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Objective: The phosphoinositide 3-kinase (PI3K) pathway is an important signaling mechanism for cell proliferation and metabolism. Mutations 
that activate PIK3CA may make cells p110α dependent, but when phosphatase tensin homolog (PTEN) is lost, the p110β isoform of PI3Ks 
becomes more important. However, the exact mechanism underlying the prevalence of p110s remains unclear. In this study, our aim was to 
elucidate the processes behind PI3K isoform dependency in a cellular model of embryonic development.

Material and Methods: In order to understand PI3K isoform prevalence, mouse embryonic fibroblasts (MEFs) were used and p110β, PTEN 
and Rac1 activity was modulated using retroviral plasmids. Expression levels and cellular growth were assessed by performing immunoblots and 
crystal violet assays.

Results: The levels of PTEN had only a partial effect on the prevalence of PI3K isoforms in MEFs. The dependency on p110α diminished when 
PTEN was depleted. Of note, when PTEN expression was repressed, there was no full transition in dependency from one PI3K isoform to the 
other. Interestingly, the viability of PTEN-depleted MEFs became less dependent on p110α and more dependent on p110β when p110β was 
overexpressed. Nevertheless, the overexpression of p110β in conjunction with PTEN knock-downs did not result in a complete shift of isoforms 
in PI3Ks. Finally, we investigated Rac1 activation with a mutant allele and determined a more potent increase in p110β prominence in MEFs.

Conclusion: These findings suggest that multiple cellular parameters, including PTEN status, PI3K isoform levels, and Rac1 activity, combine to 
influence PI3K isoform prevalence, rather than a single determinant. (J Turk Ger Gynecol Assoc. 2024; 25: 159-66)
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Introduction

The phosphoinositide 3-kinase (PI3K) pathway is a fundamental 
signaling cascade that regulates many physiological activities, 
such as cellular metabolism, growth, proliferation and survival. 
Dysregulation of PI3K signaling is implied in various diseases, 
ranging from cancer to metabolic disorders, making it a prime 
target for therapeutic intervention (1). However, the complexity 
of PI3K signaling arises from the existence of multiple 
isoforms with distinct functions and regulatory mechanisms. 
Understanding isoform selectivity within the PI3K pathway is 
paramount for unraveling its physiological roles and developing 
targeted therapies.

Class I PI3Ks are further categorized into class IA and class IB 
based on their regulatory subunits and activation mechanisms. 
Class IA PI3Ks are comprised of a catalytic subunit (p110α, 
p110β, and p110δ- encoded by PIK3CA, PIK3CB and PIK3CD 
respectively) and a regulatory subunit (p85α, p85β, p55γ, 
p55α, or p50α), whereas class IB PI3K consists of p110γ and 
regulatory subunits (p101 or p84) (2). Each isoform exhibits 
tissue-specific expression patterns and functional specificity, 
contributing to the complexity of PI3K signaling. PI3Ks 
possess lipid kinase activity and catalyze the phosphorylation 
of phosphatidylinositol lipids at the 3’-hydroxyl group (3). 
Phosphorylated phosphatidylinositols function as secondary 
messengers in cells, triggering the activation of the serine 
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threonine kinase Akt, as well as other downstream proteins. 
Phosphatase tensin homolog (PTEN) is the primary inhibitor 
of PI3K (4).

The differential roles of class IA and class IB PI3K isoforms 
have been elucidated through a combination of genetic 
knockout studies, biochemical assays, and structural analyses. 
For instance, p110α is predominantly associated with growth 
factor signaling and oncogenic transformation, whereas 
p110β plays a crucial role in insulin signaling, cardiovascular 
function, and inflammatory responses (5). Similarly, p110δ and 
p110γ are primarily involved in immune cell function, making 
them attractive targets for immunomodulatory therapies (2). 
Moreover, genetic alterations in tumorigenesis can dictate the 
isoform prevalence in cancer. Cells bearing PIK3CA mutations 
can become dependent on p110α activity, whereas loss of 
PTEN function usually promote a p110β dependent state (6).

