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Abstract 

Dysregulation of p53 and phosphoinositide (PIPn) signaling are both key drivers of oncogenesis and metastasis. Our 
recent findings reveal a previously unrecognized interaction between these pathways, converging in the nucleus to 
form a PIPn-p53 signalosome that modulates nuclear AKT activation and downstream signaling, thereby influencing 
cancer cell survival and motility. This review examines recent insights into nuclear PIPn signaling in the context of 
established roles for p53 in cell dynamics and migration while also deliberating current research on how nuclear 
PIPns interact with p53 to form signalosomes that affect cell motility. We emphasize the critical role of PIPns in 
stabilizing p53 and activating de novo nuclear AKT signaling, which subsequently modulates key motility-related 
pathways. Understanding the unique operation and function of the PIPn-p53 signalosome in nuclear phosphati-
dylinositol 3-kinase (PI3K)-AKT activation offers novel therapeutic strategies for controlling cancer metastasis by 
targeting pertinent interactions and events.
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Introduction
Cell motility is a fundamental process that, when aber-
rantly regulated, can lead to the invasive and metastatic 
characteristics of cancer (Merino-Casallo et al., 2022; 
Stuelten et al., 2018). The phosphoinositide (PIPn) signal-
ing pathways and the tumor suppressor protein p53 are 
central to the control of this process (Balla, 2013; Hou et 
al., 2025a; Muller et al., 2011). Independent dysregulation 
of these pathways is often a key driver in the transition 
from benign to malignant cell growth and the subsequent 
spread of cancer (Kandoth et al., 2013; Sinkala, 2023). The 

p53 protein, revered as the “guardian of the genome,” is 
a multifaceted regulator of cellular responses to stress, 
including cell cycle arrest, apoptosis, and DNA repair 
(Oren and Prives, 2024). Similarly, PIPns, a family of phos-
phorylated lipids, play pivotal roles in cellular signaling, 
particularly in the modulation of membrane-associated 
events and cellular dynamics (Balla, 2013; Thapa et al., 
2020, 2024).

Recent discoveries that reveal an intricate interplay 
between p53 and PIPns within the nucleus of cancer 
cells have significantly advanced our understanding of 
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these pathways (Chen et al., 2020, 2022; Choi et al., 
2019; Ren et al., 2024). This emerging body of work 
suggests that these two pathways converge to form a 
nuclear PIPn-p53 signalosome. This functional complex 
regulates nuclear AKT activity and influences cancer 
cell survival and motility (Carrillo et al., 2023; Chen 
et al., 2022; Choi et al., 2019). The formation of this 
signalosome represents a novel mechanism through 
which p53 and PIPns can jointly orchestrate the cellu-
lar behavior of cancers, offering overlapping targets for 
oncogenic phenotypes.

This review presents the latest insights into nuclear 
PIPn signaling and examines p53’s established roles in 
regulating cytoskeletal dynamics, cell adhesion, and 
migration. We integrate recent findings on how nuclear 
PIPns interact with p53 to form signalosomes that directly 
influence cancer cell motility. Special attention is given 
to the role of PIPns in stabilizing p53 and activating 
nuclear AKT signaling, which modulates key pathways 
essential for cell motility. By highlighting the unique 

functions of the PIPn-p53 signalosome in nuclear phos-
phatidylinositol 3-kinase (PI3K)-AKT activation, we aim 
to identify novel therapeutic strategies to control cancer 
progression and metastasis.

Recent advances in nuclear PIPn signaling
PIPns are phosphorylated derivatives of phosphatidylin-
ositol (PI/PtdIns), a lipid that plays a critical role in cellu-
lar signaling. PI comprises a glycerol backbone, two fatty 
acid acyl chains, and an inositol ring (Fig. 1). The ino-
sitol ring can undergo phosphorylation and dephospho-
rylation at positions 3, 4, and 5 by specific kinases and 
phosphatases, leading to the generation of seven dis-
tinct PIPn isomers. These isomers are PtdIns3P, PtdIns4P, 
PtdIns5P, PtdIns(3,4)P2, PtdIns(3,5)P2, PtdIns(4,5)P2, and 
PtdIns(3,4,5)P3. These phosphorylated derivatives are 
central to numerous intracellular signaling pathways 
regulating cellular functions, such as proliferation, sur-
vival, and motility.
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Figure 1.  Nuclear PIPn Metabolism. Schematic representation of PI/PtdIns structure and the nuclear PIPn cycle. Phosphorylation sites 
on the hydroxyl groups of the inositol ring are marked by yellow stars, with carbon atom numbers labeled in red. Key components 
of the nuclear PIPn metabolism, including PI transfer proteins (PITPs), kinases, phosphatases, and phospholipases, are depicted. 
Abbreviations: IP3 (Ins(1,4,5)P3), DAG (diacylglycerol), PtdIns(4,5)P2 4-Ptase I (Type I PtdIns(4,5)P2 4-phosphatase). The figure was 
created using BioRender.
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PI synthesis occurs in the endoplasmic reticulum (ER) 
membrane, facilitated by multiple vital enzymes. The 
process starts with the acylation of glycerol-3-phosphate 
(G3P) by acyltransferases, producing phosphatidic acid 
(PA)—the first step in phospholipid biosynthesis across 
prokaryotes and eukaryotes (Blunsom and Cockcroft, 
2020a). PA is then converted into CDP-diacylglycerol 
(CDP-DAG), a vital liponucleotide intermediate. In eukar-
yotes, PA serves as a precursor for both CDP-DAG and 
diacylglycerol (DAG) (Yang et al., 2018). CDP-DAG is cru-
cial for the synthesis of PI, phosphatidylglycerol (PG), and 
cardiolipin (CL), while DAG is necessary for phosphati-
dylcholine (PC), phosphatidylethanolamine (PE), and tri-
acylglycerol (TAG) production (Blunsom and Cockcroft, 
2020a; Yang et al., 2018). The CDP-diacylglycerol synthase 
(CDS), also known as CTP:phosphatidate cytidylyltrans-
ferase, catalyzes CDP-DAG formation from CTP and PA. 
In mammals, two CDS enzymes, CDS1 and CDS2, oper-
ate in the ER (Blunsom and Cockcroft, 2020b). Following 
their action, CDP-DAG is utilized by PI synthase (PIS) to 
generate PI. Both CDS1/2 and PIS are integral ER mem-
brane proteins, confining PI synthesis to the ER (Blunsom 
and Cockcroft, 2020b).

