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ABSTRACT  21 

RNF111/Arkadia is an E3 ubiquitin ligase that activates the TGF- pathway by degrading 22 

transcriptional repressors SKIL/SnoN and SKI, and truncations of the RING C-terminal 23 

domain of RNF111 that abolish its E3 function and subsequently TGF- signaling are 24 

observed in some cancers. In the present study, we sought to perform a comprehensive 25 

analysis of RNF111 endogenous substrates upon TGF- signaling activation using an 26 

integrative proteomic approach. In that aim we carried out label free quantitative 27 

proteomics after enrichment of ubiquitylated proteins (ubiquitylome) in parental U2OS cell 28 

line compared to U2OS CRISPR engineered clones expressing a truncated form of RNF111 29 

devoid of its C-terminal RING domain. We compared two methods of enrichment for 30 

ubiquitylated proteins prior to proteomics analysis by mass spectrometry, the diGly 31 

remnant peptide immunoprecipitation with a K--GG antibody (diGly) and a novel approach 32 

using protein immunoprecipitation with a ubiquitin pan nanobody (pan UB) that recognizes 33 

all ubiquitin chains and monoubiquitylation. While we detected SKIL ubiquitylation among 34 

108 potential RNF111 substrates with the diGly method, we found that the pan UB method 35 

also constitutes a powerful approach since it enabled detection of 52 potential RNF111 36 

substrates including SKI, SKIL and RNF111. Integrative comparison of the RNF111-37 

dependent proteome and ubiquitylomes enabled identification of SKI and SKIL as the only 38 

targets ubiquitylated and degraded by RNF111 E3 ligase function in presence of TGF-. Our 39 

results indicate that lysine 343 localized in the SAND domain of SKIL constitutes a target for 40 

RNF111 ubiquitylation and demonstrate that RNF111 E3 ubiquitin ligase function 41 

specifically targets SKI and SKIL ubiquitylation and degradation upon TGF- pathway 42 

activation. 43 
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INTRODUCTION 45 

The ubiquitin-proteasome system (UPS) plays an important role in the regulation of many 46 

cellular signaling pathways by controlling protein stability. The UPS involves ubiquitylation 47 

of proteins by E3 ubiquitin ligases that allow covalent attachment of the ubiquitin protein 48 

to a lysine residue on specific substrates, in cooperation with an E1 activating enzyme and 49 

an E2 conjugating enzyme. Polyubiquitylation can occur by polymerization of the ubiquitin 50 

molecules via one of its 7 lysine residues (K6, K11, K27, K29, K33, K48, K63) or its N-terminal 51 

methionine (M1), which generates as many different polyubiquitin linkages (1). This 52 

ubiquitylation code leads to distinct biochemical outcomes for the substrate, and it is 53 

admitted that only K48 polyubiquitylation, and to a lesser extent K11 polyubiquitylation, 54 

drive substrates towards degradation by the proteasome.  55 

TGF-β pathway plays an important role in embryonic development and in tumor 56 

progression by inducing a large panel of target genes involved in cell cycle arrest, epithelial-57 

mesenchymal transition and cell migration mainly through activation of the SMAD2/3-58 

SMAD4 transcription complex. The TGF-β signaling pathway is highly regulated by various 59 

E3 ubiquitin ligases such as SMURF1/2, TRIM33, WWP1, and RNF111 (also named Arkadia) 60 

(2, 3). We and others have found that RNF111 harbors a C-terminal RING domain required 61 

for its E3 ubiquitin ligase function that activates SMAD-dependent transcription in response 62 

to TGF- by inducing degradation of SKI and SKIL (also named SnoN) transcriptional 63 

repressors (4–6). Whereas the RNF111-dependent SKI and SKIL degradation induced by 64 

TGF- is clearly established, the mechanism for this inducible degradation is still puzzling, in 65 

particular the ubiquitylation events that underlie this degradation. RNF111 has also been 66 

reported to regulate the stability of SMAD7, an inhibitor of TGF- signaling that acts at the 67 

TGF- receptor level (7). Mutations that disrupt the C-terminal RING domain of RNF111 can 68 
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occur in cancer (8), and we have shown that the NCI-H460 lung cancer cell line exhibits a 69 

S432* nonsense mutation that leads to the expression of a truncated form of RNF111 70 

lacking its C-terminal RING domain. Such truncation abolishes SKI and SKIL degradation and 71 

subsequent SMAD-dependent transcription in response to TGF- in this cancer cell line (9). 72 

While RNF111 has mainly been involved in the activation of TGF- signaling, its E3 ubiquitin 73 

ligase function is not restricted to this pathway. RNF111 also contains 3 SUMO interacting 74 

motifs in its N-terminal region which confer to RNF111 a SUMO-Targeted Ubiquitin Ligase 75 

(STUBL) function involved in PML degradation in response to arsenic treatment (10) and in 76 

XPC ubiquitylation during DNA damage repair induced by UV (11). It has also been 77 

proposed that RNF111 is involved in Histone H4 neddylation during DNA damage repair 78 

induced by ionizing radiation (12), and in endocytosis by targeting the micro2 subunit of 79 

Clathrin adaptor 2 (AP2) complex (13). Hence, RNF111, like most E3 ligases, might target 80 

different substrates involved in different biological processes. However all these substrates 81 

were characterized by protein interaction approaches, which are not the most relevant 82 

considering that E3 ubiquitin ligases interaction with their substrates tend to be labile and 83 

could lead to substrate degradation. Moreover, in most studies, ubiquitylation was 84 

detected by overexpression of RNF111 and ubiquitin, which could lead to forced 85 

ubiquitylation. To prevent such biases, in the present study, we have sought to use an 86 

endogenous approach to comprehensively identify the substrates of RNF111. Since it 87 

represents a small proportion of a protein pool in the cell, the ubiquitylated proteins can be 88 

challenging to detect at the endogenous level. However, in the past years, different 89 

methods of enrichment for ubiquitylated proteins have been developed that allow profiling 90 

of ubiquitylated proteins by mass spectrometry (ubiquitylome) (14–16). The breakthrough 91 

came with the use of K--GG antibody that immmunoprecipitates the di-glycin (diGly) 92 
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remnant peptides obtained after trypsic digestion of the ubiquitin linked to its targeted 93 

lysine on a substrate (17, 18). Yet this method requires a large amount of starting material 94 

since it only focuses on specific peptides at ubiquitylation sites and not the whole proteins. 95 

Thus, development of alternative approaches is still needed to increase sensitivity and to 96 

simplify ubiquitylome analysis. 97 

In order to profile substrates of RNF111, we have generated U2OS osteosarcoma CRISPR 98 

modified cell lines that express a truncated form of RNF111 devoid of the C-terminal RING 99 

domain (RNF111-RING-KO) that mimics the truncation observed in the cancer cell line NCI-100 

