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Abstract41

Aberrant SUMOylation contributes to the progression of hepatocellular42

carcinoma (HCC), yet the molecular mechanisms have not been well43

elucidated. RNF146 is a key regulator of the Wnt/β-catenin signaling pathway,44

which is frequently hyperactivated in HCC. Here, it is identified that RNF14645

can be modified by SUMO3. By mutating all lysines in RNF146, we found that46

K19, K61, K174 and K175 are the major sites for SUMOylation.47

UBC9/PIAS3/MMS21 and SENP1/2/6 mediated the conjugation and48

deconjugation of SUMO3, respectively. Furthermore, SUMOylation of RNF14649

promoted its nuclear localization, while deSUMOylation induced its50

cytoplasmic localization. Importantly, SUMOylation promotes the association51

of RNF146 with Axin to accelerate the ubiquitination and degradation of Axin.52

Intriguingly, only UBC9/PIAS3 and SENP1 can act at K19/K175 in RNF14653

and affect its role in regulating the stability of Axin. In addition, inhibiting54

RNF146 SUMOylation suppressed the progression of HCC both in vitro and in55

vivo. And, patients with higher expression of RNF146 and UBC9 have the56

worst prognosis. Taken together, we conclude that RNF146 SUMOylation at57

K19/K175 promotes its association with Axin and accelerates Axin degradation,58

thereby enhancing β-catenin signaling and contributing to cancer progression.59

Our findings reveal that RNF146 SUMOylation is a potential therapeutic target60

in HCC.61

62

Introduction63

The Wnt/β-catenin signaling cascade is a highly evolutionarily conserved64

pathway and plays fundamental roles in embryonic development,65

differentiation and cellular homeostasis [1]. Dysregulation of the Wnt signaling66

pathway has been frequently observed and implicated in multiple physiological67

and pathological processes, including inflammation, immunity and cancer [2-4].68

Notably, aberrant Wnt/β-catenin pathway occurs in almost all stages of69

carcinogenesis in a cancer type-specific manner, ranging from tumour initiation70



and progression to metastasis [5]. The Wnt signaling pathway is tightly and71

dynamically modulated via a variety of key mediators, such as β-catenin,72

glycogen synthase kinase-3β (GSK-3β), casein kinase 1 (CK1) and Axin [6].73

Specifically, β-catenin plays a central role in the activation of Wnt signaling and74

its functions are precisely modulated at distinct levels through different75

mechanisms, including transcription control and post-translational modification.76

For instance, nuclear localized PHB1 binds to the Axin promoter and promotes77

its transcription, leading to accelerate the degradation of β-catenin and78

inhibition of the Wnt/β-catenin pathway [7]. Wang, et al revealed that the E379

ligase β-TrCP2 can directly mediate the neddylation of β-catenin and promote80

its subsequent degradation in a proteasome dependent manner [8].81

It has been well documented that Axin, acting as a scaffolding protein82

interacts directly with APC, CK1α and GSK3 to assemble the destruction83

complex responsible for degradation of the substrate β-catenin [5].Importantly,84

the cytosolic amount of Axin directly determines the activity of the canonical85

Wnt pathway, and the abundance and activity of Axin are tightly and precisely86

modulated by several mechanisms, including ubiquitination, methylation and87

poly(ADP-ribosyl)ation [7, 9, 10]. For instance, the HECT-type E3 ubiquitin88

ligase Smurf1 promotes K29-linked polyubiquitination of Axin and disrupts the89

interaction of Axin with LRP5/6, leading to attenuation of the Wnt/β-catenin90

signaling [11]. Tankyrase-mediated PARylation of Axin also contributes to the91

regulation of Axin protein stability via recruitment of the PARylation-dependent92

E3 ligase RNF146, subsequently resulting in stabilization of β-catenin and93

activation of Wnt/β-catenin signaling [12-14]. In addition, deubiquitination94

processes mediated by deubiquitinases (DUBs) have also been well95

established in the regulation of Axin protein stability [15]. Cong, et al showed96

that the DUB USP7 can directly bind to Axin and reduce its ubiquitination level97

and increase its stability, thereby regulating cell differentiation by reducing98

Wnt/β-catenin signaling [16]. Therefore, the precise modulation of Axin99

turnover is crucial for controlling the activation of the Wnt pathway, and an100



aberrant decrease in the Axin abundance leads to over-activate of the101

Wnt-β-catenin signaling pathway and tumorigenesis. However, much remains102

to be done to obtain a clear understanding of the mechanisms by which for the103

precise regulation of the abundance of Axin is precisely regulated.104

SUMOylation is a highly dynamic and reversible post-translational105

modification characterized by covalent conjugation of small ubiquitin-like106

modifier (SUMO) moieties to substrates at specific lysine residues, and it107

participates in a variety of cellular processes, including DNA repair and108

replication, cell cycle transition, cell metabolism and antitumour immune109

responses [17-19]. Accumulating evidence has indicated that the SUMOylation110

pathway is constitutively upregulated and highly activated in multiple cancer111

types, such as hepatocellular carcinoma, pancreatic ductal adenocarcinoma112

and lymphomas [20]. Dysregulation of SUMOylation signaling accelerates113

tumorigenesis and tumour progression by regulating cell cycle114

progression-related, angiogenic, and metabolic pathways as well as immune115

tolerance [21-25]. Therefore, it is reasonable that targeting the SUMOylation116

pathway may provide a promising therapeutic strategy for cancer, and several117

SUMOylation inhibitors have been developed and approved for use in clinical118

trials. Notably, SUMOylation is also implicated in the modulation of119

Wnt/β-catenin signaling. For instance, SUMOylation of TBL1-TBLR1 blocked it120

from interacting with the nuclear receptor corepressor (NCoR) complex and121

increased the binding affinity of the TBL1-TBLR1-β-catenin complex for the122

promoter of Wnt downstream genes, thereby leading to activation of the Wnt123

signaling pathway [26]. In addition, the deSUMOylase SENP7S can recognize124

both SUMOylated β-catenin and SUMOylated Axin, and can maintain the125

interaction of these complexes, thereby promoting ubiquitylation-dependent126

degradation of β-catenin and inhibiting the activation of the Wnt/β-catenin127

pathway [27].128

RNF146 is a PARylation-dependent E3 ubiquitin ligase and involved in a129

variety of cellular processes and signal transduction pathways, including130



TNKS1/2-mediated activation of the Wnt-β-catenin and Hippo-YAP pathways,131

as well as TNF-induced activation of cell death pathways [10, 13, 28].132

Structurally, the E3 ligase RNF146 is composed of two well-characterized133

domains, the RING domain responsible for transferring ubiquitin moieties to134

substrates and the WWE domain mediating the recognition of PARylated135

substrates by RNF146 [13]. Hence, RNF146 plays critical roles in PARP1/2136

and TNKS1/2 mediated cellular processes. For instance, RNF146 can137

recognize PTEN modified by TNKS1/2-mediated PARylation and promote its138

ubiquitination and degradation in a proteasome-dependent manner, thereby139

resulting in activation of the PI3K-AKT pathway and cell proliferation[29]. Our140

previous study also revealed that RNF146 can recognize and interact with141

BRD7 modified by PARP1-induced PARylation and target this protein for142

degradation through the ubiquitin-proteasome pathway, leading to activation of143

