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Abstract

P90 Ribosomal S6 Kinases (RSKs) constitute a class of Serine/Threonine (Ser/Thr) protein kinases and play a
critical role as downstream targets in the Raf/MEK/ERK signaling pathway. Gaining insight into the biological
function of RSK family proteins, given their functions in various tumors, is vital. The RSK family is involved in the
regulation of cellular functions including cell proliferation, motility, invasion, and survival. The RSK family comprises
four human isoforms (RSK1, RSK2, RSK3, and RSK4). The activation of RSK protein kinases is mediated through
direct phosphorylation by extracellular signal-regulated kinase 1/2 (ERK1/2) and phosphoinositide-dependent
kinase 1 (PDK1) after the Ras/MAPK (mitogen-activated protein kinase) pathway is activated. Recent evidence
suggests that RSK family proteins promote the onset and metastasis of cancer, leading to the association of the
protein expression of these kinases with various cancer types, such as colorectal cancer (CRC), breast cancer, lung
cancer, kidney cancer, leukemia, esophageal squamous cell carcinoma, ovarian cancer, glioma, and endometrial
cancer. In this review, we summarize the latest research on the RSK family, focusing on its role in patients with
CRC, along with associated treatment challenges and limitations. This information enhances our comprehension of
the regulation and function of RSK family proteins, highlighting their potential as both clinical biomarkers for
diagnosing CRC and targets for molecular therapeutic interventions in the future.
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INTRODUCTION

CRC ranks as the third most prevalent cancer globally"!. The global incidence of CRC is increasing, and it is
estimated that there will be approximately 2.5 million CRC patients by 2035". Despite standard treatment
modalities such as surgery, radiotherapy, and chemotherapy, the prognosis of CRC remains unfavorable,
with a 5-year survival rate hovering around 50%-60%"". Therefore, in-depth research into the pathogenesis
of CRC is of paramount importance for more efficient diagnosis, development of treatment, and prognosis.
A better understanding of the pathogenesis of CRC is crucial for exploring novel therapies.

RSKs form a class of Ser/Thr kinases positioned downstream of the Ras-MAPK cascade”. The RSK family
comprises four human isoforms (RSK1, RSK2, RSK3, RSK4)"*. RSKs exhibit significant sequence homology
and feature two distinct functional kinase domains®. RSKs phosphorylate numerous cytoplasmic and
nuclear substrates, playing crucial roles in the regulation of cell proliferation, motility, invasion, and
survival'.

The ribosomal Seé kinase was first identified and named S6K in 1985 when Erikson et al. purified a
protein kinase specific for ribosomal protein Se from Xenopus laevis eggs. Moreover, S6K can
phosphorylate all sites in Sé related to stimulus-induced growth” [Figure 1]. Later, Jones et al. cloned two
protein kinases (S6KI and S6KII) and renamed them P90 RSK/RSKs". Alcorta et al. isolated the
mouse homolog (RPS6KA1/ RSK1) of Xenopus laevis cDNA, and a partial cDNA fragment encoded a
second murine RSK isoform (RPS6KA3/RSK2). Analyses also revealed the two-domain structure of
RSKs!™. RPS6KA2/RSK3 was a novel ppoorsk Ser/Thr kinase cloned from a human cDNA library that
was translocated to the nucleus and potentially phosphorylated nuclear substrates”. RPS6KA6/RSK4
is a novel gene isolated from cosmids derived from a yeast artificial chromosome (YAC), including the
critical interval located in the nonspecific X-linked mental retardation (MRX) gene"”. In addition, two
novel protein kinases in the NCBI EST database that were activated in vitro and in vivo by either
MAPK/ERKs or SAPK2/p38 were identified and named MSK1/2, which regulated the activation of
cAMP-response element-binding protein (CREB), the transcription factors, and activating transcription
factor 1 (ATF1) through growth factors or stress-related signaling"'..

