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RNF125-mediated ubiquitination of MCMG6 regulates the
proliferation of human liver hepatocellular carcinoma cells
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Abstract. Hepatocellular carcinoma (HCC) is the third
leading cause of cancer-associated mortality worldwide.
Minichromosome maintenance proteins (MCMs), particularly
MCM2-7, are upregulated in various cancers, including HCC.
The aim of the present study was to investigate the role of
MCM2-7 in human liver HCC (LIHC) and the regulation of
the protein homeostasis of MCM6 by a specific E3 ligase.
Bioinformatics analyses demonstrated that MCM2-7 were
highly expressed in LIHC compared with corresponding
normal tissues at the mRNA and protein levels, and patients
with LTHC and high mRNA expression levels of MCM2,
MCM3, MCM6 and MCMT7 had poor overall survival rates.
Cell Counting Kit-8 and colony formation assays revealed that
the knockdown of MCM2, MCM3, MCM6 or MCM7 in Huh7
and Hep3B HCC cells inhibited cell proliferation and colony
formation. In addition, pull-down, co-immunoprecipitation
and ubiquitination assays demonstrated that RNF125 interacts
with MCM6 and mediates its ubiquitination. Furthermore,
co-transfection experiments indicated that RNF125 promoted
the proliferation of HCC cells mainly through MCM6. In
summary, the present study suggests that the RNF125-MCM6
axis plays an important role in the regulation of HCC cell
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proliferation and is a promising therapeutic target for the treat-
ment of LIHC.

Introduction

Hepatocellular carcinoma (HCC) is the third most frequent
cause of cancer-associated death worldwide and represents
a major global health challenge (1,2). Currently, the global
five-year survival rate of metastatic HCC is <20% (3). Great
progress has been made in the diagnosis and treatment of HCC,
but the mortality rate remains unsatisfactory (3,4). According
to the stage of the tumor and the condition of the patient, there
are various treatment options for HCC. A number of curative
treatment options exist for early-stage HCC, including surgical
resection, radiofrequency ablation and liver transplantation.
However, 80% of patients have unresectable HCC and can only
be treated with locoregional therapies such as radiotherapy,
transarterial chemoembolization or transarterial radioembo-
lization (2). Due to high relapse rates and drug resistance, the
prognosis for most HCC patients is less than ideal (5,6). It is
therefore imperative to explore new therapeutic targets.

Dysregulated DNA replication in cells is a major contrib-
utor to tumor initiation and progression. Minichromosome
maintenance proteins (MCMs) are essential for DNA replica-
tion and are the subject of considerable research interest (7).
The aberrant expression of MCMs has been detected in
numerous malignancies, which can lead to genomic instability
and uncontrolled cell cycle progression (7,8). The MCM2-7
family is a class of nuclear proteins that contain a highly
conserved nucleoside triphosphate binding motif, and are
evolutionarily and functionally conserved in eukaryotes (9).
Members of the MCM2-7 family have been reported to be
upregulated in various cancer tissues and cancer cell lines,
including brain tumors, lymphomas, and breast, lung and
prostate cancers (10-14). For example, MCM2 has been shown
to be associated with the malignant status of lung squamous
cell carcinoma and to regulate the proliferation and cell cycle
in this type of cancer (13).

MCM6 is an important component of the MCM2-7
complex and is upregulated in a number of tumors, including
HCC (15-17). MCM6 promotes the metastasis of HCC via the
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MEK/ERK pathway and may serve as a serum biomarker
for early recurrence (15). In addition, MCM®6 expression is
inversely correlated with methyl(R217) human antigen R and
is a prognostic marker in non-small cell lung carcinoma (16).

In the present study the role of MCM?2-7 in HCC was
investigated and the effect of the knockdown of members of
this family on the proliferation of human HCC cells was evalu-
ated. The homeostasis of MCM2, MCM3, MCM6 and MCM7
was then investigated. Also, as only MCM6 was found to be
mainly degraded by the proteasome pathway, it was selected
for further study. Ring finger protein 125 (RNF125) was iden-
tified as an E3 ubiquitin ligase for MCM6 and the relationship
of these two proteins in HCC was investigated.

Materials and methods

Data analysis using public databases

Gene expression profiling interactive analysis 2 (GEPIA2).
GEPIA?2 (http://gepia2.cancer-pku.cn) is a tool for the gene
expression analysis of sequencing data from The Cancer
Genome Atlas and the Tissue Genotype Expression data-
base (18). In the present study, GEPIA2 was used to evaluate
the mRNA expression of MCM2-7 and RNF125 in human liver
HCC (LIHC) and calculate P-values using Student's t-test; an
absolute log2 fold change =0.5 and P<0.05 were considered
to indicate a significant difference. GEPIA2 was also used
to perform a prognostic value analysis by the calculation of
overall survival and disease-free survival rates and survival
graphs were directly generated by GEPIA2, with the log-rank
test the only option for analysis. The associations between
different MCMs and the clinical outcomes of LIHC, and the
associations between the mRNA expression of certain MCMs
and the pathological stage of LIHC were also assessed using
GEPIA2.

