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RPL27 contributes to colorectal cancer proliferation
and stemness via PLK1 signaling
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Abstract. Although expression of ribosomal protein L27
(RPL27) is upregulated in clinical colorectal cancer (CRC)
tissue, to the best of our knowledge, the oncogenic role of
RPL27 has not yet been defined. The present study aimed to
investigate whether targeting RPL27 could alter CRC progres-
sion and determine whether RPL27 gains an extra-ribosomal
function during CRC development. Human CRC cell lines
HCT116 and HT29 were transfected with RPL27-specific small
interfering RNA and proliferation was assessed in vitro and
in vivo using proliferation assays, fluorescence-activated cell
sorting (FACS) and a xenograft mouse model. Furthermore,
RNA sequencing, bioinformatic analysis and western blotting
were conducted to explore the underlying mechanisms respon-
sible for RPL27 silencing-induced CRC phenotypical changes.
Inhibiting RPL27 expression suppressed CRC cell proliferation
and cell cycle progression and induced apoptotic cell death.
Targeting RPL27 significantly inhibited growth of human
CRC xenografts in nude mice. Notably, polo-like kinase 1
(PLK1), which serves an important role in mitotic cell cycle
progression and stemness, was downregulated in both HCT116
and HT29 cells following RPL27 silencing. RPL27 silencing
reduced the levels of PLK1 protein and G2/M-associated regu-
lators such as phosphorylated cell division cycle 25C, CDK1
and cyclin B1. Silencing of RPL27 reduced the migration and
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invasion abilities and sphere-forming capacity of the parental
CRC cell population. In terms of phenotypical changes in
cancer stem cells (CSCs), RPL27 silencing suppressed the
sphere-forming capacity of the isolated CD133* CSC popula-
tion, which was accompanied by decreased CD133 and PLK1
levels. Taken together, these findings indicated that RPL27
contributed to the promotion of CRC proliferation and stem-
ness via PLK1 signaling and RPL27 may be a useful target in
a next-generation therapeutic strategy for both primary CRC
treatment and metastasis prevention.

Introduction

In 2020, colorectal cancer (CRC) had the second highest
mortality rate worldwide and was the third most common
type of carcinoma, accounting for 10.0% of mortality and
9.4% incidence of all carcinomas (1). The causative factors
of CRC include excessive red and processed meat consump-
tion, excessive drinking, smoking, inflammatory bowel
disease, obesity, diabetes and family history of CRC (2-8).
In addition, genetic factors are involved in the development
of colorectal neoplasia, including activation of oncogenes
and inactivation of tumor suppressors (9,10). Approximately
25% of patients with CRC are diagnosed at an advanced stage
and patients in the early stages have a high chance of devel-
oping metastases (up to 50%) (11,12). Evidence regarding
the biological involvement of metastasis has shown that
CRC stem cells (CSCs), which are highly tumorigenic and
self-renewing, serve a pivotal role in developing metastatic
CRC (13,14).

Currently, CRC treatment primarily involves surgery,
radiation therapy and chemotherapy (14). The management of
early-stage CRC relies on laparoscopic colectomy. Depending
on the tumor location and CRC stage (stage III or I'V), neoad-
juvant or adjuvant chemotherapy is prescribed with or without
concurrent radiation therapy. If regional or distant metastases
are discovered upon diagnosis, a combination of surgery and
other therapeutic options is used. Conventional chemotherapy
strategies include administration of 5-fluorouracil, irinotecan
and oxaliplatin, which block DNA synthesis or replication, to
decrease the CRC tumor burden (15). More recently, beva-
cizumab and cetuximab have been used for targeted CRC
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treatment. VEGF inhibitor bevacizumab exhibits anticancer
effects by inhibiting angiogenesis. Cetuximab, an EGFR
inhibitor, selectively binds the cell membrane region of EGFR
and prevents its activation, thereby inhibiting intracellular
signal transduction (16). Although reports on the aforemen-
tioned targeted agents have shown a significant increase in
survival and greater efficiency in eliminating metastatic CRC,
these treatments are associated with an increased risk of
gastrointestinal, hematological and cardiac toxicities as well as
severe cutaneous toxicity (17). Thus, there is a need to identify
molecular targets that can support the development of alterna-
tive treatment options and improve the therapeutic index.