Isoform-specific inhibitors have emerged as promising candidates 
for precision medicine, enabling targeted therapies with reduced 
off-target effects (1). However, attaining isoform selectivity is 
difficult due to the structural similarity of PI3K isoforms and the 
interdependence of signaling networks. Computational modeling 
and structure-based drug design have aided in the creation of 
selective inhibitors of certain PI3K isoforms (7).

Moreover, the regulation of PI3K signaling is intricately linked 
to crosstalk with other signaling pathways, such as Ras-
MAPK, mTOR and Rac1 pathways (8). Crosstalk between PI3K 
isoforms and these pathways adds another layer of complexity 
to the regulation of cellular responses. The interplay between 
PI3K and Rac1, for example, orchestrates intricate cellular 
processes, ranging from cytoskeletal dynamics to cell migration 
and proliferation. Rac1, a small G protein, serves as an isoform-
selective effector of PI3K, regulating p110β dependent cellular 
signaling (9).

The crosstalk between PI3K and Rac1 is bidirectional and 
elaborate (10). PI3K activation induces the recruitment and 
activation of Rac1 via its downstream effectors, such as guanine 
nucleotide exchange factors, leading to actin polymerization 
and cytoskeletal rearrangements essential for cell migration 
and invasion. Conversely, Rac1 activation particularly enhances 
p110β activity through feedback loops, amplifying downstream 
signaling pathways involved in cellular growth and survival 
(11,12). Moreover, recent studies have unveiled intricate 
regulatory mechanisms governing the PI3K-Rac1 interplay. For 
instance, scaffolding proteins like G protein-coupled receptor 
kinase-interacting proteins and PAK-interacting exchange 
factor (PIX) facilitate the spatial and temporal coordination 
between PI3K and Rac1, ensuring precise cellular responses to 
extracellular stimuli (13).

Carcinogenesis is linked to dysregulation of the interaction 
between PI3K isoforms and their effectors, wherein abnormal 

signaling may facilitate tumor cell invasion, metastasis, and 
resistance to treatment. Conversely, targeting this axis presents 
a promising therapeutic strategy for cancer treatment, as 
evidenced by the development of small molecule inhibitors 
targeting PI3K and Rac1 signaling pathways. Consequently, 
study of the determinants of PI3K isoform selectivity can inform 
us about how cellular conditions can dictate cell growth and 
proliferation.

Unraveling the complexities of this interplay holds significant 
promise for PI3K-dependent development of embryonic tissues 
as well as the development of novel therapeutic interventions 
targeting cancer and other diseases driven by dysregulated 
signaling pathways.

In this study, we investigated the molecular mechanisms 
underlying isoform selectivity in PI3K signaling, with a 
particular focus on the status of PTEN tumor suppressor, class 
IA PI3K isoforms and the small G protein, Rac1. We attempted 
to establish molecular genetic cellular models with distinct 
PIK3CA or PIK3CB dependences for cell proliferation and tried 
to switch this dependence by modulating PTEN function. Our 
results suggest that a single step modification of PTEN cannot 
account for a complete isoform switch. Our findings further 
implicate that activation of secondary factors e.g. Rac1 small 
G-protein activation can dictate the requirement of individual 
PI3K isoforms for the growth embryonic cells. Our findings, 
consequently, offer a more comprehensive understanding of 
the role that isoform selectivity plays in PI3K signaling and the 
implications of this phenomenon for translational medicine.

Material and Methods

Compounds and reagents

Crystal violet powder was supplemented from Sigma Aldrich. 
BYL719, KIN193, GDC001 and MK2206 were all purchased from 
SelleckChem.