University of alabama cancer database (UALCAN).
UALCAN (http://ualcan.path.uab.edu) is a comprehensive
and interactive web resource for the analysis of cancer omics
data (19). The protein levels of MCM2-7 in human LTHC were
assessed using UALCAN, and Student's t-test was used to
generate P-values.

Plasmid construction. Plasmids containing RNF125 and
MCM2-7 were purchased from Shanghai Cell Researcher
Biotech Co., Ltd. and inserted into empty vectors, which
were purchased from Cell Researcher Biotech Co., Ltd.),
such as pCDH, pCDNA3.0-Myc, pET22b or pGEX4T-1.
Briefly, pCDH-MCM2/MCM3/MCM6/MCM7/RNF125,
pCDNA3.0-RNF126-Myc, pET22b-MCM2/MCM3/MCM6/
MCM7/RNF125/UBA1/UBCHS5A /catalytic core of human
ubiquitin specific peptidase 2 (Usp2cc) and pGEX4T-1-MCM6/
RNF125 were generated. Mutations were generated in
plasmids containing RNF125 or MCM6 by site-directed
mutagenesis as previously described (20). Short hairpin RNAs
(shRNAs) inserted into the Plko.l vector targeting RNF125
and MCM2, MCM3, MCM6 and MCM?7 were also purchased
from Shanghai Cell Researcher Biotech Co., Ltd., and the
specific sequences of these sShRNAs are shown in Table 1.

Cell culture, transfection and reagents. The human HCC cell
lines Huh7 and Hep3B were purchased from The Cell Bank of

Type Culture Collection of The Chinese Academy of Sciences.
These cells were cultured in DMEM (high glucose) supple-
mented with 10% fetal bovine serum (Gibco; Thermo Fisher
Scientific, Inc.) and 100 ug/1 penicillin/streptomycin (Gibco;
Thermo Fisher Scientific, Inc.). The plasmids were transfected
into the cells using Lipofectamine® 2000 (Thermo Fisher
Scientific, Inc.), according to the manufacturer's instructions.
The ratio of the mass of nucleic acid (plasmid) to the volume
of Lipofectamine 2000 was 1:2 (2 ug:4 pl), which was mixed
together at room temperature for 20 min, and then added to
cells for continued culture at 37°C. Stably expressed cell lines
were generated using puromycin selection (2 yg/ml; Beyotime
Institute of Biotechnology) for =7 days after 48 h transfection.
Cycloheximide (CHX; Selleck Chemicals) was dissolved in
dimethyl sulfoxide (Sigma-Aldrich; Merck KGaA) at a concen-
tration of 100 mM and stored at -40°C. Huh7 and Hep3B cells
were treated with 100 uM CHX for 6 h, or at different time
periods, at 37°C. For protein degradation pathway analysis,
Huh7 cells were treated with 1 uM proteasomal inhibitor
bortezomib (BTZ; Selleck Chemicals) or 20 nM autophagy
inhibitor bafilomycin (BAF; Selleck Chemicals) for 6 h at 37°C
prior to western blotting.

Cell proliferation assay. Huh7 and Hep3B cells
stably expressing plasmids containing pCDH-MCMs,
pCDH-RNF125 or pLKO.1-shMCMs, were seeded in 96-well
plates at 5,000 cells/well. These cells were then incubated with
Cell Counting Kit-8 (CCK-8) solution (Beyotime Institute of
Biotechnology) for 4 h at different time points (0, 24, 48 or
72 h). The 0 h time point was 6 h after the cells were seeded
in the plates. The product was then quantified by spectro-
photometry at a wavelength of 450 nm using a microplate
reader (Bio-Rad Laboratories, Inc.). These experiments were
performed with six replicates and repeated three times.

Colony formation assay. Cells stably expressing plasmids
containing pCDH-MCMs, pCDH-RNF125 or pLKO.1-shMCMs
were seeded into 6-well plates (1,000 cells/well). After 7 days
culturing at 37°C, the cells were fixed with 4% paraformaldehyde
(Merck KGaA) for 10 min at room temperature and then stained
with 0.2% crystal violet (Beyotime Institute of Biotechnology)
at room temperature for 15 min. Images were captured using
an iPhone 11 camera (Apple, Inc.) and the number of colonies
(=50 cells) was manually counted using a light-field microscope
(CKX53; Olympus, Inc.).