Due to their hydrophobic nature, lipids are generally 
restricted to cell membranes, preventing their free dif-
fusion within the cell. Specific lipid transfer proteins 
(LTPs) are required to facilitate their transport (Wong et 
al., 2019). The subgroup of LTPs responsible for PI trans-
port is known as PI transfer proteins (PITPs). Once PI is 
synthesized in the ER, PITPs mediate its movement to 
various cellular compartments (Hsuan and Cockcroft, 
2001). In humans, five PITP family members have been 
identified and classified into two groups: class I, which 
includes PITPα and PITPβ, and class II, which comprises 
phosphatidylinositol transfer protein cytoplasmic 1 
(PITPNC1), membrane-associated phosphatidylinosi-
tol transfer protein 1 (PITPNM1), and PITPNM2 (Hsuan 
and Cockcroft, 2001). Historically, PIs were thought to be 
restricted to the plasma membrane and endomembrane 
compartments for cytoplasmic signaling (Posor et al., 
2022). According to the canonical model, PITPs shuttle PI 
between membranes in a countercurrent manner, often 
transporting an additional lipid cargo (Wong et al., 2019). 
Class I PITPs exchange PI and PC between membranes, 
while class II PITPs transfer PI and PA between mem-
brane structures (Hsuan and Cockcroft, 2001) (Fig. 2).

Since the initial discovery of nuclear PIs in 1965, it has 
become evident that PIs are present in the nucleus and 
play crucial roles in regulating key cellular processes 
(Chen et al., 2020; Rose and Frenster, 1965; Tribble et al., 
2016). Our recent findings reveal that class I PITPs, PITPα 
and PITPβ, localize to the nucleus in response to cellu-
lar stress, where they play a dominant role in establish-
ing the nuclear PIPn pool (Carrillo et al., 2023; Wen et al., 
2024). This suggests lipid transfer proteins translocate PI 

from the ER to the nucleus. PITP executes lipid vectorial 
transport by establishing a stereochemically constrained 
microenvironment: its hydrophobic substrate-binding 
domain encapsulates fatty acyl chains while precisely 
positioning the inositol moiety at the solvent interface 
(Wong et al., 2019). This dual spatial organization enables 
concurrent fulfillment of metabolic imperatives, stabi-
lizing the labile phospholipid during transmembrane 
transit while presenting an orientation-locked phospho-
rylation platform for nuclear kinase recognition. Prior to 
these studies, PITPs were rarely considered in the context 
of the nucleus, particularly concerning non-membrane 
regions within the nucleoplasm. In the canonical model, 
lipid transfer proteins, including PITPs, are proposed to 
transfer lipids from membrane to membrane (Fig. 2). 
The discovery that PITPs mediate lipid transfer from 
membrane-bound structures to the nucleoplasm chal-
lenges the traditional view of lipid transfer, which was 
thought to be confined to membrane structures. In the 
updated non-canonical model, PITPs could transfer 
lipids from the membrane to non-membrane struc-
tures, including their protein targets. Consistent with the 
nuclear presence of PITPs, various PIPn species—including 
PtdIns3P, PtdIns4P, PtdIns5P, PtdIns(3,4)P2, PtdIns(4,5)P2, 
and PtdIns(3,4,5)P3—have been identified in the nucleus, 
with PtdIns(3,5)P2 being the only exception (Chen et al., 
2020). This expands the understanding of lipid signaling 
within nuclear domains, underscoring its significance in 
nuclear functions and cellular stress responses.

In 1983, PI kinase and PIPn kinase activity were first 
detected in the nucleus, supporting the presence of 
PI-modifying enzymes that convert specific PIPns into their 
phosphorylated forms (Barlow et al., 2010; Boronenkov et 
al., 1998; Chen et al., 2020; Cocco et al., 1987; Manzoli 
et al., 1977; Rose and Frenster, 1965; Smith and Wells, 
1983). Subsequent studies have established the nuclear 
localization and activity of PI/PIPn kinases, phosphatases, 
phospholipases, and downstream PIPn effectors, indicat-
ing the existence of a dynamic pool of nuclear PIPns inde-
pendent of cytoplasmic stores (Chen et al., 2020; Cocco 
et al., 1987; Faenza et al., 2013). These nuclear PIPns are 
synthesized from nuclear PI and metabolized in the 
nucleus, pointing to a membrane-independent PIPn sig-
naling network in the nucleoplasm. Nuclear PIPns play 
essential roles in DNA repair, chromatin remodeling, 
and gene expression, and they are critical for genome 
stability and cell fate determination (Barlow et al., 2010; 
Gozani et al., 2003; Sztacho et al., 2019). As shown in 
Table 1, the nuclear-localized PITPs and PI-metabolizing 
enzymes, including PIPn kinases, phosphatases, and 
phospholipases, are all integral to regulating cell motil-
ity. Their nuclear localization is likely a critical factor in 
their ability to modulate cell motility, underscoring the 
importance of further investigation into this regulatory 
mechanism.
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The role of p53 in cell dynamics

The tumor suppressor protein p53, encoded by the TP53 
gene, is the most well-known protein for maintaining 
cellular integrity (Agarwal et al., 1998; Hollstein et al., 
1991; May and May, 1999). It regulates a wide range of 
cellular processes, including cell cycle arrest, apoptosis, 
senescence, DNA repair, and metabolism (Agarwal et 
al., 1998; Hassin and Oren, 2023). By orchestrating these 
functions, p53 serves as a critical defense mechanism 
against oncogenesis, preventing the proliferation of cells 
with damaged DNA (Hassin and Oren, 2023; Hollstein et 
al., 1991; May and May, 1999).

