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Abstract

UBEZ2L3 is a ubiquitin-conjugating protein belonging to the E2 family that
consists of 153 amino acid residues. In this study, we found that UBE2L3 was
generally upregulated in clinical HCC samples compared to non-tumour samples and
that there was a strong association between high UBE2L 3 expression and tumour size,
clinical grade and prognosis in HCC patients. UBE2L3 depletion inhibited the
proliferation and induced the apoptosis of HCC cells. At the molecular level, we
observed that UBE2L3 depletion enhanced the protein stability of GSK3p, thus
promoting the expression and activation of GSK3p. Subsequently, activated GSK 33
phosphorylated p65 and promoted its nuclear translocation to increase the expression
of target genes, including PUMA, Bax, Bim, Bad, and Bid. In vivo, knockout of
UBE2L3 in HCC cells inhibited tumour growth in orthotopic liver injection nude
mouse models. Moreover, inhibition of p65 or GSK3B significantly restored the
effects induced by UBE2L3 knockout in HCC. Together, this study reveals the
stimulatory effect of UBE2L3 on HCC cell proliferation, suggesting that UBE2L3
may be an important pro-tumorigenic factor in liver carcinogenesis and a potential

therapeutic target of HCC.
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Abstract

UBE2L3 is a ubiquitin-conjugating protein belonging the E2 family that
consists of 153 amino acid residues. In this stwdy, found that UBE2L3 was
generally upregulated in clinical HCC samples comgdo non-tumour samples and
that there was a strong association between highalUB expression and tumour size,
clinical grade and prognosis in HCC patients. UBE2depletion inhibited the
proliferation and induced the apoptosis of HCC scefit the molecular level, we
observed that UBE2L3 depletion enhanced the proséability of GSK3, thus
promoting the expression and activation of GBKSubsequently, activated GSK3
phosphorylated p65 and promoted its nuclear traasifan to increase the expression
of target genes, including PUMA, Bax, Bim, Bad, aBdl. In vivo, knockout of
UBE2L3 in HCC cells inhibited tumour growth in ootiopic liver injection nude
mouse models. Moreover, inhibition of p65 or GBKS8gnificantly restored the
effects induced by UBE2L3 knockout in HCC. Togethiris study reveals the
stimulatory effect of UBE2L3 on HCC cell proliferan, suggesting that UBE2L3
may be an important pro-tumorigenic factor in liv@rcinogenesis and a potential

therapeutic target of HCC.
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1. Introduction

Hepatocellular carcinoma (HCC) is one of the mashimon malignancies in the
world. In 2018, an estimated 841,000 new liver eancases and 782,000 liver
cancer-related deaths occurred worldwide[1]. Inegal) Eastern and Southeastern
Asia and parts of Africa have the highest morbidityd mortality associated with
HCC[1]. Although many measures have been used enepting and treating this
disease, liver cancer is still a rapidly progregsimalignancy with a poor prognosis.
Currently, how cancer cells evade death signalsoisfully understood; thus, it is
urgent to clarify the complicated molecular meckars of HCC development and
gain insight into new therapeutic targets for He&atment.

Post-translational modification (PTM) of proteinsuch as ubiquitination,
phosphorylation, acetylation and glycosylationars important way to preserve the
biological functions of proteins in eukaryotes. gllatin (Ub) is a highly conserved
8.5 kDa protein first found by Goldstein et al. 1875 [2]. Ubiquitination plays a
central role in many cellular processes, includieyj cycle, proliferation, apoptosis,
differentiation, DNA replication and DNA repair [3- The dynamic balance between
the synthesis and degradation of proteins is es$éatmaintain cellular homeostasis
[8]. The ubiquitin-proteasome system (UPS) is a amgpathway for protein
degradation and is involved in more than 80% abicellular protein degradatiorthe
UPS contains six parts, including Ub and a ubiqegittivating enzyme (El), a
ubiquitin-conjugating protein (E2), a ubiquitin-pemn ligase enzyme (E3), the 26S
proteasome and a deubiquitinase (DUB) [9]. First, Ectivates Ub in an
ATP-dependent manner and ligates Ub to E2; thenathivated Ub is conjugated to
the target protein via E3. Finally, the target pnotwill be degraded by the 26S
proteasome [10].

UBE2L3, a member of the E2s, encodes 153 aminorasidues. In recent years,
emerging evidence has confirmed that UBE2L3 playsortant roles in many cellular

functions by regulating protein stability. UBE2La%hbeen demonstrated to promote
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ubiquitination and degradation of p53, which letmlseduced apoptosis in HeLa cells
[11, 12]. Moreover, depletion of UBE2L3 has beepomted to stabilize tumour
suppressor signal p53-binding protein 1 (53BP13ulteng in reduced homologous
recombination for double-strand break repair [1&jiditionally, UBE2L3 has also
been found to induce the degradation of MAP1B-L§1ubiquitination and finally
affect the release of neurotransmitters [IRgcently, the functions of UBE2L3 in
some cancer cells were investigated. UBE2L3 wasorte@ to promote the
ubiquitination and degradation of p27kipl in nonadirsell lung cancer (NSCLC),
and further investigation showed that high levelsUBE2L3 and low levels of
p27kipl were correlated with poor prognosis of N®CI5]. Another study
concluded that UBE2L3 fused to KRAS might drive as¢atic progression in a rare
subset of prostate cancers[16]. However, the fanctif UBE2L3 in HCC remains
unclear.