Yeast two-hybrid screening. The yeast two-hybrid (Y2H)
screen was performed as described previously (21). Briefly,
human MCMB6 was used as bait, and its potential E3 ligase was
screened from a library containing ~400 open reading frames
(ORFs) of human E3 ubiquitin ligases. The positive colony was
able to survive in SD-4 medium (deficient in uracil, histidine,
leucine and tryptophan) and could be stained with X-Gal
(Sangon Biotech Co., Ltd.).

Recombinant protein purification. Hexahistidine (His6)- and
glutathione S-transferase (GST)-tagged proteins were purified
from the BL21 E. coli system as described previously (22).
Briefly, after induction with isopropyl-f-d-mercapto-gala
ctopyranoside (Sigma-Aldrich), the cells transfected with
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Table I. Sequences of the shRNAs targeting MCM2-7 and

RNF125.

shRNA Target site sequence (5'-3')
shNC GCGCGATAGCGCTAATAATTT
shMCM2-1 GCACAAGGTACGTGGTGATAT
shMCM2-2 CTATCAGAACTACCAGCGTAT
shMCM2-3 CGCATCCATCTGCGGGACTAT
shMCM2-4 CGAGGAGTGTGTCTCATTGAT
shMCM3-1 GCCTCCATTGATGCTACCTAT
shMCM3-2 GCCACAGATGATCCCAACTTT
shMCM3-3 CCAGGGAATTTATCAGAGCAA
shMCM3-4 CGGCAGGTATGACCAGTATAA
shMCM6-1 CCCGCAGTTTAGAAGTAATTT
shMCM6-2 CCTAACTACTTGCTCGAAGAT
shMCM6-3 CCTTTCTTATAGGCTGGTCTT
shMCM6-4 CCCGATTCGATCTCTTCTTTA
shMCM7-1 GCGCAGATTTGAGCTGTATTT
shMCM7-2 GCTAGTAAGGATGCCACCTAT
shMCM7-3 GTGGACTCAATTTGTGAGAAT
shMCM7-4 GTGGAGAAAGAAGATGTGAAT
shRNF125-1 CCGTTTAATACCCGATGAGAA
shRNF125-2 GAATCACTCGAACACCACATA
shRNF125-3 GCTTGCTGGATCATTGTATTA
shRNF125-4 CTGTCCACTTTGCCGTTTAAT

sh, short hairpin; MCM, minichromosome maintenance protein;
RNF125, ring finger protein 125; NC, negative control.

protein-encoding plasmids were centrifuged, lysed in PBS
buffer (137 mM NacCl, 2.7 mM KCI, 8 mM Na,HPO, and
2 mM KH,PO,, pH 7.4), incubated with Ni** or glutathione
affinity gels, and eluted with 500 mM imidazole or 25 mM
reduced L-glutathione solution (pH 8.0). The eluate was then
dialyzed in PBS buffer containing 10% glycerol for 6 h at 4°C
and stored at -70°C.

GST pull-down assay. Purified GST-tagged protein (10 pug),
His6-tagged protein (10 pg) and 25 ul Glutathione Sepharose
4B (Sangon Biotech Co., Ltd.) were incubated for 4 h at 4°C
in 800 ul GST pull-down buffer [20 mM Tris-Cl, 5 mM
MgCl,, 100 mM NaCl, 1 mM EDTA, 1% NP-40 and fresh
1 mM dithiothreitol (DTT), pH 7.6] supplemented with fresh
10 mg/ml BSA. The samples were pelleted via centrifugation
at 500 x g for 3 min at 4°C and washed five times with GST
pull-down buffer. The immunoprecipitates were then dena-
tured in 50 pl of 2X SDS protein loading buffer at 100°C for
10 min before immunoblotting (IB).

In vitro ubiquitination assay. In vitro ubiquitination was
performed as described previously (23). Briefly, 50 ng recom-
binant His6-UBAI1 (an El or ubiquitin-activating enzyme),
100 ng His6-UBCHS5A (an E2 or ubiquitin-conjugating
enzyme), 200 ng GST-RNF125 (E3), 200 ng MCM6-His6 and
50 ng His6-ubiquitin were added to in vitro ubiquitination
buffer (25 mM Tris-Cl, 100 mM NaCl, 5 mM MgCl,, pH 7.8,
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supplemented with 1 mM fresh ATP and 0.5 mM DTT)
to a final volume of 50 ul, and incubated at 37°C for 1.5 h.
Subsequently, 50 ng His6-tagged Usp2cc was added to the
tube containing El, E2, E3 and MCM6 and incubated at 37°C
for a further 30 min. The level of MCM6 ubiquitination was
detected by IB analysis using anti-MCMB6 antibody.

