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Abstract

Ribosomal protein S3 (RPS3) is a component of the 40S ribosomal subunit. It is known to function in ribosome biogenesis
and as an endonuclease. RPS3 has been shown to be over expressed in colon adenocarcinoma but its role in colon cancer is
still unknown. In this study, we aim at determining the expression levels of RPS3 in a colon cancer cell line Caco-2 compared
to a normal colon mucosa cell line NCM-460 and study the effects of targeting this protein by siRNA on cellular behavior.
RPS3 was found to be expressed in both cell lines. However, siRNA treatment showed a more protruding effect on Caco-2
cells compared to NCM-460 cells. RPS3 knockdown led to a significant decrease in the proliferation, survival, migration and
invasion and an increase in the apoptosis of Caco-2 cells. Western blot analysis demonstrated that these effects correlated
with an increase in the level of the tumor suppressor p53 and a decrease in the level and activity of lactate dehydrogenase
(LDH), an enzyme involved in the metabolism of cancer cells. No significant effect was shown in normal colon NCM-460
cells. Targeting p53 by siRNA did not affect RPS3 levels indicating that p53 may be a downstream target of RPS3. How-
ever, the concurrent knockdown of RPS3 and p53 showed no change in LDH level in Caco-2 cells suggesting an interesting
interplay among the three proteins. These findings might present RPS3 as a selective molecular marker in colon cancer and

an attractive target for colon cancer therapy.
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Introduction

Ribosomal protein S3 (RPS3) is a component of the small
ribosomal subunit 40S. It is involved in the 40S ribosomal
maturation and initiation of translation through the interac-
tion with various initiation factors like eIF3 and eIF2 [1].
RPS3 plays a role in DNA damage repair due to the presence
of its amino acid sequence that is identical to an apurinic/
apyrimidinic endonuclease II [2]. In addition, RPS3 has
been shown to have other extraribosomal functions includ-
ing control of apoptosis, survival, transcription and tumo-
rigenesis [3]. RPS3 is reported to be associated with p53
and MDM?2 where its knockdown decreases the high level
of p53 when the HEK 293 cells are under oxidative stress
[4]. Furthermore, RPS3 silencing promotes ribosomal stress
which impairs ribosomal biogenesis and by its turn induces
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the activation of c-Myc and p38 leading to p53 induction
and G1 cell cycle arrest in HT1080 fibrosarcoma cells [5].

The level of mRNA corresponding to RPS3 is shown to
be higher in colorectal tumor cells and adenomatous polyps,
compared to normal colon cell mucosa [6]. Colon adenoma-
tous polyps are the precursors of adenocarcinoma and colon
cancer. This may indicate that RPS3 may be playing a role in
the early stage of colon cancer formation. Colon adenocarci-
noma cells Caco-2 has similar level of expression of RPS3
mRNA compared to the colon tumor cells, but higher than
normal mucosa cells [6].

Colon cancer is a major cause of death in the world
accounting for around 9% of cancer incidence [7-9]. It usu-
ally starts as small adenomatous colon polyps, small benign
clump of cells that if left untreated may develop to become
adenocarcinomas. Environmental and genetic factors play
a significant role in the conversion of adenomatous polyps
to carcinoma by building up mutations in certain genes that
are responsible for the shifting from a normal proliferating
epithelium to a rapid proliferating colon mucosa. The benign
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adenomatous polyps formed can become life threatening,
invasive carcinomas in around 10 years [10].

The metabolism of cancer cells, including colon cancer, is
altered compared to normal cells. Instead of cellular respira-
tion, cancer cells depend on another metabolic pathway to
produce energy through aerobic glycolysis even in the pres-
ence of oxygen, a process known as the Warburg effect [11,
12]. During this process, cancer cells consume large quantity
of glucose and produce a high level of lactic acid due to the
action of lactate dehydrogenase (LDH), an enzyme which
converts pyruvate to lactic acid in glycolysis. Even with the
high level of lactic acid produced, cancer cells can survive
because they become resistant to the microenvironmental
acidosis [11-13]. The Warburg effect inhibition is known
to be dependent, in part, on the p53 tumor suppressor pro-
tein status in the cells [14], where LDH-A is identified as a
potential cancer therapeutic target that works through both
pS53-dependent and independent pathways [15].