Under normal physiological conditions, p53 levels are 
kept low through interaction with mouse double minute 
2/4 (MDM2/4), an E3 ubiquitin ligase that ubiquitinates 

p53, leading to its degradation via the proteasome 
(Hassin and Oren, 2023; Kruse and Gu, 2009; Kubbutat 
et al., 1997). This interaction serves as a critical regu-
latory mechanism preventing inappropriate activation 
of p53 under basal conditions. However, in response to 
various stress signals, such as DNA damage, oxidative 
stress, and oncogene activation, p53 undergoes a series 
of post-translational modifications that result in its sta-
bilization and activation (Hollstein et al., 1991; Kruse and 
Gu, 2009; Kubbutat et al., 1997; Mantovani et al., 2019). 
These modifications include phosphorylation, acetyl-
ation, and SUMOylation, which disrupt the p53-MDM2 
interaction and enhance p53’s transcriptional activity. 
Upon activation, p53 operates as a transcription factor 
by binding to specific DNA response elements, thereby 
inducing the expression of target genes encoding p21, 
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Table 1. The role of nuclear PI transfer proteins and metabolizing enzymes in cell motility.

Nuclear PI transfer proteins

Gene 
name

Courier Cargo Nuclear location Role in cell motility

PITPNA PITPα PtdIns (Ashlin 
et al., 2021), 
PC (Ashlin 
et al., 2021)

Nucleoplasm (Carrillo et al., 2023; Wen et al., 
2024),

nuclear speckles (Carrillo et al., 2023; Wen et al., 
2024)

Collaborate with PITPβ to 
establish the nuclear 
PI pool, promoting 
cancer cell proliferation, 
migration, and invasion 
(Carrillo et al., 2023)

PITPNB PITPβ PtdIns (Ashlin 
et al., 2021), 
PC (Ashlin 
et al., 2021)

Nucleoplasm (Carrillo et al., 2023; Wen et al., 
2024),

nuclear speckles (Carrillo et al., 2023; Wen et al., 
2024)

Collaborate with PITPα to 
establish the nuclear 
PI pool, promoting 
cancer cell proliferation, 
migration, and invasion 
(Carrillo et al., 2023)

Nuclear PIPn kinases

Gene 
name

Enzyme Substrate Nuclear location Role in cell motility

PI4K2A PI4KIIα PtdIns(Balla 
and Balla, 
2006)

Nucleus(Kakuk et al., 2006),
nucleoplasmic Ca2+ store vesicles (Yoo et al., 2014),
nucleoplasm (Carrillo et al., 2023; Wen et al., 

2024),
nuclear speckles (Carrillo et al., 2023; Chen et al., 

2022; Wen et al., 2024)

Mediate cancer cell 
proliferation, migration, 
and invasion (Carrillo et 
al., 2023; Chen et al., 2022; 
Isaji et al., 2019; Li et al., 
2017; Wen et al., 2024)

PI4K2B PI4KIIβ PtdIns (Balla 
and Balla, 
2006)

Nucleoplasmic Ca2+ store vesicles (Yoo et al., 2014) Facilitate cancer cell 
invasion (Alli-Balogun et 
al., 2016)

PI4KA PI4KIIIα PtdIns (Balla 
and Balla, 
2006)

Nucleoplasm (Kakuk et al., 2006),
nucleoli (Kakuk et al., 2006, 2008)

Facilitate cancer 
cell proliferation, 
migration, and invasion 
(Govindarajan et al., 2023; 
Sbrissa et al., 2019; Tran et 
al., 2024)

PI4KB PI4KIIIβ PtdIns (Balla 
and Balla, 
2006)

Nuclear lamina-pore complexes (de Graaf et al., 
2002),

nuclear speckles (Szivak et al., 2006)

Facilitate cancer cell 
proliferation (Morrow et 
al., 2014; Tan et al., 2020)

PIP5K1A PIPKI⍺ PtdIns4P (Choi 
et al., 2019)

Nuclear matrix (Barlow et al., 2010),
nucleoplasm (Chen et al., 2022; Choi et al., 2019),
nuclear speckles (Carrillo et al., 2023; Chen et al., 

2022; Wen et al., 2024),
nucleoli (Chakrabarti et al., 2015),
chromatin (Choi et al., 2019)

Facilitate cancer cell 
proliferation, migration, 
and invasion (Carrillo et 
al., 2023; Chen et al., 2022; 
Choi et al., 2019; Wen et 
al., 2024)

PIP5K1C PIPKIɣ_i4 PtdIns4P 
(Schill and 
Anderson, 
2009)

Nuclear matrix (Barlow et al., 2010),
nuclear speckles (Schill and Anderson, 2009)

Facilitate cancer cell 
migration, proliferation, 
and invasion (Sun et al., 
2010)

PIP4K2A PIPKII⍺ PtdIns5P 
(Boronenkov 
et al., 1998)

Nuclear matrix (Barlow et al., 2010),
nuclear speckles (Boronenkov et al., 1998)

Facilitate cancer cell 
proliferation (Choi et al., 
2019)

PIP4K2B PIPKIIβ PtdIns5P 
(Kouchi et 
al., 2011)

Nuclear matrix (Barlow et al., 2010),
nuclear speckles (Boronenkov et al., 1998; Bunce 

et al., 2008),
chromatin (Kouchi et al., 2011; Stijf-Bultsma et al., 

2015)

Inhibit cancer cell migration 
and invasion (Kouchi et 
al., 2011)
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PIK3R1 Class I PI3K, 
p85⍺

- Nucleus (Tanaka et al., 1999) Complex with p110α to 
regulate cancer cell 
proliferation (Thapa et al., 
2020, 2024; Vallejo-Díaz et 
al., 2019)

PIK3R2 Class I PI3K, 
p85β

- Nucleus (Kumar et al., 2011) Complex with p110α to 
regulate cancer cell 
proliferation (Hao et 
al., 2022; Thapa et al., 
20202024)

PIK3CA Class I PI3K, 
p110⍺

PtdIns(4,5)P2 
(Jean and 
Kiger, 2014)

Nucleus (Marques et al., 2009),
chromatin (Marques et al., 2009)

Complex with p85α/p85β 
to control cancer cell 
proliferation (Thapa et al., 
2020, 2024)

PIK3CB Class I PI3K, 
p110β

PtdIns(4,5)P2 
(Jean and 
Kiger, 2014)

Nucleoli (Karlsson et al., 2016),
chromatin (Marques et al., 2009)

Facilitate cancer cell 
proliferation (Mazloumi 
Gavgani et al., 2018)

PIK3C2A Class II⍺ PI3K PtdIns (Jean 
and Kiger, 
2014), 
PtdIns4P 
(Jean and 
Kiger, 2014)

