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The regulatory subunit of phosphatidylinositol 3-kinase (PI3K), known as p85, is a
critical component in the insulin signaling pathway. Extensive research has shed
light on the diverse roles played by the two isoforms of p85, namely p85c and
p85B. The gene pik3rl encodes p85a and its variants, p550 and p50c, while
pik3r2 encodes p85B. These isoforms exhibit various activities depending on
tissue types, nutrient availability, and cellular stoichiometry. Whole-body or liver-
specific deletion of pik3rl have shown to display increased insulin sensitivity and
improved glucose homeostasis; however, skeletal muscle-specific deletion of
p85a does not exhibit any significant effects on glucose homeostasis. On the
other hand, whole-body deletion of pik3r2 shows improved insulin sensitivity
with no significant impact on glucose tolerance. Meanwhile, liver-specific
double knockout of pik3rl and pik3r2 leads to reduced insulin sensitivity and
glucose tolerance. In the context of obesity, upregulation of hepatic p85a or
p85B has been shown to improve glucose homeostasis. However, hepatic
overexpression of p85a. in the absence of p50c. and p55a results in increased
insulin resistance in obese mice. p85a. and p85P have distinctive roles in cancer
development. p85a acts as a tumor suppressor, but p853 promotes tumor
progression. In the immune system, p85a facilitates B cell development, while
p85B regulates T cell differentiation and maturation. This review provides a
comprehensive overview of the distinct functions attributed to p85c. and p85p,
highlighting their significance in various physiological processes, including
insulin signaling, cancer development, and immune system regulation.
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1 Introduction

The insulin signaling pathway exhibits a high degree of conservation across
different species, spanning from C. elegans to mammals. For example, insulin
receptor (IR) and insulin growth factor 1 receptor (IGF1R) in mammals and
abnormal dauer formation 2 (DAF2) in C. elegans respond to external signals and
recruit insulin receptor substrate (IRS) or IRS-like adaptor (IST1), which then activate
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the PI3K-Akt-FoxO (PI3K: phosphatidylinositol 3-kinase, FoxO:
forkhead family of transcription factor) axis in mammals or the
AGE1/AAP1-Akt-DAF16 (AGEL: aging alteration 1, AAP1: AGE1
adaptor protein, DAF16: abnormal dauer formation 16) axis in C.
elegans (1). In D. melanogaster, the PI3K signaling is regulated by
the IR-Chico-Dp110/p60-Akt-FoxO pathway (1). The involvement
of PI3K in chemotactic activities further exemplifies its evolutionary
conservation. For instance, in D. discoideum, PI3K responds to
chemoattractants and phosphorylates phosphatidylinositol (4,5)-
bisphosphate (PI(4,5)P,) to phosphatidylinositol (3,4,5)-
trisphosphate (PI(3,4,5)P;), which subsequently leads to actin
polymerization and pseudopodium formation (2-4). A similar
process occurs in mammals, where PI3Ky in neutrophils responds
to chemokines and chemotactic peptides, resulting in the generation
of PI(3,4,5)P5, which in turn affects cell motility (5). These highlight
the conservation and functional significance of the PI3K signaling
pathway in different organisms and cellular processes.

Mammals exhibit a diverse range of isoforms for each subunit of
PI3K, whereas organisms like C. elegans and D. melanogaster have
only one form of PI3K (1). However, the precise roles and distinct
functionalities associated with each isoform in the regulation of
cellular processes remain to be fully understood. It is postulated that
the presence of multiple isoforms in mammals has evolved as an
adaptation to enable a broader range of control over the PI3K
pathway, in order to accommodate the complexity of nutrient
sensing and metabolism regulation in multicellular organisms (1).
The specific functions and regulatory mechanisms of the different
PI3K isoforms in mammals represent an area of ongoing
scientific exploration.

PI3K activates its substrates by phosphorylating the 3-hydroxyl
group of the inositol ring (6). PI3K can be classified into three
groups based on their molecular structure and function (7, 8).
Table 1 provides a summary of the PI3K classification. Class I PI3K
comprises a regulatory subunit and a catalytic subunit. Within class
I PI3K, there are two sub-groups: class IA and class IB. The
regulatory subunits of class IA PI3K consist of five variants: p85a,
p550, p500., p85P, and p557. The presence of these variants adds

TABLE 1 Classification of the PI3K family.

PI3K Regulatory Catalytic Catalyzed
class subunit subunit reaction
« PI - PI(3)P
850, p5501, pS00. p1100, + PI&P —
Class IA PSSB’ Pn B ’SI; ’ p110p, PI(3,4)P,
PooP, and p>>y and p1108 « PI(4,5)P; —
PI(3,4,5)P5
« PI - PI(3)P
« PI(4)P —
101 4
Class IB f ;P‘;gii plloy PI(3,4)P,
P « PI(4,5)P, —
P1(3,4,5)P;
PI3K-C20, « PI — PI(3)P
Class II None PI3K-C28, « PI(4)P —
and PI3K-C2y PI(3,4)P,
Class IIT Vps15 Vps34 « PI — PI(3)P
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complexity to the mammalian system, making it more intricate to
identify their precise roles.