Cell culture

The p110α flox/flox; p110β flox/flox mouse embryonic 
fibroblasts (MEFs) and HEK293 cells were cultured under 
standard growth conditions. This included high-glucose DMEM, 
L-glutamine, and 110 mg/L sodium pyruvate, along with 8% 
FBS (Biowest) and pen-strep solution (100 IU/mL and 100 
mg/mL, Gibco). The cells were incubated in a humidified 
incubator at 37 °C. The cells used in the study were tested for 
mycoplasma and no contamination was detected. MEFs have 
been established from homozygotes of p110βflox/flox and 
p110αflox/flox mice that were embryonic day 13.5. Using the 
conventional 3T3 method, primary MEFs were immortalized, 
and polyclonal knock-outs were produced in accordance with 
previous publications (9). Adenovirus transductions encoding 
cre-recombinase (AdCre; Iowa Viral Vector Core, Iowa City, 
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Iowa, USA) was applied to floxed MEFs in order to produce 
knock-out cells, whereas AdLacZ was used as a control.

Plasmids and retroviral transductions

The pMX GFP Rac G12V plasmid was generously provided 
by Joan Brugge [Addgene plasmid # 14567, (14)]. Rac1(N17) 
was cloned from YFP-Rac1(N17) [a gift from Joel Swanson- 
Addgene plasmid # 11395, (15)] vector in pMX vector with 
BglII and HindIII compatible ligation. Two different shRNA 
constructs were used to deplete PTEN expression in MEFs 
(shPTEN#1: CCGGGCTAGAACTTATCAAACCCTTCTCGA 
GAAGGGTTTGATAAGTTCTAGCTTTT, shPTEN#2: 
CCGGCGACTTAGACTTGACCTAT ATCTCGAGATATAGGTCAAG
TCTAAGTCGTTTTTG) using pLKO.1-puro plasmid (16). Stable 
MEF lines were produced via retro/lentiviral transductions. 
HEK293 cells were transfected with gag-pol/delta 8.3, vsv-g, and 
retro/lentiviral plasmids using lipofectamine 3000 (invitrogen) 
to produce retro/lentiviral particles. Retro/lentiviral particle-
containing supernatants were collected at 48 and 72 hours 
post-transfection, combined, subjected to sterile filtration, and 
used for infections within 2-3 days.

Antibodies and western blotting

The antibodies were purchased from Cell Signaling Technology: 
anti-HA, anti-p110α, anti-p110β, anti-PTEN, anti-pAkt (Ser473), 
anti-pAkt (Thr308), anti-pS6 (Ser235/Ser236) and anti-pS6 
(Ser240/Ser244). Santa Cruz was the source of the anti-Rac1 
antibodies. The source of anti-β-actin antibodies was Sigma. 
We bought HRP linked secondary antibodies from Advansta. 
A standard western blotting approach was applied (17). The 
procedure involved scraping the cells into ice-cold PBS and 
lysing them in RIPA buffer (EcoTech) supplemented with 1 mM 
sodium orthovanadate (CST), 1 mM dithiothrietol (Bio-Rad), 
and protease/phosphatase inhibitor tablets (Roche) at 4 °C. After 
being electrophoresed with 10-12% SDS-PAGE, 15-20 µg of total 
protein were blotted onto nitrocellulose membranes (CVS). 
The membrane stripes were blocked for a duration of thirty 
minutes using 5% milk without fat in TBS. Subsequently, they 
were exposed to primary antibodies in a solution containing 
TBS, 5% milk, and 0.1% Tween-20 overnight at a temperature of 
4 °C. Afterwards, the membranes were exposed to secondary 
antibodies, which were diluted in a buffer of 5% milk-TBS, 
for a duration of two hours at ambient temperature. Using 
an Amersham Imager 600, the Pierce ECL Western Blotting 
Substrate (ThermoFischer Scientific, US) electronic images of 
the blots were generated.

