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Abstract

Background RING finger protein 112 (RNF112)
exerts a key role in human tumors. However, its bio-
logical function in colorectal cancer (CRC) has not
been discussed. We aimed to explore the function and
molecular mechanism of RNF112 in CRC.

Results In this study, RNF112 expression was
notably decreased in CRC tissues and cells. Clinical
analysis revealed a significant association between
low RNF112 expression and tumor size, N classi-
fication and TNM stage. In vitro experiments dem-
onstrated that overexpression of RNF112 repressed
cell viability, promoted cell cycle arrest and apopto-
sis, while knocking down RNF112 had the opposite
function. The tumor formation results in nude mice
supported that RNF112 overexpression exerted anti-
tumor effects by inhibiting cell growth and promoting
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cell apoptosis. Mechanistically, Kriippel-like factor 4
(KLF#4) acted as an upstream regulator of RNF112 by
mediating its transcription. Furthermore, we explored
the downstream mechanism of RNF112 and discov-
ered that it promoted ubiquitination and degradation
of oncoprotein N-alpha-acetyltransferase 40 (NAA40)
through ubiquitin ligase activity. In addition, overex-
pression of NAA40 eliminated the effect of RNF112
overexpression on CRC tumorigenesis.

Conclusions In summary, our findings confirm that
RNF112, whose transcription is regulated by KLF4,
inhibits CRC growth through promoting ubiquitin-
dependent degradation of NAA40. We have unrave-
led the mechanism of KLF4-RNF112-NAA40 axis in
CRC, which shed light on the therapeutic strategies
for this disease.

Keywords Colorectal cancer - RNF112 - KLF4 -
NAAA40 - Ubiquitination

Introduction

Colorectal cancer (CRC) is one of the most com-
mon cancers (Li et al. 2022). Recently, the incidence
of CRC patients has continued to increase(Biller
and Schrag 2021). Many CRC patients will develop
metastasis at diagnosis or follow-up (Vayrynen et al.
2020). Although chemotherapy is generally recom-
mended, only a few targeted therapies are suitable for
cases with specific mutational signatures (Xu et al.
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2021). Therefore, the development of novel molecular
targets against CRC is imminent.

RING finger protein 112 (RNF112) has been
identified as an E3 ubiquitin ligase (Pao et al.
2011). RNF112 exerted a vital role in neuronal
differentiation(Tsou et al. 2017; Wang et al. 2015).
RNF112 showed a protective effect on intracerebral
hemorrhage through suppressing the TLR-4/NF-xB
pathway (Zhang and Zhang 2018). Notably, RNF112
has been demonstrated to participate in cancer pro-
gression. Knockdown of RNF112 reduced expres-
sion of the negative cell cycle regulators p35 and
p27, leading to cell cycle reprogramming in embryo-
nal carcinoma(Pao et al. 2011). RNF112 blocked the
malignant behavior of glioma cells via the p53-medi-
ated cell cycle signaling pathway(Lee et al. 2017).
RNF112 impeded gastric cancer process by promot-
ing ubiquitination of FOXMI1(Zhang et al. 2023).
RNF112 may be a promising prognostic biomarker
for CRC(Yang et al. 2024). Strikingly, data from
mRNA sequencing and GEO databases presented
that RNF112 expression was remarkably downregu-
lated in CRC tissues. However, the biological role of
RNF112 in CRC has never been discussed.

Kriippel-like factor 4 (KLF4), a member of the
evolutionarily conserved zinc finger transcription fac-
tor family, regulates many physiological processes
(He et al. 2023). Accumulating evidence suggested
that KLF4 was a potential tumor suppressor in CRC.
For instance, KLF4 inhibited CRC cell proliferation
through transcriptional activation of NDRG2 (Ma
et al. 2017). KLF4 also enhanced the sensitivity of
HCT-15 cells to cisplatin (Yadav et al. 2019). Nota-
bly, data from mRNA sequencing and GEO databases
revealed that KLF4 expression was obviously lower
in CRC tissues than in controls. In addition, JASPAR
database predicted the possible binding sites of KLF4
in the RNF112 promoter. However, whether RNF112
is transcriptionally modulated by KLF4 in CRC
remains to be confirmed.

N-alpha-acetyltransferase 40 (NAA40) belongs
to NAT family (Hole et al. 2011). Increasing stud-
ies indicated that NAA40 played a carcinogenic
role in CRC. NAA40-mediated metabolic recombi-
nation promoted CRC cell resistance to anti-meta-
bolic drug chemotherapy (Demetriadou et al. 2022).
NAA40 facilitated CRC progression by control-
ling PRMTS5 expression (Demetriadou et al. 2019).
Depletion of NAA40 induced cell apoptosis in CRC
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(Pavlou and Kirmizis 2016). Of note, IP-LC/MS
and Label-Free assays suggested that NAA40 may
be a downstream target protein of RNF112, but
whether NAA40 affects the function of RNF112 in
CRC needs further confirmation.

Here, we want to explore the capabilities of
RNF112 in CRC and its potential mechanisms.

