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In Brief

To systematically identify the
substrates of RNF146 that are
targeted for degradation, quan-
titative proteome and transcrip-
tome analyses were performed
in RNF146 KO and TNKS1/2
DKO cells. We identified 160
potential substrates of RNF146,
which include many known
substrates of RNF146 and
TNKS1/2 as well as 122 poten-
tial TNKS-independent sub-
strates of RNF146.
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Proteome-wide Analysis Reveals Substrates of
E3 Ligase RNF146 Targeted for Degradation
Litong Nie‡ , ChaoWang‡, Nan Li, Xu Feng, Namsoo Lee, Dan Su , Mengfan Tang,
Fan Yao, and Junjie Chen*

Specific E3 ligases target tumor suppressors for degrada-
tion. Inhibition of such E3 ligases may be an important
approach to cancer treatment. RNF146 is a RING domain
and PARylation-dependent E3 ligase that functions as an
activator of the b-catenin/Wnt and YAP/Hippo pathways
by targeting the degradation of several tumor suppressors.
Tankyrases 1 and 2 (TNKS1/2) are the only known poly-
ADP-ribosyltransferases that require RNF146 to degra-
de their substrates. However, systematic identification of
RNF146 substrates have not yet been performed. To
uncover substrates of RNF146 that are targeted for degra-
dation, we generated RNF146 knockout cells and TNKS1/
2-double knockout cells and performed proteome profiling
with label-free quantification as well as transcriptome
analysis. We identified 160 potential substrates of RNF146,
which included many known substrates of RNF146 and
TNKS1/2 and 122 potential TNKS-independent substrates
of RNF146. In addition, we validated OTU domain-contain-
ing protein 5 and Protein mono-ADP-ribosyltransferase
PARP10 as TNKS1/2-independent substrates of RNF146
and SARDH as a novel substrate of TNKS1/2 and RNF146.
Our study is the first proteome-wide analysis of potential
RNF146 substrates. Together, these findings not only dem-
onstrate that proteome profiling can be a useful general
approach for the systemic identification of substrates of
E3 ligases but also reveal new substrates of RNF146, which
provides a resource for further functional studies.

Protein ubiquitination is one of the most common post-
translational modifications, and it participates in a variety of
cellular functions (1). Depending on the type of ubiquitination,
ubiquitinated proteins are subjected to degradation or other
functions, such as signal transduction (2). Proteolysis, which
is mediated by the ubiquitin-proteasome system (UPS), is a
major protein degradation system that maintains the homeo-
stasis of the proteome (3). Deregulation of UPS has been
shown to contribute to various human diseases, such as can-
cer and neurodegeneration (4, 5).

Protein ubiquitination is carried out by a cascade of se-
quential enzymes, E1 ubiquitin-activating enzyme, E2 ubiqui-

tin-conjugating enzyme, and E3 ubiquitin-ligase (6). Proteins
can be monoubiquitylated, multiubiquitylated, and polyubi-
quitylated by this cascade of enzymatic reactions. Among
these enzymes, E3 ligase is the key enzyme that determines
the specificity of these reactions because it recruits a particu-
lar target protein and transfers ubiquitin from the E2-conju-
gating enzyme to the target protein. About 600 E3 ligases
have been identified in the human genome (7). They can be
classified into 3 types based on their ubiquitin transfer do-
main: RING E3 ligases, HECT E3 ligases, and RBR E3 ligases
(8). Most E3 ligases are RING E3 ligases. They contain either
the zinc-binding domain, called the RING domain, or the U-
box domain, which shares a similar structure with RING but
does not contain zinc. The responsibility of the RING domain
is to bind to E2 enzymes and transfer ubiquitin to substrates
(9).

The E3 ligase RNF146, which is responsible for PARyla-
tion-dependent ubiquitination, is a special RING E3 ligase
that contains 2 functional domains, RING domain and WWE
domain (10). Poly-ADP-ribosylated (PARylated) proteins can
be recognized by RNF146 with the binding of WWE domain
to PARylated substrates. This binding functions as an alloste-
ric signal to activate the RING domain (10). Although RNF146
can undergo auto-ubiquitination in the absence of PARyla-
tion, binding to PARylated chains greatly enhances its auto-
ubiquitination (11–13). It is known that PARylation of sub-
strates by Tankyrase 1 and 2 (TNKS1/2) is required for their
ubiquitination by RNF146 (11). In fact, RNF146 and TNKS1/2
exist in a complex in which substrate selection and PARyla-
tion are determined by TNKS1/2 (10). TNKS1/2 are the only
poly-ADP-ribosyltransferases that are known to be responsible
for the PARylation and subsequent degradation of RNF146
substrates, and RNF146 is the only known E3 ligase for
TNKS1/2. Thus, the known substrates of TNKS1/2, including
AXIN1, AXIN2, AMOT proteins, TERF1, Golgin 45 (BLZF1),
CASC3, and TNKS1/2, are also the substrates of RNF146.
Although RNF146 normally targets substrates for degradation,
different types of ubiquitin linkage promoted by RNF146 have
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also been reported (10, 12). For example, TNKS2 can be ubiq-
uitinated by “Lys-48” and “Lys-63” chains (12). LKB1 is a novel
TNKS1/2-dependent substrate of RNF146 that undergoes Lys-
63 ubiquitination. This type of modification regulates the activ-
ity, but not the degradation, of LKB1, XRCC1, KU70, and LIG3
(13, 14).

RNF146 overexpression may enhance tumor development
in lung cancer (52). RNF146 substrates determine the func-
tions of RNF146. For example, RNF146 is an activator of the
Wnt signaling pathway, because it degrades AXIN1 and
AXIN2, which are key proteins required for b-catenin destruc-
tion (12). RNF146 also regulates the ubiquitination of PARP1,
XRCC1, and KU70; protects against cell death induced by
N-methyl-N-nitro-N-nitrosoguanidine; and promotes cell sur-
vival after irradiation (13). RNF146 enhances the oncogenic
activity of YAP, which is the key downstream effector of
Hippo pathway, by working together with TNKS1/2 to pro-
mote the degradation of angiomotin family proteins (AMOT,
AMOTL1, and AMOTL2) (15). RNF146 is also known to be
involved in normal physiological activities through its ability
to target BLZF1 and CASC3 for degradation and therefore
control the Golgi structure and pre-mRNA splicing (11).

Given that many reported substrates of RNF146 play criti-
cal functions in tumorigenesis, the discovery of additional
substrates may be important for further studies of RNF146’s
functions and its inhibition in cancer treatment. However, to
our knowledge, no systematic identification of RNF146 sub-
strates has been performed. Therefore, it is unknown whether
the functions of RNF146 and TNKS1/2 are exclusively linked.
To systematically identify the substrates of RNF146 that are
targeted for degradation, we generated RNF146 knockout
(KO) cells and TNKS1/2 double KO (DKO) cells and per-
formed a quantitative analysis of the proteome in these KO
cells, with or without treatment with the TNKS1/2 inhibitor
XAV939. We also performed transcriptome analysis using
those KO cells to distinguish changes in protein or mRNA
level. These results revealed 160 potential substrates of
RNF146, which include many known and several unknown
substrates of RNF146. These data sets will help investigators
further define the TNKS1/2-dependent and -independent
substrates and functions of RNF146.