Cellular proliferation assays

The crystal violet experiments were conducted by inoculating 
2×104 MEF cells in 6-well plates (SPL). The cells were washed 

with PBS and then treated with a solution of 10% acetic 
acid (Sigma) and 10% ethyl alcohol for 4 hours at ambient 
temperature. The staining procedure involved the use of 0.2% 
crystal violet (Sigma) and 10% ethyl alcohol for 30 minutes. 
Afterward, the wells were rinsed with distilled water and left to 
dry in the air. The crystal violet stain, which was associated with 
cells, was extracted using 2 mL per well of a 10% acetic acid 
solution. This extraction process was carried out for 20 minutes 
on a shaker. Spectrometric analyses were then performed at 
an optical density of 595 nm. The values were standardized to 
the baseline measurement (day 0) in each experiment. The 
figures shown represent the mean value obtained from three 
independent experiments.

Statistical analysis

The differential comparison between two groups was 
conducted using a two-tailed Student’s t-test. T-tests were 
conducted with GraphPad Prism. Data are deemed statistically 
significant when the p-values are less than 0.05. The data 
is reported as the mean value plus/minus the standard 
deviation, based on three independent experiments, unless 
otherwise specified. The quantification of the band intensities 
(densitometry analysis) of western blot data was evaluated by 
ImageJ, according to the normalization of the band intensities 
of each protein to the band intensities of the loading controls.

Results

PI3K isoforms have diverse functions across different cell 
lines, and their reliance varies among cell types. We used 
MEFs in our studies as MEFs represent embyronic cellular 
models with a stable karyotype (18). The proliferation of cells 
in MEFs mostly relies on the p110α isoform in comparison to 
other isoforms of PI3K. When the drugs BYL719 (an inhibitor 
of p110α) and KIN193 (an inhibitor of p110β) were given, it 
was shown that MEFs were more responsive to the inhibition 
of p110α, which is consistent with earlier studies (Figure 1A). 
Cross cancer genomic investigations have shown that 30% 
of tumor samples harbor PTEN loss (19). Remarkably PTEN-
loss induced carcinogenesis allows cancer cells to rely more 
heavily on the p110β rather than the p110α isoform (20). The 
current understanding of the molecular processes behind this 
occurrence remains incompletely understood. Hence, we 
aimed to examine the influence of PTEN deficiency on isoform 
reliance in MEFs. PTEN expression was eliminated using two 
distinct shRNA plasmids. PTEN knock-down efficiency was 
shown by the use of anti-PTEN immunoblots. Our findings 
indicate that the shPTEN #2 construct exhibits a greater 
effectiveness in reducing PTEN levels compared to shPTEN #1 
(Figure 1B). Simultaneously, PTEN shRNA treatment resulted 
in an augmentation in Akt phosphorylation, as PTEN activity 
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inhibited the PI3K pathway. We investigated whether MEFs still 
rely on the p110α isoform in the setting of diminished PTEN 
expression. In order to find out if the loss of PTEN caused a 
change in isoform dependence, we subjected MEFs expressing 
shPTEN to treatment with small molecule inhibitors that 
specifically target distinct PI3K isoforms. The shPTEN-#2-
MEF cells, which exhibited a superior suppression of PTEN, 
demonstrated increased resistance to elevated doses of p110α 
inhibitor in comparison to wild type (wt) and shPTEN-#1 MEF 
cells (Figure 1C). These data suggest that the degree to which 
MEF cells rely on p110α is influenced to some extent by the 
levels of PTEN. Nevertheless, the sensitivity to p110β inhibition 
remained unchanged, despite the downregulation of PTEN in 
these cell lines.

Furthermore, this finding was confirmed by biochemical 
analysis in a brief inhibitor treatment experiment, where we 
examined the levels of pAkt and pS6. The administration of 
BYL719 for 2 hours resulted in a near-complete elimination of 
pAkt or pS6 in both the control and PTEN repressed MEF lines. 
In contrast, KIN193 exhibited significantly less effectiveness in 
reducing Akt and S6 phosphorylations in both the control and 
PTEN repressed MEFs (Figure 1D). Cells however, retained 
their high sensitivity to pan-PI3K inhibition by GDC.