p850. and its splicing variants, p550 and p500, are encoded by
pik3r1, p85P is encoded by pik3r2, and p55y is encoded by pik3r3.
p850, p550., and p85 are expressed ubiquitously, while the expression
of p50a. and p55y is restricted to specific tissues, such as the liver,
kidney, brain, and testis (9-11). The catalytic subunit of class IA PI3K
comprises three variants: p110a, p110pB, and p1108. Class IB PI3K
consists of the regulatory subunits of pl01 or p84 (also known as
p87PIKAP) and the catalytic subunit of p110y (1, 12, 13). Class I PI3K
phosphorylates phosphatidylinositol (PI), phosphatidylinositol-4-
phosphate (PI(4)P), and phosphatidylinositol 4,5-bisphosphate (PI
(4,5)P,) to generate phosphatidylinositol 3-phosphate (PI(3)P),
phosphatidylinositol 3,4-bisphosphate (PI(3,4)P,), and
phosphatidylinositol 3,4,5-trisphosphate (PI(3,4,5)P5), respectively (1,
14). Determining the affinity is a challenging task due to the relatively
low binding specificity and affinity of the PI-binding domains toward
different PIs, coupled with their tendency to interact with other protein
ligands (15). While further investigations are needed to fully validate
the precise affinities for different PIP molecules, based on the Km
values, which represent the association between the reaction rate and
the substrate concentration, it was observed that PI(4,5)P, has the
lowest Km compared to PI(4)P and PI (16). This indicates that the
affinity of the enzyme for its substrate is higher for PI(4,5)P, compared
to PI(4)P and PIL The preferential production of PI(3,4,5)P; from PI
(4,5)P, is well-documented and has been proven to be a critical
catalytic reaction in class I PI3K signaling (1, 17-19). Class II PI3K
has three catalytic isoforms: PI3K-C20, PI3K-C2f, and PI3K-C2y, and
does not have a regulatory subunit (20). Class II PI3K phosphorylates
PI and PI(4)P to produce PI(3)P and PI(3,4)P,, respectively (1, 21).
Class III PI3K consists of a catalytic subunit, known as vacuolar protein
sorting 34 (Vps34) (22). Vpsl5 functions as a regulator of Vps34
activity. However, it differs from other regulatory subunits in that it
itself acts as a kinase (23, 24). Class III PI3K phosphorylates PI to
generate PI(3)P(1). Figure 1 shows the phosphorylation of different
classes of phosphoinositides by PI3K.

Since its initial discovery in 1984 (25), extensive research has
been conducted to elucidate the diverse roles of PI3K in intracellular
signaling pathways, including insulin signaling, proliferation,
differentiation, survival, and apoptosis (1, 6, 26-28). In 1991, the
p85 regulatory subunit was identified as a protein that regulates the
interaction between PI3K and platelet-derived growth factor 3
(PDGFB) receptors (29). The primary function of the p85
regulatory subunit is to recruit PI3K to the plasma membrane
(30). It physically binds to the p110 catalytic subunit and stabilizes it
by maintaining it in a low activity state (31). The p85 subunit
interacts with p110 through its N-terminal SH2 (nSH2), inter Src
homology 2 (iSH2), and C-terminal SH2 (cSH2) domains (32-34).
The SH2 domain of p85 recognizes and binds to phosphorylated
YXXM motifs found in tyrosine kinases, such as IRS proteins (35).
Phosphorylation of the tyrosine 688 residue on p85 induces a
conformational change in the p85-pl10 complex, relieving the
inhibitory effect of p85 on p110. Consequently, this activation of
P85 leads to the increased catalytic activity of PI3K (31, 34, 36, 37).

The study of feedback mechanisms in the PI3K pathway is
paramount due to their significant role in maintaining the delicate
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FIGURE 1

Phosphorylation of phosphoinositides. Various classes of

PIZK phosphorylate various phosphoinositides. PI,
phosphatidylinositol; PI(4)P, phosphatidylinositol-4-phosphate; Pl
(4,5)P,, phosphatidylinositol 4,5-bisphosphate; PI(3)P,
phosphatidylinositol 3-phosphate; PI(3,4)P,, phosphatidylinositol
3,4-bisphosphate; PI(3,4,5)Ps, phosphatidylinositol 3,4,5-
trisphosphate; and P indicates a phosphorylated site.

balance of PI3K signaling and their potential impact on various
cellular processes. Disruptions in these feedback mechanisms have
been implicated in the development of pathological conditions,
such as cancer, which highlights the need for further investigation
of these feedback mechanisms. Aberrant activation of PI3K leads to
sustained activation of Akt. In such event, Akt phosphorylates
tuberous sclerosis protein 2 (TSC2). The inhibition of TSC2
results in the activation of mammalian target of rapamycin
complex 1 (mTORCI1), which then activates S6 kinase (S6K).
S6K, in turn, phosphorylates IRS1 at its serine residue, inhibiting
its activity. This subsequently reduces PI3K activity (1). This
intricate feedback mechanism, where the IRS-PI3K pathway is
inhibited by the activation of mTOR-raptor, serves as a crucial
brake to prevent uncontrolled cellular transformation and halt the
vicious cycle. There are several additional examples of negative
feedback loops, in which the IRS-PI3K pathway is inhibited. The
activation of c-Jun N-terminal kinase (JNK) activates mTOR and
induces serine phosphorylation of IRSI, which leads to the
attenuation of Akt activity (1, 38, 39). Another feedback
mechanism can be explained by the role of growth factor
receptor-bound protein 10 (Grb10) (40). Grb10 is known to play
a role as a negative regulator of insulin signaling and its absence
leads to hyperactivation of the PI3K-Akt pathway in skeletal muscle
and adipose tissue (41). It has been shown that mTORCI1 mediates
the phosphorylation and accumulation of Grb10, which leads to
reduced IRS tyrosine phosphorylation, and thereby reduces PI3K
recruitment (40). Also, in the case of amino acid deprivation,
inhibitor of nuclear factor x-B kinase (IKK) phosphorylates p850.
at the serine 690 residue, which blocks the binding of p85 to IRS
proteins, consequently reducing PI3K activity (42). Akt itself is also
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involved in the negative feedback regulation of PI3K. It has been
shown that Akt directly phosphorylates IRS2 on serine 306 and 577
residues in 3T3-L1 adipocytes, which limits the interaction of IRS
and IR, resulting in decreased PI3K activity and reduced production
of PI(3,4,5)P; (43). Akt signaling activates mTORC1 and S6K,
which then suppresses IRS1 expression, serving as an additional
regulatory mechanism (44). Once FoxOl1 is phosphorylated by Akt,
FoxO1 cannot further upregulate receptor kinases that are activated
by PI3K, such as IR and HER3 (45, 46). Additionally, a recent study
revealed that physiological or oncogenic activation of the PI3K
signaling pathway utilizes mTOR/eukaryotic translation initiation
factor 4E-binding protein 1 (4E-BP1) to increase the expression of
phosphatase and tensin homolog (PTEN) (47), which
dephosphorylates PI(3,4,5)P; to PI(4,5)P,, thereby reducing the
activity of 3-phosphoinositide-dependent protein kinase-1 (PDK1)
and Akt (43, 48, 49). Of interest, sustained inhibition of PI3K-Akt
signaling leads to a resurgence of Akt activity, indicated by
increased phosphorylation of Akt at serine 473 and at threonine
308 residues in a breast cancer cell line (47). Therefore, although the
feedback mechanism involving PTEN serves to restrict the duration
and impact of the PI3K pathway, in the context of tumor treatment
that utilizes PI3K inhibitors, this regulatory mechanism can lead to
decreased PTEN activity, ultimately reducing the effectiveness of
prolonged treatment.

