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Ribosomal proteins (RPs), key components of ribosomes, are traditionally associated with protein syn-
thesis. However, emerging evidence suggests their involvement in diverse cellular functions beyond
ribosomal biogenesis and translation, including transcriptional regulation. This study aimed at investi-
gating the potential of RPs as transcriptional regulators by analyzing their interacting protein network. A
subset of RP interactors exhibiting transcriptional regulatory functions was subjected to Gene Ontology
analysis to identify enriched functional pathways. The results indicated that these interactions may play a
role in different cellular pathways relevant to a number of biological processes, including cancer. To
further explore this hypothesis, a virtual knockdown of RPL5 was performed in ovarian and breast cancer
public data. As proof of concept the same experiments were conducted in vitro to validate the compu-
tational findings, confirming the potential of RPL5 in transcriptional regulation in cancer. This seminal
study provides a foundation for future investigations into the multifaceted roles of RPs in the regulation
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of gene expression in physiological and pathological contexts.
© 2025 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
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1. Introduction

Ribosomes are ubiquitous macromolecular complexes dedicated
to protein synthesis. In human cells, they are composed of a large
(60 S) and a small (40 S) subunit, collectively made up of about 80
ribosomal proteins (RPs) and 4 ribosomal RNAs (rRNAs), with a
specific stoichiometry [1]. These components interact with one
another to control a complex series of events necessary for proper
mRNA translation to support cell survival and proliferation [2]. The
deregulation of ribosome biogenesis, in fact, can lead to altered cell
proliferation that is associated with several human diseases,
including cancer reviewed in Refs.[3,4]. Ribosomes have tradi-
tionally been considered the executors of translation, with a func-
tional role well distinguished from transcription. However, in
recent years it has become even more clear that many different RPs
(named RPL or RPS according to their belonging to the large or
small subunit, respectively) can also interact with non-ribosomal
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cellular components, either proteins or RNAs, to take part in
different regulatory events, either in health or in disease [5]. The
ribosome-independent functions, or extra-ribosomal functions, of
RPs are involved in several cellular processes like cell cycle, pro-
liferation, DNA repair, apoptosis, cell migration, and invasion [6].
Among all the extra-ribosomal functions, different RPs have been
shown to regulate gene expression [7], by virtue of their capacity to
bind other proteins or RNAs. The best example for this is surely the
control of p53 by RPL5 and RPL11, in a complex with 5 S rRNA called
“5 S ribonucleoprotein” (5 S RNP) [8]. 5 S RNPs are ribosome as-
sembly intermediates, that, upon disruption of ribosome produc-
tion, sequester mouse double minutes 2 (MDM?2), thus stabilizing
p53 and triggering the transcription of its targets mediating the so-
called nucleolar stress response [9—11]. In addition, RPL5 and
RPL11, have been described to regulate the expression of MYC by
interacting in trans with regulatory elements in the untranslated
regions of its transcript, thus impairing its stability [12]. Other RPS
have been shown to bind to, and control, known transcription
factors with a role in oncogenic processes. For instance, RPS3 can
interact with NF-kB transcription factors thus controlling its bind-
ing to regulatory sites, ultimately regulating the expression of a
variety of genes [13].

Gene expression is finely controlled at multiple levels through
spatial and temporal interactions between various factors involved
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in transcriptional, post-transcriptional, translational, and post-
translational regulation [14]. The different steps of gene expres-
sion are highly coordinated, and what reported above suggests that
fine regulation may emerge from the interplay of proteins or factors
that do not have a single, exclusive role within this process. The
accuracy of these regulatory mechanisms is essential for main-
taining normal cell homeostasis. Consequently, an imbalance in the
production of these factors can affect gene expression at multiple
levels, potentially leading to improper cellular proliferation, sur-
vival, and differentiation, which may ultimately result in disease
[14]. In this context, a broad picture of the RPs contribution to
transcriptional regulation is missing, even though an increasing
body of evidence suggests that there is much more beyond their
function associated to translation reviewed in Ref. [5]. In this work
we explored the potential of RPs as transcription regulators
through their interaction with other cellular factors. We found that
many RPs interact with known transcription regulators, thus hav-
ing the potential to regulate the transcription of targets involved in
different cellular pathways, including those related to cancer.
Finally, as a proof of concept, we investigated the modulation of
gene expression by RPL5 in two common cancers, namely breast
and ovarian cancer.