EXPERIMENTAL PROCEDURES

Cell Culture and Transfection—293A cells were purchased from
ATCC (Manassas, VA) and cultured in Dulbecco’s modified Eagle's
medium (DMEM) plus 10% fetal bovine serum and penicillin and
streptomycin at 37 °C in 5% CO2 (v/v). RNF146 KO, TP53 KO, and
TP53TNKS1/2 TKO cell lines were generated using CRISPR/Cas9
gene editing technology. All KO cell lines were validated by Western
blot analysis and sequencing.

Polyethyleneimine was used for plasmid transfections. In brief,
10mg of polyethyleneimine and 2mg of indicated plasmid were mixed
well with 300ml of Opti-MEM ThermoFisher Scientific (Waltham, MA)
and incubated for 15min at ambient temperature. The mixture was
then added to the 6-well plate for 24 h.

Chemicals—XAV939 and olaparib were obtained from Selleck
Chemicals. All MS (MS)-grade solvents, including methanol, acetoni-
trile (ACN), formic acid, and water, were purchased from Thermo-
Fisher Scientific (Waltham, MA). Urea, ammonium bicarbonate,
trifluoroacetic acid, ammonium hydroxide (NH4OH), DTT, and
iodoacetamide were obtained from Sigma-Aldrich. Trypsin Protease,
MS Grade was obtained from ThermoFisher Scientific (Waltham, MA).
Lysyl Endopeptidase, MS Grade (Lys-C) was purchased from Fujifilm
Wako Chemicals (Richmond, VA). cOmplete Protease Inhibitor mix-
ture was purchased from Roche.

Antibodies and Plasmid—pSpCas9 (BB)-2A-Puro (PX459) was
purchased from Addgene. RNF146 constructs, including RNF146-
DWWE (deleting amino acids 104-159) and RNF146-DRING (deleting
amino acids 36-78) mutants, were obtained from Dr. Nan Li (16). The
expression constructs for these proteins were generated by the
GATEWAY cloning system (Invitrogen, Carlsbad, CA). In brief,
sequences encoding these proteins were inserted to pDONOR201
vector by BP reaction. After being validated by sequencing, these
sequences were recombined into Gateway-compatible destination
vectors for the expression of N-terminal-tagged fusion proteins.

Antibodies that recognize the following proteins were used:
PARP1 (#9542S), OTUD5 (#20087S), AXIN2 (#2151S), NFATC2
(#4389S), AMOT (#43130S), and MYC (#2272S) (Cell Signaling Tech);
TNKS1/2 (H350) (Santa Cruz Biotechnology); DUSP9 (ab1943550
from Abcam); tubulin (T6199), b-actin (A5441), Flag (M2) (F3165), and
AMOTL2 (HPA063027) (Sigma-Aldrich); PARP2 (AB_2793328) (Active
Motif); and SARDH (A305-855A-M) (Bethyl Laboratories, Inc.).

Real-Time qPCR—After the indicated treatments, cells were
washed with cold PBS twice. Total RNAs in each condition were
extracted with TRIZOL reagent (Invitrogen). Reverse transcription
of RNA to cDNA was performed with a High-Capacity cDNA
Reverse Transcription Kit following the manufacturer’s instruc-
tions (ThermoFisher Scientific, 4368814). Real-time PCR was per-
formed using PowerUpTM SYBRTM Green Master Mix (ThermoFisher
Scientific) and the 7500 real-time PCR system (Applied Biosystems) to
measure the mRNA level of OTUD5. The 2 2 DDCt method was used
to quantify gene expression, which was normalized with b-actin. The
primer pairs used in this study were b-actin, GCCGACAGGATGCA-
GAAGGAGATCA/AAGCATTTGCGGTGGACGATGGA; OTUD5: ACTT-
CTGCAGTGGAACCCAT/GTTTGAATGATGGCAGGCCC.

CRISPR/Cas9-Mediated Gene KO—Special guide RNAs against
the targeted gene were introduced into digested PX459 and then
transiently transfected into 293A cells in 6-well plates. Twenty-four
hours after transfection, cells were selected by puromycin (2mg/ml)
for 2days and then seeded at 1 cell per well in 96-well plates. Clones
were verified by Western blot analysis and sequencing.

Western Blot Analysis—After being washed with cold PBS twice,
cells were directly lysed in plates with SDS sample loading buffer
(50mM Tris-Hcl [pH 6.8], 2% SDS, 10% glycerol, 4% 2-mercaptoeth-
anol, and 0.025% Bromphenol blue) and then boiled for 15min in
99 °C. A Western blot analysis was performed using standard SDS-
polyacrylamide gel. Proteins were transferred into PVDF membrane
(Millipore) from polyacrylamide gels, membrane would be blotted
with antibodies as indicated.

Sample Preparation for MS Data Analysis—293A, RNF146 KO,
TP53 KO, and TP53 TNKS1/2 TKO cells were mock treated or
treated with XAV939 (10 mM) for 24 h. After being collected from
dishes, cells were washed with cold PBS twice and lysed in chilled
lysis buffer (8.0 M urea in 0.1 M NH4HCO3, supplemented with 1 3
protease inhibitor mixture). The cells were incubated on ice for
30min and then sonicated at 4 °C (2-min cycles of 5 s on and 10 s
off at 30% output power for a tip-probe sonicator). After centrifuga-
tion, the supernatant was collected, and the protein concentration
was determined by BCA protein assay following the manufacturer’s
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instructions. The supernatant was diluted to equal protein concentra-
tions. Equal proteins from each sample were reduced with 5mM DTT
at 56 °C for 30min, alkylated with 15mM iodoacetamide at ambient
temperature in the dark for 30min, and then quenched by 15mM

DTT. Samples were sequentially digested by Lys-C (enzyme/proteins,
1:100) for 4 h and then trypsin (enzyme: proteins, 1:50) overnight at
37 °C. Before trypsin digestion, the urea concentration was diluted
into,2 M with 0.1 M NH4HCO3. The digestion was quenched by tri-
fluoroacetic acid to a final 0.1% concentration.

Cell Proliferation Assay—Four cell lines (293A, RNF146KO,
TP53KO, TP53TNKS1/2TKO) were dissociated from dishes by trypsin
digestion and seeded into 24-well cell culture plates (1 3 105 cells/
well). Cells were counted every 2 days using a Bio-Rad cell counter
(Bio-Rad Laboratories, Hercules, CA). Growth curves were drawn
based on live cell numbers for 8 days.