Positive feedback mechanisms are involved in amplifying or
sustaining the initial activation of PI3K. In endothelial cells, Akt
activation stimulates endothelial nitric oxide synthase (eNOS),
resulting in increased production of nitric oxide (NO) (50). NO,
in turn, upregulates vascular endothelial growth factor (VEGF)
signaling, which further activates the PI3K-Akt pathway (51). This
positive feedback loop is utilized by endothelial cells to promote cell
proliferation. Inhibiting the synthesis of NO resulted in a decrease
in proliferation specifically induced by VEGF in human umbilical
vein endothelial cells (52). Another example has been reported in
head and neck squamous cell carcinoma. PI3K-Akt signaling
downstream of the epidermal growth factor receptor (EGFR)
activates mTORCI, which subsequently activates the IKK and
nuclear factor-kB (NF-kB). Activation of mTORCI/NF-kB, in
turn, increases the expression of EGFR, leading to sustained
proliferation of cancerous cells (53). Additionally, a positive
feedback mechanism was reported with the role of WIPI2 (WD
repeat domain, phosphoinositide-interacting protein 2), a protein
involved in the process of autophagy. PI3K and WIPI2 promote the
recruitment of each other, the loop of which facilitates the lipidation
of LC3, a protein that is involved in cargo sequestration and
autophagosome formation (54).

In addition to multiple regulatory mechanisms governing
PI3K activity, the p85 regulatory subunits, p85c and p85f, also
exhibit unique functions within distinct signaling pathways and
biological processes, including insulin signaling, cancer
progression, and lymphocyte development (55-58). Although
p850. and p85P share similar structural motifs (Figure 2), there
are notable differences between the two isoforms. The SH3 and B
cell receptor homology (BH) domains of p850. and p85f3 exhibit
only 37% homology, and p85[3 possesses a proline-rich region in
its C-terminal region. While the precise function of each domain
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requires further investigation, these structural and sequential
disparities may contribute to the growing body of evidence
suggesting functional distinctions between the two isoforms
(59). Understanding the roles of these subunits is essential for
comprehending the intricate regulation and signaling outcomes
associated with PI3K activity. This review discusses the diverse
roles of p850. and p85p.

2 Divergent roles of p85a and p85p in
insulin signaling

Extensive research has been conducted over the past two
decades to study the role of p85 in metabolism and insulin
signaling, frequently employing genetically modified animal
models. Studies using mice lacking the pik3rI gene exhibit
perinatal mortality accompanied by hepatocytes and brown
adipose tissue (BAT) necrosis, chylous ascites, as well as muscle
tissue abnormalities, such as enlarged skeletal fibers and cardiac
muscle calcification (57, 60). However, under pathogen-free
conditions, these mice manage to survive and demonstrate
increased insulin sensitivity, hypoglycemia, reduced fasting
insulin levels, normal body weight, and unaltered fat mass (60-
63). Furthermore, they exhibit enhanced glucose transport in
skeletal muscle and adipocytes attributed to the augmented
translocation of glucose transporter type 4 (GLUT4) (61).
Heterozygous whole-body deletion of pik3rI promotes insulin
signaling (64). Reduced pik3r1 is sufficient to ameliorate high-fat
diet-induced insulin resistance, enhance insulin signaling in white
adipose tissues and skeletal muscle, and also improve whole-body
insulin sensitivity (65).

Liver-specific pik3rl knockout mice display improved insulin
sensitivity and glucose tolerance with decreased levels of serum-free
fatty acids and triglycerides (66). These mice exhibit reduced PTEN
activity and increased Akt activation in response to insulin,
regardless of diet composition, despite decreased IRS1, IRS2, and
PI3K activities (66, 67). BAT-specific pik3rl knockout mice on a
high-fat diet display improved insulin sensitivity but no changes in
glucose tolerance (68). These mice demonstrate enhanced

p110 binding site
v

p85a — SH3 —P BH P—— nSH2 iSH2 cSH2 —
Residue T T T T T T 1
06 78 126 278 330 414 622 704 724
p110 binding site
v
p853 — SH3 —P BH P—— nSH2 iSH2 ¢SH2 P—
Residue 7 T T T T T T T 1
07 79 122 292 331 411 620 702 728
FIGURE 2

Structures of p85a and p85, the regulatory subunits of PI3K. The
domains consist of SH3 (Src homology 3), BH (B cell receptor
homology) flanked by a proline-rich region (P), nSH2 (N-terminal
SH2), iSH2 (inter-SH2), and cSH2 (C-terminal SH2). Additionally,
p85P contains a proline-rich region at the C-terminus.
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thermogenic function, increased browning of inguinal white
adipose tissue (iWAT), reduced body weight and fat content,
lower glucose and insulin levels, and decreased liver steatosis.
They exhibit increased mRNA and protein levels of IRB and
decreased JNK phosphorylation in response to insulin stimulation
(68). Overall, these findings suggest that alterations in hepatic and
adipose signaling pathways affect the insulin sensitivity levels in
mice with homozygous and heterozygous deletion of pik3rI.