Ribosomes are key cellular organelles with numerous
functions, including the translation of mRNA into proteins
and regulation of cellular metabolism. Protein constituents,
known as ribosomal proteins (RPs), have different functions
across species. RPs serve an important role in ribosome
synthesis and function and act as scaffolds to enhance cata-
lytic ability of ribosomal ()RNA to synthesize proteins. Some
RPs also have important additional ribosomal functions, such
as DNA repair, transcriptional regulation and apoptosis (18).
In addition to these housekeeping functions, previous studies
have demonstrated that ribosome biogenesis plays a key
role in the cell cycle and that the upregulation of ribosome
biogenesis can increase the risk of cancer onset (19,20);
this is termed extra-ribosomal function. One mechanism
underlying this process is that enhanced rRNA transcription
increases mouse double minute 2 protein (MDM?2)-mediated
p53 degradation, thereby increasing cell proliferation (21).
Accumulating evidence has demonstrated that RPs are
functionally associated with cancer progression and stem-
ness (22-26). Our previous studies reported that RPL9 and
RPL17 are involved in CRC progression through a func-
tional connection with inhibitor of DNA-binding protein 1
(Id-1)/NF-xB and NIMA related kinase 2 (NEK?2)/3-catenin
signaling axes, respectively (22,23). Other studies have also
reported that RPL23 upregulation induces invasiveness
in lung cancer cell lines (24), and RPL39 affects meta-
plastic breast cancer through the ADARI1/iNOS/STAT3
pathway (25) and that RPs promote plasticity and stemness
induction in glioma cells (26).

Although ribosomal protein L27 (RPL27) is upregulated
in CRC clinical samples (27), to the best of our knowledge,
the oncogenic role of RPL27 and the potential underlying
mechanisms have not yet been defined. The present study
aimed to investigate the effect of RPL27 on CRC progression
and determine whether RPL27 gains extra-ribosomal function
during CRC development.

Materials and methods

Analysis of RPL27 expression in clinical CRC samples.
RNA sequencing gene expression (Level 3) data were
downloaded from The Cancer Genome Atlas-Colon Cancer
(TCGA-COAD) database at the Genomic Data Commons data
portal (https:/portal.gdc.cancer.gov). Patients lacking RPL27
mRNA expression data were excluded. The dataset included
327 samples (286 colorectal tumors and 41 normal mucosa).
The correlation between RPL27 and PLK1 mRNA expression
was assessed by Pearson's correlation coefficient analysis.

Survival analysis. Overall survival (OS) data (death event and
survival time) of 228 patients with CRC were downloaded from
the UCSD Xena Browser (xena.ucsc.edu). OS was calculated
from date of diagnosis and mortality. For survival analysis,
the median expression of RPL27 gene was used to divide the
patients into high- and low-expression groups. Survival curves
were determined by univariate Kaplan-Meier estimators and
analyzed by log-rank test.

Cell culture. Human CRC cell lines HCT116 and HT29
were purchased from the Korean Cell Line Bank (KCLB;
Seoul, South Korea). KCLB performed cell line authentica-
tion using STR profiling. Both cell lines were cultured in
RPMI-1640 medium (Welgene, Inc.) supplemented with 1%
penicillin/streptomycin and 10% fetal bovine serum (FBS)
(Welgene, Inc.), in a 37°C humidified incubator with a mixture
of 95% air and 5% CO,.

Small interfering RNA (siRNA) transfection. Before siRNA
transfection, cells were plated at a density of 30%. After 24 h,
cells were transfected with 15 nM negative control (NC) or
RPL27 siRNA for 5 h using Lipofectamine 2000 (Invitrogen;
Thermo Fisher Scientific, Inc.) and Opti-MEM (Thermo
Fisher Scientific, Inc.) at room temperature. The sequences
of NC siRNA (Bioneer) were as follows: 5'-ACGUGACAC
GUUCGGAGAA(UU)-3' (sense) and 5'-UUCUCCGAACGU
GUCACGU-3' (antisense). The bracket indicates overhang.
Three variants of RPL27-specific siRNA (RPL27-1 siRNA,
cat. no. s12205; RPL27-2 siRNA, cat. no. 9273 and RPL27-3
siRNA, cat. no. 9361) were purchased from Ambion (Thermo
Fisher Scientific, Inc.). The sequences of RPL27 siRNA were
as follows: RPL27-1 sense, 5" ACAAAACUGUCGUCAAUA
A-3' and antisense, 5S-UUAUUGACGACAGUUUUGU-3"
RPL27-2 sense, 5-GGAUGUCUUCAGAGAUCCU-3' and
antisense, 5'-~AGGAUCUCUGAAGACAUCC-3' and RPL27-3
sense, 5'-GGUCAAGUUUGAAGAGAGA-3' and antisense,
5'-UCUCUCUUCAAACUUGACC-3.