Following the aforementioned discoveries, an increasing number of studies have provided compelling
evidence indicating increased or decreased RSK expression in malignant tumor tissues, including breast
cancer!>"”, lung cancer*, CRC", kidney cancer", head and neck squamous cell carcinoma (HNSCC)"”
and ovarian cancer”. We provide a summary of RSK expression in specific tumor issues. Overall, these
studies revealed a significant role for RSK family proteins in tumorigenesis, with RSK protein expression
levels positively or negatively correlating with clinical prognosis. In 2014, Cai et al. discussed the correlation
between low expression of RSK4 in CRC tissues and poor patient prognosis'?. In addition to the expression
of RSK family proteins in tumor tissues and its correlation with clinical prognosis, understanding the
regulation and function of the RSK family in cancer is essential for our comprehension of its role in
tumorigenesis and metastasis. RSKs play different roles in promoting cancers, including nuclear signaling,
cell proliferation, cell-cycle progression, cell growth, protein synthesis, cell migration, and cell survival".
FMS-like tyrosine kinase 3 - internal tandem duplications (FLT3-ITD) promotes the proliferation and
survival of acute myelocytic leukemia (AML) by activating the MEK/ERK pathway and PDK1 to
significantly activate RSK1/2[Table 1].

In recent years, the regulation and function of the RSK family in CRC have gained much attention.
Evidence has shown that the RSK family proteins regulate signaling pathways and thus participate in the
biological activities underlying CRC. TBX21 inhibited CRC progression in an ARHGAP29/RSK/GSK3p
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Table 1. RSK family expression in specific tumor tissues

Increased expression Decreased expression
RSK1 Lung adenocarcinomas[m, Leukemiam], CRC[ZU, Renal cancer[m, Breast cancer””’
Ovarian cancer ™™, Glioma'
RSK2 Glioma™", Breazsg cancer®?®, Lung cancer”, Leukemia™®, CRCP”
Ovarian cancer™”
RSK3 - Breast cancer’””’, Lung cancer™, Ovarian cancer®”
RSK4 Renal cancer[33], Glioma™*3* Breast cancer[%], Lung cancer[m, CRCBS], Leukemiam], Esophageal
cancer ", Ovarian cancer
CRC: Colorectal cancer.
1988 1994 1999
S6KI and S6KII subsequently A novel pp90rsk Ser/Thr kinase A novel gene isolated from
identified and renamed RSKs cloned from a human cDNA cosmids derived from a yeast
library artificial chromosome (YAC)

spanning the critical interval

RPS6KA2 (RSK3)

1985 1989 1998
A protein kinase specific for The molecular cloning of mouse Two novel protein kinases
ribosomal protein S6 purified homolog (RPS6KA1/RSK1) of activated in vitro and in vivo by
from eggs of Xenopus laevis Xenopus laevis cDNA and the either MAPK/ERKSs or
partial cDNA encoded a second SAPK2/p38 from NCBI EST
murine RSK isoform (RPS6- database
KA3/RSK2)

Figure 1. Discovery of the RSKs. Timeline depicting the key milestones in the discovery of the RSKs, including the discovery of
Ribosomal S6 Kinase (S6K), Ribosomal S6 Kinase (RSKs), RPS6KAT (RSK1), RPS6KA3 (RSK2), RPS6KA2 (RSK3), RPS6KAS5 (MSKT),
RPS6KA4 (MSK2) and RPS6KA6 (RSK4).

dependent manner'®”. In addition, RSK family proteins are expressed in a specific pattern in CRC cells.
Compared with that in normal colorectal tissues, RSK4 expression was markedly downregulated in CRC
tissues, while RSK1 and RSK2 expression was not significantly different between these two tissue types'*.

In view of the multiple functions and specific expression patterns of RSK family proteins in these cancers,
we have made great efforts to interfere with them to halt the progression of cancers. Since the first RSK
inhibitor, SL0101, was identified, an increasing number of inhibitors have been discovered or designed to
improve the prognosis of patients. Through various inhibitory compounds, including SLo101, BI-D1870,
LJHe85, L]1308, BIX02565, and fluoromethyl ketone (FMK), RSK activation can be inhibited"“**. However,
limitations to the outcomes are clear and are not limited to the lack of RSK inhibitor selectivity and
specificity, and as a result, clinical research progress on the RSK family has been hindered by the scarcity of
advancements.