Five regulatory subunits, namely p850., p500., p550., p85f3, and
Pp55Y, interact with receptor tyrosine kinases, such as IR, PDGF, and
EGFR (69, 70), with varying binding affinities. Among the three
p85a. variants, p50ct exhibits the highest PI3K activity (61, 70, 71).
Conversely, p557 displays the least interaction with IRS1 in
response to insulin (69). Deletion of p85c. in mice, excluding its
splicing variants, results in diverse phenotypes depending on the
specific tissues involved. Mice with a whole-body deletion of p85c.
exhibit enhanced insulin sensitivity in muscles, but not in the liver.
This differential response to insulin can be attributed to the
decreased expression levels of p50c in muscles because p500. and
p550 can compensate for the deficiency of p85a. by binding to IRS1/
2 and activating PI3K signaling (61, 72). p85f and p55y do not fulfill
a compensatory role in the absence of p85c (61). Despite no
alterations in PI3K activity in p85a knockout mice, they exhibit
increased hepatic gluconeogenesis (72).

Mice with a deletion limited to the splice variants of pik3rI,
specifically p500. and p550., display enhanced insulin sensitivity but
no significant difference in glucose tolerance (73). In the fed state,
there are no notable changes in glucose and insulin levels, while
insulin levels are decreased in the fasting state. The absence of
p500/p550. leads to increased glucose uptake in the extensor
digitorum longus muscle and adipocytes in response to insulin.
Despite comparable body weights to wild-type mice, these knockout
mice display decreased adiposity (73). Additionally, when p500ct/
p550a knockout mice are treated with the hypothalamic toxin gold
thioglucose (GTG), which typically induces hyperphagia, obesity,
and insulin resistance (74, 75), they demonstrate decreased insulin
levels and epididymal fat, compared to GTG-treated wild-type
control mice (73). Conversely, overexpression of p55c in skeletal
muscle in mice does not impact body weight, blood glucose levels,
whole-body glucose tolerance, or skeletal muscle insulin sensitivity
(76). Insulin-stimulated Akt phosphorylation levels remain normal
in skeletal muscle and liver of these mice (76). Exploring the effects
of p500. deletion alone would be of particular interest. Further
investigations are required to gain a better understanding of the
functions of each isoform and their responses to specific biological
conditions, but studies suggest that each isoform plays various roles
in an organ-specific manner.

Heterozygous deletion of whole-body pik3rl improves diabetic
symptoms caused by heterozygous disruption of IR and IRS1 genes
(64). Conversely, reintroducing p85c. in liver-specific pik3rl
knockout mice leads to elevated fasting blood glucose and insulin
levels, decreased glucose tolerance, and reduced phosphorylation of
Akt (67). However, skeletal muscle-specific deletion of p850c. does
not improve insulin sensitivity, and they display normal body
weight, insulin and glucose levels, and fat content (77). Although
Akt phosphorylation is not significantly reduced in this knockout
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model, there is a slight decrease in glycogen synthase kinase 33
(GSK3p) phosphorylation in response to insulin, albeit with some
variations in the results (77). In an obese condition, it gives a
different outcome. The upregulation of p850. in the liver of obese
mice results in decreased blood glucose levels and improved glucose
homeostasis (78).

Mice with a deletion of the pik3r2 gene display improved insulin
sensitivity and a moderate decrease in blood glucose and insulin
levels, with no differences in glucose tolerance levels (79). Of
interest, deletion of the pik3r2 gene does not affect glucose
homeostasis when mice are fed on a high-fat diet (65). On the
other hand, the upregulation of p85f in the liver of obese mice leads
to improved glucose homeostasis (78). In conclusion, whole-body
deletion of pik3r2 in normal chow diet-fed mice and upregulation of
hepatic p85f in obese mice lead to improved glucose homeostasis.

Deletion of hepatic pik3r] and whole-body pik3r2 results in
reduced insulin sensitivity and glucose tolerance (80). These mice
exhibit hyperglycemia and hyperinsulinemia in both fasted and fed
states. Impaired Akt activation upon insulin stimulation leads to
reduced phosphorylation of FoxO1l and GSK3f, along with
increased expression of hepatic gluconeogenesis genes, including
phosphoenolpyruvate carboxykinase 1, glucose-6-phosphatase, and
fructose 1,6-bisphosphatase 1 (80). However, while the deletion of
p850 in skeletal muscle does not affect glucose homeostasis, further
deleting p85f in whole-body leads to impaired glucose tolerance in
both normal chow and high-fat diet fed mice (77). These mice
maintain normal blood glucose and insulin levels, systemic insulin
sensitivity, and body weights. However, they exhibit impaired
insulin sensitivity in muscle, characterized by reduced Akt
activation and decreased GSK30/f3 phosphorylation in response
to insulin or IGF1 stimulation. They display serum hyperlipidemia
and impaired muscle growth, as evidenced by reduced fiber size and
muscle weight (77). Targeted deletion of p850/B exclusively in
muscle tissues may provide valuable insights and more information
on the specific roles of p850. and p85f.