In this study, we demonstrate that the expressib®JBE2L3 is frequently
upregulated in clinical HCC samples. In additiore discover that UBE2L3 could

play a pro-oncogenic role in HCC cells via the G885 signalling pathway.
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2. Materialsand Methods
2.1 Clinical samples

Human HCC tissues and adjacent non-tumorous liseués were collected from
the First Affiliated Hospital of Chongqging Medic&lniversity. Written informed
consent was obtained from each patient. The studiogol was approved by the
Clinical Research Ethics Committee of Chongqing MaldUniversity.
2.2 Céll culture, transfection and reagents

The hepatoma cell line Huh-7 was obtained from HBRfRe Health Science
Research Resource Bank), and the hepatoma celPlit2PRF/5 was obtained from
ATCC (American Type Culture Collection). Cells wemsintained in Dulbecco’s
modified Eagle’s medium (DMEM, HyClone, UT, USA)pmlemented with 10%
foetal bovine serum (Gibco, NY, USA) and 1% petioistreptomycin (Thermo
Fisher Scientific, MA, USA) and cultivated in a higfied incubator containing 5%
CO; at 37°C. Transfection was performed with Lipofedtsf 3000 Transfection
Reagent (Invitrogen, MA, USA). GSK3inhibitor 1-azakenpaullone (S7193), p65
inhibitor JSH-23 (S7351) and proteasome inhibitddM2 (S2619) were purchased
from Selleckchem (TX, USA). The protein synthesiBibitor cycloheximide (CHX,
97064-722) was commercially obtained from AMRES@®i( USA).
2.3 Plasmids and antibodies

Short hairpin RNA targeting UBE2L3 (shUBE2L3-1 asdHUBEZ2L3-2) and
nontargeting shRNA (shCont) were purchased froongha Genechem Company
Limited. The UBE2L3 overexpression vector was camdged by subcloning its
coding sequence into the pcDNA3.1 vector with Barahkid Xhol restriction enzymes.
To construct the pcDNA3.1-UBE2£¥® expression vector, we replaced cysteine 86
with serine by single base substitution. Anti-UBB2[#8721), anti-p65 (#8242),
anti-p-p65 (#3033), anti-PUMA (#12450), anti-GSK3 (#12456, #9832),
anti-p-GSK3 (#5558), anti-Ub (#3936), anti-PARP (#9542), atiaved PARP

(#9542), anti-caspase-3 (#9662), anti-cleaved ca&sPa(#9662), anti-caspase-9
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(#9502), anti-cleaved caspase-9 (#9502) and astintne H3 (#3638) were purchased
from Cell Signaling Technology (CST, MA, USA). AfEAPDH (sc-365062),
antif-actin (sc-1616) and anti-lgG (sc-66931) were paseld from Santa Cruz
Biotechnology (CA, USA).

2.4 Quantitative real-time PCR (QPCR)

Total RNA was isolated with TRIzol reagent (Invigem, USA) and reverse
transcribed into cDNA by using an iScfiitDNA Synthesis Kit (Bio-Rad, CA, USA).
Quantitative real-time PCR was carried out by usthg IQTM 5 Multicolor
Real-Time PCR Detection system (Bio-Rad) and Fasgt®iniversal SYBR Green
Master Mix (Roche, Basel, Switzerland). The levEleactin mMRNA was used for
data normalization. Values of target genes wereutated by using the 2" method.
All gPCR experiments were performed in triplicate.

2.5 Western blotting analysis

Total proteins were lysed using RIPA lysis buffentaining EDTA-free protease
inhibitor cocktail tablets (Roche, Basel, Switzada Equivalent aliquots of total
protein lysates, which were determined by BCA Rrnotessay Kit (Thermo), were
separated by SDS-PAGE and transferred to PVDF mamebr (GE Healthcare,
Freiburg, Germany). Then, the membrane was bloskitld 5% nonfat milk and
incubated with the indicated primary antibodies andhorseradish
peroxidase-conjugated secondary antibodies. Detectwas performed with
Immobilon Western Chemiluminescent HRP Substratdlifidre, MA, USA).

2.6 Immunohistochemistry

Immunohistochemistry was performed with paraffinbetdded sections. After
xylene deparaffinization and rehydration, antigeetrieval was achieved by
microwaving the sections in 10 mM sodium citratdéféru(pH 6.0). After quenching
the endogenous peroxidase activity with hydrogenoxpde, the sections were
incubated with goat serum for 30 min at room terapge and subsequently

incubated with primary antibodies overnight at 43ignals were detected by ABC
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and DAB kits (Vector Laboratories, CA, USA). Coustaining was performed using
haematoxylin. Staining intensity and the percentafgpositive cells were scored by
two independent pathologists.
2.7 Céll proliferation assay

Cells were seeded into 6-well plates. The numbetaifle cells was observed at
days 3, 4, and 5 after transfection by trypan l@uelusion assay. Each well was
assessed in triplicate. All trypan blue exclusiesays were repeated three times.
2.8 Colony formation assay and soft agar assay

For the colony formation assay, briefly, 2 x®1lls per well were seeded into
6-well plates and cultured for 14 days. The colsniere fixed with methanol and
stained with 0.5% crystal violet. With respecthe soft agar assay, 1 x*1¢ells were
cultured in an upper layer of 0.35% low meltingsgagarose, followed by a sublayer
of 0.6% low melting-point agarose. Cells were maim¢d for 21 days, and 0.5 ml of
fresh culture medium was added every 3 days. Tlomies were stained with 0.005%
crystal violet. All colony formation assays andtsafar assays were repeated three
times.
2.9 Flow cytometric analysis for apoptosis