H460. To detect degradative substrates of RNF111, we have performed label free 101 

quantitative proteomics to compare the proteome of the RNF111-RING-KO clones to the 102 

parental U2OS upon TGF- induction, which enabled detection of SKI and SKIL among 73 103 

candidates. Further analysis of selected candidates indicates that regulation of their protein 104 

level by RNF111 occurs at the transcriptional level. To identify more precisely ubiquitylated 105 

substrates of RNF111 we performed label free quantitative comparison of the ubiquitylome 106 

of RNF111-RING-KO clones to the parental U2OS upon TGF- induction by two means. We 107 

used diGly enrichment with the K--GG antibody and developed a method using a pan UB 108 

nanobody that strongly interacts with monoubiquitinated and all linkage polyubiquitinated 109 

proteins. With the diGly antibody approach, among the 3641 proteins corresponding to the 110 

ubiquitylation sites quantified, we identified 108 proteins that are potentially ubiquitylated 111 

by RNF111, including SKIL on lysine 343; while the pan UB nanobody approach enabled the 112 

detection of 54 potential substrates including SKI, SKIL and RNF111 among the 8547 113 

proteins quantified, demonstrating that this new method is very robust for substrate 114 

identification of E3 ubiquitin ligases. Moreover comparison of the two ubiquitylomes leads 115 

to detection of SKIL as the only validated common RNF111 substrate, and integrative 116 
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comparison of the ubiquitylomes and proteome identified SKI and SKIL as the only proteins 117 

both ubiquitylated and degraded by RNF111 upon TGF- pathway activation, among the 118 

7746 proteins quantified in the proteome analysis. Altogether, our findings indicate a 119 

strong specificity of RNF111 E3 ubiquitin ligase function for degradative ubiquitylation of 120 

SKI and SKIL in response to TGF-. 121 

 122 

EXPERIMENTAL PROCEDURES 123 

Cell lines and plasmids  124 

U2OS human osteosarcoma, HEK-293 human embryonic kidney, and NCI-H460 human non-125 

small cell lung carcinoma cell lines were cultured in DMEM (U2OS, HEK-293) or RPMI (NCI-126 

H460) medium containing 10% fetal bovine serum, 100 U/ml penicillin and 100 µg/ml 127 

streptomycin at 37°C in 5% CO2. The pMLM3636 expression vector for S.pyogenes Cas9 128 

sgRNA was a gift from JK Joung laboratory (Addgene plasmid # 43860). Cas9D10A expression 129 

vector was a gift from G Church (addgene plasmid  #41816) (19), the CAGA12-Luc plasmid 130 

was described in (20) and the Renilla expression vector pRL-TK vector is from Promega. The 131 

pCMV10-3xFlag-RNF111-WT (Flag-RNF111-WT) expression vector was generated by PCR 132 

subcloning of human RNF111 cDNA (corresponding to isoform 3) from PcDNA4/TO-SFS-133 

RNF111 (11) in PCMV10-3xFlag (Invitrogen). The pCMV-3xHA-SKIL-WT (HA-SKIL-WT) 134 

expression vector was generated by PCR subcloning of human SKIL cDNA form PCMV5B-HA-135 

SnoN (21) in PCMV-3xHA. PCMV10-3xFlag-RNF111-C933A (Flag-RNF111-C933A) and pCMV-136 

3xHA-SKIL-342/43-KR (HA-SKIL-342/43-KR) mutants were generated by site-directed 137 

mutagenesis respectively on pCMV10-3xFlag-RNF111-WT and pCMV-3xHA-SKIL-WT by 138 

using the QuickChange Lightning kit (Agilent). 139 

CRISPR cell lines 140 
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 SgRNA-rev CACTGTGGAAGGTTGGCTAC and SgRNA-fw CTTACAAGCAATAGTACCAC targeting 141 

exon 5 of the human RNF111 gene were designed using the CRISPOR software (crispor.org) 142 

(22) in order to perform double-nicking. Double-stranded oligonucleotides with overhangs 143 

were cloned into BsmBI digested MLM3636 vector and 0.5 million of U2OS cells were co-144 

transfected with 2µg of Cas9D10A expression vector and 2µg of each SgRNA-rev and SgRNA-145 

fw MLM3636 expressing vector, using Amaxa Nucleofector V kit (Lonza), program X-001. 146 

Single cells were individually seeded in 96 well plates and clones were amplified and 147 

assessed by western-blot for full length RNF111 depletion. RNF111 Exon5 targeted region 148 

was PCR amplified from clone#1 and #2 genomic DNA with primers 149 

CATCTACCTCTGAGCAGGCC and TCATGCTTTTGGTGTCAGCC and PCR products were 150 

subcloned into pCR2.1 vector using TOPO-TA Cloning kit (Invitrogen). For each CRISPR 151 

clones, a total of 10 cloned PCR products were sequenced in order to determine the 152 

genomic modification on the different alleles.  153 

Immunoprecipitation and Western blot 154 

 Whole-cell extracts were prepared from 6-well plates and treated or not for 1h with TGF- 155 

(2ng/ml) before lysis with RIPA buffer (50 mM Tris [pH 8], 150 mM NaCl, 1% NP-40, 0.5% 156 

sodium deoxycholate, 0.1% sodium dodecyl sulfate) supplemented with EDTA-free 157 

protease Inhibitor (Roche), 50µM NaF and 50µM -glycerophospate. Cleared lysates were 158 

quantified by BCA protein assay (Pierce) and 30µg of proteins were analyzed by western 159 

blotting using standard procedures.  160 

For pan UB nanobody immunoprecipitation on endogenous proteins, cells were grown to 161 

90% confluence in a 150 mm plates for each condition and treated with 10µM MG132 for 162 

4h followed by 1h TGF- (2 ng/ml) treatment before lysis in RIPA buffer. Lysates were 163 

sonicated (10 seconds ON, 10 seconds OFF, four times) and cleared lysates were quantified 164 
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using BCA quantification. 6 mg of proteins were immunoprecipitated with 50µl of Ubiquitin 165 

Pan Selector beads slurry (Nanotag Biotechnologies, #N2510) on a rotator for 1h at 4°C. 166 

After 3 washes with RIPA buffer, proteins were eluted in laemmli buffer before subsequent 167 

analysis by western blotting using standard procedures.  168 

For pan UB nanobody immunoprecipitation on transfected cells, cells grown in 6-well plates 169 

were transfected with 2µg of the appropriate plasmids using X-tremGENE HP (Roche) and 170 

were treated 24h hour later with 10µM MG132 for 4h followed by 1h with 2 ng/ml TGF- 171 

(U2OS) or 20 ng/ml Activin A (HEK-293) before lysis in RIPA buffer. Lysates were 172 

immunoprecipitated with 20µl of Nanotag Ubiquitin Pan Selector resin for 1h and washed 3 173 

times with RIPA buffer before analysis by western blotting using standard procedures.  174 

The following antibodies were used for Western blotting: anti-Flag-HRP (Sigma), anti-175 

hemagglutinin (anti-HA-HRP; Roche), anti-RNF111 (M05, Abnova), anti-SKI (G8, Santa Cruz), 176 

anti-SKIL (19218-1-AP, Proteintech), anti-SMAD2/3 (BD), anti-UB (P4D1, Santa Cruz), anti-177 

KYNU (E5, Santa Cruz), anti-GDF15 (G5, Santa Cruz), anti-FABP3 (Proteintech).  178 

Luciferase assay 179 

For luciferase assay, cells grown in 24-well plates were cotransfected with 0.3 µg CAGA12-180 

Luc and 0.2 µg pRL-TK (Promega). In the -TGF- condition, 10 µM of TGF- inhibitor (SB-181 

431542, Torcis) was added at the time of transfection to inhibit autocrine TGF- signaling in 182 

NCI-H460 cells. 24 h post-transfection, TGF- (2ng/ml) was added for 8 h before lysis in 183 

passive lysis buffer (Promega) and successive measurements of Luciferase and Renilla 184 

activity with the dual-luciferase reporter assay system (Promega) were performed. 185 

Luciferase activities were normalized to Renilla activities in triplicate experiments. 186 