2. Materials and methods
2.1. RP interactors transcription regulator activity

This analysis leveraged the NextProt database [15] to identify
interactors associated with each RP. Annotation with an error rate
<5 % has been considered, corresponding to Gold and Silver level
NextProt entry. To specifically focus on potential regulatory func-
tions, a subset of interactors was selected based on their Gene
Ontology (GO) annotations [16,17]. This selection process targeted
interactors associated with the GO term “transcription regulatory
activity” (GO:0140110) and its child terms, encompassing a broader
range of regulatory processes.

To explore the functional context of the identified interactors,
we explored the distribution of interactors in the different RPs and
a Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Ge-
nomes (KEGG) [18] enrichment analyses were conducted using the
shinyGO platform [19]. A False Discovery Rate (FDR) cutoff of 0.05
was applied to control for multiple testing. These analyses provide
insights into the biological processes and pathways significantly
associated with these interactors.

2.2. Virtual knockdown

We analyzed publicly available RNA-sequencing (RNA-seq) data
from The Cancer Genome Atlas (TCGA - phs000178.v11.p8.)
[20—22]. Our analysis focused on RPL5 in two distinct tumor types,
namely Ovarian Serous Cystadenocarcinoma and Breast Carcinoma
(TCGA-OV- phs000178 and TCGA-BRCA-phs000178, respectively).

To simulate the functional impact of RP interactor knockdown,
we employed a virtual knockdown [23] approach for RPL5 in the
two tumor types. This approach utilized the complete TCGA cohort,
comprised of 1111 BRCA and 421 OV samples, which were further
sub-divided into over- and under-expressing populations based on
a threshold of one standard deviation above and below the mean
expression level, respectively. The ovarian cancer dataset consisted
of 97 % serous cystadenocarcinoma samples, with the remaining 3 %
being papillary serous cystadenocarcinoma. In contrast, the breast
cancer dataset was made up of 77 % infiltrating duct carcinoma, 15 %
lobular carcinoma, and 8 % other types. A differential expression
analysis was performed between the over- and under-expressing
populations. DESeq2 software was employed for differential
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expression analysis. Genes with a |Log2 Fold Change (FC)| > 2 and
an adjusted p-value (alpha) of 0.05 or lower were considered
differentially expressed.

2.3. Cell culture and transient knockdown

MCF7 (Interlab Cell Line Collection, IRCCS Ospedale Policlinico
San Martino, Genova) and Ovsaho cells (JCRB Cell Bank and Sekisui
XenoTech, LLC, registration number JCRB1046) were cultured in
RPMI 1640 medium supplemented with 10 % FBS, 100 U/ml peni-
cillin, 0.1 mg/ml streptomycin and 2 mM L-glutamine. Cells were
maintained at 37 °C and 5 % CO,. For transient knockdown, cells
were transfected with siRNAs targeting RPL5 (5’-ACGCUUGGU-
GAUACAAGAUAA-3’) and an appropriate control (NS 5-GCAUCA-
GUGUCACGUAAUA-3'), using Lipofectamine RNAIMAX reagent in
OptiMEM medium (ThermoFisher Scientific) according to the
manufacturer's instructions. Cells were harvested 6, 24 and 72 h
after the transfection and RNA was purified using PureZOL RNA
Isolation Reagent (Bio-Rad) according to the manufacturer's
guideline. cDNA was obtained by reverse-transcribing 1 pug of RNA
using the iScript™ cDNA Synthesis Kit (Bio-Rad) according to the
manufacturer's instructions.

2.4. Gene expression analysis

Real-time PCR was performed in a CFX Connect Real-Time
detection System (Bio-Rad) using SYBR green (Bio-Rad). The rela-
tive expression of different transcripts was measured as fold change
using the AACt method as in Ref. [24]. TBP, PPIA, GUSB and $-Actin
were used as endogenous controls. Primer sequences are listed in
Supplementary Table 1. Data was expressed as fold change as
indicated in figure legends. Statistical analysis was performed using
GraphPad Prism 8 statistical software and significance was calcu-
lated using unpaired t-test. p-values are indicated in figure legends.

3. Results and discussion
3.1. RP interactors role

RPs are, by nature, good RNA and protein interactors. Indeed, in
ribosomes they have bonds or other kind of interactions with both
these entities reviewed in Ref.[5]. It is therefore conceivable that
they can easily interact with mRNAs or mRNA-interacting proteins.
Indeed, in the literature there are different examples of how RPs
binding to mRNAs can influence (enhance or inhibit) their tran-
scription. For instance, RPL8 and RPL13 have been shown to interact
with NF-kB1 mRNA and enhance its translation [25], and RPL5 is
known to bind to MYC 3’ UTR, to inhibit its expression [26].