Co-immunoprecipitation (Co-1P), immunoprecipitation (IP)
and IB. For the Co-IP assay, transfected Huh7 and Hep3B
cells were lysed in 800 ul Co-IP buffer (50 mM Tris-HCI, 1%
NP-40, 150 mM NaCl and 5 mM EDTA, pH 7.6) supplemented
with fresh protease inhibitor cocktail (Roche Diagnostics). The
cell lysates were then incubated with anti-MCM6 antibody
(1:100 dilution; 13347-2-AP; Wuhan Sanying Biotechnology)
and 25 pl Protein G magnetic beads (L-1002; Biolinkedin)
overnight at 4°C. For the IP assay, Huh7 and Hep3B cells were
lysed in 800 pl RIPA buffer (50 mM Tris-HCI, 150 mM NaCl,
5 mM EDTA, 1% NP-40 and 0.1% SDS, pH 7.6) containing
fresh protease inhibitor cocktail. Then, the cell lysates were
incubated with the anti-MCMB6 antibody (1:100 dilution) and
25 ul Protein G magnetic beads overnight at 4°C. The next
day, the immunoprecipitates were pelleted via centrifuga-
tion at 500 x g for 3 min at 4°C and washed five times with
Co-IP/IP buffer. Then, the immunoprecipitates were denatur-
ated for 15 min at 100°C in 50 1 2X SDS protein loading buffer.
The immunoprecipitates, inputs and other lysates (10 pl) were
subjected to 10% SDS-PAGE and transferred to polyvinylidene
fluoride membranes (MilliporeSigma). The membranes were
blocked with 10% non-fat milk at room temperature for 45 min
before incubation with the following antibodies: Anti-MCM?2
(1:1,000 dilution; 10513-1-AP), anti-MCM3 (1:1,000 dilu-
tion; 15597-1-AP), anti-MCMG6 (1:1,000 dilution), anti-MCM?7
(1:1,000 dilution; 11225-1-AP), anti-GAPDH (1:6,000 dilution;
60004-1-Ig), anti-RNF125 (1:2,000 dilution; 13290-1-AP),
anti-His (1:2,000 dilution; 66005-1-Ig), anti-GST (1:10,000
dilution; HRP-66001) or anti-ubiquitin (1:2,000, 10201-2-AP),
all from Wuhan Sanying. The membranes were incubated
with primary antibodies overnight at 4°C, and washed three
times with TBST (50 mM Tris-HCI, 150 mM NaCl and 0.2%
Tween-20; pH 8.0). Subsequently the membranes were incubated
with the following horseradish peroxidase-labeled secondary
antibodies: Goat anti-mouse IgG (1:10,000 dilution; SAO0001-1)
or goat anti-rabbit IgG (1:10,000 dilution; SA00001-2), both
from Wuhan Sanying, at room temperature for 2 h and washed
three times with TBST. The signals were visualized using
high-signal ECL western blotting substrate (cat. no. 180-5001;
Tanon Science and Technology Co., Ltd.) and a Tanon 5200
imaging system (Tanon Science and Technology Co., Ltd.).

Statistical analysis. Data are expressed as the mean + SD and
were analyzed by Student's t-test or one-way ANOVA with
Tukey's post hoc test using GraphPad Prism 5 (GraphPad
Software; Dotmatics). P<0.05 was considered to indicate a
statistically significant difference.

Results
High expression levels of MCM2-7 in patients with LIHC

predict poor overall survival rates. The mRNA and protein
expression levels of genes encoding the MCM2-7 complex in
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human LIHC were analyzed using the GEPIA2 and UALCAN
databases, respectively, and found to be significantly upregu-
lated in LIHC compared with the corresponding normal
tissues at the mRNA and protein levels (Fig. 1A and B).

The associations between different MCMs and the clinical
outcomes of LIHC were analyzed using GEPIA2 (Fig. 1C).
Stronger associations were observed for MCM2, MCM3,
MCM6 and MCM?7 than for MCM4 and 5. The associations
between the mRNA expression of certain MCMs and the path-
ological stage of LIHC were also assessed using GEPIA2. The
mRNA expression levels in the MCM2, MCM3, MCM6 and
MCM7 groups were highly variable, and gradually increased
with the progression of LIHC in the first three stages, but
then markedly decreased in stage IV (Fig. S1A). In addition,
patients with LIHC who had high mRNA expression levels
of MCM2, MCM3, MCM6 and MCM7 showed poor overall
and disease-free survival rates (Figs. 1D and S1B). Therefore,
these four genes were selected for further study.

