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Abstract: Plasma membrane plays a pivotal role in orchestrating motility and invasive
processes, as well as mitosis and genome expression. Indeed, specialized regions of the
plasma membrane enriched in phosphoinositides—namely PIP2 and PIP3—can accom-
modate the requirements of the dynamic interface, which mediates the interplay between
cells and their microenvironment. The fine-tuned balance between the two phospho-
inositides is instrumental in regulating cytoskeleton organization, motility, ion channel
activation, and membrane traffic. The balanced expression of PIP2/PIP3 fulfills these
functions by activating pathways through several transporter and receptor proteins. These
dynamic interactions modulate the interplay with the extracellular environment by de-
creasing/increasing their exposure on the cell surface. In this way, lipid structures can
rapidly either dismiss or recruit specific proteins, eventually favoring their cooperation with
membrane receptors and ion channels. Particularly, exposure of proteins can be managed
through the internalization of plasma membrane segments, while receptor signaling can
be desensitized by their removal from the cell surface. Notably, the equilibrium between
PIP2 and PIP3 is largely dependent on inositol availability, as inositol addition enhances
PIP2 content while reducing PIP3 via PI3K inhibition. Pharmacological modulation of
PIP2/PIP3 balance promises to be an interesting target in different clinical settings.

Keywords: myo-inositol; phosphatidylinositol 4,5-bisphosphate (PIP2); phosphatidylinositol
3,4,5-trisphosphate (PIP3); biodynamic interface

1. Inositol(s), Inositol Phosphates, and Phosphoinositides

Phosphatidylinositol phosphates (PtdIns; phosphoinositides) are phosphorylated in-
ositol phospholipids (PIs) found in eukaryotic cell membranes. They support critical
functions, including actin dynamics, membrane trafficking, signal transduction, and regu-
lation of the overall biodynamic interface [1] between cells and their microenvironment.

Phosphoinositides are enriched in stearic and arachidonic acids [2], linked by a glycerol
moiety to a water-soluble inositol headgroup as reported in Figure 1.

Inositols belong to the family of cyclitols, which are cycloalkanes with a hydroxyl
group on each of at least three or more carbon atoms. They participate in many cellular
processes such as water stress, membrane biogenesis, cell wall formation, signal transduc-
tion, osmoregulation, ion channel physiology, salt tolerance, and phosphate storage [3].
In plants, cyclitols accumulate in response to various environmental stress conditions
and modulate their interaction with the surrounding environment, promoting complex
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adaptive and self-defense reactions. The safety properties of these molecules—usually
known as “compatible solutes”—allow cells to accumulate them to high concentrations and
to tolerate large changes in concentration without major adverse effects on cell function.

Pl4K

Figure 1. Phosphatidyl-inositol, inositol phosphate, and phosphoinositide synthesis in mammalian
cells. The diagram shows the metabolic transformations involving phosphatidyl-inositol as the
starting brick under the activity of different phosphatidyl-inositol kinases (PI3K, PI4K, and PI5K),
and phosphatases (SHIPs and pTEN). PIP2 is converted into DAG and InsP3 is regulated by PLC.
InsP3 is further transformed into inositol-phosphates (InsP4, InsP5, and InsP6).

Inositols are the “bricks” from which both PIs and PtdIns originate. Myo-inositol
(myo-Ins)—by far the most abundant inositol isomer present in mammalian cells—is char-
acterized by two hydroxyl groups in the axial position, while the remaining four hydroxyl
groups are parallel to the plane of the carbon ring. Eight enantiomeric isoforms of inositol
have been identified, as well as their phosphorylated forms. Notably, myo- and scyllo-
inositol show a widespread distribution among the different classes of living organisms,
including mammals and bacteria. The conversion of myo-Ins into —scyllo and —D-Chiro-
Inositol requires the participation of the enzyme epimerase [4,5]. Furthermore, -myo, -scyllo
and —-D-Chiro-Inositol have been found to enter mammalian cells through active and pas-
sive transport processes. Intriguingly, myo-Ins can be autonomously synthesized by both
archaea and eukaryotic cells from glucose-6-phosphate. In mammals, exogenous myo-Ins
is incorporated into PIs and PtdIns, as mammalian cells—being deficient in myo-inositol
kinase (MIK)—are unable to directly phosphorylate myo-Ins. Therefore, the synthesis of
InsP depends on the flux of InsP3 produced by the catabolism of phosphatidylinositol
4,5-bisphosphate (PtdIns(4,5)P, or PIP2) catalyzed by phospholipase C (PLC). From InsP3,
the concerted action of several inositol kinases produces InsP4, InsP5 and InsP6, with the
latter being the most abundant intracellular inositol phosphate [6].

It is worth noting that inositols, InsPs, and PtdIns accomplish this task by managing
dynamic transitions between inositol-derived compounds through the involvement of
phosphate groups. The phosphate group is a central theme in cell signaling, as it constitutes
the currency of exchange in intracellular communications. Phosphate groups released from
PtdIns and InsPs under the influence of diverse cues can be likened to “second messen-
gers”, i.e., diffusible molecules that transduce extracellular cues into autocrine/paracrine
signals. The cumbersome configuration of phosphate imposes geometric constraints on
ligand-protein interplay and contributes its negative charge (at physiological pH), thereby
bestowing specificity to its interactions with target proteins. Moreover, inositol displays
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other appreciable properties that sustain its role as a signaling molecule: it is chemically
stable, small, and rapidly diffusible in the cytosol. Furthermore, both exogenous and
endogenous sources can modulate intracellular inositol availability in response to an im-
pressive number of stimulations. Therefore, the inositol molecule can be viewed as a “six-bit
signaling scaffold” [7], and this can lead to 64 different combinations of one-to-six mo-
noester phosphate groups and 7 PtdIns (Figure 1). Thus, the intrinsic plasticity of inositol
makes this molecule an ideal candidate for the synthesis of a plethora of second phos-
phorylated messengers, including the most recent diphosphoinositol polyphosphates [8].
Conclusively, as suggested by R. Michell, the ability to divert a minor flux of carbon from
central energy metabolism toward a chemically stable polar entity with versatile properties
should be viewed as a “beneficial evolutionary stratagem” [9].

