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Abstract

The mechanistic target of rapamycin (mTOR) sits at the center of the PI3K/mTOR axis, a signaling network frequently dysregulated
in human malignancies. mTOR integrates environmental cues, such as nutrient availability, growth factors, and cellular energy to
coordinate anabolic processes essential for cell growth and proliferation. Traditionally, mTOR Complex 1 (mTORC1) was seen as
unidirectionally activating its primary downstream effector, p70 ribosomal S6 kinase (p70S6K), recent evidence positions p70S6K
as a critical determinant of therapeutic outcome. This review challenges the reductionist view of p70S6K as merely a translational
regulator, exploring its mutual governance with both mTORC1 and the rapamycin-insensitive mTORC2. p70S6K functions as a
feedback node modulating insulin signaling via Insulin Receptor Substrate-1 (IRS-1) and cross-regulates mTORC?2 through direct
phosphorylation of Rictor. In oncology, these homeostatic loops drive therapeutic resistance: pharmacological mTORC1 inhibition
inadvertently relieves these brakes, reactivating survival signaling and undermining treatment durability. Furthermore, we address
the functional divergence between the S6K1 and S6K2 isoforms, emphasizing the overlooked nuclear functions of S6K2 and
hypothesizing that their phase-separation properties are a mechanism of adaptive stress resistance that may allow malignant cells to
sequester survival signaling from pharmacological attack. Through the combined perspectives of structural biology and
phosphoproteomics, we highlight recent discoveries, including the controversial physiological role of mTORC?2 in phosphorylating
the S6K 1 hydrophobic motif and the ribosome as a physical scaffold dictating spatiotemporal signaling between mTOR complexes.
Finally, we discuss how combinatorial strategies targeting this crosstalk, exemplified by the VIKTORIA-1 trial, offer more favorable

therapeutic outcomes than single-node inhibition.
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|l. Introduction

The ability of eukaryotic cells to oversee growth, proliferation, and metabolism with environmental nutrient
availability is rudimentary to cellular homeostasis. Few disruptions to this balance carry graver clinical consequences
than the dysregulation of mTOR axis in cancer. While the pharmacological inhibition of mTOR has become a mainstay
of targeted oncology, first-generation treatments have repeatedly demonstrated limited clinical durability. The reason
lies in a therapeutic paradox: inhibiting mTOR severs the critical negative feedback loops that maintain network
homeostasis, inadvertently reactivating parallel survival pathways [1,2]. Understanding the molecular basis of this
paradox is the central aim of this review.

mTOR functions as the central regulatory hub for anabolic processes within the cell. mTOR manifests in two
structurally and functionally distinct complexes: the rapamycin-sensitive mTOR Complex 1 (mTORCI1), defined by
its Raptor subunit, and the rapamycin-insensitive mTOR Complex 2 (mTORC?2), distinguished by Rictor [3,4]. To
affect the cellular machinery, mTORCI relies on a primary downstream effector: the p70 ribosomal S6 kinase
(p70S6K), which exists as the twin isoforms S6K1 and S6K2. For years, the canonical doctrine described this
relationship as a strictly linear transduction event, whereas mTORCI activates p70S6K to drive ribosome biogenesis
and protein synthesis.
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However, recent biochemical and structural observations reveal that this linear model is insufficient to explain
clinical drug resistance. The relationship is not a one-directional communication, but a reciprocal dialogue
characterized by bidirectional communication and highly integrated, context-dependent feedback loops. This complex
network fundamentally dictates both physiological health and disease states. Rather than acting solely as a downstream
target, p70S6K functions as a critical feedback node. It reaches upstream to inhibit insulin signaling via Insulin
Receptor Substrate-1 (IRS-1), a mechanism that actively aggravates insulin resistance in metabolic conditions like
type 2 diabetes [5,6]. Similarly, S6K1 directly phosphorylates Rictor, suppressing mTORC2 and Akt survival
signaling.

In oncology, the pharmacological inhibition of mTOR unintentionally releases these exact loops, reactivating
compensatory survival signaling and limiting clinical efficacy. Therefore, this review seeks to move beyond
reductionist textbook models of unidirectional flow to synthesize the mutual regulatory interactions defining this
signaling axis.

We aim to break down both canonical and non-canonical activation mechanisms of p70S6K, analyze the
functional divergence of S6K1 and S6K2 (including frequently overlooked nuclear and spatial functions), and
investigate how the dysregulation of this crosstalk drives adaptive drug resistance.

Finally, we will identify unresolved controversies, such as the true identity of the physiological hydrophobic
motif kinase, and formulate a new hypothesis regarding the phase-separation properties of S6K isoforms during
cellular stress. Ultimately, making these intricate feedback loops come to light, it is also essential to developing better
therapeutics, ensuring that our mechanistic understanding of this cellular dialogue effectively translates to the clinic.

I.1. The Molecular Architecture of mMTOR Complexes

To truly grasp the delicate crosstalk between mTOR and p70S6 Kinase (p70S6K), we must first define the
structural framework that dictates their interactions. The mechanistic target of rapamycin (mTOR) is a massive, highly
conserved serine/threonine kinase (approximately 289 kDa) belonging to the phosphoinositide 3-kinase-related kinase
(PIKK) family. It serves as the catalytic core of two structurally and functionally distinct multiprotein complexes:
“mTORC1 and mTORC2.” Where specialized accessory proteins control the respective substrates, subcellular
localizations, and sensitivities to pharmacological inhibition.