AKT phosphorylation and resistance of cancer cells to chemotherapy [30].144

Moreover, aberrant expression of RNF146 is frequently observed in multiple145

cancer types, including colorectal cancer and lung cancer [31, 32]. For146

example, the protein level of RNF146 in non-small cell lung cancer (NSCLC)147

tissues is positively correlated with nuclear expression of β-catenin, and148

overexpression of RNF146 promotes NSCLC cell proliferation and149

invasiveness through the classical Wnt/β-catenin pathway, thereby predicting150

poor prognosis in NSCLC patients [33]. However, the biological function and151

clinical significance of RNF146 in hepatocellular carcinoma remain unknown.152

In the current study, we found that RNF146, a key E3 ubiquitin ligase153

modifying Axin, can be SUMOylated by SUMO3, thereby reducing the stability154

of Axin and activating β-catenin signaling to promote the progression of HCC.155

Specifically, PIAS3 and SENP1 mediate the SUMOylation and deSUMOylation,156

respectively, of RNF146 at lysine19 and lysine 175. Moreover, SUMOylation157

promotes the association of RNF146 and Axin, leading to increased158

ubiquitination and degradation of Axin. Our findings emphasized that targeting159

RNF146 SUMOylation might be a promising therapeutic strategy for HCC.160



MATERIALS AND METHODS161

Cell culture and transfection162

HeLa and HEK293T cells were obtained from ATCC (Manassas, VA, USA).163

SK-hep1 cells were provided by the Stem Cell Bank of the Chinese Academy164

of Sciences (Shang Hai, China), and HCC-LM3 cells were a gift from Prof.165

Peng Li (Sun Yat-Sen University Memorial Hospital, Guangzhou, China). All166

cells were cultured in DMEM (Thermo Fisher Scientific, USA) containing 10%167

fetal bovine serum (FBS, LONSERA) in 5% CO2 at 37°C. The Mycoplasma168

PCR Detection Kit (Sigma, USA) was routinely employed to exclude169

mycoplasma contamination. STR profiling was performed for authentication of170

all cell lines. Plasmid transfection was performed using Viafect (Promega,171

USA). siRNA transfection was performed using Lipofectamine RNAiMAX172

(Thermo Fisher Scientific, USA) according to the manufacturer's protocol. The173

sequences of the indicated siRNAs are shown in Supplementary Table S1.174

175

Antibodies and reagents176

The antibodies and reagents used in this paper are listed in Supplementary177

Table S2.178

179

Plasmid construction and stable cell line establishment180

For plasmid construction, full-length cDNAs coding for RNF146, SUMO1/2/3,181

SENP1/2/3/5/6/7, PIAS1/2/3/4, and MMS21 were obtained from human182

HEK293 cells by RT-PCR. Then, cDNAs coding for SUMO1/2/3,183

SENP1/2/3/5/6/7, PIAS1/2/3/4, and MMS21 were inserted into the pcDNA3.1184

vector after amplification with the indicated primers. In addition, cDNAs coding185

for RNF146, SENP1/2/6, PIAS3 and MMS21 were constructed using Gateway186

technology as described previously [52] (Invitrogen, USA). The related K-to-R187

mutants of SFB-RNF146 were cloned into the destination vector using the a188

TaKaRa MutanBEST Kit (TaKaRa, Japan). To establish the RNF146-knockout189

cell line, RNF146 CRISPR vectors (Santa Cruz Biotechnology, USA) were190



transiently transfected into SK-hep1 and HCC-LM3 cells, prior to puromycin191

treatment for 48 hours. After selection, the cells were harvested by192

trypsinization and cultured to obtain clones. Several clones were picked,193

cultured and validated by Western blot analysis. All constructed plasmids are194

listed in Supplementary Table S3.195

196

Statistics197

All statistical results are shown as the mean ± SDs. Student’s t test or one-way198

ANOVA were performed with GraphPad Prism 8.0 or SPSS 22.0 software.199

Differences with p< 0.05 were considered to be statistically significant (n. s, not200

significant; *p < 0.05; **p < 0.01; ***p < 0.001).201

Additional methods are presented in the Supporting Information.202

203

Results204

RNF146 is SUMOylated by SUMO3 at K19, K61 and K174/175205

To determine whether RNF146 is subjected to covalent SUMO modification,206

we transiently transfected SUMO1, SUMO2, or SUMO3 into HeLa cells. As207

shown in Fig. 1A, RNF146 was modified strongly by SUMO3 but only208

moderately by SUMO1/2 (Fig. 1A, B). It has been reported that UBC9, the sole209

SUMO-conjugating enzyme for SUMOylation, directly recognizes the SUMO210

consensus motif (SCM) and selects substrate lysines for modification [34, 35].211