The differential response of p85c and p85B to insulin
stimulation has also been revealed through the involvement of a
protein called bromodomain-containing protein 7 (BRD7). It has
been demonstrated that BRD7, initially recognized as a tumor
suppressor (81), enhances the phosphorylation of Akt (82).
However, it exerts different effects depending on which isoform is
present. In mice with deletion of p85f, overexpression of BRD7 in
the liver during high-fat diet challenge does not affect the
phosphorylation of Akt at the basal state without any stimulation.
However, in mice with a lack of hepatic p85a, the upregulation of
BRD7 leads to increased Akt phosphorylation under the same
conditions (83). On the other hand, the upregulation of BRD7
leads to an increase in Akt phosphorylation upon insulin
stimulation in the liver of high-fat diet-induced obese p85f3
knockout mice (83). However, in high-fat diet fed hepatic p85c
knockout mice, the effect of BRD7 on Akt phosphorylation in
response to insulin stimulation is abolished (83). These
observations indicate that p85c. plays a role in mediating the
effect of BRD7 on Akt phosphorylation in response to insulin,
while p85f is involved in the regulation during the basal
state without responding to external stimuli. Additionally,
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immunoprecipitation of PC12 cell lysates using antibodies specific
to each of the five regulatory subunits revealed that p85a, p550., and
p500. exhibited increased PI3K activity upon insulin stimulation,
whereas p85f or p55y did not show the same response (70). These
findings further support the notion that p85c. is primarily involved
in insulin response, while p85f3 influences the basal levels without
the stimulation. PI3K has emerged as a highly promising
therapeutic target in various diseases, such as diabetes and cancer.
However, due to variations in their effects depending on tissue
types, nutrient availability, and splice variants, further validations
are needed. p85 is also known to be a player in the transcriptional
regulation of numerous genes involved in glucose metabolism (72,
80, 84), reflecting its complex nature. This highlights the need for
in-depth studies to elucidate the specific functions of these genes. In
Table 2, we provide a summary of the metabolic phenotypes of p85
manipulation observed in various animal models.

3 The regulatory roles of p85 in the
PI3K pathway

p85 exists in monomers (p850. or p85f), homodimers (p85a-
p850a. or p85B-p85P), heterodimers (p85ct-p85f3), or in complexes
with other proteins (e.g., p85c-p110). These different forms of p85
contribute to the regulation of the stability and activity of p85 in the
PI3K signaling. For instance, an excessive accumulation of
monomeric p85 may exacerbate the inhibition of PI3K activity.
Of note, monomeric p85s are unstable. The stability of p85
monomers is enhanced through dimerization (85). This instability
of p85 monomers may contribute to optimizing the overall
functionality of the PI3K pathway. By selectively reducing free
p85, cells can maintain a balanced ratio of p85 to p110, thereby
enhancing the PI3K pathway. In other words, it is possible that cells
employed a compensatory mechanism of preferentially decreasing
the levels of free p85 compared to p85 bound to p110 to counteract
the potential hindrance caused by excessive p85 monomers and
prevent further impairment in situations where PI3K is diminished
in the system (85).

The homodimerization of p85 is facilitated by interaction
through the SH3 domain-proline rich motif (PR1) or BH-BH
domains (86, 87). Unlike p85-p110 complex, p85 homodimers
can negatively regulate the PI3K pathway by competing with the
E3 ligase WW domain-containing protein 2 (WWP2) for binding to
PTEN. The binding of p85 homodimers to PTEN leads to reduced
WWP2-mediated proteasomal degradation of PTEN (86).
Consequent increased stability of PTEN enhances the rate of
dephosphorylation of PI(3,4,5)P;, resulting in reduced Akt
phosphorylation at serine 473 (86). This demonstrates the effect
of different forms of p85 on PI3K signaling.

In addition to homodimerization, monomeric p85 can exert a
negative regulation on the PI3K pathway by binding to small
ubiquitin-related modifier (SUMO) 1 and SUMO 2 proteins
through its iSH2 domains (88). Further analysis of the p8503
sequence identified lysine residues at 535 and 592 positions as the
key sites responsible for this interaction. Conjugation of p85 to
SUMO proteins leads to a reduction in its phosphorylation at
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TABLE 2 Metabolic phenotypes of p85 knockouts or transgenic mice.

10.3389/fendo.2023.1152579

Isoform | Tissue Manipulation = Background Diet Metabolic phenotypes Ref.
Mixed background Increased insulin sensitivity in muscle and
Pik3r1 ‘Whole-bod Knockout NCD 61

e ole-body nockou (C57BL/6 and CBA) adipose tissues. 1)

) Mixed background Improved glucose homeostasis.

Pik3r1 Whole-bod Knockout HFD 63

e ole-body nockou (C57BL/6] and CBA) Decreased fasting insulin levels. ©3)

Mixed background
H I il duction. 64,
Pik3rl Whole-body kne tefzytg"“s (C57BL/6 and CBA; or  NCD Increaseig uf]‘l),se pro ‘ll_d"’n (72)
ockou mproved insulin signaling.
1298v and C57BL/6) P gnane
Het
Pik3r1 ‘Whole-body eterozygous C57BL/6SV] HFD Improved insulin resistance. (65)
knockout
Mixed background Improved glucose tolerance and insulin sensitivit
Pik3rl Liver Knockout (1295v, C57BL/6 NCD proved g ! | sensitivity. (66)
Decreased serum free fatty acids and triglycerides levels.
and FVB)
Mixed background
Pik3r1 Liver Knockout (129Sv, C57BL/6 HFD Improved glucose tolerance. (67)
and FVB)
No difference in glucose tolerance level.
Improved insulin sensitivity.
. . . Improved thermogenic functionality.
Pik3r1 Brown adipose tissue Knockout C57BL/6 HFD . (68)
Decreased body weight and fat content.
Decreased blood glucose and insulin levels.
Reduced liver steatosis.
Mixed background No improvement in lfISLllln. sens'1t1V1ty
No effect on body weights, insulin, and glucose levels.
p850. Muscle Knockout (129Sv, C57BL/6, NCD K X R (77)
No difference in body fat content, fasting serum free fat
and FVB) . . . .
acids level, and fasting serum triglycerides level.
. . B6.Cg-Lep®/J Decreased blood glucose levels.
85 L NCD 78
posa ver Overexpression (Ob/Ob) ¢ Improved glucose tolerance and insulin sensitivity. 78
Improved insulin sensitivity.
Pik3r2 ‘Whole-body Knockout Unspecified NCD | Moderately decreased blood glucose and insulin levels. (79)
No effect on glucose tolerance.
Mi ki
Pik3r2 Whole-body Knockout ( CL:;ELIZ; flizugg A) HFD No improvement in glucose homeostasis. (65)
R . B6.Cg»Lep°b/] Decreased blood glucose levels.