Cells were labelled with annexin V-FITC and propidiiodide (PI) and analysed
by flow cytometry. All flow cytometric analyses veerepeated three times.
2.10 Immunofluorescence

Cells seeded on coverslips were transfected witGosh and shUBE2L3.
Seventy-two hours after transfection, cells wexediwith 4% paraformaldehyde and
permeabilized with 0.1% Triton X-100 at room tengiare. The primary antibody
against p65 was used overnight at 4°C with a 1di@@ion after blocking with 1%
BSA in PBS for 45 min. p65 antibody-antigen complexvere visualized by using
Alexa Fluor 488 anti-rabbit IgG. Cells were counterstained with P1Ao label the
nuclei. Immunofluorescence images were visualizgdabTCS-SP5X microscope

(Leica, UK).
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2.11 Extraction of cytoplasmic and nuclear proteins

Cytoplasmic and nuclear proteins were extracteddiyg NE-PER Nuclear and
Cytoplasmic Extraction Reagents (78833) (ThermbéfisScientific) according to the
manufacturer’s instructions.
2.12 Dual-luciferase reporter assay

NF-xB firefly luciferase reporter vectors were co-tf@esed with the indicated
plasmids. The Renilla luciferase expression vecteas co-transfected for
normalization. Cells were harvested at 40 h pasidiection, and luciferase activities
were determined with the Dual-Luciferase Reporta§sSystem (Promega, WI, USA)
according to the manufacturer’s instructions in l@aM&x microplate luminometer
(Promega). Normalization of N&B firefly luciferase values in each well was cadrie
out according to Renilla luciferase activity. Alual-luciferase reporter assays were
repeated three times.
2.13 Co-immunoprecipitation assay

Cells were lysed, and then the protein concentratiwere determined by the
method mentioned above. Cellular extracts werel@aeed with Protein G Magnetic
Beads (Millipore) for 60 min at 4 °C and incubataatrnight at 4 °C with appropriate
primary antibodies and 1gG. Protein G magnetic beaere then added to capture the
immunoprecipitates for 120 min at room temperat@aptured immunoprecipitates
were subjected to SDS-PAGE for immunoblotting asialywith the indicated
antibodies.
2.14 Mice model

Ten six-week-old male BALB/c nude mice were randpdiVided into 2 groups.
Huh-7 cells were resuspended in 200 DMEM/Matrigel (1:1 mixture) and
subcutaneously injected into nude mice (n = 5 peu) to generate a mouse model.
Tumour size was monitored by bidimensional measargsusing a calliper. Four
weeks after inoculation, mice were sacrificed, d@mel tumours were removed for

further studies. In addition, Huh-7 cells were sggnded in 4@ DMEM/Matrigel
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(1:1 mixture) and injected into the left lobe ofdr of nude mice (n =5 per group) to
prepare an orthotopic liver cancer model. All adiregperiments were performed
according to the protocol approved by the Chongdvegical University Animal
Care Committee and satisfied the NIH guidelines.
2.15 Satistical analyses

Data were analysed using SPSS 19.0 software (IBMpdZation, USA).
Survival curves were estimated using the KaplaneMeiethod. Differences between
the survival curves were assessed by the log-resik Differences between groups
were determined by Student’s t test, the Mann-Vyitbl test or one-way ANOVA.
Correlations between UBEZ2L3 and individual cliniatiologic parameters were
evaluated using the nonparametric chi-squareAestlue ofP < 0.05 was considered

significant.

10
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231 3. Results

232 3.1 UBE2L3 is upregulated in HCC tissues and correlates with the survival of HCC
233 patients

234 To demonstrate the role of UBE2L3 in HCC, we eviddathe expression of
235 UBEZ2L3 in two independent datasets (GSE14520, G8&25from NCBI's Gene
236 Expression Omnibus (GEO). As shown in Figure 1A,H2B3 mRNA levels were
237 significantly upregulated in HCC tissues. ImporkgriKaplan-Meier analysis showed
238 that patients with higher levels of UBE2L3 had gngficantly shorter overall survival
239 than patients with lower levels of UBE2L3 (mediaB @me, 37.75 and 70.01 months,
240 respectively; difference=32.26 montliz;:0.0008), and the same trend was observed
241 for disease-free survival (median DFS time, 14.22d a25.49 months;
242  difference=11.27 month&-=0.0026) (Figure 1B).

243 To verify the correlation between UBE2L3 expressiewel and HCC, we first
244  detected UBE2L3 mRNA and protein levels in 90 H@Sues and paired adjacent
245 non-tumour liver tissues by qPCR and western Ipigttanalysis, respectively.
246 According to the results, UBE2L3 mRNA and proteavdls were upregulated in
247 HCC tissues (Figure 1C). UBE2L3 protein levels &1(66/90, 73.3%) HCC tissues
248 were higher than those in adjacent HCC-free livgsues (Figure 1D). In addition,
249 differential expression of UBE2L3 was observedynunohistochemistry (IHC). As
250 shown in Figure 1E, UBE2L3 immunoreactivity was agpely graded as weak,
251 moderate, and strong. Furthermore, our results stiawat a high UBE2L3 protein
252 level was significantly associated with tumour semed clinical grade (Table 1).
253 Conclusively, these results indicate that the esgpom of UBE2L3 is upregulated in
254 HCC tissues and is closely related to the poormue of HCC patients.