Materials and methods
mRNA sequencing

Clinical study was approved by the Medical Ethics
Committee of Shengjing Hospital of China Medical
University and conducted based on the Declaration
of Helsinki. All subjects provided written informed
consent. mMRNA sequencing was conducted using
22 CRC tissue samples and 18 adjacent tissue sam-
ples by Wuhan Yingzi Gene Technology Co., Ltd.
Sample information was shown in supplementary
Table 1. Data analysis of mRNA sequencing was as
follows: the original sequencing data was obtained
through data quality control. Clean data was com-
pared to the reference genome of the correspond-
ing species. Based on the comparison results, the
library quality was evaluated, and the sample library
data qualified for quality control was analyzed.

Bioinformatics analysis

GSE200427 chip (https://www.ncbi.nlm.nih.gov/
geo/query/acc.cgi?acc=GSE200427) contain-
ing 2 normal samples and 2 CRC samples and
GSE196006 chip (https://www.ncbi.nlm.nih.gov/
geo/query/acc.cgi?acc=GSE196006) containing 21
normal samples and 21 CRC samples were down-
load from NCBI. Differentially expressed genes
(DEGs, Ilog2FCI>1 and p<0.01) were identi-
fied. GO and KEGG enrichment analysis was then
carried out. In addition, list of genes related to
E3 ligase was retrieved from GeneCards (https://
www.genecards.org/) database using “E3 ubiqui-
tin ligases” as a keyword. Ubiquitin ligase coding
and related genes in gene class were obtained from
UALCAN database (https://ualcan.path.uab.edu/
cgi-bin/Kinase-summary?2.pl).


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE200427
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE200427
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE196006
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE196006
https://www.genecards.org/
https://www.genecards.org/
https://ualcan.path.uab.edu/cgi-bin/Kinase-summary2.pl
https://ualcan.path.uab.edu/cgi-bin/Kinase-summary2.pl

Cell Biol Toxicol (2025) 41:22

Page30f 19 22

Clinical samples detection

Twenty-nine pairs of fresh primary CRC and adja-
cent tissues, as well as 92 paraffin-embedded CRC
tissues were collected. RNF112 levels were evalu-
ated by immunohistochemistry using a scoring
method (Zheng et al. 2022).

Immunohistochemistry

Sections were dewaxed and rehydrated. Afterwards,
endogenous peroxidase was blocked with 3% H,0, for
15 min. RNF112 (1:100, PA5-118,985, Thermo Fisher,
USA) or Ki67 (1:100, AF0198, Affinity, Changzhou,
China) antibodies were incubated overnight at 4°C,
followed by secondary antibody (1:200, D110058,
Sangon, Shanghai, China) at 37°C for 0.5 h. DAB
was used to develop, and staining was acquired with a
microscope.

Cell culture

GP2D and SW1116 cells were obtained from iCell
(Shanghai, China). DLD1 and SW620 and NCM460
cells were obtained from Cellverse (Shanghai, China).
DLDI1, GP2D and NCM460 cells were cultured in
1640 (Solarbio, Beijing, China). SW1116 and SW620
cells were cultured in L-15 (Procell, Wuhan, China).
Cells were placed at 37°C and 5% CO,.

Knockdown and overexpression

siRNAs targeting RNF112 were synthesized from

JinTuoSi (Wuhan, China). shRNAs targeting

RNF112 were cloned to pRNAH1.1 vector. In addi-

tion, KLF4 CDS, RNF112 CDS or NAA40 CDS

were cloned to pcDNA3.1 vector. Cells were trans-

fected using Liposome 3000 (Invitrogen, USA).
siRNAs targeting RNF112 were shown:

RNF112 jzna.1» CCUGAGUGCCGGAAGAUAU;
RNF112 zxa0 CCUUCCUCCUCAACCAUUU;
RNF112 pna3 GGUGAUGGGCAAGCAUUAU;
RNF112 gt AGAGAUUGUCUGGCAGAUA;
RNF112 jzna.ss CACCCAGAAAGAUGCCAUU.

shRNAs targeting RNF112 were shown:

RNF112 4 gna . GGGAAGATATGCAAGCAGAAT
TCAAGAGATTCTGCTTGC ATATCTTCCTTTTT;
RNF112  4pnap GGGAAGTCCTTCCTCCTC
AATTCAAGAGATTGAGGAGGA  AGGACT
TCCTTTTT.

Cell viability analysis

Cells (5x10% well) were seeded in 96-well plates.
Next, after 48 h and 72 h, CCK8 reagent (KeyGEN,
Nanjing, China) was added. Finally, OD 450 was
tested on a microplate reader (Biotek, USA).

Flow cytometry detection

For cell cycle, cells were treated with 500 pl PI/
RNase A (KeyGEN) and incubated for 30 min. For
apoptosis, cells were treated with 5 yl AnnexinV-
FITC and 5 pl PI and incubated for 10 min. Finally,
data was measured by a NovoCyte flow cytometer.

Caspase 3 and Caspase 9 activity

Caspase-3 (C1116, Beyotime, Shanghai, China) and
Caspase-9 activity (C1158, Beyotime) was tested by
the respective kits.

Xenotransplantation

Animal studies were approved by Medical Ethics
Committee of Shengjing Hospital of China Medical
University and in lines with the National Research
Council’s Guide for the Care and Use of Labora-
tory Animals. After 1 week of adaptive feeding,
BALB/c nude mice (4-week-old) were divided into
5 groups (vector, RNF112 g, NC, RNF112 grna.i
and RNF112 4 pna0). SW620 or DLDI cells (2 x 10°)
were injected subcutaneously. Tumor size was meas-
ured every 5 days. After 4 weeks, mice were killed
and tumor tissues were collected.