Nuclear speckles (Didichenko and Thelen, 2001) Facilitate cancer cell 
proliferation and 
migration (Elis et al., 2008; 
Seok et al., 2010)

PIK3C2B Class IIβ PI3K PtdIns (Jean 
and Kiger, 
2014), 
PtdIns4P 
(Jean and 
Kiger, 2014)

Nuclear envelope (Visnjic et al., 2002),
nuclear matrix (Banfic et al., 2009; Sindić et al., 

2001)

Facilitate cancer cell 
proliferation (Russo et al., 
2015)

IPMK IPMK PtdIns(4,5)P2 
(Blind et al., 
2012)

Chromatin (Blind et al., 2012; Xu et al., 2013), 
nucleoplasm (Carrillo et al., 2023; Chen et al., 
2022; Wen et al., 2024),

nuclear speckles (Carrillo et al., 2023; Chen et al., 
2022; Wen et al., 2024)

Contribute to cancer cell 
proliferation, migration, 
and invasion (Carrillo et 
al., 2023; Chen et al., 2022; 
Wen et al., 2024)

Nuclear PIPn phosphatases

Gene 
name

Enzyme Substrate Nuclear location Role in cell motility

PTEN PTEN PtdIns(3,4,5)P3  
(Deleris et 
al., 2003)

Nucleoli (Li et al., 2014),
chromatin (Choi et al., 2013; Shen et al., 2007),
nucleoplasm (Carrillo et al., 2023; Chen et al., 

2022; Wen et al., 2024),
nuclear speckle (Carrillo et al., 2023; Chen et al., 

2022; Wen et al., 2024)

Inhibit cancer cell 
proliferation, migration, 
and invasion (Carrillo et 
al., 2023; Chen et al., 2022; 
Wen et al., 2024)

INPP5D SHIP1 PtdIns(3,4,5)P3 
(Ehm et al., 
2015)

Nucleoli (Ehm et al., 2015) Inhibit cancer cell 
proliferation (Pedicone et 
al., 2021)

INPPL1 SHIP2 PtdIns(3,4,5)P3  
(Deleris et 
al., 2003),

PtdIns(4,5)P2  
(Elong 
Edimo et al., 
2011)

Nuclear speckles (Deleris et al., 2003; Elong Edimo 
et al., 2011)

Inhibit cancer cell 
proliferation (Pedicone et 
al., 2021)

PIP4P1 Type I 
PtdIns(4,5)P2 
4-phosphatase

PtdIns(4,5)P2 
(Zou et al., 
2007)

Nucleus (Zou et al., 2007) Unknown

Table 1. Continued

Nuclear PIPn kinases
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Ku86, miR-34a, Fas, Bax, and others (Li et al., 2002; Meza-
Sosa et al., 2022; Okazaki, 2022; Sigalotti et al., 2010). 
These genes are crucial for cell cycle arrest, DNA repair, 
and apoptosis, thus positioning p53 as a central regu-
lator in maintaining genomic integrity and preventing 
tumorigenesis.

Mutations in the TP53 gene are the most common 
genetic alterations found in human cancers, occurring 
in nearly every type of cancer, such as lung, breast, 
colon, and ovarian cancers (Hollstein et al., 1991; 
Langerød et al., 2007; Olivier et al., 2010; Wang et al., 
2004a, 2004b). These mutations can lead to various 
outcomes, primarily resulting in a loss of p53’s tran-
scriptional activity and tumor-suppressive functions 
(Hollstein et al., 1991; Olivier et al., 2010). In many 
cases, mutated p53 proteins acquire dominant-negative 
properties, where they fail to transcribe target genes 
and inhibit the activity of any remaining wild-type p53 
(de Vries et al., 2002; Kennedy and Lowe, 2022). This 
interference allows cancer cells to bypass critical regu-
latory checkpoints, evading growth control mechanisms 
and apoptotic pathways that would generally curtail 
their proliferation (Butera and Amelio, 2024; de Vries 
et al., 2002; Kennedy and Lowe, 2022). The pervasive 
nature of TP53 mutations underscores the importance 
of p53 as a guardian of the genome and highlights its 
central role in cancer biology (Fig. 3).

Beyond its role in regulating cell survival, p53 also 
prominently contributes to cancer cell motility, which is 
fundamental to the mechanisms of cancer metastasis 
(Walerych et al., 2012, 2015). Cell motility, the ability of 
cells to move, is tightly regulated in healthy cells; how-
ever, in cancer, this process becomes dysregulated, ena-
bling cancerous cells to invade surrounding tissues and 
metastasize to distant sites (Stuelten et al., 2018).

p53 affects cell motility by influencing several 
vital mechanisms, including cytoskeleton regulation, 
epithelial-to-mesenchymal transition (EMT), and con-
trol of cell adhesion (Araki et al., 2015; Chang et al., 
2011; Coutts et al., 2009; Muller et al., 2011; Yeudall et 
al., 2013). Through regulation of actin filament dynam-
ics, p53 helps maintain cytoskeletal stability, preventing 
overactive rearrangements associated with increased 
cell motility. Specifically, p53 modulates cell motility 
by impacting the activity of key Rho GTPases, including 
RhoA, Rac1, and Cdc42, which are essential regulators 
of actin cytoskeletal dynamics (Araki et al., 2015; Gadea 
et al., 2007; Gadéa et al., 2002; Guo et al., 2003; Mizuarai 
et al., 2006; Muller et al., 2011). These GTPases control 
various aspects of actin polymerization and organiza-
tion, contributing to forming cellular protrusions such 
as lamellipodia and filopodia, which are critical for cell 
movement (Charest and Firtel, 2007; Gadéa et al., 2002; 
Srinivasan et al., 2003). By inhibiting the activity of RhoA, 

Nuclear phospholipases

Gene 
name

Enzyme Substrate Nuclear location Role in cell motility

PLCB1 PLCβ1 PtdIns(4,5)P2 
(Neri et al., 
2002)

Nuclear matrix (Cocco et al., 1999),
nuclear speckles (Tabellini et al., 2003)

Facilitate cancer cell 
migration (Owusu Obeng 
et al., 2020)

PLCG1 PLCγ1 PtdIns(4,5)P2 
(Lattanzio et 
al., 2019)

Nucleus (Lattanzio et al., 2019) Facilitate cancer cell 
proliferation (Lattanzio et 
al., 2019; Owusu Obeng et 
al., 2020; Razmara et al., 
2013)