255 3.2 UBEZ2L3 deficiency inhibits proliferation and tumorigenesis of HCC in vitro and
256 invivo

257 As a high UBE2L3 protein level was significantlysasiated with tumour size,

258 we speculated that UBE2L3 might play an importaté in HCC development. To

11
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investigate the effect of UBE2L3 on HCC cell prefdtion, we suppressed the
expression of UBE2L3 via shRNA-mediated knockdowrC&®ISPR/Cas9-mediated
knockout. Trypan blue exclusion assay revealed tWH2E2L3 knockdown/knockout
significantly reduced the proliferation ability BICC cells (Figure 2A). Furthermore,
colony formation assays and soft agar assays showleat UBE2L3
knockdown/knockout inhibited HCC cell colony fornoat ability and
anchorage-independent growth ability, respecti{@ypplementary Figure 1). Flow
cytometry also showed that UBE2L3 knockdown/knoglsdgnificantly increased the
apoptotic rate of HCC cells (Figure 2B). Additioiyalwestern blotting analysis
indicated that the levels of several apoptotic reesk including cleaved PARP,
cleaved caspase-3 and cleaved caspase-9, were asedrein UBE2L3
knockdown/knockout cells compared to control c@igure 2C).

On the other hand, according to xenograft nude mousdels, we found that the
tumour growth rate in the UBE2L3 knockout group veswer than that in the
parental control group (Figure 2D). Similarly, tuane in the UBE2L3 knockout
group had lower volumes and weights than thoskerparental control group (Figure
2E-F). Taken together, these data demonstrateUB&2L3 deficiency suppresses
HCC cell proliferation, promotes apoptosis, andhbith HCC tumorigenesis
3.3 UBE2L3 overexpression promotes cell proliferationin HCC

We further analysed the effect of UBE2L3 overexpi@s on HCC cell
proliferation. Consistently, UBE2L3 overexpressiaignificantly facilitated cell
proliferation (Figure 3A), colony formation and &ocage-independent growth of
HCC cells (Figure 3B-C). Unfortunately, high exmies of UBE2L3 had no
significant effect on cell viability (Supplementarfigure 2). UBE2LS%S a
dominant-negative mutant of UBE2L3, was construdigdsubstituting the catalytic
cysteine required for ubiquitin binding. In thisrpave observed that UBE2£%°
overexpression weakened the proliferation-promofurgction of UBE2L3 in Huh-7

cells, indicating that the activity of ubiquitin nding enzyme is important for

12
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UBEZ2L3 to regulate cell growth of HCC.
3.4 UBEZ2L3 influences cell proliferation and apoptosis in HCC by regulating p65
signalling

We further explored the underlying molecular mecsanof the effect of
UBEZ2L3 on cell proliferation and apoptosis of HCE Wilizing tandem mass tag
(TMT) quantitative mass spectrometry. KEGG pathwaryalysis showed that
UBE2L3 knockout affected the apoptosis pathway-@ased protein sets
(Supplementary Figure 3A). Among the involved patkigy the p65-mediated
pro-apoptotic pathway was found to be significantigregulated (Supplementary
Figure 3B). To validate our findings, we perfornggfeiCR to detect the mRNA levels
of target genes (PUMA, Bax, Bim, Bad and Bid) of 5p6n UBE2L3
knockdown/knockout and overexpression cells. Asnshn Figure 4A, the mRNA
levels of the target genes in UBE2L3-deficient selere significantly increased
compared to those in the control group. In contrides overexpression of wild-type
UBE2L3 significantly downregulated the target geneshile UBE2L3®%°
overexpression had no effect (Figure 4A).

Nuclear factoxB (NF-«B), which consists of five family members in mamsal
is involved in diverse processes, such as protifaraapoptosis, differentiation and
inflammation [17-20]. Among the homodimers or hetBmers constituted by p65
(RelA), RelB, c-Rel, NReB1 (pl105/p50), or NRB2 (pl00/p52), the p65-p50
heterodimer is the predominant MB- dimer [21]. Moreover, p65 is the primary
member of NReB and is responsible for transcriptional activatimintarget genes.
Since only p65 and c-Rel act as potent transcnptiactivators, optimal activation of
NF-xB signalling and induction of corresponding targgines depends on p65
phosphorylation and subsequent nuclear translac§2®, 23]. To further validate the
effect of UBE2L3 on p65, we performed western Iohgttanalysis to detect the
protein level and phosphorylation level of p65 ottbUBE2L3 knockdown/knockout

and overexpression cells. Consistently, UBE2L3 elgph significantly upregulated

13
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the protein level of p65, while UBE2L3 overexpressshowed the opposite effect.
Importantly, the phosphorylation level of p65 wagreased in UBE2L3-depleted
cells but decreased in UBE2L3-overexpressing cgtigure 4B). UBE2L3 is a
ubiquitin binding enzyme, and its enzyme activisy @ssential for its oncogenic
function; therefore, we investigated the effect&8E2L3 on the protein stability of
p65. UBE2L3-overexpressing cells were treated wijitioheximide (CHX) to block
de novo protein synthesis, and the level of p63gmowas determined by western
blotting analysis. As shown in Supplementary Figlie the half-life of p65 protein
was not significantly decreased in UBE2L3-overespieg cells relative to control
cells, indicating that the protein stability of p@&as not influenced by UBE2L3. The
results of the coimmunoprecipitation assay in dudy also showed that there was no
direct interaction between UBE2L3 and p65 (Supplaary Figure 4B), suggesting
that UBE2L3 does not directly induce the downregotaof p65. Moreover, we also
carried out experiments to investigate the actwatiof p65. The results of
immunofluorescence analysis showed that p65 wasltoeated and accumulated to
the nucleus in UBE2L3 knockdown cells (Figure 4Chnsistently, we found that
UBE2L3 knockdown resulted in a marked redistriboitiof p65 to the nucleus by
analysing cytoplasmic and nuclear fractions (Figtipg. In addition, dual luciferase
analysis showed that UBE2L3 knockdown enhanceduttiterase activity of NReB,
while UBE2L3 overexpression played the opposite dligure 4E). As one of the
downstream target genes of P65, PUMA was used awlamator for the activation of
p65 in our study. Figure 4F showed that the le¥d?lOMA protein was increased in
UBE2L3-deficient cells and decreased in UBE2L3-expressing cells but was not
obviously changed in UBE2I%8*%overexpressing cells. Collectively, these data
suggest that the anti-apoptotic activity of UBE2&®otentially associated with p65.
To further confirm our hypothesis, JSH-23, an imtbibof NF«B that inhibits
NF-xB p65 nuclear translocation without affectinddb degradation, was used in the