Knockdown of MCMs inhibits the proliferation of HCC cells.
shRNAs targeting MCM2, MCM3, MCM6 and MCM?7 were
constructed and stably transfected into human Huh7 and
Hep3B cells. The knockdown efficiencies were detected by IB
analysis (Fig. 2A). On the basis of these results, shMCM?2-1
and shMCM2-4 for MCM2, shMCM3-2 and shMCM3-4
for MCM3, shMCM6-1 and shMCM®6-2 for MCM6, and
shMCM7-1 and shMCM7-2 for MCM7 were selected for
further study. The viability of Huh7 and Hep3B cells was
determined by CCK-8 assay at different time points (0, 24,
48 and 72 h), and cell growth inhibition was observed in the
MCM?2/3/6/7-knockdown cells compared with that of the
negative control (scramble) groups (Fig. 2B). Colony forma-
tion assays were also performed, the results of which were
highly consistent with those of the CCK-8 assay (Fig. 2C).
In addition, wound healing assays were performed and
MCM2/3/6/7-knockdown exhibited no evident effect on the
migration of Huh7 cells (data not shown).

MCMs promote the proliferation of HCC cells. Huh7
and Hep3B cells were stably transfected with pCDH or
pCDH-MCM2/3/6/7 and the expression of the MDMs was
detected by IB analysis (Fig. 3A). The viability of the trans-
fected Huh7 and Hep3B cells was then determined by CCK-8
assay at various time points, and cell growth promotion was
observed in the pCDH-MCM groups compared with the
pCDH control groups (Fig. 3B). The results of colony forma-
tion assays were consistent with the results of the CCK-8 assay
(Fig. 30).

RNF125 interacts with MCM6. The pathways of MCM2,
MCM3, MCM6 and MCM7 protein degradation were
explored. Huh7 cells were treated with the proteasomal
inhibitor BTZ or the autophagy inhibitor BAF for 6 h before
being subjected to IB analysis. The results shown in Fig. 4A
indicate that endogenous MCMG6 protein is degraded mainly
by the proteasome pathway, and that neither of these degra-
dation pathways affect the other three MCMs. To investigate
the regulation of MCMG6 protein homeostasis, MCM6 was
used as a bait to screen for its interacting partners using the
Y2H prey library which contains ~400 ORFs of human E3

ubiquitin ligases. The E3 ligase RNF125 was identified as
an interacting partner for MCM6 and verified in yeast cells
(Fig. 4B). A direct interaction between RNF125 and MCM6
was detected by GST pull-down assay (Fig. 4C), whereas no
interaction of RNF125 with MCM2, MCM3 or MCM?7 was
found (Fig. 4D). Protein-protein interaction domain analysis
revealed that the MCM domain of MCM6 directly interacted
with the N-terminal region (1-135 amino acids) of RNF125
containing the RING domain (Fig. 4E). Further Co-IP assays
showed that endogenous MCM6 formed a complex with
RNF125 in both Huh7 and Hep3B cells (Fig. 4F). These data
indicate that RNF125 does indeed interact with MCM6.

RNFI25 promotes the ubiquitination and degradation of
MCM6. To investigate whether RNF125 affects the stability
of the MCMB6 protein, Huh7 and Hep3B cells were transfected
to express different amounts of RNF125, and the protein levels
of MCM6 were detected by IB analysis. The results shown
in Fig. 5A show that RNF125 reduced the protein levels of
MCME6 in a dose-dependent manner. An in vitro ubiquitination
assay was carried out, as shown in Fig. 5B. In the presence
of E1 (UBAI), E2 (UBCH5A) and E3 (RNF125), the ubiq-
uitination of MCM6 was detectable by IB analysis, and this
modification was efficiently attenuated by Usp2cc. Huh7
and Hep3B cells were stably transfected with empty vector
(pCDH) or pCDH-RNF125 and the upregulation of RNF125
by pCDH-RNF125 was confirmed by IB analysis (Fig. 5C).
The lysates of the transfected Huh7 and Hep3B cells were
immunoprecipitated with anti-MCM®6 antibody, and the results
revealed that the ubiquitination of MCM6 was markedly
increased in cells stably expressing pPCDH-RNF125 compared
with the control cells (Fig. 5D). Three shRNAs targeting
RNF125 were designed and tested in human Huh7 and Hep3B
cells. shRNF125-2 and shRNF125-3 performed well in the
knockdown of RNF125 and were selected for further study
(Fig. 5E). The protein levels of endogenous MCM6 were
increased in the RNF125-knockdown cells compared with the
control cells in the presence of the protein synthesis inhibitor
CHX (Fig. 5F). In addition, RNF125 knockdown reduced the
ubiquitination of MCM6 and concurrently increased MCM6
protein levels in Huh7 and Hep3B cells (Fig. 5G). These data
suggest that RNF125 is an E3 ligase for MCM6 and promotes
its degradation.

