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Abstract: S6K1 (ribosomal protein S6 kinase beta-1) is a critical serine/threonine kinase involved in the
regulation of various cellular processes, including protein synthesis, gene expression, and metabolic
homeostasis. The structural complexity of S6K1, with its multiple isoforms and unique kinase domain, allows
for diverse functionality across different cellular contexts. In this review, we report the intricate structure of
S6K1, highlighting the significance of its kinase domain. Additionally, we explored the tissue-specific
expression and subcellular localization of S6K1 isoforms, emphasizing their distinct roles in cellular processes.
The regulation of S6K1 extends beyond transcriptional control, with post-translational modifications such as
phosphorylation and acetylation playing crucial roles in its activity and stability. The physiological
implications of S6K1 are vast, influencing processes from cell growth and protein synthesis to immune
responses and muscle hypertrophy. However, dysregulation of S6K1 is implicated in numerous pathological
conditions, including cancer. This manuscript synthesizes current knowledge on S6K1, offering insights into
its multifaceted roles and highlighting its potential as a therapeutic target in various disease contexts.

Keywords: S6K1; cellular regulation; subcellular localization; cancer; tissue-specific expression;
regulation of S6K1

Introduction

Protein kinases, acting as central nodes for cell signaling transduction, phosphorylate various
downstream substrates both temporally and spatially to catalytically transmit signals originating
from extracellular or intracellular changes. The AGC kinase subfamily is widely recognized as one of
the most crucial hubs in response to growth factors. S6K1 and S6K2 share approximately 83% identity
in their kinase domains (Sridharan and Basu, 2020). Nevertheless, lower similarity is observed in the
N-terminal and C-terminal regions of the two proteins, with identities of 43% and 59%, respectively
(Sridharan and Basu, 2020) (Figure 1).

S6K1 (ribosomal protein S6 kinase beta-1) plays a crucial role in regulating various cellular
processes, including protein synthesis, gene expression, lipid metabolism, and energy homeostasis,
which are essential for cellular growth, proliferation, and migration (Saxton and Sabatini, 2017). In
mammals, the S6K1 gene encodes several isoforms, including the two main variants, p85S6K1 and
p70S6K1, produced through alternative translational start sites (Tavares et al., 2015). These isoforms
differ in their subcellular localization and functional roles, with p85S6K1 predominantly localized in
the nucleus and p70S6K1 primarily in the cytoplasm (Grove et al., 1991; Niwa et al., 2014). Another
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variant, p60-S6K1, exhibits a distinct mode of regulation, potentially independent of mTOR, the
master regulator of cellular metabolism (Zaiets et al., 2018).

S6K1 has been implicated in various pathological conditions, including cancer, cardiovascular
diseases, metabolic disorders, and neurodegenerative diseases, due to its involvement in key
signaling pathways such as mTOR and PI3K/Akt. Dysregulation of S6K1 activity, whether through
overexpression, aberrant phosphorylation, or altered isoform expression, can lead to uncontrolled
cell growth, apoptosis resistance, and metabolic imbalances, contributing to disease progression
(Catalan et al., 2015; Fenton and Gout, 2011). For instance, in cancer, S6K1 promotes oncogenic
translation by phosphorylating components of the translation machinery, while in cardiovascular
diseases, it influences vascular smooth muscle cell proliferation and inflammation (Mensah et al.,
2019; Lee et al., 2020).

In the context of neurodegenerative diseases, recent studies have highlighted the role of S6K1 in
modulating neuronal survival and stress responses. For example, Li et al. (2015) found that ULKI, a
kinase involved in autophagy, inhibits S6K1 phosphorylation at T389, leading to reduced viability of
dopaminergic neurons under MPP+ treatment, a model for Parkinson's disease. This suggests that
S6K1 activity is tightly regulated in neurons, and its dysregulation may contribute to
neurodegenerative processes. Similarly, Xu et al. (2014) demonstrated that inhibition of the
mTOR/S6K1 pathway by Parkinson’s disease mimetics results in neuronal cell death, further
implicating S6K1 in the pathology of neurodegenerative diseases.

Understanding the complex role of S6K1 in these diseases may open new avenues for
therapeutic intervention, offering hope for better management and treatment of conditions such as
Parkinson’s disease.
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Figure 1. Modular structure of S6K1 and S6K2 showing similar homology in their Kinase domain
(Sridharan and Basu, 2020).

Structure of S6K1- A unique serine kinase

The first reported structure of S6K1 was of its kinase domain (S6K1KD) complexed with the non-
specific inhibitor staurosporine. More recently, structures of S6K1 complexed with PF-4708671 have
been published, including versions with either the S6K1KD protein alone or with the C-terminal
extension containing the hydrophobic motif (S6K1HM) and its derivatives (Wang et al, 2013).

The crystals of S6K1KD co-crystallized with F108, F109, F179, and PF-4708671 exhibited
octahedral shapes and belonged to the space group P41212. The unit cell parameters were similar to
those of the S6K1KD-staurosporine crystal (PDB: 3A62). (Sunami et al, 2010). The crystal structures
of S6K1KD with the inhibitors displayed the typical bilobal structures of protein kinases. The
inhibitors occupied the ATP-binding pocket located between the small N-terminal lobe and the large
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C-terminal lobe (Niwa et al, 2014). Although the F176 and F177 complexes were crystallized in a
different packing mode than the others, they exhibited a similar overall structure (Figure 2).
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Figure 2. Structural depiction of S6K1KD-F176. (a) The protein is illustrated using a ribbon model in
cyan. The P-loop and strands 1 and (32 are highlighted in green, helix aC in light blue, the hinge
region in orange, and the activation loop in pink. Phosphorylated Thr252 is represented by red sticks,
while the zinc ion is depicted as a red sphere. The bound inhibitor F176 is shown in magenta. (b)
Overlay of the Ca traces from six protein structures. The structures are colored as follows: cyan for
S6K1KD-PF-4708671, green for S6K1KD-F108, blue for S6K1KD-F109, magenta for S6K1KD-F179,
yellow for S6K1KD-F176, and pink for S6K1KD-F177 (Niwa et al., 2014).