RNA-Seq and Data Analysis—Four cell lines (293A, RNF146KO,
TP53KO, TP53TNKS1/2TKO) were seeded into 6-well plates and
allowed to grow (three biological replicates). RNeasy Mini Kit (Qia-
gen, 74104) and RNase-Free DNase (Qiagen, 79254) were used to
extract total RNA according to the manufacturer's instructions. The
library was prepared with the Illumina TruSeq Stranded Total RNA
Library Prep kit including rRNA depletion and sequencing at NextSeq
500 (Illumina) to generate 75bp from paired-ends.

The raw data were processed with FastQC to filter data. Genome
mapping was carried out using Star software (v2.7.2b) and the
human reference genome (UCSC hg38). The mapped reads were
assembled into transcripts and genes with the human genome anno-
tation file (genecode.v28.annotation.gtf) using HTseq software
(v0.11.0). DESeq2 (v 1.28.1) was used to analysis the fold change
and adjusted p value of transcripts or genes. The significantly
changed genes were filtered with adjusted p-value�0.01, fold
change cutoff of 2.

High-pH HPLC Fractionation—The tryptic peptides was desalted
with the Sep-Pak SPE column (Waters, Milford, MA) and then dried
with a SpeedVac. To decrease the sample complexity, the tryptic
peptides were pre-separated by high-pH reverse-phase HPLC with a
Waters XBridge C18 column (3.7-mM particles, 4.6 3 250mm) (17,
18). Eluents were collected every 1min in an 80-min gradient from
2% to 80% of buffer B (2% H2O, 98% ACN; buffer A: 98% H2O, 2%
ACN, NH4OH, pH 10.5) at a flow rate of 0.7ml/min. Ten fractions
were pooled from collected eluents using a previously reported
method (19).

NanoHPLC-MS/MS Analysis and Mass Spectrometry Data
Analysis—Fractions from the above fractionation were dissolved
with solvent A (0.1% formic acid in H2O) and loaded into a home-
made reversed-phase trap-column (75 mM ID34cm length, 1.9 mM

C18). The peptides were separated with a homemade reversed-
phase 25-cm analytical column (75 mM ID, 1.9 mM C18) in a 65-min
gradient from 5% to 50% solvent B (0.1% formic acid in 80% ACN)
with a constant flow rate of 300 nL/min using the EASY-nLC 1200
system (Thermo Fisher Scientific, Waltham, MA). The temperature of
the analytical column was maintained at 50 °C by a column oven.
The eluted peptides were ionized and sprayed into a Q Exactive HF-
X mass spectrometer (Thermo Fisher Scientific, Waltham, MA) via a
nanospray ion source in a positive mode. Data-dependent mode was
set in the MS, the precursor scan was set as 375–1500 m/z with a re-
solution of 70,000 at m/z 200 and 100ms of maximum injection time,
and the automatic gain control target was 1e6. The 40 most intense
ions above 1.5e4 were isolated and sequentially fragmentized by
higher collision dissociation with normalized collision energy of 28%,
with 1 m/z isolation windows and 60 s of dynamic exclusion time.
Ion fragments were detected in the Orbitrap at a resolution of 17,500
at m/z 200 with an automatic gain control 1e6 and 100ms of maxi-

mum injection time. Precursor ions with 1 charge or 5 or more
charges were excluded for fragmentation.

The acquired MS/MS raw data were processed using MaxQuant
software (version 1.6.5.0) and searched against the human pro-
teomes database from uniprot (January 26, 2019, updated, 93,798
sequences) with a reversed decoy database by Andromeda search
engine (20). The search was set at a false-discovery rate 0.01 for
both the proteins and peptides, with a minimum length of 7 amino
acids. Matching between runs was performed for each batch of data
with default parameters, and label-free quantification (LFQ) was per-
formed with a minimum ratio count of 2 (21). Cysteine carbamidome-
thylation was set as a fixed modification, and N-terminal acetylation
and methionine oxidation were set as variable modifications. Pep-
tides without modification were used for quantification. The precursor
error tolerance was 67ppm with a fragment ion620ppm. Trypsin/P
was chosen as the cleavage enzyme, and 2 maximum missing clea-
vages were allowed for each peptide in the database search. The
proteingroup.txt file was used to next analysis.

Statistical Analysis—Proteins annotated with “reverse,” “potential
contamination,” and “only identified by site” were removed. Proteins
with an LFQ value in each condition were kept for next analysis. All
statistical analyses were performed using Perseus software (version
1.5.8.0) (22). Data reproducibility was determined by calculating the
Pearson correlation of the LFQ intensities of any 2 LC–MS/MS runs.
The PCA component analysis was based on the LFQ intensities of all
data. The differential proteins were calculated by a t test with a p-
value�0.01, fold change cutoff of 2 and unique peptides �2.

Experimental Design and Statistical Rationale—For the MS anal-
ysis, the sample size is four for each data set, and a total of 8 sam-
ples in this study. For each sample, three biological replicates from
the same single clone were collected at different time. Control sam-
ples are parental cell lines in each data set. Data statistical analyses
were performed using Perseus software (version 1.5.8.0) (22). For
RNA-seq data, there were four samples. For each sample, three bio-
logical replicates were collected and analyzed.

RESULTS

Quantitative Proteomic Profiling Reveals Potential Substrates
of RNF146 and TNK1/2 Targeted for Degradation—To syste-
matically identify proteins that were targeted for degradation
by RNF146, we first used CRISPR/Cas9 genome-editing
technology and successfully generated HEK293A-derived
RNF146KO cells, which were confirmed by Western blot (Fig.
1A and supplemental Fig. S1). RNF146 specifically binds to
PARylated proteins and mediates their ubiquitination and
subsequent degradation (23). TNKS1/2 are the only known
poly-ADP-ribosyltransferases that are responsible for sub-
strates to be PARylated and then recognized by RNF146 for
ubiquitination and degradation (11). However, the expression
of TNKS and RNF146 and their correlation appear to be dif-
ferent in normal tissue versus in tumor tissues based on the
TCGA and CPTAC databases (supplemental Fig. S2A and
S2B). Moreover, RNF146 KO led to reduced cell proliferation,
whereas TNKS1/2 DKO did not show any significant grow
defect in p53 KO background (supplemental Fig. S2C). To
specifically identify TNKS1/2-dependent and -independent
substrates of RNF146, we also generated TNKS1/2DKO in
HEK293A_TP53KO cells (Fig. 1A and supplemental Fig. S1).
XAV939 specifically inhibits TNKS activity and is therefore
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known to increase the protein level of several substrates of
TNKS (15, 23). Therefore, we treated each cell line with/with-
out XAV939. The dose and time point for XAV939 treatment
(10 mM, 24 h) were based on previous reports (24, 25). An
MS-based label-free quantitative proteomics analysis was
performed to profile the proteome change in each condition
(Fig. 1B).