following study. The results showed that JSH-2XZbéal the upregulation of PUMA

14
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in UBE2L3 knockout cells (Figure 5A). Concurrentlye trypan blue exclusion assay
showed that JSH-23 intervention significantly restbthe proliferation ability of
UBE2L3 knockout cells (Figure 5B). Importantly, veéso observed that JSH-23
reduced apoptosis initiated by UBE2L3 knockout (ifgg5C). These results support
the notion that UBE2L3 facilitates the cell grovahd inhibits the apoptosis of HCC
cells by modulating the p65 signalling pathway.

3.5 UBE2L3 depletion activates p65 by decreasing the ubiquitin-mediated
proteasomal degradation of GSK3p

In a static state, the p50/p65 complex is sequexbter the inactive state by
binding of NF«B inhibitor a (IkBa) to the nuclear localization signal (NLS) of p65.
The canonical pathway of p65 activation is medidtgdkBa phosphorylation and
degradation [24]. Surprisingly, our data showedt toBE2L3 depletion did not
influence the protein level ofkBoa or the phosphorylation level ofxkBa
(Supplementary Figure 5A). TNé&treatment activated theB kinase (IKK) complex,
phosphorylated iBa. and induced WBa. degradation [25]. As a positive control,
TNF-o intervention decreased the protein level aBd and increased the
phosphorylation level ofkBa (Supplementary Figure 5A). Moreover, UBE2L3
depletion did not affect the interaction betweeb péd kBo (Supplementary Figure
5B). These results suggest that p65 activationaediy UBE2L3 depletion does not
occur through the canonical NéB pathway.

We performed further analysis to identify otherdsas known to be associated
with NF«B activation. Glycogen synthase kinasg GSK33) is reported to be
involved in the regulation of NkB activity and p65 phosphorylation [26, 27]. Dual
luciferase analysis showed that overexpression3K¥ elevated NFReB luciferase
activity, while GSK3® knockdown did the opposite (Supplementary Figukg. 6
Furthermore, GSKB knockdown downregulated, whereas G8K&verexpression
upregulated the protein and phosphorylation legé|$65 (Supplementary Figure 6B).

According to TMTs, the results showed a decreasedl lof GSK3 in UBE2L3
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knockout cells. These data suggest that UBE2LXidefty-induced p65 expression
and activation might depend on G3K3

To further explore the effect of UBE2L3 on GSK3ve performed gqPCR to
detect the mRNA level of GSK3 in UBE2L3 knockdown/knockout and
overexpression cells. As shown in Supplementaryur€ig7, neither UBE2L3
knockdown/knockout nor overexpression affected GBEHW3RNA level. UBE2L3
depletion increased the total abundance of GS&3d reduced the phosphorylation
level (inactivated form) of GSKB In contrast, UBE2L3 overexpression, but not
UBE2L3Z®®° decreased the total abundance of GBKBut increased its
phosphorylation level (Figure 6A). Next, we sougitdetermine whether UBE2L3
could influence GSKRB protein stability. The half-life of GSKB protein was
significantly decreased in UBE2L3-overexpressindsasmmpared to its control cells,
indicating that the stability of GSK3protein was influenced by UBE2L3 (Figure 6B).
Moreover, the effect of UBE2L3 overexpression onK3® was blocked in the
presence of the proteasome inhibitor MG132, sugggedhat UBE2L3 degraded
GSK33 protein via a proteasome-mediated protein deg@daiathway (Figure 6C).
Furthermore, a co-immunoprecipitation assay deteethithat endogenous and
exogenous UBE2L3 were co-precipitated with endogerand exogenous GSK3
respectively (Figure 6D-E). Further co-immunoprédefon assays showed that
UBE2L3 depletion significantly decreased the ultigation of GSK3, while
UBEZ2L3 overexpression had the opposite effectsufeiggF-G). Collectively, these
results indicate that UBE2L3 decreases the level GEK3 protein via
ubiquitin-mediated proteasome degradation.