Visibly, myo-Ins plays very different roles in prokaryotes and eukaryotes. In prokary-
otes, myo-Ins is mostly involved in preserving osmolarity and providing basic defenses
against host-dependent reactions [10]. In eukaryotic cells, inositol participates in several
signaling pathways either as inositol-phosphate or phosphoinositide component, in both
the cytosol and cell membranes, in addition to osmolarity control and detoxification activi-
ties [3]. Consequently, a reduction in inositol availability can have profound consequences on
many biological targets and human diseases [11,12]. Furthermore, inositol depletion nega-
tively affects PtdIns” homeostasis, by specifically reducing PIP2 content [12], thus highlighting
a clear link between inositol deregulation and downstream effects on phosphoinositides.

A global analysis of metabolic network wiring—considering the entire set of se-
quenced organisms—highlights that the most prominent ‘unique chemical reactions’ dif-
ferentiating eukaryotes and prokaryotes are linked to inositol metabolism [13]. Notably,
all the eukaryotic-only edges involve (directly or indirectly) inositol metabolism. This
is a signature of the role of inositol in ‘purely multicellular/eukaryotic” features like
differentiation and cancer. The following chemical reactions are present in eukaryotic
metabolic networks, but they are absent in prokaryotic ones: 1-Phosphatidyl-D-myo-
inositol/1-Phosphatidyl-1D-myo-inositol 4-phosphate; 1-Phosphatidyl-1D-myo-inositol
4-phosphate/1-Phosphatidyl-D-myo-inositol 4,5-bisphosphate; (GIcNAc)1 (Ino-P)1/GlcN)1
(Ino-P)1; 1-Phosphatidyl-D-myo-inositol/(GlcNAc)1 (Ino-P)1.

All these reactions are involved in the phosphorylation/dephosphorylation of in-
ositols, supporting the role of Ins as “second messengers”. Specifically, the eukaryotic
organization makes membranes the preferred site of signalling—the “gates”—between the
external environment and the cell, allowing for cell differentiation (and thus, the subsequent
development of specialized tissues and organs).

2. Phosphoinositides as Gates of the Membrane Biodynamic Interface

Complex systems cannot interact directly, as they need to coordinate and integrate
multiple levels of organization. In these systems, sequential causal pathways influence each
other and cannot be isolated from the “whole”. Biophysical and chemical cues can exert
appreciable effects only through integration into homodynamic processes. This integration
requires the interaction between two complex systems and occurs in a ‘shared territory’, i.e.,
an interface, a dynamic structure whose properties change over time, displaying different,
emergent patterns [12]. Consequently, we cannot fully appreciate its characteristics by
studying the participating systems as “separate” entities. Both environment and cell are
complex systems characterized by multiple stable states emerging; thus, their interaction
changes over time. This picture shapes the dynamic interface and necessitates a systems
biology approach in performing an appropriate investigation [14].

Usually, mutual interaction among systems is estimated in terms of regression analyses
that correlate the input/exposure variance, with the variance of the output (health related)
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being observable. However, this approach, albeit useful in unveiling statistical associations,
fails in assessing true causal relationships. Indeed, the interface may not act as a “cause” in
the usual mechanistic sense but may act by constraining and canalizing several environ-
mental cues, therefore assigning a “meaning” to the “signal” that is further conveniently
“processed”. In short, a purely regressive approach eliminates the consideration of the
state of the two interacting systems that can drastically change the functional form of the
relationship and the observed output of the system at hand [15]. Therefore, interfaces
establish strict limits on how and what can be “transmitted”.

Interfaces are composed of diverse components, reciprocally entangled to sustain
dynamic processes. Yet, the dynamic process supported by these components is the core
of the interface. The cytosolic membrane, a dynamic wall with an intertwined array of
mechanisms for controlling the interchange of mass and energy, as well as the response
to environmental stresses and cues, constitutes the biodynamic interface between the
extracellular environment and eukaryotic cells. Membranes envelop distinct subcellular
structures that are compartmentalized to allow separation between biochemical reactions
with semi-permeable boundaries. In addition, by providing an extensive surface (occupying
more than 20 times the cell area) [16], the membrane can host many proteins, cytokines and
enzymes, allowing for the functioning of spatially and temporally coordinated dynamic
processes. Several proteins—including transmembrane motifs—are permanently included
within membranes, whereas others are only transiently associated, depending on the
specific stimulation/response required. Therefore, specific regions of these membranes
behave as hubs, where cues from the internal/external milieu can be properly managed
in order to elicit an integrated response. These organized structures enable synchronized
reactions that would otherwise be impossible in a purely diffusive context like ordinary
solutions. The overall effect is the compartmentalization of specific enzymatic processes
that are constrained in space (volume-confined reactions and surface-confined reactions);
such restrictions influence both the rate and the specificity of enzymatic reactions by
enhancing/decreasing their kinetics [17].

The membrane fulfills its role in releasing critical factors, selectively activating sev-
eral pathways, and regulating cell trafficking through several transporter and receptor
proteins [18]. These protein complexes are, in turn, allowed to fulfill their effects through
the dynamic connection they establish with membrane lipids—specifically cholesterol
and inositol-related lipids (PtdIns)—that modulate their interaction with the extracellular
environment by decreasing/increasing their exposure on the cell surface. It is worth noting
that lipid-based structures can sustain a fine-tuned dynamic equilibrium of embedded
protein molecules by changing their location in the membranes, eventually favoring their
interactions with membrane receptors and ion channels. In more detail, the exposure of
specific protein species can be managed through the internalization of plasma membrane
segments, while receptor signaling can be modulated or even abolished by their removal
from the cell surface. Increasing evidence points that inositol derivatives play a central role
in orchestrating this crosstalk.

These molecular components participate in the architecture of complex lipids that
serve as protein-anchoring structures, activators of enzymatic pathways, modulators of
ion channels, and as pivots of dynamic gates included in the membranes of the cell and its
organelles—Golgi apparatus (GA), endoplasmic reticulum (ER), lysosomes (LYs), nuclear
membrane (NM), and endosomes (ES)—that mediate the overall membrane trafficking [19].
The fact that a “simple” molecule, such as inositol (and its derivatives)—only involved in
simple and largely non-specific functions in prokaryotes [12])—could have been integrated
into the membrane to serve as a “pivot” of the signaling system demonstrates the high
plasticity of biological adaptive mechanisms.
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Indeed, an alternative use of a simple organic molecule can enact a cascade of events
that ultimately favor a transition towards a superior form of organization, making pos-
sible a functional compartmentalization that pivots on the selective competency of the
biodynamic interface.

Among the inositol derivatives, PtdIns deserve a special attention. Phosphoinositides
comprise less than 1% of cell lipids, yet they play very important roles in major signal
transduction pathways, serving as docking sites for signaling effectors and as precursors
of secondary messengers. In short, they act as critical signaling molecules located at the
interface between the extracellular matrix, the cell membrane, and the cytoskeleton [20].