I.1.1. mMTOR Complex | (mTORCI): The Anabolic Engine

mTORCI has historically had the image of being the rapamycin-sensitive mTOR signaling complex that
functions to sense nutrient (amino acids), energy (ATP), and growth factor status [3].
The primary functions of mTORCI1 serve as the primary anabolic engine for protein synthesis, ribosome
biogenesis, and lipogenesis while actively inhibiting autophagy [3].
mTORCI consists of several different subunits, which define its composition:
®  Raptor (rapamycin-sensitive mTOR regulatory associated protein) is the primary core component of mTORCI,
as it is the major allosteric regulator. Raptor has a crucial function as it recruits downstream substrates such as
p70S6K via binding to TOS motifs, bringing them into close proximity to the mTOR kinase domain to mediate
phosphorylation.
o  mLST8 (mammalian lethal with SEC13 protein 8): Core component that binds adjacent to the catalytic cleft of
mTOR kinase domain, stabilizing an active conformation of the kinase domain.
o Endogenous Inhibitors (PRAS40 and Deptor): These proteins bind to mTORC] and prevent its activity in the
absence of upstream signals that will signal the dissociation of PRAS40 from the mTORCI1 complex.

1.1.2. mMTOR Complex 2 (mTORC2): The Survival and Cytoskeletal Regulator

The organization of the mTORC2 structure differs substantially from that of mMTORCI, even though they share
the mTOR catalytic core, as well as the mLST8 component of mTORCI1; the main function of mTORC?2 is to control
cellular survival and cytoskeletal organization through the phosphorylation of Akt at Ser473 [3].

Rictor is the defining mTORC2 component, which replaces Raptor. Rictor also lacks binding to TOS motifs but
instead points to the AGC family of kinases (such as Akt, SGK1, and PKC), which are phosphorylated by the
mTORC?2 kinase.




The integrity of the mMTORC?2 structure depends on mSinl (the mammalian SAPK-interacting protein 1). mSinl
has a PH domain that helps tether mTORC?2 to the plasma membrane and serves as a central hub for feedback inhibition
by p70S6K.

In addition, while it was originally believed to be rapamycin-insensitive due to the physical obstruction of the
rapamycin target (FKBP12/FRB) by Rictor, rapamycin treatment will ultimately inhibit mTORC?2 if given over an
extended duration, as this will sequester the new pool of mTOR kinases produced during the rapamycin treatment [3].

This structural distinction carries direct pharmacological weight, because rapalogs act through FKBP12/FRB
and only partially engage mTORC2, tumors frequently escape mTORCI-selective inhibition by falling back on
mTORC2-driven Akt survival signaling, which is the rationale behind developing ATP-competitive inhibitors that
block both complexes simultaneously [7].

I1.1.3. Stoichiometric Crosstalk: The Shared Core

Apprehending this architectural dichotomy is essential. While textbooks distinguish between these complexes,
structural biology indicates that the catalytic mTOR subunit and mLST8 in both complexes can compete with one
another due to the fact that they share the same components [3].

The sharing of these elements suggests a mechanism for what can be revealed as “stoichiometric crosstalk,”
whereby the sequestration of mTOR into one of the two complexes may have a negative effect on the formation of
the second complex [3].

As an example, if a cell produces excess Raptor, it could potentially sequester mTOR into mMTORC1 and thereby
leave a reduced amount of mTOR available for use by mTORC?2.

As a result, the first level of crosstalk will occur not through phosphorylation but rather through the precise
stoichiometric balance of each of the two complexes being formed.

1.2. p70S6 Kinase: Overview
1.2.1. The Domain Structure of p70S6K

The structural basis for the regulation of the p70S6K protein Kinase has a modular functional domain structure.

When p70S6K exists in its basal resting state, it is in a closed inactive conformation.

The major regions of the p70S6K Kinase include:

e  The N-terminal Domain: Contains the TOR Signaling (TOS) Motif, an acidic motif that mediates p70S6K’s
direct association with the Raptor subunit of mMTORCI.

e  Catalyst Domain: The conserved AGC Kinase Core that contains the ATP binding pocket and the T-loop
Activation Loop. Phosphorylation of a specific threonine residue (Thr229) within the T-loop by PDKI is a
required condition for p70S6K’s catalytic function.

e Linker Domain: Serves as a critical structural connector between the Catalyst Domain and the C-Terminus of
p70S6K, that contains the Hydrophobic Motif (HM or Thr389), which is the rate-limiting step for activation once
phosphorylated.

e  Autoinhibitory Domain (AID) at C-Terminus: The basic region behaves like a pseudosubstrate. In the inactive
form, it folds onto itself and overlaps with both the N-terminal and C-terminal catalytic domains, physically
covering the active site, preventing phosphorylation of both the T-loop and HM.

1.2.2. Structural Divergence of S6K Isoforms: S6KI vs. S6K2

Although commonly known as one molecule, mammalian genomes encode two forms (homologs) of p70S6K
protein: S6K1 encoded on chromosome 17g23 by the gene RPS6KBI, and S6K2 located at 11q13 by the gene
RPS6KB2. Notably, 17q23 is a recurrently amplified locus in human breast cancer, directly implicating this isoform
and its structural framework in oncogenesis [8].

Originally, it was believed that these two proteins were redundant because of their >80% sequence similarity
(identity) in the active site of their respective catalytic kinase domains. However, there are substantial differences




between S6K1 and S6K2 with respect to both the amino-terminal and carboxyl-terminal regions of the proteins that
regulate both their individual intracellular locations, partner proteins, and cellular functions.

S6 Kinase 1 (S6K1): The prototypical isoform and major reagent for somatic cell growth and metabolic
regulation, S6K1 is predominantly present in the cytoplasm as its shorter isoform, p70. The PDZ binding region
located at the carboxy-terminal end of S6K1 allows this kinase to interact with the actin cytoskeleton and other
proteins, such as neurabin. S6K1 is the major enzyme for phosphorylation of ribosomal protein S6 and initiation of
the negative feedback loop via Insulin Receptor Substrate-1 (IRS-1).