To investigate the potential regulatory function of RPs in RNA
transcription, we started by exploring the known RP interactors on
NextProt database, excluding the ribosomal ones. Our analysis of 80
RPs and 6 RP variants identified a very high number of candidates
(Supplementary Table 2), of which 230 possessed a transcription
regulatory activity function (GO 0140110). Our analysis identified a
consistent distribution of the number of interactors across RP with
no significant differences in the various categories RPLs, RPSs, RPs
with/without known extra-ribosomal functions [5] (Fig. 1A).

Furthermore, we found that these interactors associate with a
highly variable number of RPs, ranging from 1 to 73 (Fig. 1B and
Supplementary Fig. 1). KEGG categorization suggests their
involvement in multiple pathways, including those related to
cancer signaling. Consistent with the selection criteria, the Gene
Ontology (GO) analysis confirmed that all 230 interactors were
associated with this function (Supplementary Table 3). Interest-
ingly, the analysis also showed further enriched functions for these
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Fig. 1. RP interactors distribution. A. Distribution of the number of Interactors for each RP in different subgroups, no statistically significative differences have been detected by t-
test. B. Most frequent Interactors ordered by the number of RPs they interact with. Only interactors with more than 4 RP associations are shown.

interactors: cell cycle regulation, histone modification, cell differ-
entiation and development, cellular responses to endogenous
stimuli and cell death (Fig. 2A and Supplementary Table 3). The
subsequent Kegg pathways enrichment analysis (Fig. 2B and
Supplementary Table 4) revealed a substantial enrichment of
pathways associated with cancer development. Notably, the
“pathways in cancer” emerged as the most significantly enriched, in
terms of the number of supporting genes. This finding suggests a
potential link between the transcriptional regulatory activity of RP
interactors and the development and/or progression of cancer.
Consistently, an involvement of RPs in cancer, through mechanisms
that do not involve their ribosome-related role, has previously been
reported in many different settings reviewed in Ref.[5].

3.2. Differential expression of RPL5 in two different cancer series

Based on the above-described findings, we hypothesized that
RPs could play an important role in cancer-related pathways by
virtue of their interaction with transcription regulators. To explore
this possibility, we first adopted an in silico approach by analyzing
available data on TCGA (see materials and methods). For this
approach, we selected RPL5 as a prototype of RPs, because this
protein is one of the most studied and best characterized in cancer
settings [27—31]. Previous studies suggest that RPL5 expression
may be either increased or decreased depending on the tumor type
[30]. Notably, RPL5 acts as a tumor suppressor in breast cancer,
glioblastoma (GBM) [29] and lung cancer [31], while it functions as
an oncogene in colon cancer [30]. This dual role makes it an even
more intriguing subject for study. Among all possible tumors, we
arbitrarily chose breast (BRCA) and ovarian (OV) cancer based on
the availability of cellular models in our laboratory. For these tumor
types, RPL5 was previously reported as down-regulated compared
to normal tissue [30], and its lower expression was linked to a
poorer prognosis in breast cancer patients [29]. We studied the role
of RPL5 modulation of transcription in these cancer settings by the
“virtual knockdown” (KD) approach (see materials and methods).
The analysis revealed a considerable number of differentially
expressed genes (DEGs) in the samples over- and under-expressing
RPL5 (Fig. 3 and Supplementary Tables from 5.1 to 5.4). A GO
enrichment analysis was then performed to gain deeper insights
into the landscape of regulated genes. The results indicated that in
BRCA, the differentially expressed genes primarily influence tissue
and cellular organization, while in OV, they are more specifically
associated with ribosomal biogenesis and translational fidelity.
These differences may stem from the different genomic landscapes
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underpinning breast and ovarian cancer, with p53 mutations being
significantly more common in ovarian than in breast cancer. It
should be noted that the differential expression between different
samples may reflect biological variability rather than a biologically
relevant phenomenon. In addition, this approach has an intrinsic
limitation in its ability to accurately capture the complex biological
processes involved in transcriptional control due to its correlational
nature, linked to the absence of knowledge on the source of this
regulation. We therefore decided to approach this problem by
adopting controlled in vitro cellular models.