The dynamic properties of PIs and PtdIns emerged in the early 1950s, upon the
stimulation of exocrine pancreatic activity (the so-called ‘phospholipid effect’) [21]. The
importance of PtdIns in the signaling system anchored to cell membranes also involves
the soluble inositol phosphates (InsPs) and inositol pyrophosphates (PP-InsPs), which
display an intricate orchestration in response to a wide variety of chemical and biophysical
stimuli [22]. In addition to the fundamental role of Ins(1,4,5)P3 (InsP3) in regulating Ca?*
intracellular fluxes, InsPs and PP-InsPs participate in several other functions, including gene
transcription, micro-RNA (miRNAs) release, nuclear organization, metabolic modulation,
and protein phosphorylation, just to mention a few [23,24].

A critical component of the biodynamic interface regulating the interplay between
cells and their microenvironment is the fine-tuned equilibrium between two phospho-
inositides—phosphatidylinositol 4,5-bisphosphate (PIP2 or PtdIns (4,5)P2) and phos-
phatidylinositol 3,4,5-trisphosphate (PIP3 or PtdIns (3,4,5)P3), mostly represented on the
inner leaflet of the cell membrane. It is worth noting that under the stimulation of different
biophysical and chemical cues, rapid bursts of PIP2 and PIP3 synthesis occur, resulting
in dramatic changes in the PIP2 /PIP3 ratio. Several interacting enzymes carry out these
changes [25]. The dephosphorylation of PIP3 into PIP2 is ensured by phosphatases (inositol
polyphosphate 5-phosphatase 1; SHIP1) and the Tensin homolog deleted on chromosome
10 (PTEN) phosphatase, which ensures the maintenance of the PIP2/PIP3 homeostasis. Ex-
ogenous administration of myo-Ins significantly increases the rate of PI synthesis and PIP2
availability by up-regulating the expression of ISYNAT, the gene encoding for the inositol-
3-phosphate synthase enzyme that converts glucose into myo-inositol 1-phosphate [26,27].

The balance between PIP2 and PIP3 contributes to shaping a dynamic gate that
compartmentalizes metabolic networks and signaling cascades, bestowing a specific di-
rectionality to the transduction of a wide array of biophysical and chemical stimuli. It is
worth noting that such a structure is highly sensitive to several environmental influences,
including chemical, biophysical, and ionic stimulation. The gate easily undergoes a transi-
tion across different conformations that, following changes in the PIP2/PIP3 ratio, induce a
cascade of associated events, including the activation of specific inositol phosphates and
other signaling molecules [28]. Specifically, PIP2 has emerged as a true signaling interme-
diate, being regulated by hormones, and it serves as an effector of multiple downstream
cytokines and proteins [29].

Conspicuously, those effects act mostly through cytoskeleton (CSK) remodeling [30,31],
which is instrumental in activating the response of membrane receptors, including HER?2,
RTKs, IRS, GPCR, EGFR, and ion channels (TRPM and KCNQ1) [32]. Furthermore, changes
in PIP2 can modify the bilayer properties of membranes, thus altering the pattern and
function of proteins embedded in the membrane leaflet [33]. Perturbations of the delicate
balance between PIP2 and PIP3 levels hence result in a few alterations in ion channels,
neurotransmitter signal transduction, synaptic plasticity, and cytoskeletal remodeling [34,35],
finally leading to aberrant morphogenesis and degenerative diseases [36,37]. It is worth
noting that changes in the PIP2 /PIP3 ratio are instrumental in modulating actin-myosin
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contractility and plasma membrane expansion during tissue morphogenesis [38], and, as
such, they play a critical role in the modulation of cell motility and mitosis. PtdIns are key
drivers in multiple temporally defined membrane remodeling steps involved during events
of mitosis—including cell rounding, spindle orientation, cytokinesis, and abscission [31].
PIPs may also regulate membrane curvature due to the geometric hindrance provided by
their large headgroups and asymmetrical distribution between inner and outer leaflets,
even independently of proteins [39].

Moreover, in the nucleus, changes in the phosphoinositide content involving the
PIP2/PIP3 ratio occur shortly after DNA damage and play a critical role in response to
genotoxic stresses [40]. The phosphoinositide content in the nuclear membrane changes
during cell cycle, differentiating process, tissue repair, and in response to stressors and
growth factor stimulation [41,42]. These data suggest that the PIP2/PIP3 ratio constitutes a
new signaling interface for DNA repair pathway selection.

3. Synthesis and Distribution of PIP2 and PIP3
3.1. Synthesis of PIP2

Synthesis of phosphatidyl-inositol phosphates occurs in the endoplasmic reticulum
(ER) through a two-step process, starting with the conversion of phosphatidic acid (PA) into
cytidine diphosphate (CDP-DAG), before the final conversion into PIs under the catalytic
activity of phosphatidyl-inositol synthase (PIS). The first step is fostered by CDP-DAG
synthase (CDS1 and 2) enzymes and requires the participation of the 1L-myo-inositol
1-phosphate cytidylyl-transferase enzyme (CTP), while inositol is added in the second step.
PA is provided by de novo synthesis or from the recycling of PtdIns(4,5)P2 under the activity
of PLC. PLC activation splits the phosphoinositide into diacylglycerol (DAG) and inositol
1,4,5-trisphosphate (InP3). While InsP3 serves as a second messenger, DAG is rapidly
converted into PA to restart PI synthesis [43]. Remarkably, due to the compartmentalization
of inositol metabolism, PIs and PA translocate from the ER to the plasma membrane by
taking advantage of a cluster of specific PI transfer proteins (PITDPs).

Phosphatidylinositol 4,5-bisphosphate is mostly synthesized from PI at the plasma
membrane under the phosphorylating activity of PI 4-kinase (PI4K) and PI4P5K. Three
different PI4K isoforms are currently known, and PI4K Type Illx (PI4KIllx) plays a major
role in the synthesis of PI4P. Further transformation of PI4P into PIP2 is catalyzed by
PI4P 5-kinases (represented by three isoforms). PI1(4,5)P2 is hydrolyzed by PLC, which
releases DAG and InsP3, both of which act as second messengers. InsP3 binds to specific
receptors located at the ER surface where it promotes the release of Ca?* into the cytosol.
Moreover, InsP3 is a substrate for the synthesis of inositol phosphates (InsP4, InsP5, and
InsP6) and pyro-phosphates (IP7 and IP8), which play a relevant role as signaling molecules
in several critical pathways [23]. DAG, retained at the plasma membrane, is an activator
of protein kinase C (PKC), fostering PKC translocation from the cytosol to the plasma
membrane. DAG is also involved in regulating Ras-GRP4 (Ras guanyl-releasing protein 4)
and reconstituting PA stores. Notably, PA participates in pyrophosphate signaling (namely
in association with IP6K1), recruiting PIP5K, and modulating membrane trafficking events
by shaping membrane topology [44].