S6K1 ISOFORMS IN HUMANS AND RODENTS

S6K1 regulates various cellular processes including protein synthesis, gene expression and lipid
and energy metabolism hence its role in cellular growth, proliferation and migration (Saxton and
Sabatini, 2017). In mammals, the S6K1 gene encodes several isoforms that are responsible for the
aforementioned functions (Tavares et al., 2015).

S6K1 has two isoforms produced by the same gene (RPS6KB1) through alternative translational
start sites. The longer isoform is termed p8556K1 (p70S6Kal) and it consists of 525 residues, while the
shorter (predominant) isoform is termed p70S6K1 (p70S6Kall) and it consists of 502 residues. The
shorter isoform lacks the N-terminal 23 residues, which contain a nuclear localization sequence
(Grove et al., 1991). The kinase domains of both S6K1 isoforms share identical sequences (the S6K1
kinase domain or S6K1KD) (Niwa et al., 2014).

Another isoform termed the p60-S6K1 isoform that can be translated using a third translation
start, or from novel spliced mRNA either from an mRNA transcript common to p70 and p85 S6K1
isoforms was also proven to exist (Zaiets et al., 2018). It was confirmed that p60-S6K1 is alternatively
translated, most probably, from the common for both p70-and p85-S6K1 mRNA transcript and
reveals a link between p60-S6K1 expression. Further findings also indicated that due to the absence
of mTOR-regulated p60-S6K1 phosphorylation at T389 which is important for S6K1 activation, the
p60-S6K1 isoform of S6K1 may undergo a mode of regulation distinct from p70-and p85-S6K1 (Zaiets
et al., 2018).

In mice, alternative splicing inserts three exons (named A, B, and C) between exons 6 and 7 of
S6K1 mRNA. The presence of a STOP codon in alternative exon C results in the production of a
shorter isoform, called p31-S6K1 (Fig. 2B). In humans, alternative exons A and C can be spliced
between exons 6 and 7, either together or separately. Both exons A and C contain STOP codons,
leading to the formation of two short isoforms, named h6A and h6C (Karni et al., 2007).
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TISSUE-SPECIFIC EXPRESSION OF HUMAN S6K1 ISOFORMS

Ben-Hur et al. (2013) report that short isoforms of S6K1 are overproduced in breast cancer cell
lines and tumors. Overexpression of S6K1 short isoforms induces transformation of human breast
epithelial cells. Also, Lyzogubov et al. (2004) reported the overexpression of S6K1 and S6K2 as a
characteristic feature of parenchyma and vessels of endometrial adenocarcinoma in their study; they
found overexpression of S6K1 in the cytoplasm and 8% in the nuclei. In normal endometrial epithelial
cells both S6K1 and S6K2 were expressed on low levels and have been detected predominantly in
stromal elements.

Although not in humans and not a specific isoform was reported, to address whether
downregulation of S6K prolongs lifespan in Drosophila, Zhang et al (2024), used the inducible
GeneSwitch system in combination with an S6K RN Ai lineto knock down S6K expression specifically
in adult female flies. To identify the tissue(s) in which reduced S6K acted to extend lifespan, we
employed tissue-specific GeneSwitch drivers to suppress S6K in fat body (Lsp2GS), neurons
(ElavGS), intestine (TiGS), muscle (MHCGS) and heart tube (HandGS) of adult flies.

Additionally, alterations in S6K1 isoforms expression induce Epithelial to Mesenchymal
Transition and Estrogen Receptor 1 Silencing in human breast adenocarcinoma MCF-7 cell (Garifulin
et al., 2023).

Patra et al. (2021) examined the mechanisms for ribosomal protein p70-S6 kinase 1 (S6K1)
associated transformed human hepatocyte (THH) growth regulation. p70-S6K1 inhibitor treatment
caused impairment of in vitro hepatocyte growth, and arrested cell cycle progression at the G1 phase.
Further, p70-S6K1 inhibitor treatment exhibited a decrease in FAK and Erk activation, followed by
altered integrin-f1 expression, caspase 8, and PARP cleavage appeared to be anoikis like growth
inhibition. p70-S6K1 inhibitor also depolymerized actin microfilaments and diminished active
Rac1/Cdc42 complex formation for loss of cellular attachment. Similar results were obtained with
other transformed human hepatocyte cell lines. p70-56K1 inhibition also resulted in a reduced
phospho-EGFR, Slug and Twist; implicating an inhibition of epithelial-mesenchymal transition
(EMT) state. A xenograft tumor model, generated from implanted THH in nude mice, following
intraperitoneal injection of S6K1 inhibitor prevented further tumor growth. Their results suggested
that p70-S6K1 inhibition alters orchestration of cell cycle progression, induces cell detachment, and
sensitizes hepatocyte growth impairment. Targeting p70 isoform of S6K1 by inhibitor may prove to
be a promising approach together with other therapies for hepatocellular carcinoma (HCC)
treatment. This suggests that p70 isoform of S6K1 plays a role in the oncogenesis off hepatocellular
carcinoma.