S6 Kinase 2 (S6K2): The presence of a putative Nuclear Localization Signal (NLS) in the carboxy terminus of
S6K2 directs it primarily to the cell nucleus. In addition, the presence of a proline-rich sequence at the carboxy
terminus of S6K?2 provides functional interaction with scaffold proteins containing SH3 or WW domains. Because of
the nuclear localization of S6K2, it can mediate events that are not simply due to general translation, but can also
affect cellular processes such as chromatin remodeling and RNA processing. S6K2 is the major enzyme for
phosphorylating Histone H3 at threonine 45 and is heavily involved in the continued persistence of stress granules
during periods of cellular stress.

These structural differences confirm that while S6K1 governs cytosolic translation and systemic metabolic
feedback, S6K2 acts as a distinct mediator linking mTOR signaling directly to nuclear transcription and survival
pathways (Table 1).

Among the additional substrates in the Table 1, S6K1 also phosphorylates the tumor suppressor Programmed
Cell Death 4 (PDCD4) at Ser67, targeting it for SCFBTrCP-mediated ubiquitination and proteasomal degradation;
because PDCD4 normally restrains the RNA helicase elF4A, its removal relieves this brake on cap-dependent
translation initiation [9].

Table 1. Structural and Functional Comparison of S6K 1| and S6K2.

Feature p70S6K1 (S6K1) p70S6K2 (S6K2)
Gene RPS6KBI RPS6KB2
Primary Isoforms p70 (cytosolic), p85 (nuclear) p54 (nuclear), p56
Localization Predominantly Cytosolic Predominantly Nuclear
PDZ-binding domain (interacts with Proline-rich domain (interacts with SH3

-Terminal Domai : . :
C-Terminal Domain actin cytoskeleton/neurabin) domains)

p85 has N-terminal NLS; p70 has C-
terminal NES and undergoes stimulus-

NLS/NES . Functional C-terminal NLS
dependent nuclear-cytoplasmic
shuttling
Key Substrates R@bosomal protein S6, elF4B, IRS-1, Histone H3, hnRNPA1, BCL-XL
Rictor, PDCD4 mRNA
Small body size (mice), Normal body size, compensatory S6K 1
Knockout Phenotype hypoinsuli}I]lemia( : upregulationy i i
Stress Response SG Assembly promoter SG Maintenance/Persistence

Note: PRAS40, discussed above as endogenous TOS-motif-containing inhibitor of mTORCI1, is not itself an S6K1/S6K2 substrate
and is therefore omitted from the Key substrates row; it instead competes with S6K1 for Raptor docking upstream of S6K1
activation.

1.2.3. p70S6K in Cancer

p70S6K, which was first identified as an essential regulator of mitogen-stimulated protein synthesis, is
specifically involved in the translation of a certain class of mRNAs with a 5’ terminal oligopyrimidine (TOP) sequence
[10]. Experimental disruption of p70S6K activity has been shown to significantly inhibit organismal growth in model
animals such as Drosophila and mice [11,12]. Subsequent research has demonstrated that p70S6K plays a critical role
in controlling the proliferation and survival of cancer cells by influencing multiple molecular signaling pathways [13].
Additionally, a number of recently identified functional pathways suggest that p70S6K signaling plays a role in the
genesis of cancer.

An important biological process involved in both adult tissue healing and embryonic development is the
epithelial-mesenchymal transition (EMT), which enables epithelial cells to adopt mesenchymal characteristics [14].
An increasing amount of evidence suggests that EMT and cancer stem-like traits, particularly during ovarian cancer
invasion and metastasis, depend on p70S6K activation. Activation of the HGF/c-Met pathway stimulates p70S6K
signaling, which increases the expression and proteolytic activity of matrix metalloproteinase-9 (MMP9), hence




driving EMT-associated phenotypic alterations and tumor cell invasiveness [15]. Additionally, by upregulating Snail,
a transcriptional inhibitor of E-cadherin, p70S6K facilitates the mesenchymal transition [16].

p70S6K also regulates cytoskeletal architecture by stabilizing actin filaments and activating Rho-family
GTPases, like Racl and Cdc42, which promote cancer cell motility [17-19]. Additionally, p70S6K controls
microRNA synthesis and encourages the maturity of miR-145 by disrupting the connection between Dicer and
tristetraprolin. Two results of this process are the formation of three-dimensional tumor spheroids and increased N-
cadherin expression [20]. Furthermore, p70S6K facilitates spheroid attachment and colonization through the P-
cadherin/integrin B1 signaling pathway, supporting spheroid—peritoneal interactions during metastatic progression
[21]. These findings are supported by research demonstrating p70S6K’s function in leukemia formation and
hematopoietic stem cell self-renewal, which suggests a broader role for p70S6K in regulating cancer stemness [22].
Human cancers typically activate the mTOR signaling pathway and its downstream serine/threonine kinase p70S6k,
and dysregulation of the mTOR pathway is linked to a number of human disease processes, particularly different
forms of cancer [23-27].