TUNEL staining

After deparaffinized and hydrated, sections were
treated with 0.1% Triton X-100 (50 pl, Beyotime) for
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8 min and 50 ul TUNEL solution for 1 h. Afterwards,
sections were stained with DAPI for 5 min, and stain-
ing was acquired under a microscope.

Prediction of binding of KLF4 to RNF112 promoter

RNF112 promoter was retrieved through the UCSC
Genome Browser Gateway database (https://genome-asia.
ucsc.edu/cgi-bin/hgGateway ?hgsid=730609074_3yH3.

QylyhAexYB3spswXolohivRN), and the pro-
moter sequence was pasted into the JASPAR database
(https://jaspar.elixir.no/). Binding sites of KLF4 on
the RNF112 promoter were predicted.

Luciferase reporter assay

Luciferase reporter vector containing the promoter
sequence of RNF112 was constructed and transferred
into SW620 cells with KLF4 overexpression plasmid.
pRL-TK was a control plasmid. Finally, luciferase
activity was measured 48 h later.

Chromatin-immunoprecipitation (Ch-IP) assay

Cells were incubated with 1% formaldehyde for 1 h
and 10X Glycine Solution. Cells precipitates were
then resuspended in SDS lysis. After ultrasonic treat-
ment, 1.8 ml Ch-IP dilution buffer was added to 0.2
ml supernatant. 20 pl supernatant was used as input,
and the remain supernatant was added to 70 ul Pro-
tein A+G Agarose/Salmon Sperm DNA. After cen-
trifugation, supernatant was added with 1 ug KLF4
antibody (11,880-1-AP, Proteintech) or IgG. Then
the mixture was treated with 60 pl Protein A +G Aga-
rose/Salmon Sperm DNA. Afterwards, DNA—protein
complex was added with 5 M NaCl, and the purified
DNA was used for PCR assay. PCR primers were as
follows:

Ch-1P-1

F: 5’-CCTGCCTTGACAACCTTT-3

R: 5’-GATGGGACAATCAGTCTTCAC-3’
Ch-1P-2

F: 5’-GGTAATGGTGGCTCCTC-3’

R: 5’-CCTTCTCATCCCTCCTG-3’
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Co-immunoprecipitation (Co-IP)

Cells were lysed and proteins were isolated. The
antibody was immobilized, and IP was performed.
In brief, IP lysate (200 pl) was added to the resin
that solidified the antibody. After elution, the
obtained samples were used for western blot.

Ubiquitination assay

For ubiquitination analysis, cells were treated with
10 uM MG132 for 8 h. Western blot was used to
detect ubiquitination levels.

IP-LC/MS and Label-Free assays

RNF112 overexpression vector (with Flag tag) and
its control vector (with Flag tag) were constructed
and transfected into SW620 cells, respectively.
After 48 h, IP-LC/MS analysis was performed on
the vector-Flag and RNF112-Flag from anti-Flag by
Novogene (Beijing, China). According to the files
detected, the corresponding database was searched
for protein identification. At the same time, mass
tolerance distribution of polypeptide, protein and
parent ion was analyzed to evaluate the quality of
mass spectrometry data.

RNF112 overexpression vector or its control vector
were transfected into SW620 cells, respectively. After
48 h, cells were employed for Label-Free. Label-Free
was conducted by Qinglian Baiao Technology Co.,
Ltd. (Beijing, China) in accordance with a standard
experimental procedure. Differentially expressed pro-
teins (Illog2FCI>1 and p <0.05) were identified. Pro-
teins were then subjected to GO and KEGG enrich-
ment analysis.

Immunofluorescence double staining

After blocking with 1% BSA, sections were incu-
bated with Flag (1: 100, 66,008-4-Ig, Proteintech)
and NAA40 (1: 100, 16,698—1-AP, Proteintech) anti-
bodies at 4°C overnight, followed by respective sec-
ondary antibodies (1: 200, #4408, CST, USA or 1:
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200, #4413, CST) for 1 h. Finally, after treating with
DAPI, sections were pictured with a microscope.

Real-time PCR

Total RNA was extracted with TRIpure. Next, RNA
was transcribed into cDNA by All-in-One First-Strand
SuperMix (Magen, Guangzhou, China). Afterwards,
real-time PCR was conducted with the SYBR Green
kit (Solarbio). Relative mRNA levels were calculated
with a 2724 method. Primers were shown as follows:

RNF112, F: 5’-GGACAGACGCCTACTCACG-3’;
RNF112, R: 5’-CTGCCTCACATACTCCTCGA-3’;
KLF4, F: 5’-CCAGAGGAGCCCAAGCCAAAG-3’;
KLF4, R: 5’>-TCCACAGCCGTCCCAGTCA-3’;
B-actin F: 5’-GGCACCCAGCACAATGAA-3’;
B-actin R: 5>-TAGAAGCATTTGCGGTGG-3".