3.3. Validation in vitro of the most significant targets identified in
silico

To explore, in a cellular context, the outcome of the in silico
investigation of the role of RPL5 in gene expression control, we
performed a transient RPL5 KD in breast (MCF7) and ovarian
(Ovsaho) carcinoma cell lines. These cell lines are acknowledged for
being representative of the respective tumor sources [32]. We
tested three different time points of RPL5 RNA interference (6, 24
and 72 h). At the shorter time points (6 and 24 h; Supplementary
Fig. 2), we observed minimal variations in the studied targets,
which may not be biologically relevant. The lack of clear effects at
shorter time points may be due to a combination of factors,
including RPL5 protein abundance within cells and how RPL5
contributes (directly or indirectly) to regulating the expression of
target genes. Therefore, we focused our analysis at the 72 h’ time
point (Fig. 4). After RPL5 silencing, we performed real-time PCR
gene expression analysis of the targets showed in Supplementary
Tables 5.1 and 5.2, focusing on the coding targets (highlighted in
yellow in the tables). For some of the targets, it was not possible to
design specific primers, due to the high number of off-target se-
quences, and they were therefore excluded from further in-
vestigations. In breast cancer model MCF7 (Fig. 4A), we tested 5
targets and found a significant increase in Protein Tyrosine Phos-
phatase Receptor Type N2 (PTPRN2) upon RPL5 KD, thus confirm-
ing what expected from the virtual KD. PTPRN2, initially implicated
in insulin secretion, has been identified for its role in cancer biology
independently from this function. Indeed, it is overexpressed in
several cancer types [33], and has been associated with the pro-
motion of cell migration and metastasis in breast cancer [34], thus
being proposed as a potential biomarker and therapeutical target
for tamoxifene resistant breast cancer [35]. Cellular Retinoic Acid
Binding Protein 1 (CRABP1) expression has been correlated to the
sensitivity to retinoic acid treatment, with MCF7 cells showing low
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Fig. 3. — Virtual Knockdown differential expression. Volcano plots showing the genes differentially expressed in the Virtual KD on the TCGA datasets (breast cancer, BRCA on the
left and ovarian cancer, OV on the right) comparing the samples with increased and decreased RPL5 expression.
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Fig. 4. In vitro validation of gene expression alterations upon RPL5 silencing. Gene expression analysis in MCF7 cells (A) and Ovsaho cells (B) after 72 h of RPL5 silencing (RPL5i).
Bars represent real time PCR results expressed as fold change of RPL5i vs not silenced sample (NS) and dots represent virtual KD values. Data are shown as means +SEM of 3

(Ovsaho) or 4 (MCF7) biological replicates. Statistical significance was determined by
values represent the fold change in samples with low vs high levels of RPL5 (see Sup

expression of the receptor, in accord with our findings, and mod-
erate sensitivity [36]. RPL5 silencing showed a reduction of CRABP1
expression confirming Virtual KD data. SRY-Box Transcription
Factor 10 (SOX10) showed a clear trend of reduction (albeit not
statistically significant), in keeping with the prediction of the Vir-
tual KD. This gene has been recently proposed as a marker of breast
cancer subtype, with its expression being lower in hormone re-
ceptor positive cancers [37]. The data obtained for Plakophilin 1
(PKP1) upon RPL5 silencing did not confirm what was found by the
virtual KD approach. Plakophilins (PKP) are desmosomal plaque
proteins, with a known role in cancer progression [38]. In accord
with our analysis on TCGA data, ex vivo studies have correlated
PKP1 down-regulation with higher invasiveness and worse
outcome in the context of breast cancer [39]. Nonetheless, analyses
on breast cancer cellular models, including MCF7 cells, have
demonstrated that PKP1 expression is detectable, and is inversely
correlated to cell proliferation and invasiveness [40,41]. In addition,
PKP1 has been shown to be regulated by miR328a [40], thus adding

unpaired Student's t-test: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Virtual KD
plementary Tables 5.1 and 5.2).

a further layer of complexity and offering an additional explanation
for the inconsistency of the PKP1 expression upon RPL5 regulation
found with these two different approaches.