Thus, we tested whether the SUMOylation of RNF146 can be modulated by212

UBC9. As expected, depletion of endogenous UBC9 profoundly decreased213

SUMO3 conjugation to RNF146 (Fig. 1C). Moreover, inhibiting endogenous214

UBC9 using the inhibitor 2-D08 significantly reduced the SUMOylation level of215

RNF146 (Fig. 1D). Collectively, these data indicated that RNF146 was216

efficiently modified by SUMO3 in vivo.217

Furthermore, we identified the SUMOylation site(s) in RNF146. There are218

thirteen lysine (K) residues, K19, K52, K61, K68, K84, K94, K130, K132, K133,219

K164, K166, K174 and K175, in the RNF146 protein. To identify all potential220



lysine site(s) at which RNF146 is SUMOylated, a series of plasmids221

expressing RNF146 with mutation of these lysine (K) residues to arginine (R)222

mutations were constructed and cotransfected with HA-SUMO3 into HeLa223

cells. As shown in Fig 1E, the SUMOylation levels of the K19R, K61R and224

K174/175R mutants were significantly decreased compared with those of225

wild-type RNF146. Moreover, the K19, K61 and K174/175 residues of RNF146226

are highly conserved among various species (Fig. 1F). These results strongly227

supported the idea that the conjugation of SUMO3 to RNF146 occurs mainly at228

K19, K61 and K174/175.229

230

PIAS3 and MMS21 are the dominant SUMO E3 ligases for RNF146231

Next, we sought to identify the SUMO E3 ligase responsible for the232

SUMOylation of RNF146. Previous studies have revealed that PIAS family233

members, including PIAS1, PIAS2α, PIAS3, and PIAS4, as well as the methyl234

methanesulfonate-sensitivity protein MMS21/Nse2, are the major “writers”235

mediating substrate SUMOylation [36, 37]. Therefore, constructs expressing236

PIAS family members and MMS21 were cotransfected individually with the237

RNF146 plasmid into HeLa cells and a co-IP assay was performed. As shown238

in Fig. 2A and B, PIAS3 and MMS21 but not PIAS1, PIAS2α and PIAS4239

specifically associated with RNF146, leading to upregulation of RNF146240

SUMOylation. Furthermore, the association between RNF146 with MMS21 or241

PIAS3 were clearly detected at the corresponding endogenous levels (Fig. 2C).242

In addition, immunofluorescence staining combined with a proximity labelling243

approach was employed to detect the colocalization of RNF146 with PIAS3 or244

MMS21 in SK-hep1 and 293T cells. Both PIAS3 and MMS21 colocalized with245

RNF146. Importantly, PIAS3 and MMS21 promoted the nuclear localization of246

RNF146 while reducing its cytoplasmic distribution (Fig. 2D and247

Supplementary Fig. S1A). Consistent with this finding, depletion of either248

endogenous PIAS3 or MMS21 greatly inhibited RNF146 SUMOylation (Fig. 2E,249

F). Double depletion of endogenous PIAS3 and MMS21 dramatically reduced250



RNF146 SUMOylation (Fig. 2G). Taken together, these results suggest that251

PIAS3 and MMS21 are the primary SUMO E3 ligases for RNF146.252

253

SENP1/2/6 are the dominant deSUMOylase responsible for removing254

SUMOylation from RNF146255

It has been documented that SUMOylation is a highly dynamic and reversible256

process and that deSUMOylation is accomplished by SENP family members,257

namely, SENP1, 2, 3, 5, 6 and 7, in human cells [38, 39]. To determine which258

SENP catalyses the deSUMOylation of RNF146, we cotransfected SENP259

constructs individually with the RNF146 plasmid into HeLa cells and performed260

co-IP assays. As shown in Fig. 3A, SENP1/2/6 but not SENP3/5/7 specifically261

interacted with RNF146 and greatly reduced the SUMOylation levels of262

RNF146. Moreover, these interactions were further confirmed by a reciprocal263

co-IP assay using anti-MYC beads (Fig. 3B). Furthermore, the endogenous264

complex containing RNF146 and SENP1, SENP2 or SENP6 were also265

detected by a co-IP using an anti-RNF146 antibody (Fig. 3C). Moreover,266

TurboID-based proximity labelling revealed that SENP1 promoted the267

cytoplasmic translocation of RNF146 and was primarily colocalized with268

RNF146 in the cytoplasm (Fig. 3D). However, both SENP2 and SENP6269

enhanced the nuclear accumulation of RNF146 and formed discrete nuclear270

puncta exhibiting obvious colocalization with RNF146 (Supplementary Fig.271

S2A). Consistent with this observation, depletion of endogenous SENP1,272

SENP2 and SENP6 markedly increased the SUMOylation level of RNF146273

(Fig. 3E and Supplementary Fig. S2B-C). Triple depletion of endogenous274

SENP1, SENP2, and SENP6 further enhanced the level of RNF146275

SUMOylation compared with that in cells with depletion of SENP1, SENP2 or276

SENP6 alone (Fig. 3F). Taken together, these results indicate that SENP1/2/6277

are the bona fide deSUMOylases of RNF146.278

279

SUMOylation of RNF146 at lysine 19 and lysine 175 promotes the280



interaction of RNF146 with Axin and the degradation of Axin281

It has been reported that Axin is a scaffolding protein in the β-catenin282

destruction complex and that its stability is regulated by RNF146 [10, 40].283

However, the molecular mechanism by which RNF146 regulates Axin284

degradation remains unknown. Considering the pivotal role of aberrant285

Wnt/β-catenin signaling in HCC progression, we sought to determine whether286

SUMOylation modulates the role of RNF146 in regulating Axin degradation287

and promotes HCC progression. As shown in Fig. 4A, knocking out288

endogenous RNF146 significantly increased the protein level of Axin,289

accompanied by downregulation of β-catenin, and these effects were reversed290

by reintroducing SFB-RNF146-WT. Interestingly, reintroduction of291

RNF146-K19R or RNF146-K175R failed to reverse the change caused by292

knocking out endogenous RNF146, but reintroduction of RNF146-K61R or293

RNF146-K174R did reverse these changes (Fig. 4A). Thus, SUMOylation at294

K19/K175 but not SUMOylation at K61/K174 contributes to the function of295

RNF146 in the degradation of Axin. As β-catenin signaling is negatively296

regulated by Axin and the nuclear localization of β-catenin determines its297

activity, we further investigated the effect of RNF146 SUMOylation on298

β-catenin signaling. We found that overexpressing RNF146-WT but not299

RNF146-K19R or RNF146-K175R in SK-hep1 cells significantly increased the300

protein level of β-catenin in the nucleus but only slightly increased the protein301

level of β-catenin in the cytoplasm (Fig. 4B, C). Then, the enzymes mediating302

the SUMOylation and deSUMOylation of RNF146 were knocked out. Strikingly,303

silencing PIAS3 but not MMS21 severely blocked RNF146-induced β-catenin304

accumulation while upregulating the expression of Axin (Fig. 4D). Additionally,305

silencing SENP1 but not SENP2 or SENP6 dramatically decreased Axin306

expression and increased β-catenin expression (Fig. 4E).307

GSK-3β phosphorylates Ser33, Ser37 and Thr41 in β-catenin to promote its308

degradation and inhibit Wnt signaling [41]. On the other hand, phosphorylation309

of β-catenin at Ser675 promotes its interaction with various transcription310



factors such as TCF4 and TBP [42]. To investigate whether SUMOylation of311

RNF146 is involved in regulating Axin stability and Wnt signaling in HCC cells,312

we depleted endogenous UBC9 to impair RNF146 SUMOylation. Consistent313

with previous observation, depletion of UBC9 decreased the total β-catenin314

level and blocked β-catenin signaling as shown by the increased315

phosphorylation of β-catenin at S33/S37/T41 and reduced phosphorylation on316

S675 (Supplementary Fig. S3A). Importantly, the abolition of RNF146317

SUMOylation stabilized Axin by decreasing its ubiquitination (Supplementary318

Fig. S3A). Previous studies have shown that SUMOylation alters the stability319

or protein-protein interactions of the target proteins [23]. We found that320

mutation of RNF146 had little effect on the total protein level and protein321

half-life compared with those of RNF146-WT (Supplementary Fig. S3B). Thus,322

we speculated that SUMOylation of RNF146 might influence the association of323

RNF146 with its substrate Axin. Indeed, mutation of either K19 or K175324

severely interfered with the RNF146-Axin interaction (Fig. 4F). Moreover, the325

K19 and K175 mutations of RNF146 failed to mediate the ubiquitination of Axin326

(Fig. 4G). Additionally, through sequence alignment, we identified a327

SUMO-interacting motifs (SIMs) in Axin, which were conserved among multiple328

species (Supplementary Fig. S3C). Collectively, these results indicate that329

PAIS3 and SENP1 mediate RNF146 SUMOylation and deSUMOylation at K19330

and K175, which is critical for the RNF146-Axin interaction and the subsequent331

the degradation of Axin.332

333

RNF146 SUMOylation activates β-catenin signaling and promotes the334

proliferation of HCC cells in vitro335

As both β-catenin signaling and SUMOylation play an important role in the336

progression of cancer especially in HCC, we sought to determine whether337

RNF146 SUMOylation can modulate β-catenin signaling in HCC and338

contribute to HCC progression. First, RNF146 was overexpressed in SK-hep1339

and HCC-LM3 HCC cells. Indeed, RNF146 downregulated Axin and340



decreased the S33/S37/T41 phosphorylation but increased the S675341

phosphorylation of β-catenin, indicating the activation of Wnt signaling (Fig.342