The cancer cell lines that show resistance to a variety of chemotherapeutic drugs, such as paclitaxel, erlotinib,
pemetrexed, cisplatin, and doxorubicin, have often been found to demonstrate upregulation of the Akt/mTOR/p70S6K
signaling axis [28,29]. Several inhibitors targeting the PI3K/Akt/mTOR signaling cascade have been explored for
suppressing p70S6K activity. XL418, a dual inhibitor of Akt and p70S6K developed by Exelixis, demonstrated strong
inhibition of S6 phosphorylation, minimal off-target kinase activity, and acceptable ADME characteristics in
preclinical evaluations [30]. LY2780301, developed by Eli Lilly, entered early clinical testing and showed good
tolerability, although its anticancer efficacy was limited and drug plasma levels did not correlate well with p70S6K
expression [31]. A subsequent Phase IB dose-escalation study reported manageable toxicity and moderate therapeutic
benefit when combined with gemcitabine in patients with PI3K/Akt/mTOR pathway alterations [32]. Rapamycin and
its analogs (rapalogs) have also been widely studied. Although rapamycin exhibits strong immunosuppressive and
anticancer properties, its poor solubility and pharmacokinetic limitations encouraged the development of improved
derivatives [33]. Everolimus and temsirolimus have gained FDA approval for treating multiple cancer types, including
breast, renal, and neuroendocrine tumors, and have demonstrated promising clinical outcomes [34,35]. Additionally,
the dual p70S6K/Akt inhibitor M2698 showed favorable tolerability and partial therapeutic responses when combined
with standard breast cancer treatments [36].

1.3. The Mechanisms of p70S6K Activation: Canonical Models and New Paradigms

The classical understanding of S6K 1 activation describes an elegant, sequential relay of phosphorylation events.
In quiescent cells, S6K 1 remains dormant, locked in a “closed,” autoinhibited conformation mediated by an interaction
between its N-terminal and C-terminal regulatory domains.

1.3.1. The Canonical Activation Model vs. New Paradigms

Full activation of the S6K1 kinase involves three separate but related phases of sequential activation, which
creates a logical “AND” gate that requires multiple simultaneous positive conditions prior to initiating energy-
consuming processes associated with protein synthesis.

Step 1: Primal Activation (MAPK Convergence)

The process begins at the C-terminal Autoinhibitory Domain (AID). In this process, mitogenic signals act
through proline-directed kinases (such as MAPKs, e.g., ERK or CDKs) and phosphorylate specific Serine and
Threonine residues in the AID (Ser411, Ser418, Thr421 & Ser424). The priming effects of this phosphorylation create
a conformational change in the AID that allows the pseudosubstrate to be displaced from the active site of the p70S6K
catalytic domain (the central catalytic domain and linker region) [37]. At this point, mitogenic signals have activated
p70S6K for subsequent activation by nutrient signals (first critical node of crosstalk).

Step 2: Hydrophobic Motif Switch (Thr389)

After the AID has swung open to allow for the displacement of the pseudosubstrate, the hydrophobic motif (HM)
amino acid Thr389 is now exposed. The TM threonine is recognized as the primary (and only site that can be
phosphorylated) by the mTORCI1 System in the canonical sequence. The phosphorylation of Thr389 by the mTORC1
system represents the rate-limiting step for the activation of p70S6K, a universal indicator of mTORCI activation,
because this step is typically inhibited by rapamycin [38].

Step 3: Phosphorylation of Thr229 in the Activation Loop




A high-affinity binding site is formed when PDK1 binds to Thr389. PDK1 can reach Thr229 in the activation
loop and phosphorylate it. This is where p70S6K becomes completely active because the catalytic residues are
perfectly lined up for the transfer of ATP.

Paradigms Shifting: el F4E and TOS motif Interaction.

The original assumption about the nature of the S6K1-TOS interaction in relation to mTORCI signaling has
been challenged by recent literature. The original assumption was that the only method by which Raptor (nTORC1’s
defining subunit) recruited S6K 1 was through its binding to the S6K1 TOS motif. Recent biochemistry has identified
elF4E—a eukaryotic initiation factor—as a significant mediator/receptor in the mTORCI1/S6K1 signaling process
[39,40]. Instead of elF4E being merely a downstream target of mTORCI, it has been hypothesized that the interaction
of the mTORC1—phosphorylated form of eIF4E and the S6K1 TOS motif facilitates the phosphorylation of S6K1 as
well as the relief of the autoinhibited state of S6K1—a role previously thought to be restricted to multisite priming
phosphorylations.

This new paradigm shift now establishes a clear feed-forward mechanism whereby the translational machinery
elF4E serves as a physical scaffold that directly stimulates the activation of the kinase S6K1, which promotes
translation.

1.3.2. The Hydrophobic Motif Controversy: mTORCI vs. mTORC2

One of the greatest mechanistic controversies regarding the identity of the kinase that is responsible for critical
Step 2, HM phosphorylation of S6K 1, continues to revolve around the fact that mMTORC]1 remains the accepted kinase
within the classical model [41].

Recent research using precise genetic mutants and specific mTOR inhibitors (e.g., Torin-1) has begun to
undermine the idea of mTORCI1 being the only kinase. Truncation mutants of S6K1 (lacking N-terminal and Raptor-
binding domains) can still undergo Thr389 phosphorylation, which is also resistant to rapamycin (mTORCI -specific
inhibitor), has dependence upon Rictor, and is sensitive to Torin-1 (which inhibits both complexes) [41].

The studies in this area demonstrate evidence supporting “tandem” or “fail-safe” activation models, whereby:

e  Step 1: mTORCI can be considered an accessibility kinase for S6K 1, facilitating either via the eIF4E-initiated
mechanism or by freeing the autoinhibitory constraints of S6K1.

e  Step 2: mTORC?2 has been proposed as an alternative kinase that may catalyzes the phosphorylation of Thr389
once it is accessible, though this remains an emerging hypothesis rather than the established model; mTORC2’s
role as the HM kinase for Akt (Ser473) and PKC, by contrast, is well established.