RNFI125 promotes the proliferation of HCC cells mainly
through MCM6. pCDH-RNF125 or empty vector (pCDH) was
stably transfected into Huh7 and Hep3B cells that also stably
expressed scramble shRNA, shMCM6-1 or shMCM6-2, and
the protein levels of RNF125 and MCM6 were detected by 1B
analysis (Fig. 6A). The results of CCK-8 and colony forma-
tion assays performed using these cells revealed that RNF125
inhibited the proliferation and colony formation of Huh7 and
Hep3B cells with intact MCMB®6, but not of MCM6 knockdown
cells (Fig. 6B and C). These data suggest that RNF125 promotes
the proliferation of HCC cells mainly through MCM®6. The
expression of RNF125 in human LIHC was analyzed using
the GEPIA2 database. As shown in Fig. 6D, the expression of
RNF125 was downregulated in LIHC compared with normal
tissues at the mRNA level. The association between RNF125
and the clinical outcome of LIHC was also analyzed, and
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Figure 1. Expression levels and prognostic values of MCM2-7 in human LIHC. (A) mRNA expression levels of MCM2-7 in human LIHC and corresponding
normal tissues were analyzed using the GEPIA2 database. "P<0.05. (B) Protein expression levels of MCM2-7 in human hepatocellular carcinoma and corre-
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values from CPTAC were first normalized within each sample profile, and then normalized across samples. “"P<0.01. (C) Association of overall survival with
MCMZ2/3/6/7 in LIHC analyzed using the GEPIA2 database. (D) Overall survival rates in patients with LIHC according to the expression levels of MCMs
were analyzed using the GEPIA2 database. MCM, minichromosome maintenance protein; LIHC, liver hepatocellular carcinoma; CPTAC, Clinical Proteomic
Tumor Analysis Consortium; HR, hazard ratio; p(HR), P-value for the HR; TPM, transcript per million.
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Figure 2. Knockdown of MCMs inhibits the proliferation of HCC cells. (A) Knockdown efficiency of shRNAs targeting MCM2, MCM3, MCM6 and MCM7
as revealed by the IB analysis of Huh7 and Hep3B HCC cells. (B) Knockdown of MCM2, MCM3, MCM6 or MCM7 inhibited the proliferation of HCC cells,
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be an interacting partner for MCM®6 using the yeast two-hybrid method, where SD-2 is deficient in leucine and tryptophan, and SD-4 is deficient in uracil,
histidine, leucine and tryptophan. (C) Direct interaction between RNF125 and MCM6 was detected by GST PD assay using recombinant GST-RNF125 and
MCM6-His6; the GST PD assay was evaluated using IB analysis. (D) No interaction of RNF125 with MCM2, MCM3, and MCM7 was detected by GST
pull-down assay with IB analysis. (E) The N-terminal region (1-76 amino acids) containing the RING domain of RNF125 directly interacted with the MCM
domain of MCMB6. (F) GST PD assays and IB analysis showed that endogenously expressed MCM6 forms a complex with RNF125. The lysates of Huh7 and
Hep3B cells were immunoprecipitated with IgG or anti-MCMS6 antibody and subjected to IB analysis. RNF125, ring finger protein 125; MCM, minichromo-
some maintenance; BTZ, bortezomib; BAF, bafilomycin; IB, immunoblotting; GST, glutathione S-transferase; PD, pull-down; Co-IP, co-immunoprecipitation.




ONCOLOGY LETTERS 27: 105, 2024 9

A B Ei1wusay)y - + - + &+ «
RNF125-Myc 0 05 1 2 (ng) E2 (UBCH5A) — — + + + +
CHX + + + + E3(RNF125) - + + -+ +
IB: RNF125 MCM6-His6  +  + + o+ + o+
Huh7 @ ®= = - .| |B:MCM6 Uspcc - - - — - 4
@) &% &% &%) |B: GAPDH
RNF125-Myc 0 05 1 2 (ug) i IB: MCM6
oHX & o . . o 0 N oy 9 e E:

Hep3B IB: MCM6 C Hep3B

pCDH
pCDH-
RNF125
pCDH
pCDH-
RNF125

IB: RNF125 IB: RNF125

[~= o] [—= =]
e a| 15: GAPDH [ @ | 1B: GAPDH
E

Huh7
D Hep3B

pCDH
pCDH-
RNF125
pCDH-
RNF125

pCDH
shRNF125-1

Scramble
shRNF125-2
shRNF125-3

[o@ &=  ]i:RnFizs
Huh7
IB: UB @l IB: GAPDH

IP: MCM6 IB:UB ip:mcMme || H
F 3 T
Yo Yol [Ye)
, : g
[@= =] 5: MCM6 [@=® =] i5: MCM6 g £ I
Input| (4 @MB] 1B: RNF125  Input [~ e=e] B: RNF125 [#m = ]iB:RNFI25
[0 o) i&: cAPOH @] B: GAPDH Hep3B '
F Huh7 Hep3B
Scramble _ shRNF125-2  shRNF125-3 Scramble  shRNF1252  ShANF125-3
CHx 0 3 6 0 3 6 0 38 6 () CHx O 38 6 0 3 6 0 3 6 (h
[ — . |1B:RNF125 [0 o=e v o . | 1B: RNF125

[ e e GH DS SR ES 5: V6 (e o= - - 55 65 o8 o9 *8 | .\
| — e @ G S @ @@ # | |B: GAPDH [0 I 65 89 65 99 o0 &8 8 - c/F0H

G Huh7 Hep3B

shRNF125-3

shRNF125-2
Scramble
shRNF125-2

2 [shRNF125-3

-
-

IB: UB

|

o
Qo
£
[
3]
wn
IP: MCM6 I l IB:UB

[== == &=] iB: MCM6 [=== == 1B: MCM6

E IB: MCM6 »# B8 B iB:MCM6

Input ([ewe | IB:RNF125 Input | [em - IB: RNF125
[e® o= e=] iB: GAPDH [@=» @ @] 5: GAPDH

Figure 5. RNF125 promotes the ubiquitination and degradation of MCM®6. (A) RNF125 promotes the degradation of MCMG6 in a dose-dependent manner, as
revealed in Huh7 and Hep3B cells transiently transfected with different amounts of pCDNA3.0-RNF125-Myc or empty vectors and subjected to IB analysis.
(B) An in vitro ubiquitination assay was performed, and the ubiquitination of MCM®6 using different ubiquitination enzymes was detected by IB analysis. The
results indicates that RNF125 mediates the ubiquitination of MCMG6 in vitro. (C) Detection of the protein levels of RNF125 in the lysates of Huh7 and Hep3B
cells stably expressing pCDH or pCDH-RNF125. (D) RNF125 promotes the ubiquitination of endogenous MCM6, as revealed by immunoprecipitation of
the transfected cells with anti-MCMG6 antibody followed by IB analysis. (E) Knockdown efficiency of shRNAs targeting RNF125 in Huh7 and Hep3B cells
detected by IB analysis. (F) RNF125 knockdown stabilizes MCM6 in Huh7 and Hep3B cells treated with CHX for different time periods prior to IB analysis.
(G) RNF125 knockdown reduces the ubiquitination of endogenous MCM6, as demonstrated by the IP of Huh7 and Hep3B cells stably expressing RNF125
shRNAs with anti-MCMB6 antibody prior to IB analysis. RNF125, ring finger protein 125; MCM, minichromosome maintenance protein; IB, immunoblotting;
sh, short hairpin; CHX, cycloheximide; IP, immunoprecipitation; Usp2cc, catalytic core of human ubiquitin specific peptidase 2; scramble, negative control.

IP: MCM6



https://www.spandidos-publications.com/10.3892/ol.2024.14238
https://www.spandidos-publications.com/10.3892/ol.2024.14238
https://www.spandidos-publications.com/10.3892/ol.2024.14238