Quantitative RT-PCR (qRT-PCR) 187 
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Total RNA was extracted with Trizol (Invitrogen) according to standard procedure from cells 188 

grown at 90% confluence in a 10 mm dish. cDNA were synthetized from 1.5 μg of RNA using 189 

the iScript cDNA synthesis kit (Bio-Rad). QPCR was performed in triplicate using the 2XSYBR 190 

Green qPCR master mix (Biotools) according to the manufacturer’s protocol in a Light Cycler 191 

96 (Roche). Expression of each gene was calculated by the 2-ΔΔCt methods using GAPDH as a 192 

control. All data represent mean +/- standard deviation for at least 3 independent 193 

experiments. The following primers were used: GAPDH-F TGCACCACCAACTGCTTAGC, 194 

GAPDH-R GGCATGGACTGTGGTCATGAG, GDF15-F ACTCACGCCAGAAGTGCGG, GDF15-R 195 

AGATTCTGCCAGCAGTTGGTC, FABP3-F CTTCCCCCTACCCTCAGGTG, FABP3-R 196 

CAGTGTCACAATGGACTTGACC, SKIL-F CAGCCTGATGCTCCGTGTAT, SKIL-R 197 

TGATGGTGCATCTGTCTTGGA, KYNU-F TTGCGGCTGAACTCAAATGC, KYNU-R 198 

GCTTCCCCACTTCATGACCA. 199 

Ubiquitylome and proteome sample preparation 200 

For proteome analysis, cells were grown to 90% confluence in a 6 well plates and treated 201 

with 2 ng/ml TGF- for 1h before lysis in freshly prepared urea buffer (8M urea, 200mM 202 

ammonium bicarbonate, EDTA-free protease Inhibitor). After sonication, lysates were 203 

quantified by BCA and 300µg of proteins were reduced with 5 mM dithiothreitol (DTT) for 204 

1h at 37 °C and alkylated with 10 mM iodoacetamide (IAA) for 30 min at room temperature 205 

in the dark. Samples were then diluted in 200mM ammonium bicarbonate (ABC) to reach a 206 

final concentration of 1 M urea and digested overnight at 37 °C with Trypsin (Worthington 207 

#LS003750) at a ratio of 1/50. 150 µg of each sample were separated with the High pH 208 

Reversed-Phase peptide fractionation kit (Pierce #84868). Peptides were eluted 209 

successively into six fractions using elution buffers containing the following percentages of 210 

acetonitrile: 10, 12.5, 15, 17.5, 20 and 50%. Eluted peptides were vacuum concentrated to 211 
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dryness and resuspended in 20 µl of 0.1% formic acid (FA) / 3% acetonitrile (CH3CN) 212 

(vol/vol) prior to LC-MS/MS analysis.  213 

For diGly ubiquitylome analysis, samples were prepared according to the protocol 214 

described in (18). Briefly, for each condition, cells were grown to 90% confluence in 8 x 150 215 

mm plates and treated with 10µM MG132 for 4h followed by 1h TGF- (2 ng/ml) treatment 216 

before lysis in freshly prepared urea buffer (8M urea, 50 mM Tris-HCl (pH 7.5), 150 mM 217 

NaCl, 1 mM EDTA, 2 μg/ml aprotinin, 10 μg/ml leupeptin, 50 μM PR-619, 1 mM 218 

chloroacetamide, 1 mM PMSF). Cleared lysates were quantified by BCA and 10mg of 219 

proteins were reduced and alkylated by adding successively 5mM DTT and 10mM IAA 220 

respectively for 1h and 30 min at room temperature. Protein samples were diluted 4 times 221 

with 50mM Tris-HCL to obtain a concentration at 2 M urea. Trypsin (Worthington # 222 

LS003750) digestion was then performed overnight at 37°C at a ratio of 1/50. After 223 

centrifugation at 3000g for 5 min, supernatant containing the digested peptides were 224 

desalted on a 500-mg tC18 SepPak cartridge and eluted peptides were dried by vacuum 225 

centrifugation. Peptides were resuspended in 1.4 ml IAP buffer (50 mM MOPS (pH 7.2), 10 226 

mM sodium phosphate Na2HPO4, 50 mM NaCl), cleared at 20000g for 5 min, and incubated 227 

on a rotator for 2h at 4°C with 50µl of PTMScan® Ubiquitin Remnant Motif (K-ε-GG) 228 

Antibody Beads slurry (Cell Signaling #5562) equilibrated in IAP buffer. After 2 washes in IAP 229 

buffer followed by 3 washes with milliQ water, two successive elutions of the K-ε-GG 230 

peptides with 55 μl of TFA 0.15% for 10min were combined and desalted using C18 231 

StageTips. The final Peptide eluates were dried and resuspended in 8µl 0.1% FA/3% 232 

(vol/vol) CH3CN prior to LC-MS/MS analysis. 233 

For pan UB nanobody Ubiquitylome, immunoprecipitation on endogenous proteins was 234 

performed as described in the immunoprecipitaiton section, except that the 3 washes with 235 
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RIPA buffer were followed by 2 washes with washing buffer (150 mM NaCL, 50 mM TRIS pH 236 

7.5) and proteins were subsequently eluted twice with 150µl of freshly prepared solution of 237 

1.4% triethylamide (TEA) for 5 min at room temperature under agitation. The 300µl TEA 238 

eluates were neutralized with 100µl of Tris 1M pH 7.5 and dried by vacuum centrifugation. 239 

Proteins were reduced and alkylated by adding successively 5mM DTT and 10mM IAA as 240 

previously described. Samples were then diluted in 400µl of 25mM ABC, digested at 37°C 241 

for 2h with 0.4µg of trypsin/LysC (#V5073 Promega) before overnight digestion by adding 242 

1µg of trypsin/LysC. Sample were then loaded onto homemade SepPak C18 Tips packed by 243 

stacking one AttractSPE® disk (#SPE-Disks-Bio-C18-100.47.20, Affinisep) and 2mg beads 244 

(SepPak C18 #186004521, Cartridge Waters) into a 200 µL micropipette tip for desalting. 245 

Peptides were eluted using 40/60 MeCN/H2O in 0.1% FA and vacuum concentrated to 246 

dryness. Sample were resuspended in 10µl of TFA 0.3% prior to LC-MS/MS analysis 247 

Ubiquitylome and proteome analysis by LC-MS/MS 248 

Peptides for proteome analyses were separated by reversed phase liquid chromatography 249 

(LC) on an RSLCnano system (Ultimate 3000, Thermo Scientific) coupled online to an 250 

Orbitrap Fusion Tribrid mass spectrometer (Thermo Scientific). Peptides were trapped on a 251 

C18 column (75 μm inner diameter × 2 cm; nanoViper Acclaim PepMapTM 100, Thermo 252 

Scientific) with buffer A (2/98 MeCN/H2O (vol/vol) in 0.1% FA) at a flow rate of 4.0 µL/min 253 

over 4 min. Separation was performed on a 50 cm x 75 μm C18 column (nanoViper Acclaim 254 

PepMapTM RSLC, 2 μm, 100Å, Thermo Scientific) regulated to a temperature of 55°C with a 255 

linear gradient of 5 to 25 % buffer B (100% MeCN, 0.1% FA) at a flow rate of 300 nL/min 256 

over 100 min. Peptides were ionized by a nanospray ionization (NSI) ion source at 2.2 kV. 257 

Full-scan MS in the Orbitrap was set at a scan range of 400-1500 with a resolution at 258 