This framework must, however, be reconciled with contemporary structural insight into how mTORC2 regulates
its other AGC-kinase clients. For Akt and PKC, mTORC2 doesn’t phosphorylate the hydrophobic motif directly.
Instead, it targets a separate, evolutionarily conserved site called the TOR-Interaction Motif (TIM). TIM
phosphorylation relieves an autoinhibitory conformation, which lets PDK1 phosphorylate the activation loop; the
kinase then autophosphorylates its own hydrophobic motif intramolecularly [42]. Sequence-conservation analyses
show that S6K family kinases carry this same TIM sequence, but whether mTORC?2 phosphorylates this site in S6K1,
or whether it drives hydrophobic motif autophosphorylation as it does for Akt and PKC, has not been experimentally
tested [43]. Proposals that mTORC?2 phosphorylates S6K1°s Thr389 directly therefore sit outside the mechanism now
established for Akt and PKC, raising the possibility that S6K1 either undergoes the same TIM-dependent priming
mechanism or reflects a distinct, direct mode of mTORC2 regulation.

This model explains why catalytic inhibitors of mTOR are more potent suppressors of S6K1 activity than
rapamycin. It suggests that the rapamycin sensitivity of S6K1 HM phosphorylation might be an indirect effect of
blocking the priming/accessibility step (Step 1) rather than inhibiting the direct kinase [41].

Resolving the identity of this kinase holds direct therapeutic implications. If mMTORC2 genuinely contributes to
Thr389 phosphorylation, then inhibitors capable of blocking both complexes should achieve more complete
suppression of S6K1 survival signaling than rapamycin alone, consistent with the improved potency of catalytic
mTOR inhibitors observed in resistant tumors [44].

1.4. The Mechanics of Crosstalk: Feedback Loops and Regulatory Crosstalk

The signaling output of the mTOR—p70S6K axis is not unidirectional; it does not simply end at the ribosome.
One of the most critical and defining functions of activated p70S6K is its capacity to provide retrograde feedback
to upstream signaling nodes. In oncology, the disruption of these specific feedback loops is the central mechanism




driving targeted therapy failure. When pharmacological agents suppress mTOR, they inadvertently release these
biological brakes, triggering the hyperactivation of parallel pathways that sustain tumor survival. While these loops
evolved to maintain systemic metabolic homeostasis, in malignant tissues they instead function as robust engines for
adaptive drug resistance, driving the same dysregulation that underlies insulin resistance in Type 2 Diabetes (Figure
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1.4.1. The IRS-1 Negative Feedback Loop (The Insulin Brake)

There is one well-known biological feedback mechanism where insulin signaling through Insulin Receptor
Substrate-1 (IRS-1) is inhibited by S6K1. This occurs when there are high amounts of nutrients and growth factors
available and results in hyperactivation of S6K1.

At this point, S6K1 returns up the signaling cascade to phosphorylate IRS-1 on multiple serine residues (e.g.,
Ser307, Ser636, Serl1101 in humans) [5,6,45]. The phosphorylation of serine residues on IRS-1 causes a large
conformational change, which creates two primary consequences:

e Uncoupling—The phosphorylation of IRS-1 on serine residues prevents the binding of the Phosphotyrosine
Binding domain on IRS-1 to the juxtamembrane region of the Insulin Receptor (IR). This uncouples the receptor
from the substrate and therefore prevents the essential tyrosine phosphorylation required for the forward
signaling from IR.

e Degradation—The phosphorylation of IRS-1 on specific serine residues acts as a signal for the recruitment of
E3 ubiquitin ligases (like Fbw8 (F-box and WD repeat domain-containing 8) to mark IRS-1 for degradation via
the proteasome.




Furthermore, this degradation involves a spatial component; after Fbow8 is phosphorylated by mTORC2, Fbw8
increases in stability, translocates from the nucleus to the cytosol, and degrades IRS-1. This demonstrates that both
mTOR complexes actively work together to enforce this negative feedback mechanism [46].

Physiological vs. Pathological Context: The mechanism described above provides short-term desensitization
to continuous stimulation of cells in a healthy physiological state, preventing unregulated, abnormal cell proliferation.

In contrast to the normal physiological state, in pathological states such as chronic hypernutrition or obesity,
once S6K1 is continuously and constitutively activated, IRS-1 will continuously be degraded, leading to systemic
insulin resistance and inability of cells to respond to insulin even when insulin is present in high concentrations,
ultimately resulting in Type 2 Diabetes Mellitus.

1.4.1.1. Inter-Complex Crosstalk: Silencing mTORC2

The regulatory segment of S6K1 doesn’t just shape upstream sensors; it also drives direct engagement with
mTORC?2, revealing a dual inhibitory mechanism inside the mTOR signaling web.

e  Phosphorylation of Rictor at Thr1135: S6K1 phosphorylates Rictor at Thr1135. This modification does not
disrupt mTORC2 assembly or its in vitro kinase activity; however, cells expressing a non-phosphorylatable
Rictor T1135A mutant show increased mTORC2-dependent Akt phosphorylation relative to wild-type,
indicating that Thr1135 phosphorylation modestly restrains Akt signaling output without dismantling the
complex itself [47,48].

e  Sinl Loop Alteration: S6K1 also phosphorylates Sinl at Thr86 and Thr398. These modifications reduce Sinl’s
association with mTOR and Rictor, destabilizing mTORC?2 integrity.

Since mTORC?2 activation drives Akt signaling, this feedback loop is one mechanism constraining Akt activity
[47,48].

1.4.1.2. MAPK/ERK Crosstalk: Coincidence Detection

The signaling web also serves multiple signal integration points; the p70S6K integrates signals from additional
primary pathways.

The MAPK/ERK signaling pathway is most known for its role in regulating cell division and mitogenesis;
however, S6K1 receives signals from ERK as well. ERK can phosphorylate S6K1 at its C-terminal autoinhibitory
sites (Ser421/Thr424); however, this priming phosphorylation does not fully activate S6K1 [37].