MTT assay. Cell proliferation was assessed using MTT
reagent according to the manufacturer's instructions (Duchefa
Biochemie). HCT116 and HT29 cells (1x10%) were transfected
with siRNAs, as aforementioned. After 96 h, cells were treated
with MTT reagent for 1 h. DMSO was added to dissolve the
purple formazan. The optical density was evaluated at a wave-
length of 540 nm using an Asys IVM 340 microplate reader
(Biochrom, Ltd.).

Reverse transcription-quantitative (RT-q)PCR. The mRNA
expression was quantified using RT-qPCR. Total RNA in
HCT116 or HT29 cells was purified and reverse-transcribed
to cDNA using the RNeasy Plus Mini (Qiagen GmbH) and
PrimeScript II 1st strand cDNA Synthesis kits (Takara Bio,
Inc.), respectively, according to the manufacturer's protocol.
Amplification of each target gene was performed using TB
Green (Takara Bio) and corresponding pair of primers (RPL27
forward, 5"TGGCTGGAATTGACCGCTAC-3" and reverse,
5-CCTTGTGGGCATTAGGTGATTG-3'; GAPDH forward,
5'-ACATCAAGAAGGTGGTGAAG-3' and reverse, 5'-GGT
GTCGCTGTTGAAGTC-3"; polo-like kinase 1 (PLK1)
forward, 5'-CTCAACACGCCTCATCCTC-3' and reverse,
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5'-GTGCTCGCTCATGTAATTGC-3'; CD133 forward,
5'-AGTCGGAAACTGGCAGATAGC-3' and reverse, 5'-GGT
AGTGTTGTACTGGGCCAAT-3'; NANOG forward, 5-CGA
TCTCCTGACCTTGT-3' and reverse, 5'-CACGCCTGTAAA
TCCCA-3'; CD44 forward, 5-CTGCCGCTTTGCAGGTGT
A-3" and reverse, 5S'-CATTGTGGGCAAGGTGCTATT-3';
OCT4 forward, 5'-CTTGAATCCCGAATGGAAAGGG-3'
and reverse, 5'-GTGTATATCCCAGGGTGATCCTC-3' and
¢-MYC forward, 5-AATGAAAAGGCCCCCAAGGTAGTT
ATCC-3" and reverse, 5'-GTCGTTTCCGCAACAAGTCCT
CTTC-3'") synthesized by Genotech. Thermocycling conditions
were as follows: 95°C for 60 sec, followed by 45 cycles at 95°C
for 10 sec, one cycle at 60°C for 10 sec and one cycle at 72°C
for 10 sec. Relative mRNA expression was assessed using a
LightCycler 96 and quantified using the 2224 method (28)
in LightCycler 96 software version 1.1 (Roche Diagnostics).
In addition, mRNA levels were normalized to GAPDH as a
control.

Clonogenic assay. A total of 1x10° HCT116 or HT29 cells
transfected with NC or RPL27 siRNA were seeded onto
6-well plates and incubated in RPMI-1640 medium at 37°C
for 7-10 days until viable cells propagated to colonies for
quantification. The colonies were fixed with 100% methanol
for 15 min at room temperature and stained with 0.5% crystal
violet for 30 min at room temperature. The number of colonies
including >50 cells was counted manually under a light micro-
scope (1x magnification).