We generated 2 data sets, an RNF146KO data set and a
TNKS1/2DKO data set. To ensure data reproducibility, pro-
teins were extracted in 3 biological replicates in each cell line
and condition. Equal amounts of proteins from each condi-

tion were digested and fractionated into 10 final fractions
using high-pH RP-HPLC. After the MS analysis, the raw data
were searched by MaxQuant (version 1.6.5.0) against the
Uniprot Human database (January 26, 2019, updated) with a
protein and peptide false discovery rate of 1%. To profile the
proteome, we used “Match between Runs” in each data
batch.

We totally identified 11,460 protein groups and average
;9500 protein in each condition in RNF146KO data set
(Fig. 1C). To determine the quality of these data sets, we
evaluated some known substrates of TNKS and RNF146,
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such as AXIN1, BLZF1, AMOT, AMOTL1, and AMOTL2
(based Uniprot function annotation and (15)). As expected,
the changing of these proteins (except AMOTL2 in the
RNF146 KO cell line) was consistent with that in previous
reports (Fig. 1D). Principal component analysis revealed
that the samples could be distinguished into, RNF146KO
and RNF146KO1XAV939, 293A1XAV939, and 293A groups
(Fig. 1E). Although XAV939 treatment somewhat separated
293A and 293A1XAV939 samples, we could not separate
RNF146KO samples with or without XAV939 treatment. Fur-
ther, unsupervised cluster based on Pearson correlation of
these samples revealed similar patterns (Fig. 1F). Each sample
displayed high reproducibility with Pearson’s r. 0.96; the repli-
cates in each sample had a higher correlation. Together, these
results demonstrate the high quality of RNF146KO data set.

In TNKS1/2DKO data set, a total of 11,241 protein groups
were identified with ;9300 protein groups in each sample
(Fig. 2A). The changes of the known substrates in TNKS1/
2DKO data set was consistent with that in previous reports
(Fig. 2B). Similarly, the principal component analysis clearly
separated TP53KO and TP53TNKS1/2TKO cell lines but
could not separate samples with or without XAV939 treat-
ment (Fig. 2C). The reproducibility of these samples was high

(Pearson’s r.0.96) and unsupervised cluster showed similar
patterns with principal component analysis (Fig. 2D). There-
fore, the quality of our TNKS1/2DKO data set is also high
and worth further analysis.

To identify substrates of RNF146 and/or TNKS1/2 that are
targeted for degradation, we processed the data using the
following criteria to define differential proteins (Fig. 2E). To
achieve high-quality quantification, we selected proteins with
an LFQ value in all conditions. After filtering, there were 7238
(RNF146KO data set) and 7130 (TNKS1/2DKO data set)
quantifiable proteins in the 2 data sets (supplemental Tables
S1 and S2). Among those proteins, significant changes
between two conditions were determined using t test, filtered
by p-value� 0.01, a fold change cutoff of 2 and unique pep-
tides �2. These criteria led to 210 (RNF146KO data set) and
188 (TNKS1/2DKO data set) differentially expressed proteins
when we compared XAV939 treatment and/or KO cells with
control cells in these 2 data sets. In the RNF146KO data set,
161 and 43 proteins were significantly upregulated and
downregulated, respectively, in RNF146KO versus 293A; 35
and 3 in 293A1XAV939 versus 293A (supplemental Table
S3). In the TNSK1/2DKO data set, 123 and 65 proteins were
significantly upregulated and downregulated, respectively, in
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TP53TNKS1/2TKO versus TP53KO; 3 upregulated proteins in
TP53KO1XAV939 versus TP53KO (supplemental Table S4).

Proteomic Analysis Reveals Targets Regulated by XAV939—
XAV939 is a specific TNKS inhibitor commonly used to study
the functions of TNKS1/2 (23). In this study, we generated 2
data sets with 2 control cell lines (293A and TP53KO). In our
data, several known substrates of TNKS and RNF146 were
upregulated by XAV939 in both data sets (Figs. 1D and 2C),
although XAV939 treatment only slightly affected the pro-
teomes of 293A and TP53KO cells (supplemental Fig. S3A).
Nevertheless, 35 and 3 proteins were significantly upregu-
lated in 293A1XAV939 and TP53KO1XAV939 cells respec-
tively, compared with those in controls (supplemental Fig.
S3A). The known substrates of TNKS1/2 appeared as the top
upregulated proteins in both data sets. Together, these data
suggest that XAV939 treatment was effective and showed
high specificity in this study.

Angiomotin family proteins (AMOT, AMOTL1 and AMOTL2)
are known substrates of TNKS1/2 that can be upregulated
by XAV939 (15). However, in our data sets, the AMOTL2 level
was not increased in RNF146KO cells; in fact, it even
decreased slightly. This may be because of a negative feed-
back loop of Hippo/YAP pathway, because although all three
AMOT family proteins are negative regulators of YAP activity,
AMOTL2 appears to be transcriptionally upregulated by YAP
activation (26) . Nevertheless, XAV939 treatment significantly
increased the level of AMOTL2 in RNF146 KO cells (Fig. 1D).
Although, knockout of RNF146 significantly increased AMOT
and AMOTL1, treatment with XAV939 appeared to further
enhance these increases in RNF146KO cells (Fig. 1D and
supplemental Fig. S3B). In addition, when the targets of
XAV939, i.e. TNKS1/2, were absent, XAV939 treatment did
not affect the proteome (supplemental Fig. S3B). Together,
these data may indicate that besides RNF146, there may be
an additional E3 ligase that acts with TNKS1/2. However, the
role of this putative ligase may be limited and only appear to
be involved in the regulation of AMOT family proteins.

To further characterize the upregulated proteins following
XAV939 treatment, we combined all the upregulated proteins
in supplemental Fig. S3A and S3B into a list (i.e. Upregulated
proteins in 293A1XAV939 versus 293A, TP53KO1XAV939
versus TP53KO, RNF146KO1XAV939 versus RNF146KO,
TP533TNKS1/2TKO1XAV939 versus TP53TNK1/2TKO). This
list contains 36 proteins (supplemental Table S5) and most of
them are the upregulated proteins in 293A1XAV939 versus
293A group. We first performed pathway and process enrich-
ment analysis by Metascape (27). As expected, the top
enrichment pathway was WNT pathway (supplemental Fig.
S3C). The known substrates of TNKS1/2 contain a consen-
sus tankyrase binding site (RXXG[P/A/C]XG); an earlier study
suggested that proteins containing this binding site are
potential substrates of TNKS1/2 (28). Therefore, we com-
pared the upregulated proteins identified in our study with
those predicted substrates. We also compared our data with

our previously published list of high-confidence interaction
proteins (HCIPs) of TNKS1/2 (29), because potential sub-
strates of TNKS1/2 should also interact with TNKS1/2. Indeed,
we identified 9 proteins upregulated by XAV939 treatment that
also present in HCIPs of TNKS and are predicted TNKS1/2
substrates (supplemental Fig. S3D), 7 of which are known sub-
strates of TNKS, indicating the high quality of our data. The
other 2 proteins, FAM117B and GLCCI1, are paralogs of each
other. They were both slightly upregulated in TP53 KO cells
treated with XAV939 (fold changes=1.63 and 1.79, -Log p-
values=4.52 and 4.79, respectively). These results suggest
that these 2 proteins are likely substrates of TNKS1/2 and are
regulated by XAV939. In addition, we found another 7 upregu-
lated proteins as predicted substrates of TNKS, because they
contain the consensus tankyrase binding site (28). We antici-
pate that these are also potential TNKS substrates regulated
by XAV939.

