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RPF2 mediates the CARM1-MYCN acxis to promote
chemotherapy resistance in colorectal cancer cells
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Abstract. Ribosome production factor 2 homolog (RPF2)
plays an important role in the life processes of ribosomal
biogenesis; however, the function and mechanism of RPF2 in
tumors are unclear. The present study demonstrated that RPF2
expression is involved in chemoresistance in colorectal cancer
(CRC) cells. The current study demonstrated that upregula-
tion of RPF2 expression in CRC promoted resistance to
chemotherapeutic agents in CRC cells, whereas knockdown of
RPF2 leads to increased sensitivity of CRC to chemotherapy.
In addition, it was found that overexpression of RPF2 led to
an increase in ATP-binding cassette (ABC)B1 expression in
CRC cells; accordingly, inhibition of RPF2 reduced the level
of ABCBI in CRC cells, thus suggesting that ABCBI may be a
downstream factor of RPF2 in the promotion of chemotherapy
resistance to CRC. The results also suggested that the expres-
sion of N-myc proto-oncogene protein (MYCN), an upstream
regulator of ABCBI1, was affected by RPF2 in CRC cells.
In addition, it was also found that the downstream protein
coactivator-associated arginine methyltransferase 1 (CARM1)
of RPF2 existed in direct binding to MYCN and this inter-
action was regulated by RPF2. The above results suggested
that RPF2 is probably regulated ABCBI expression in CRC
through the CARMI1-MYCN pathway, thereby promoting
CRC drug resistance.
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Introduction

Colorectal cancer (CRC) ranks among the most prevalent
cancers globally, along with lung, bronchial, prostate and
breast cancers, collectively accounting for nearly half of all
tumor cases. The latest statistics reveal that CRC is now the
second leading cause of cancer-related deaths. Moreover, there
has been a statistically significant increase in the mortality
rate among young patients with CRC in recent decades (1).

Over the years, multidisciplinary comprehensive treat-
ment options for CRC have seen gradual improvements.
Comprehensive chemotherapy utilizing platinum and anti-
biotic drugs as the mainstay plays a crucial role in reducing
tumor load and improving prognosis (2). Despite the progress
in chemotherapeutic regimens, chemoresistance remains a
major obstacle in achieving satisfactory therapeutic outcomes.

Ribosome production factor 2 homolog (RPF2) is a key
component involved in the assembly and maturation of
ribosomal large subunits (3). Recent studies have revealed
that RPF2 is directly involved in assisting the assembly and
development of the three major components of the 5S ribo-
nucleoprotein (RNP; 5S rRNA, Rpl5/ull8 and Rpll1/ul5)
into the 5sRNP precursor, which further assembles into the
ribosomal precursor (4). However, existing studies on RPF2
have primarily focused on its role in ribosome biogenesis,
neglecting its potential signaling pathways beyond the ribo-
some and its role in CRC.

In a previous study, we observed that RPF2 was widely
overexpressed in CRC cells and found that coactivator-asso-
ciated arginine methyltransferase 1 (CARMI), a downstream
protein of RPF2, was involved in the epithelial-mesenchymal
transition (EMT) in CRC (5). EMT has a major effect on the
pathological mechanisms of tumor cells and a large number of
studies have demonstrated that it is associated with cell prolif-
eration, apoptosis and drug resistance (6-11). Dysregulated
expression of the ATP-binding cassette (ABC) superfamily
of transporters is the main reason why tumor cells increase
their ability to efflux cytotoxic drugs, leading to resistance to
chemotherapeutic agents (12). In early pre-tests, a potential
association between RPF2 expression and CRC drug resistance
was observed (Fig. S1A, B and F). Several ABC protein family
members have been reported to be expressed in CRC tumors



2 LU et al: RPF2 PROMOTES ABCB1 EXPRESSION

and have been strongly associated with resistance to platinum
and other drugs in CRC (13,14). Thus, it was hypothesized that
RPF2 may directly or indirectly influence the expression of
ABC transporter proteins through CARMI or other pathways,
thereby affecting CRC drug resistance. The primary objective
of the present study was to refine and validate the aforemen-
tioned hypothesis and further explore the associated signaling
pathway mechanisms.