120,000 (at 200 m/z) and ions from each full scan were fragmented in higher-energy 259 
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collisional dissociation mode (HCD) and analyzed in the linear ion trap in rapid mode. The 260 

fragmentation was set in top speed mode in data-dependent analysis (DDA). We selected 261 

ions with charge state from 2+ to 6+ for screening. Normalized collision energy (NCE) was 262 

set to 30, automatic gain control (AGC) target to 20,000 ions with a dynamic exclusion of 263 

30s.  264 

For diGly ubiquitylome analyses, LC was performed as previously with an RSLCnano system 265 

(same trap column, column and buffers), coupled online to a Q Exactive HF-X mass 266 

spectrometer (Thermo Scientific). Peptides were trapped onto the C18 column with buffer 267 

A at a flow rate of 2.5 µL/min over 4 min. Separation was performed at a temperature of 268 

50°C with a linear gradient of 2 to 30% buffer B at a flow rate of 300 nL/min over 91 min. 269 

Peptides were ionized by a NSI ion source (voltage was 2.2 kV). MS full scans were 270 

performed in the ultrahigh-field Orbitrap mass analyzer in ranges m/z 375–1500 with a 271 

resolution of 120 000 (at 200 m/z) and detected in the Orbitrap analyzer after accumulation 272 

of ion at 3E6 target value with a maximum injection time (IT) of 50ms. For every full scan, 273 

the top 20 most intense ions were isolated (isolation width of 1.6 m/z) and fragmented 274 

(NCE of 27) by HCD with an IT of 60ms, AGC target set to 1E5, and 15 000 resolution. 275 

Charge state from <2+ and >6+ were excluded, and dynamic exclusion was set to 40s. 276 

For pan UB ubiquitylome analyses, LC was performed as previously with an RSLCnano 277 

system coupled online to an Orbitrap Exploris 480 mass spectrometer (Thermo Scientific). 278 

Peptides were trapped on a C18 column with buffer A at a flow rate of 3.0 µL/min over 4 279 

min. Separation was performed at a temperature of 40°C with a linear gradient of 3% to 280 

32% buffer B at a flow rate of 300 nL/min over 211 min. MS full scans were performed in 281 

the ultrahigh-field Orbitrap mass analyzer in ranges m/z 375–1500 with a resolution of 282 

120 000 at m/z 200, AGC target value set at 300 % and with a maximum IT of 25ms. The top 283 
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30 most intense ions were isolated (isolation width of 1.6 m/z) and fragmented with a NCE 284 

set at 30%, a resolution of 15 000 and AGC target value set to 100%. We selected ions with 285 

charge state from 2+ to 6+ for screening and dynamic exclusion of 40s. 286 

Mass Spectrometry Data Analysis 287 

For identification, the raw MS files were searched against the Homo sapiens UniProt 288 

database (UP000005640, downloaded 11/2017 with 20239 entries for the diGly 289 

ubiquitylome, 01/2018 with 20231 entries for the proteome, and 12/2019 with 20364 290 

entries for the pan UB ubiquitylome), combined with common contaminants (245 291 

sequences, downloaded from 292 

http://www.coxdocs.org/doku.php?id=maxquant:start_downloads.htm the 27/07/2016) 293 

for the diGly ubiquitylome analyses. The proteome and pan UB ubiquitylome samples being 294 

sufficiently complex, the non-human contaminants were negligible and were not added to 295 

the search. The search was conducted using SEQUEST-HT through Proteome Discoverer 296 

(version 2.1 for the diGly ubiquitylome, 2.2 for the proteome and 2.4 for the pan UB 297 

ubiquitylome) after the Spectrum Selector node with default settings. Enzyme specificity 298 

was set to trypsin (full) and a maximum of two miscleavage sites were allowed for the 299 

proteome and pan UB ubiquitylome and three for the diGly ubiquitylome. Oxidized 300 

methionine, Carbamidomethyl cysteines, N-terminal acetylation, were set as variable 301 

modifications and GlyGly on lysine (+114.0429) was added for the ubiquitylomes analyses. 302 

Methionine-loss and Methionine-loss + N-terminal acetylation were also added to the pan 303 

UB variable modifications. For all analyses, the maximum allowed mass deviation was set to 304 

10 ppm for monoisotopic precursor ions. For fragment ions, it was set respectively to 0.6 305 

Da and 0.02 Da for the proteome and the ubiquitylomes. For proteome analyses the Top N 306 

peaks filter of Proteome Discoverer was set to the 6 most intense peaks every 100 Da.  FDR 307 
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calculation used Percolator (23) and was set to the conventional threshold of 1% at the 308 

peptide level for the whole study. The resulting files were further processed using 309 

myProMS v3.9 (24) (code available at https://github.com/bioinfo-pf-curie/myproms). The 310 

label free quantification was performed using peptide Extracted Ion Chromatograms (XICs) 311 

computed with MassChroQ (25), version 2.2.21. For proteome and ubiquitylome 312 

quantifications, XICs from all proteotypic peptides shared between compared conditions 313 

(TopN matching) were used and missed cleavages were allowed. All peptides data, 314 

including quantification, are available from ProteomeXchange with identifier PXD025890 315 

and the proteins and ubiquitination sites data (identification and quantification) are 316 

available in Tables S1 to S4. 317 

Experimental Design and Statistical Rationale 318 

Proteome analyses were performed on 3 biological replicates for the parental U2OS cells, 319 

treated with TGF- and used as controls (n=3), and 3 for each of RNF111-RING-KO clones #1 320 

and #2 (n=6 biological replicates in total for RNF111-RING-KO), to accommodate biological 321 

variability. Each replicate was divided into 6 fractions for MS analysis, and XICs were 322 

summed across fractions for each peptide before statistical analysis. DiGly ubiquitylome 323 

analyses were performed on the parental U2OS cells, and on the RNF111-RING-KO clone 324 

#2, with 3 biological replicates each. Each sample was analysed twice (2 technological 325 

replicates) and the obtained XICs were merged (averaged when measured twice) to 326 

improve the number of ubiquitylation sites identified and quantified. For the pan UB 327 

ubiquitylome analysis, 4 biological replicates for parental U2OS cell line (n=4) were 328 

compared to 4 biological replicates for each of RNF111-RING-KO clones #1 and #2 (n=8 for 329 

the RNF111-RING-KO condition).  330 
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For each experiment, statistical analysis was then performed inside myProMS v3.9 (24), 331 

after checking for normal distribution. Identified contaminants were excluded from the 332 

analysis at this point for the diGly ubiquitylome samples. Median and scale normalization 333 

was applied on the total signal to correct the XICs for each biological replicate. Outlier 334 

peptides were removed, within each condition and for each protein, with the Tukey’s 335 

fences method. To estimate the significance of the change in protein abundance, a linear 336 

model (adjusted on peptides and biological replicates) was used and p-values were 337 

adjusted with the Benjamini–Hochberg FDR procedure. In addition, proteins/sites specific 338 

to a single condition were also included in the analysis. Candidates for RNF111 339 

ubiquitylation substrates or sites were retained under the criteria of a minimum 2-fold 340 

change between RNF111-RING-KO and the parental U2OS cells (increase in proteome, 341 

decrease in diGly and pan UB ubiquitylomes) which must be statistically significant as 342 

reported by an adjusted p-value under 0.05 and the candidates must have at least one 343 

corresponding peptide identified in three replicates of any of the two conditions. 344 