10 FENG et al: RNF125-MCM6 AXIS REGULATES THE PROLIFERATION OF HCC CELLS

A Huh7 Hep3B
- [N - )
@ © © @ & ©
2 b= b= 9 b= =
£ o} %} £ o <}
5 2 2 5 2 2
[2) n 2} [2) n %)
pCDH-RNF125 —  + — + — 4 pCDH-RNF125 -  + — 4+ — 4
(e oo IB: MCM6 e | 1B:MCM8
"4 O s v 09 *9 O B:RNF125 l—‘ D e G — -I IB: RNF125
S0 aup @D e e=» ewm | |B: GAPDH |- - . N o —I IB: GAPDH
B Il Scramble
Huh7 B pCDH-RNF125+scramble Hep3B
[ shMCM6-1
0.87 - =1 pCDH-RNF125+shMCM6-1 0.8 "
- = [ shMCM6-2 - .
E T pCDH-RNF125+shMCM6-2 €
) 0.6 3 0.6
S x S x*
8 0.4+ 8 0.4
f = f=
@ * @ _x
< £
& 0.2 S 0.2
Q Qo
< <
0.0- 0.0-
Oh 24 h 48 h 72h Oh 24 h 48 h 72h
C Scramble shMCM6-1 ShMCM6-2 3007 s
pCDH-RNF125 - + - + - + =
[}
e}
= 200
>
(=
z
Huh7 2 100
o
12 3 456
Scramble shMCM6-1 shMCM6-2 4007 _xx
pCDH-RNF125 - + - + - + - 30
1 2 3 4 5 6 2
Hep3B ) L 3 _S
X: ; % 2 . o
< J 8 \ QO 10
1 2 3 4 5 6
D RNF125 E RNF125
< l—*—| Overall survival
4 S 7 —— Low rnf125 Group
—— High rnf125 Group
Logrank p=0.044
—_— © | HR(high)=0.7
(k! .. - o p(HR)=0.046
S .:‘_ n(high)=182
& a4 n(low)=182

B

5
LR ch

Percent survival
0.4

Expression —log, (TPM+1)
2
1

1
!
|+FM.=’£L R
PR
0.0 0.2
I |

i T T T T T T
0 20 40 60 80 100 120
— Months

LIHC

(num(T)=369; num(N)=160)
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the results showed that patients with LIHC and high mRNA
expression of RNF125 had a higher overall survival rate
(Fig. 6E). These findings suggest that RNF125 is a potential
therapeutic target for human HCC.

Discussion

In the present study, the expression levels and prognostic
values of MCM2-7 in human HCC were first analyzed using
a public database, and the results suggested that MCM2,
MCM3, MCM6 and MCM7 may serve as prognostic markers.
The proliferation of human HCC cells was hindered by the
knockdown of any of the four MCMs, while the promotion
of HCC cell proliferation through the overexpression of these
MCMs was shown to have limited effect. It is hypothesized
that this may be due to the fact that the MCM complexes func-
tion as a complete unit (9); thus, increasing only one type has
minimal effects. The homeostasis of these four MCMs was
then investigated using a proteasomal or autophagy inhibitor,
and the results indicated that only MCM6 was degraded by
the proteasome pathway. In addition, RNF125 was identified
as an E3 ligase for MCM®6, which promoted its ubiquitination
and degradation. Further experiments showed that RNF125
promoted the proliferation of HCC cells mainly through
MCMS6.

The ubiquitin-proteasome pathway is a highly selective
protein degradation pathway, which efficiently degrades
intracellular proteins and plays an important role in cell
proliferation, metabolism and differentiation (24,25).
Dysfunction of ubiquitination has been indicated to lead to
numerous issues, including cancers and neurodegenerative
diseases (22,26,27). RNF125 is a RING-type E3 ubiquitin
ligase that features an N-terminal RING domain. Various
substrates for RNF125 have been reported, including
programmed death-ligand 1 and tripartite motif containing
14 (28,29). The present study has identified MCMG6 as a novel
substrate for RNF125. Furthermore, it has established that
RNF125 primarily impedes the proliferation of HCC cells
through MCMB6. In addition, analysis using publicly avail-
able databases revealed that the expression of RNF125 was
lower in LIHC compared with corresponding normal tissues.
Moreover, a higher expression level of RNF125 was found to
be associated with improved overall survival in patients with
LIHC. These findings are consistent with those reported in a
previous study (30).

To the best of our knowledge, RNF125 is the first E3 ligase
identified for MCMB®6. Various studies have shown that MCM6
can interact with the E3 ligase UBE3A/E6AP (31,32). However,
UBE3A/EGAP is incapable of mediating the ubiquitination
of MCM6 (32). Notably, the present study demonstrated that
RNF125 does not interact with other MCM family members
such as MCM3, MCM2 and MCM?7. With the exception of
MCM7 (33), no E3 ligases have been reported for other MCM
family proteins. The knockdown of MCM2, MCM3 or MCM7
also inhibited the proliferation of HCC cells, indicating that
the balance of these proteins is also critical.

The present research has certain limitations. Firstly, the
mechanism by which RNF126-MCM6 ubiquitin signaling
controls the growth of HCC cells was not examined.
Secondly, the findings were not validated in animal models
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and clinical specimens. Furthermore, the survival analyses
were performed using GEPIA2 with the log-rank test the only
option for analysis; therefore, it was not possible to exclude
the late-stage crossover from the analysis, which may affect
the results of the analysis. Therefore, endeavors to test the
functions of RNF125-MCM6 axis in animal models and
patient samples of LIHC are ongoing. In conclusion, RNF125
and MCM6 are two promising targets for the treatment of
LIHC.
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