5A). Conversely, knocking down or depleting RNF146 with siRNAs or sgRNAs343

promoted β-catenin phosphorylation at S33/S37/T41 while reducing its344

phosphorylation at Ser675 (Fig. 5B and Supplementary Fig. S4A). Next, we345

validated the role of RNF146 in the progression of HCC. The colony formation346

assay showed that overexpressing or depleting RNF146 significantly promoted347

or inhibited HCC cell proliferation, respectively (Fig. 5C, D and Supplementary348

Fig. S4B and S4C). It has been reported that β-catenin activation contributes349

to the G1-S transition and counteracts the increased level of replication stress350

in cancer cells [43, 44]. Thus, a DNA fiber assay was performed and the351

results showed that overexpression of RNF146 markedly increased but352

depletion of RNF146 significantly decreased the replication fork speed in HCC353

cells (Fig. 5E, F and Supplementary Fig. S4D and S4E). Taken together, these354

results suggest that RNF146 promotes the activation of β-catenin signaling355

and the subsequent progression of HCC.356

Furthermore, we sought to validate whether the tumour-promoting function357

of RNF146 depends on its SUMOylation at K19 and K175. We found that358

reducing RNF146 SUMOylation by knocking down PIAS3 significantly inhibited359

the proliferation of HCC cells. In addition, combined depletion of PIAS3 and360

RNF146 further augmented the cell growth inhibition caused by knocking down361

RNF146 alone (Supplementary Fig. S4F). To directly determine the role of362

RNF146 SUMOylation in the progression of HCC, a series of cell lines with363

stable depletion of endogenous RNF146 and reintroduction of control vector,364

the wild-type RNF146 plasmid or RNF146 mutant plasmids were generated365

(Supplementary Fig. S4G). The BrdU incorporation and colony formation366

assays showed that RNF146 depletion significantly suppressed the367

proliferation of HCC cells, which was completely rescued by reintroduction of368

RNF146-WT but not RNF146-K19R or RNF146-K175R (Fig. 5G, H and369

Supplementary Fig. S4H and S4I). Moreover, the DNA fiber assay showed that370



RNF146-K19R and RNF146-K175R failed to rescue the RNF146371

depletion-induced replication fork stress in HCC cells (Fig. 5I, J). Collectively,372

these results indicate that SUMOylation of RNF146 at K19 and K175 is373

essential for its role in the progression of HCC cells.374

375

Abolishing RNF146 SUMOylation inhibits HCC tumorigenesis376

To further confirm the function of RNF146 SUMOylation in the progression of377

HCC in vivo, SK-hep1 cell lines with stable depletion of endogenous RNF146378

and reintroduction of wild-type RNF146, RNF146-K19R or RNF146-K175R379

were used. The results showed that RNF146-WT but not RNF146-K19R or380

RNF146-K175R significantly promoted xenograft tumour growth (Fig. 6A-C). In381

addition, we measured the expression of Axin and β-catenin, and found that382

RNF146-WT but not RNF146-K19R or RNF146-K175R downregulated the383

expression of Axin and increased the expression of β-catenin (Fig. 6D).384

Consistent with these findings, RNF146-WT, but not RNF146-K19R or385

RNF146-K175R promoted the expression of Ki67 (Fig. 6E). Thus,386

SUMOylation of RNF146 is vital for its role in HCC progression in vivo. As387

shown earlier, the SUMOylation inhibitor 2-D08 significantly blocked RNF146388

SUMOylation (Fig. 1D), and we then determined whether targeting389

SUMOylation can inhibit the progression of HCC. The results showed that the390

proliferative capacity of SK-hep1 and HCC-LM3 cells was decreased by 2-D08391

treatment in vitro (Supplementary, Fig. S5A and S5B). In addition, 2-D08392

reduced xenograft tumour growth, with only weak toxicity (Fig. 6F, G and393

Supplementary Fig. S5C and S5D). Moreover, the protein level of Axin was394

increased, while the protein level of β-catenin and number of Ki-67 positive395

cells were decreased in tumour xenografts from mice treated with 2-D08396

(Supplementary Fig. S5E and S5F). Collectively, these results confirm that397

RNF146 SUMOylation plays a pivotal role in the progression of HCC and could398

serve as a therapeutic target in HCC.399

400



The clinical significance of RNF146 SUMOylation/Axin/β-catenin axis in401

human HCC tissues402

To determine the clinical significance of RNF146 SUMOylation/Axin/β-catenin403

signaling axis, we analyzed the expression of Axin, RNF146 and enzymes404

mediating RNF146 SUMOylation in tissues of HCC patients. In addition to the405

low expression of Axin, we found that PIAS3 and UBC9 were significantly406

upregulated, while SENP1 and Axin were obviously downregulated in 12 HCC407

tissues, compared with paracancerous tissues (Fig. 7A, B and Supplementary408

Fig. S6A and S6B). RNF146 was higher expressed in 5/12 HCC tissues, yet no409

significantly change was examined, consistent with its expression in public410

database GEPIA2 (http://gepia2.cancer-pku.cn/) and CPTAC411

(http://ualcan.path.uab.edu/index.html) (Fig. 7A, B and Supplementary Fig.412

S6C). Nonetheless, by performing immunohistochemistry (IHC) analysis in 99413

HCC tissues, it was showed that the expression of RNF146 was positively414

correlative with Axin expression. Additionally, the expression of UBC9 and415

PIAS3 was positively correlative with Axin expression, whereas SENP1 was416

negatively correlated with Axin expression (Fig. 7C, D). By using the public417

database GEPIA2 and CPTAC, we found that the mRNA and protein level of418

UBC9 are significantly overexpressed in HCC specimens and its high419

expression is correlated with poor prognosis of HCC patients (Fig. 7E and420

Supplementary Fig. S6D and S6E). Also, the expression of UBC9 is positively421

correlative with the expression of RNF146 and β-catenin target genes such as422

MMP7, CD44 and MYC (Supplementary Fig. S6F). More importantly, HCC423

patients with high expression of both RNF146 and UBC9 have the worst424

prognosis (Fig. 7F). These results imply that SUMOylation might play an425

important role in HCC progression and RNF146 might be a key downstream426

target of SUMOylation. Taken together, these data provide strong evidences427

that SUMOylation cooperates with RNF146 to downregulate the expression of428

Axin, promote the activation of β-catenin signaling and contribute to the poor429