Western blot

Total protein was extracted and quantified by BCA
assay kit (Beyotime). 20 ug protein was loaded into
each well of a 10% SDS-PAGE gel and transferred
to PVDF membranes (Abcam, UK). Next, the blots
were incubated with RNF112 (1:1000, PA5-118,985,
Thermo Fisher), Cyclin E1 (1:1000, 11,554-1-AP,
Proteintech), CyclinD1 (1:5000, 26,939-1-AP, Pro-
teintech) and NAA40 (1:500, 16,698-1-AP, Protein-
tech) antibodies overnight at 4 °C. Thereafter, the blots
were incubated with HRP-labeled goat anti-rabbit
IgG (1:5000, A0208, Beyotime) or goat anti-mouse
IgG (1:5000, A0216, Beyotime) at 37 °C for 45 min.
Finally, the blots were treated with ECL reagent, and
data were then analyzed by Gel-Pro-Analyzer software.

Statistical analysis

In this study, data are expressed as mean=+SD. Data
between two groups were compared by student’s
t-test. Data of multiple groups were compared by
one-way or two-way ANOVA. Correlation between
RNF112 expression and clinicopathological features
was analyzed by Chi-square test. Additionally, cor-
relation between RNF112 mRNA and KLF4 mRNA
was evaluated by Pearson. p<0.05 was considered
statistically significant.

Results
RNF112 may be involved in CRC tumorigenesis

To screen potential molecular targets of CRC,
we performed mRNA sequencing using CRC tis-
sue samples and adjacent tissue samples. In addi-
tion, we downloaded GSE200427 and GSE196006
chips from NCBI and then carried out bioinfor-
matic analysis of the DEGs in these three databases.
Firstly, the ring heat map and volcano map showed
the expression of genes in the three datasets. There
were 1,534 upregulated genes and 1,504 downregu-
lated genes in mRNA sequencing results (Fig. 1A).
In GSE200427 dataset, there were 801 upregulated
genes and 1128 downregulated genes (Fig. 1A). In
addition, in GSE196006 dataset, there were 1,634
upregulated genes and 1,537 downregulated genes
(Fig. 1A). GO and KEGG analysis were conducted.
BP results presented that DEGs were enriched in
mitotic cell cycle phase transition, DNA-templated
DNA replication and regulation of ubiquitin pro-
tein ligase activity (Fig. 1B). CC data indicated that
DEGs were enriched in cyclin-dependent protein
kinase holoenzyme complex and DNA replication
preinitiation complex (Fig. 1B). MF results sug-
gested that DEGs were enriched in growth factor
activity and chemokine receptor binding (Fig. 1B).
Moreover, KEGG enrichment analysis showed that
DEGs participated in cytokine-cytokine receptor
interaction, PI3K-Akt signaling pathway and cell
cycle (Fig. 1B). Upset chart was used to show the
number of crossed genes in the three datasets. We
found that 24 DEGs had intersections in the three
databases (Fig. 1C). We further screened the tar-
get factors based on the results of three databases.
Firstly, we intersected the DEGs of the three data-
sets to obtain 766 common DEGs. Next, the 766
common DEGs were intersected with genes related
to E3 Ubiquitin ligase in GeneCards and ubiquitin
ligase coding and related genes in UALACN data-
base to obtain 6 shared DEGs, including RNF112,
UHRFI1, ENCI1, CCNF, RNF183 and NEDDA4L
(Fig. 1D). By investigating the function of these 6
DEGs, we found that only the function of RNF112
in CRC was unknown, so RNF112 was selected as a
target for subsequent analysis.
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Fig.1 RNF112 may be involved in CRC tumorigenesis. The
data from mRNA sequencing, GSE200427 and GSE196006
profiles were collected, and total DEGs were used for bioinfor-
matics analysis. A The ring heat map and volcano map showed
the expression of genes in the three datasets. B GO and KEGG
analysis were performed on the total DEGs. C The upset plot

showed the intersection of the correlation analysis between
three datasets. D Venn diagram showed the common DEGs
in the three datasets. The common DEGs of the three datasets
were then intersected with genes related to E3 Ubiquitin ligase
in GeneCards and ubiquitin ligase coding and related genes in
UALACN database. Venn diagram showed the shared DEGs
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RNF112 expression was obviously decreased in CRC
tissues and cells

Firstly, we set out to explore the expression of
RNF112 in CRC tissues. Data from transcriptome
sequencing and GSE200427 and GSE196006 chips
showed that RNF112 was obviously decreased in
CRC tissues (Fig. 1A). Results from the UALCAN
database also indicated that RNF112 levels were
markedly reduced in colon cancer tissues in com-
parison with the controls (Fig. 2A). In addition,
we collected 29 pairs of adjacent and tumor tis-
sues from CRC patients. Figure 2B-C displayed that
RNF112 expression was overtly decreased in tumor
tissues. Immunohistochemistry assay presented that
RNF112 levels were increased in adjacent tissues,
but gradually decreased in TNM stage (Fig. 2D).
To explore the clinicopathological significance of
RNF112 in CRC, the correlation between RNF112

expression and the pathologic materials was
explored. The analysis suggested that RNF112 low
expression was correlated with tumor size, N clas-
sification and TNM stage (Table 1).