Platinum-based drugs are one of the main components
of current CRC chemotherapy regimens (2). Cisplatin, a
first-generation platinum-based agent, remains active on the
front line in a number of solid tumors (15). For the treatment
of CRC, although cisplatin is no longer the first choice due
to its unique distribution preference in ascites, cisplatin still
has potential advantages for patients with advanced tumors
complicated by ascites (16). There are still a large number of
investigators attempting to develop entirely new regimens for
cisplatin in CRC treatment, implying that cisplatin still retains
great potential in CRC therapy (17,18). In summary, the present
study aimed to refine and validate the above hypotheses and
further investigate the related signaling pathway mechanisms,
providing a basis for the selection of new chemotherapeutic
targets, chemosensitization of chemotherapeutic agents, espe-
cially platinum drugs led by cisplatin, as well as the production
of new combination chemotherapeutic regimens.

Materials and methods

Cell culture. Dulbecco's Modified Eagle Medium
(DMEM)-high glucose media supplemented with 10% FBS
(Biological Industries Ltd.) and 1% penicillin and strepto-
mycin (PS) solution was cultivated at 37°C with 5% CO, for the
human CRC cell lines HCT116 (RRID: CVCL_0291) and RKO
(RRID: CVCL_0504) (Shanghai Institute of Cellular Biology
of Chinese Academy of Sciences). Myco-Lumi Luminescent
Mycoplasma Detection Kit for Low Sensitivity Instruments
(cat. no. C0297S; Beyotime Institute of Biotechnology) was
used to ensure that the cells were not contaminated with
mycoplasma. Short tandem repeat (STR) was used to iden-
tify whether the cells were mutated; Beyotime Institute of
Biotechnology provided the STR technology service.

Lentiviral transfection and cell screening. The sequences for
RPF2 overexpression RNA (RPF2), knockdown RPF2 short
hairpin (sh)RNA (shRPF2i) and negative control shRNA
(shCtrl) were synthesized by Shanghai GeneChem Co. The
exogenous RPF2 overexpression RNA contains a 3XFLAG
protein tag (3 kDa), so the molecular weight of exogenous
RPF2 will increase by 3 kDa. The RPF2 vectors possessed
the following sequences: (forward) 5'-GCAGAACACCACG
GATTGAAT-3". The lentiviral vector containing scrambled
shRNA 5-CCGGGCTGAGGAGAAACCAATAGAACTCGA
GTTCTATTGGTTTCTCCTCAGCTTTTT-3' was used as a
negative control. Shanghai GeneChem Co. was also responsible
for creating the relevant recombinant expression plasmids and
lentiviral packaging plasmids. These recombinant expression
plasmids contained the puromycin acetyltransferase gene and
the coding sequences for the green fluorescent protein (GFP).
During the experiment, cells in logarithmic growth phase
were trypsin digested and complete medium was used to create

a 10x10* cells/ml cell suspension. Then, 0.5 ml of this suspen-
sion was inoculated into each well of 24-well plates. Cells
cultured to 15-30% density at 37°C and 5% CO,. For HCT116
cells, lentivirus was diluted to 4x10° TU/ml (2x10° TU/ml for
RKO cells) using a mixture of DMEM and HitransG Infection
Enhancement Solution (GeneChem, Inc.) and co-cultured with
the cells for 24 h at 37°C and 5% CO,. Then, the cells were
changed to complete medium for continued culture. After 72 h
of incubation, once it was determined that the cells were in
good condition without significant cell death, stable transfected
cell lines were screened using puromycin at a concentration of
8 pug/ml.

Whole cell extract. Total cellular proteins were extracted
using RIPA Lysis Buffer-Medium (CoWin Biosciences),
Complete Protease Inhibitor Mini Cocktail (MilliporeSigma)
and phenylmethylsulfonyl fluoride (Beyotime Institute of
Biotechnology) to extract total cellular proteins. After standing
overnight at 4°C, the proteins in the supernatant were collected
by centrifugation at 14,000 x g for 10 min at 4°C and stored at
-80°C for further analysis.

3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-
(4-sulfophenyl)-2H-tetrazolium (MTS) assay. Cell viability
was assessed using the MTS assay (Nanjing KeyGen Biotech
Co.,Ltd.) following the treatment. In 96-well plates, cells were
plated in octuplicate. Then, four of the wells were supple-
mented with 100 ul of MTS working solution (consisting
of 90 ul of 10% FBS-DMEM and 10 ul of MTS) per well
following cell attachment. Following a 90-min incubation at
37°C with 5% CO,, the absorbance at 490 nm was measured
and this value was considered as the initial (0 h) cell viability.