prognosis of HCC patients (Fig. 8).430

http://gepia2.cancer-pku.cn/
http://ualcan.path.uab.edu/index.html


431

Discussion432

In the current study, we found that RNF146 can be modified by SUMO3 and433

that PIAS3 and SENP1 mediate the SUMOylation and de-SUMOylation of434

RNF146, respectively. In particular, SUMOylation of RNF146 at K19/K175435

controls its interaction with Axin. By accelerating the ubiquitination and436

degradation of Axin, RNF146 SUMOylation activates Wnt/β-catenin signaling437

and contributes to the progression of HCC. Our study emphasizes that438

targeting SUMOylation might be a promising therapeutic strategy for cancer.439

SUMOylation has been identified in thousands of proteins and is involved in440

a variety of physiological and pathological processes. However, only a few441

enzymes are known to mediate the reversible conjugation-deconjugation of442

SUMO moieties to target proteins [39]. Herein, we found that the E3 ubiquitin443

ligase RNF146 is predominantly modified by SUMO3, whose conjugation is444

catalyzed by PIAS3 and MMS21 and whose deconjugation is catalyzed by445

SENP1/2/6. Of note, the Ψ-K-x-E/D (where Ψ represents a hydrophobic446

residue) motif is proposed to be the most common consensus motif for447

SUMOylation on target substrates [45, 46]. However, only half of all448

SUMOylation sites precisely follow this pattern, and SUMOylation can occur at449

other lysine residues [47, 48]. Thus, we mutated all lysines in RNF146 and,450

consistent with these previous findings, K19, K61, K174 and K175 could be451

modified by SUMO3, and three of these lysines (K19, K61, K174) did not452

conform to the above consensus motif. Previous studies have shown that both453

E3 ligases and SENPs are substrate specific and cannot compensate for each454

other [17, 39]. Thus, we speculate that distinct enzymes might mediate455

SUMOylation at different lysines in RNF146 and subsequently play different456

roles. RNF146 binds directly to and ubiquitinates Axin, thereby accelerating its457

degradation[10]. Interestingly, we found that only PIAS3 and SENP1 can act at458

K19/K175 in RNF146 and affect the ubiquitination and stability of Axin, while459

mutation of K61 or K174 had no effect on the association between RNF146460



and Axin. Thus, our findings add a new layer of complexity to the SUMOylation461

machinery.462

SUMOylation plays a pivotal role in orchestrating the activity, stability,463

localization, protein‒protein interactions and, ultimately, the function of target464

proteins, thereby mediating a variety of cellular processes. We found that465

SUMOylation of RNF146 promotes its nuclear localization and association with466

Axin without influencing its stability. Conversely, deSUMOylation of RNF146467

induces its cytoplasmic localization. It has been reported that RNF146468

interacts with and ubiquitinates Axin with tankyrase-mediated PARsylation and469

promotes Wnt signaling by contributing to the degradation of Axin [10]. Here,470

our study showed that SUMOylation of RNF146 increased its association with471

Axin and promoted the ubiquitination and degradation of Axin, which in turn472

inhibited the degradation of β-catenin and promoted Wnt signaling. It has been473

proposed that SUMO is localized predominantly in the nucleus [39].474

Considering that Axin is a nuclear-cytoplasmic shuttling protein and that475

endogenous tankyrase is localized mainly in the nucleus [49, 50], it is476

conceivable that PIAS3-mediated SUMOylated RNF146 might interact with477

and ubiquitinate PARsylated Axin in the nucleus. In addition, K61/K174 in478

RNF146 could be SUMOylated, and MMS21 together with SENP2/6 could479

modify the SUMOylation and localization of RNF146. Unlike the diffuse480

distribution of RNF146 in the nucleus induced by PIAS3, MMS21 was481

colocalized with RNF146 as scattered puncta throughout the nucleus, implying482

that MMS21 might SUMOylate RNF146 to play different roles. RNF146 is an483

E3 ubiquitin ligase and has multiple substrates, such as BRD7 and SH3BP5484

[30, 51]. As our group and other groups have reported, both BRD7 and MMS21485

participate in DNA repair [52, 53]; thus, the function of BRD7-mediated486

RNF146 SUMOylation and whether this SUMOylation occurs at K61/K174 will487

be elucidated in the future.488

Overall, we revealed that reversible SUMOylation of RNF146 at K19/K175489

plays a pivotal role in its localization and functional regulation. Mechanistically,490



SUMOylation of RNF146 promotes its association with Axin and subsequently491

accelerates the degradation of Axin, thereby enhancing β-catenin signaling492

and contributing to cancer progression (Fig. 6G). Our study revealed a new493

layer of regulation upstream of the RNF146-Axin-β-catenin axis and indicating494

that inhibiting the SUMOylation of RNF146 could serve as a proposing495

therapeutic strategy for HCC.496
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Fig. 1 RNF146 is SUMOylated by SUMO3 at lysine 19, lysine 61, and680