This node has direct clinical relevance in non-small-cell lung cancer, where Raf-1 sustains p70S6K expression
to drive tumor proliferation, nominating the Raf-1/p70S6K axis as a therapeutic target [49].

This priming mechanism allows for cross-talk between the MAPK/ERK and mTOR pathways to coordinate
cellular energy use to support protein synthesis. Only when nutrient sensors (mTOR signaling) indicate nutrient
abundance and cell growth signals (MAPK signaling) confirm a desire to divide does the energy of a cell get expended
for maximal synthesis of protein.

1.5. Spatial and Context-Specific Signaling

For many years, the cellular interior has been regarded as a chaotic and disorganized “cytosolic soup,” a
nonuniform mixture in which kinases and substrates inadvertently collide to propagate their signals.

Contemporary studies on the mTOR-p70S6K axis show that, rather than merely a chemical cascade, it is
fundamentally regulated by the spatial compartmentalization of all molecules involved and by their physical state.

1.5.1. Liquid-Liquid Phase Separation (LLPS) and Stress Granules

When environmental insults (such as oxidative stress, proteotoxicity, or severe heat shock) occur, cells must
quickly stop energy-consuming processes if they are to survive.

During these times, translation is rapidly ceased, and free mRNA -protein complexes condense into droplet-like
structures called Stress Granules (SGs) through an interesting biophysical phenomenon called liquid-liquid phase
separation (LLPS).




Within this newly formed, phase-separated environment, the two isoforms of S6K exhibit distinct and
specialized behaviors:

e S6K1 Promotes Granule Assembly: S6K1 does not remain diffuse throughout the cytosol but actively promotes
granule assembly by its physical localization within them. This mechanism of spatial feedback is very unique
because it effectively quarantines the enzyme away from its anabolic substrates on the ribosome, thereby
enforcing translational arrest of all substrates by physically sequestering the kinase inside these droplet-like
structures. This capability enables the cell to quickly allocate its limited resources from growth activities to
immediate repair and survival activities [50].

e S6K2 and the Anchor of Persistence: Persistent S6K2 serves as the structural support for the survival
mechanism; S6K2 is essential for both persistence and maintenance of SG. If S6K2 is knocked down, then the
granules become unstable and rapidly dissolve, resulting in the cell becoming more susceptible to continuing
stress [50].

1.5.2. The Spatial Paradox: NOP14 and ER-Bound Ribosomes

The concept of a negative feedback mechanism regulating ribosome production was already understood until
researchers discovered the critical role that NOP14 had in enhancing ribosome biogenesis.

NOP14, a target of mTORCI via S6K, has established a new positive feedback mechanism for stimulating
ribosome biogenesis. SOK, which has been shown to inhibit mMTORC2 by phosphorylating Sinl in the cytoplasm, also
stimulates the expression of NOP14. NOP14 mediates the assembly of a large number of new ribosomes and directs
them to bind to the rough endoplasmic reticulum (ER). There is evidence to suggest that the ribosomes that are bound
to the ER activate and recruit mTORC2; however, this does not apply to free ribosomes in the cytoplasm [51].

This complicates our understanding of the mTOR pathway as follows:

e  Activating mTORCI leads to an increase in p70S6K.

e Increased p70S6K leads to increased NOP14 expression and ribosome biogenesis.

e  Newly formed ribosomes bind to the ER.

e  Ribosomes bound to the ER recruit and activate mTORC2.

e  mTORC?2 phosphorylates Akt, resulting in the continued support and activation of the entire system.

This new discovery completely changes the way that we think about crosstalk by removing the idea that there is
a proximity element to crosstalk functions. Instead, there are two distinct functions in the two different places
mentioned above.

In the free cytosol, S6K acts as a strong brake (inhibiting IRS and Sin), while at the endoplasmic reticulum
membrane, ribosomes driven by S6K act as a very strong accelerator of survival. The presence of NOP14 at high
levels in cancer cells serves to stabilize the mTORC?2 that is bound to the endoplasmic reticulum, which leads to
artificially increased levels of Akt activation.

However, this complete reliance on NOP14 creates a unique hypersensitivity of malignant cells to mTOR
inhibitors. When S6K activity is clinically inhibited, NOP14 levels drop dramatically, resulting in a loss of ribosomes
from the endoplasmic reticulum and a loss of stability of mMTORC?2, thus breaking the loop that shields the cancer cell
from apoptosis [51].

1.5.3. The Uncharted Nuclear Domain of S6K2

The nuclear space is distinguished from the cytoplasmic compartment. While S6K1 is primarily present in the
cytosol and modulates translation, S6K2 predominantly resides in the nucleus and carries out non-translational duties
as an epigenetic regulator and as an RNA processing protein.

e  Epigenetic Modifications: S6K2 directly phosphorylates histone H3 at residue Threonine 45 (Thr45), resulting
in an epigenetic modification of the nuclear architecture that makes DNA more “open” or accessible, thereby
facilitating the transcription of many genes associated with cellular growth and survival [52].

e  RNA Processing and Transport: S6K2 also directly impacts the distribution of newly synthesized RNA in the
nucleus before it exits to the cytosol. Specifically, S6K2 phosphorylates hnRNPA1 at Serines 4 and 6. This post-




translational modification of hnRNPAI is required to facilitate transport of this protein and the specific mRNA
species associated with that particular protein (e.g., Bcl-xL and XIAP) [52].

This nuclear mechanism is of paramount clinical importance. It reveals S6K2 as a formidable, independent driver
of therapeutic resistance in malignancies such as Small Cell Lung Cancer (SCLC) and breast cancer.

By ensuring that these specific survival transcripts are safely exported and shielded, S6K2 actively protects the
cancer cell from death, operating entirely independently of the global protein synthesis rates governed by its sibling,
S6K1 [53,54].