PLCD1 PLCδ1 PtdIns(4,5)P2 
(Stallings et 
al., 2005)

Nuclear matrix (Stallings et al., 2005) Inhibit cancer cell migration 
and invasion (Owusu 
Obeng et al., 2020)

PLCD4 PLCδ4 PtdIns(4,5)P2 
(Kunrath-
Lima et al., 
2018)

Nucleus (Kunrath-Lima et al., 2018) Facilitate cancer cell 
proliferation and 
migration (Owusu Obeng 
et al., 2020)

PLCZ1 PLCζ PtdIns(4,5)P2 
(Kunrath-
Lima et al., 
2018)

Nucleus (Faenza et al., 2013; Sone et al., 2005) Facilitate cancer cell 
proliferation and 
migration (Li and Luan, 
2018)

This table provides an overview of the types of couriers/enzymes, their respective cargo/substrates, and specific nuclear locations for PITPs 
and PI-metabolizing enzymes, including PIPn kinases, phosphatases, and phospholipases. It also details the roles of these proteins in cell 
motility. Their nuclear localization likely contributes to their role in regulating cell motility, a function that warrants further investigation.

Table 1. Continued
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wild-type p53 reduces stress fiber formation, promoting 
a more rounded cellular morphology that is less condu-
cive to invasive behavior (Gadea et al., 2007).

Conversely, mutant p53 can indirectly activate 
RhoA through the intermediary of guanine nucleo-
tide exchange factor-H1 (GEF-H1), which enhances the 
directional migration of cells (Mizuarai et al., 2006). 
Furthermore, the wild-type p53 protein exerts an inhib-
itory effect on the activity of Cdc42, consequently 
impeding the formation of filopodia and suppressing 
cell motility (Gadéa et al., 2002). Many mutant p53 
variants engage in a molecular interaction with Rac1, 
consequently impeding the association between Rac1 

and the SENP1 (SUMO-specific protease 1). This inter-
action abrogates the SENP1-dependent de-SUMOylation 
of Rac1, a prerequisite for activating Rac1, thereby facil-
itating tumor progression (Yue et al., 2017). Moreover, 
p53’s regulation of these GTPases is crucial for main-
taining the balance between motility and adhesion, 
ensuring that cells do not become overly mobile, which 
could lead to local and distant metastasis. This dual 
role highlights p53’s importance in tumor suppression 
and in regulating the delicate interplay between cell 
adhesion and motility, further demonstrating diverse 
therapeutic avenues to explore in the treatment of can-
cers with mutant p53.

Wild type p53

Most studied protein 

(TP53  is mutated >70% of cancer)

Protects genome under stresses

Very unstable

Cell cycle arrest, senescence, DNA repair, metabolism,  

autophagy, apoptosis…

MDM2/4

Tumor suppression  

Suppression of p53

DNA damage

Oncogene activation

Hypoxia

Metabolic stress

Oxidative stress

p21, Ku86, miR-34a, 
Fas, Bax, Atg7...

Oncogenesis

DNA damage

Oncogene activation

Hypoxia

Metabolic stress

Oxidative stress

p21, Ku86, miR-34a, 
Fas, Bax, Atg7...

 

Mutant p53

Functional mechanism largely unknown

>85% missense mutations, mostly in the DBD domain

Gain-of-function

Hyperstability 

Survival, proliferation, migration, invasion, chemoresistance…

Mutation

Tumor suppressor Oncoprotein

Nucleus Nucleus

Cytoplasm Cytoplasm

Cdc42, RhoA, Rac1...

Cell motility

p53WT

p53WT

 

p53MT

p53MT

Figure 3.  Functional comparison of wild type and mutant p53. Schematic representation compares wild type p53 (p53WT) and 
mutant p53 (p53MT) roles. Wild type p53, encoded by the TP53 gene, is one of the most extensively studied proteins and is mutated 
in over 70% of cancers. Under normal conditions, p53WT is highly unstable, as it binds to MDM2/4, leading to its ubiquitination and 
degradation. Upon cellular stress, p53WT translocates to the nucleus, forms a tetramer, and functions as a transcription factor. It 
activates the expression of genes encoding p21, Ku86, miR-34a, Fas, Bax, and Atg7, which promote cell cycle arrest, senescence, 
DNA repair, metabolism, autophagy, and apoptosis. In contrast, p53MT loses its transcriptional activity but exhibits gain-of-function 
properties. With over 85% of mutations being missense, mainly in the DNA-binding domain (DBD), p53MT becomes hyperstable. It is 
constitutively expressed at basal levels and further upregulated under stress, functioning as an oncoprotein that promotes cancer 
cell survival, proliferation, migration, invasion, and chemoresistance. The proposed roles of both wild type and mutant p53 in tumor 
suppression and oncogenesis could affect critical regulators of cell dynamics, such as Cdc42, RhoA, and Rac1, thereby modulating 
cell motility. The figure was created using BioRender.
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In summary, p53 is critical in controlling cancer cell 
behavior, particularly in preventing cell motility and 
metastasis. However, when p53 is mutated or dysregu-
lated, these protective mechanisms are lost, leading to 
increased cancer progression and metastasis and con-
necting p53 dysfunction to many hallmarks of aggressive 
cancers. Understanding the role of p53 in regulating can-
cer cell motility is vital for developing targeted therapies 
to restore its wild-type function and mitigate mutant 
oncogenic functions to prevent metastatic disease.

Assembly of the nuclear PIPn-p53 
signalosome
Within the nucleus, PIPns interact with various nuclear 
proteins, including p53, speckle-targeted PIPKIα-regulated 
poly(A) polymerase (Star-PAP), steroidogenic factor-1 (SF-
1), nuclear factor erythroid 2-related factor 2 (NRF2), and 
Hippo pathway effectors such as yes-associated protein 
1 (YAP), to form functional signalosomes that regulate 
essential cellular processes (Chen et al., 2024; Enomoto 
et al., 2005; Jung et al., 2024; Mellman et al., 2008; Wang 

and Sheetz, 2022). The nuclear PIPn-p53 signalosome, in 
particular, plays a critical role in modulating cancer cell 
motility and invasion.