lysine 174/175. A HeLa cells stably expressing SFB-tagged RNF146681

(SFP-RNF146) or the SFB-tagged vector were transfected with HA-SUMO1,682

HA-SUMO2 or HA-SUMO3 for 24 h. The harvested cells were lysed with683

NETN buffer and subjected to immunoprecipitation (IP) and Western blotting684

with indicated antibodies. B HeLa cells stably expressing SFB-RNF146 or685

SFB-tagged vector were transfected with HA-SUMO3 for 24 h, and the cell686

lysates were then subjected to IP using anti-HA beads and detected with the687

indicated antibodies. C HeLa cells stably overexpressing SFB-RNF146 were688

transfected with either the scrambled or UBC9 siRNA for 48 h and were then689

transfected HA-SUMO3 for 24 h. The cells were harvested and subjected to IP690

using anti-S beads prior to Western blot analysis. D HeLa cells stably691

expressing SFB-RNF146 or the SFB-tagged vector were transfected with692

HA-SUMO3 for 24 h and were then treated with 100 μM 2-D08 for 24 h. Cell693

lysates were then analysed as indicated. E HeLa cells were cotransfected with694

the indicated SFB-RNF146 plasmids and HA-SUMO3 for 24 h. Then, the cell695

lysates were subjected to IP using anti-S beads and Western blotting with the696

indicated antibodies. F Alignment of the SUMOylation sites at RNF146 in697

different species.698

699

Fig. 2 PIAS3 and MMS21 are the dominant SUMO E3 ligases for RNF146.700

A HeLa cells stably expressing SFB-RNF146 were cotransfected with701

HA-SUMO3 and each plasmid expressing the indicated 3MYC-tagged PIAS702

family members for 24 h. The harvested cells were lysed with NETN buffer,703

and subjected to IP using anti-S beads and Western blotting. B HeLa cells704

stably expressing SFB-RNF146 were transiently cotransfected with705

HA-SUMO3 and either 3MYC- tagged PIAS3 or 3MYC- tagged MMS21 for 24706

h. Then, whole-cell lysates were subjected to IP using anti-MYC beads and707

detection with the indicated antibodies. C HeLa cells were lysed with RIPA708

buffer, and whole-cell lysates were subjected to co-IP using IgG or an709



anti-RNF146 antibody and analysed by Western blotting. D SK-hep1 cells710

were cotransfected with mCherry-RNF146 and V5-turbo-PIAS3/MMS21 for 36711

h. After fixation, immunofluorescence staining was performed using the712

indicated antibody and DAPI; the scale bar indicates 10 μm. E, F HeLa cells713

stably overexpressing SFB-RNF146 were transfected with HA-SUMO3 for 24714

h prior to treatment with scrambled siRNA and either the PIAS3 (E) or MMS21715

(F) siRNAs for another 48 h. The cells were harvested and subjected to IP716

using the indicated antibodies. G HeLa cells stably overexpressing717

SFB-RNF146 were transfected with scrambled ， PIAS3, MMS21 or718

PIAS3/MMS21 siRNAs for 48 h and lysed with NETN buffer, prior to IP and719

Western blot analysis with the indicated antibodies.720

721

Fig. 3 SENP1/2/6 are the dominant deSUMOylases responsible for722

removing SUMOylation from RNF146. A HeLa cells stably expressing723

SFB-RNF146 were cotransfected with HA-SUMO3 and each plasmid724

expressing the indicated 3MYC-tagged SENP family members for 24 h. The725

harvested cells were lysed with NETN buffer and subjected to IP using anti-S726

beads and Western blotting using the indicated antibodies. B HeLa cells727

overexpressing SFB-RNF146 were transiently cotransfected with HA-SUMO3728

and 3MYC-tagged SENP1/2/6 for 24 h, and whole-cell lysates were then729

subjected to IP using anti-MYC beads and detection with the indicated730

antibodies. C HeLa cell lysates were incubated with protein-G agarose beads731

conjugated to IgG or an anti-RNF146 antibody; the results of an IP assay are732

shown. D 293T and SK-hep1 cells were cotransfected with mCherry-RNF146733

and V5-turbo-SENP1 for 36 h. Then, the cells were fixed and stained with the734

indicated antibodies and DAPI. The scale bar represents 10 μm. E735

SFB-RNF146 stably overexpressing HeLa cells were transfected with736

scrambled and siRNAs for SENP1 for 48 h, and then transfected with737

HA-SUMO3 for another 24 h. After being lysed with NETN buffer, cell lysates738

were analyzed by IP and Western blot using indicated antibodies. F HeLa cells739



stably expressing SFB-RNF146 were transfected with scrambled, SENP1,740

SENP2, SENP6 or SENP1/SENP2/SENP6 siRNAs for 48 h and then741

transfected with HA-SUMO3 for another 24 h. Cell lysates were harvested and742

subjected to IP using anti-S beads prior to Western blot analysis.743

744

Fig. 4 SUMOylation of RNF146 at lysine 19 and lysine 175 promotes the745

interaction of RNF146 with Axin and the degradation of Axin. A746

Endogenous RNF146 was knocked out with sgRNA, and SFB-vector or the747

indicated SFB-RNF146 mutation plasmids were then transfected into SK-hep1748

cells for 24 h. The expression of the indicated proteins was determined by749

Western blotting. B Cytoplasmic and nuclear distribution of β-catenin and750

SFB-RNF146 in SK-hep1 cells stably expressing SFB-vector or SFB-RNF146.751

C Endogenous RNF146 was depleted in SK-hep1 cells. The cytoplasmic and752

nuclear distribution of β-catenin was analysed after transfection with753

SFB-vector or the indicated SFB-RNF146 plasmids. D SK-hep1 cells stably754

expressing SFB-RNF146 were treated with scrambled siRNA or siRNAs for755

PIAS3 and MMS21 for 72 h. Then, the cells were lysed with RIPA buffer, and756

the expression of Axin and β-catenin was analysed by Western blotting. E757

SK-hep1 cells stably expressing SFB-RNF146 were treated with scrambled758

siRNA or siRNAs for SENP1, SENP2 or SENP6 for 72 h. The expression of759

Axin and β-catenin were analysed by Western blotting. F SK-hep1 cells with760

depletion of endogenous RNF146 and stab expression of SFB-vector,761

wild-type SFB-RNF146 or mutant SFB-RNF146 plasmids were lysed with762

NETN buffer. Then, whole-cell lysates were subjected to IP using anti-S beads763

and analysed by Western blotting to evaluate the interaction between RNF146764

and Axin. G SK-hep1 cells with depletion of endogenous RNF146 and stable765

expression of SFB-vector, wild-type SFB-RNF146 or mutant SFB-RNF146766

plasmids were transfected with HA-Ub for 24 h. Cell lysates were subjected to767

co-IP using an anti-Axin antibody, and Western blotting was performed using768

the indicated antibodies.769



770

Fig. 5 RNF146 SUMOylation activates β-catenin signaling and promotes771

the proliferation of HCC cells in vitro. A SFB-vector and SFB-RNF146772

overexpression plasmids were stably transfected into SK-hep1 and HCC-LM3773

cells. Axin and β-catenin signaling was analysed by Western blotting using the774

indicated antibodies. B RNF146 was knocked out with two sgRNAs in SK-hep1775

and HCC-LM3 cells. Cell lysates were analysed by Western blotting using the776

indicated antibodies. C The proliferative ability of SK-hep1 and HCC-LM3 cells777

stably expressing SFB-vector or SFB-RNF146 was determined by the colony778

formation assay. n = 3 independent experiments. D SK-hep1 and HCC-LM3779

cells with stable depletion of RNF146 were subjected to the colony formation780

assay. n = 3 independent experiments. E, F SK-hep1 or HCC-LM3 cells with781

stable overexpression (E) or depletion (F) of RNF146 were sequentially782

labelled with IdU and CldU for 20 min. Three independent experiments were783

performed, and the replication fork speed was calculated and analysed. G The784

SFB-vector, SFB-RNF146 wild-type and SFB-RNF146 mutant plasmids were785

stably expressed in SK-hep1 and HCC-LM3 cells in which endogenous786

RNF146 was depleted by sgRNA. Three independent experiments were787

performed, and the percentage of BrdU-positive cells was quantified and788

analysed. H The indicated stable cell lines were subjected to a colony789

formation assay. n = 3 independent experiments. I, J SK-hep1 and HCC-LM3790

stable cell lines were used, and the DNA fiber assay was performed.791

Representative images are shown in (I). The replication fork speed was792

quantified and analysed as shown in (J). n = 3 independent experiments. n. s,793

not significant; *p < 0.05; **p < 0.01; ***p < 0.001.794

795

Fig. 6 Abolishing RNF146 SUMOylation inhibits HCC cell tumorigenesis.796

A SK-hep1 cells with depletion of endogenous RNF146 and stable expression797

of SFB-vector, SFB-RNF146-WT or SFB-RNF146-mutants were injected into798

the flanks of nude mice. Tumour growth was measured every 2 days. B, C799



Harvested xenografts were photographed (B) and weighed (C). D The800

expression of Axin and β-catenin in xenografts was analysed by Western801

blotting. E IHC staining of harvested xenografts using antibodies against Ki67,802