For the other four wells, cells were treated with the respec-
tive IC;, concentration of cisplatin, for a duration of 24 h. After
the 24-h incubation period, the original medium was removed
and 100 pl of MTS working solution was added to each well.
Following another 90-min incubation at 37°C with 5% CO,,
the absorbance at 490 nm was measured to determine the
cell viability after 24 h of treatment; 48 h as well as 72 h cell
viability was obtained in the same way.

The absorbance values at 490 nm were measured using an
ELISA reader. The cell viability was expressed as a percentage,
calculated by comparing the viability value for each time
period to the initial (O h) cell viability value.

Bradford protein assay. The Bradford Protein Concentration
Assay Kit (descaler compatible; Beyotime Institute of
Biotechnology) was used to determine the protein concentra-
tion. Initially, 10 ul of various concentrations of prepared protein
standards were added to the protein standard wells in a 96-well
plate. Subsequently, 10 y1 of the protein sample was added to the
sample wells of the same plate. Next, 300 pl of G250 staining
solution (descaler compatible) was added to each well. The
absorbance of the solutions was immediately measured at A595
or other wavelengths between 560-610 nm using an enzyme
marker. Using the obtained standard curve of protein concentra-
tion, the protein concentration of the sample was estimated.

Antibodies and reagents. The following antibodies were
used in the present study: RPF2 (cat. no. ab180604; Abcam),



ONCOLOGY REPORTS 51: 11, 2024 3

B-actin (cat. no. 4970; Cell Signaling Technology, Inc.),
CARMI (cat. no. 3379; Cell Signaling Technology, Inc.),
CARMI (cat. no. BF0658; Affinity Biosciences, Ltd.),
ABCBI (cat. no. AF5185; Affinity Biosciences, Ltd.), ABCG2
(cat. no. AF5177; Affinity Biosciences, Ltd.), ABCCI (cat.
no. AF5177; Affinity Biosciences, Ltd.), ABCC2 (cat.
no.DF3873; Affinity Biosciences, Ltd.). N-myc proto-oncogene
protein (MYCN; cat. no. 84406; Cell Signaling Technology,
Inc.), Histone H3 (cat. no. 4499; Cell Signaling Technology,
Inc.), Alexa Fluor 555 labelled donkey anti-rabbit IgG (H+L;
cat. no. A0453; Beyotime Institute of Biotechnology), Alexa
Fluor 647 labelled goat anti-mouse IgG (H+L; A0473;
Beyotime Institute of Biotechnology), CARMI Inhibitor (cat.
no. 217531; MilliporeSigma).

Cell monoclonal experiments. The cells were incubated at
37°C with 5% CO, and the cells were digested at a growth
density of 70-80%. To obtain single cell suspensions, the cells
were digested using 0.25% trypsin. These single cell suspen-
sions were then homogeneously inoculated into 6-well plates,
with each well containing 500 cells. The cells were cultured in
DMEM High Sugar Medium supplemented with 10% FBS for
7 days. After 7 days, the medium was discarded and the cells
were treated with DMEM High Sugar Medium containing
10% FBS and cisplatin for 1 day. Following this, the medium
was replaced with DMEM High Sugar Medium supplemented
with 10% FBS and the cells were further cultured for an addi-
tional 14 days. All the above incubations were carried out in
an incubator at 37°C with 5% CO,. During the 14-day culture
period, the formation of cell clones (>50 cells) was observed.
At the end of the 10-day period, the clones were fixed and
subjected to staining for further analysis.