Cell cycle analysis and apoptosis assay. CRC cells were plated
in 100-mm dishes and harvested following 72 h transfection
with control or target siRNA. To monitor cell cycle progres-
sion and apoptosis induction, the collected cells were stained
with propidium iodide solution containing RNase A and FITC
Annexin V Apoptosis Detection kit I (both BD Biosciences).
The proportion of cells in each cell cycle phase and proportion
of apoptotic cells were analyzed using a FACS Canto II flow
cytometer and quantified using FACSDiva software 7.0 (both
BD Bioscience). The total percentage of apoptotic cells were
estimated by counting early + late apoptotic cells.

In vivo xenograft assay. To assess the therapeutic effect
of RPL27 targeting in vivo, xenograft assay using 5 male
BALB/c nude mice (age, 4 weeks; weight, 17.5-19.5 g;
Orientbio) was performed. The housing conditions were as
follows: 24°C, 50-60% humidity, 12:12 light/dark cycle and
free access to food and water. HCT116 cells were transfected
with 15 nM NC or RPL27-1 siRNA, as aforementioned. After
24 h, 1x10° cells were resuspended in RPMI-1640 medium
(Welgene) containing Matrigel (Corning, Inc.) and injected
subcutaneously into the left or right flank of mice. Tumor size
was measured for 21 days at 2-3 day intervals using a Vernier
Caliper and the tumor volume was calculated as width? x
length x 1/2 (n=>5/treatment group). The mice were sacrificed
at day 21 by CO, euthanasia with flow rate of 30% volume/min.
Death was confirmed by loss of heartbeat, breathing and pupil
response. The tumor weight was then evaluated. All animal
experiments were approved (approval no. KM-2021-03R1)
by Keimyung University Institutional Animal Care and
Use Committee. Humane experimental endpoints were the
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occurrence of tumor >10% of animal body weight, tumor size
>2,000 mm?® and weight loss >20% of animal body weight.

RNA sequencing and functional network analysis. To compare
the pattern of global gene expression between NC and RPL27-1
siRNA-treated CRC cells, RNA sequencing was performed as
previously described (22). All sequencing data were deposited
in the Gene Expression Omnibus (GEO) database (accession
no. GSE78195). Differentially expressed genes were selected
based on at least 2-fold in CRC cells with RPL27 depletion
were using Bootstrap ANOVA method (29). P<0.001 were
considered statistically significant. The significantly overlap-
ping functional pathways of differentially expressed genes
were analyzed using ingenuity pathway analysis (IPA, www.
ingenuity.com).

Western blotting. HCT116 and HT29 cells were suspended in
RIPA buffer containing 0.01% protease and phosphatase inhib-
itor cocktail (both Thermo Scientific Fisher, Inc.) 48 h after
siRNA transfection. The amount of protein was quantified by
Pierce BCA protein assay kit. Equal amounts (50 ug) of total
protein were separated by 10-15% SDS-PAGE and transferred
to a polyvinylidene difluoride membrane (Roche Diagnostics).
The membranes were blocked at room temperature for
30 min with 5% milk/TBS + 0.05% Tween-20 and incubated
overnight at 4°C with primary antibodies against RPL27
(cat. no. #PA5-88938; Invitrogen; Thermo Fisher Scientific,
Inc.), PLK1 (cat. no. sc-17783; Santa Cruz Biotechnology,
Inc.), phosphorylated (p-)CDC25C (cat. no. #9529; Cell
Signaling Technology, Inc.), CDC25C (cat. no. sc-327; Santa
Cruz Biotechnology, Inc.), CDK1 (cat. no. sc-54; Santa Cruz
Biotechnology, Inc.), cyclin Bl (cat. no. sc-245; Santa Cruz
Biotechnology, Inc.), B-actin (cat. no. sc-47778; Santa Cruz
Biotechnology, Inc.), Flag (cat. no. F1804; Sigma Aldrich;
Merck KGaA) and CDI133 (cat. no. #64326; Cell Signaling
Technology, Inc.). Horseradish peroxidase-conjugated
anti-mouse (cat. no. 115-035-062; Jackson ImmunoResearch
Laboratories, Inc.) and goat anti-rabbit IgG (cat. no. sc-2301;
Santa Cruz Biotechnology, Inc.) were used as the secondary
antibodies and incubated for 1 h at room temperature.
Immuno-reactive bands were visualized using FUSIOM
SOLO S (Vilber Lourmat) and quantified with ImageJ soft-
ware (version 1.8.0, National Institutes of Health).