 345 

RESULTS 346 

CRISPR engineered U2OS RNF111-RING-KO cell lines are not responsive to TGF- 347 

In order to identify endogenous substrate of RNF111 E3 ubiquitin ligase function, we 348 

generated CRISPR engineered cell lines devoid of RNF111 RING domain by mimicking the 349 

stop mutation S432* observed on exon 5 of the RNF111 gene in the NCI-H460 carcinoma 350 

cell line. Considering the role of RNF111 in both TGF- signaling and DNA repair, we set our 351 

study in the U2OS osteosarcoma cell line that exhibits an intact functional response to both 352 

TGF-β and DNA damage. We used the CRISPR/Cas9D10A double nicking system that reduces 353 
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off-target cleavage by 50 to 1500-fold in cell lines (26) to generate highly specific double 354 

strand break with paired single guide RNA (sgRNA-rev and sgRNA-fw) located on either side 355 

of the targeted region in  exon 5 of RNF111 in U2OS cell line (Fig. 1A). CRISPR single clones 356 

were selected by western blotting with an antibody that recognizes the N-terminal region 357 

(amino acids 1-108) of RNF111 (Abnova M05). Two independent U2OS clones that express 358 

truncated forms of RNF111 with size range equivalent to the one observed in NCI-H460 359 

cells, and no full length RNF111, were selected (referred as RNF111-RING-KO clones #1 and 360 

#2) (Fig. 1B). Further sequencing of the genomic region of exon 5, indicates that RNF111-361 

RING-KO clone #1 carries 2 alleles with a frameshift mutation at position 434 followed by 362 

15 extra amino acids before stop mutation, and 1 allele with a frameshift mutation at 363 

position 437 followed by 46 extra amino acids; while RNF111-RING-KO clone #2 carries the 364 

same frameshift mutation at position 426 followed by 3 extra amino acids on all alleles (Fig. 365 

S1). 366 

As observed in NCI-H460 cell line (9), RNF111-RING-KO clones #1 and #2 undergo an intact 367 

SMAD2 phosphorylation upon TGF- signaling after 1h treatment with TGF-, but the 368 

degradation of the SMAD transcriptional repressors SKI and SKIL is abolished in these two 369 

clones as compared to the parental U2OS cell line (Fig. 1B). As a consequence, the SMAD-370 

dependent transcription in response to TGF- assessed by luciferase assay with the CAGA12-371 

LUC reporter is completely abolished in the two RNF111-RING-KO clones, as observed in the 372 

NCI-H460 cell line (Fig.1C). Altogether, our results confirm that the 2 independent CRISPR 373 

engineered U2OS RNF111-RING-KO clones #1 and #2 have lost the E3 ubiquitin ligase 374 

function responsible for SKI and SKIL degradation upon TGF- and are subsequently not 375 

responsive to TGF-. 376 

Identification of the RNF111-dependent proteome  377 
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To identify proteins that are degraded by RNF111 E3 ligase function, we performed label 378 

free quantitative proteomics on U2OS parental and RNF111-RING-KO clones #1 and #2 (Fig. 379 

2A). We compared 3 biological replicates for each RNF111-RING-KO clones #1 and #2 380 

(RNF111-RING-KO clones, n=6) to 3 biological replicates for U2OS parental cells (U2OS, n=3) 381 

to quantify RNF111-RING-KO / U2OS protein ratios. In order to detect RNF111-induced 382 

protein degradation that depends on active TGF- pathway, as for SKI and SKIL 383 

degradation, cells were treated with TGF- for 1h before lysis. This timing of TGF- 384 

induction allows Phospho-SMAD2 accumulation and SKI and SKIL degradation but is too 385 

early to enable detection of TGF- target genes induction at the protein level. Significant 386 

increase of protein quantity in RNF111-RING-KO clones compared to parental U2OS cells 387 

(RNF111-RING-KO/U2OS fold increase ≥2; p-value ≤0.05) was detected for 73 proteins 388 

including SKI and SKIL among the 7746 proteins quantified (Fig. 2A, 2B, Table S1). We 389 

further validated by western-blot that Kynureninase (KYNU), GDF15 and FABP3, some of 390 

the strongest candidates with commercially available antibodies, are indeed increased in 391 

both RNF111-RING-KO Clones #1 and #2 as compared to parental U2OS cells, but unlike SKI 392 

and SKIL, we found that this increase is independent of TGF- (Fig. 2C). Quantitative PCR 393 

analysis of these candidates indicate that their RNA levels are also increased in RNF111-394 

RING-KO Clones #1 and #2 compared to parental U2OS cells independently of TGF-, 395 

whereas, as expected, SKIL RNA level is not. These results suggest that RNF111 396 

downregulates KYNU, GDF15 and FABP3 directly or indirectly at the transcriptional level, 397 

rather than affecting their protein stability as for SKI and SKIL (Fig. 2D).  398 

Identification of RNF111-dependent substrates by label free quantitative comparison of 399 

diGly Ubiquitylome  400 
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Since the RNF111-dependent proteome is crowed with proteins that are modified at the 401 

transcriptional level, and considering that RNF111 might also perform non-degradative 402 

ubiquitination (11, 27), we went on to investigate directly global endogenous substrates 403 

ubiquitylated by the RING domain of RNF111. In that aim, we first performed diGly peptides 404 

profiling. Lysates were digested with trypsin and peptides carrying diGly modified lysine 405 

remnant of ubiquitylation were immunoprecipitated with the K-ε-GG antibody (cell 406 

signaling) (Fig. 3A). Three biological replicate experiments were performed in order to 407 

compare global ubiquitylation in parental U2OS (n=3) and RNF111-RING-KO clone #2 (n=3). 408 

In order to identify RNF111 substrates that are dependent of an active TGF- , 409 

we treated the cells with TGF- for 1h prior to lysis, which corresponds to the peak of SKIL 410 

degradation before detection of TGF- target gene induction at the protein level. To 411 

prevent the proteasomal degradation of ubiquitylated substrates, cells were treated with 412 

MG132 for 4h prior to TGF- induction. We assumed that these experimental conditions 413 

enable detection of both TGF- dependent and independent ubiquitylation events, as well 414 

as degradative and non-degradative ubiquitylation.  415 

Label free quantification of ubiquitylation sites by mass spectrometry enabled the 416 

identification of 160 sites within 108 proteins, among 12675 sites quantified within 3641 417 

proteins, that display a significant decrease in RNF111-RING-KO clone #2 compared to 418 

U2OS parental cells (RNF111-RING-KO/U2OS fold decrease ≥2; p-value ≤0.05; Fig. 3A and 419 

3B; Table S2 and S3).  420 

Among the 160 sites of ubiquitylation that significantly decrease in RNF111-RING-KO clone 421 

#2, we identified lysine 343 (K343) as an RNF111-dependent ubiquitylation target for SKIL 422 

(Fig. 3B). Interestingly, this lysine is localized in the SAND domain of SKIL (aa 258-353) that 423 

interacts with SMAD4 (28) and RNF111 (5) (Fig. 3C). Of note, one other ubiquitylation site 424 
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was detected for SKIL on lysine 432 that do not display any significant changes between 425 

RNF111-RING-KO clone #2 and U2OS cells (Table S3). In order to determine if lysine 343 of 426 

SKIL is the lysine responsible for the degradation of SKIL induced by RNF111 in response to 427 

TGF- signaling, we have mutated lysine 343 on a HA-SKIL expression vector. Lysine 343 is 428 

adjacent to lysine 342, it is therefore likely that lysine 342 could be ubiquitylated by 429 

RNF111 in absence of lysine 343. To overcome this possibility, we performed lysine to 430 

arginine mutation of the 2 lysines 342 and 343 to generate a HA-SKIL-342/43-KR mutant. 431 

