

are represented as mean ± SEM.

th S protein beads (SFB-tagged ATG9Awas used as the bait), and the indicated

staining was performed to detect the localization of the indicated proteins.

sing ImageJ software. Data are represented as mean ± SEM.

transduced with the indicated shRNAs were subjected to WB with indicated

that showed high knockdown efficiency were chosen for functional studies and

ding SFB-tagged TNKS was transfected into HEK293A cells stably transduced

P70 and FLAG antibodies (J). Nuclei were stained with DAPI. The number of

ach peroxisome was measured (L). Short arrows indicate the peroxisomes in

cells. Data are represented as mean ± SEM.

ndition, TNKS/2 localize on peroxisomes and recruit autophagy machinery to

EX14 and ATG9A, on peroxisomes and autophagy machinery, respectively.

egraded and recycled in the cell.

, no significance. See also Figure S4.
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CRAPome dataset, we collected the results of 329 experiments performed in

HEK293(T) cells in the CRAPome database (V1.1, 2014.1, H. sapiens) to esti-

mate the prey frequency and abundance information.

The TNKS/2 interactome was enriched in the signaling pathway using the

HCIP sets. The p values were estimated using the Knowledge Base provided

by Ingenuity Pathway software (Ingenuity Systems, https://www.ingenuity.

com), which contains findings and annotations frommultiple sources including

the GO database, KEGG pathway database, and Panther pathway database.

Only statistically significant correlations (p < 0.05) are shown. The �log

(p value) for each function and related HCIPs is listed.

ACCESSION NUMBERS

The accession number for the MS proteomic data reported in this paper

is ProteomeXchange Consortium PRIDE: PXD004647 (Vizcaı́no et al.,

2013) (http://proteomecentral.proteomexchange.org). The detailed project in-

formation is as follows: project name, Human Tankyrases TAP-LC-MSMS;

project accession number PRIDE: PXD004647; and project http://dx.doi.org/

10.6019/PXD004647.
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Supplemental Information includes Supplemental Experimental Procedures,

four figures, and six tables and can be found with this article online at http://
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Lehtiö, L., Chi, N.W., and Krauss, S. (2013). Tankyrases as drug targets. FEBS

J. 280, 3576–3593.

Leung, A.K., Vyas, S., Rood, J.E., Bhutkar, A., Sharp, P.A., and Chang, P.

(2011). Poly(ADP-ribose) regulates stress responses and microRNA activity

in the cytoplasm. Mol. Cell 42, 489–499.

Levaot, N., Voytyuk, O., Dimitriou, I., Sircoulomb, F., Chandrakumar, A., Deck-

ert, M., Krzyzanowski, P.M., Scotter, A., Gu, S., Janmohamed, S., et al. (2011).

Loss of Tankyrase-mediated destruction of 3BP2 is the underlying pathogenic

mechanism of cherubism. Cell 147, 1324–1339.

Li, N., Zhang, Y., Han, X., Liang, K., Wang, J., Feng, L., Wang, W., Songyang,

Z., Lin, C., Yang, L., et al. (2015). Poly-ADP ribosylation of PTEN by tankyrases

promotes PTEN degradation and tumor growth. Genes Dev. 29, 157–170.

Li, X., Tran, K.M., Aziz, K.E., Sorokin, A.V., Chen, J., and Wang, W. (2016).

Defining the protein-protein interaction network of the human protein tyrosine

phosphatase family. Mol. Cell. Proteomics 15, 3030–3044.

Malanga, M., and Althaus, F.R. (2005). The role of poly(ADP-ribose) in the DNA

damage signaling network. Biochem. Cell Biol. 83, 354–364.