Similarly, Shum et al. (2016) reported that chronic S6K1 inhibition by PF-4708671 improves
glucose homeostasis in obese mice through enhanced Akt activation in liver and muscle. Their results
suggest that specific S6K1 blockade is a valid pharmacological approach to improve glucose disposal
in obese diabetic individuals.

SUBCELLULAR LOCALIZATION OF S6K1 ISOFORMS

S6K1 has two isoforms, al (85 kDa) and a2 (70 kDa). al contains an N-terminal extension with
a nuclear localization signal and is therefore localized predominantly in the nucleus; a2 is localized
mostly in the cytoplasm (Lee-Fruman et al., 1999). As p705K! and p855K! have been proposed to have
different subcellular locations, Kim et al. (2009) hypothesized that they may also differ in activation,
regulation, and function in breast cancer cell lines. They found both isoforms were primarily localized
to the cytoplasm, and both had S6 kinase activity in breast cancer cell lines.

The subcellular localization patterns of S6K1 isoforms are related to the cell cycle progression,
as demonstrated by Rosner and Hengstschldger (Tavares et al., 2015). While p70-S6K1 can be found
in the cytoplasm throughout the entire cell cycle, its nuclear localization occurs during mid G1 phase
and is dependent of mTOR phosphorylation (Tavares et al., 2015). The nuclear localization of the p70-
S6K1 isoform also seems to be tightly regulated by growth factor signaling (Tavares et al., 29015.
Nonetheless, the mechanisms underlying the regulation of the nucleocytoplasmatic localization of
S6K isoforms remain not completely understood.
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Rosner and Hengstschlager (2011) show that in primary fibroblasts p85 S6K1 is cytoplasmic, p70
can be found in both compartments and p31 is exclusively nuclear. As already known for p70 and
P85, their data suggest that p31 is also a target of mTOR-mediated phosphorylation. Blocking mTOR
kinase activity via rapamycin and its activation in TSC2-/- cells and via TSC2 small interfering RN As
revealed that it regulates the localization of p70, but not of p85 and p31. The mTOR-dependent
phosphorylation of p70 S6K1 at T389 is essential for its nuclear localization and exclusively
hyperphosphorylated p70 S6K1 can be found in the nucleus.

SUBSTRATES AND MECHANISMS OF SUBSTRATE CATALYSIS FOR S6K1

A proteomic approach was taken to identify S6K1 targets based on the premise that these targets,
like EPRS, will exhibit selective, high-affinity binding to S6K1 by Arif et al (2019). They reported that
Cdk5-Mediated Phosphorylation of S6K1 at Ser424 and Ser429 in the C Terminus is required for
differential target phosphorylation. Of the nine newly identified candidates in this study, three were
shown to bind S6K1 in a Cdk5-dependent way, namely bifunctional coenzyme A (CoA) synthase
(COASY), neutrophil gelatinase-associated lipocalin (LCN2), and Src substrate cortactin (CTTN).

Additionally, Juien et al. (2010) found that Rictor phosphorylation requires mTORC1 activity
and, more specifically, the p70 ribosomal S6 kinase 1 (S6K1). Rictor at residue Thr1135 is directly
phosphorylated by S6K1 in vitro and in vivo, in a rapamycin-sensitive manner. Phosphorylation of
Rictor on Thr1135 did not affect mTORC2 assembly, kinase activity, or cellular localization. They
report that cells expressing a Rictor T1135A mutant were found to have increased mTORC2-
dependent phosphorylation of Akt. In addition, phosphorylation of the Akt substrates FoxO1/3a and
glycogen synthase kinase 3a/p (GSK3a/p) was found to be increased in these cells, indicating that
S6K1-mediated phosphorylation of Rictor inhibits mTORC2 and Akt signaling.

Also, Djouder et al. (2007) report that the prefoldin chaperone URI represents a mitochondrial
substrate of S6K1. In growth factor-deprived or rapamycin-treated cells, URI forms stable complexes
with protein phosphatase (PP)1y at mitochondria, thereby inhibiting the activity of the bound
enzyme. Growth factor stimulation induces disassembly of URI/PP1y complexes through S6K1-
mediated phosphorylation of URI at serine 371. This activates a PP1y-dependent negative feedback
program that decreases S6K1 activity and BAD phosphorylation, thereby altering the threshold for
apoptosis. These findings establish URI and PP1y as integral components of an S6K1-regulated
mitochondrial pathway dedicated, in part, to oppose sustained S6K1 survival signaling and to ensure
that the mitochondrial threshold for apoptosis is set in accord with nutrient and growth factor
availability.

Moreover, Zhang et al. (2006) reported that S6K1 was the strongest candidate for the mTORC1-
dependent kinase responsible for GSK3 phosphorylation in the absence of Akt signaling. S6K1 and
S6K2 are the only members of the AGC kinase family, to which Akt belongs, known to be acutely
sensitive to mTORC1 inhibition (Ghosh and Kapur, 2017). Akt and S6K1 have similar substrate
specificities in vitro, and the Akt sites on GSK3a (521) and -{3 (S9) closely resemble those of the S6K1
sites on elF4B and ribosomal S6 (Zhang et al., 2006). They tested whether the constitutively active
S6K1 from Tsc2-/- MEFs or HeLa cells with siRNA-mediated knockdown of TSC2 could directly
phosphorylate GSK3. They found that endogenous S6K1 isolated from serum-starved TSC2-deficient
cells, but not control cells, could phosphorylate recombinant GSK3[3 on 59 in vitro, and this activity
is sensitive to pretreatment of the cells with rapamyecin.