Proteomic Analyses Reveal Targets Regulated by TNKS1/2—
As for the TNKS1/2 data set, in theory, TNKS1/2DKO cells
and XAV939-treated cells should have similar proteomes.
However, this was not the case in our study (Fig. 2C). There
were more upregulated proteins in TP53TNKS1/2TKO cells
than those in TP53KO1XAV939 cells when they were com-
pared with TP53KO cells (Fig. 3A and supplemental Fig.
S3A). Most upregulated proteins in TP53TNKS1/2TKO cells
were still upregulated when the proteome of TP53TNKS1/
2TKO cells was compared with that of TP53KO1XAV939
cells, including several known substrates (supplemental Fig.
S4A). XAV939 treatment in TP53TNKS1/2TKO cells did not
affect most of the upregulated proteins of TP53TNKS1/2TKO
compared with TP53KO cells (supplemental Fig. S4B).These
data indicate that inhibition of TNKS1/2 by XAV939 did not
mimic TNKS1/2 DKO. More substrates are regulated by
TNKS1/2 based on TNKS1/2DKO cells, but these substrates
did not seem to be affected by XAV939 treatment, presumably
because XAV939 did not completely block TNKS1/2 activity
and the residual activities of TNKS1/2 in the presence of
XAV939 are sufficient for modifying and resulting in the degra-
dation of some TNKS substrates. Indeed, XAV939 treatment in
TP53TNKS1/2TKO cells did not lead to any significant change
in the proteome of these cells (supplemental Fig. S3B), sug-
gesting that XAV939 is a specific TNKS inhibitor.

To systematically reveal the substrates of TNKS1/2, we
analyzed the significant differently expressed proteins
in TP53TNKS1/2TKO versus TP53KO (Fig. 3A). We then
focused on the 123 upregulated proteins in TP53TNKS1/
2TKO versus TP53KO as shown in Fig. 3A. One third of those
upregulated proteins contain the consensus tankyrase bind-
ing site (supplemental Fig. S4C). Moreover, four of the top 5
upregulated proteins contain the consensus TNKS binding
site (Fig. 3B and supplemental Fig. S4C). Two are known
TNKS substrates, AMOTL1 and AXIN1; the other three are
periplakin (PPL), nuclear factor of activated T-cells, cytoplas-
mic 2 (NFATC2) and sarcosine dehydrogenase, mitochondrial
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(SARDH). PPL is a component of cornified envelopes (30),
whereas NFATC2 acts as a transcription factor and promotes
invasive migration (31, 32). PPL has 2 high-confidence TNKS
binding sites, whereas NFATC2 has 1. Although these 2 pro-
teins are not present in the list of HCIPs of TNKS1/2, the
change in NFATC2 was confirmed by Western blot analysis
(Fig. 3C and supplemental Fig. S4D). SARDH is a mitochon-
drial protein that catalyzes the oxidative demethylation of sar-
cosine (33). Although this protein did not contain the consen-
sus TNKS binding site, the change in SARDH protein level
was confirmed by immunoblotting (Fig. 3C). However, the
change in the SARDH and NFATC2 protein levels was not
affected by XAV939 treatment, again suggesting that not all
TNKS1/2 substrates are affected by XAV939. Alternatively,
TNKS1/2 may have some catalytic independent functions that
remain to be elucidated. We will consider these possibilities in
the Discussion.

To uncover the potential substrates of TNSK1/2, we also
compared transcript changes with proteome changes (sup-

plemental Fig. S4E and supplemental Table S6). There was
low correlation (;0.2) between these changes, indicating that
post-transcriptional control mechanisms play major roles in
the regulation of TNKS1/2 proteome. The low correlation
between changes in RNA and protein levels was also
reported in an early study (34). One hundred sixteen out of
the 123 upregulated proteins including the known TNKS
substrates did not show significant change in their tran-
script level (supplemental Table S6). These results suggest
that the change of TNKS1/2 proteome is mainly controlled
by post-transcriptional regulation, although a few changed
proteins including PPL also showed change in their tran-
script level.

To further validate SARDH and NFATC2 as substrates
of TNKS1/2, we examined SARDH and NFATC2 levels in
293A_TP53TNKS1/2TKO cells that had been transfected
with control vector or vectors encoding TNKS. As shown
in Fig. 3D, SARDH and NFATC2 levels significantly de-
creased with reconstitution of TNKS. These results indicate
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that SARDH and NFATC2 are likely to be regulated by
TNKS1/2.

RNF146 Has TNKS-Independent Substrates—RNF146 is a
PARylation-dependent E3 ligase (10). Binding with the PARy-
lated chain is an allosteric signal that activates RNF146.
TNKS1/2 and RNF146 work together to ribosylate, ubi-
quitinate, and eventually degrade their substrates. For now,
RNF146 is the only E3 ligase that is known to be responsible
for the ubiquitination and degradation of TNKS1/2 substrates.
TNKS1/2 is also the only known ADP-ribosyltransferase that
works with RNF146. However, RNF146KO cells did not show
significantly upregulated AMOTL1 and AMOTL2, which are
known TNKS1/2 substrates (Fig. 1D and 4A). In addition,
AMOT, TNKS2, and BLZF1 were modestly upregulated in
RNF146KO1XAV939 cells compared with in RNF146KO cells
(Fig. 1D). These data imply that TNKS may have substrates

that are not exclusively regulated by RNF146. Similarly, it is
also possible that RNF146 may target additional substrates
beyond those that are regulated by TNKS1/2.

To identify the potential substrates of RNF146, we first an-
alyzed significant differently expressed proteins in RNF146KO
versus 293A and obtained a list of 161 upregulated proteins
and 43 downregulated proteins (Fig. 4A). We used the Meta-
scape to analyze process enrichment for upregulated proteins
and showed that protein poly-ADP-ribosylation is at the top
of these processes (Fig. 4B). We then compared these upreg-
ulation proteins with upregulated proteins in cells with double
knockout of TNKS1/2 (supplemental Fig. S5A). However, the
overlap between knockout of RNF146 and double knockout
of TNKS1/2 was low, with only 11 proteins upregulated in
both conditions (supplemental Fig. S5A); this finding suggests
that RNF146 and TNKS1/2 have different substrates, which
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we explored further. Four of the 11 overlapped proteins con-
tain the consensus tankyrase binding site, including 3 well-
known TNKS substrates (AXIN1, AMOT and CASC3). There
were also 2 significantly upregulated proteins, monoglyceride
lipase (MGLL), which is a cytosol protein that controls the
fatty acid level and promotes cancer cell migration (35) and
SARDH (supplemental Fig. S5A). Interestingly, neither con-
tains a tankyrase binding site. SARDH catalyzes the oxidative
demethylation of sarcosine and is highly increased during
prostate cancer progression (36). We showed in Fig. 3 that
SARDH is regulated by TNKS1/2. Here, we further validated
the increase of SARDH in RNF146 KO cells by Western blot
analysis (Fig. 4C). These findings suggest that RNF146 and
TNKS1/2 partly control cancer progression by regulating can-
cer metabolism.