Our recent findings revealed that the PIPn-p53 signa-
losome is central to regulating cancer cell motility, espe-
cially during cancer progression and metastasis, when 
cell movement and invasion into surrounding tissues are 
crucial (Chen et al., 2021, 2022; Choi et al., 2019). This 
signalosome is formed by interacting with various PIPn 
species, kinases, phosphatases, and lipid effectors, with 
both wild-type and mutant p53 in the nucleus (Ren et al., 
2024) (Fig. 4).

The assembly of the nuclear PIPn-p53 signalosome 
begins with the transport of PI from the ER to the 
nucleus by PITPs. Notably, class I PITPβ was identified as 
a significant component of the p53 interactome (Huang 
et al., 2012), and we later demonstrated that both class 
I PITPα and PITPβ interact with p53 inside the nucleus 
in a stress-responsive manner (Carrillo et al., 2023). The 
stress-induced nuclear accumulation of PIPns is primar-
ily driven by class I PITPs, while class II PITPs, including 
PITPNC1, PITPNM1, and PITPNM2, play a minimal role in 

S473

p53

IPMK
PTEN

Sin1

PDK1
T308

AKT

P

P

Cell survival

Migration

Invasion

PITPα/β

PI4KIIα

PIPKIα

sHSP
Nucleus

mTORC2

PtdIns

PtdIns PtdIns4P

PtdIns(4,5)P2

PtdIns(3,4,5)P3

Endoplasmic

reticulum

P

PIPn-p53 signalosome 

FOXOs

Figure 4.  Nuclear PIPn-p53 signalosome assembly and function in cell survival and motility. The nuclear PIPn-p53 signalosome, a 
key regulator of cancer cell survival and motility, is assembled through interactions between PIPns, PITPs, kinases, phosphatases, p53, 
and downstream nuclear effectors. Critical steps in its formation include PI transport to the nucleus by class I PITPs, phosphorylation 
to PtdIns4P by PI4KIIα, and the generation of PtdIns(4,5)P2 and PtdIns(3,4,5)P3 by PIPKIα and IPMK, respectively. These lipids stabilize 
p53 and activate nuclear AKT, affecting cell survival and motility. Regulation by wild-type p53 ensures cellular homeostasis, while 
mutant p53 drives constitutive AKT activation and oncogenic processes. PTEN counteracts this by dephosphorylating PtdIns(3,4,5 P3 
to PtdIns(4,5)P2, preventing further AKT activation. This model highlights the pivotal role of the nuclear PIPn-p53 signalosome in 
modulating cancer cell behavior. The figure was created using BioRender.
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maintaining or inducing nuclear PIPn pools (Carrillo et 
al., 2023; Wen et al., 2024).

Once in the nucleus, PI complexed with p53 recruits PI 
kinase PI4KIIα to initiate signaling by phosphorylating PI 
into PtdIns4P (Carrillo et al., 2023). This newly generated 
PtdIns4P further recruits phosphatidylinositol phos-
phokinase type I alpha (PIPKIα) under conditions of cel-
lular stress, which phosphorylates PtdIns4P to produce 
PtdIns(4,5)P2 directly linked to p53 (Choi et al., 2019). 
PtdIns(4,5)P2 generation stabilizes p53 by facilitating its 
interaction with molecular chaperones HSP27 (HSPB1) 
and αB-crystallin (HSPB5) (Choi et al., 2019). These inter-
actions are crucial for maintaining the nuclear stability 
of p53 under stress as inhibition of PIPKIα activity or dis-
ruption of PtdIns(4,5)P2 binding to p53 results in the dest-
abilization of nuclear p53, highlighting the importance 
of this pathway in maintaining p53 functionality.

The triphosphate form of PI, PtdIns(3,4,5)P3, gener-
ated at the signalosome complex on p53 in the nucleus, 
activates nuclear AKT in response to genotoxic stress 
via a unique p53-dependent mechanism (Chen et al., 
2022). When exposed to genotoxic stress, nuclear ino-
sitol polyphosphate multikinase (IPMK) associates with 
p53 in non-membrane nucleoplasm, forming a complex 
that includes p53 and PtdIns(3,4,5)P3 (Chen et al., 2022). 
This complex recruits key signaling molecules depend-
ent on PtdIns(3,4,5)P3 binding, such as phosphoinositide-
dependent kinase 1 (PDK1), which phosphorylates AKT 
at threonine 308, and mammalian target of rapamycin 
complex 2 (mTORC2), which phosphorylates AKT at ser-
ine 473. This process fully activates AKT in the nucleus. 
Once activated, AKT phosphorylates forkhead box O 
(FOXO) proteins, leading to FOXO degradation and the 
subsequent suppression of DNA damage-induced apop-
tosis (Chen et al., 2022).

The activation of nuclear AKT is tightly regulated 
by wild-type p53, which modulates AKT activation in 
response to stress stimuli (Chen et al., 2022). In con-
trast, mutant p53 results in consistently elevated basal 
AKT activity, which is dose-dependent and contributes 
to oncogenic processes (Carrillo et al., 2023; Chen et 
al., 2022). The PtdIns(3,4,5)P3-p53 complex is eventually 
dephosphorylated by phosphatase and tensin homolog 
deleted on chromosome ten (PTEN), converting it into a 
PtdIns(4,5)P2-p53 complex that is insufficient for PDK1 
and mTORC2 recruitment preventing further AKT acti-
vation (Chen et al., 2022).

Regulation of the nuclear PIPn-p53 
signalosome on cell motility
PI is transported into the nucleus by class I PITPs, contrib-
uting to forming a nuclear PIPn pool (Carrillo et al., 2023; 
Wen et al., 2024). Within the nucleus, its downstream 
metabolites—PtdIns4P, PtdIns(4,5)P2, and PtdIns(3,4,5)

P3—along with the enzymes responsible for their syn-
thesis, are also present (Chen et al., 2021, 2022; Choi 
et al., 2019). In this context, p53 functions as a nuclear 
scaffolding protein, analogous to the cytosolic scaffold 
protein IQ motif-containing GTPase-activating protein 1 
(IQGAP1) platform (Chen et al., 2019; Choi et al., 2016), 
assembling a signalosome with PIPns. This PIPn-p53 sig-
nalosome regulates p53 stability and activates the AKT 
signaling pathway within the nucleus, thereby modulat-
ing various cellular processes (Fig. 4).