Western blotting. Standard western blotting techniques were
employed for the analyses of the protein samples (19). Samples
were diluted to a protein concentration of 5 mg/ml using PBS
buffer (Beyotime Institute of Biotechnology). The diluted sample
solution was then collected and 4:1 added to the up-sampling
buffer (5X) (Beyotime Institute of Biotechnology). After a water
bath at 100°C for 5 min, 10 ul/lane was uploaded onto a 4-20%
precast PAGE gel (cat. no. P0O468M; Beyotime Institute of
Biotechnology). Pre-stained protein molecular weight markers
(Thermo Scientific, Inc.) were used as molecular weight refer-
ences. Electrophoresis was performed using a mini-vertical
electrophoresis tank (Bio-Rad Laboratories, Inc.) in a Tris-Gly
buffer systeminconstant voltmode (180 V). After electrophoresis,
wet transfer was performed using a mini-transfer tank (Bio-Rad
Laboratories, Inc.) under NemBlot Rapid Transfer Buffer (NCM
Biotech) conditions to PVDF membranes (MilliporeSigma).
The membranes were blocked for 30 min at room tempera-
ture using QuickBlock Western Blocking Solution (Beyotime
Institute of Biotechnology). The primary antibodies (1:1,000
dilution) was incubated overnight at 4°C with cyclotron shaking
and the secondary antibody (1:2,000 dilution) was incubated for
1 h at room temperature with shaking. SuperSignal West Pico
Plus Chemiluminescent Substrate (Thermo Scientific, Inc.) was
added and images captured using a FluorChem HD2 imaging
system (ProteinSimple). The protein bands on the western blot
were quantified by calculating their grey scale values using
ImageJ 1.54d software (National Institutes of Health). For

proteins with close molecular weights, Restore Western Blot
Stripping Buffer (Thermo Scientific, Inc.) was used to elute the
bound antibody, after which it was re-incubated and re-exposed
according to the western blotting standard procedure.

Co-immunoprecipitation. Immunoprecipitation experi-
ments were performed using the Immunoprecipitation Kit
(Protein A+G Magnetic Bead Method; Beyotime Institute of
Biotechnology). All unlabeled reagents below were included in
the kit and were used in according to manufacturer's protocol.
To start the immunoprecipitation process, the Protein A+G
magnetic beads, stored in glycerol, were rinsed with TBS
and set aside. The cells were lysed using a lysate containing
protease inhibitor and phosphatase inhibitor. After sufficient
lysis, the lysate was centrifuged at 14,000 x g for 5 min at
4°C and the supernatant collected. The protein concentrations
of each group was measured using the Bradford protein assay
and the protein concentrations adjusted using TBS.

The antibody CARMI (cat. no. 3379; Cell Signaling
Technology, Inc.) was prepared at a final concentration of
20 ug/ml and kept on ice. The prepared Protein A+G magnetic
beads were placed on a magnetic rack, the supernatant
removed and the appropriate amount of antibody working
solution added. The mixture was incubated for 2 h at room
temperature. After incubation, the supernatant was removed,
and the beads rinsed three times with TBS and resuspended in
the initial volume.

A suitable amount of Protein A+G magnetic beads was
added to the protein sample and incubated overnight at 4°C.
Following the incubation, the samples were washed three
times with lysis buffer, resuspended in the initial volume and
heated with SDS-PAGE Sample Loading Buffer for 5 min at
95°C in a water bath for western blotting.

Apoptosis detection assay. Apoptosis detection using the
one-step TUNEL Apoptosis Detection Kit (red fluorescent;
Beyotime Institute of Biotechnology). Adherent cells were
fixed with 4% paraformaldehyde at room temperature for
30 min, then incubated at room temperature with immunos-
taining strong penetration solution for 5 min. An appropriate
amount of TUNEL detection solution was added at 37°C and
incubated in the dark for 60 min. A laser confocal microscope
(Leica TCS SPS; Leica Microsystems GmbH) had the excita-
tion wavelength set to 550 nm and the emission wavelength to
570 nm for detection.

Animal study. Mice were provided by Cavens Biogle Model
Animal Research Co. Ltd. and were raised with 26-28°C and
40-60% humidity, with a 10/14 h light/dark cycle. A total
of 16 Balb/c nude mice (6-8 weeks old) were used for the
experiment, consisting of 8 females and 8 males. The mice
were randomly divided into four groups based on sex, with
each group containing 2 females and 2 males in a pair. The
four groups were named as follows: the Control group (Ctrl),
the negative control group treated with shRNA (shCtrl), the
RPF2 overexpression group (RPF2) and the group treated with
RPF2 knockdown using short hairpin RNA (shRPFi). RKO
colorectal cancer (CRC) cells were prepared and suspended
in PBS at a concentration of 10x10° cells. Subsequently,
0.2 ml of the cell suspension was subcutaneously injected
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into the root of the thighs of each mouse. At 10 days after
cell implantation, cisplatin was administered twice a week via
intraperitoneal injection at a concentration of 2.5 mg/ml and a
dose of 2.5 mg/kg. After 3 weeks of administration, all mice
were sacrificed by cervical dislocation to obtain tumor tissue.
Images of the tumor tissues were then captured and examined
for any pathological changes.