POST-TRANSCRIPTIONAL REGULATION OF S6K1

Alternative splicing of S6K1: Alternative splicing is a regulated process that allows a single
gene to produce multiple different mRNA transcripts, and thus multiple different proteins. This
process generates two isoforms (short and long isoforms) which vary in length through different
methods. These methods include alternative 5' or 3' splice sites, exclusive exons, exon skipping, and
intron retention. Alternative splicing has been implicated in so many diseases, including cancer.
Studies have shown that alternative splicing of S6K1 modulates progression in different cancers. (Mei
et al., 2016; Sridharan et al. 2020).
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Ben-Hur et al (2013) demonstrated that human breast epithelial cells undergo transformation
when short isoforms of S6K1 are overexpressed. The effects of the long S6K1 variant (Iso-1) were
opposite. While its knockdown or deletion causes transformation, it prevents Ras-induced
transformation and tumor formation, indicating that Iso-1 has tumor-suppressive properties.
Additionally, human breast epithelial cells' transformation, anchorage-independent growth, cell
motility, and growth-factor-independent 3D acinus formation were all improved by overexpressing
mouse or human S6K1 short isoforms. Since it has been shown that S6K1 is a downstream effector of
mTORC1, their research also revealed that the majority of the carcinogenic effects of S6K1 short
isoforms are mediated by mTORC1 activation (Ben-Hur et al. 2013).

Regulation by microrna: microRNAs (miRNAs) are endogenous, 18-24 nucleotide noncoding
RNAs that regulate gene expression by preventing mRNA translation and promoting mRNA
instability (Bushati and Cohen, 2007). These miRNAs can bind to complementary regions in the 3'
UTR of S6K1 mRNA, which can cause translational suppression or mRNA damage.

Zhong et al (2021) showed that miRNAs are crucial players in a variety of biological processes,
because miRNAs negatively regulate the expression of target genes.They discovered that whereas
miR-506-3p sponge raised S6K1 levels, overexpressing miR-506-3p mimic suppressed S6K1
expression. Furthermore, it was verified by dual-luciferase experiments that S6K1 has a conserved
miR-506-3p binding site. In conjunction with previously released information, the findings show that
miR-506-3p directly targets RPS6KB1 mRNA (Zhong et al. 2021).

TRANSCRIPTIONAL REGULATION OF S6K1

S6K1 is upregulated by estrogen via (ER)a: S6K1 is a kinase that plays a key role in cell growth
and proliferation. Its upregulation in response to estrogen can contribute to the proliferation of ER-
positive breast cancer cells (Zhou et al. 2014).

Maruani et al (2012) found that found that ERax mediates the estrogenic stimulation of S6K1
expression. The estrogen receptor (ER) typically binds DNA either directly through Estrogen
Response Elements (EREs) or indirectly through other transcription factors. The interaction of ER
with the ERE consensus sequence (CAGGTCAnnnTGACCTG) is thought to exhibit maximum ER
transcriptional activity. While the promoter regions of human genes rarely include the ERE consensus
sequence (Gruber et al., 2004), the promoter regions of genes that respond to estrogen typically
contain many flawed palindromic sequences and extensive ERE half-sites, both of which have been
demonstrated to function in concert. Because ERa activates the transcription of the S6K1 gene, the
cell produces more S6K1 protein as a result of elevated S6K1 mRNA level (Maruani et al 2012).

S6K1 expression is elevated by 17q23 amplification: S6K1 expression is enhanced as a result of
increased RPS6KB1 gene copy number caused by chromosomal 17q23 amplifications in breast cancer.
Within the 17923 amplicon, which also contains RPS6KB1, is the protooncogene that codes for
SF2/ASF (SFRS1). Therefore, it is probable that the amplification of this area in breast cancer leads to
both a rise in S6K1 levels and the development of this oncogenic S6K1 splice variant. Under low
serum conditions, breast cancer cell lines with increased S6K1 expression as a result of RPS6KB1 gene
amplification exhibit a significant proliferative advantage over those lines with normal S6K1 levels,
while mice heterozygous for S6K1 are marginally smaller than their wild type littermates (Fenton
and Gout 2011).

Upstream gene transcription regulators regulate S6K1 expression: Anaplastic
oligoastrocytoma patients with poor survival status are considerably more likely to have
overexpressed S6K1, which suggests that upstream gene transcription regulators such as mTOR
(Mechanistic Target of Rapamycin) bind to the S6K1 gene promoter and increase S6K1 expression. A
potential link between S6K1 overexpression and hypoxia in brain tumors has been suggested by the
findings that S6K1 is co-overexpressed with recognized genes activated by hypoxia (Ismail, 2012).

Insulin upregulates S6K1 transcription: Many metabolic disorders, including insulin resistance
and inflammation, that are linked to obesity can alter the expression of several genes, including S6K1.
Under these circumstances, the S6K1 gene transcription can be elevated via transcription factors and
signaling pathways that react to inflammatory and metabolic signals (Um et al 2006).
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In the study conducted by Catalan et al (2015), it was shown that visceral adipose tissue (VAT)
from obese patients has substantially higher levels of RPS6KB1 gene expression (which produces
S6K1) than VAT from lean volunteers does. Additionally, there is a positive correlation between this
upregulation and IL-6 and MCP-1, two indicators of systemic and VAT inflammation. Furthermore,
the research shows that insulin therapy raises RPS6KB1 mRNA levels in human omental adipocytes
in a concentration-dependent way (Catalan et al 2015).