In this article, we discuss the latest advancements in the regulation and function of RSK family proteins in
CRC. We hope that this review increases the understanding of this small yet important oncogene and
provides insights for future research aimed at developing targeted therapies and biomarkers.
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OVERVIEW OF THE RSK FAMILY

The RSK family is a group of Ser/Thr protein kinases that are important downstream targets in the Raf/
MEK/ERK signaling pathway. As a class of Ras/MAPK kinases, the RSK family is widely expressed in
mammalian cells and tissues. These RSK isoforms regulate cell proliferation through their interactions and
the gene signaling that they regulate. The RSK family comprises four human isoforms, RSK1, RSK2, RSK3,
and RSK4.

The variation in tissue expression levels implies distinct functions of RSK isoforms. RSK1 exhibits
predominant expression in the cerebellum, lung, kidney, and pancreas. RSK2 demonstrates elevated
expression in skeletal muscle, the pancreas, the heart, the cerebellum, the occipital pole, and the frontal
lobes, while RSK3 is primarily found in skeletal muscle, the heart, the pancreas, and the medulla. In mice,
the expression of the RSK1 gene is notably elevated in tissues characterized by a high proliferative capacity,
and similarly, the RSK2 gene is highly expressed in tissues with high synaptic activity, including the
neocortex, hippocampus, and Purkinje cells. In addition, the expression of the RSK3 gene is pronouncedly
high in developing neural and sensory tissues'*. In contrast, the expression of RSK4 is considerably lower
than that of RSK1-3 and is expressed in the whole brain, cerebellum, heart, skeletal muscle, and kidney
tissue of adult mice'”.

Structures of RSK family proteins

The RSK family proteins share a highly similar structure, with amino acid homology ranging from 80% to
85% amonyg its four isoforms™ [Figure 2]. The structure of RSK is distinguished by two separate kinase
domains - a carboxyl-terminal kinase domain (CTKD) and an amino-terminal kinase domain (NTKD).
These domains are separated by a linker region of approximately 100 amino acids, with the C- and N-
terminal regions flanking each end of the linker'*®. These RSK proteins exhibit a substantial similarity, with
identity ranging from 73% to 80% among them, primarily differing in their C- and N-terminal sequences'*.
The CTKD bears resemblance to the C-terminal domain (CTD) of the calcium/calmodulin-dependent
protein kinase (CaMK) family, whereas the NTKD shares homology with that of AGC kinases (PKA, PKC,
PKG). The CTKD functions in RSK autophosphorylation, while the NTKD is involved in phosphorylating
substrates'*”. Furthermore, the D-domain, a crucial ERK1/2-docking site, is located in the C-terminal
region, where it facilitates the docking and activation of RSK by ERK1/2"**!. It conforms to the kinase
interaction motif (KIM) consensus sequence™’. In addition, RSKs carry a type 1 PDZ (PSD-95/Dlg/Z0O-1)
motif for domain-binding(Ser-Thr-Xaa-Leu), resulting in interactions with PDZ domain-containing
proteins”’.

After the stimulation of mitogen, ERK1/2 phosphorylates Thr573, RSK’s CTKD activation loop, causing the
activation of CTKD"™ [Figure 3]. This necessitates a Pro-directed ERK consensus sequence in the RSK
activation loop as well as ERK docking on the RSK C-terminal D domain®"*. ERK1/2 may also make the
turn motif (Ser363) and Thr359 phosphorylated in the RSK linker region. Subsequently, the activated
CTKD is phosphorylated on a hydrophobic motif, establishing for PDK1 a docking site. Following binding,
Ser221 is phosphorylated by PDK1, the NTKD activation loop in RSK, resulting in complete RSK protein
activation, and then RSK substrates phosphorylation via the NTKD. In addition, Ser749 is phosphorylated
by the NTKD in the D domain, modulating the interaction of RSK isoforms with ERK1/2. This series of
coordinated phosphorylation events and protein-protein interactions eventually lead to RSK activation and
subsequent signaling™”. In detail, CTKD activates NTKD through hydrophobicity-related motif
phosphorylation®**?. The interaction between RSK and ERK1/2 is mediated by the Leu-Arg-Gln-Arg-Arg
motif in the D domain. RSK autophosphorylation near the D domain promotes both the dissociation of
ERK1/2, potentially regulating the duration of RSK activity and/or subcellular localization. Both RSK1 and
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Figure 2. The domain structure of RSKs. RSK1-4 are distinguished by two functional domains - CTKD and NTKD, separated by a linker
region. The C-terminal region includes D-domain, a crucial ERK1/2-docking site.