3.2. Intracellular Localization

Asymmetry in PtdIns’ distribution (including different localization of PIs and related
enzymes) plays specific roles in regulating endosomal trafficking pathways, across various
membrane compartments (Figure 2). This asymmetry is instrumental in ensuring the
internalization/externalization of membrane components, and, thereby, in regulating the
release of cytokines and endocrine factors at the cell surface [45].
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Figure 2. PtdIns’ selective distribution in the mammalian cell. Phosphoinositides are specifically
represented on the surface of membrane of the Golgi apparatus, nuclear membrane, endoplasmic
reticulum, autophagosomes, lysosomes, and endosomes.

Furthermore, this asymmetry is essential to preserve polarity and identity in epithelial
cells, where apical and basolateral membranes display different structural and functional
properties. These differences are critical for the overall tissue architecture homeostasis
and tissue/organ development and have been extensively investigated in many cell types,
including neurons [46]. The seminal work of Gassama-Diagne et al. [47] demonstrated that
PIP3 is usually confined to the basolateral membrane of polarized epithelial cells (canine
kidney MDCK cells), while the apical surface is enriched in PIP2. However, the addition
of PIP3 induced a profound transformation of the apical region due to the recruitment of
PI3K at the cell surface and the concomitant exclusion and reduction of PIP2 and other
proteins. Conversely, treatment with PI3K inhibitors reversed this distribution, restoring
normal polarity.

PIP2 has been found to be highly enriched within segregated domains, with a very
limited size (~73 nm) [48], and, notably, its concentration exceeds that of PIP3 by 6-2
times [49]. PIP2 is the most abundant among all seven species of PIPs, and it is instrumental
in bestowing electrostatic properties to membranes, allowing for their proper orientation,
which is needed for lipid signaling events to occur [50]. Although preliminary immunoflu-
orescence studies have identified only minimal intracellular localization of PIP2, recent
innovation in immunofluorescence detection highlighted that PIP2 is concentrated in high
amounts within specific structures, such as endosomes, the endoplasmic reticulum (ER),
the Golgi complex, mitochondria, and the nucleus. Moreover, in the same locations, the
presence of both phosphatidyl-kinases (PIPKs) and phosphatidyl-phosphatases is well
documented [51].

PtdIns are concentrated at the cytosolic surface of membranes, whereas synthesis
of PI, the precursor of phosphoinositides, occurs in the ER. Phospholipids then shuttle
between cell and organelle membranes either by vesicular transport or via specific transfer
proteins. The inositol headgroup of PtdIns can be reversibly phosphorylated at three
positions, 3, 4 and 5, thus leading to seven isoforms, PtdIns(3)P, PtdIns(4)P, and PtdIns(5)P);
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three bisphosphorylated isoforms (PtdIns(3,4)P2, PtdIns(3,5)P2 and PtdIns(4,5)P2); and
one trisphosphorylated (PtdIns(3,4,5)P3) isoform. Phosphorylation of inositol thus results
in the production seven PtdIns species, each one with a specific intracellular distribution.
Phosphoinositides are predominantly located on the interior face of membranes, including
the nuclear membrane. PI 4-phosphates—including phosphatidylinositol 4-phosphate
(Ptdins4P) and PIP2—are mostly located along the exocytic pathway, at the cell, and the
nucleus. On the contrary, PI 3-phosphates—phosphatidylinositol 3-phosphate (PI(3)P),
phosphatidylinositol 3,4-bisphosphate (PI(3,4)P2), phosphatidylinositol 3,5-bisphosphate
(PI(3,5)P2), and PIP3—are synthetized mostly at the cell surface, but they translocate to
the endosomal system. Remarkably, PIP2 and PIP3 are mainly concentrated in the leaflet
of the plasma membrane and excluded from endosomes, while PI(3)P is synthesized
in the latter compartment and is absent from the plasma membrane. This asymmetric
distribution is consistent with the distinct physiological function of each class of PIPs.
PIP3 sustains exocytosis-related processes, while PIP2 participates in endocytosis, given its
competence in anchoring several coat and cytoskeleton proteins to the cytosol membrane. A
paradigmatic example evidencing the critical role played by PIP3 in exocytosis is the insulin-
mediated exocytosis of GLUT4 transporter proteins. In adipocytes, SHIP2 overexpression
attenuates the concentration of GLUT4, while promoting PI(3,4)P accumulation due to the
dephosphorylation of PIP3. Conversely, silencing of SHIP2 restores PIP levels and enhances
insulin sensitivity [52,53].

Notably, intense stimulation—supported by hormones and cytokines—can lead to
asymmetric distribution of PIP3 versus PIP2. Insulin determines extensive membrane
ruffling and localization of PIP3 on GRP1 PH domain to the ruffles [54]. Growth factors,
such as PDGF and RTKs, enhance the activation of PI3K and promote membrane ruffling,
whereas PI3K inhibitors antagonize this effect [55]. Asymmetric spreading of PI3K is
also observed during cell migration and invasiveness. PI3K concentrates at the leading
front during neutrophil chemotaxis, while at the cell rear, PI3K is virtually absent. PI3K
accumulates at the leading membrane, while PIP2 and PTEN are concentrated at the rear of
motile cells [56]. The migrating-invasive process requires tight cooperativity with some
CSK components, including actin. Indeed, PI3K accumulation within the leading front is
disrupted when actin remodeling is inhibited by latrunculin or jasplakinolide, toxins that
inhibit actin polymerization or depolymerization, respectively [57]. Therefore, fluctuations
in PIP3 concentration, alongside orchestrated changes in the CSK, ensure cell polarity
and chemotaxis in response to different cues. Overall, accumulated data suggest that
localized synthesis of PIP3—with a resulting increased concentration—occurs in active
zones of the cell surface associated with membrane protrusion and cell motility. On the
contrary, PIP2 enhances cell-substrate anchorage and provides a specific directionality in
cell trajectories [58].