In this study, we show that RPS3 knockdown (KD)
increases p53 level in colon cancer cells which correlates
with an increase in apoptosis while decreasing LDH level
and activity. Colon cancer cell proliferation, migration and
invasion are decreased upon RPS3 KD with no significant
effect on normal colon cells.

Materials and methods
Cell culture and transfection

Human colon adenocarcinoma cells Caco-2 and normal
colon mucosa cells NCM-460 were used. The latter were
a kind gift from Dr. Marwan El Sabban from the American
University of Beirut. Caco-2 cells were grown in Dulbecco’s
Modified Eagle’s Medium (Gibco) and NCM-460 cells were
grown in M3: base F medium (InCell). Both media were
supplemented with 1% L-glutamine, 1% penicillin/strepto-
mycin, and 10% fetal bovine serum. Cells were incubated at
37°C and a 5% CO, humid environment. 2.0x 10* cells were
plated in a 6-well plate and transfected with siRNA (Qiagen)
against RPS3 (siRPS3) alone, p53 (sip53) alone, or both
(siRPS3/p53) using hiperfect transfection reagent (Qiagen),
according to manufacturer’s recommendations. Transfection
with hiperfect alone, in the absence of siRNA, was used as
a negative control.

Western blot analysis

Proteins were lysed at 48 h after transfection and separated
using 15% sodium dodecyl sulfate (SDS)-polyacrylamide gel
electrophoresis then transferred to a PVDF membrane that
was blocked with 5% BSA. Primary anti-RPS3 (Abcam, Cat
#1,811,992), anti-p53 (Abcam, Cat # ab9484), anti-LDH
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(Abcam, Cat # ab134187), anti-GAPDH (Abcam, Cat #
9484) and anti-Actin (Abcam, Cat # ab8229) antibodies
were diluted in 5% BSA (1/1000 in ratio), then incubated
with the membrane overnight at 4 °C. The membrane was
washed, incubated with the appropriate secondary antibodies
for 1 h then washed and incubated with ECL substrate (GE
Healthcare). The bands were visualized and quantified using
the Bio-Rad© Chemidoc system and normalized to GAPDH
or actin controls.

WST-1 proliferation assay

Using a 96 well microtiter plate, 3.0 x 10° of cells were
plated in separate wells in triplicates in 100 pl of medium
and subjected to siRPS3 transfection. 24, 48, 72, 96 and
120 h post-transfection, 10 ul of WST1 reagent (Abcam) was
added to each well, incubated for 3 h and the absorbance was
measured at 450 nm.

Migration and invasion assays

24 h after transfection, 10° cells/ml were prepared in chem-
oattractant-free media and plated in inserts in 24 well plates
using the QCM chemotaxis cell migration assay (EMD Mil-
lipore) and QCM collagen cell invasion assay (EMD Mil-
lipore), following the manufacturer’s recommendations.
Cells were incubated for 24 h and 72 h to detect migration
and invasion, respectively at 37 °C with 5% CO,. Cells that
have migrated or invaded into the wells were then fixed,
stained and extracted. 100 pl of the stained mixture was
transferred to a 96-well plate and the absorbance was meas-
ured at 560 nm.

Apoptosis assay

2.5% 10’ cells were collected 48 h after siRPS3 transfec-
tion and washed with phosphate buffer saline (PBS) buffer.
Apoptosis was detected by staining the cells with Annexin V
and propidium iodide (PI) using the Annexin V/PI apoptosis
kit (Abcam), according to the manufacturer’s recommenda-
tions. Quantification of apoptosis and survival was done by
flow cytometry.

LDH activity assay

The LDH cytotoxicity assay kit (Abcam) was used accord-
ing to the manufacturer’s recommendations. Various NADH
standard dilutions were prepared to obtain concentrations
ranging between 0 and 12.5 nmol. 1-2 x 10° of cells were
harvested at 48 h after transfection, washed with cold PBS
and homogenized on ice with cold assay buffer followed by
centrifugation. The supernatant was then collected and kept
on ice. 50 pl of the standard, positive control and sample
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dilutions were added in a 96-well plate. Then, 50 ul of the
reaction mix (2 ul of substrate mix with 8 ul of LDH assay
buffer) was added to the wells and mixed. The absorbance
was measured at room temperature using a microplate reader
at 450 nm every 2 min for 10 min. The NADH standard
curve was used to calculate the LDH activity.

Statistical analysis

All experiments were performed in triplicate for at least
three independent times and expressed by mean + standard
deviation. All statistical analyses were based on the stu-
dent’s t-test distribution and the significance level was set
at p value <0.05.