AKT signaling is a crucial pathway in various cellular 
processes, including cell growth, survival, proliferation, 
and metabolism (Cingolani and Goda, 2008; Ke et al., 
2024; Vara et al., 2004). Human AKT comprises three iso-
forms (AKT1–3), each potentially serving distinct func-
tions (Gonzalez and McGraw, 2009). Traditionally, AKT 
(also known as protein kinase B) has been studied in its 
roles at the plasma membrane, where it is activated by 
PIPn signaling, particularly by PtdIns(3,4,5)P₃ generated 
by PI3K. However, further works have identified the exist-
ence of intranuclear AKT, which extends the functional 
repertoire of AKT beyond its classical cytoplasmic roles 
(Lee et al., 2008; Wainstein et al., 2022).

Since the 1990s, accumulating evidence has demon-
strated that AKT is localized within the nucleus, with 
all three isoforms exhibiting a classic leucine-rich, 
leptomycin-sensitive nuclear export sequence (NES) 
(Ahmed et al., 1993; Meier et al., 1997; Saji et al., 2005). 
Notably, AKT is highly expressed in thyroid cancer, and its 
expression and localization correlate closely with cancer 
cell invasion and migration in this context (Vasko et al., 
2004). Research by Ehud Wainstein et al. indicated that 
in breast cancer cells, AKT3 is constitutively phospho-
rylated at the nuclear membrane, facilitating the con-
tinuous phosphorylation of tuberous sclerosis complex 2 
(TSC2) at this site (Wainstein et al., 2022). Moreover, the 
knockdown of AKT3 resulted in a moderate reduction in 
breast cancer cell proliferation. In non-small cell lung 
cancer (NSCLC), ionizing radiation (IR)-induced activa-
tion of nuclear AKT has been shown to depend signif-
icantly on human epidermal growth factor receptor 3 
(HER3) expression (Toulany et al., 2022).

Furthermore, in PC12 cells, nuclear AKT interacts with 
nucleophosmin (NPM/B23), a protein that regulates cell 
growth and apoptosis, modulating its stability and activ-
ity (Lee et al., 2008). This interaction protects B23 from 
degradation, promotes cell survival, and influences cell 
cycle progression, with AKT2 specifically governing B23 
SUMOylation. These findings underscore the multifac-
eted roles of intranuclear AKT in cancer biology, empha-
sizing its critical importance in regulating processes, 
such as cell survival, proliferation, and migration, which 
are essential for cancer progression and metastasis.

Nuclear AKT is instrumental in modulating cancer 
cell motility by influencing the dynamics of the actin 
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cytoskeleton, which is crucial for cell migration (Cheng 
et al., 2008; Manning and Toker, 2017; Martelli et al., 
2012; Sale and Sale, 2008). Studies have demonstrated 
that AKT influences cell proliferation, division, and 
invasion by modulating downstream effectors such as 
mTORC2 and Rho GTPases (Enomoto et al., 2005; Xue and 
Hemmings, 2013; Yoeli-Lerner et al., 2005). While AKT 
has been identified as a nuclear protein with significant 

functional implications, the mechanisms underlying its 
activation within the nucleus have been controversial. 
Our research offers a novel perspective on the nuclear 
activation of AKT, emphasizing its relevance in this 
framework. The PIPn-p53 signalosome activates the AKT 
signaling pathway independent of clinically targeted 
PI3Ks, impacting cellular activities through downstream 
signaling cascades.
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Figure 5.  The nuclear PIPn-p53 signalosome in regulating cell motility. This schematic illustrates the pivotal role of the nuclear 
PIPn-p53 signalosome in regulating both p53WT and p53MT functions, with direct implications for cell motility. Under normal 
conditions, p53WT is unstable due to its interaction with MDM2/4, leading to its ubiquitination and degradation. In response to stress, 
class I PITPα/β shuttles PI to the nucleus with p53WT, forming the PIPn-p53 signalosome. The binding of PtdIns(4,5)P2 recruits sHSPs, 
stabilizing p53 and facilitating tetramer assembly. As a transcription factor, p53WT activates genes that regulate cell cycle arrest, 
senescence, DNA repair, metabolism, autophagy, and apoptosis. In contrast, p53MT forms a constitutive complex with PIPns, creating 
the PIPn-p53 signalosome. Upon stress, nuclear targeting of class I PITPα/β enhances this signalosome formation, further stabilizing 
p53MT. This also induces the generation of the PtdIns(3,4,5)P3 pathway linked to p53MT, leading to de novo activation of the nuclear 
AKT pathway, which drives oncogenesis, such as cancer cell survival, proliferation, migration, invasion, and chemoresistance. This 
graphical abstract underscores the central role of the nuclear PIPn-p53 signalosome in modulating p53-mediated cellular functions, 
including cell motility. The figure was created using BioRender.
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Moreover, the stabilization of p53 within the nucleus, 
facilitated by PtdIns(4,5)P2 and its associated small heat 
shock proteins, inhibits uncontrolled cell migration and 
invasion (Choi et al., 2019). When p53 is functional, it 
helps suppress EMT, a process by which cancer cells lose 
their epithelial characteristics and gain migratory prop-
erties (Chang et al., 2011; Coutts et al., 2009; Yeudall et 
al., 2013). However, when this signalosome is disrupted, 
either by mutations in p53 or alterations in nuclear PIPn 
signaling, it can enhance cell motility and contribute to 
the invasive potential of metastatic cancer.

In summary, intranuclear PIPns play an essential 
role in maintaining the stability of p53 under stress. In 
this process, p53 acts as a scaffolding protein whereby 
PI-related enzymes and effectors form a complex with 
p53. PIPns affect the stability of p53 by creating an intri-
cate complex in the nucleus involving multiple proteins, 
and PIPns thus directly affect cancer cell motility. The 
distinct nuclear PIPn-p53 signaling pathway, independent 
of canonical membrane-bound AKT activation and unaf-
fected by existing PI3K inhibitors, highlights the poten-
tial for innovative therapeutic interventions that target 
these specific interactions in cancer treatment.