Notably, there is high correlation between the localization of high PIP3 concentra-
tions in ruffles and the localization of exocytosis at these sites, where transferrin and LDL
receptors from the endosomal system accumulate in membrane ruffles upon the orches-
trated activity of EGF and PIP3 activation [59]. Interestingly, inhibition of PIP3 synthesis
interrupts membrane ruffling, suggesting that PIP3 is mandatory for ensuring exocytosis.
A further mechanism through which PIP3 regulates membrane insertion involves some
protein kinases downstream of PDK1 [60], including Akt [61], three SGK isoforms, and
PKC [62].

Similarly, PIP2 displays an asymmetric distribution within cell membranes. Further-
more, it is even more intriguing that the immediate PIP2 precursor—PI(4)P—is virtually ab-
sent from the plasma membrane while being concentrated in the Golgi apparatus and other
intracellular membranes, where PI(4)P associates with several PI 4-kinase enzymes [63].
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However, PI 4-kinase has been found in plasma membrane of mammals [64], suggest-
ing that PI(4)P may derive from the Golgi. In this way, appreciable PI(4)P levels may
concentrate on the plasma membrane, thereby providing enough precursors to enable
PIP2 synthesis.

PIP2 was shown to accumulate preferentially on the leaflet of cytosol membrane—in
proximity to actin and ruffles—rather than at the intracellular level, with the notable
exception of nuclear PIP2 [65]. Remarkably, PIP2 establishes a functional relationship
with N-WASP family proteins, as well as with several molecular factors—including cofilin,
profilin, and vinculin—that participate in actin polymerization [56]. However, PIP2 levels
rapidly change their location on the cytosol membrane in response to activated PLC [66]
and several growth factors, like EGF [67]. Overall, these data indicate that PIP2 turnover
in the cytosol membrane can display either an increase or decrease at localized regions in
response to physiological and pathological cues.

The segregation of different classes of PtdIns across membranes belonging to diverse
structural components (cytosol membrane, organelles, and nucleus) imposes a vector di-
rectionality to membrane traffic, bestowing selectivity in the transport system from one
compartment to another. In this way, PIPs can act like zip codes or signature motifs of those
membranes. Accordingly, signal recognition occurs through a coincidence detection mecha-
nism, whereby interaction affinity increases progressively due to subsequent cooperativity
enacted by associations with additional components (lipids and proteins).

Particularly, in the nucleus—together with phosphatidylinositol phosphate kinase type
1 (PIP5K1A)—PIP2 is required for the stabilization of p53 [56]. Nuclear PIPKI-o binds to p53
upon stress, resulting in the production and subsequent association of PIP2 with p53, which
subsequently promotes the interaction between p53 and the small heat shock protein HSP27.
Conversely, inhibition of PIP2 leads to p53 destabilization. Furthermore, PIP2 binds to the
nuclear steroidogenic factor 1 (SF-1), which is critical for folliculogenesis and aromatase
expression in ovarian granulosa cells [68]. Intriguingly, SF-1 activity dramatically increases
downstream of enzymatic PIP2-phosporylation mediated by inositol polyphosphate multi-
kinase (IPMK). It is worth mentioning that IPMK can regulate transcriptional events by
modifying the protein-lipid cargo [69], removing the inhibitory effect of PIP2 on SF-1
transcription. However, investigations regarding the role of PIP2 in nuclear events tied
to the regulation of gene expression are still in their infancy and remain elusive, partly
because few nuclear effector proteins have been identified [70].

In summary, PIP2 and PIP3 are integral constituents of the interface mediating the
interplay between cells and their microenvironment, specifically involved in managing the
endocytic and exocytic machinery (Figure 3) [71]. Some excellent reviews have recently
addressed those issues [72,73].

MAIN FUNCTIONS OF PIP2 AT THE INNER LEAFLET OF THE CELL MEMBRANE

RUFFLES

EXOCYTOSIS ~ ENDOCYTOSIS ~ CELLMOTILTY PHAGOCYTOSIS MICE&T.:‘BLE

TRASDUCTION CHANNELS  ADHESION
Figure 3. Schematic diagram illustrating some processes regulated by PIP2 at the plasma membrane.
PIP2 plays a critical role during endocytosis/exocytosis processes, in supporting motility and adhe-
sion (namely by reinforcing cell connection to the substrate), through modulation of microtubules
and other cytoskeleton components. See text for explanations.
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3.3. The Pivotal Role of PI3K

PtdIns phosphorylated in position —3 is produced by eight different PI 3-kinases
(PI3Ks), grouped into three classes based on their association with regulatory subunits
and preferred substrates. Class I PI3Ks mainly produce PI(3,4,5)P3, class II generates
PI(3,4)P2 and PI(3)P, whereas class III solely forms PI(3)P. Even more important is how
PI3Ks are partitioned based on their substrate specificity [74]. Class I PI3Ks are involved
in mediating enzymatic reactions downstream of plasma membrane-bound receptors,
whereas class II and III PI3Ks primarily regulate vesicular trafficking and intracellular
processes, particularly those occurring within the endosome/lysosome system [75].

Phosphoinositide 3-kinase (PI3K) specifically phosphorylates the 3-hydroxyl group
of the inositol ring in phosphatidylinositol lipids, enabling them to become ligands for
several proteins. PI3Ks include three clusters (Classes I, II and III) of enzymes, differing
in their respective substrate specificity. Namely, Class I PI3Ks selectively phosphorylate
PI(4,5)P2. It is worth noting that a broad range of plasma membrane-bound receptors can
convey different signals to PI3Ks, ultimately activating the PI3K-dependent cascade. PI3K
enzymes are heterodimers composed of a p110 catalytic subunit (containing the kinase
domain) and a regulatory subunit, which retains the molecule in an inactive condition.
Five regulatory subunits (p85«x, p85f3, p55«, p50«, and p55y) have been recognized so far,
while four catalytic subunits (p110«, p110§3, p110y, and p1105) are present in mammalian
cells. Notably, many domains—present in catalytic and regulatory subunits of different
PI3K isoforms—may significantly affect kinase activity. These structures include the RAS-
binding domain (interacting with the Ras and Rho families), SH2 domains (binding to
the pYXXM motifs of phospho-tyrosine residues), and regions associated with the 3y
subunits of heterotrimeric G proteins. Interestingly, different inputs interact through
specific receptors with different PI3K isoforms, adding further complexity to the overall
regulation of this critical hub of phosphorylating enzymes [76]. It is worth mentioning
that p110c« heterodimers play a critical role in transducing insulin signaling, ensuring
glucose metabolism [77], supproting immune functions [78], and contributing to cancer
transformation; they are among the most frequently deregulated or mutated genes in
several tumors [79].