Furthermore, the abundance of RNF112 was
remarkably decreased in the CRC cells includ-
ing GP2D, SW1116, DLD1 and SW620, compared
to NCM460 (Fig. 2E). In addition, we found that
RNF112 was moderately expressed in SW620 and
DLD1 cells. Therefore, siRNAs targeting RNF112
and its control NC, as well as RNF112 overexpres-
sion plasmid and its vector plasmid were trans-
fected into SW620 and DLDI1 cells, respective.
After transfection for 48 h, the knockdown and
overexpression efficiency of RNF112 was verified.
These findings indicated that RNF112 was success-
fully knocked down or overexpressed in CRC cells
(Figure STA-B).
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Fig. 2 RNF112 expression was significantly decreased in
CRC tissues and cells. A RNF112 expression in CRC tissues
from the UALCAN database. B-C Real-time PCR (n=29)
and western blot (n=4) were used to test the expression of
RNF112 in CRC and adjacent tissues. D RNF112 expression in

different TNM stages (n=92) and adjacent tissues (n=32) was
determined by immunohistochemistry. (Scale bar=50 um). E
Western blot analysis of RNF112 expression in CRC cell lines
(GP2D, SW1116, DLDI and SW620) and a normal cell line
NCM460 (n=3). p<0.0001
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Table 1 Correlations between RNF112 protein expression and clinicopathological characteristics in CRC

RNF112 expression

variable category high low P

Age <60 15 11 0.785
>60 36 30

Sex Female 19 20 0.266
Male 32 21

Tumor size <5cm 41 24 0.022
>5cm 10 17

T classification TI1-T2 7 2 0.156
T3-T4 44 39

N classification NO 34 18 0.029
NI1-N2 17 23

M classification MO 45 36 0.950
M1 6 5

TNM stage I+10 34 18 0.029
m+1v 17 23

Overexpression of RNF112 suppressed the
proliferation of CRC cells

We elucidated the precise role of RNF112 in CRC
tumor biology. Functional experiments were carried
out after RNF112 overexpression or knockdown. Phe-
notypically, overexpression of RNF112 repressed cell
viability and triggered cell cycle arrest in G1 phase
in CRC cells, however, RNF112 knockdown exhib-
ited the opposite effect (Fig. 3A-B). Notably, RNF112
overexpression also inhibited the expression of cyclin
El and cyclinD1, while RNF112 knockdown elevated
their protein levels (Fig. 3C). Taken together, we elu-
cidated that RNF112 suppressed CRC cell viability
and cell cycle progression.

Overexpression of RNF112 promoted the apoptosis
of CRC cells

Furthermore, we ascertained the function of RNF112
on apoptosis. Firstly, our results indicated that over-
expression of RNF112 distinctly enhanced apoptosis
(Fig. 4A). We also assessed the impact of RNF112
on the levels of proapoptotic markers and discovered
that overexpression of RNF112 upregulated caspase 3
and caspase 9 activity (Fig. 4B). Therefore, these data
uncovered that RNF112 overexpression promoted
CRC cell apoptosis.

@ Springer

Overexpression of RNF112 repressed the growth of
CRC cells in vivo

We also determined whether RNF112 is involved
in the tumorigenesis of CRC in vivo. RNF112 over-
expression significantly retarded xenograft tumor
growth, as expected, RNF112 knockdown exhibited
the opposite effect (Fig. 5SA). In addition, we investi-
gated the role of RNF112 in the expression of tumor
growth marker Ki67 (Menon et al. 2019). Immuno-
histochemistry results illustrated that RNF112 over-
expression decreased Ki67 expression, while RNF112
knockdown increased its expression (Fig. 5B). The
knockdown and overexpression efficiency of RNF112
was also tested by immunohistochemistry, indicat-
ing that RNF112 was successfully overexpressed or
knocked down (Fig. 5B). TUNEL staining was used
to assess the impact of RNF112 on apoptosis, and the
results demonstrated that RNF112 overexpression
increased TUNEL-positive cells, supporting its pro-
apoptotic effect (Fig. 5C). Collectively, our findings
confirmed that overexpression of RNF112 repressed
the growth of CRC cells in vivo.

KLF4 promoted the transcriptional regulation of
RNF112

Here, we set out to identify the transcriptional mecha-
nism of RNF112 in CRC. Firstly, the transcription



Cell Biol Toxicol (2025) 41:22 Page9of 19 22
A {_SW620 | {_DLDT_}
259Em Vector 5=m NC 2.0 Vector 4 ==m NC :
=) = RNF112 o |7 RNF1124pnasy ) = RNF112 ¢ S | RNF112 gryag
g 20 % 4 RNF112 gignacs "E’ 154 p=0.0008" § 3 RNF112- s
0 15 ..p=0.0005 & . ' p=0.0001 O =0.0048 : 1) p<0.0001
< 157 p=o.00g1 1 = 37p=0.0003 P = P : S, | p=0.0023 "~
§ — § — p<0.0001 ‘—f 1.0 R § 2 Fprr—y P<040001'
S 1.0 A . 82 p<ﬂ 0g....c. = i el a p=0.0146 '_l
® o ® S © I e
> {‘] > 2 0.5+ e T P T o
o ‘ ‘ o : o : o
0.0- ! » 0.0- . 0-
48 72 48 72 48 72 48 72
Time (h) Time (h) Time ()
B