https://www.ingenuity.com
https://www.ingenuity.com
http://proteomecentral.proteomexchange.org
http://dx.doi.org/10.6019/PXD004647
http://dx.doi.org/10.6019/PXD004647
http://dx.doi.org/10.1016/j.celrep.2017.06.077
http://dx.doi.org/10.1016/j.celrep.2017.06.077
http://refhub.elsevier.com/S2211-1247(17)30908-7/sref1
http://refhub.elsevier.com/S2211-1247(17)30908-7/sref1
http://refhub.elsevier.com/S2211-1247(17)30908-7/sref2
http://refhub.elsevier.com/S2211-1247(17)30908-7/sref2
http://refhub.elsevier.com/S2211-1247(17)30908-7/sref3
http://refhub.elsevier.com/S2211-1247(17)30908-7/sref3
http://refhub.elsevier.com/S2211-1247(17)30908-7/sref3
http://refhub.elsevier.com/S2211-1247(17)30908-7/sref4
http://refhub.elsevier.com/S2211-1247(17)30908-7/sref4
http://refhub.elsevier.com/S2211-1247(17)30908-7/sref4
http://refhub.elsevier.com/S2211-1247(17)30908-7/sref5
http://refhub.elsevier.com/S2211-1247(17)30908-7/sref5
http://refhub.elsevier.com/S2211-1247(17)30908-7/sref6
http://refhub.elsevier.com/S2211-1247(17)30908-7/sref6
http://refhub.elsevier.com/S2211-1247(17)30908-7/sref7
http://refhub.elsevier.com/S2211-1247(17)30908-7/sref7
http://refhub.elsevier.com/S2211-1247(17)30908-7/sref7
http://refhub.elsevier.com/S2211-1247(17)30908-7/sref8
http://refhub.elsevier.com/S2211-1247(17)30908-7/sref8
http://refhub.elsevier.com/S2211-1247(17)30908-7/sref8
http://refhub.elsevier.com/S2211-1247(17)30908-7/sref9
http://refhub.elsevier.com/S2211-1247(17)30908-7/sref9
http://refhub.elsevier.com/S2211-1247(17)30908-7/sref9
http://refhub.elsevier.com/S2211-1247(17)30908-7/sref10
http://refhub.elsevier.com/S2211-1247(17)30908-7/sref10
http://refhub.elsevier.com/S2211-1247(17)30908-7/sref11
http://refhub.elsevier.com/S2211-1247(17)30908-7/sref11
http://refhub.elsevier.com/S2211-1247(17)30908-7/sref11
http://refhub.elsevier.com/S2211-1247(17)30908-7/sref12
http://refhub.elsevier.com/S2211-1247(17)30908-7/sref12
http://refhub.elsevier.com/S2211-1247(17)30908-7/sref12
http://refhub.elsevier.com/S2211-1247(17)30908-7/sref13
http://refhub.elsevier.com/S2211-1247(17)30908-7/sref13
http://refhub.elsevier.com/S2211-1247(17)30908-7/sref13
http://refhub.elsevier.com/S2211-1247(17)30908-7/sref13
http://refhub.elsevier.com/S2211-1247(17)30908-7/sref14
http://refhub.elsevier.com/S2211-1247(17)30908-7/sref14
http://refhub.elsevier.com/S2211-1247(17)30908-7/sref14
http://refhub.elsevier.com/S2211-1247(17)30908-7/sref14
http://refhub.elsevier.com/S2211-1247(17)30908-7/sref14
http://refhub.elsevier.com/S2211-1247(17)30908-7/sref15
http://refhub.elsevier.com/S2211-1247(17)30908-7/sref15
http://refhub.elsevier.com/S2211-1247(17)30908-7/sref15
http://refhub.elsevier.com/S2211-1247(17)30908-7/sref16
http://refhub.elsevier.com/S2211-1247(17)30908-7/sref16
http://refhub.elsevier.com/S2211-1247(17)30908-7/sref16
http://refhub.elsevier.com/S2211-1247(17)30908-7/sref16
http://refhub.elsevier.com/S2211-1247(17)30908-7/sref17
http://refhub.elsevier.com/S2211-1247(17)30908-7/sref17
http://refhub.elsevier.com/S2211-1247(17)30908-7/sref17
http://refhub.elsevier.com/S2211-1247(17)30908-7/sref18
http://refhub.elsevier.com/S2211-1247(17)30908-7/sref18
http://refhub.elsevier.com/S2211-1247(17)30908-7/sref18
http://refhub.elsevier.com/S2211-1247(17)30908-7/sref19
http://refhub.elsevier.com/S2211-1247(17)30908-7/sref19
http://refhub.elsevier.com/S2211-1247(17)30908-7/sref20
http://refhub.elsevier.com/S2211-1247(17)30908-7/sref21
http://refhub.elsevier.com/S2211-1247(17)30908-7/sref21
http://refhub.elsevier.com/S2211-1247(17)30908-7/sref22
http://refhub.elsevier.com/S2211-1247(17)30908-7/sref22
http://refhub.elsevier.com/S2211-1247(17)30908-7/sref22
http://refhub.elsevier.com/S2211-1247(17)30908-7/sref23
http://refhub.elsevier.com/S2211-1247(17)30908-7/sref23
http://refhub.elsevier.com/S2211-1247(17)30908-7/sref23
http://refhub.elsevier.com/S2211-1247(17)30908-7/sref23
http://refhub.elsevier.com/S2211-1247(17)30908-7/sref24
http://refhub.elsevier.com/S2211-1247(17)30908-7/sref24
http://refhub.elsevier.com/S2211-1247(17)30908-7/sref24
http://refhub.elsevier.com/S2211-1247(17)30908-7/sref25
http://refhub.elsevier.com/S2211-1247(17)30908-7/sref25
http://refhub.elsevier.com/S2211-1247(17)30908-7/sref25
http://refhub.elsevier.com/S2211-1247(17)30908-7/sref26
http://refhub.elsevier.com/S2211-1247(17)30908-7/sref26