As showed in Fig. 4B, in Ovsaho cells we tested 12 targets among
those predicted by the virtual KD. We found that the expression of 9
targets significantly decreased after the transient silencing of RPL5.
Most of the down-regulated targets upon RPL5 silencing were RPs,
in keeping with previous reports that an imbalance of a RP
expression leads to a more generalized down-regulation of ribo-
some biogenesis [42]. This effect was less pronounced in the breast
cancer model, where only about 25 % of RPs were downregulated
(Supplementary Table 5.1). This discrepancy may stem from
intrinsic differences between the two cancer models, particularly in
terms of driver mutations. In ovarian cancer, nearly 100 % of cases
harbor p53 mutations, whereas in breast cancer, the majority retain
wild-type p53 [43]. Among the other targets, and accordingly to the
in silico analysis, we found the Eukaryotic Translation Elongation
Factor 1 Beta 2 (EEF1B2) and Keratin 5 (KRT5) to be significantly

Fig. 2. RP interactors role. A. GO network (Biological Process) of the 230 RP intera
enriched gene sets. Bigger nodes represent larger gene sets. Thicker lines represent a h
enrichment of the 230 targets that present a “transcription regulatory activity”. The

ctors with a transcription regulatory function. Brighter nodes represent more significantly
igher number of genes shared between the two connected sets. B. KEGG metabolic pathways
colors of the lines represent the -log10 of false discovery rate (FDR) as shown in the aside

scheme. The size of the dot represents the number of genes in the analyzed population belonging to the pathway. On the X-axis the Fold Enrichment of the pathway is visualized.
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down-regulated. KRT5 is a key mediator of cell migration, also in
the context of ovarian cancer [44], and has been correlated to
chemotherapy resistance and cancer recurrence [45]. EEF1B2, a
component of eukaryotic elongation factor 1 (EEF1) is frequently
down-regulated in different cancer types, and its lower expression
has been correlated to an increased invasiveness in breast cancer
[46].

For two of the targets, namely LMO1 and CDH16, we could not
confirm what was predicted by the virtual KD (Fig. 4B). LMO1 (Lim
Domain Only 1) is a transcriptional cofactor whose overexpression
has been implicated in the development of Neuroblastoma and T-
cell acute lymphoblastic leukemia [47], but its role in other tumors,
including ovarian cancer, has not been reported yet. CDH16 (Cad-
herin 16) is a surface adhesion molecule expressed in normal kid-
ney and in a subset of solid tumors (including ovarian serous
carcinoma) [48], which has been inversely correlated with the
metastatic potential [49]. The real time PCR approach we adopted,
indeed, confirmed a very low expression of the target in Ovsaho
cells (in accord with their metastatic nature), and this may explain
why we could not appreciate an even lower expression upon RPL5
KD, as expected based on the virtual KD data.

4. Conclusions

Our proof-of-concept approach for breast and ovarian cancer
models demonstrated, for most of the tested genes, a strong cor-
relation between the effects of RPL5 modulation observed in vitro
and the results of virtual knockdown analyses on public datasets.
Our findings suggest that RPL5, and potentially RPs more broadly,
may influence gene expression regulation at the transcriptional
level, in addition to their established role in translation. This hy-
pothesis aligns with previous studies, which have highlighted the
impact of RP mutations on transcriptional regulation rather than
translation in cancer contexts [50]. Through our research, we
identified a substantial number of RP interactors, suggesting that
RPs can both positively and negatively regulate transcription.
However, further studies are needed to elucidate the precise
mechanisms and biological implications of this dual regulatory role
in both cancer and normal physiological settings. Aberrations in
ribosome biogenesis, including alterations in RPs, are well-
recognized contributors to inherited and acquired human pathol-
ogies. Mutations in RPs have been linked to congenital diseases
collectively called ribosomopathies, among which Diamond
Blackfan Anemia (DBA) captures the interest of researchers
worldwide. In DBA, mutations in more than 20 RP genes have been
identified, and, although a clear understanding of the molecular
pathogenesis remains elusive, two primary mechanisms have
emerged as key suspects, supported by an increasing body of evi-
dence. The first is the activation of the ribosomal stress respon-
se—mediated either by 5 S-RNPs or other pathways—triggering
p53-mediated apoptosis in erythroid precursors [51,52]. The sec-
ond is a translational defect caused by impaired ribosome pro-
duction, resulting in a differentiation block in erythroid progenitors
[53,54]. Altered expression of RPs, including RPL5, has also been
related to different cancers initiation and progression [3,4], possibly
through their role in controlling translation. In this context, our
data suggest that RPL5 may exert multiple layers of gene expression
regulation, integrating both transcriptional and translational con-
trols to produce complex biological outcomes. Although our study
does not clarify whether there is a direct, indirect, or combined
control effect, the emerging picture suggests a contribution of RPL5
in coordinating gene expression. Future studies are needed to
elucidate how this occurs in physiological and pathological
contexts.
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