RSK2 in the inactive state exhibited a higher affinity for ERK1/2 compared with either RSK following
mitogen stimulation. During the activation of ERK1/2, the complex formed between RSK and ERK
temporarily dissociates and then reassembles after signaling is terminated®™".

Functions of RSK family proteins

Accumulating convincing evidence shows that RSK family proteins regulate nuclear signaling, cell-cycle
progression, cell proliferation, cell growth, protein synthesis, cell migration, and cell survival"”. The RSK
family modulates nuclear protein activity associated with the inflammatory response, including the
transcription factor nuclear factor kB (NF-xB). RSK1 phosphorylates the protein inhibitor of NF-xBa (IxBa)
and IxBp on sites related to their facilitated degradation, thus increasing the activity of NF-kB"**”. The RSK
family comprises important effectors of ERK in global transcription regulation. The RSK family regulates
approximately 20% of ERK-controlled mRNA in Madin-Darby canine kidney (MDCK) cells, involving
mechanisms such as the activation of transcription factors"”. The RSK family participates in cell
proliferation by regulating cell cycle mediators. RSK2 has been demonstrated to enhance cell cycle
progression through the phosphorylation of c-Fos, a transcription factor responsible for positively
regulating the expression of cyclin D1 during the G1/S transition®. Mammalian target of rapamycin
(mTOR) participates in ribosome biogenesis, mRNA translation, and cell growth, and multiple growth-
regulatory pathways influence its activity. By phosphorylating tuberous sclerosis complex 2 (TSC2) on
Ser1798, activated RSK increases mTOR signaling, inhibiting guanine nucleotide-activating protein (GAP)
activity towards the small GTPase Rheb®™. RSK1/2 stimulated cell motility and invasion by the activation of
a transcriptional program that regulated the intracellular motility apparatus, the extracellular environment,
and receptors mediating interactions between these compartments"™. In addition, the RSK family has been
observed to have a positive impact on cell survival through various mechanisms, including an increase in
transcription of survival-promoting genes dependent on CREB, the activation of NF-«B, and the inhibition
of death-associated protein kinase (DAPK) pro-apoptotic activity through phosphorylation on Ser289". In
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Figure 3. The activation of the RSK family. The RSK protein kinases undergo activation through direct phosphorylation triggered by the
Ras/MAPK pathway. This activation can be impeded by inhibiting MEK (PD98059, PD184352 and U0126), ERK (SCH772984) and the
RSK family itself (SLO101, BI-D1870, LJH685, LJI308, BIX02565 and FMK).

recent decades, RSK1-3 have been extensively studied, and their roles as crucial regulatory factors
downstream of the ERK signaling pathway have been reported****". For example, activation of the ERK1/2
signaling pathway by parathyroid hormone-related peptide promotes RSK phosphorylation to induce
colorectal cancer metastasis'”. After stimulation by various factors, RSK1-3 can be translocated from the
cytoplasm to the nucleus, where they promote cell growth, proliferation, and differentiation*”. In contrast,
fewer studies have explored the regulation and function of RSK4. RSK4 may function as an oncogene by
inhibiting the action of specific ERK-targeted transcription-related kinases.