Mariotti, L., Templeton, C.M., Ranes, M., Paracuellos, P., Cronin, N., Beuron,

F., Morris, E., and Guettler, S. (2016). Tankyrase requires SAM domain-depen-

dent polymerization to supportWnt-b-catenin signaling. Mol. Cell 63, 498–513.

Mellacheruvu, D., Wright, Z., Couzens, A.L., Lambert, J.P., St-Denis, N.A., Li,

T., Miteva, Y.V., Hauri, S., Sardiu, M.E., Low, T.Y., et al. (2013). The CRAPome:

a contaminant repository for affinity purification-mass spectrometry data. Nat.

Methods 10, 730–736.

Monastyrska, I., and Klionsky, D.J. (2006). Autophagy in organelle homeosta-

sis: peroxisome turnover. Mol. Aspects Med. 27, 483–494.

Morrone, S., Cheng, Z., Moon, R.T., Cong, F., and Xu, W. (2012). Crystal struc-

ture of a Tankyrase-Axin complex and its implications for Axin turnover and

Tankyrase substrate recruitment. Proc. Natl. Acad. Sci. USA 109, 1500–1505.

Noda, T., Kim, J., Huang,W.P., Baba,M., Tokunaga, C., Ohsumi, Y., and Klion-

sky, D.J. (2000). Apg9p/Cvt7p is an integral membrane protein required for

transport vesicle formation in the Cvt and autophagy pathways. J. Cell Biol.

148, 465–480.

Nordgren, M., Francisco, T., Lismont, C., Hennebel, L., Brees, C., Wang, B.,

Van Veldhoven, P.P., Azevedo, J.E., and Fransen, M. (2015). Export-deficient

monoubiquitinated PEX5 triggers peroxisome removal in SV40 large T antigen-

transformed mouse embryonic fibroblasts. Autophagy 11, 1326–1340.

Ozaki, Y., Matsui, H., Asou, H., Nagamachi, A., Aki, D., Honda, H., Yasunaga,

S., Takihara, Y., Yamamoto, T., Izumi, S., et al. (2012). Poly-ADP ribosylation of

Miki by tankyrase-1 promotes centrosome maturation. Mol. Cell 47, 694–706.

Ribeiro, D., Castro, I., Fahimi, H.D., and Schrader, M. (2012). Peroxisome

morphology in pathology. Histol. Histopathol. 27, 661–676.

Riffell, J.L., Lord, C.J., and Ashworth, A. (2012). Tankyrase-targeted therapeu-

tics: expanding opportunities in the PARP family. Nat. Rev. Drug Discov. 11,

923–936.
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