) Vector ) g RNF112 ., . RNF112 s

2 [ @ - (g & & v 3

3 ! i
32 "g 5
i i ! B

PI
Vector RNF112 ., ~ RNF112 g,
g 3 @ g & = & & @
. .
: _,=
g3
LN i
3
& 3
_—) b
L L
|_SWe20 :
T — _ 1201 o C R
< = RNF112 ¢ S = RNF112 gryas
§ 8975=0.0002 5 RNF112 girnas 33KDa’ - ’CyclinD1 E
3 D 3 80 PRaD0gt- o 6o ———
2 60 & 2 <0.
= £ <0001 Pt 47KDa "™ CyclinE1 | v M S
3 _ @ T p<0.0001
T 404- p=0.0001 el —
2 2 4o 42KDa ‘ B-actin ‘- -— -‘
> > i
(=) 204 " —— i gk : : o ] -] [S) ; g
3 T ‘ [} ‘ bt o~ z F 2
o (@] £ ] > @ .-
0. ; 0- T T > e o N
G1(%) S(%) G2(%) G1(%) S(%) G2(%) =z E T
e z 5
_______ . r
oW’y
{_DLoi_}
207 v 107 e - oo [
& | RNFI2 ¢ & I RNF112 gnaq S CyclinD! [
c = RNF112 grnas R——
R
3 80 p£8,0001 3 so—g%gﬁg: 8 yolinET ([
° ° . p<'%00
o2 E <0.0001 o 4 i £ LI TN S = w [S) - o
g 40 P S 4 N § N Z i
= ~ 3 ' g~ " ¢ &
o 0- O 0- ; . l o L o
T zZ z
G1(%) S(%) G2(%) G1(%)  S(%)  G2%) &

Fig. 3 Overexpression of RNF112 suppressed the proliferation
of CRC cells. A Cell viability was detected by CCK8 assay. B
Cell cycle was measured by flow cytometry. C Western blot

analysis of cyclin E1 and cyclinD1 in RNF112 overexpres-
sion or RNF112 knockdown cells. (n=3). p<0.05. p<0.01.
p<0.001. p<0.0001
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factors predicted by TFtarget database to bind to the
RNF112 promoter region were intersected with 766
common DEGs to obtained 2 DEGs, including KLF4
and TCF21 (Fig. 6A). Next, real-time PCR assay indi-
cated that KLF4 levels were notably downregulated in
CRC tissues compared to adjacent tissues (Fig. 6B).

@ Springer

The correlation of KLF4 mRNA and RNF112 mRNA
in mRNA sequencing and CRC clinical samples
was then explored. The analysis indicated that their
expression was positively correlated (Fig. 6C). Fur-
thermore, KLLF4 overexpression significantly upregu-
lated KLF4 and RNF112 mRNA levels in SW620
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Fig. 6 KLF4 mediated the transcriptional regulation of
RNF112. A The transcription factors predicted by TFtarget
(http://bioinfo.life.hust.edu.cn/hTFtarget#!/) to bind to the
RNF112 promoter region were intersected with 766 common
DEGs. Venn diagram showed the common DEGs. B Real-
time PCR was used to detect the expression of KLF4 in CRC
and adjacent tissues. C The correlation between the expres-
sion of KLF4 mRNA and RNF112 mRNA in mRNA sequenc-

cells (Fig. 6D). JASPAR database analysis identified
the binding sites for KLF4 in the RNF112 promoter,
suggesting that KLF4 may regulate the transcription
of RNF112. To test this possibility, we conducted a
luciferase reporter assay to interrogate the regulation
mode of KLF4 on RNF112. As reflected, exogenous
KLF4 stimulated a significant increase in luciferase
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ing and CRC clinical samples was analyzed. D The expres-
sion of KLF4 and RNF112 in SW620 cells was determined
by real-time PCR and western blot. E Luciferase activity in
SW620 cells was tested. Potential binding sites of KLF4 on the
RNF112 promoter region were also shown. F Binding of KLF4
on the RNF112 promoter region in SW620 cells was deter-
mined by Ch-IP. (n=3). p<0.01. p<0.001. p <0.0001

activity at —1801 ~—+15bp and —2000~—+ 15bp
of the promoter region of RNF112 in CRC cells
(Fig. 6E). Ch-IP experiments suggested that two
motifs of KLF4 bound to the promoter region of
RNF112 (Fig. 6F). Therefore, our data revealed that
KLF4 was a transcription factor involved in regulat-
ing RNF112 expression.
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NAA40 was a downstream protein of RNF112

To probe the mechanism downstream of RNF112,
IP-LC/MS and Label-Free were conducted. Firstly,
48 h after transfection, the levels of RNF112-Flag in
Co-IP precipitation were determined by immunoblot-
ting (Fig. 7A). Co-IP precipitates were then subjected
to gel electrophoresis and stained with Coomassie
Brilliant Blue (Fig. 7B). IP-LC/MS and Label-Free
assays were performed. Label-Free PCA analysis
showed that vector samples and RNF112 overexpres-
sion samples were clustered, respectively (Fig. 7C).
We found that RNF112 overexpression resulted in
significant downregulation of 26 proteins and upreg-
ulation of 59 proteins (Fig. 7D). GO enrichment
results showed that these proteins were related to
regulation of mitotic cell cycle phase transition, RNA
polymerase II transcription regulator complex and
DNA-binding transcription factor binding (Fig. 7E).
KEGG data implied that these proteins participated
in cellular senescence, p53 signaling pathway and
cell cycle (Fig. 7F). Finally, 2265 binding proteins
of RNF112 in the IP-LC/MS results were cross-ana-
lyzed with the downregulated proteins in the Label-
Free results, and 5 common proteins were obtained,
including CRABP2, LGALS1, NAA40, NMD3 and
MMAB (Fig. 7G). By inquiring the function of these
5 proteins, it was found that only NAA40 played a
tumor-promoting role in CRC. But the function of the
remaining 4 proteins in CRC is unknown. Thus, we
speculated that NAA40 may be a downstream protein
of RNF112.