Migration and invasion assays. Migration and invasion
assays were performed using Transwell migration assay
(cat. no. #3422) and 24-well Matrigel invasion cham-
bers (cat. no. #354480; both Corning, Inc.), respectively.
siRNA-transfected cells were plated into the upper chamber
with serum-free RPMI-1640 medium (Welgene, Inc.;
5x10* cells/well) and incubated for 24 h at 37°C. The lower
chamber were filled with 10% FBS-containing RPMI-1640
medium (Welgene, Inc.). The cells were fixed and stained with
0.5% crystal violet for 30 min at room temperature. Images
were captured at 100x magnification under a light microscope.

Overexpression of RPL27. To investigate the biological
effects of RPL27 overexpression, HCT116 cells were cultured
in a 24-well plate and transiently transfected with 0.8 pug/ul
RPL27-expressing or pPCM V6-entry vector (empty vector; both
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Figure 1. RPL27 overexpression and its impact on survival of patients with CRC. (A) Relative levels of RPL27 mRNA expression in normal mucosa and CRC
tissue. Association between RPL27 expression and overall survival in (B) stage I and II and (C) stage III and IV CRC. RPL27, ribosomal protein L27; CRC,

colorectal cancer; TCGA, The Cancer genome atlas.

OriGene Technologies, Inc.) for 5 h using Lipofectamine 2000
(Invitrogen; Thermo Fisher Scientific, Inc.) and Opti-MEM
(Thermo Fisher Scientific, Inc.) at 37°C. After 24 h, RPL27
expression was compared by RT-qPCR and western blotting,
as aforementioned.

Sphere-forming assay. CRC cells were suspended in
serum-free DMEM/F-12 (containing 2% B27, 4 ng/ml insulin,
10 ng/ml basic FGF and 20 ng/ml EGF; all Invitrogen; Thermo
Fisher Scientific, Inc.) and 5x10° cells/well were plated on
24-well ultralow attachment plates (Corning, Inc.). Following
24 h culture at 37°C, 15 nM NC or RPL27-1 siRNA complexed
with Lipofectamine RNAiIMAX (Invitrogen; Thermo Fisher
Scientific,Inc.) was added to CRC cells. Sphere size and number
were evaluated by iSolution Lite software (version 26.1, IMT
i-Solution, Inc.) under a light microscope 8 days after siRNA
transfection.

Isolation of CDI33* CSC population by flow cytometry.
CD133 MicroBead kit (cat. no. 130-100-857) and AutoMACS
Pro (both Miltenyi Biotec, Inc.) were used to isolate CD133*
HT29 CSC populations from HT29 parental cell culture
according to the manufacturer's instructions. Magnetically
labeled CD133* and unlabeled CD133" cells were separately
incubated with isotype control (mouse IgG2b APC conju-
gate; cat. no. 130-122-932; Miltenyi Biotec, Inc.) or CD133/2
antibody (anti-human APC conjugate; cat. no. 130-113-746;
Miltenyi Biotec, Inc.). Separation efficiency was evaluated

using a FACSCanto II flow cytometer and quantified using
FACSDiva software 7.0 (both BD Biosciences).

Statistical analysis. All statistical analyses were repeated
at least three times, except analysis of TCGA data and gene
expression data. Unpaired Student's t test and one-way
ANOVA with Dunnett's post hoc test were used for statistical
comparison of two and multiple groups, respectively. Data
are presented as the mean + SEM. P<0.05 was considered to
indicate a statistically significant difference.

Results

RPL27 overexpression correlates with poor survival of CRC
patients. RPL27 is upregulated in CRC tissue (27); the present
study verified its overexpression by accessing TCGA-Colon
adenocarcinoma big data (286 colorectal tumors vs. 41 normal
mucosa). Expression of RPL27 in CRC tumors was signifi-
cantly higher than in the normal mucosa (Fig. 1A). It was
analyzed whether increased expression affected survival of
patients with CRC using TCGA data. RPL27 overexpression
resulted in poorer overall survival in the stage IIT and IV than
in stage I and II groups (Fig. 1B and C), implying that the
biological and clinical impact of RPL27 expression increased
as CRC progressed.