POST-TRANSLATIONAL REGULATION OF S6K1

Regulation of S6K1 via phosphorylation at T389: There are several phosphorylation sites on
S6K1, and mitogens, epidermal growth factor, and other growth factors which are kinases can
phosphorylate these sites. Among these sites, a docking site for PDK1 is created when mTORC1
directly phosphorylates the hydrophobic motif at Thr389 in the linker region. Following PDK1's
phosphorylation of the T-loop on Thr229, S6K1 activation occurs. The autoinhibitory pseudosubstrate
domain located at the C-terminus has several proline-directed phosphorylation sites. For S6K1 to
fully activate, this domain must be phosphorylated at Ser411, Ser418, Thr421, and Ser424 by ERK1/2,
p38-MAPK, cdc2, and mTORCI1 respectively. These kinases have all been linked to the
phosphorylation of these residues (Magnuson et al 2012).

Regulation of S6K1 subcellular localization: Multiple phosphorylation/dephosphorylation
events that are induced by external mitogenic stimuli regulate the S6K activity. An S6K1-binding
protein, regulatory B-sub unit of Casein kinase 2 (CK2s), was studied using the yeast two-hybrid
system. The formation of the complex between CK2 and S6K1 was confirmed in vitro. Also, it was
shown that CK2 can phosphorylate Ser17 on S6K1. CK2 phosphorylation of S6K1 Ser17 is involved
in the regulation of S6K1 export from the nucleus (Panasyuk et al 2006).

Regulation of S6K1protein stability: Acetylation and ubiquitination can interplay in complex
ways to regulate S6K1 stability. They often target the same lysine residues (Lys240 and Lys389),
leading to competition between these modifications. The balance between acetylation and
ubiquitination on S6K1 can thus determine its stability and functional state (Yin et al 2021).
Acetylation can inhibit or promote ubiquitination at specific sites, thereby influencing whether S6K1
is stabilized or targeted for degradation (Zhao et al 2015).

The discovery that the Rocl ubiquitin ligase specifically interacts with and ubiquitinates S6K1
suggests that S6K1 and S6K2 are susceptible to degradation via different ubiquitin ligases, offering
another mechanism for the differential regulation of these kinases, even though little is known about
the pathways leading to S6K destabilization. Also, the discovery that S6Ks are acetylated as well and
that administering deacetylase inhibitors to cells stabilizes S6K2 implies that, similar to other proteins
like p53, lysine acetylation may be in opposition to the ubiquitination and degradation of S6Ks
(Fenton and Gout, 2011).

PHYSIOLOGICAL ROLE OF S6K1

The functioning of living organisms relies heavily on S6K1 to regulate a variety of cellular
processes. The physiological role of S6K1 refers to its essential and healthy activities within the body,
these activities are important for maintaining cellular homeostasis and responding to environmental
signals (Hac et al., 2021). S6K1 influences a wide array of physiological processes, ranging from
proper regulation of protein synthesis to active participation in immune response (Garifulin et al.,
2023).

Protein synthesis and cell growth

S6K1 phosphorylates ribosomal protein S6 and enhances the translation of a subset of mRNA,
especially those with the 5’ terminal oligopyrimidine (5"TOP) motif (Kimball, 2002). Protein synthesis
is a regulated cellular process where genetic information encoded in mRNA is translated into
functional proteins. S6K1 supports the biosynthetic and metabolic activities necessary for cell
development and growth (Zhao et al., 2024; Garifulin et al., 2023). Recent studies have explained the
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role of S6K1 in protein synthesis and its broader implications on cell metabolism and growth, this
can be seen by the fact that the impact of S6K1 on cell development can be replicated in vitro through
genome editing of cultured cells, indicating that S6K1 can self-sufficiently regulate cell growth (Kim
and Choi, 2019; Fumagali and Pende, 2022; Bonucci et al., 2020).

Furthermore, a study by Arif et al., (2019) describes the phosphorylation of S6K1 and its impact on
substrate selection, and the involvement of the Kinase in protein synthesis and cell growth (Arif et
al., 2019). Another study by Jao et al., (2024) found out that Eukaryotic Initiation Factor 4A1 (Eif4A1)
is a substrate of the CRL3-IBTK complex (a complex that mediates ubiquitination of target proteins)
and that the signaling pathway involving mTOR/S6K1-IBTK-Eif4A1 regulates cap-dependent
translation, which in turn supports the expression of oncoproteins and stimulates the growth of
surrounding cells (Jiao et al., 2024).

Transcriptional Regulation and Cell Cycle Progression

As a key player in the mTOR signaling pathway, S6K1 influences various cellular processes
including transcriptional regulation and cell cycle progression, this influence exerted by S6K1 affects
gene expression by modulating the activities of transcription factors and other regulatory proteins
(Marques-Ramos and Cervantes, 2023). S6K1 can phosphorylate cAMP Response Element-Binding
Protein (CREB), a transcription factor that controls gene expression involved in cell metabolism,
proliferation and survival (Jeon et al., 2022). During gene transcriptional regulation, S6K1 modulates
chromatin structure and histone modification, which is crucial in controlling gene expression, this
kinase also interacts with chromatin remodelers to alter nucleosome positioning, further regulating
access for DNA transcription machinery (Jeon et al., 2022; Yi Sa et al., 2022).

Additionally, S6K1 phosphorylates Fork-head Box O Proteins (FOXO), they play crucial roles in
apoptosis and cell cycle control (Gong et al., 2020). The series of event that takes place in a cell leading
to its division and duplication is known as cell cycle, S6K1 phosphorylates various substrates
involved in cells cycle progression, including cyclin-dependent Kinases (CDKs) and their inhibitors
he can be helped (Amar-Schwatz et al., 2022).