We have compared the ability of Flag-RNF111-WT or its inactive RING mutant Flag-RNF111-432 

C933A to ubiquitylate HA-SKIL-WT or the HA-SKIL-342/43-KR mutant in presence of TGF-433 

/Activin signal in HEK-293 cells. To immunoprecipitate ubiquitylated proteins we used the 434 

newly developed ubiquitin pan nanobody (pan UB) (Nanotag biotechnologies) that exhibits 435 

strong affinity for polyubiquitylated and monoubiquitylated proteins. As expected, because 436 

RNF111 auto-ubiquitylates, Flag-RNF111-WT was immunoprecipitated, but not its catalytic 437 

inactive mutant C933A (Fig.3D). Moreover, RNF111-WT, but not the C933A mutant, induces 438 

ubiquitylation of HA-SKIL-WT. However we could not detect any decrease in SKIL 439 

ubiquitylation when lysines 342/43 were mutated, indicating that RNF111 might also 440 

ubiquitylate other lysines on SKIL that were not detected in the diGly ubiquitylome.  441 

Identification of RNF111-dependent substrates by label free quantitative comparison of 442 

pan UB nanobody ubiquitylome. 443 

Since the diGly approach led to the identification of numerous putative targets, we decided 444 

to refine our analysis by employing the pan UB nanobody to analyze the RNF111-445 

dependent ubiquitylome. We first assessed whether immunoprecipitation with the pan UB 446 

nanobody enables detection of endogenous SKIL ubiquitylation. Although TGF--induced 447 

SKIL degradation has been well documented (4–6, 29), no study has provided evidence of 448 
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an increased ubiquitylation of SKIL upon TGF- signaling, presumably due to the difficulty to 449 

detect endogenous ubiquitylation and because overexpression experiments temper this 450 

inducible effect. We found that immunoprecipitation with the pan UB nanobody enables 451 

detection of increased endogenous SKIL ubiquitylation in the parental U2OS cells after 1h 452 

TGF- treatment in presence of proteasome inhibitor MG132, but not in the two RNF111-453 

RING-KO clones despite the presence of equivalent amount of SKIL protein in the input of 454 

each condition (Fig. 4A). This result clearly demonstrates that TGF- induces SKIL 455 

ubiquitylation and that RNF111 E3 ubiquitin ligase activity is required in this process. 456 

Moreover, ubiquitylated RNF111 was also immunoprecipitated in the parental cell lines but 457 

not in the two RNF111-RING-KO clones that lack RNF111 auto-ubiquitylation ability. These 458 

results highlight that the pan UB nanobody constitutes a very efficient tool for endogenous 459 

purification of ubiquitylated proteins and we then decided to carry out label free 460 

proteomics on pan UB immunoprecipitated parental U2OS, RNF111-RING-KO clones #1 and 461 

#2 lysates. The easy workflow and the low amount of starting material of such an approach 462 

compared to the diGly approach, allowed us to increase the number of biological replicates. 463 

We then compared 4 biological replicates of each RNF111-RING-KO clones #1 and #2 464 

(RNF111-RING-KO clones n=8) to 4 biological replicates of parental cells U2OS (U2OS n=4) 465 

in the same conditions as the diGly experiments (4h MG132, 1h TGF-). Among the 8547 466 

quantified proteins, differential analysis enabled the detection of 52 proteins that display a 467 

statistically significant decrease of ubiquitylation in RNF111-RING-KO clones compared to 468 

parental U2OS cells (RNF111-RING-KO/U2OS fold decrease ≥2; p-value ≤0.05; Fig. 4B and 469 

4C, Table S4). Among these 52 putative RNF111 substrates, we identified SKI, SKIL and 470 

RNF111, which confirms that the pan UB approach is very efficient for ubiquitylome 471 
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analysis. Curiously, we also identified SMAD4 among the 52 hits but were not able to 472 

further validate that RNF111 indeed increases SMAD4 ubiquitylation (data not shown). 473 

Integrative comparison of RNF111-dependent ubiquitylomes and proteome 474 

To pinpoint the most robust RNF111 putative substrates, we next compared the 108 and 52 475 

candidates obtained respectively with the diGly and pan UB ubiquitylome analyses (Fig. 476 

5A). Strikingly, we identified only 4 common hits including SKIL and 3 other proteins PDK4, 477 

MED10 and ZFAND2A, (Fig 5B). Since we were not able to validate these 3 candidates by 478 

western-blot after pan UB immunoprecipitation neither at the endogenous level, nor after 479 

co-expression of an HA-tagged cDNA expression vector with Flag-RNF111 as for SKIL (data 480 

not shown), we concluded that SKIL constitutes the only common validated candidate for 481 

the diGly and pan UB ubiquitylome.  482 

Finally, in order to identify substrates for RNF111 ubiquitin ligase function that are 483 

ubiquitylated and degraded by RNF111 in response to TGF-, we performed an integrative 484 

comparison of the proteome with the two RNF111-dependent ubiquitylomes (Fig. 6A, 485 

Table S5). We identified SKIL as the only candidate with both a decreased ubiquitylation 486 

and increased protein level in absence of RNF111 ubiquitin ligase function when we 487 

compared the proteome to the diGly ubiquitylome, and SKI and SKIL as the only candidates 488 

when we compared the proteome to the pan UB ubiquitylome (Fig 6B). Although it cannot 489 

be ruled out that other proteins than SKI and SKIL that were not detected can be 490 

ubiquitylated and degraded by RNF111, these results strongly argue that RNF111 491 

specifically targets its substrates SKI and SKIL for degradative ubiquitylation in response to 492 

TGF-. 493 

 494 

 495 
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DISCUSSION 496 

Lack of RNF111 E3 ubiquitin ligase activity affects protein expression at the 497 

transcriptional level 498 

In the present work, we performed a comprehensive analysis of RNF111 substrates by using 499 

different quantitative proteomics approaches to compare parental U2OS cells to RNF111-500 

RING-KO clones devoid of RNF111 E3 ubiquitin ligase activity. A proteome analysis enabled 501 

identification of 73 proteins, including SKI and SKIL, with an increased level in absence of 502 

RNF111 RING domain, suggesting that these hits could constitute new substrates of 503 

RNF111. However, further western-blot and Q-PCR analysis of selected candidates indicates 504 

that RNF111 regulates these proteins at the transcriptional level independently of TGF-, 505 

rather than affecting their protein stability. Although this could be an indirect effect, this 506 

finding raises the possibility that RNF111 could act as a transcriptional repressor. This 507 

would be in agreement with the study of Sun et al, which performed transcriptomic analysis 508 

on MEF RNF111 -/- and identified a panel of genes repressed by RNF111, independently of 509 

TGF-, that are also regulated by the Polycomb complex (31). Our study further indicates 510 

that RNF111 could regulate transcription in a RING dependent manner, suggesting that this 511 

effect might depend on a ubiquitylation event. However, we did not identify any 512 

components of the Polycomb complex in the ubiquitylome or proteome that would be a 513 

target for RNF111 ubiquitylation and could explain this effect. Future investigations in this 514 

direction will be required to decipher the ability of RNF111 to directly repress transcription 515 

and to understand the relevance of its E3 ubiquitin ligase activity in this effect. 516 