85 L (¢) NCD 78
pasp ver verexpression (Ob/Ob) Improved glucose tolerance and insulin sensitivity. 78)
Pik3rl/ Mixed background Reduced glucose tolerance and insulin sensitivity.

Pikir2 Liver Double knockout (129Sv, C57BL/6, NCD Hyperglycemia and hyperinsulinemia at both fasting and (80)
and FVB) fed states.
Mi ki d

Pik3r1/ Muscle (Pik3r1) and ixed backgroun . . . e

K i Double knockout (129Sv, C57BL/6, HFD Impaired glucose tolerance and muscle insulin sensitivity. (77)
Pik3r2 Whole-body (Pik3r2) and FVB)

HEFD, High-fat diet; NCD, Normal chow diet.

tyrosine 458 and 199 residues (37, 88), as well as downstream
phosphorylation events involving Akt and FoxOs (88).

The activity of p85 can be further modulated by various
stimulations and mechanisms, such as insulin. For example, p85
heterodimers are dissociated in response to insulin stimulation (78).
This dissociation increases the availability of p85 to interact with
other proteins, including p110, thereby facilitating increased PI3K
activity upon insulin stimulation. Moreover, p850. can be
phosphorylated by IR or non-receptor tyrosine kinase, such as
activated cell division control protein 42 (CDC42)-associated
kinase (ACK), at their tyrosine 368, 580, and 607 residues (89) or
at tyrosine 607 residue, respectively (90). This phosphorylation
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prevents p85 from undergoing ubiquitination, resulting in
increased PI3K activity (90). Taken together, the balance and
interaction between different forms of p85, along with post-
translational modifications and external stimuli, intricately regulate
the activity of PI3K and its downstream signaling pathways.

4 The significance of the ratio of p85
to p110 in PI3K signaling

The stoichiometric balance between the levels of p85 and p110
introduces an additional layer of complexity to the dynamics and
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outcomes associated with p85. This balance refers to the relative
quantities of p85 and pl10 within cells. Different tissues exhibit
variations in the levels of p85 isoforms relative to p110. In many
cells, the abundance of p85s exceeds that of pl10 (64, 91).
Specifically, p85a. is more abundant than p110 in the liver and
mouse embryonic fibroblasts, while p85p is more abundant than
p110 in the brain, the lung, bone marrow, the liver, fat, skeletal
muscles, and mouse embryonic fibroblasts (MEFs) (64, 92). This
imbalance leads to a competition between excess p85 monomers
and the p85-p110 complex for binding to activated IRS1 (56, 93).
The binding of p85 monomers to IRS proteins inhibits the
interaction between p85-p110 and IRS, resulting in reduced PI3K
activity (64). The disruption of the PI3K-IRS complex by p85
provides an explanation for the observed improvement in insulin
sensitivity upon deleting pik3r1 in the liver (66).

While the binding partners of p85 and the ratio of p85 to
p110 play crucial roles in the regulation of PI3K, reducing the
amount of p85 does not alter the quantity of the p85-pl110
complex as long as the amount of p85 remains higher than
that of p110 (91). This is due to the irreversible nature of the
binding between p85 and pl110 (16, 85), as demonstrated in
MEFs isolated from pik3rl heterozygous knockout mice. Both
the wild-type and pik3rI heterozygous knockout cells displayed
the same amount of PI3K, regardless of the p85 amounts (91).
Therefore, the key difference lies in the availability of excess free
p85. In wild-type cells, there is a larger pool of free p85 that can
potentially block IRS sites, while in pik3r1 heterozygous
knockout cells, there is a lower abundance of excess free p85.
Consequently, heterozygous cells may have a relatively higher
portion of p85-pl110 complexes available to bind to IRS
compared to wild-type cells (91). Therefore, the regulation of
PI3K by p85 involves factors, such as the ratio of p85 to p110 and
the stability of free p85.

Recent discoveries have revealed the involvement of various p85
binding partners in the regulation of PI3K activity. For instance, the
interaction between p850/p and BRD7 has been identified as a
significant contributor to this regulatory mechanism (82). BRD7
binds to p85 through the iSH2 domain and facilitates the
transportation of p85 to the nucleus without affecting the nuclear
translocation of p110 (82, 94). This suggests that BRD7 may
decrease the cytoplasmic ratio of p85 to p110 by sequestering p85
in the nucleus (95). The outcome of this phenomenon can vary
depending on the cell type and the relative abundance of p85 and
p110. In the liver of obese mice, the upregulation of BRD7 promotes
the interaction between BRD7 and p85, leading to increased nuclear
translocation of p85. This balances the p85-p110 ratio, thereby
improves PI3K signaling, resulting in enhanced Akt
phosphorylation at threonine 308 and serine 473 residues (82,
83). Conversely, in the HeLa cervical cancer cell line, the
sequestration of p85 in the nucleus by overexpression of BRD7
reduces PI3K activity, and leading to decreased Akt
phosphorylation. Depletion of BRD7, on the other hand,
increases PI3K signaling (94), possibly due to similar levels of p85
and p110 in this cell line. In summary, the balance between p85 and
p110 levels plays a crucial role in the regulation of PI3K activity.
Interactions with binding partners further modulate the subcellular
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localization and function of p85 isoforms in different
cellular contexts.