To further validate the 161 upregulated proteins, we ana-
lyzed the correlation of transcript level changes with the pro-
teome level changes (supplemental Fig. S5C and supple-
mental Table S7). Similarly, the correlation was low (;0.2),
indicating RNF146 regulates the proteome level but not tran-
scription. Except KIF1A, 160 out of 161 proteins, did not show
significant transcript level change (supplemental Table S7).

To identify the TNKS1/2-independent substrates of RNF146,
we first compared the top 20 upregulated proteins RNF146KO
cells and TP53TNKS1/2TKO cells. As expected, known sub-
strates of TNKS showed up in both the top 20 proteins in
RNF146KO cells and in TP53TNKS1/2TKO (Fig. 4D). However,
five of the top 20 upregulated proteins in TP53TNKS1/2TKO
cells showed decrease trend in RNF146KO cells, including the

proto-oncogene PCK1 and JUN (Table I). These results dem-
onstrated the differential regulation of protein abundance by
RNF146 and TNKS1/2 and the importance to reveal TNKS-in-
dependent substrates of RNF146.

To further define the TNKS-independent substrates, pro-
teins upregulated in TNKS1/2 DKO cells were excluded from
the list of 161 proteins upregulated in RNF146 KO cells. This
provided us a list of 122 potential substrates of RNF146 that
are not regulated by TNKS1/2 KO (supplemental Fig. S5A
and supplemental Table S7). We chose 2 proteins, protein
mono-ADP-ribosyltransferase PARP10 (PARP10) and OTU
domain-containing protein 5 (OTUD5), for further validation,
because they are among the top 20 upregulated proteins
in RNF146 KO cells (Fig. 4D, labeled with red color). Both
OTUD5 and PARP10 level increased significantly in RNF146KO
cells but not in TNKS1/2KO cells (Fig. 4E). We reason that
there are additional substrates of RNF146 that are independent
of TNKS1/2.

Validation of RNF146 Substrates—As mentioned above, we
validated the upregulation of 3 potential new substrates of
TNKS and RNF146 (i.e. SARDH, PARP10, and OTUD5) by
Western blot analysis. Because OTUD5 appears to be regu-
lated by RNF146 but not by TNKS, we further determined
whether OTUD5 is a potential substrate of RNF146. OTUD5
is a deubiquitinating enzyme with a preference for Lys63 link-
ages (37). OTUD5 negatively regulates type I interferon and
interleukin-10 responses by deubiquitylating TRAF3, which
diminishes IL-17A production (38–40). There is also evidence
that OTUD5 can deubiquitinate and stabilize TP53 (41). We

TABLE I
The top 20 upregulated proteins in TP53TNKS1/2 TKO cells

Gene Name
Log2 TP53TNKS1/

2TKO versus TP53KO
-Log p value

Log2 RNF146KO
versus 293A

-Log p value
Known

Substrates
Predicted Substrates Based on
consensus TNKS binding site

AMOTL1 4.22 8.03 0.65 5.28 1 1
SARDH 3.82 7.10 1.75* 5.29
PPL 3.51 7.74 N/A# N/A# 1
AXIN1 3.40 7.83 2.73* 4.47 1 1
NFATC2 3.17 5.07 N/A# N/A# 1
AMOT 3.13 7.37 2.26* 3.31 1 1
S100A16 2.37 4.74 20.87 2.40
EPHA2 2.29 5.55 20.45 2.75
TGFB1I1 2.15 5.47 0.74 3.22
NAB2 2.15 7.01 0.44 3.07
PCK1 2.08 4.26 23.54* 6.91 1
HMGA2 2.07 4.50 20.61 2.80 1
FAT1 2.04 3.98 N/A# N/A# 1
COL6A2 2.02 6.29 N/A# N/A#

JUN 1.99 8.35 21.02* 4.48
MGLL 1.99 6.76 1.79* 2.84
CORO2B 1.94 4.38 0.51 1.13
TIMP1 1.93 6.47 1.36* 6.69
ALDH1A2 1.93 7.22 N/A# N/A#

TAGLN 1.93 2.58 1.17* 4.68
#N/A means this protein was not identified or did not pass the filter before t test shown in the Fig. 2E.
*means this protein was significantly different expression.
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further examined how the OTUD5 level was controlled by
RNF146. RNA isolation from various cell lines, followed by an
RT-qPCR analysis, revealed that the OTUD5 mRNA level did
not change in RNF146 or other KO cell lines with or without
TNKSi treatment (Fig. 5A). We next determined the stability
of OTUD5 by treating cells with translation inhibitor cyclohex-
imide. Cycloheximide treatment led to a rapid decline in
OTUD5 level in WT but not RNF146KO cells (Fig. 5B), which
was like that of TNKS1/2, a known substrate of RNF146.
These data suggest that like TNKS1/2, OTUD5 is likely regu-
lated by RNF146 via ubiquitination and degradation.

To further validate OTUD5 as a substrate of RNF146, we
examined OTUD5 levels in 293A and RNF146KO cells that
had been transfected with control vector or vectors encoding
WT RNF146. As the WWE domain of RNF146 is required for
the recognition of ribosylated proteins and the RING domain
is critical for its E3 ligase activity (11), we generated RNF146
4WWE and RNF146 4RING deletion mutants. As shown in
Fig. 5C, the OTUD5 protein level was decreased in 293A cells
expressing WT RNF146. Similar results were obtained in
RNF146KO cells (Fig. 5D). We also determined the levels of
PARP10 and SARDH in RNF146 KO cells that had been
reconstituted with RNF146. Both proteins were upregulated
in KO cells, but downregulated when we reintroduced RNF146
(Fig. 5E). Together with the data presented in Fig. 4E and 4F,

our data indicate that SARDH is a common substrate of
TNKS1/2 and RNF146, whereas PARP10 is a TNKS1/2-inde-
pendent substrate of RNF146.

Next, we examined the interaction between OTUD5 and
RNF146 by performing co-immunoprecipitation experiments.
RNF146 can degrade itself; therefore, the expression level of
WT RNF146 is usually extremely lower than that of mutants
(39). As shown in Fig. 5F, OTUD5 co-immunoprecipitated
with RNF146 4RING mutant, but not with RNF146 4WWE
mutant, when these mutants were expressed at similar levels,
suggesting that OTUD5 may be ribosylated before it could
bind to and be ubiquitinated by RNF146. Besides TNKS,
PARP1 also modify substrates by poly(ADP)-ribosylation, and
there is evidence that RNF146 can interact with PARP1 (13,
42). Thus, we determined whether the OTUD5 level would
change in the presence of PARP1 inhibitor olaparib. As
shown in supplemental Fig. S5B, treatment with olaparib did
not change the protein level of OTUD5, indicating that
OTUD5 is not regulated by PARP1.