All animal experiments were conducted with the approval
of the Medical Laboratory Animal Care Commission of Wuxi
People's Hospital affiliated with Nanjing Medical University,
ensuring compliance with ethical guidelines for animal
research (KY22045).

Statistical analysis. Data are presented as mean + standard
deviation (SD) from at least three independent experiments
with more than three replications per experiment. Statistical
analyses were performed using Graph Prism 8.0 (GraphPad
Software; Dotmatics). Significance of differences was analyzed
by one-way ANOVA with post hoc using Tukey's multiple
comparisons. P<0.05 was considered to indicate a statistically
significant difference.

Results

Construction of stable RPF2 knockdown and RPF2 overex-
pression cell lines. RKO and HCT116 cell lines were selected
to establish stable RPF2 overexpressing cell lines (RPF2
group), stable RPF2 knockdown cell lines (shRPF2i group)
and negative control cell lines (shCtrl group). After 72 h of
lentiviral transfection, it was expected that GFP fluorescent
protein expression had reached its peak and green fluorescence
was observed under a 488 nm light source in the shCtrl group,
RPF2 group and shRPF2i group, indicating the success of
lentiviral transfection (Fig. 1A).

Next, the expression of RPF2 in the original strain group
(Ctrl group), shCtrl group, RPF2 group and shRPF2i group
was further assessed using western blotting analysis. The
results demonstrated that there was no significant difference in
RPF2 expression between the shCtrl group and the Ctrl group
(P>0.05). By contrast, the RPF2 group exhibited an increased
level of RPF2 expression, while the shRPF2i group displayed
a decreased level of RPF2 expression compared with the two
aforementioned groups (Fig. 1B).

RPF2 promotes CRC cells to develop resistance to cisplatin.
To investigate the effect of RPF2 expression on chemotherapy
resistance in CRC, in vitro experiments were conducted
using the MTS assay. First, the ICs, values of cisplatin for the
HCT116 and RKO cell lines at 24 h were determined, which
were 70 and 21 uM, respectively (Fig. 2A).

Cell resistance to cisplatin was examined by measuring
cell viability at the aforementioned concentrations of cisplatin
after 24,48 and 72 h of incubation, comparing it to cell viability
before drug treatment. The results revealed that cells in the
RPF2 group, with RPF2 overexpression, exhibited significantly
higher resistance to cisplatin compared with the negative
control group (shCtrl) and the control group (Ctrl; P<0.05). By
contrast, knockdown of RPF2 in the shRPF2i group resulted
in a significant decrease in resistance to cisplatin compared
with the two control groups (Fig. 2B).

In a similar manner, a pre-experiment was performed by
gradient concentration to obtain the cisplatin concentration of
3 M required for RKO cells in the cellular monoclonal assay
performed (Fig. S1C). In subsequent experiments, it was found
that 3 M cisplatin was also effective for HCT116 cells and,
considering the higher IC;, of HCT116 cells, the concentration
of 3 uM was followed in order to maintain the ability of cellular
clonal colony formation as much as possible. On the basis of
this, cell monoclonal assays were performed to further vali-
date the findings. The results indicated that following cisplatin
treatment with the corresponding concentration, cell growth
in the RPF2 group was significantly improved compared with
that in the shCtrl and Ctrl groups (P<0.05). Conversely, cells
in the shRPF2i group showed significantly reduced resistance
to cisplatin compared with the shCtrl and Ctrl groups (P<0.05;
Fig. 2C).

RPF2 promotes ABCBI expression in CRC. Previous studies
have shown that dysregulated expression of ABCB1, ABCCl,
ABCC2 and ABCG2 is often the main reason for the develop-
ment of drug resistance in CRC (20,21), so cellular ABCBI,
ABCCI1, ABCC2 and ABCG2 expression was examined
using western blotting technique (Fig. S1D). The results of
protein expression showed that ABCBI1 expression exhibited
differences consistent with the RPF2 trend, with a significant
increase in ABCBI expression in the RPF2 group compared
with the control and negative control groups (P<0.05), while
the shRPF2i group showed a significant decrease in the
expression of ABCB1 compared with the control and negative
control groups (P<0.05; Fig. 3A). Thus, increased expression
of ABCBI1 may be the main reason why RPF2 promotes the
development of drug resistance in CRC.