Next, we further investigated the regulatory rofeGSK33 in the oncogenic
function of UBEZ2L3. In this part, UBE2L3 knockoutels were treated with
1-azakenpaullone, which is a selective inhibitolG8K3. The results showed that
both 1-azakenpaullone intervention and GBkibition blocked the upregulation of

p65 and p65 phosphorylation and PUMA, which wereuoed by UBE2L3
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knockdown (Figure 7A). Concurrently, GSK3inhibition or treatment with
1-azakenpaullone significantly rescued UBE2L3 kmatknduced growth inhibition
and apoptosis promotion in HCC cells (Figure 7B-Cjllectively, these data reveal
that UBE2L3 downregulates the level of G$KProtein via ubiquitin-mediated
proteasomal degradation, consequently leadinghtibiiion of p65.
3.6 UBE2L3 depletion suppressed the growth of HCC in a mouse model

To further verify the oncogenic function of UBE2LBarental cells, UBE2L3
KO cells, UBE2L3 KO cells expressing shG3Kand UBE2L3 KO cells treated with
JSH-23 were orthotopically injected into the lefbé of the liver of nude mice.
Compared with the parental control group, the H@@dur size of the UBE2L3
knockout groups was significantly decreased. Ingmily, UBE2L3
knockout-induced growth inhibition was restored G¥K33 suppression or p65
inhibition (Figure 8A). Immunohistochemical analyshowed lower GSKBand p65
levels, increased cleaved PARP levels and decrdgiséd levels (cell proliferation
marker) in tumour tissues of UBE2L3 knockout graufdditionally, these effects
were blocked by GSKBknockdown or p65 inhibition (Figure 8B). Altogethéhese
data suggest that UBE2L3 knockout in tumour tissuggpresses tumour growth and

induces apoptosis vivo through the GSK@p65 pathway.
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418 4. Discussion

419 Approximately 38 genes encoding E2s are presettiarhuman genome; these
420 genes are classified into four classes and sha@nserved domain containing the
421 catalytic Cys residue [28]. However, the functiai€2s in cancer cells have rarely
422 been reported. Shekhar et edported that UBE2B was overexpressed in the breas
423 cell line MCF10A and potentially participated irettumorigenesis of breast cancer
424  [29]. Additionally, UBE2C has been reported to berexpressed in humerous types
425 of cancer, including lung cancer, breast canceadd#r cancer, ovarian cancer,
426 gastroesophageal cancer and glioblastoma. Anotbdy slemonstrated that UBE2C
427 was associated with tumour differentiation grade @mour development in different
428 types of cancers [30]. Moreover, the ubiquitinateomd degradation of p53 and the
429 NF-xB inhibitor IkBa were mediated by UBE2D2 and UBE2D3 [31, 32], both
430 which exhibit upregulated expression in breast eaf@3]. Furthermore, the level of
431 UBE2S was also increased in breast cancer, arfdgisexpression was involved in
432 cell cycle regulation [34]. As for UBE2L3, its bfanction in metastatic prostate
433 cancer and NSCLC has been previously reported [16], In the current study, we
434 found that UBE2L3 mRNA levels were significanthghier in most HCC tissues than
435 in the corresponding adjacent non-tumour liverugssbased on analysis of a public
436 database. Furthermore, upregulation of UBE2L3 mR&#l protein levels was
437  further confirmed in 90 HCC tissues vs. paired hamour tissues. Importantly, we
438 observed that high expression of UBE2L3 was astati@ith tumour size, clinical
439 grade and prognosis in HCC patients. The imbaldmeteveen cell proliferation and
440 cell death plays a pivotal role in the cancer pesgion and development of HCC [35,
441 36]. Thus, we further explored the function of URB2on cell proliferation and
442  apoptosis in HCC. UBE2L3 knockdown significanthhibited cell proliferation and
443 induced apoptosis, while UBE2L3 overexpressionaased the proliferation of HCC

444  cells. In a xenograft nude mouse model, we alsmdothat knockout of UBE2L3

18



445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472

19

inhibited the progression of tumours. All the résuhdicated that UBE2L3 might act
as an oncogene in HCC tumorigenesis.

Until now, functional studies of UBE2L3 have mairibcused on the following
two aspects. One is the relationship between UBEg@&Be polymorphisms and
diseases. For example, rs140490, an alteratioharnptomoter region of UBE2L3,
was found to be markedly associated with suscdipyiito numerous autoimmune
diseases, especially systemic lupus erythemat@iLEs) [37]. In addition, rs2298428,
which is another alteration of UBE2L3, was demaatstl as a susceptibility factor of
Crohn's disease [38]. In addition, the TCGGC hgpletof UBE2L3 was related to
the increasing risk of Hashimoto's thyroiditis imetChinese Han population [39].
UBE2L3 also regulates the protein stability of sosmgnalling molecules, which is
essential to its role in cancer regulation. Here #@emonstrated that UBE2L3
depletion inhibited cell proliferation and enhancagdoptosis in HCC cells by
regulating p65. First, we confirmed that UBE2L3 ld¢ipn upregulated the
expression of PUMA, Bax, Bim, Bad, and Bid, allvdfich are known target genes of
p65. Next, we observed that UBE2L3 silencing uplatgal the expression of p65 and
promoted p65 protein phosphorylation and subsequantlear translocation,
ultimately resulting in the activation of the targgnes stated above. Moreover, we
also revealed that JSH-23, an NB- p65 inhibitor, significantly restored the
regulatory effect of UBE2L3 knockout on cell prelidtion and apoptosis in HCC.
Unfortunately, we did not observe the influence WBE2L3 depletion on «Ba
phosphorylation and degradation, which suggestatl g5 activation might not be
mediated by the classical signalling pathway. To eurprise, GSKR, another
previously reported regulatory factor of p65, wasrd to positively influence the
luciferase activity of NReB and the expression of p65. Furthermore, we deseal/
the regulatory effect of UBE2L3 on the ubiquitimetiof GSK3; that is, UBE2L3
depletion increased the protein stability of GBK8d promoted its activation. Both

GSK3 knockdown and treatment with 1-azakenpaullone, 3K inhibitor,
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significantly attenuated the effect of UBE2L3 ore tproliferation and apoptosis of
HCC cells, revealing a novel mechanism of UBE2L3Begulating HCC cells through
activating the GSK@p65 pathway. To our knowledge, although Liu etralealed
that UBE2L3 might promote hepatocyte proliferatdBi this is the first report
revealing the molecular mechanism of UBE2L3 in tatyag the proliferation and
apoptosis of HCC cells.