The immediate product downstream of the activation of PI3K—its distinctive mark—
is the synthesis of phosphatidylinositol 3,4,5-trisphosphate (PI(3,4,5)P) from PI(4,5)P2,
the preferred substrate for PI3K. The synthesis of PI1(3,4,5)P3 is tightly connected to the
subsequent activation of several key molecular factors. Notably, both PI(3,4,5)P3 and
PI(3,4)P2—resulting from the dephosphorylation of PI(3,4,5)P3 upon the activation of the
SHIP family of phosphatases (Src homology,SH2) containing inositol polyphosphate 5-
phosphatase—are instrumental in recruiting and anchoring several effector proteins to
the membrane. Here, the most relevant factor is the availability of phosphoinositides
phosphorylated in position 3 (PI-3) [19]. Experimental manipulation of the intracellular
pool of PI-3 showed that increased availability of PI(3,4,5)P3, PI(3,4)P2 and PI3P is required
for the transduction of the receptor tyrosine kinase signaling [80] and modulation of
clathrin-mediated endocytosis (CME) [81].

The dynamic interplay between PI3K and receptor tyrosine kinases (RTKs) and G-
protein-coupled receptors (GPCRs) plays a pivotal role in regulating the cell/tissue PIP3
availability, given that PI3K activity is induced upon stimulation by activated RTKs and
GPCRs [76]. Thus, PI3K synthesis and activation (mostly though the p110f3 subunit) are
mandatory for transducing metabolic and morphogenetic processes mediated by RKs and
GPCRs [82,83].

The specific localization of PI-3-phosphates, and the reversible character of phosphory-
lation make these compounds key regulators of the PIP2/PIP3 balance, influenced by intra-



Biomolecules 2025, 15, 451

11 of 20

and extracellular stimuli from both chemical and biophysical stressors. PtdIns exert their
function at membranes via the recruitment of effector proteins containing PtdIn-binding
domains. Protein interact with PtdIns through either unstructured regions—as happens
with profilin and other actin-related regulatory proteins [84]—or specific modules, such as
the pleckstrin homology domain [85]. Phosphoinositides achieve direct signaling effects
through the binding of their headgroups to the cytosolic domains of membrane proteins.
In this way, PtdIns can modulate protein functions, namely by recruiting other proteins
that in turn dynamically interact with cytoskeleton components.

This architectural system integrates protein domains that selectively bind to PlIs and
PtdIns, which are specific to each subcellular organelle and plasma membrane compartment.
These domains mediate the attachment of proteins to membranes—according to a continuous
dynamic assembly/disassembly regimen—that is required to either trigger or inactivate sig-
naling pathways. In eukaryotes, those structures are regrouped into super-families—including
FYVE, PH, and PX domains—which recognize membrane lipids through a PI-code that
is becoming more apparent due to research over the last twenty years [73]. This body of
evidence calls for a reappraisal of the classic notion of the cell membrane—introduced by
Singer and Nicholson in the 1970s [86]—and posits that membranes are dynamic structural
arrays organized into distinct functional areas, occurring through the establishment of
a protein-lipid code [87]. The integrated framework of PtdIns/PIs and proteins within
selected regions of the plasma membrane behaves like a “continuous group”, capable of
performing specific tasks and ensuring a proper, dynamic gate between the cell and its
microenvironment. Any chemical, ionic, or physical stimulus must interact with these
structures in order to be converted into a proper intracellular signal. These dynamic regions
establish strict relationships with cytoskeleton components [88]. These associations are
required for ensuring gate stabilization as well as bestowing specific functions, such as
the formation of lamellipodia, filopodia, podosomes, and invadosomes [89]. The stability,
localization, and duration of these functional areas are tightly regulated by a plethora of
PtdIn-modifying factors, including specific PI-kinases, phosphatases, and lipases. Dereg-
ulation of the structural composition of those areas has been linked to several diseases,
highlighting their potential usefulness as therapeutic targets [90].

Within these structures, PIP2 and PIP3 play a very relevant role. Indeed, these two
PtdIns and their related enzymes—including phosphatidylinositol-4-phosphate 5-kinase
(PI4K) and phosphatidylinositol 3-kinase (PI3K)—have been shown to participate in cy-
toskeletal remodeling and in the biochemical transduction of physical forces, acting as
critical components of the biodynamic interface that mediates the dynamic relationships
between cells and their microenvironments [91]. Furthermore, a direct interaction of phos-
phoinositides with mechanically sensitive membrane-bound ion channels in response to
mechanical stimuli has recently attracted attention [92].

4. Phosphoinositides: The Cytoskeleton, Ion Channels, and Mechanotransduction

A biodynamic interface should manage a wide array of different signals, including
those provided by biophysical cues (mechanical, bioelectric, gravitational, and magnetic)
and chemical factors (chemokines, growth factors, and hormones) resulting from the
interaction with the microenvironment (stroma and ECM) and surrounding cells. It is worth
noting that PtdIns are involved in all those processes. Phosphoinositides (in association
with InsPs) transduce these stimuli into intracellular chemical signals downstream of PtdIns’
interaction. The initial cue is appropriately processed before ensuring its transduction and
can eventually trigger numerous, distinct pathways.

PtdIns modulate a tremendous breadth of horizontal and vertical cell signaling
crosstalk spanning the cell membrane and cytoplasm, respectively. Within these re-
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gions, high-affinity interactions occur among pleckstrin homology (PH) domain-containing
membrane-based and cytosolic effector proteins, including activated protein kinase B (PKB
or Akt), protein kinase C (PKC), PLC, and 3-phosphoinositide-dependent protein kinase-1
(PDK1), just to mention a few [93]. Activated PtdIn-related signaling mediates enzymatic
organic modification of secondary messenger proteins, given that PIPs are crucial scaffolds,
which enable the recruitment of several effectors to perform specific functions, under the
constraint of field-dependent forces. These biophysical forces (stiffness, tensile stretching,
gravity, and shear stress) exert their effects through mechanotransduction [93]. Mechanical
cues are hence converted into intracellular biochemical signals, fostered by the concomitant
modification of cytoskeleton (CSK) and nuclear nucleoskeleton (NSK) architecture.

PtdIns play a critical role in transmitting those cues to the CSK, while establishing
cooperative interactions with numerous structures and proteins that regulate cell-to-cell
adhesion (E-Cadherin and (3-Catenin), cell-substrate crosstalk (FAK, integrins, Talin, Src,
Vinculin, etc.) and actin remodeling (by alternatively promoting actin polymerization or
remodeling), the emergence of stress fibers, and motility /invasion-related structures (filopo-
dia, pseudopodia, etc.) [94]. As Talin’s interaction with PIP2 promotes its binding to the
cytoplasmic domain of the 31 integrin subunit, the depletion of PIP2 from focal adhesions
temporally separates integrin-ligand binding from integrin—actin force coupling [95]. In
turn, integrin-mediated adhesion promotes PIP2 synthesis [96]. Reinforcement of adhesion
is therefore instrumental in enhancing PIP2 expression.