Autophagy and Stress Response

Beyond its role in protein synthesis, S6K1 is also involved in the regulation of autophagy, a
cellular process that breaks down and recycles cell components (Xu et al., 2017; Cao et al., 2020).
Under nutrient-rich conditions, S6K1 activity inhibits autophagy by phosphorylating and
inactivating key autophagy regulators (Cao et al., 2020). This inhibition ensures that cellular resources
are used for growth rather than recycling (Xu et al., 2017). Autophagy breaks down misfolded
proteins, like the mutated superoxide dismutase 1 (SOD1), which aggregates in motor neurons and
is linked to amyotrophic lateral sclerosis (ALS) (Sinha, 2022). S6K1 inhibition through pathways
involving mTOR allows cells to degrade and recycle damaged cells and misfolded proteins. A study
by Xu et al. (2017) demonstrated that the inhibition of S6K1 using A77 1726, an active metabolite of
leflunomide (an anti-inflammatory drug), resulted in unexpected outcomes in NSC34 cell (a hybrid
mouse motor neuron cell line). The findings in this study suggested that S6K1 plays a more complex
role in autophagy regulation than previously thought. Instead of inhibiting autophagy, blocking
S6K1 might trigger other pathways that actually boost autophagic activities (Xu et al., 2017).

S6K1 also participates in cellular stress response, providing cells with the ability to manage a
range of stressors such as DNA damage and oxidative stress (Cao et al., 2020; Zhong et al., 2021).
Usually, oxidative stress leads to the activation of S6K1, which in turn affects various downstream
targets that help curb damages caused by reactive oxygen species (ROS) (Chen, 2020). Cells must
rewire their energy metabolism during times of stress to adjust to unfavorable conditions, such as
nutrient deprivation or hypoxia. S6K1 helps cells effectively manage their energy reserve by
controlling metabolic processes such as lipid metabolism and glycolysis (Chen, 2020; Wang et al.,
2021). S6K1 interaction with signaling molecules such as p53 and Bcl-2 family proteins influences
pathways that promote cell adaptability and survival (Gao et al., 2019; Ni et al., 2019).
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Immune Response and Muscle Hypertrophy

The body’s defense against harmful substances, pathogens, and abnormal cells is known as the
immune response; this process entails a complex network of cells, tissues, and organs cooperating to
recognize and eradicate threats to or in the body (MedlinePlus, 2024). The immune response is
divided into two major types: innate immunity and adaptive immunity. The former is the first line of
defense that responds quickly to invaders, while the latter is more specific and develops over time as
the body becomes exposed to different pathogens (Brady et al., 2020). S6K1 also has a crucial function
in controlling the operation necessary for the activation and differentiation of immune cells,
specifically T cells, which are vital for adaptive immunity (Li et al., 2020).

T cells require quick growth and stimulation when confronting pathogens, and these activities
rely significantly on the production of proteins, a task in which S6K1 assists (Rich and Chaplin, 2019).
S6K1 modulates the translation of specific mRNAs required for the growth and function of immune
cells, ensuring an adequate immune response by promoting the proliferation of T cells in response to
antigens and maintaining proper immune function (Rich and Chaplin, 2019).

Similarly, S6K1 also plays a critical role in muscle hypertrophy. Increase in the size of muscle
cells is known as muscle hypertrophy, which is primarily driven by the synthesis of new proteins
(Schiaffino et al.,, 2021) (Figure 3). This process is heavily influenced by S6K1, which acts as a
downstream effector for the mTORC1 pathway responsible for regulating protein synthesis (Kim and
Nader, 2019; Schiaffino et al., 2021) (Figure 3). When activated by mTORC1, S6K1 phosphorylates the
ribosomal protein S6 and other elements of the translation machinery, thereby enhancing the
translation of mRNAs that contain the instructions for proteins necessary for muscle growth
(Goodman, 2019).

The pathway is particularly active during resistance exercise and other forms of mechanical
loading that stimulate muscle hypertrophy (Kim and Nader, 2019). A review article by Schiaffino et
al. (2021) suggests that S6K1 not only contributes to the initial growth of muscle fiber but also plays
a role in their maintenance and repair, making it a key regulator for muscle mass. The significance of
S6K1’s interconnected functions highlight its importance in regulating the immune system and
promoting muscle growth, emphasizing its wide-ranging impact on cellular processes.
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Figure 3. Central role of mMTORC1 in translational and transcriptional control of muscle hypertrophy
protein synthesis: A. mTORC1 integrates the pro-hypertrophic input from growth factors, amino
acids and mechanical signals. B. S6K1 also activates and stimulates pyrimidine biosynthesis required
for rRNA synthesis by CAD (Carbamoyl-phosphatase 2, Aspartate transcarbamylse, Dihydroorotase)
phosphorylation (Schiaffino et al., 2021).

PATHOLOGICAL ROLE OF S6K1

The ribosomal protein S6 kinase 1 (S6K1) is a central player in numerous cellular processes, as it
plays indispensable roles in regulating protein synthesis, cell growth, transcriptional regulation,
autophagy, stress response, immune function, and muscle hypertrophy (Sobhon et al., 2023). By
mediating the mTOR signaling pathway, S6K1 ensures that cells adapt their metabolic activities
according to nutrient availability and environmental stimuli, thereby maintaining cellular
homeostasis and supporting organismal growth and development (Jiao et al., 2023; Goul et al., 2023).
Physiologically, S6K1's involvement in translating specific mRNAs, particularly those related to cell
growth and metabolism, as well as its roles in autophagy and stress response, illustrates its versatility
and usefulness (Kyriakopoulos and McCullough, 2021; Fernandes and Demetriades, 2021). However,
the dysregulation of S6K1 contributes to several pathological conditions such as cancer, metabolic
disorders, and cardiovascular diseases. Its interference with insulin signaling pathways and excessive
fat accumulation underscores the importance of regulating S6K1 (Jiao et al., 2023). The dual nature of
S6K1’s role—being vital for normal physiological processes yet contributing to disease when
dysregulated —highlights its importance as a therapeutic target (Fernandes and Demetriades, 2021).
S6K1 stands at the crossroads of health and disease. Future research aimed at unraveling the
complexities of S6K1 signaling will be crucial in developing innovative strategies to harness its
physiological benefits and curb its pathological effects (Fernandes and Demetriades, 2021).