RPF2 promotes ABCBI expression through CARMI-MYCN.
MYC and MYCN are important transcription factors that regu-
late ABCBI expression and there is a high degree of functional
and structural similarity (22-25). Our earlier study identified
CARMLI, a functional protein downstream of RPF2 (5). PRMT],
which shares a similar function with CARM1, was found to bind
to MYC and MYCN and adjust their expression and function in
recent years (26-28). In addition, CARMI1 has also been recently
found to indeed affect the function of MYC, which has not been
reported for MYCN (29). Based on the above literature search, it
was therefore hypothesized that RPF2 is likely to affect ABCBI1
expression through the CARM1-MYC/MYCN pathway. With
the help of protein blotting and immunoprecipitation techniques,
the above hypothesis was verified. The immunoprecipitation
results showed that CARM1 and MYCN coactivated and that
this coactivation was affected by RPF2 expression (Fig. 3B).
The results of immunofluorescence further suggested the
possible specific form of this effect, as the expression of RPF2
clearly promoted the increase of CARMI content in the nucleus
(Fig. S1F), which, at the same time, appeared to be supported
by the cytosolic proteins obtained after treatment (Fig. S1F).
Meanwhile, the results of protein blotting suggested that the
overall expression of CARMI was not affected by RPF2, but
the overall expression of MYCN was significantly promoted by
RPF2 expression (P<0.05).

By contrast, the results for MYC showed that CARM1 had
no significant direct co-action on MYC (Fig. S1G).
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Figure 1. Lentiviral transfection to construct RKO and HCT116 cell lines. (A) Under a fluorescence microscope (magnification, x20), cells undergoing lenti-
viral transfection were observed to emit green fluorescence under the excitation of a light source at 488 nm, whereas the original strain of cells without viral
transfection did not emit green fluorescence. (B) Intracellular RPF2 expression was detected by western blotting. RPF2 expression was not significantly
altered in the shCtrl group compared with the Ctrl group. RPF2 expression was significantly increased in the RPF2 group and exogenous RPF2 bands with an
increased 3 kDa beacon observed at ~40 kDa (RKO: P<0.05; HCT116: P<0.01). RPF2 expression was significantly lower in the shRPF2i group (RKO: P<0.05;
HCT116: P<0.0001). “P<0.01; *“P<0.001; “*"P<0.0001. RPF2, ribosome production factor 2 homolog; sh, short hairpin.

RPF?2 promotes drug resistance in CRC cells in vivo. To verify ~ four groups of tumors were treated with 3 weeks of cisplatin
the effect of RPF2 on the development of chemotherapy resis-  chemotherapy 10-days after implantation and the tumors of
tance to CRC cells in vivo, a xenograft tumor mouse model = mice in the overexpressing RPF2 group were significantly
was constructed. The results of the mouse model showed that  larger and more cisplatin-resistant compared with the control
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Figure 2. Functional assay in vitro. (A) The inhibitory effect of graded concentrations of cisplatin on tumor cells was measured and a regression function
was made with log (concentration) as the x-axis and the ICy, of cisplatin was calculated to be 21.52 uM for RKO and 69.83 uM for HCT116. (B) After the
addition of cisplatin corresponding to the ICs, the cell viability was measured at O and 24 h by MTS. The cell viability at 0 h was used as a reference to
derive the relative cell viability at 24 h for each group of cells. After 24 h of cisplatin addition, cell viability was higher in the RPF2 group compared with
shCtrl (RKO: P<0.01; HCT116: P<0.05), while cell viability was significantly lower in the shRPF2i group compared with shCtrl (RKO: P<0.0001; HCT116:
P<0.001). (C) Comparison of the number of clone formation after incubation in low concentrations of cisplatin for 24 h. The number of clone formation was
increased in the RPF2 group compared with the shCtrl group (RKO: P<0.05; HCT116: P<0.05). shRPF2i group showed a significant decrease in the number
of clone formation (RKO: P<0.0001; HCT116: P<0.0001). ‘P<0.05; “"P<0.01; ““P<0.001; “*“P<0.0001. IC,, half maximal inhibitory concentration; MTS,
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium; RPF2, ribosome production factor 2 homolog; sh, short hairpin.

group after chemotherapy (P<0.05), while the opposite was
true for the RPF2 knockdown group (P<0.05), which was more
sensitive to cisplatin treatment (Fig. 3C).