DISCUSSION

In this study, we performed an in-depth label-free quantita-
tive proteomics analysis to identify RNF146 substrates. In
total, more than ten thousand proteins were identified in 2
data sets. After data analysis using stringent statistical criteria,
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161 proteins were upregulated in the RNF146KO cells, which
include known substrates of TNKS1/2. Compared with RNA-
seq data and protein upregulated in TNKS1/2 DKO, we com-
piled a list of 160 proteins that are potential substrates of
RNF146, and 122 potential TNKS-independent substrates of
RNF146 (supplemental Table S7). We validated one of the novel
substrates, SARDH, which is shared by TNKS1/2 and RNF146.
However, a significant fraction of proteins that were upregu-
lated in RNF146 KO cells were not upregulated in TNKS1/2
DKO cells compared with their control cells (supplemental Fig.
S5A), indicating that RNF146 and TNKS1/2 may have distinct
substrates. Indeed, we confirmed that OTUD5 and PARP10 are
potential TNKS1/2-independent substrates of RNF146. These
data together suggest that RNF146 has both TNKS-dependent
and -independent roles in the cell (Fig. 6). Our data provide a
rich resource for further functional studies of RNF146.

E3 ligases such as RNF146 are known to play critical func-
tions in many cellular processes. Identifying substrates of
these E3 ligases is critical for understanding their roles in
human physiology and pathology. There are 3 general meth-
ods for identifying substrates of E3 ligases with MS analysis:
affinity-purification MS (AP-MS), di-gly remnant affinity purifi-
cation proteomics, and differential expression proteomics
(43); unfortunately, each method has limitations. AP-MS is
carried out on the basis of ligase-substrate interactions.
However, most E3 ligases only interact with their substrates

weakly or transiently (43). In addition, many E3 ligases
undergo auto-ubiquitination and degradation. For example,
RNF146 degrades itself; therefore, it is difficult to obtain cell
lines with significant levels of WT RNF146 (Fig. 5). The low
abundance of E3 ligases makes it more difficult to identify
ligase-substrate interactions via AP-MS. Di-gly affinity purifi-
cation followed by MS is a powerful technique that can be
used for the global examination of ubiquitylation sites regu-
lated by E3 ligases. However, it is costly because of the use
of antibodies and the substantial amount of proteins that are
ubiquitinated. In addition, although more than 20,000 ubiqui-
tylation sites can be identified in any given experiment, their
coverage is still low (7). We often rediscover abundant ubiqui-
tination events but do not identify those that are regulated
under a particular condition or by a specific E3 ligase. More-
over, the di-gly peptide enrichment procedure may be biased
because it relies on antibody that could preferentially recog-
nize some but not other di-gly peptides. Differential expression
proteomics may be a better method, at least for E3 ligases
such as RNF146 that target proteins for degradation. With the
recent development of high-resolution MS, proteome-wide in-
depth mapping of substrates of a given E3 ligase is now pos-
sible, especially by integrating high-pH HPLC fractionation
with a nano-HPLC–MS/MS analysis (44, 45).

RNF146 is activated when it binds to PARylated proteins
(10), indicating that it specifically ubiquitinates and degrades
proteins that are PARylated. TNKS1/2 are the only known
poly-ADP-ribosyltransferases that are responsible for PARy-
lated substrates targeted by RNF146 for ubiquitination and
degradation. Therefore, we compared proteomes in TNKS1/
2DKO cells with those in RNF146KO cells. Several earlier
studies, including one published by our group, attempted to
identify substrates of TNKS1/2 using TNKS1/2DKO cells or by
treating cells with XAV939 (11, 23, 29, 46). These studies
revealed many known TNKS substrates and some novel ones,
including Notch1/2/3, NKD1/2, and HectD1, which broadened
our understanding of TNKS1/2’s functions. We generated
RNF146 knockout cell line in 239A and TNKS1/2 double
knock out cell line in TP53 knockout 293A. In this study, we
determined global changes in protein level in RNF146KO ver-
sus 293A, TP53TNKS1/2TDKO versus TP53KO cells treated
with/without XAV939. Our study not only revealed the change
in many known substrates but also some potential substrates
of TNKS. However, Notch1/2/3, NKD1/2, and HectD1 were
not significantly changed in our data sets. There are several
potential explanations for this discrepancy. First, we used a
different cell line (i.e. 293A) in this study. Second, the low
abundance of these proteins and their modest changes in
previous studies may have eliminated these proteins in our
data sets because we used stringent criteria for our data anal-
ysis. Third, although the specific TNKS1/2 inhibitor XAV939
worked well in our experiments, cells treated with XAV939
and TNKS1/2DKO cells showed significant differences (sup-
plemental Fig. S4A). It is unlikely that other poly [ADP-ribose]
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FIG. 6. Proposed model for different RNF146 and TNKS sub-
strates. Proteins are poly-ADP-ribosylated by TNKS1/2, or other poly-
ADP-ribose polymerase, or mono-ADP-ribosylated by PARP10 then
poly-ADP-ribosylated. Those poly-ADP-ribosylated protein are recog-
nized and ubiquitylated by RNF146. RNF146 can make two type ubiq-
uitination, K48 and K63-linked ubiquitination. Proteins with K48-linked
ubiquitination are subjected to degradation, like PARP10, OTUD5 and
SARDH in this study.
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polymerases may compensate the function of TNKS1/2 as we
did not identify any PARP family member upregulated by
XAV939 treatment. In addition, we did not observe any indica-
tion for such compensation, because there is small difference
between TNKS knockout cells treated with or without XAV939
(supplemental Fig. S3B). Although we cannot rule out this pos-
sibility that XAV939 may inhibit other PARPs. However, even if
it were true, such inhibitory effect may not be reflected on pro-
tein abundance. The likely explanation is that XAV939 inhibits
but does not abolish TNKS1/2 activity. Indeed, several known
substrates of TNKS were further upregulated in TNKS1/2 DKO
cells compared with those in cells treated with XAV939 (sup-
plemental Fig. S4A). Another nonexclusive explanation is that
TNKS enzymes may have noncatalytic function, which we
have not formally tested by performing side-by-side proteome
analysis using TNKS1/2 knockout cells reconstituted with WT
or catalytic inactive mutants of TNKS or TNKS2.