RNF112 interacted with NAA40 and enhanced its
ubiquitination degradation

We further validated the regulatory mechanism
of RNF112 and NAA40. Firstly, RNF112 overex-
pression suppressed the protein levels of NAA4O,
while RNF112 knockdown promoted its protein
levels (Fig. 8A). As indicated by immunofluores-
cence, RNF112 and NAA40 were mainly colocal-
ized in cytoplasm, and rarely colocalized in nucleus
(Fig. 8B). Co-IP assay indicated that RNF112-Flag
combined with NAA40 in SW620 cells (Fig. 8C).
After SW620 cells were treated with MG132 for 8
h, the levels of NAA40 were detected. We noted that

RNF112 inhibited the expression of NAA40 via pro-
teasome pathway (Fig. 8D). As revealed in Fig. 8E,
overexpression of RNF112 promoted the degrada-
tion of NAA40. In addition, HEK293T cells were
transfected with NAA40 and RNF112 alone or co-
transfected to detect the exogenous combination of
RNF112 and NAA40. Co-IP results showed a com-
bination of the two proteins (Fig. 8F). HEK293T cells
were also transfected with NAA40, RNF112 and Ub.
Co-IP was used to detect the ubiquitination levels.
The data indicated that RNF112 promoted the ubiqui-
tination of NAA40 (Fig. 8G).

Since RNF112 is a RING-type E3 ubiquitin ligase,
we deleted its E3 ubiquitin ligase activity by mutat-
ing the RING domain and named it RNF112-MUT
(Fig. 8H). Co-IP results showed a slight reduction
in binding of RNF112-Mut and NAA40 compared
to RNF112-WT and NAA40 (F8g. 8I). In addi-
tion, HEK293T cells were transfected with NAA40,
RNF112-WT or RNF112-Mut and Ub. It was found
that RNF112-Mut reduced NAA40 ubiquitination
levels compared to RNF112-WT (Fig. 8J). Totally,
these observations confirmed that RNF112 promoted
ubiquitin-dependent degradation of NAA40.

NAA40 overexpression diminished the impact of
RNF112 overexpression on CRC tumorigenesis

To further verify whether NAA40 affects the function
of RNF112 on CRC tumorigenesis, SW620 cells were
transfected with RNF112 and NAA40 overexpression
plasmids. As indicated by CCK8 assay, NAA40 over-
expression increased cell viability that was inhibited
by RNF112 overexpression (Fig. 9A). Furthermore,
NAA40 overexpression upregulated the levels of cyc-
lin E1 and cyclinD1, as well as downregulated cas-
pase 3 and caspase 9 activity, further diminishing the
role of RNF112 overexpression in CRC (Fig. 9B-C).
Overall, our data certified that RNF112 suppressed
CRC growth by inhibiting NAA40 levels (Fig. 10).

Discussion
As demonstrated, RNF112 reprogramed glioma

cells to a more differentiated phenotype and inhib-
ited glioma progression through a p53-mediated cell
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«Fig. 7 NAA40 was a downstream protein of RNF112. A The
RNF112 overexpression vector (with Flag tag) and its control
vector (with Flag tag) were constructed and transfected into
SW620 cells, respectively. After 48 h of transfection, Flag
levels in Co-IP precipitate were detected by immunoblotting.
B Co-IP precipitates were subjected to gel electrophoresis and
stained with Coomassie Brilliant Blue. C The RNF112 over-
expression vector and its control vector were transfected into
SW620 cells, respectively. After 48 h of transfection, cells
were used for Label-Free assay. PCA was performed on the
samples (n=4). D The heat map and volcano map showed the
expression of differentially expressed proteins in Label-Free.
E GO and KEGG analysis were performed on these proteins.
F The intersection of RNF112 binding proteins obtained by
IP-LC/MS and downregulated proteins obtained by Label-Free
was analyzed. Venn diagram showed 5 common proteins

cycle signaling pathway(Lee et al. 2017). In addi-
tion, RNF112 suppressed gastric cancer process by
triggering ubiquitination of FOXMI1(Zhang et al.
2023). Notably, bioinformatics analysis implied that
RNF112 may be implicated in CRC. Our data fur-
ther indicated that RNF112 expression was overtly
decreased in CRC tissues, which was consistent with
the results of transcriptome sequencing. Next, we
found that the low RNF112 expression was signifi-
cantly correlated with tumor size, N classification and
TNM stage. However, our study did not track the rela-
tionship between RNF112 levels and patient survival
using clinical data. We believed that exploring the
relationship between RNF112 expression and patient
survival will deepen the clinical relevance of RNF112
in CRC prognosis, and this investigation will be con-
ducted in future studies. Afterwards, gain or loss of
function assays were conducted. Overexpression of
RNF112 inhibited cell viability and cell cycle process
and induced apoptosis in vitro, as well as reduced the
tumorigenesis of CRC cells in vivo. As demonstrated,
RNF112 knockdown showed a cancer-promoting
effect. Together, our findings verified that RNF112
had an antitumor role in CRC.