RSK ISOFORMS AND CRC

Although RSK1-4 share a high degree of sequence identity in their kinase domains, there are variations in
their N- and C-terminal regions, indicating their regulating specific functions®. In terms of RSK isoform
expression, RSK1 mRNA exhibited high expression in the lungs, the pancreas, kidneys, the bone marrow,
and T cells. Most RSK2 mRNA was expressed in T cells, lymph nodes, and prostate tissue. RSK3 mRNA was
primarily detected in the lungs and skeletal muscle!*”. However, compared to the other three isoforms,
RSK4 mRNA is expressed at significantly lower levels in both embryonic and adult tissues>*.
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Expression of RSK family proteins and their correlations with clinical prognosis in CRC

The RSK family proteins exhibit specific levels of expression and correlation with the clinical prognosis of
patients with CRC. Peng et al. explored the role of tumor necrosis factor receptor-associated factor 2
(TRAF2) in mediating the epidermal growth factor (EGF) -induced signal transduction pathway and found
that compared with their levels in normal colorectal tissue, TRAF2 and RSK2 were both overexpressed in
CRC tissue® [Figure 4], and therefore, the expression of these proteins may be potential molecular
indicators for CRC diagnosis. RSK4 was expressed at a low level in CRC tissue. A study revealed that the
RSK4 protein expression had a close correlation with the clinical pathologic classifications of tumor
differentiation (G), lymph node metastasis (N), and clinical staging levels in patients with CRC, and patients
exhibiting high expression of RSK4 tended to have a worse prognosis than those with low-level expression.
Therefore, it was suggested that low RSK4 expression in CRC may promote tumor progression, leading to
poor prognosis. RSK4 may be an independent factor and tumor marker for the prediction of prognosis in
patients with CRC!"*.

The RSK family in the proliferation of CRC cells

In addition, RSK4 may play a notable role in the regulation of senescence and immortalization in CRC
cells"”. Elimination of RSK4 appeared to suppress p53-dependent cell cycle arrest and decrease the mRNA
expression of the cyclin-dependent inhibitor p21. Inhibition of RSK4 resulted in premature senescence of
CRC cells triggered by DNA damage, oxidative stress, and oncogene activation””. Therefore, RSK4
potentially serves as a meaningful tumor suppressor gene, as it participates in regulating CRC cell
senescence induction and contributes to CRC cell proliferation control".

The RSK family in CRC metastasis

In terms of tumor metastasis, studies have indicated that RSK2 phosphorylates T-bet, thereby mitigating
metastasis and growth of colon cancer. The absence of RSK2 can significantly reduce interferon-gamma
(IFN-vy) secretion levels because of the inappropriate phosphorylation state of a regulator of IFN-y
expression called T-bet. Reduced IFN-y levels can contribute to immune response suppression, thereby
promoting liver and lung metastasis of colon cancer cells. T-bet phosphorylation at serines 498 and 502
mediated by RSK2 was important for suppressing colon cancer cell metastasis and CRC tumor growth, as it
positively regulated the RSK2/T-bet/IFN-y signaling pathway". Additionally, Ye et al. concluded that the
RSK4 gene may inhibit the epithelial-mesenchymal transition (EMT) in the CRC context and metastasis of
CRC cells, which may indicate the potential of RSK4 as an inhibitor of tumor progression and metastasis™.

The RSK family in the drug resistance of CRC cells

BRAF-oncogene mutations are evident in approximately 10% of CRC patients, with a valine 600 (V600)
mutation closely associated with poor prognosis®®. BRAF mutations exhibit higher prevalence among
females, older individuals, and are more commonly found in right-sided colon tumors, particularly those in
proximal locations, showing poor differentiation, mucinous histology, and infiltrating lymphocytes, often
indicating MMR deficiency (MSI-H)". The presence of a BRAF mutation correlates with shorter disease-
free and overall survival in MMR-proficient (MSI-L) tumors. Intriguingly, this mutation leads to improved
and extended disease-free survival in MSI-H tumors; however, its impact on overall survival appears to be
not significantly altered. Moreover, BRAF mutation serves as a potential therapeutic target in metastatic
CRC. However, targeting BRAF necessitates concurrent blockade of other pathways, such as epidermal
growth factor receptor (EGFR), MEK, and PI3K. This approach differs from melanoma and non-small cell
lung cancer treatments, where BRAF inhibition alone produces therapeutic benefits”””). BRAF V600E-type
CRC cells primarily induce chemotherapy resistance through autophagy. This resistance mechanism
involves blocking the MEK/ERK/RSK signaling pathway to inhibit LKB1 phosphorylation, thereby
activating AMP-dependent protein kinase (AMPK)-mediated autophagy””. However, further research is
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Figure 4. Molecular mechanism of the RSK family in CRC. The RSK family is involved in the molecular mechanism of CRC in several
aspects, which are depicted in this figure.