Besides known substrates of TNKS1/2, three additional
proteins, SARDH, PPL, and NFATC2, were at the top of the
list of upregulated proteins that were identified in TNKS1/2
DKO cells (Fig. 3B). We confirmed the changed levels of
SARDH and NFATC2 by Western blot analysis (Fig. 3C).
Interestingly, SARDH does not contain the consensus TNK
binding site. Thus, it is possible that some TNKS substrates
may lack the known TNKS binding motif or have degenerate
ones that are not easy to detect. TNKS1/2 may function as
oncogenes to promote tumor growth on the basis of the
functions of their well-known substrates. However, these
newly identified substrates of TNKS may complicate this hy-
pothesis. For example, NFATC2 not only promotes breast
cancer cell invasiveness and migration but also enhances tu-
mor-initiating phenotypes in lung adenocarcinoma (47–50).
PPL, an adhesion molecule, enhances attachment of squa-
mous cancer cells (51). PPL is also a potential biomarker for
poor prognosis in esophageal squamous cell carcinoma (52).
SARDH metabolizes sarcosine. High levels of sarcosine
enhance the progression of prostate cancer, and low expres-
sion of SARDH was reported in prostate cancer (36, 53).
Overexpression of SARDH can inhibit tumor growth in pros-
tate cancer xenografts (53). These data suggest that the
functions of TNKS1/2 are more complex than we anticipated.

The focus of this study is on RNF146. We have only limited
knowledge about RNF146 and its substrates. RNF146 shares
some substrates with TNKS1/2, such as angiomotin and axin
family proteins. However, we found that the overlap of upreg-
ulated proteins in RNF146KO cells with those in TNKS1/
2DKO cells was low (supplemental Fig. S5A). Of the top 20
upregulated proteins in RNF146 KO cells (Fig. 4D), tops are
well-known substrates of TNKS1/2 and RNF146, whereas
the others do not appear to be regulated by TNKS1/2, includ-
ing p14ARF, FSTL1, OTUD5, and PARP10, suggesting that
RNF146 may have functions other than those controlled by
TNKS (Table I). We experimentally validated the change in
OTUD5 and PARP10 protein levels and showed that the up-

regulation of OTUD5 and PARP10 could be reversed by the
reintroduction of RNF146 in RNF146 KO cells (Fig. 4E and
Fig. 5). OTUD5 functions as a negative regulator of type I
interferon (35–37) and is involved in stabilizing TP53 (38).
PARP10 may have 2 roles in cancer, because it potentially
suppresses tumor metastasis by inhibiting Aurora A activity
and enhances tumorigenesis by alleviating replication stress
(54, 55). These results showed the possibility of different sub-
strates of RNF146 and TNKS1/2. Further comparison of data
sets in RNF146KO and TNKS1/2DKO cells revealed some
additional common substrates of RNF146 and TNKS1/2. For
example, SARDH and MGLL are among the top upregulated
proteins in both RNF146 KO and TNKS1/2 DKO cells. We
validated the result by showing that the increase in SARDH
protein level was reversed by the reintroduction of RNF146 in
RNF146KO cells (Fig. 4E and 5E). Although MGLL promotes
cancer pathogenesis and aggression, SARDH may function
as a tumor suppressor gene (35, 56). These data indicate
that detailed functional analyses are needed before any con-
clusions can be drawn based on their potential enzyme-sub-
strate relationship.

As mentioned above, many upregulated proteins in
RNF146KO cells are not regulated by TNKS1/2. It is likely
other poly [ADP-ribose] polymerases may work with
RNF146 to degrade proteins (Fig.6). Besides TNKS1/2,
PARP10 is the only PARP family protein upregulated by
RNF146 knockout. It is reasonable to speculate that PARP10
may function with RNF146, although PARP10 is only known
to mediate mono-ADP-ribosylation but not poly-ADP-ribosyla-
tion (57, 58). More evidences are needed to test the functional
relationship between PARP10 and RNF146. How RNF146
functions independent of TNKS remains to be determined.
However, the identification of this list of potential RNF146
substrates that are independent of TNKS should facilitate
future mechanistic studies of RNF146 and its substrates in
various cellular processes.

Comparative analysis of proteome and transcriptome
showed low correlation, indicating that TNKS1/2 and/or
RNF146 knockout-induced proteome changes mainly occur
at protein level, but not indirectly via changes in mRNA
level. For example, only 7 out of the 123 upregulated pro-
teins in TNKS1/2 DKO cells showed significant upregulation
at their mRNA level, and only one of the 161 upregulated
proteins in RNF146KO cells showed significant change in
its mRNA level. The possible explanation is that TNKS1/2
and RNF146 mainly target proteins for modification and
degradation, but do not play any major role in transcrip-
tional regulation.

Although our present study uncovered systematically iden-
tified substrates of TNKS1/2 and RNF146, there are several
limitations in our data sets. We only used one cell line 293A
in our study. We chose 293A, because this cell line is widely
used and was derived from normal embryonic kidney epithe-
lial cells, which may express most if not all of the proteins.
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The diploid state of these cells also ensure that our experi-
ments would not be affected by any gene expression alterna-
tions because of genomic mutations and/or aneuploidy.
However, we may have missed some cell- or tissue-specific
substrates. Moreover, we were initially concerned whether
we were able to create viable TNKS1/2 DKO cell lines, given
the known functions of TNKS in WNT, Hippo and other sig-
naling pathways. Thus, we created TNKS1/2 DKO in P53 KO
background. Therefore, data derived from TNKS1/2 DKO
were all performed and analyzed in the same P53 KO back-
ground, whereas cells with or without RNF146 KO in the
presence or absence of XAV939 treatment were performed in
parental 293A cells and analyzed separately. Unfortunately,
this experimental design introduced additional variation in
our data sets. In addition, the technology we used has its
own limitations. Despite the rapid advance in MS technology,
current MS-based proteomics still cannot achieve complete
coverage of the whole proteome. Therefore, proteins at low
abundance are likely lost in our quantitative proteome analy-
sis, which may account for some of the difference in our data
sets versus the ones reported by previous studies (16, 46).
Especially, some known TNKS substrates including TNKS2
and BLZF1 are expressed at very low levels, which prevent
them to be detected in some our samples, similar to an
early study (59). However, these proteins are present in
data sets obtained from TNKS1/2 DKO cells or following
XAV939 treatment. Unfortunately, because they are not
present in control data sets, these proteins are not included
in your analysis. For example, BLZF1 was in the top change
protein in RNF146KO data set; whereas not in TNKS1/
2DKO data set. There were missing value for BLZF1 in
TP53KO cells of TNKS1/2DKO data set. In addition, the
proteome approach that we used here cannot be used for
substrates that are not targeted for degradation. Moreover,
the potential substrates identified in our study may or may
not be direct targets of RNF146.

Our study is the first proteome-wide analysis of potential
RNF146 substrates, which should facilitate future mechanistic
studies of the TNKS-dependent and -independent functions of
RNF146. Our results also demonstrate that proteome profiling
can be extended to other E3 ligases and deubiquitinating
enzymes (DUB) and allow the unbiased identification of E3
ligase and/or DUB substrates that are regulated by protein
degradation.
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