Notably, PIP2 binds to and affects actin-binding proteins, such as myristoylated
alanine-rich C kinase substrate (MARCKS) [97], cofilin, gelsolin, a-actinin, Wiskott—Aldrich
syndrome protein (WASP), and the Rho family of small GTPases (Rho-A) [98]. Moreover, Pt-
dIns modulate motor proteins (ROCK1/2) by interacting with the Rho-A dependent cascade
of effectors. Alterations in cytoskeletal organization, specifically actin filament dynamics,
can result in gene expression and cell proliferation modifications with the subsequent modu-
lation of intracellular biochemical responses and cellular functions. PtdIns are pivotal actors
of cytoskeletal reorganizational events, including vesicle trafficking, cell migration, phago-
cytosis, and membrane cytoskeletal adhesion, and in this way, they actively participate in
phenotypic transition and morphogenetic processes, like the Epithelial-Mesenchymal Tran-
sition (EMT). Conversely, manipulation of PtdIns through pharmacological intervention or
modification of the cell microenvironment has been demonstrated to be instrumental in in-
hibiting cancer malignancy and even in promoting a phenotypic reversion/reprogramming
toward a non-cancerous phenotype [35].

The stress provided by a mechanical stimulus provokes a profound remodeling of
PIP2/PIP3 balance, with a concomitant change in many other factors downstream of
PIP2/PIP3. This process initially involves the activation of PI3K, which phosphorylates
PIP2 into PIP3. In turn, PIP3 recruits PDK1 to the plasma membrane. This step is critical
in the PI3K-elicited signaling cascade, as PDK1 is usually in an inactive conformation
within the cytosol. PIP3 removes the autoinhibition exerted by the PH domain of PDK1
and allows for the auto-phosphorylation of the PDK1-kinase domains, a process that is
unlikely to occur in the absence of PIP3. Interestingly, a threshold PIP3 concentration is
mandatory for PDK1 activation, thus suggesting that the complete blockade of PI3K and
PIP3 is not required to fulfill a significant biological effect, as even a limited reduction can
be effective [99].

Activation of PDK1 is mandatory to phosphorylate and activate Akt at the threonine
residue 308. Together, Akt and PI3K create a unique signaling pathway (Akt/PI3K) that
is instrumental in cell mechanotransduction. Moreover, the Akt/PI3K signaling pathway
regulates intracellular and extracellular activities in response to mechanical stress and
molecular effectors, leading to a robust cellular mechanotransduction signaling cascade. In
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response to mechanical stress, PI3Ka translocates to the plasma membrane to convert PIP2
to PIP3, which subsequently recruits gelsolin to the plasma membrane. Concomitantly,
reduced levels of PIP2 favor the release of cofilin (usually linked to PIP2 beneath the cell
membrane) into the cytoplasm, where it promotes actin remodeling and the acquisition
of an invasive phenotype. This process is further enhanced by the negative regulation of
gelsolin through increased PI3K activity [100].

The involvement of other factors—namely Vinculin increase, disruption of E-
Cadherin/ 3-Catenin junctions, and modulation of ROCK and RhoA complexes—inhibits
the Hippo pathway when YAP/TAZ are excluded from the nucleus and migrate to the
cytosol. Yes-associated protein 1 (YAP) and transcriptional co-activator with the PDZ-
binding motif (TAZ) are downstream transcriptional activators of the Hippo pathway.
These effectors are regulated by mechanical cues, specifically matrix stiffness, stretch,
and cell density, which influence cell proliferation and differentiation and constitute the
ultimate factors participating in the mechanotransduction processes, starting from the
membrane and culminating within the nucleus. It is worth noting that modulation of the
intracellular pool of phosphoinositides through the addition of myo-inositol—the basic
brick precursor of PIPs—can efficiently reverse the cancerous phenotype and antagonize
the migrating/invasive properties of cancer cells, specifically by targeting several EMT
parameters. Evidence suggests that the modulation of PIP2/PIP3 balance plays a critical
role in all these processes, given that the addition of exogenous myo-Ins dramatically
increases the abundance of PIP2 [101].

PIP2 has also recently emerged as a central regulator of several receptors for chemical
ligands, epithelial sodium channels, ion exchangers, voltage-gated potassium channels,
and calcium channels and pumps [102]. Notably, these structures display remarkable
sensitivity to biophysical stresses [103]. Usually, ion channels within the plasma membrane
interact with local membrane phosphoinositide phospholipids for proper function. We
now know that phosphoinositides regulate a large number of ion channels, albeit some
channels may not be sensitive to phosphoinositides at all. Other ion channels have an

obligate requirement for one species of phosphoinositide, whereas others may accept a
broader range of phosphoinositides (Figure 4) [104].
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Figure 4. The diagram shows the participation of PIP2 as a central regulator of a number of receptors
for chemical ligands, epithelial sodium channels, ion exchangers, voltage-gated potassium channels,
and calcium channels and pumps. TRPC1/3/6: transient receptor potential canonical channels 1,
3, and 6; TRPML: transient receptor potential ion channels; GF: growth factors; KCNQ2/KCNQ3:
neuronal hetero-tetrametric potassium channels; GPCR: G-protein-coupled receptors; RTKs: receptor
tyrosine kinases; ENaC: epithelial sodium channels; SMT1: sodium-myo-inositol transporter-1.
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All integral membrane proteins are in intimate contact with a sea of lipids. Thus,
it is not surprising that many ion channels evolved to interact with and recognize the
distinctive high negative charge and headgroup geometries of polyphosphoinositides.
Some studies show crystal structures of PIP2 associated with members of the inwardly
rectifying potassium channel family: Kir2.2 and G-protein-coupled inwardly rectifying
potassium channel GIRK?2 (Kir3.2). Both plasma membrane channels require PIP2 to be
active. The structures show specific ion channel-lipid interactions and conformational
changes that suggest channel activation when the lipid binds. Moreover, plasma mem-
brane store-operated channels (SOCs)—particularly transient receptor potential canonical
channels 1, 3, and 6 (TRPC1/3/6)—and calcium release-activated calcium (CRAC), are
activated downstream of PLC activation [105]. PLC cleaves PIP2 into diacylglycerol (DAG)
and inositol 1,4,5 trisphosphate (InsP3). While DAG remains bound to the leaflet of the
cell membrane, InsP3 migrates into the cytosol and interacts with specific receptors on the
endoplasmic reticulum, fostering the release of Ca?* from intracellular stores [106].