5 The function of p85 independent of
its role as a regulatory subunit of PI3K

Several reports have documented the roles of p85c. and p853
beyond their functions as components of PI3K. One notable role is
their involvement in the maintenance of endoplasmic reticulum
(ER) homeostasis. p850. and p85f have been shown to interact with
a transcription factor called the spliced form of X-box binding
protein-1 (XBP1s), which serves as one of the master regulators for
ER function (78). The interaction between p85 and XBP1s is crucial
for the nuclear translocation and activity of XBP1s (78, 96). In the
conditions of obesity and type 2 diabetes, upregulation of p850. and
p85P in the liver alleviates ER stress by enhancing the nuclear
translocation of XBPls, which induces the transcription of ER
chaperone genes involved in proper protein folding (78).
Moreover, the liver-specific deletion of p85c. impacts the activity
of key components of the unfolded protein response (UPR)
pathway, such as the inositol-requiring enzyme lo. (IREla) and
activating transcription factor 600 (ATF60) (96). Deletion of p850.
reduces IREloe phosphorylation and hampers ATF60 nuclear
translocation (96), resulting in decreased endoribonuclease
activity of IREla and reduced activity of ATF6o as a
transcription factor. These observations collectively support the
involvement of p85c. in the regulation of ER homeostasis.

Furthermore, p85ct has been implicated in the regulation of the
stress kinase pathway during insulin resistance and stress conditions.
This activation occurs independently of p85’s role in the PI3K
complex under specific stimuli, such as insulin and tunicamycin. It
was shown that the N terminus and SH2 domains of p85c. are
required for the activation of JNK by CDC42 and MKK4 (mitogen-
activated protein kinase-kinase 4), highlighting the communication
between the PI3K pathway and cellular stress responses (83).

Additionally, it was shown that p85 contributes to the
stabilization of BRD7 (83). The expression levels of BRD7 were
found to be low in the absence of p85 proteins in MEFs derived
from p85a/B double knockout mice with a shorter half-life
compared to wild-type mice. Co-expression of p85 and BRD7 led
to a more stable and robust expression of BRD7 compared to when
BRD7 was upregulated without p85 (83). These findings highlight
the multifaceted functions of p85 beyond its classical role as a
regulatory subunit of PI3K.

6 Distinct roles of p85a and p85p3
in cancers

In the context of cancer, p850. and p85f3 have demonstrated
contradictory roles. The majority of studies suggest that p85c.
functions as a tumor suppressor. Decreased p85c. levels have been
detected in various human cancers, including prostate, lung,
ovarian, bladder, breast, and liver cancers (97-100). The absence
of p85a. has been associated with increased tumor development in
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different tissues. For example, liver-specific p850 knockout mice
have shown an elevated incidence of spontaneous hepatocellular
carcinoma (HCC) with lung metastasis (97). Additionally, knockout
of pik3rl in mice has been found to enhance tumor formation
driven by the activation of human epidermal growth factor receptor
2 (HER2) (99). Disrupting the inhibitory effect of p85ct on p110 by
mutating the asparagine residue at the 564 position within the iSH2
domain has been shown to promote cell proliferation, survival, and
Akt phosphorylation in lymphocytes (101). Additionally, it was
shown that the level of p85a. is downregulated in human bladder
cancer cells (100). The overexpression of p85a. led to suppression of
cell invasion, while having no effect on cell migration. Conversely,
the knockdown of p850 promoted invasion, suggesting that p85o.
acts as an inhibitor of invasion in the bladder cancer cells (100). The
mechanism underlying invasion involves c-Jun inactivation by p85
knockdown, resulting in downregulation of miR-190 and
subsequent degradation of ATG7 (the autophagy-related protein)
mRNA, leading to reduced autophagy. This cascade of events leads
to the upregulation of tissue inhibitor of metalloproteinase-2
(TIMP2), which acts to prevent breakdown of the extracellular
matrix, and inactivation of matrix metalloproteinase-2 (MMP2), a
zinc-dependent endopeptidase that acts to promote cancer
progression by facilitating tumor to form metastases, and the
regulation of TIMP2 and MMP2 contributes to the inhibition of
bladder cancer invasion (100). These findings collectively support
the role of p85c. as a tumor suppressor in various cancer types.

On the contrary, p85p has been identified as an oncogene.
Increased expression of p85f has been observed in several cancer
types, including breast, endometrial, colon, ovarian, and lung
cancers (10, 102-106). Overexpression of p85B in primary avian
fibroblasts has been shown to significantly increase cell
proliferation, with its oncogenic activity driven by the activation
of PI3K and target of rapamycin (TOR) signaling pathways (104).
In ovarian cancer cells, upregulation of p85f has been linked to
increased proliferation, colony formation, and invasion, while
depletion of p85fB using small interfering RNA (siRNA) has been
shown to reverse these effects (103). In colon and breast cancers,
overexpression of p85f3 increased PI(3,4,5)P; and phosphorylated
Akt levels, which in turn enhanced cell invasion and accelerated the
progression of tumors (10). Moreover, increased p85f expression in
severe combined immunodeficient (SCID) mice through retroviral
infection of bone marrow accelerated tumor progression in a
thymic lymphoma model, resulting in earlier tumor onset,
reduced lifespan, and a higher incidence of spleen metastases
compared to control (10). Notably, increased nuclear
translocation of p85B has been observed in colon, lung, and
breast cancer cell lines, resulting in increased protein stability of
the enhancer of zeste homolog (EZH), which is a known
oncoprotein (107). Inhibition of p85f’s nuclear translocation
through two point mutations on its lysine 477 and arginine 478
residues has been shown to suppress the proliferation of DLDI
colorectal cancer cells and impede tumor growth (107). These
findings collectively suggest that p85f3 functions as an oncogene
and may contribute to cancer development and progression in
various tissues.
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7 Distinct functions of p85a and p85f3
on the immune system regulation

Evidence suggests divergent roles of p85 isoforms in immune
function. Upon T cell activation through the T cell antigen receptor
(TCR)/CD3 complex or protein kinase C (PKC), phosphorylation
of p85B occurs in threonine residues. However, p85c. remains
unchanged during T cell activation (108). This initial finding led
to subsequent studies highlighting the distinct functions of p85
isoforms in the immune system, with p850. in the function of B cells
and p85f in the regulation of T cells.