Results

RPS3 knockdown significantly decreases
proliferation and metastatic potential in Caco-2
cells, with no effect on NCM-460 cells

We measured the level of RPS3 expression in Caco-2 and
NCM-460 cells by western blot and showed high expres-
sion of the protein in both cell lines. We then successfully
targeted RPS3 by siRNA as shown by western blot analysis
and studied the effect of this KD on various cell behaviors.
GAPDH antibody was used as a loading control (Fig. 1a).
To evaluate the effect of this transfection on prolifera-
tion, the WST-1 cell proliferation assay was used. Caco-2
cells showed higher proliferation rates (OD above 0.2) com-
pared to the normal NCM-460 cell line (OD below 0.2). We
observed a statistically significant reduction in the prolifera-
tion rate of Caco-2 cells in siRPS3-transfected cells com-
pared to control cells, mainly at 48 and 120 (p=0.04) hours
with a 1.29 and 1.84 fold decrease, respectively (Fig. 1b).
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Fig.1 RPS3 downregulation dampens the proliferation, invasion and
migration of Caco-2 cells (a). Western Blot Analysis of the expres-
sion of RPS3 upon RPS3 KD in Caco-2 (left) and NCM-460 (right)
cells (b, ¢). WST-1 Assay for Caco2 (b) and NCM-460 cells (c) was
performed for five consecutive days’ post-transfection to measure the

’ EControl ® siRPS3

rate of cellular proliferation (d, e). Quantitation of cell migration (d)
and matrigel invasion (e) upon RPS3 KD in Caco-2 cells. All experi-
ments were done in triplicate and repeated at least three independent
times. *p=0.04, bars denote standard error (SEM)
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For NCM-460 cells, there was no significant difference
between siRPS3-transfected and control cells (Fig. 1c).
These results might indicate that RPS3 is involved in the
proliferative mechanisms specific for cancer cells.

In addition, RPS3 KD in Caco-2 cells was able to sig-
nificantly impair both the migration and invasion ability
of those cells compared to the control. siRPS3-transfected
cells presented a statistically significant twofold decrease in
their migration ability compared to the control cells, with a
p-value of 0.04 (Fig. 1d). Similarly, siRPS3-transfected cells
that have invaded through the Matrigel-coated insert signifi-
cantly decreased in comparison with the control cells with a
p-value of 0.04 (Fig. le). In fact, RPS3 KD decreased inva-
sion at 48 h by 1.175-fold (data not shown) but the highest
and most significant difference was observed at 72 h (2.45-
fold decrease; Fig. le).

RPS3 knockdown significantly increases apoptotic
levels selectively in Caco-2 cells

Evasion of apoptosis is one of hallmarks of cancer. In order
to study the effect of RPS3 KD on this process, cells were
stained with Annexin V and PI and apoptotic versus viability
levels were measured by flow cytometry. The results showed
that KD of RPS3 in Caco-2 cells significantly decreased
cell viability from an average of 94.5% in control cells to
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Fig.2 Apoptosis Assay of Caco-2 and NCM-460 cells upon RPS3
KD (a, b). Representative figures of the flow cytometry analysis of
apoptosis levels as measured by Annexin V/PI staining in Caco-2
(a) and NCM-460 (b) cells upon RPS3 KD (c, d). The Percentage
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80.1% in siRPS3-transfected cells (p < 0.05). The late apop-
tosis level significantly increased from an average of 3.1%
in control cells to 13% in siRPS3-transfected cells (p <0.05;
Fig. 2a, ¢). However, the KD of RPS3 in NCM-460 cells did
not lead to noticeable change in the viability or apoptosis
level between the control and the siRPS3-transfected cells
(Fig. 2b, d). These results indicate that targeting RPS3 might
hinder viability and induce apoptosis specifically in cancer
cells with no major effect on normal cell mucosa.