Advantages and limitations of the diGly and pan UB ubiquitylome analyses 517 

Development of efficient approaches to enrich ubiquitylated proteins is a prerequisite to 518 

enable identification of endogenous substrates of E3 ubiquitin ligases. Here, we have 519 
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compared two methods of enrichment by performing immunoprecipitation with the diGly 520 

antibody and pan UB nanobody. DiGly remnant peptides enrichment followed by mass 521 

spectrometry analysis constitutes the most powerful method used to profile endogenous 522 

ubiquitylation and gives the major advantage to profile ubiquitylated lysines. However, 523 

because it involves detection of a single peptide for each ubiquitylation site, this method 524 

displays a low sensitivity that requires considerable amount of starting material and can be 525 

quite challenging to set up. In our study we used a recently developed pan UB nanobody 526 

that empowers enrichment of ubiquitylated proteins at the endogenous level to perform 527 

ubiquitylome analysis. We found that this method is highly sensitive and much easier to 528 

implement that the diGly approach, and can therefore constitute an easy workflow 529 

alternative to investigate E3 ubiquitin ligases substrates profiling. Interestingly, the current 530 

development of nanobodies targeting the different polyubiquitin chain linkages will provide 531 

the opportunity in the future to investigate identification of substrates for an E3 ubiquitin 532 

ligase according to the different ubiquitin linkages. 533 

Comparison of the candidates obtained from our diGly and Pan UB ubiquitylome analyses 534 

indicates that they poorly overlap, with only 4 common hits including SKIL, that, apart from 535 

SKIL, could not be validated. This suggests that ubiquitylome analyses might be significantly 536 

poised with false positive candidates due to biological noise. However, the discrepancy 537 

between the two ubiquitylomes approaches could also be explained by the difference in 538 

the two antibodies used for ubiquitin enrichment. Indeed, while the pan UB nanobody is 539 

specific of monoubiquitin and all polyubiquitin linkage, the K--GG antibody used in the 540 

diGly approach is unable to distinguish between attachment of ubiquitin and two other 541 

ubiquitin-like proteins NEDD8 and ISG15 that also leave a diGly remnant after trypsic 542 

digestion. Therefore, it is possible that some of the RNF111-dependent diGly peptides 543 
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identified could correspond to a neddylation or ISGylation event. Indeed, it has been 544 

proposed that RNF111 could act as a NEDD8 E3 ligase (12, 32) and it will therefore be 545 

interesting in a future work to determine if RNF111 could neddylate some of the different 546 

candidates identified in the diGly ubiquitylome. 547 

SKI and SKIL are the only identified degradative substrates for RNF111 ubiquitin ligase 548 

function in TGF-beta signaling 549 

In the present work, we showed that comparison of the RNF111-dependent proteome and 550 

ubiquitylomes leads to the identification of SKI and SKIL as the only substrates ubiquitylated 551 

and degraded by RNF111 upon TGF- signaling. Notably we provide clear evidence for the 552 

first time that SKIL ubiquitylation is increased by TGF- stimulation and that RNF111 is 553 

absolutely required for this inducible effect. We are aware that our finding is not a proof 554 

that SKI and SKIL constitute the only endogenous substrates of RNF111, since we cannot 555 

rule out that some other substrates have not been detected in our screen. However, the 556 

important representativeness of our study with more than 7700 proteins identified in the 557 

proteome and the pan UB ubiquitylome and 12 000 ubiquitylation sites identified in the 558 

diGLy ubiquitylome, indicates that despite the paradigm of the ability for an E3 ubiquitin 559 

ligase to target many different substrates, RNF111 ubiquitin ligase function seems to 560 

display a very stringent specificity for its degradative substrates SKI and SKIL upon TGF- 561 

pathway activation. On the other hand, the comparison of the RNF111-dependent 562 

ubiquitylomes to the proteome indicates that most of the putative ubiquitylated substrates 563 

of RNF111 are not associated with a significant increase in protein level, which could 564 

suggest that such proteins are non-degradative ubiquitylation substrates for RNF111. The 565 

fact that RNF111 has been reported to trigger K27 and K63 non-degradative ubiquitylation 566 

corroborates this possibility (11, 27). Further investigation will be required for the 567 
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validation and significance of these potential non-degradative ubiquitylation events. 568 

However, our comparison of the pan UB and diGly ubiquitylomes which identifies SKIL as 569 

the only common validated substrate, further supports the idea that SKIL constitutes the 570 

major ubiquitylated substrate for RNF111. Importantly, our study has been performed in 571 

the presence of an active TGF- signaling pathway and it is likely that RNF111 affects 572 

ubiquitylation only in a stimuli dependent manner. In order to depict the ubiquitylation 573 

network of RNF111, it would be interesting to employ the same approach to identify 574 

targets of RNF111 in response to other stimuli where RNF111 has also been involved, such 575 

as response to arsenite treatment (33), UV (11) or IR  irradiation (12). 576 

Lysine K343 of SKIL is a ubiquitylation target for RNF111 577 

The advantage of the diGly approach is that it enables detection of the lysines that are 578 

ubiquitylated on the substrate. We found that ubiquitylation of lysine 343 of SKIL is 579 

dependent of RNF111. However, mutation of lysine 343, together with the adjacent lysine 580 

342 did not result in attenuated SKIL ubiquitylationA previous study on overexpressed SKIL 581 

lysine mutants has shown that SKIL degradation in response to TGF- depends on lysine 582 

440, 446 and 449, but no ubiquitylation experiments have confirmed this observation (29). 583 

It is, however, possible that RNF111 ubiquitylates multiple lysines on SKIL including lysine 584 

343, and other lysines such as lysine 440, 446 and 449 that were not detected in the 585 

ubiquitylome. A more targeted approach by SKI and SKIL immunoprecipitation followed by 586 

diGly enrichment would enable to map precisely all the lysines ubiquitylated by RNF111 on 587 

SKI and SKIL. Alternatively, it is possible that lysine 343 is indeed the only endogenous 588 

ubiquitylation target for RNF111 and that overexpression of SKIL and RNF111 triggers 589 

ubiquitylation towards other lysines. Intriguingly, the lysine 343 is located in the SAND 590 

domain of SKIL known to interact with SMAD4 (28) and RNF111 (5). It has been shown 591 
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recently that besides its interaction with phospho-SMAD2/3 (4), interaction of SKIL with 592 

SMAD4 is also absolutely required for SKIL degradation (34). Altogether, these findings 593 

point out that RNF111 ubiquitylation of SKIL might occur at the interface of a 594 

SKIL/SMAD4/phospho-SMAD2/3 heteromeric complex, and future investigation in this 595 

direction would be critical to unravel the molecular mechanism of RNF111-dependent SKIL 596 

degradation in response to TGF-. 597 

In conclusion, by showing that SKI and SKIL constitute the main degradative substrates for 598 

RNF111 E3 ubiquitin ligase function in TGF- signaling, our integrative proteomics analysis 599 

indicates that RNF111 displays a strong specificity toward its substrates. This finding further 600 

suggests that drugs targeting RNF111 E3 ubiquitin ligase function would specifically enable 601 

inactivation of TGF- signaling by preventing SKI and SKIL degradation. 602 

 603 
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FIGURES LEGENDS 721 

Figure 1.  CRISPR engineered U2OS RNF111-RING-KO cell lines  722 

(A) Upper diagram: Design of the reverse and forward sgRNA (sgRNA-rev and sgRNA-fw, in 723 

red) used to target exon 5 of RNF111 gene in U2OS cells. Red arrows indicate the breaking 724 

sites. Amino acids of the corresponding codons are annotated below; nonsense mutation 725 

on serine 432 observed in NCI-H460 cell line is indicated (S432*). Lower diagram: Schematic 726 

representation of wild type RNF111 in parental U2OS cell line compared to RNF111 727 

truncation in U2OS CRISPR engineered RNF111-RING-KO clones #1 and #2 and NCI-H460 728 

cell line. (B) U2OS cells, NCI-H460 cells and RNF111-RING-KO clones #1 and #2 were treated 729 

or not with TGF- for 1h. Whole cell extracts were analyzed by Western blotting using 730 

antibodies against RNF111, SMAD2/3, P-SMAD2, SKIL, SKI and GAPDH. (C) U2OS cells, NCI-731 