Human malignancies often have PI3Ks mutated or amplified. 
Patients may have PIK3CA activating mutations, however 
this does not apply to the remaining PI3K isoforms (21). The 
proliferative capacity of p110β, δ, and γ isoforms is enhanced 
when they are excessively expressed as unaltered proteins. To 

Figure 1. Molecular characterization of PI3K isoform prevalence in MEFs. (A) MEFs were treated with varying doses of p110αα 
and p110ββ specific inhibitors. Crystal violet assays were performed to determine the cellular proliferative capacity. (B) 
PTEN was knocked-down in MEFs using shRNA constructs. Knock-down efficiency was determined in an immunoblot using 
anti-PTEN antibodies. pAkt and pS6 antibodies were used to assess the level of PI3K activation whereas anti-actin were used 
as loading control. (C) PTEN knocked-down MEFs were treated with varying doses of p110αα and p110ββ specific inhibitors. 
Crystal violet assays were performed to determine the cellular proliferative capacity. (D) Control or PTEN knocked down 
MEFs were treated either with DMSO or isoform specific PI3K inhibitors, BYL-719 (BYL) and KIN-193 (KIN), specific for 
p110αα and p110ββ or GDC, a pan-PI3K inhibitor respectively. The efficacy of PI3K signaling in these cells was assessed using 
immunoblots for p-Akt (T308 and S473) and p-S6 (S235/236). Actin served as the control for loading. *p<0.05, ***p<0.005, 
(the error bars in the graphs represent the standard deviation, and the experiments were conducted independently three 
times)
MEFs: Mouse embryonic fibroblasts, PTEN: Phosphatase tensin homolog
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investigate whether increasing the levels of p110β-wt in MEFs 
leads to a change in the PI3K preponderance in favor of the 
p110β isoform, ectopic p110β-wt expression was performed 
(Figure 2A). Proliferation experiments were conducted using 
1-2 µM of BYL719 and KIN193. No alterations in susceptibility 
or resistance to BYL719 and KIN193 treatment were seen when 
p110β was highly expressed in MEFs (Figure 2B, C). MEFs still 
exhibited a greater reliance on p110α and a lesser reliance 
on p110β, irrespective of increased p110β expression. The 
positive controls utilized in this experiment were GDC0941 at 
a concentration of 1 µM and MK2206 at a concentration of 2 
µM. GDC0941 is an inhibitor that targets all isoforms of PI3K, 
whereas MK2206 is an inhibitor that specifically targets all 
isoforms of Akt (Figure 2C). Due to the more thorough inhibition 
of the PI3K pathway under these settings, we found a reduced 
rate of cell growth in those cell lines.

Next, our objective was to investigate whether MEFs still rely 
on PI3K activity in general upon reduced PTEN expression. We 
utilized genetically modified α,β+/+ MEF cells that had LoxP 
sites in the first exons of PIK3CA and PIK3CB. AdCre were used 
to excise out the floxed sequences concurrently, resulting in 
the generation of double knock-outs for the p110α and p110β 
proteins (17). Using the crystal violet test, we demonstrated that 

cells treated with AdCre exhibited significantly lower viability 
compared to untreated control cells (Figure 2D). The results 
indicated that PTEN knock-down did not reverse the growth 
abnormalities caused by the knockdown of ubiquitously 
expressed class IA PI3K isoforms. Cells continue to need class 
IA PI3Ks for proliferation even in the absence of PTEN.

To establish if PI3K isoform predominance was governed by 
multiple genetic components, we overexpressed p110β under 
the conditions of PTEN repression. We transfected p110β-wt 
in shPTEN-MEFs and tested proliferation in the presence of 
isoform-specific inhibitors. Combining PTEN knock-down with 
p110β overexpression reduces p110α reliance even further. 
Despite this, these cells did not exhibit a greater degree of 
dependence on p110β at intermediate doses of the inhibitor 
(Figure 2E).