RPS3 knockdown increases p53 level
while decreasing LDH protein level and activity
selectively in Caco-2 cells

To understand the molecular pathways involved in the effects
of RPS3 KD on colon cancer cells, we measured the level
of p53 and LDH. The KD of RPS3 by around 3.9-folds in
Caco-2 cells led to around 1.95-folds increase in p53 level
and around 3-folds decrease in the level of LDH compared
to the control cells as verified by western blot analysis
(Fig. 3a). However, the KD of RPS3 by around 3.23-folds in
NCM-460 did not lead to a noticeable change in the p53 or
LDH levels between the control and the siRPS3-transfected
NCM-460 cells (Fig. 3b). GAPDH and actin were used as
loading controls and to quantitate the relative band intensi-
ties between the siRPS3-transfected and control cells.
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of late apoptotic cells (left panel) and viability Level (right panel) of
Caco-2 (¢) and NCM-460 (d) cells upon RPS3 KD. All Experiments
were done in triplicate and repeated at least three independent times.
*p <0.05, bars denote SEM
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Fig.3 RPS3 downregulation increases p53 level while decreasing
LDH level and activity in Caco-2 cells but not in NCM-460 cells (a,
b). Western Blot Analysis of the expression of RPS3, p53 and LDH
levels upon RPS3 KD in Caco-2 (a) and NCM-460 (b) cells at 48 h
post-transfection. Quantitation of the relative intensity of the bands

Since we observed a decrease in the level of LDH protein
upon RPS3 KD in Caco-2 cells, we next looked at the level
of LDH activity using LDH assay kit. The results showed
that the initial LDH activity was higher in Caco-2 cells
reaching 212.68 mU/ml (T =10 min) compared to NCM-
460 cells with an LDH activity of around 113.24 mU/ml
(T=10 min; Fig. 3c, d). Upon RPS3 KD, we had a sig-
nificant decrease in the LDH activity level in siRPS3-trans-
fected Caco-2 cells compared to the control cells at T=2, 4,
6, 8 and 10 min with an average of 27% fold decrease and
p <0.05 (Fig. 1c). No significant difference in LDH activity
was observed in NCM-460 cells upon RPS3 KD (Fig. 1d).
Thus, the effect of RPS3 KD on p53 and LDH seems to be
cell-type dependent, selectively affecting cancer cells.

p53 knockdown has no effect on RPS3 and LDH
levels while the Double knockdown of RPS3 and p53
compensates for the decrease in LDH level

In order to understand the interplay among the different pro-
teins tested, we targeted pS3 by siRNA in both cell lines and
measured the level of RPS3 and LDH. The KD of p53 had no
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is provided below each panel after normalization to either GAPDH
(a) or actin (b) and was compiled from three different experiments (c,
d). The LDH activity measured in Caco-2 (¢) and NCM-460 (d) cells
upon RPS3 KD. All experiments were done in triplicate and repeated
at least three independent times. *p <0.05, bars denote SEM

significant effect on the level of the two proteins in both cells
compared to control cells, although p53 levels were decreased
by around 3.5-folds in Caco-2 cells and 3-folds in NCM-460
cells (Fig. 4a, b). This demonstrated that in Caco-2 cells, RPS3
KD affected p53, but p53 KD had no effect on RPS3 or LDH
level.

To further elucidate this interaction, we aimed at concur-
rently targeting both RPS3 and p53 by siRNA transfections
and measuring the level of LDH. Western blot analysis showed
that double KD of RPS3 (around threefold decrease in both
cell lines) and p53 (around 2.75-fold decrease in Caco-2 cells
and 2.6 in NCM-460 cells) did not lead to a significant fold
change in LDH between the control and the transfected cells in
either cell lines (Fig. 4c, d). These observations suggested that
the increased level of p53 upon RPS3 KD might be responsible
for the decrease in LDH level in Caco-2 cells.
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Discussion

Although RPS3 has a known role as an endonuclease
involved in DNA repair function [2], its role in tumorigen-
esis is still poorly understood. In human tumors, RPS3 has
been reported to be highly expressed in colorectal cancer
[6], melanoma [16] and hepatocellular carcinoma [17].
In the present study, we aimed at understanding the role
played by RPS3 in colon cancer compared to normal colon
mucosa cells through transcriptionally targeting the protein
by siRNA transfection and studying the effect of this down-
regulation on cellular behaviors.