1.6. Crosstalk with Other Signaling Pathways

The mTOR-p70S6K pathway serves as an integration hub that aligns local nutrient availability with systemic
signals from unrelated signal transduction pathways. By creating a way for signals from other pathways to
communicate with mTORCI, this allows growth to be perfectly timed with the needs of development and survival.

1.6.1. Hedgehog (Hh) Signaling and the Primary Cilium

The primary cilium is often referred to as the antenna of the cell and is the main point of interaction between the
mTOR pathway and Hh signaling. During embryonic development and maintenance of stem cells, the cilium plays an
important role in mediating Hh signaling via ciliary functions. There is also strong evidence now that the primary
cilium creates a robust two-way communication between the Hh pathway and the mTOR pathway.

e  Upstream Stimulation: When Hh signaling is activated, the transcription factor NKX2.2 is expressed, which
inhibits the negative regulators of mMTORCI and therefore enhances the output of mTORCI.

e  Reciprocal Amplification: Similarly, p70S6K phosphorylates GLI1, the primary transcriptional effector of the
Hh signaling cascade, and causes GLI1 to translocate to the nucleus; thereby increasing transcriptional activities.

The development of this loop allows for both self-perpetuating and self-sustaining effects as a function of an
ongoing cycle. This is significant because there are many scenarios involving Shh-driven malignancies (such as
medulloblastoma and basal cell carcinoma (BCC)) that require this cross-amplification as a means of not only
existence but also eventual proliferation.

In this regard, the resultant pharmacological inhibition of both Shh and mTOR tends to exhibit synergistic
efficacy [55,56].

2. Dysregulation in Disease and Therapeutic Implications

When the elegant mutual governance of the mTOR—p70S6K axis is corrupted, the consequences reverberate
throughout the entire organism. The dysregulation of these specific crosstalk nodes serves as the primary engine for
two of the most pervasive modern pathologies: metabolic syndrome and metastatic cancer.

2.1. Breast Cancer and the Therapeutic Paradox

The feedback loops that occur in physiology will continue to evolve into barriers to effective treatment through
the drug targets of the targeted therapy. The interaction/communication between the estrogen receptor, CDK4/6, and
PI3K/mTOR as it relates to the growth and progression of HR+/HER2-breast cancer will be the primary mechanism
of disease  progression and resistance to the drug (i.e., drug or targeted therapy).
When patients start standard of care (SOC) therapies, such as CDK4/6 inhibitors (i.e., palbociclib), at some point, the
drug will fail to have activity. This failure of activity will produce a phenomenon known as feedback relief. As the
drug inhibits the cell cycle and inhibits upstream PI3K signaling, there will be a decrease in the amount of active
S6K 1.

Although there will be an initial inhibition of the tumor growth, there will be simultaneous feedback relief from
the block of the IRS-1 and the block of Rictor, which will lead to a compensatory large reactivation of Akt (via
mTORC?2) and the Rass/MAPK pathways, ultimately allowing the tumor to maintain its survival signaling and continue
existing regardless of whether the drug is being administered or not [1,57].

2.2. Targeting the Crosstalk: The VIKTORIA-I Trial
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Targeting multiple nodes of this network simultaneously is one therapeutic strategy suggested by this crosstalk
model. VIKTORIA-1 is a phase 3 randomized clinical trial that evaluated Gedatolisib, an intravenous pan-
PI3K/mTOR inhibitor that targets all class I PI3K isoforms as well as both mTOR complexes, n"TORC1 and mTORC2
(Figure 2). The rationale for this treatment strategy was to block upstream PI3K/mTOR signaling while simultaneously
limiting the compensatory reactivation of Akt (via mTORC?2) and IRS-1 that typically follows single-node inhibition.

In the PIK3CA wild-type cohort of patients with HR+/HER2- advanced breast cancer who had progressed on
prior CDK4/6 inhibitor plus aromatase inhibitor therapy, the Gedatolisib triplet (Gedatolisib + Palbociclib +
Fulvestrant) achieved a significantly longer progression-free survival than Fulvestrant alone, with a hazard ratio of
0.24 (95% CI, 0.17 to 0.35]; p < 0.001) versus Fulvestrant alone [58].

These results support the roader principle that effective treatment of complex cancers may require targeting
multiple architectural nodes of crosstalk rather than a single linear pathway.
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Figure 2. Molecular basis of rapalog failure vs. Gedatolisib triplet efficacy (VIKTORIA-I).

2.3. Type 2 Diabetes and the Broken Brake

There is a strong correlation between the pathophysiology of Type II diabetes and the S6K1/IRS1 feedback loop.
There is an abundance of circulating nutrients, and for that reason, a constant and unceasing activation of mTORCI1
and S6K1 will lead to excessive phospho-IRS-1, and thus, degradation of IRS-1 allows peripheral tissues to become
blind to the action of insulin [5,59].

The relative strength of the biological pathway is exemplified in knockout models. The S6K1 knockout mice
have profound protection against diet-induced obesity and insulin resistance. There was also no phosphorylation of
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IRS-1, which was stable, and maintained a high level of activity when S6K1-KnockOuts were put on a high-fat diet;
they continued to maintain systemic insulin sensitivity [5]. This speaks very clearly too why S6K1 is such a powerful
target for metabolic therapeutics; however, systemic side effects of broadly inhibiting cellular protein synthesis

necessitate due diligence on the part of pharmacologists.