RPL27 silencing inhibits CRC cell proliferation. To inves-
tigate the effect of RPL27 silencing on cell proliferation,
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Figure 2. RPL27 silencing inhibits CRC cell proliferation and clonogenicity. (A) Light microscopy of HCT116 and HT29 cells 96 h after transfection with
NC or three types of RPL27-specific siRNA. Scale bar, 100 zm. (B) Inhibition of proliferation of HCT116 and HT29 cells following 96 h siRNA transfection.
(C) RPL27 mRNA expression following 48 h siRNA transfection. Data are relative to GAPDH expression and normalized to NC siRNA. Clonogenicity of
HCT116 and HT29 cells following (D) RPL27-1 and (E) -3 siRNA treatment (1x magnification). Colony numbers were counted for each cell line. ““P<0.001
vs. NC. NC, negative control; si, small interfering; RPL27, ribosomal protein L27; CRC, colorectal cancer.

HCT116 and HT29 cells were transfected with NC or RPL27
siRNA. To select the siRNA with the highest treatment
efficacy and target gene silencing ability, three sequences of
RPL27-specific siRNAs (RPL27-1, -2 and -3) were tested.
After 96 h, all three RPL27 siRNAs caused significant
proliferation suppression in both HCT116 and HT?29 cells,
as determined by microscopic observation and MTT assay

(Fig. 2A and B). Proliferation of cells treated with RPL27
siRNAs was inhibited by >50% compared with the control
group. RT-qPCR was used to measure mRNA levels of RPL27
after transfection. All three siRNAs significantly inhibited
the expression of RPL27 and this was greatest following
RPL27-1 siRNA transfection (Fig. 2C). Similarly, treatment
with RPL27-1 siRNA efficiently decreased colony formation
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Figure 3. RPL27 silencing inhibits cell cycle progression and induces apoptotic cell death. (A) Changes in cell cycle progression were determined by flow
cytometry 72 h following siRNA treatment. Percentage of cells in each cell cycle phase is shown. (B) Proportion of apoptotic cells. The total percentage of
apoptotic cells in the Q2 + Q4 region is shown. ‘P<0.05, “P<0.01 vs. NC. si, small interfering; NC, negative control; RPL27, ribosomal protein L27; CRC,

colorectal cancer.

by ~90 and 86% in HCT116 and HT29 cells, respectively, after
7 and 9 days of target siRNA treatment (Fig. 2D). The ability
of RPL27-3 siRNA to inhibit colony formation in HCT116 and
HT?29 cells was similar to that of RPL27-1 siRNA (Fig. 2E).
RPL27-1 siRNA was selected for all subsequent experiments.
These results suggested that RPL27 was functionally involved
in CRC tumor cell proliferation.

RPL27 silencing suppresses cell cycle progression and
induces apoptosis in CRC cells. It was investigated whether
the inhibition of CRC cell proliferation via RPL27 silencing
was elicited by decreased cell cycle progression and/or the
induction of apoptotic cell death. Flow cytometry analysis

confirmed that RPL27-silenced cells displayed an increased
proportion of sub-Gl phase in both HCT116 and HT29
cells (Fig. 3A). As the sub-Gl population contains apoptotic
cells (30), apoptosis assay was performed by staining CRC cells
with Annexin V. This showed that targeting RPL27 increased
the number of apoptotic cells at 72 h after transfection (Fig. 3B).
These results indicated that RPL27 silencing-mediated inhibi-
tion of CRC cell proliferation occurred due to decreased cell
cycle progression and apoptosis induction.

RPL27 silencing suppresses CRC growth in vivo. To investi-
gate whether RPL27 targeting affects in vivo tumor growth,
a xenograft mouse model was constructed. HCT116 cells
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si, small interfering; NC, negative control; RPL27, ribosomal protein L27;
CRC, colorectal cancer.

were transfected with NC or RPL27-1 siRNA for 24 h and
then injected into BALB/c nude mice. The size of the tumor
was measured at 2-3 day intervals. After 14 days, tumors
in the NC group were significantly larger than those in the
RPL27 siRNA-group (Fig. 4A). After 21 days, a significant
difference in weight was observed between the control and
RPL27-silencing groups (Fig. 4A and B). These results showed
that targeting RPL27 significantly decreased the growth of
human CRC xenografts in vivo.