required to fully understand the relationship between RSK and drug resistance and the underlying
mechanism in the CRC context.

RSK INHIBITORS

Considering that RSK is activated by ERK1/2, MEK1/2 inhibitors such as PD98059, PD184352, U0126, and
SCH?772984 are able to prevent RSK activation in cells”*. The majority of RSK inhibitors are targeted to the
CTKD or NTKD. We provide the chemical structures of several RSK inhibitors currently under
investigation”” [Figure 5] and a summary of their characteristics [Table 2].

SLo101 was the first identified RSK inhibitor"”. Although numerous analogs of SL0o101 have been designed
and have exerted negative effects on breast cancer cell growth™), these analogs have been reported to
possibly promote cell invasion in non-small cell lung cancer (NSCLC)"Y; these inhibitors include SLo101
5a-carbasugar analogs"®’, Ce”-substituted 5a-carbasugar analogs”®, C-4" carbamate, and a C-6" n-Pr
substituted cyclitol analog™'. Moreover, there have been observations of compound instability and low
activity in vivo",

BI-D1870 is a comprehensive RSK inhibitor and exhibits particularly potent inhibition of activated RSK3
and RSK4!”. By exploiting structural differences in the NTKD between RSK isoforms, isoform-selective
RSK inhibitors can be designed. For example, exposure of A549 lung adenocarcinoma cells to BI-D1870 led
to decreased RSK1 protein expression, which was negatively associated with cell migration and
proliferation. Nevertheless, BI-D1870 shows irreparable drawbacks, including high clearance, poor drug
stability, and a short plasma half-life™.

LJH308 and LJHe85, which are derivatives of BI-D1870, have been designed”™. They exert substantially
fewer off-target effects than BI-D1870" but also show the disadvantage of poor pharmacokinetics'™'. Recent
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Table 2. RSK inhibitors and their characteristics
Inhibitor Characteristics IC,, EC,, References
SLO101 The first identified RSK inhibitor; 89 nmol/LRSK2 50 pmol/L [12,76]
Compound instability and low active state in vivo
BI-D1870 RSK1-4 inhibitor; 31 nmol/L RSK1 Tumol/L [77,78]
Poor drug stability, high clearance, and a short plasma half-life 24 nmol/L RSK2
18 nmol/L RSK3
15 nmol/L RSK4
LIH685 Derivatives of BI-D1870 6 nmol/L RSK1 730-790 nmol/L [79,80]
5 nmol/L RSK2
Fewer off-target effects 4 nmol/L RSK3
LJI308 - 6 nmol/L RSK1 200-300 nmol/L
Poor pharmacokinetics 4 nmol/L RSK2
13 nmol/L RSK3
BIX02565  RSK2 inhibitor Tnmol/L RSK2 - [81,82]
Poor selectivity
FMK RSK1/2/4 inhibitor 15 nmol/L RSK2 200 nmol/L [83-85]

Only inhibit RSK activation

RSK: P90 ribosomal S6 kinases; IC.: half-maximal inhibitory concentration; EC: half-maximal effective concentration.
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Figure 5. Chemical structures of RSK inhibitors. Chemical structures of several RSK inhibitors, including SLO101, BI-D1870, LJH685,
LJI308, BIX02565, and FMK, are provided in this figure.