Inhibition of CARRM 1 reverses RPF2-induced drugresistance.
Through the use of CARMI inhibitors, CARM1 was success-
fully suppressed to a lower level (Fig. 4C). Using MTS, cell
viability changes and cell monoclonal ability were examined
after using cisplatin, CARMI1 inhibitor and both, respectively
(Fig. 4A and B). The results showed that no significant changes
occurred in the Ctrl, shCtrl and RPF2 groups after inhibiting
CARMI alone (P>0.05). However, following the inhibition of
CARMI, the resistance to cisplatin was significantly decreased
in the three groups of cells (P<0.05) and the resistance disap-
peared in the overexpression of RPF2 group compared with
the control group. Western blotting results suggested that the
inhibition of CARMI1 was synchronized with the downstream
inhibition of MYCN as well as ABCBI (Fig. 4C).

Discussion

In the past, the role of RPF2 in ribosome formation has been
mainly investigated, particularly during the assembly and
maturation of the large subunit of the 60s ribosome (3,30).
However, recent advances in the understanding of ribosome
formation have led to studies identifying functions of these

factors outside the ribosome (4,31,32). Ribosome biogen-
esis regulatory protein homolog, an important cofactor for
RPF2 during ribosomogenesis, has been found to be highly
expressed in CRC and breast cancer, suggesting that it may be
involved in RPF2-mediated tumorigenesis (31-33). In addition,
5sRNP regulated by RPF2 has been implicated in the regula-
tion of cell cycle and apoptosis in the MDN2-p53 pathway (4).
Our previous study found that RPF2 was upregulated in
CRC tissues compared with normal tissues and proposed a
non-ribosome-associated pathway for RPF2, i.e., the binding
and interaction with CARMI, a nuclear transcription factor
regulator, and explored the potential downstream signaling
pathways (5). The present study further explored the biological
functions of RPF2 in CRC and further investigated the poten-
tial ribosomal extracellular molecular mechanisms of RPF2
in CRC. In vitro and in vivo experiments both confirmed that
RPF2 promoted drug resistance in CRC. ABCBI1, a major
downstream protein of RPF2, was identified by protein blotting
and it was concluded that RPF2 upregulated the expression of
ABCBI in CRC cells, thereby promoting drug resistance.
MYCN is a nuclear transcription factor that is widely
expressed in various tissues and has been extensively studied
due to its high expression in neural tumors (34,35). Studies
have shown that MYCN directly regulates the expression of
several ABC transporter proteins by binding to their promoter
regions (22,23). In recent years, MYCN's function in various
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Figure 3. Molecular mechanism exploration and animal experiments in vivo. (A) Intracellular expression of ABCB1, MYCN and CARMI was detected by
western blotting. Expression of ABCB1 was significantly increased in the RPF2 group (P<0.05) and decreased in the shRPF2i group (P<0.01). expression
of MYCN was significantly increased in the RPF2 group (P<0.015 and decreased in the shRPF2i group (P<0.05). While the expression of CARMI did not
seem to be affected (P>0.05). (B) Co-immunoprecipitation found the presence of CARM1 co-immunoprecipitation with MYCN and that the formation of
CARMI-MYCN complex was increased in the RPF2 group and decreased in the shRPF2i group. (C) After cisplatin treatment, the tumor volume as well as
the mass of the mice in the shRPF2i group decreased relative to the shCtrl group. (weight: P<0.001; volume: P<0.01). "P<0.05; “P<0.01; ““P<0.001; ns, not
significant. ABC, ATP-binding cassette; MYCN, N-myc proto-oncogene protein; CARMI, coactivator-associated arginine methyltransferase 1; sh, short

hairpin; RPF2, ribosome production factor 2 homolog.

tumors, including CRC, has been increasingly explored (36).
MYCN expression and degradation are regulated by various
modifications, such as methylation and phosphorylation,
at sites such as S62 and T58 in the conserved sequence of
MYC Box I (25). Transcriptional regulators such as PRMT1
have been shown to affect the function of these sites through
methylation modifications (28). CARMI, belonging to the