In conclusion, the present study illustrates thBERL3 expression is frequently
upregulated in clinical HCC samples. UBE2L3 knoakdaor knockout significantly
inhibits the proliferation and enhances the apapto$§ HCC cells and suppresses
tumour growth in mouse models. Mechanistically, wemonstrated that low
expression of GSKBin HCC cells is mediated by high level of UBE2L& \the
ubiquitin-mediated proteasome-degradation pathwhaych consequently blocks p65
activation (Figure 8C). Taken together, our redegmoposes that UBE2L3 is a vital

pro-tumorigenic factor in liver carcinogenesis.
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Table 1. Correlative analysis of UBE2L3 protein levels with clinicopathologic
features.

UBE2L 3 Expression
Clinicopatholigic No.of (Tumor / Non-tumor)
Parameters Specimens High(>1) Low(<l) PVaue
Sex 90 0.718
Female 13 9 4
Male 77 57 20
Age 90 0.924
<50 42 31 11
>50 48 35 13
ALT 90 0.868
<40 u/l 45 32 13
40-100 u/l 40 30 10
>100 u/l 5 4 1
AST 90 0.823
<40 u/l 42 32 10
40-100 u/l 42 30 12
>100 u/l 6 4 2
AFP 90 0.318
<20 ng/ml 39 26 13
20-300 ng/ml 31 23 8
>300 ng/ml 20 17 3
Tumor size 90 0.007
<3cm 19 11 8
3-5cm 17 9 8
>5cm 54 46 8
Tumor number 90 0.861
=1 76 56 20
>1 14 10 4
Grade 90 0.011
1 12 6 6
2 51 35 16
3 27 25 2
Vascular invasion 90 0.771
No 56 43 13
Yes 34 27 7
Cirrhosis 90 0.646
No 34 24 10
Yes 56 42 14
HBV 90 0.800
No 10 7 3

Yes 80 59 21
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Figure 7
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Figure 1. Expression of UBE2L 3 is upregulated in HCC tissues and correlates
with survival of patientswith HCC

(A) The mRNA levels of UBE2L3 in adjacent non-tumdissues (Non-tumour) and
HCC tissues (HCCs) were illustrated by scatterp6éEO database: GSE14520,
GSE25097. **P < 0.001. (B) Kaplan-Meier analysis of the corralatibetween
UBEZ2L3 level and survival in the TCGA cohort. Therrelation between UBE2L3
level and overall survivalP=0.0008. The correlation between UBE2L3 level and
diseases free survivdP=0.0026. (C) The mRNA levels of UBE2L3 in Non-tunnou
group and in HCCs group were tested by RT-gPE&ctin mRNA level was used as
an internal control. *P < 0.001.The statistical graph of UBE2L3 protein levels in
Non-tumour group v.s in HCCs group. P*< 0.001. (D) The protein expression
levels of UBE2L3 in Non-tumour group and in HCCoouyp were analysed by
western blotting analysis. GAPDH was used as aigacbntrol. (E) IHC staining of

HCC tissues and their adjacent non-tumoural ligsues. Magnification, x 400.

Figure 2. UBE2L 3 deficiency inhibits proliferation and tumourigenesis of HCC

in vitro and in vivo

(A) The efficiency of UBE2L3 knockdown or knockaatHCC cells was detected by
western blotting analysis3-actin was used as a loading contrdhe effect of
UBE2L3 knockdown or knockout on the proliferationHCC cells were analysed by
typan blue exclusion assays. PX 0.001. (B) The effect of UBE2L3 knockdown or
knockout on the apoptosis of HCC cells were assaydelow Cytometry. *P < 0.01.
(C) The effect of UBE2L3 knockdown or knockout dre tapoptosis-related factors
expression level in HCC cells were analysed by eradblotting analysig3-actin was
used as a loading contrgD) The growth curve of the xenografted tumour of
UBE2L3 KO cells and its parental cells. P*< 0.001. The efficiency of UBE2L3
knockout in HCC cells was detected by western ilgthnalysisp-actin was used as
a loading control. (E) The picture of the xenogrdftumour of UBE2L3 KO cells and

its parental cells. (F) The volume and weight statal graph of the xenografted



tumour of UBE2L3 KO cells and its parental cellsP*< 0.01.

Figure 3. UBEZ2L 3 overexpression promotes HCC cell proliferation

(A) The efficiency of UBE2L3 overexpression in HCElls was detected by western
blotting analysis.p-actin was used as a loading control. The effectUBE2L3
overexpression on the proliferation of HCC cellsswanalysed by typan blue
exclusion assays. *P < 0.001. (B) The effect of UBE2L3 overexpression the
ability of colony formation in HCC cells was detedtby colony formation assay$ *
< 0.05. (C) The effect of UBE2L3 overexpression dhe ability of
anchorage-dependent growth in HCC cells was detduoyesoft agar assaysP*<
0.05.