RPL27 silencing downregulates PLKI expression in CRC
cells. To determine molecular mechanisms by which RPL27
silencing induces phenotypical changes, RNA sequencing was
performed to compare patterns of global gene expression in
RPL27-silenced HCT116 and HT29 cells with those in control
cells transfected with NC siRNA. When at least a 2-fold
change was defined, global gene expression analysis revealed
that RPL27 silencing resulted in up- and downregulation of
697 RNA transcripts in HCT116 and 3,023 RNA transcripts
in HT29 cells (Fig. 5A). Overlapping these two gene sets
generated 228 commonly dysregulated genes (69 up- and 159
downregulated genes), which were considered to be common
RPL27-silencing signatures (Fig. 5A and B). Subsequent IPA
showed that 228 mRNA transcripts were functionally enriched
in the top five networks (Fig. S1). Expression of PLK1, which
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is known to play an important role in mitotic cell cycle
progression and migration (31), was downregulated by RPL27
silencing (Fig. 5C). The decrease in PLK1 mRNA expression
was validated by RT-qPCR in both HCT116 and HT29 cells
(Fig. 5D). This association was confirmed in TCGA data:
RPL27 mRNA expression was positively correlated with
PLK1 expression (R=0.255) in CRC tissue (Fig. SE). These
findings suggested that the function of RPL27 was associated
with PLK1 expression.

Targeting RPL27 decreases metastatic potential and
stemness in CRC. Consistent with transcriptional profiling
of RPL27-silenced cells, the protein expression of PLK1 was
also decreased (Fig. 6A). PLK1 phosphorylates CDC25C at
serine 198 residue for subsequent cyclin BI/CDKI1 activation
and mitotic entry (32). Here, silencing of RPL27 decreased
the levels of p-CDC25C (ser198) and CDC25C (Fig. 6A).
When normalized to CDC25C expression, silencing of
RPL27 decreased phosphorylation of CDC25C by ~20
and 65% in HCT116 and HT29 cell lines, respectively,
and decreased levels CDK1 and cyclin Bl protein, which
are downstream effectors of PLK1 signaling that induce
transition of G2/M (33). PLK1 silencing leads to decreased
migration and invasion of various types of cancer, including
CRC (31,34-36). Therefore, it was investigated whether
targeting RPL27 inhibited metastatic potential of CRC cells
using migration and invasion assay. Silencing of RPL27
effectively decreased migration (Fig. 6B) and invasion
(Fig. 6C) abilities of both HCT116 and HT29 cells. Next,
it was determined whether RPL27 overexpression could
reverse the effect of RPL27 silencing on CRC migra-
tion and if RPL27 silencing could inhibit CRC stemness.
Overexpression assay was performed in HCT116 cells as
the basal expression of RPL27 protein in HCT116 cells
was lower than that in HT29 cells (Fig. S2A). As expected,
HCTI116 cells transfected with RPL27-expressing vector
(Fig. S2B and C) exhibited improved migration ability
compared with control vector-transfected cells (Fig. 6D).
The levels of CSC marker CD133 and the efficiency of CSC
sphere formation are associated (37). To verify the functional
involvement of RPL27 in CRC stemness, HT29 cells were
used as expression of CD133 in HT29 cells is significantly
higher than in HCT116 cells (38). RPL27-1 siRNA suppressed
sphere formation in HT29 parental cells compared with
NC siRNA (Fig. 6E). PLK1 inhibitor decreased CD133*
CSC proliferation (39). Given the functional significance of
PLK1 signaling in CSC (40) and suppressed PLK1 expres-
sion following RPL27 silencing, it was investigated whether
RPL27 targeting affected CSC proliferation and stemness.
CD133* CSC population of HT29 cells were sorted from the
CD133" population by FACS using APC-conjugated CD133
antibody (Fig. 7A); successful separation was confirmed
by demonstrating that expression of CD133 mRNA in the
CD133* population was higher than that in the CD133" popu-
lation (Fig. 7B). RPL27 silencing decreased levels of CD133
and PLK1 in CD133* CSCs (Fig. 7C and D) and significantly
decreased the proliferation rate and sphere-forming capacity
of CD133* cells (Fig. 7E and F). Taken together, these data
indicated that RPL27 was functionally associated with CRC
stemness via PLK1 signaling.
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Discussion