studies revealed that the combination of LJH-685 and FF-10101, the FLT3 inhibitor, exhibited antileukemic
effects on AML cell lines with mutations of FLT3-ITD through the inhibition of the MAPK/RSKs/YB-1
pathway and suggested novel targets for future therapy, especially for AML patients with FLT3-ITD
mutations”’.
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Whether BIX02565, shown to target RSK2*", can inhibit other RSK isoforms is unknown. Targeting NTKD
kinase activity, BIX02565 significantly inhibited pS703-NHE1 and increased cardiac function after ischemia/
reperfusion in mouse hearts”. Nevertheless, it showed poor selectivity in that BIX02565 was also found to
inhibit CLK2, FLT3, LRRK2, PDGFR, and RET",

FMK establishes a covalent bond with a cysteine residue located in the CTKDs of RSK4, RSK2, and
RSK1™). However, FMK at higher concentrations inhibited S6K1, EphA2, Src, and Lck activity®™!. In
addition, FMK can inhibit only RSK activation since the activity of NTKD does not require the activation of
the CTKD. Due to this limitation, even though RSK shows relatively high potency and specificity, the use of
FMK has been limited'".

DISCUSSION

CRC is the third most prevalent cancer, and patients with this cancer have the fourth highest mortality
among those with the most prevalent and highest-incidence cancers worldwide'*”. Despite patients with
old age being more susceptible to severe postoperative complications, there is not a unanimous agreement
that age significantly influences survival rate. Prognosis among patients with old age might be influenced by
various factors such as variations in the stage at presentation, preexisting comorbidities, tumor site, and the
type of treatment administered”?. In recent decades, although considerable advancements in surgery,
radiotherapy, chemotherapy, immunotherapy, and targeted therapy have been shown, we have not seen
revolutionary improvement in the prognosis of CRC, which has a low 5-year survival rate!". Recent studies
have focused on specific molecular targets. Immune cell PD-L1 expression shows a significant increase in
MSI-H CRC in comparison to tumors with MSI-L, without discernible distinctions among the various MSI-
H molecular subtypes'. The suggested screening method for defective DNA mismatch repair involves
immunohistochemistry (IHC) and/or MSI testing. Nevertheless, consolidating the technical and biological
diversity inherent in MSI testing into actionable information presents challenges. Literature reports indicate
that IHC testing of the mismatch repair machinery might yield varying results for a specific germline
mutation, potentially attributed to somatic mutations®. Bevacizumab and cetuximab, which target vascular
endothelial growth factor (VEGF) and EGFR, respectively, have shown a certain level of effectiveness and
have been employed in first-line treatment for advanced CRC"**. However, these drugs have been
associated with adverse effects. A study on the impact of incorporating cetuximab into a combination
consisting of capecitabine, oxaliplatin, and bevacizumab for metastatic CRC treatment revealed that overall
survival was not significantly prolonged in the cetuximab group. The combination of cetuximab with
capecitabine, oxaliplatin, and bevacizumab, in fact, led to significantly shorter progression-free survival
(PES). In addition, cetuximab seemed to be related to adverse cutaneous effects, leading to a considerable
number of Grade 3 or 4 adverse events in CRC patients®”. Therefore, further research needs to be
undertaken to determine the pathogenesis and molecular targets of CRC.