Figure 4. UBE2L 3 influences HCC cell proliferation and apoptosis by regulating
p65 signaling

(A) The effect of UBE2L3 knockdown, knockout or osepression on the mRNA
expression levels of p65 target genes were testedRBgPCR. B-actin mRNA
expression was used as an internal contBl<*0.05. (B) The effect of UBE2L3
knockdown, knockout or overexpression on the pnotekpression level and
phosphorylation level of p65 were analysed by weshdotting analysisp-actin was
used as a loading control. (C) The protein expoeskavel and subcellular location of
p65 in the UBE2L3 knock down cells were detectedl®§¢. Immunofluorescence
analysis of DAPI (blue) and p65 (green) showed tlegtieted UBE2L3 promoted the
expression and nuclear translocation of p65. (D§ &ytoplasmic and nuclear protein
in UBE2L3 knock down cells were extracted and usedhe detection of p65 protein
expression level and subcellular location. GAPDH &tistone H3 were used as
markers for the cytoplasmic and nuclear fractiongspectively. (E) The
transcriptional activity of NReB was detected by dual-luciferase reporter assag. T
influence of UBE2L3 knock down and UBEZ2L3 overexgmien on transcriptional

activity of NF«B. *P < 0.05. (F) The effect of UBE2L3 knockdown, knockau



overexpression on the protein expression level WVMR were analysed by western

blotting analysisp-actin was used as a loading control.

Figure5. p65 inhibitor JSH-23 rever sesthe effect of UBE2L 3 deficiency

(A) The effect of p65 inhibitor JSH-23 on the UBERldownstream signaling
pathway was analysed by western blotting analy@is.The reverse effect of p65
inhibitor JSH-23 on the UBE2L3 KO-induced proliféoa inhibition was analysed
by typan blue exclusion assays. P& 0.001. (C) The reverse effect of JSH-23 on the
UBE2L3 KO-induced apoptosis were assayed by Flowo@gtry. * < 0.05.

Figure 6. UBE2L 3 deficiency activates p65 by decreasing the ubiquitin-mediated
proteasome degradation of GSK 3p

(A) The effect of UBE2L3 knockdown, knockout or oeepression on the protein
expression level and phosphorylation level of GBK@ere analysed by western
blotting analysisp-actin was used as a loading control. (B) The et¢¢JBE2L3 on
the protein stability of GSKBwas determined by western blotting analysis. Cells
were treated with J0nol/L CHX for 0, 6, 12, 18 hour$-actin was used as a loading
control. Take the blot band gray value of Oh asobppared and drew the curve graph.
(C) Whether UBE2L3 regulated GS[K3 protein degradation through the
ubiquitin-proteasome degradation pathway was detein by western blotting
analysis. Cells were treated withydol/L MG132 for 12 hoursB-actin was used as
a loading control. (D) The association between gedous UBE2L3 and GSK3vas
measured by Co-IP. IP was conducted with Huh-7 lgslites by using anti-GSIK3
and anti-lgG antibodies or anti-UBE2L3 and anti-lg@atibodies, and IB was
performed with anti-UBE2L3 and anti-GSK3antibodies or anti-GSKB and
anti-UBE2L3 antibodies. (E) The association betwewgenous UBE2L3 and
GSK33 was measured by Co-IP. IP was conducted with HabH7lysates that were
prepared from UBE2L3 and GSR3verexpression cells by using anti-G$Kand

anti-lgG antibodies or anti-UBE2L3 and anti-lgGikatlies, and IB was performed



with anti-UBE2L3 and anti-GSK3B antibodies or anti-GSKB and anti-UBE2L3
antibodies. (F) The effect of UBE2L3 on the ubimation level of GSKB was
analysed by Co-IP. IP was conducted with Huh-7 lgelites that were prepared from
UBE2L3 knock down cells by using anti-GSKand anti-lgG antibodies, and IB was
performed with anti-Ub and anti-GSRK3antibodies. (G) IP was conducted with
Huh-7 cell lysates that were prepared from UBE2M8rexpression cells by using
anti-GSK3 and anti-lgG antibodies, and IB was performed wathti-Ub and
anti-GSK3 antibodies.

Figure 7. GSK3p inhibitor 1-Azakenpaullone reverses the effect induced by
UBEZ2L 3 deficiency

(A) The effect of GSKB knockdown or GSK@ inhibitor 1-azakenpaullone on the
UBE2L3 downstream signaling pathway were analyseavéstern blotting analysis.
(B) The effect of GSKB knockdown or GSK@ inhibitor 1-azakenpaullone on the
reverse of UBE2L3 KO decreased cells proliferatioere analysed by typan blue
exclusion assays. *P < 0.001. (C) The reverse effect of G§KRBnockdown or
GSK3 inhibitor 1-azakenpaullone on UBE2L3 KO-inducedpipsis were assayed
by Flow Cytometry. P < 0.05.

Figure 8. UBE2L 3 deficiency suppresses tumour growth in orthotopic HCC nude
mouse models

(A) The effect of UBE2L3 KO and GSK3knockdown or p65 inhibitor JSH-23 on
tumour growth in orthotopic xenograft model. Thetpre of the orthotopic tumour of
UBE2L3 KO cells and GSKBknockdown or p65 inhibitor JSH-23 treatment, asd i
parental cells. Near it was the volume statistizaph of the xenograft tumours? ¥
0.05, **P < 0.01. (B) Representative images of IHC stainihgJBE2L3, GSK3P,
p65, Ki67 and cleaved-PARP in tumour orthotopicogmafts. Magnification, x 400.
(C) The summary of how UBE2L3 promotes HCC cellslifgration through
GSK33/p65 pathway.



Highlights

® \We found that UBE2L3 was frequently up-regulated in clinical HCC samples,
which was associated with poor prognosis.

® UBEZ2L3 depletion inhibited cell proliferation and promoted cell apoptosis by
through promoting GSK 3p/p65 pathway in vitro and in vivo.

® UBE2L3 overexpression decreased the protein stability of GSK3B via
ubiquitin-mediated proteasome degradation.