The present study confirmed that RPL27 was upregulated
during CRC development and that its overexpression nega-
tively affected survival of patients with CRC patient. To verify
whether RPL27 exhibited extra-ribosomal function in CRC
progression, in vitro and in vivo experiments were performed,
which demonstrated that RPL27 served an important role in
CRC development. The present study confirmed inhibition
of cell proliferation and colony formation and induction of
apoptosis induced by RPL27 silencing. In vivo experiments

also showed that inhibiting RPL27 expression suppressed the
growth of CRC xenografts. The present study aimed to identify
the molecular mechanism by which RPL27 depletion inhibited
CRC proliferation. Of the 228 commonly dysregulated genes
following RPL27 silencing, the present study investigated the
association between PLK1 and extra-ribosomal function of
RPL27 as PLKI1 is involved in both mitosis and cancer cell
stemness and preventing metastasis is crucial in managing
caner severity (31,34-36,39,40).

PLK1, a serine/threonine protein kinase, is overexpressed
in numerous types of cancer, including colorectal, breast, renal,
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polo-like kinase 1; CRC, colorectal cancer.

hepatocellular and lung cancer (41-46). Its functions include
mitosis entry and G2/M checkpoint control, centrosome and
cell cycle regulation, spindle assembly and chromosome
separation regulation and promotion of DNA replication and
cytokinesis (47). Previous studies have shown that PLK1
depletion induces apoptosis in cancer cells (48,49) and PLK1
expression correlates with tumor size and invasion and
lymphatic metastasis in CRC (31). Therefore, PLK1 has been
used as a therapeutic target for cancer treatment. To the best
of our knowledge, however, the functional association between

RPL27 and PLK1 has not yet been revealed. In cell cycle
regulation, PLK1 controls the activity of the CDK1/cyclin Bl
complex, which serves a vital role in the transition to the G2/M
phase of the cell cycle via CDC25C phosphorylation (32,50).
Consistent with previous observations (33,51), the present
study showed that the protein levels of PLK1, p-CDC25C
(ser198),CDKI1 and cyclin B1 were decreased after 48 h RPL27
silencing, suggesting cell cycle arrest in the G2/M phase.
Identifying target genes functionally associated with CSC
biology may provide novel treatment options against CRC to
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prevent secondary tumor formation. In previous studies, PLK1
inhibition led to proliferation inhibition in colon cancer, normal
pediatric neural and breast CSCs (39,52,53). CD133 functions
as a marker for CSC isolation and identification in CRC (54).
In the present study, RPL27 silencing blocked cell cycle
progression by inactivating PLK1 signaling and decreased the
sphere-forming capacity of both the parental CRC cell culture
and isolated CD133* CSC cells. The downregulation of PLK1 is
a key molecular response that promotes RPL27 silencing-medi-
ated proliferation inhibition and stemness reduction in CRC.

These molecular alterations may partially explain how
targeting RPL27 inhibits proliferation and stemness of CRC
cells and provide a basis for development of RPL27 inhibitors.
To the best of our knowledge, the present study is the first
to report that the function of RPL27 is associated with CRC
proliferation and stemness. However, the present study did not
fully elucidate how silencing RPL27 affects PLK1 expression.
This should be explored in future studies. In addition to PLK1,
there may be other factors that affect oncogenic function of
RPL27 or mediate its association with the PLK1 signaling
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pathway. Future studies should investigate the specific regula-
tory mechanisms by which RPL27 controls expression of PLK1
in both CRC cells and CSCs and whether RPL27 is involved
via different mechanisms throughout CRC progression.

In summary, the present study defined a novel role of RPL27
in augmenting CRC progression and promoting stemness and
identified RPL27 silencing-induced molecular alterations,
which indicate its potential therapeutic efficacy. Disrupted
PLK1 signaling was observed in parental cell culture and
isolated CD133* CSCs with RPL27 depletion. Taken together,
the present findings demonstrated the potential of RPL27
as a therapeutic target for both primary CRC treatment and
metastasis control.
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