PRMT family, shares a high degree of functional similarity
with PRMT]1 and overlaps in several signaling pathways (26).
Although the interaction of PRMT1 with MYC and MYCN has
been investigated and, accordingly, the association of CARM1
with MYC has been identified, the association of CARM]1 with
MYCN remains unreported (27-29). The present study demon-
strated, for the first time to the best of the authors' knowledge,
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Figure 4. Functional recovery and validation experiments in vitro. (A) RKO cell viability at O h after plate spreading was detected using MTS reagent as a
control. Normal serum-containing medium, CARM1 inhibitor (2 pg/ml) + serum-containing medium, cisplatin (21 xM) + serum-containing medium and
CARM1I inhibitor (2 pg/ml) + cisplatin (21 M) + serum-containing medium were added to the plates, respectively. cell viability was detected after incubation
for 24 h at 37°C, respectively. There was no significant difference in the growth of the cell groups after incubation with CARMI inhibitor alone (P>0.05). After
CARM1I inhibition, cisplatin resistance was suppressed in all groups of cells. The degree of cisplatin resistance in the RPF2 group after CARMI1 inhibition
was not significantly different from the remaining two groups. (B) After CARMI inhibitor incubation followed by cisplatin incubation, the number of cell
clone-forming lines was significantly lower compared with the direct addition of cisplatin and there was no longer a significant difference in the RPF2 group
compared with the other two groups. (C) The results of protein blotting suggested that the CARMI inhibitor successfully reduced CARMI expression in the
cells. At the same time, ABCB1 and MYCN expression was similarly inhibited. RPF2 expression was unchanged. “*“P<0.0001; ns, not significant. MTS,
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium; CARMI, coactivator-associated arginine methyltransferase 1;

RPF2, ribosome production factor 2 homolog; ABC, ATP-binding cassette; MYCN, N-myc proto-oncogene protein; sh, short hairpin.

that CARMI can bind to MYCN, promoting its accumula-
tion and transcriptional function on the downstream protein
ABCBI. This aligns with the high similarity between CARM1
and PRMT1, suggesting that CARMI1 may promote MYCN
accumulation by methylating sites in the conserved sequence
of MYCN to stabilize it in the cell. Evidence was also found
that RPF2 acts as a regulatory factor in the interaction between
CARMI1 and MYCN. RPF2 expression increased the amount
of CARMI in the nucleus without significantly changing the
total cellular amount of CARMI, suggesting its involvement
in the translocation of CARMI from the cytoplasm to the
nucleus. Furthermore, RPF2's direct interaction with CARM1
may aid in the recruitment of CARMI to MYCN.

In addition, it should be added that it has been the case that
MYCN outside neuronal cells is often used as a complement and
alternative to the function of MYC, but the results found that
RPF2 expression does not seem to have a significant effect on the
expression and function of MYC in the cell. By contrast, changes
in RPF2 expression were found to have no significant effect on

the proliferative function of CRC in our pre-experiments, which
clearly violates the hypothesis that ribosome biogenesis and
proliferation are closely linked. Therefore there may be other
pathways of RPF2 overriding the effect of RPF2 on proliferation.
However, the exact reason for this awaits further revelations.

In conclusion, the present study extended the function of
MYC family protein members in CRC and provided further
evidence that MYCN also plays an important function in CRC.
In addition, it identified that MYCN interacts with CARM1 and
is regulated by RPF2. The results suggested that RPF2 expres-
sion promoted the binding of the RPF2-CARMI-MYCN triad
as well as the enrichment of CARMI1 to the nucleus, which
facilitated the expression of the downstream protein ABCBI1
and thus promoted CRC drug resistance. However, the specific
form of RPF2-CARMI-MYCN to achieve its function awaits
further study. In conclusion, the present study identified novel
functions and pathways of RPF2 outside ribosomal genesis.
It is probable that RPF2 directly regulates the expression
of ABCBI through the CARMI-MYCN pathway, thereby
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promoting cisplatin resistance in CRC cells. This may be a
new target for the development of drugs to inhibit MYCN in
CRC and a new idea for reversing resistance to platinum-based
drugs in CRC as well as other solid tumors.
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