Knockout of pik3r1 in mice at the early stage leads to lethality,
primarily attributed to defects in B cell proliferation (57, 109). These
mice display downregulated expression of p110§, the most
prevalent form of p110 isoforms, in B cells (110). Consequently,
the diminished p1103 levels lead to decreased proliferation,
maturation and differentiation of B cells (111, 112). However, the
absence of p850. does not appear to affect the development of T cells
(57). In contrast to p85c., the deletion of p85B in mice does not
impact the expression of p1100, p110f, and p110d in B cells, nor
does it affect B cell proliferation (112). However, p850/p double
knockout increases B cell proliferation compared to p85a knockout,
which implies p85f3 acts to negatively regulate the role of p85c. on B
cells (113). Whole-body or B cell-specific deletion of p85a. results in
reduced phosphorylation of Akt at threonine 308 and serine 473
residues in B cells, compared to wild-type (110, 113). B cell-specific
knockout of p85 results in comparable levels of increased Akt
phosphorylation at serine 473 compared to wild-type (113). p85c./3
double knockout further decreases Akt phosphorylation, compared
to p850. knockout mice. These findings indicate that p850. is the
primary isoform responsible for regulating Akt activity in B cells.
However, p85B can play a role in modulating Akt activity when
p850a. is absent (113). Additionally, p85c. is necessary for BCR-
stimulated calcium mobilization, which is an essential process for
cellular signaling and physiological functions. However, p85f is not
essential for this response, even when p85a is absent (113). These
demonstrate that p850. and p85 exert differential effects on specific
signaling pathways in B cells.

Studies have shown that p85 is responsible for the regulation
of T cells. CD28 is a T cell receptor that plays a role in T cell
differentiation into long-term memory T cells. CD28-deficient T
cells exhibit incomplete primary activation and impaired T cell
differentiation. p85f has been found to exhibit a higher affinity for
CD28, compared to p85c (114). It also downregulates the
expression of casitas B-lineage lymphoma (CBL) ubiquitin ligases,
which serve as a negative regulator of T-cell activation. In the
absence of p85f, primary T cell activation does not lead to
activation of PI3K, nor downregulate CBL proteins, such as c-
CBL and CBL-b, resulting in impaired differentiation of activated T
cells. Although their primary immune response to antigen was
slightly enhanced, the secondary immune response in CD4" spleen
and lymph nodes was significantly decreased, suggesting the
involvement of p85f in the secondary immune response (114). In
activated p85f-deficient T cells induced by anti-CD3 and
interleukin-2 (IL-2), the activity of caspase-6, a key protein that
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triggers apoptosis, was reduced, indicating the role of p85f in the
cell death pathways in T cells (112). Additionally, enhanced
proliferation was observed in these cells upon stimulation with
anti-CD3 and IL-2, as shown by a higher number of cell divisions of
CD4" and CD8" T cells (112). In conclusion, previous findings
indicate the role of p85B in modulating the proliferation,
maturation, and differentiation of T cells.

8 Discussion

Investigating the roles of p85 has provided valuable insights for
various pathological conditions. Developing a more specific
therapeutic strategy with known mechanisms can lead to even more
effective remedies with fewer unexpected side effects arising from
unknown biological processes. Genetic studies and approaches to
target specific genes have greatly contributed to recent understanding.
However, these approaches require careful evaluation, taking into
account target tissues and metabolic parameters based on previous
reports that show various consequences.

This review provides a comprehensive overview of the roles
played by the regulatory subunits of class IA PI3K in metabolism,
cancer, and the immune system. Despite their structural similarity,
p850. and p85B demonstrate significant functional differences.
While p850 is primarily responsive to insulin, p85B does not
exhibit the same level of responsiveness (65, 83). p85c. acts as a
tumor suppressor, whereas p85B functions as an oncogene (97,
104). p85a. influences B cell development, while p85 is involved in
regulating T cells (112, 114). The c¢cSH2 domain of p85n
downregulates PI3K signaling, whereas the cSH2 domain of p85[3
upregulates PI3K signaling (115). Only p85p facilitates the nuclear
translocation of p110f (116), an isoform of p110 that regulates
DNA repairs (117), and oncogenic transformation (118). p850.
splicing variants also exhibit different functions. Upregulation of
p850. in liver-specific pik3rl knockout mice impairs glucose
tolerance, while hepatic reconstitution of p500. or p55a. in these
knockout mice has no effect on glucose tolerance (67).

Protein function can vary significantly depending on specific cell
types due to distinct molecular compositions, gene expression patterns,
and physiological requirements. Understanding the diverse outcomes
exhibited by a protein in different tissue types is crucial, underscoring
the need to investigate its role across various tissues. For instance, the
knockout of p85a. in the liver improves insulin sensitivity (78), while its
absence has no effect on insulin sensitivity in skeletal muscle (77). Mice
with a deletion of p850. in the presence of p500. exhibit increased
insulin sensitivity in muscles, but not in the liver (72). Furthermore,
p850aL levels are increased in the skeletal muscle of obese and type 2
diabetic individuals (119, 120) and in adipose tissues of high-fat diet-
fed obese mice (65), but decreased in the liver of high-fat diet-induced
obese and genetically obese ob/ob mice (83, 121), suggesting different
effects of p850t in those tissues. This knowledge is vital for developing
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targeted therapeutic interventions and advancing our understanding of
complex biological systems.

Animal studies that employ high-fat diets to induce metabolic
diseases can reveal phenotypic and mechanistic differences
compared to control diets. Studies in lean conditions provide
insights into normal physiological processes and serve as a
baseline for understanding the impact of genetic alterations. On
the other hand, studies in obese conditions help elucidate the
molecular and cellular changes associated with metabolic
disorders and their potential therapeutic targets. They allow to
understand how biological processes and protein functions are
influenced by different metabolic states. Additionally, recent
studies have highlighted the importance of considering fiber
content in diets (122).

The field continues to require further in-depth investigations to
advance our understanding and uncover additional insights into the
complex functions of these regulatory subunits. Exploring the
intricate mechanisms of PI3K signaling holds immense potential
for therapeutic advancements.
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