Cancer

The series of steps through which cancer develops from localized benign growth to a more
aggressive malignant form that can invade surrounding tissues and spread to other parts of the body
is known as cancer progression; this process is also called metastasis (Babalola et al., 2021a; Klein,
2020). The progression is often driven by cellular misbehavior, genetic mutations, and alterations in
the cellular microenvironment (Lai et al., 2020).

Overexpression of S6K1 has been observed in various cancers, including breast, lung, and
prostate cancers, where it correlates with increased tumor size and poor patient prognosis (Klein,
2020; Shen et al., 2020). One of the most significant roles of S6K1 in cancer is its ability to promote
oncogenic translation. This is done by phosphorylating components of the translation machinery,
including ribosomal protein S6 and the eukaryotic translation initiation factor 4B (elF4B) (Wei et al.,
2019). This phosphorylation enhances the translation of mRNAs that encode proteins essential for
cell growth and proliferation, such as cyclin D1, ¢-Myc, and vascular endothelial growth factor
(VEGF) (Lee et al., 2020). The enhanced translation of oncogenic proteins driven by S6K1 leads to
accelerated cancer development and progression.

During metastasis, cells undergo different changes, including resistance to evasion of the
immune system, apoptosis (programmed cell death), and progressive angiogenesis (the formation of
new blood vessels to supply a tumor) (Lee et al., 2020). Although a major challenge in targeting S6K1
is its involvement in multiple cellular processes, which raises concern about potential side effects,
understanding the mechanisms of cancer progression is crucial for developing targeted therapies and
improving patient well-being (Tropée et al., 2021).

Additionally, over-expression of S6K1 has been shown to contribute to tumor development,
progression, and poor prognosis in different types of cancers, such as breast, lung, and colorectal
cancer (Lu et al,, 2015; Artemenko, et al., 2022). Several studies indicated that S6K1 mediated cisplatin
resistance in ovarian cancer (Nam et al., 2019) and selumetinib resistance in colorectal cancer (Grasso
et al., 2014). In a previous study by Shen et al., (2020), it was shown that constitutive activation of
S6K1 contributes to resistance against EGFR-TKIs in Non-Small Cell Lung Cancer (NSCLC) by
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facilitating MDM2 phosphorylation and stability (Shen et al., 2020). This suggests that targeting S6K1
may improve the efficacy of EGFR-TKISs in resistant NSCLC. Therefore, further understanding of the
role of S6K1 in acquired EGFR-TKI resistance and the regulatory mechanisms that account for its
increased activity in NSCLC. Knockdown of S6K1 in PDX-R cells significantly reduced cell viability
and increased apoptosis compared to the control cells in the presence of gefitinib. Additionally,
silencing S6K1 through siRNA transfection in PC9G cells also resulted in a decrease in the IC50 of
gefitinib and a significantly greater reduction in cell viability compared to the control cells upon
exposure to gefitinib. These results indicated that increased S6K1 activity contributes to the acquired
resistance to gefitinib in PDX tumors and NSCLC cell lines.

Cardiovascular Diseases

Cardiovascular diseases (CVDs) are a group of disorders affecting the heart and blood vessels.
They include conditions such as hypertension (high blood pressure), heart failure, peripheral artery
diseases, and coronary artery diseases (Mensah et al., 2019). In recent years, the role of S6K1 in CVDs
has gained significant attention due to its influence on vascular smooth muscle cells (VSMCs),
inflammation, and endothelial function (Sanches-Silva et al., 2020). CVDs such as heart failure,
atherosclerosis, and hypertension remain the leading cause of mortality worldwide. Understanding
S6K1 is involved in the regulation of VSMC proliferation through its role in the mTOR signaling
pathway (Mensah et al., 2019).

Inflammation takes part in the development and progression of CVDs, particularly
atherosclerosis. S6K1 is involved in the regulation of inflammatory response through its effect on
immune cells and cytokine production (Mensah et al., 2019; Sanches-Silva et al., 2020). S6K1
activation has been shown to enhance the production of pro-inflammatory cytokines such as tumor
necrosis factor alpha (TNF-a), which adds to the inflammatory milieu in atherosclerosis (Du et al.,
2020; Kaldirim et al., 2022).

Moreover, S6K1 is implicated in cardiac hypertrophy, a condition characterized by the
enlargement of the heart muscle in response to increased workload, mostly due to hypertension (Gao
et al., 2020). The kinase promotes the synthesis of proteins necessary for cardiac muscle growth, and
its activation has been linked to pathological cardiac hypertrophy, which can progress to heart failure
if left unchecked (Gao et al., 2020).

S6K1 plays a multifaceted role in the development and progression of cardiovascular diseases.
Targeting the kinase could offer a novel therapeutic strategy for treating atherosclerosis,
hypertension, and other cardiovascular conditions (Kaldirim et al., 2022). A study by Pinto et al.
(2022) investigated the effects of mTORC1/S6K1 inhibition via rapamycin on liver and serum
inflammation in overtrained mice. It found that rapamycin effectively reduced inflammation by
decreasing IL-6 protein levels and increasing autophagy markers, suggesting that inhibiting
mTORC1 can mitigate liver inflammation and enhance autophagy.