We show that RPS3 KD significantly dampened prolif-
eration, viability, migration and invasion while increasing
apoptosis in Caco-2 cells compared to control cells, with
no significant effect on NCM-460 cells. Noteworthy, the
proliferation rate of NCM-460 cells was slower than that
of Caco-2 cells which was predictable since NCM-460 is
assumed to be a normal cell line. Previous studies reported
the involvement of RPS3 in modulating cellular behaviors
leading to tumorigenesis. RPS3 KD inhibited melanoma
[18], acute lymphoblastic leukemia [19] and hepatocel-
lular carcinoma [20] cell growth in vitro and in xenograft
mouse models. In NIH-3T3 fibroblasts, the inhibition of
enhanced RPS3 expression induced apoptosis and reversed
cell transformation [21]. In contrast, in irradiated glioblas-
toma cells, RPS3 was reported as a pro-apoptotic protein
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via the interaction with DNA damage-inducible transcript
3 (DDIT3) [22]. In Addition, silencing of RPS3 inhibited
invasion and migration in osteosarcoma [23] and hepatocel-
lular carcinoma cells [20] while RPS3 expression suppressed
migration and invasion in fibrosarcoma through interaction
with the tumor suppressor nm21 by blocking the ERK path-
way and MMP9 [24]. These data imply that RPS3 effect on
cancer growth and progression depends on the tumor type.

One of the major pathways related to induction of apop-
tosis and RPs alteration is p53, known to be activated upon
ribosomal stress leading to a disruption in protein synthesis.
In the absence of molecular and physiological stresses, the
MDM2 protein binds p53 targeting the latter for degrada-
tion by ubiquitination [25]. RPS3 can modulate the MDM2-
pS53 pathway through the interaction with both proteins. In
HT1080, the knockdown of RPS3 led to ribosomal stress
and the activation of two cellular pathways, the ASK1/p38
and the c-Myc, which induced an increase in the level of
p53 and cell cycle arrest at G1 [5]. Similarly, in this work,
RPS3 KD in Caco-2 cells led to an increase in p53 level.
However, no notable change in NCM-460 was observed,
proving that the effect of RPS3 on the level of p53 is colon
cancer-cell specific. We suggest that the observed increase
in apoptosis could be linked to the increase in p53 level
upon RPS3 KD, but this should be further elucidated in the
future. It is important to note that p53 is mutated in Caco-2
cells [26] while NCM-460 cells carry a wild-type p53 allele
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[27] which might also be the factor that is contributing to
the different results we observed in the two cell lines. In
order to elaborate more on the interaction between RPS3
and p53, more work will be conducted to reveal the level of
p53 mRNA, the stability of p53 and the level of MDM-2 in
both cells upon RPS3 KD.

The upregulation of p53 correlated with a significant
decrease in the protein level and the activity of LDH, with
no significant effect on normal cells. The basal LDH activity
level of Caco-2 cells was higher than that of NCM-460 cells,
consistent with the fact that cancer cells have an increased
level of LDH activity due to the increase in Warburg effect
[12]. The KD of p53 had no significant effect on the level
of RPS3 and LDH in both cells, indicating that p53 is prob-
ably a downstream target of RPS3. However, double KD
of RPS3 and p53 in both cells did not lead to a significant
fold change in LDH between the control and the transfected
cells. This supports the possibility that the increased level of
p53 upon RPS3 KD in Caco-2 cells is responsible, at least
in part, for the decrease in the level of LDH. In the future,
we plan to further elucidate the effect of this KD on cellular
behavior and to find the molecular pathways involved since
previous studies have proved that an increase in the level of
p53 in the cell can affect cancer cell metabolism, including
an inhibition of the Warburg effect and the level of LDH
[28, 29]. It is noteworthy to mention that the LDH enzyme
plays a vital role in cancer cell survival, where silencing of
LDHA in cancer cells can decrease proliferation and tumo-
rigenic potential in hypoxic condition as well as increase in
mitochondrial oxidative phosphorylation [30]. Downregu-
lation of LDHA led to oxidative stress and decreased ATP
production leading to an increase in cell death in lymphoma
and pancreatic cancer [31]. Targeting LDHA may be a great
therapeutic option in treatment of various cancer types [32],
including breast [33], pancreatic [34], glioblastoma [35] and
colorectal cancer [36]. Thus, the decrease in Caco-2 cellular
growth upon RPS3 KD might be in part, linked to the inhibi-
tion of the Warburg effect by the decrease in the level and
activity of the LDH enzyme.

This study shows an important interplay between RPS3,
p53 and LDH selectively in colon cancer cells. This effect
was associated with a decrease in proliferation, survival,
migration and invasion while increasing apoptotic levels.
Interestingly, NCM-460 cells were not affected by the
downregulation of RPS3. These observations suggest that
RPS3 is specifically affecting cancer cell growth and pro-
gression with minimal effects on normal cells making it a
possible selective target for colon cancer therapy.
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