Conclusion
The PIPn-p53 signalosome has emerged as a crucial reg-
ulator of cancer cell motility by providing the missing 
link between the independent relationships of this cel-
lular process with both p53 and PIPn signaling, particu-
larly in metastasis. This review has shown that nuclear 
PIPns, such as PtdIns4P, PtdIns(4,5)P₂, and PtdIns(3,4,5)P₃, 
interact with both wild type and mutant p53 to form sig-
naling complexes that regulate cytoskeletal dynamics, 
cell adhesion, and nuclear AKT activation (Fig. 5). These 
interactions are essential in controlling the migration 
and invasion of cancer cells, with p53 acting as a critical 
scaffold in the nucleus to stabilize signaling pathways. 
Disruption of this signalosome through p53 mutations 
or altered PIPn signaling promotes increased cell motility 
and metastasis, making this axis a promising target for 
therapeutic interventions.

The involvement of nuclear PIPns in both stabilizing 
p53 and activating AKT reflects a non-transcriptional 
function of p53 that is triggered under stress conditions 
(Chen et al., 2020, 2022; Choi et al., 2019). This mecha-
nism operates in both wild type and mutant p53 contexts 
but is often amplified in cancer cells harboring mutant 
p53 due to the co-expression of nuclear PIPn pathway 
components. Importantly, recent studies suggest that 
p53 is required for efficient nuclear PIPn-mediated AKT 
activation under genotoxic stress, serving to organize the 
signaling complex and direct lipid channeling (Chen et 
al., 2022). However, the apparent contradiction between 
p53 stabilization and AKT activation can be reconciled 

by considering regulatory factors, including differential 
protein interactions, post-translational modifications, or 
the temporal dynamics of signalosome assembly, such 
as proximity to the PtdIns(3,4,5)P3 phosphatase PTEN or 
nuclear AKT phosphatases (Chen et al., 2022; Chibaya et 
al., 2021; Huang et al., 2012; Ogawara et al., 2002; Zhang 
et al., 2011). These modulators likely dictate whether 
the net outcome favors tumor suppression or survival 
signaling.

To further elucidate the functional significance of this 
pathway, it is essential to consider the role of nuclear 
AKT activity in driving cancer cell motility. While AKT 
is traditionally associated with plasma membrane sig-
naling, its nuclear functions have become increasingly 
recognized as key regulators of migration and invasion 
(Chen et al., 2022; Lee et al., 2008). Nuclear AKT phos-
phorylates transcription factors such as FOXO pro-
teins, altering gene expression programs that influence 
cytoskeletal organization and cell adhesion (Hou et al., 
2025b; Zhang et al., 2011). These transcriptional changes 
contribute to enhanced motility, particularly in meta-
static cancer cells. Notably, aberrant nuclear AKT acti-
vation within the PIPn-p53 signalosome has been linked 
to increased invasiveness, further underscoring its role 
as a central mediator of cell migration (Chen et al., 2022; 
Hou et al., 2025b). Understanding the interplay between 
nuclear PIPns, p53, and AKT in this context provides new 
insights into metastasis and highlights potential thera-
peutic strategies targeting this axis.

Combining PI3K/AKT inhibitors with agents that restore 
p53 function could produce a dual inhibitory effect on 
cancer cell migration (Abraham and O’Neill, 2014; Singh 
et al., 2002; Song et al., 2015; Turner et al., 2013). Cancer 
metastasis could be more effectively mitigated by block-
ing both the upstream activation of motility-related 
pathways (via PI3K inhibition) and restoring the ability 
of p53 to suppress cell motility. This combined approach 
may also enhance apoptosis in cancer cells, as p53 reac-
tivation would regain its role in promoting cell death, 
while PI3K inhibition would reduce survival signaling. 
While most PI3K inhibitors, such as pan-PI3K inhibitors 
(e.g., BKM120 (buparlisib), GDC-0941), broadly suppress 
PI3K activity, recent studies have identified compounds 
with preferential nuclear activity (Sarker et al., 2015). For 
example, PI3Kα-specific inhibitors like BYL719 (alpelisib) 
have been shown to affect nuclear PtdIns(3,4,5)P₃ sig-
naling, thereby modulating nuclear AKT activation in 
colorectal cancer (Palmieri et al., 2023). However, these 
effects may be cancer type-specific. In breast cancer cells, 
for instance, the nuclear PI3K isoform IPMK is responsi-
ble for generating nuclear PtdIns(3,4,5)P₃ and activating 
AKT (Chen et al., 2022). In this context, neither the pan-
PI3K inhibitor BKM120 (buparlisib) nor the PI3Kα-specific 
inhibitor BYL719 (alpelisib) is effective, underscoring the 
need to develop more versatile PI3K inhibitors that also 
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target non-canonical isoforms such as IPMK (Chen et al., 
2022).

Additionally, PI4KIIα is intricately linked to focal adhe-
sion dynamics and plays a significant role in maintaining 
the stability of p53 (Carrillo et al., 2023; Sun et al., 2023). 
Targeting PI4KIIα to inhibit focal adhesion formation 
could be paired with therapies to reactivate wild-type 
p53 (Bura et al., 2023; Carrillo et al., 2023; Gozzelino et al., 
2020). This combination strategy decreases the cancer 
cells’ ability to establish stable attachments to the extra-
cellular matrix, which is essential for migration and inva-
sion, and it also suppresses pro-metastatic signals arising 
from mutant p53. By disrupting both the structural com-
ponents of cell movement and the regulatory pathways 
influenced by p53, this integrated therapeutic approach 
holds promise for effectively reducing metastatic poten-
tial and improving treatment outcomes for patients with 
aggressive cancers. Further investigation into the struc-
tural dynamics of the PIPn-p53 signalosome is needed to 
understand how these complexes regulate nuclear pro-
cesses comprehensively. Detailed structural studies could 
reveal new therapeutic targets within this network.

Since nuclear PIPn signaling is less understood than 
cytoplasmic signaling, more research is needed to 
develop specific inhibitors that target nuclear PIPns with-
out affecting essential cytoplasmic functions. Future 
research will delve into the molecular mechanisms of 
these signalosomes, their role as biomarkers, and the 
development of targeted therapies.

A deeper understanding of how nuclear PIPns inter-
act with p53 and other nuclear proteins is essential for 
unraveling the complex regulation of cancer cell motil-
ity. Studies should explore the structural and functional 
details of the nuclear PIPn-p53 signalosome, particularly 
its role in mediating the nuclear localization and activity 
of essential signaling proteins.
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