RNF146 and Axin. The scale bar indicates 100 μm. F, G SK-hep1 cells were803

injected into the flanks of nude mice. Six days after injection, the mice were804

intraperitoneally injected with 2-D08 (5 mg/kg) or vehicle (10% DMSO, 40%805

PEG300, 5% Tween 80, 45% saline) every 2 days. Tumour growth (F) and806

weight (G) were measured as indicated. n. s, not significant; *p < 0.05; ***p <807

0.001.808

809

810

Fig. 7 The clinical significance of RNF146 SUMOylation/Axin/β-catenin811

axis in human HCC tissues. A, B The expression of RNF146, UBC9, PIAS3812

and SENP1 in HCC tumor and adjacent specimens (n = 12) was analyzed by813

Western blotting using indicated antibodies (A), and their expression were814

quantified and analysed as shown in (B). C Representative IHC images of815

RNF146, Axin, PIAS3 and SENP1 staining using HCC tissues. Scale bar816

indicates 100 μm. D The association between Axin expression and UBC9,817

RNF146, PIAS3 or SENP1 (n = 99). The percentage of positive staining and p818

value based on Pearson's χ2 test and Pearson's correlations are shown in the819

tables. E UBC9 expression in HCC (n = 369) and non-tumour tissues (n = 50)820

analyzed by the GEPIA2 web tool. F The correlation between the expression821

pattern of RNF146 and UBC9 with the overall survival of HCC patients was822

analyzed using data from TCGA. The high and low grouping of RNF146 and823

UBC9 was based on the median of the gene expression. n. s, not significant;824

*p < 0.05; **p < 0.01; ***p < 0.001.825

826

Fig. 8 Schematic model of the SUMO-RNF146-Axin pathway.827

PIAS3-mediated SUMOylation of RNF146 promotes its translocation from the828

cytoplasm to the nucleus, while deSUMOylation of RNF146 is catalysed by829



SENP1, facilitating its nuclear export. SUMOylation of RNF146 promotes its830

association with Axin and accelerates Axin ubiquitination and degradation,831

thereby activating β-catenin signaling and resulting in HCC progression.832

833



Figures

Figure 1

RNF146 is SUMOylated by SUMO3 at lysine 19, lysine 61, and lysine 174/175. A HeLa cells stably
expressing SFB-tagged RNF146 (SFP-RNF146) or the SFB-tagged vector were transfected with HA-
SUMO1, HA-SUMO2 or HA-SUMO3 for 24 h. The harvested cells were lysed with NETN buffer and
subjected to immunoprecipitation (IP) and Western blotting with indicated antibodies. B HeLa cells stably
expressing SFB-RNF146 or SFB-tagged vector were transfected with HA-SUMO3 for 24 h, and the cell
lysates were then subjected to IP using anti-HA beads and detected with the indicated antibodies. C HeLa
cells stably overexpressing SFB-RNF146 were transfected with either the scrambled or UBC9 siRNA for 48
h and were then transfected HA-SUMO3 for 24 h. The cells were harvested and subjected to IP using anti-



S beads prior to Western blot analysis. D HeLa cells stably expressing SFB-RNF146 or the SFB-tagged
vector were transfected with HA-SUMO3 for 24 h and were then treated with 100 μM 2-D08 for 24 h. Cell
lysates were then analysed as indicated. E HeLa cells were cotransfected with the indicated SFB-RNF146
plasmids and HA-SUMO3 for 24 h. Then, the cell lysates were subjected to IP using anti-S beads and
Western blotting with the indicated antibodies. F Alignment of the SUMOylation sites at RNF146 in
different species.



Figure 2

PIAS3 and MMS21 are the dominant SUMO E3 ligases for RNF146. A HeLa cells stably expressing SFB-
RNF146 were cotransfected with HA-SUMO3 and each plasmid expressing the indicated 3MYC-tagged
PIAS family members for 24 h. The harvested cells were lysed with NETN buffer, and subjected to IP
using anti-S beads and Western blotting. B HeLa cells stably expressing SFB-RNF146 were transiently
cotransfected with HA-SUMO3 and either 3MYC- tagged PIAS3 or 3MYC- tagged MMS21 for 24h. Then,
whole-cell lysates were subjected to IP using anti-MYC beads and detection with the indicated antibodies.
C HeLa cells were lysed with RIPA buffer, and whole-cell lysates were subjected to co-IP using IgG or an
anti-RNF146 antibody and analysed by Western blotting. 710 D SK-hep1 cells were cotransfected with
mCherry-RNF146 and V5-turbo-PIAS3/MMS21 for 36h. After �xation, immuno�uorescence staining was
performed using the indicated antibody and DAPI; the scale bar indicates 10 μm. E, F HeLa cells stably
overexpressing SFB-RNF146 were transfected with HA-SUMO3 for 24h prior to treatment with scrambled
siRNA and either the PIAS3 (E) or MMS21 (F) siRNAs for another 48 h. The cells were harvested and
subjected to IP using the indicated antibodies. G HeLa cells stably overexpressing SFB-RNF146 were
transfected with scrambled ฀PIAS3, MMS21 or PIAS3/MMS21 siRNAs for 48 h and lysed with NETN
buffer, prior to IP and Western blot analysis with the indicated antibodies.



Figure 3

SENP1/2/6 are the dominant deSUMOylases responsible for removing SUMOylation from RNF146. A
HeLa cells stably expressing SFB-RNF146 were cotransfected with HA-SUMO3 and each plasmid
expressing the indicated 3MYC-tagged SENP family members for 24 h. The harvested cells were lysed
with NETN buffer and subjected to IP using anti-S beads and Western blotting using the indicated
antibodies. B HeLa cells overexpressing SFB-RNF146 were transiently cotransfected with HA-SUMO3 and



3MYC-tagged SENP1/2/6 for 24 h, and whole-cell lysates were then subjected to IP using anti-MYC beads
and detection with the indicated antibodies. C HeLa cell lysates were incubated with protein-G agarose
beads conjugated to IgG or an anti-RNF146 antibody; the results of an IP assay are shown. D 293T and
SK-hep1 cells were cotransfected with mCherry-RNF146 and V5-turbo-SENP1 for 36 h. Then, the cells
were �xed and stained with the indicated antibodies and DAPI. The scale bar represents 10 μm. E SFB-
RNF146 stably overexpressing HeLa cells were transfected with scrambled and siRNAs for SENP1 for 48
h, and then transfected with HA-SUMO3 for another 24 h. After being lysed with NETN buffer, cell lysates
were analyzed by IP and Western blot using indicated antibodies. F HeLa cells stably expressing SFB-
RNF146 were transfected 740 with scrambled, SENP1, SENP2, SENP6 or SENP1/SENP2/SENP6 siRNAs
for 48 h and then transfected with HA-SUMO3 for another 24 h. Cell lysates were harvested and subjected
to IP using anti-S beads prior to Western blot analysis.