Stimulation of SOCs modulates Ca* influx pathways and subsequently regulates
vascular smooth muscle cell (VSMC) contraction, proliferation, and migration. In these cells,
both PKC and PIP2 play a relevant role in the activation of the transient receptor potential
canonical channel 1 (TRPC1). Upon depletion of Ca stores, TRPC1 is phosphorylated
by PKC, which itself is stimulated by the PLC-PIP2-DAG pathway thus establishing a
potentially direct link between TRPC1 and PIP2. Additionally, TRPC1 is known to be an
essential component of various mechanotransduction pathways [107]. In addition to TRPC,
the Orai (CRAC) channel—also belonging to the SOC group—is activated downstream of
the activation of PLC and the subsequent PIP2 depletion.

For KV channels, the clearest examples of regulation by PIP2 are the KV7 channel
family. These are slowly activating channels, some of which are already open at rest. It
is widely accepted that for the common neuronal KCNQ2/KCNQ3 hetero-tetrametric
potassium channels, PIP2 is essential for their voltage-gated activity, and that depletion of
PIP2 renders them inactive, causing the neuron to become transiently more excitable until
the lipid is re-synthesized [108].

A direct involvement of ion channels in processes triggered by mechanotransduction
has only recently emerged. It is noteworthy that the involvement of mechanosensitive
(MS) ion channels was discovered during studies dealing with the mechanical regulation
of stem cell activity [109]. Since osmolarity stress on the lipid membrane was probably one
of the first vital signals faced by early life forms in water, the presence of MSCs in most
cell types appears necessary. However, in multicellular organisms, roles for MSCs have
been identified only in excitable cells [110]. This apparent contradiction was solved by the
discovery in 2010 of Piezo, an MS channel broadly expressed in many different tissues [109].
Piezo is one of the most sensitive MSCs discovered to date and can be directly activated
in the presence of membrane tension without any additional components. Therefore,
Piezo appears to be an MSC that primarily responds to mechanical stresses in vivo. The
mechanosensitive function of Piezo greatly facilitates the interpretation of loss-of-function
studies, favoring a more realistic interpretation of mechano-biology. Notably, it has been
shown that Piezo mechano-sensitivity with respect to membrane tension is regulated by
PIP2 levels. Activation of PLC and the subsequent depletion of PIP2 subsequently inhibits
Piezo mechanosensitive activity [111]. Furthermore, it is worth noting that the participation
of both phosphoinositides and ion channels in cancer biology has been documented in
several tumors, including breast, colon, and ovarian neoplasms [112].
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5. Conclusions

Available data indicate that processes occurring at the membrane are critical in enact-
ing several transition processes and in processing biological inputs. The plasma membrane
plays a pivotal role in orchestrating motility and invasive processes, as well as mitosis and
genome expression. Indeed, specialized regions of the plasma membrane can adapt to the
requirement of a proper “dynamic interface”, defining the boundaries and mediating the
interplay between cells and their microenvironment in both space and time dimensions.
Furthermore, the membrane serves as a platform for assembling and integrating countless
components, which actively participate in all aspects of the motility process, including
force generation, adhesion, and movement regulation (Figure 5).
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Figure 5. The biodynamic interface: pivotal role of the PIP2/PIP3 balance in transducing environ-
mental stimuli to both cytosol and nucleus.

It is crucial to stress that most of these functions chiefly depend on the delicate
balance between PIP2 and PIP3, the two main phosphoinositides that localize beneath
the cell membrane, where they regulate cytoskeleton organization, motility, ion channel
activation, and membrane traffic. An exemplary proof of principle has recently been
provided by studies investigating the transition from a neoplastic to a non-metastatic
phenotype. Treatment of MDA-MB-231 breast cancer cells with fish embryonic extracts
suppresses the migratory/invasive phenotype. Interestingly, this effect occurs downstream
of PI3K inhibition, once the right PIP2/PIP3 ratio has been restored. After treatment, PIP2
distribution beneath the cell membrane increases steadily, and consequently, cofilin remains
close to PIP2, while in untreated cells, cofilin spreads throughout the cytosol. Cofilin
dispersal in cytoplasm is instrumental in activating cytoskeleton remodeling, severing
F-actin filaments, and shaping a motile phenotype. Conversely, a decrease in PIP2 and an
increase in PIP3 levels enhance the release of cofilin and promote cell invasiveness.

It is worth noting that all the above-mentioned processes involve symmetry breaking,
assigning different functions to alternative locations in space. These alternative locations,
in most cases, exhibit a binary character (e.g., inner/outer membrane). The same binary
character is also evident in the concentration balance of two alternative molecular species.
This binary character makes it possible to link space and time through a digital form of control
very that is common in both artificial and natural systems: the so-called ‘toggle-switch’.

The most common example of a toggle-switch is a bi-stable circuit, made of two
mutually repressing elements, A and B, which impose two different attractor states on
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the circuit: (1) A is expressed at its typical level, while B is silenced, and (2) A is silenced,
while B is expressed at its typical level [113]. In addition to this simple model, a bi-stable
regulation can also emerge from reaching a threshold level of a micro-environmental signal.
The most consolidated example of this type of regulation is the allosteric effect that causes
hemoglobin to shift back and forth between the R and T states based on the partial pressure
of oxygen [114]. In the case of gene expression, this bi-stable dynamic can, in principle,
affect any kind of gene through multiple ways [115]. Bi-stable switches allow for a more
reliable control of the system compared to other control strategies. The paradigmatic
biological example is the A-phage switch in E. coli. The switch initially remains in the
dormant (lysogenic) state but can be flipped into the active (lytic) state due to the presence
of the bacterial protein RecA. This induction event occurs when the cell starts to produce
RecA to repair DNA damage because of, e.g., a burst of UV light. Such a digital control is
not only highly resistant to noise but also allows for a dynamic alternation of discrete states
(e.g., open/closed states of a gate) of the biodynamic interface that governs the mutual
adaptation of the microenvironment and cell states.

Conclusively, mounting evidence shows that the PIP2/PIP3 ratio plays a role in
shaping the cell biodynamic interface, acting like a “toggle-switch”. The modulation of the
above-mentioned relationship can have profound effects on cell biology and physiology by
modulating the transduction of several different chemical and biophysical factors.
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