Metabolic Disorders and Obesity

Dysregulation of S6K1 has been linked to several metabolic disorders, including insulin
resistance, type 2 diabetes, and obesity. These conditions are closely related to the development of
cardiovascular diseases, making the study of S6K1 crucial for understanding metabolic health (Pinto
et al., 2022). S6K1 is closely involved in the regulation of insulin signaling, a critical pathway for
maintaining glucose homeostasis (Das et al., 2019).

A hormone secreted by the pancreas, insulin facilitates the uptake of glucose into cell surfaces,
particularly in muscle and adipocyte tissue, by binding to the insulin receptor on cell surfaces. Insulin
receptor substrates (IRS) are activated by this interaction, which initiates an intracellular signaling
reaction involving phosphoinositide 3-kinase (PI3K). Dysregulation of S6K1 while participating in
the pathway involved in insulin signaling can result in metabolic disorders (IJMS, 2024).

S6K1 has been shown to promote adipogenesis, the process by which preadipocytes differentiate
into mature adipocytes (the cells responsible for storing fat) (Zhong et al., 2021; Di Pietrantonio et al.,
2021). Through its involvement in the mTOR pathway, S6K1 promotes anabolic processes including
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protein synthesis and lipid metabolism. Sustained activation of S6K1 can therefore contribute to the
development of obesity (TBK1-mTOR Signaling, 2024).

As research continues to uncover the complexities of S6K1 signaling, targeting the kinase may
offer avenues for the treatment of metabolic disorders and obesity.

Neurodegenerative Diseases

Li et al. (2015) observed an upregulation of ULK1 mRNA and protein levels in MN9D cells
treated with MPP+. The knockdown of ULK1 resulted in increased neuronal cell viability and
specifically enhanced phosphorylation of S6K1 at the T389 site. They reported that T389A mutation
improved the viability of MPP+-treated MN9D cells, whereas the T389D mutation reduced cell
viability. These findings suggest that ULK1 inhibits S6K1 phosphorylation at T389, thereby reducing
the viability of MN9D cells under MPP+ treatment. This study introduces a novel mechanism by
which ULK1-mediated inhibition of S6K1 phosphorylation at T389 contributes to neurodegeneration
in MPP+-treated MIN9D cells and proposes a potential therapeutic approach for Parkinson's disease
(PD).

In a related study, Xu et al. (2014) demonstrated that PD mimetics such as 6-hydroxydopamine,
N-methyl-4-phenylpyridine, and rotenone inhibited the phosphorylation of mTOR, S6K1, and 4E-
BP1, leading to reduced cell viability and activation of caspase-3 and PARP in PC12 cells and primary
neurons. Overexpression of wild-type mTOR, constitutively active S6K1, or downregulation of 4E-
BP1 partially prevented cell death in response to these toxins. This indicates that the inhibition of the
mTOR-mediated S6K1 and 4E-BP1 pathways by PD toxins contributes to neuronal cell death.

CONCLUSION AND RECOMMENDATION

S6K1 is a versatile kinase that plays a fundamental role in various cellular processes, including
protein synthesis, gene expression, and metabolic regulation. The structural complexity of S6K1,
characterized by its multiple isoforms and post-translational modifications, allows it to participate in
a wide range of physiological functions across different tissues. However, the dysregulation of S6K1,
whether through aberrant expression, altered subcellular localization, or disrupted phosphorylation,
is strongly associated with the pathogenesis of numerous diseases, including cancer, cardiovascular
disorders, metabolic syndromes, and neurodegenerative conditions.

Given the critical role of S6K1 in various pathological conditions, particularly in
neurodegenerative diseases, cancer, metabolic diseases and obesity, developing targeted inhibitors
or modulators of S6K1 activity offers a promising therapeutic avenue (Babalola et al., 2021b; Adetobi
et al., 2022; Babalola et al., 2024a; Otunba et al., 2021; Babalola et al., 2024b; Otunba et al., 2022;
Babalola and Adegboyega, 2024). These therapies should focus on restoring normal S6K1 function or
selectively inhibiting its dysregulated forms to prevent or mitigate disease progression. The
specificity of these treatments could help minimize side effects while maximizing therapeutic
efficacy.

There is a strong need for further research into the distinct roles of S6K1 isoforms, especially
regarding their functions in different tissues and disease contexts. Each isoform may contribute
uniquely to cellular processes and pathological states, and understanding these differences could
inform the development of isoform-specific therapies. Such targeted approaches could reduce
potential off-target effects and enhance the effectiveness of treatments for diseases linked to S6K1
dysregulation.

The regulation of S6K1 through post-translational modifications like phosphorylation and
acetylation is a crucial area for further investigation. These modifications play significant roles in
controlling S6K1 activity and stability. By unraveling the precise mechanisms behind these regulatory
processes, new strategies could be developed to modulate S6K1 function in various disease contexts,
potentially leading to novel therapeutic interventions.

To translate the growing body of knowledge on S6K1 into clinical practice, it is essential to
identify reliable biomarkers that can monitor S6K1 activity, disease progression, and therapeutic
response. These biomarkers would be invaluable in the development of precision medicine
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approaches, allowing treatments to be tailored to individual patient profiles and improving the
accuracy and effectiveness of interventions for diseases involving S6K1 dysregulation.

Considering S6K1's involvement in multiple signaling pathways, exploring combinatorial
therapies that target S6K1 alongside other key regulators, such as mTOR and Akt, may enhance
therapeutic outcomes in complex diseases like cancer and neurodegeneration. By simultaneously
addressing multiple pathways involved in disease progression, such combination therapies could
offer a more comprehensive and effective treatment strategy, potentially improving patient outcomes
and reducing the likelihood of resistance.
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