Figure 4

SUMOylation of RNF146 at lysine 19 and lysine 175 promotes the interaction of RNF146 with Axin and
the degradation of Axin. A Endogenous RNF146 was knocked out with sgRNA, and SFB-vector or the



indicated SFB-RNF146 mutation plasmids were then transfected into SK-hep1 cells for 24 h. The
expression of the indicated proteins was determined by Western blotting. B Cytoplasmic and nuclear
distribution of β-catenin and SFB-RNF146 in SK-hep1 cells stably expressing SFB-vector or SFB-RNF146.
C Endogenous RNF146 was depleted in SK-hep1 cells. The cytoplasmic and nuclear distribution of β-
catenin was analysed after transfection with SFB-vector or the indicated SFB-RNF146 plasmids. D SK-
hep1 cells stably expressing SFB-RNF146 were treated with scrambled siRNA or siRNAs for PIAS3 and
MMS21 for 72 h. Then, the cells were lysed with RIPA buffer, and the expression of Axin and β-catenin
was analysed by Western blotting. E SK-hep1 cells stably expressing SFB-RNF146 were treated with
scrambled siRNA or siRNAs for SENP1, SENP2 or SENP6 for 72 h. The expression of Axin and β-catenin
were analysed by Western blotting. F SK-hep1 cells with depletion of endogenous RNF146 and stab
expression of SFB-vector, wild-type SFB-RNF146 or mutant SFB-RNF146 plasmids were lysed with NETN
buffer. Then, whole-cell lysates were subjected to IP using anti-S beads and analysed by Western blotting
to evaluate the interaction between RNF146 and Axin. G SK-hep1 cells with depletion of endogenous
RNF146 and stable expression of SFB-vector, wild-type SFB-RNF146 or mutant SFB-RNF146 plasmids
were transfected with HA-Ub for 24 h. Cell lysates were subjected to co-IP using an anti-Axin antibody, and
Western blotting was performed using the indicated antibodies.



Figure 5

RNF146 SUMOylation activates β-catenin signaling and promotes the proliferation of HCC cells in vitro. A
SFB-vector and SFB-RNF146 overexpression plasmids were stably transfected into SK-hep1 and HCC-
LM3 cells. Axin and β-catenin signaling was analysed by Western blotting using the indicated antibodies.
B RNF146 was knocked out with two sgRNAs in SK-hep1 and HCC-LM3 cells. Cell lysates were analysed
by Western blotting using the indicated antibodies. C The proliferative ability of SK-hep1 and HCC-LM3



cells stably expressing SFB-vector or SFB-RNF146 was determined by the colony formation assay. n = 3
independent experiments. D SK-hep1 and HCC-LM3 cells with stable depletion of RNF146 were subjected
to the colony formation assay. n = 3 independent experiments. E, F SK-hep1 or HCC-LM3 cells with stable
overexpression (E) or depletion (F) of RNF146 were sequentially labelled with IdU and CldU for 20 min.
Three independent experiments were performed, and the replication fork speed was calculated and
analysed. G The SFB-vector, SFB-RNF146 wild-type and SFB-RNF146 mutant plasmids were stably
expressed in SK-hep1 and HCC-LM3 cells in which endogenous RNF146 was depleted by sgRNA. Three
independent experiments were performed, and the percentage of BrdU-positive cells was quanti�ed and
analysed. H The indicated stable cell lines were subjected to a colony formation assay. n = 3 independent
experiments. I, J SK-hep1 and HCC-LM3 stable cell lines were used, and the DNA �ber assay was
performed. Representative images are shown in (I). The replication fork speed was quanti�ed and
analysed as shown in (J). n = 3 independent experiments. n. s, not signi�cant; *p < 0.05; **p < 0.01; ***p <
0.001.

Figure 6

Abolishing RNF146 SUMOylation inhibits HCC cell tumorigenesis. A SK-hep1 cells with depletion of
endogenous RNF146 and stable expression of SFB-vector, SFB-RNF146-WT or SFB-RNF146-mutants were



injected into the �anks of nude mice. Tumour growth was measured every 2 days. B, C Harvested
xenografts were photographed (800 B) and weighed (C). D The expression of Axin and β-catenin in
xenografts was analysed by Western blotting. E IHC staining of harvested xenografts using antibodies
against Ki67, RNF146 and Axin. The scale bar indicates 100 μm. F, G SK-hep1 cells were injected into the
�anks of nude mice. Six days after injection, the mice were intraperitoneally injected with 2-D08 (5
mg/kg) or vehicle (10% DMSO, 40% PEG300, 5% Tween 80, 45% saline) every 2 days. Tumour growth (F)
and weight (G) were measured as indicated. n. s, not signi�cant; *p < 0.05; ***p < 808 0.001.

Figure 7



The clinical signi�cance of RNF146 SUMOylation/Axin/β-catenin axis in human HCC tissues. A, B The
expression of RNF146, UBC9, PIAS3 and SENP1 in HCC tumor and adjacent specimens (n = 12) was
analyzed by Western blotting using indicated antibodies (A), and their expression were quanti�ed and
analysed as shown in (B). C Representative IHC images of RNF146, Axin, PIAS3 and SENP1 staining
using HCC tissues. Scale bar indicates 100 μm. D The association between Axin expression and UBC9,
RNF146, PIAS3 or SENP1 (n = 99). The percentage of positive staining and p value based on Pearson's χ2
test and Pearson's correlations are shown in the tables. E UBC9 expression in HCC (n = 369) and non-
tumour tissues (n = 50) analyzed by the GEPIA2 web tool. F The correlation between the expression
pattern of RNF146 and UBC9 with the overall survival of HCC patients was analyzed using data from
TCGA. The high and low grouping of RNF146 and UBC9 was based on the median of the gene
expression. n. s, not signi�cant; *p < 0.05; **p < 0.01; ***p < 0.001.



Figure 8

Schematic model of the SUMO-RNF146-Axin pathway.

PIAS3-mediated SUMOylation of RNF146 promotes its translocation from the

cytoplasm to the nucleus, while deSUMOylation of RNF146 is catalysed by



SENP1, facilitating its nuclear export. SUMOylation 830 of RNF146 promotes its

association with Axin and accelerates Axin ubiquitination and degradation,

thereby activating β-catenin signaling and resulting in HCC progression.
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