H460 cells and RNF111-RING-KO clones #1 and #2 were cotransfected with the CAGA12-Luc 732 

and pRL-TK reporters and were treated or not with TGF- for 8h. Data represent means +/-733 

standard deviation of luciferase activities normalized to Renilla in triplicate experiments.  734 

Figure 2. RNF111-dependent Proteome  735 

(A) Schematic representation of the proteome experiment with a summary table of the 736 

RNF111-RING-KO/U2OS protein ratio quantification results. (B) Volcano Plot representation 737 

of the differential analysis with the log2 fold change RNF111-RING-KO/U2OS versus the 738 

negative log10 p-value. Each dot represents a protein. Green and red lines represent the 739 

cut-off applied (respectively fold increase or decrease ≥ 2 and p-value ≤ 0.05). Volcano Plot 740 

is zoomed in the fold increase ≥ 2 and p-value ≤ 0.05 area. (C) Western blot analysis of the 741 

proteome candidates. U2OS cells and RNF111-RING-KO clones #1 and #2 were treated or 742 

not with TGF- for 1h. Whole cell extracts were analyzed by Western blotting using 743 

antibodies against RNF111, SKIL, SKI, GDF15, KYNU, FABP3 and GAPDH. (D) Quantitative 744 
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PCR analysis of the proteome candidates. U2OS cells and RNF111-RING-KO clones #1 and 745 

#2 were treated or not with TGF- for 1h. Levels of mRNA for SKIL, GDF15, KYNU and FABP3 746 

were analyzed by qPCR and normalized to GAPDH using the 2-ΔΔCt methods. Data represent 747 

mean +/- standard deviation for at least 3 independent experiments. 748 

Figure 3. Identification of RNF111-dependent substrates by diGly ubiquitylome 749 

quantitative comparison 750 

(A) Schematic representation of the experimental design for RNF111-dependent 751 

ubiquitylome quantification with the diGly approach using immunoprecipitation of 752 

ubiquitylated trypsic remnant peptides with the K-GG antibody. The table summarizes 753 

the results for the ubiquitylation sites quantification of the RNF111-RING-KO/U2OS ratio. 754 

(B) Volcano Plot representation of the differential analysis with the log2 fold change 755 

RNF111-RING-KO/U2OS versus the negative log10 p-value. Each dot represents a 756 

ubiquitylation site. Green and red lines represent the cut-off applied (respectively fold 757 

increase or decrease ≥ 2 and p-value ≤ 0.05). Volcano Plot is zoomed in the fold decrease ≥ 758 

2 and p-value ≤ 0.05 area. (C) Schematic representation of the SKIL protein with its domains 759 

DHD, SAND and CC (coild-coild) and the localization of lysine 343. Lysines 342 and 343 that 760 

were subsequently mutated are indicated in red (D) HEK-293 cells were transfected with 761 

Flag-RNF111-WT or Flag-RNF111-C933A catalytic inactive mutant along with HA-SKIL-WT, 762 

HA-SKIL-342/43-KR mutant or empty vector. After 1h Activin/TGF- treatment, whole cell 763 

extracts were immunoprecipitated with the pan UB nanobody and analyzed by western 764 

blotting (pan UB, right panel) along with the corresponding whole cell extract (input, left 765 

panel) using HA and Flag antibodies. 766 

Figure 4. Identification of RNF111-dependent substrates by pan UB ubiquitylome 767 

quantitative comparison 768 
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(A) U2OS cells and RNF111-RING-KO clones #1 and #2 were treated with MG132 for 4h 769 

prior to induction or not with TGF- for 1h. Whole cell lysates immunoprecipitated with the 770 

pan UB nanobody were analyzed by Western blotting (pan UB, right panel) along with 771 

whole cell lysates (Input, left panel) using antibodies against RNF111, SKIL, and UB. (B) 772 

Schematic representation of the experimental design for RNF111-dependent ubiquitylome 773 

quantification with the pan UB approach using immunoprecipitation of ubiquitylated 774 

proteins with the pan UB nanobody. The table summarizes the results of the differential 775 

quantification for the RNF111-RING-KO/U2OS ratio. (C) Volcano Plot representation of the 776 

differential analysis with the log2 fold change RNF111-RING-KO/U2OS versus the negative 777 

log10 p-value. Each dot represents a protein. Green and red lines represent the cut-offs 778 

applied (respectively fold increase or decrease ≥ 2 and p-value ≤ 0.05). Plot is zoomed in the 779 

fold change decrease ≥ 2 and p-value ≤ 0.05 area. 780 

Figure 5. Comparison of diGly and pan UB ubiquitylome  781 

(A) The heatmap represents the ratios for the significant RNF111 substrate candidates in 782 

the pan UB ubiquitylome, compared to the diGly ubiquitylome ratios. Ratios are annotated 783 

as fold increase or decrease, indicated by the arrows. Asterisks indicate their p-value: 784 

*=p≤0.05, **=p≤0.01, ***=p≤0.001. Note that we compared whole protein quantification in 785 

the pan UB case against ubiquitylation sites quantification for diGly (protein values may 786 

then be repeated when corresponding to multiple sites). (B) Venn diagram comparison 787 

shows 4 common hits including SKIL between the pan UB and diGly ubiquitylomes 788 

significant RNF111 substrate candidates. 789 

Figure 6. Identification of RNF111 degradative substrates by comparison of RNF111-790 

dependent proteome to diGly and pan UB ubiquitylomes   791 
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(A) The heatmap represents the ratios for the significant RNF111 substrate candidates in 792 

the proteome, compared to pan UB and diGly ubiquitylomes ratios. Ratios are annotated as 793 

fold increase or decrease, indicated by the arrows. Asterisks indicate their p-value: 794 

*=p≤0.05, **=p≤0.01, ***=p≤0.001. Note that we compare whole protein quantification in 795 

the proteome and pan UB cases against ubiquitylation sites quantification for diGly (protein 796 

values may then be repeated when corresponding to multiple sites). (B) Venn diagram 797 

shows SKI and SKIL as the only common hits between the proteome and pan UB or diGly 798 

ubiquitylomes significant candidates for RNF111 substrates. 799 
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 Identification of endogenous RNF111 ubiquitylated substrates  

 A new powerful method to profile protein ubiquitylation using Pan Ub nanobody 

 Lysine K343 as a target for RNF111 ubiquitylation 

 SKI and SKIL are the only identified RNF111 degradative targets in TGF- signaling 
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In this study we aimed to identify exhaustively the substrates of the E3 ubiquitin ligase RNF111 

that activates TGF- signaling. We performed quantitative ubiquitylome comparison of parental 
U2OS cells to CRISPR modified clones that express a truncated RNF111 devoid of RING domain 
using two approaches based on enrichment of ubiquitylated proteins. Integrative proteomics 
comparison of ubiquitylome and proteome identifies SKI and SKIL as the only targets 

ubiquitylated and degraded by RNF111 upon TGF- stimulation. 
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