In order to explore transcriptional regulatory
mechanism of RNF112 in CRC, we analyzed its
upstream transcription factors. By cross-analyz-
ing the transcription factors bound to the RNF112
promoter region predicted by TFtarget and 766
DEGs, two genes that may regulate the transcription

of RNF112 were obtained, including KLF4 and
TCF21. The reason we chose KLF4 as the upstream
of RNF112 is that there are more reliable reports
that KLF4 plays a cancer-suppressing role in CRC
(Xiu et al. 2017; Zhao et al. 2004). Downregulation
of KLF4 contributed to metastasis and the epithe-
lial-to-mesenchymal transition of CRC cells (Shao
et al. 2019). KLF4 also inhibited the proliferation
of CRC cells dependent on NDRG2 signaling(Ma
et al. 2017). In addition, KLF4 sensitized colon
cancer cell to cisplatin cytotoxicity by regulating
HMGBI1 and hTERTI12 (Yadav et al. 2019). But
the role of TCF21 in CRC is less clear. Therefore,
we selected KLF4 as the transcription factor for
RNF112 for follow-up studies. Notably, results of
transcriptome sequencing and GEO databases illus-
trated that KLLF4 expression was largely downregu-
lated in CRC tissues. Our further assays confirmed
that KLF4 regulated RNF112 expression. Of note,
JASPAR prediction analysis presented that KLF4
had potential binding sites in the RNF112 promoter.
Subsequently, our data demonstrated that KLF4
bound to RNF112 promoter and promoted its tran-
scription. Totally, our results proved that KLF4, as
an upstream of RNF112, elevated its expression.

A previous study indicated that RNF112 medi-
ated ubiquitination of FOXM1 and altered its stabil-
ity (Zhang et al. 2023). To elucidate the downstream
mechanism of RNF112, IP-LC/MS and Label-
Free assays were conducted. Cross-analysis of the
2265 binding proteins of RNF112 in the IP-LC/MS
results with the downregulated proteins in the Label-
Free results yielded 5 common proteins, including
CRABP2, LGALS1, NAA40, NMD3 and MMAB.
Through the exploration of the functions of these
5 proteins, only NAA40 was found to play a pro-
tumor role in CRC. For instance, loss of NAA40
resulted in altered expression of key oncogenes and
tumor suppressor genes that inhibit the growth of
CRC cells (Demetriadou et al. 2019). Depletion of
NAAA40 induced cell apoptosis in CRC (Pavlou and
Kirmizis 2016). Therefore, NAA40 with clear func-
tion was selected as the downstream factor for study.
If other factors with unknown function are selected,
it is debatable whether RNF112 works through
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Fig. 8 RNF112 interacted with NAA40 and enhanced its
ubiquitination degradation. A SW620 cells were transfected
with RNF112 overexpression plasmid or siRNA targeting
RNF112 sequences. The expression of NAA40 was detected
by western blot 48 h after transfection. B The co-localization
of Flag (RNF112) and NAA40 in SW620 cells was detected
by immunofluorescence double staining. (Scale bar=50 um).
C Co-IP was used to detect the binding of Flag (RNF112) and
NAA40. D The expression of NAA40 was detected by western
blot after SW620 cells were treated with 10 uM MG132 for 8
h. E After 100 pg/ml CHX treatment for O, 2, 4, 6 and 8 h, the
expression of NAA40 was tested by western blot, and the deg-
radation rate of NAA40 protein was calculated. F HEK293T
cells were transfected with NAA40 vector (with His tag) and
RNF112 vector (with Flag tag) alone or co-transfected. After
48 h of transfection, co-IP was used to detect the binding of
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RNF112 and NAA40. G HEK293T cells were transfected with
NAAA40 vector (with His tag), RNF112 vector (with Flag tag)
and Ub vector (with HA tag). After transfection for 48 h and
treatment with 10 pM MG132 for 8 h, co-IP was used to test
the ubiquitination levels in the cells. H Schematic diagram of
RNF112-Mut lacking E3 ubiquitin ligase activity. I HEK293T
cells were transfected with NAA40 vector (with His tag) and
RNF112-WT vector (with Flag tag) or RNF112-Mut vector
(with Flag tag). After 48 h of transfection, co-IP was used to
detect the binding of RNF112 and NAA40. J HEK293T cells
were transfected with NAA40 vector (with His tag), RNF112-
WT (with Flag tag) or RNF112-Mut (with Flag tag) and Ub
vector (with HA tag). After transfection for 48 h and treatment
with 10 uM MG132 for 8 h, co-IP was used to test the ubiquit-
ination levels in the cells. (n=3). p <0.0001
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these factors. Our findings further confirmed that
RNF112 interacted with NAA40 and induced its
ubiquitination degradation depending on the ubig-
uitin ligase activity in CRC cells. Recovery assays
thus demonstrated that NAA40 partially rescued the
function of RNF112, not completely abolished the

role of RNF112, but it also reflected that RNF112
did play a role in CRC through NAA40. These data
implied that RNF112 showed an anticancer effect by
decreasing NAA40 expression, however, the deeper
mechanisms of the two proteins still need to be fur-
ther explored in the future.
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Fig. 10 Molecular mechanism of antitumor effect of RNF112 in CRC cells

Conclusions

Altgether, our findings imply that RNF112, whose
transcription is regulated by KLF4, inhibits CRC
growth by promoting ubiquitination and degrada-
tion of NAA40. Therefore, our study highlights the
importance of the KLF4-RNF112-NAA40 signaling
axis in CRC tumor biology, which may hold great
promise for either diagnosis or therapy.
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