3. Research Gaps and Discussion

3.1. The Neglected Isoform: S6K2

The other form of the kinase S6K2 is often overlooked by many scientists and researchers. There are actually
two genes for the S6 kinase in the mammalian genome, and both genes have multiple splice variants. The great
majority of literature published currently focuses only on the cytosolic form of S6K1 (p70-S6K1). Thus, the unique
functions of S6K2 have become a significant blind spot in the scientific field. Because S6K?2 is located predominantly
in the nucleus and has known roles in epigenetics (e.g., via phosphorylation of histones) and in exporting mRNA,
S6K2 is probably a key player in mediating the long-term adaptation of cells to the environment in which they exist.

As aresult, the research community needs to decouple the functional roles of each of these two kinases to clearly
understand how the mTOR pathway regulates transcription primarily through the regulation of mRNA translation
globally.

3.2. Spatial Segregation of Opposing Feedback Loops

The most perplexing gap among these regulatory pathways is the spatial separation of these pathways. There is
sufficient evidence that S6K 1 functions as a powerful negative “brake” feedback mechanism located at the membrane
(via IRS-1 and Sinl) [45,46]. On the other hand, a growing body of literature suggests that S6K1 also acts via a
positive feed-forward loop from NOP14 and ribosomes located on the ER [51].

The current scientific literature lacks a thorough model to explain how a single kinase can provide the membrane
with a “stop” signal and the ER with an “accelerate” signal at the same time. Understanding the spatial
compartmentalization of the separate pathways that regulate the two negative feedback loops is of great importance.

3.2.1. The Biomechanics of Stress Granules

Stress-granule biology carries direct therapeutic relevance, as malignant cells may exploit liquid-liquid phase
separation (LLPS) to physically shield survival signaling substrates from pharmacological inhibition. However, S6K’s
integration into this biophysical phenomenon remains largely unexplored. While its physical partitioning into stress
granules during cellular crisis is established, the biochemical state of S6K within these condensates is entirely
unknown [50,60]. Future research must determine whether S6K is inhibited to enforce translational arrest, or if it
remains active to phosphorylate novel substrates within this phase-separated environment.

3.2.2. The Need for Dynamic Clinical Biomarkers

Creating usable clinical applications out of this complex biology will take more than demonstrating the benefits
of targeting feedback networks (like VIKTORIA-1). The Oncologist community is short of standard biomarkers that
will assist them in determining whether or not patient loops are working or are stifled in real time [61-64].

With most diagnostic methods still relying on measuring levels of proteins in the first place and, in many cases,
measuring one phosphorylation event at a time, there is a need for sophisticated, dynamic biomarkers that can
accurately identify how dependent a tumor is on its particular feedback mechanism, thereby enabling clinicians to
rationally apply combination therapies prior to any potential resistance developing.

4. Future Directions

To actively address the profound gaps identified above, the next era of signal transduction research must
transition from cataloging phosphorylation sites to decoding the biophysical and spatial realities of the cell.
Future investigations should prioritize the following imperatives:
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e  Phase Separation Profiling: Using advanced biophysical techniques such as Fluorescence Recovery After
Photobleaching (FRAP) and droplet assays to perform in vitro studies of the phase separating properties of S6K 1
and S6K2 is critical for elucidating how their biophysical state and ability to condense when stressed will be
modified by phosphorylation from mTORC1 and mTORC2.

e  Isoform-Selective Inhibitors: The first step is to create isoform-selective inhibitors targeting S6K 1 and S6K2.
Currently, there is no pharmacologic agent that selectively targets either isoform, and the indiscriminate targeting
of both isoforms by pharmacological agents has made it difficult to advance treatment options for cancer patients
whose cancers are being driven by nuclear survival signaling. The development of drug agents that selectively
target S6K2 may present a potential therapeutic paradigm shift in the treatment of cancers driven by nuclear
survival signals, as these drugs would allow clinicians to selectively eradicate malignant epigenetic remodeling
while preserving the patients’ systemic, S6K1-mediated metabolic control. A first proof-of-concept step in this
direction has already been reported, with a covalent, highly isoform-selective S6K2 inhibitor validating the
feasibility of this approach [65].

e  Nuclear mTORC2-S6K2 Axis: The research must focus on the existence of a distinguishable resident pool of
mTORC?2 in the nucleus. If we can demonstrate that nuclear mTORC2 directly activates S6K2 in the nucleus,
then we have identified a completely new class of signaling pathways, which would deliver growth factor signals
directly to the chromatin and circumvent the cytoplasm and the translational machinery that converts growth
factor signals to protein.

5. Conclusions

Cellular metabolism is governed by the structural and functional interactions between mTOR signal transduction
pathways and p70S6 kinase (p70S6K). The previous chapters of this review have shown that mTOR and p70S6K exist
within a complex interdependent and bidirectional regulatory environment in which both components play significant
roles in how the other modulates or shapes its particular signaling environment through numerous potent negative
feedback loops that target IRS-1, Rictor, and Sinl.

As such, identifying the networks involved in this interdependence requires a new way of thinking. Specifically,
we need to think of the mTOR signaling metabolic junction as an adaptive, dynamically regulated homeostat rather
than a rigid, one-dimensional linear “pathway” with clearly defined boundaries.

When one complex is inhibited by applying brakes blindly, a cell will always use its negative feedback loops to
reroute survival signals elsewhere. The success of various modern combination therapies (such as those studied in
VIKTORIA-1) confirms that by focusing on the crosstalk mechanism (e.g., blocking escape routes instead of just the
main road), effective disruption of the tumor’s survival network is possible. While the mTOR-p70S6K axis provides
an elegant mechanism for ensuring harmonious and balanced growth in healthy physiology, it becomes a powerful
mechanism for disease once the mutual regulation between these components is disrupted. With continued research,
understanding the spatial and biophysical dimensions of this conversation will be the ultimate avenue for developing
the next generation of precision therapies against diseases like cancer.
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