In recent years, researchers have concentrated on the function of the Raf/MEK/ERK signaling pathway in
CRC cells, as this pathway is crucial to cell proliferation, survival, and differentiation"™’. RSK serves as a
downstream target and thus has gained much attention”’. There are four isoforms in the human RSK
family". Upon stimulation, RSK1-3 undergo translocation from the cytoplasm to the nucleus, promoting
cell growth, proliferation, and differentiation™”. In contrast, RSK4 is found primarily in the cytoplasm and
does not appear to be translocated into the nucleus under conditions similar to those that drive RSK1-3
translocation"®. RSK4 may be a tumor suppressor that inhibits tumor cell invasion, proliferation, and
metastasis'>*77),
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Since the discovery that the RSK-regulating signaling pathway influences CRC progression, studies have
been conducted to investigate the regulation and function of the RSK family in CRC. We suggest that
several milestone events have accelerated the rapid advancements initiated by these studies. Despite a
number of studies illustrating the function of the RSK family in cancers, few experiments have
demonstrated their effects in patients with CRC. RSK2 action in EGF pathway regulation through RSK2/
CREB/c-Fos signaling*! led us to conclude that the RSK family is related to CRC. Afterward, a series of
studies demonstrated that RSK family proteins exert comprehensive impacts on the biological mechanism
underlying CRC. Another notable finding is the correlation between low RSK4 expression in CRC cells and
poor prognosis'”. RSK4 expression level was initially related to the clinical parameters of CRC patients, and
incorporation of RSK4 among independent factors of CRC inspired the study of other RSK isoforms (RSK1,
RSK2, and RSK3), and factors collaborating with RSK4 were correlated with clinical parameters of CRC
patients, such as TNM stage and lymph node metastasis.

Despite the recent advancements mentioned above, deficiencies in RSK targeting have been uncovered.
First, although evidence suggests a connection between the RSK family and CRC, the biological mechanisms
and regulatory pathways remain incompletely understood. Further research is required to illustrate the roles
of RSK isoforms and their interactions with other signaling molecules in the context of CRC. For example,
although RSK4 may act as a potential tumor suppressor, there is a possibility that RSK4 has a dual role in
CRC, similar to its role in breast cancer, and this hypothesis requires testing. Additionally, RSK2 and RSK4
have been reported to play specific roles in CRC, but there is currently limited information regarding the
regulation and functions of RSK1 and RSK3 in this context. Furthermore, the RSK1 and RSK3 expression
levels in CRC tissues remain unknown, which may guide the exploration of the connections between the
RSK family proteins and signaling pathways in CRC, as well as their correlations with various clinical
parameters. Second, CRC is a heterogeneous disease characterized by various molecular subtypes and
genetic alterations. The roles of RSK family proteins in different subtypes of CRC and their interactions
with signaling pathways may lead to disparate outcomes, making targeted therapies a challenging task.
Third, there has been more research on other malignant tumors, such as breast cancer and lung cancer,
compared to the few studies on CRC. Given the escalating interest in the RSK family in the CRC context, we
anticipate an increasing number of studies on this topic in the future. Finally, clinical translation of RSK
inhibitors has been limited to date. Although some studies have identified RSKs as potential therapeutic
targets for CRC, the identified RSK inhibitors have had limited impacts to date. Therefore, the translation of
RSK-targeted therapies into clinical applications is still in the early stages, and further efforts to develop
effective RSK-targeted therapies for CRC patients are encouraged.

Based on the abovementioned points, the significance of exploring future research directions is self-evident.
Future research may be concentrated on developing more effective RSK inhibitors and other RSK-related
signaling molecules involved in CRC. In addition, the development of personalized medicine for CRC
patients may involve identifying specific signaling pathways and gene mutations. RSK isoforms and other
signaling molecules may be used as diagnostic or prognostic markers to guide treatment decisions.
Advancements in experimental techniques such as CRISPRXCas9 gene editing and single-cell sequencing
may provide novel perspectives into the regulation and function of RSK family proteins in CRC. This study
offers researchers clues to identify new targets for therapeutic interventions and develop more effective
treatments for CRC patients.

CONCLUSION

In summary, the RSK family is of paramount importance as a downstream target in the Raf/MEK/ERK
signaling pathway. RSK family proteins play a role in the regulation of cell proliferation, motility, growth,
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survival, and invasion. Several RSK isoforms have been found to participate in the development of CRC. In

future studies, the investigation of the biological regulation and function of RSK family proteins in CRC and

RSK-specific small-molecule inhibitors are promising research directions. In light of the aforementioned

considerations, it is evident that future research directions hold great promise for advancing our

understanding and treatment of CRC, and further in-depth research will inspire new efforts to discover

novel treatments for CRC, increase patient survival, and improve the prognosis for the long term.
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