When greater amounts of BYL719 (2 µM) and KIN193 (5 µM)
were administered, the overexpression of p110β resulted in a 
partial resistance to the treatment of p110α inhibitor (BYL). In 
addition, the overexpression of p110β-wt significantly enhanced 
the susceptibility of MEFs to the p110β inhibition (KIN) (Figure 
2F). Furthermore, we noticed a tendency towards resistance 
in the GDC0941 treatment group, though it lacked statistical 
significance. Based on literature, GDC0941 demonstrates only 

Figure 2. PTEN loss in combination with an increase in PIK3CB expression promote an elevated dependence on p110ββ. (A) 
Overexpression of p110ββ is achieved through retroviral expression of PIK3CB in MEFs. (B) Isoform specific PI3K inhbitors 
were applied to wt or p110ββ overexpressing MEFs, crystal violet assays were performed. (C) An increased amount of 
isoform specific PI3K inhbitors as well as pan-PI3K (GDC) and pan-AKT (MK2206) inhibitors were applied to wt or p110β β 
overexpressing MEFs, crystal violet assays were performed. (D) The shPTEN1 and 2 MEFs were subjected to two rounds of 
AdCre treatments, and their proliferation rates were assessed using the crystal violet test. As a negative control for PI3K 
knockdown, LacZ expressing adenoviruses were used. The spectrometric quantification of crystal violet staining data was 
performed for MEFs treated with adenovirus. (E) The cellular viability of p110ββ overexpressing shPTEN-MEFs treated with 
BYL719 and KIN193 was measured. (F) Crystal violet assays for shPTEN MEFs treated with higher concentrations of BYL719 
and KIN193 were quantified. **p<0.01, ***p<0.005, ****p<0.0001, ns: Not significant, p>0.05) (the error bars in the graphs 
represent the standard deviation, and the experiments were conducted independently three times)
MEFs: Mouse embryonic fibroblasts, PTEN: Phosphatase tensin homolog
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moderate effectiveness against the p110β and γ isoforms in 
comparison to the p110α and δ isoforms (22). As GDC0941 
is less effective at stopping p110β in p110β overexpressing 
MEFs, the cells in turn might have changed their dependence 
on p110β, enabling them to proliferate in the face of p110α 
blockade.

These findings indicate that increasing the expression of p110β 
only, is not enough to make MEFs more reliant on p110β. 
Similarly, the inhibition of PTEN alone did not demonstrate 
sufficient effectiveness in making cells more reliant on p110β. 
However, when p110β is overexpressed and PTEN is abolished, 
cells become less dependent to p110α and more vulnerable to 
p110β inhibition. Nevertheless, even when these modifications 
are combined, they do not appear to cause a full transition from 
reliance on p110α to p110β. Many parallel signaling pathways 
might cooperate with PI3K for sustaining cell proliferation. Rac1 
is a small G protein that has the ability to control a wide range 
of processes, such as the activation of transcription factors, cell 
growth, cell transformation, programmed cell death, and the 
organism’s innate immunity (10). 

In order to understand the interaction of PI3K with Rac1, 
we decided to utilize a constitutively active version of Rac1 
(Rac1 V12) as well an inactive mutant (Rac1 N17). These 
mutations either inhibit or promote GTPase activity of the 
enzyme regulating its function. We established stable MEF 
lines which express these Rac1 mutants and have not detected 
noticeable changes in the expression level of either p110α or 
p110β isoforms, or in phosphorylation of core PI3K pathway 
components, Akt and S6 (Figure 3A). As Rac1 is implicated 
in p110β dependent regulation of cell growth, we wished to 
understand the PI3K isoform dependency in the presence of 
these mutant Rac1 versions. Although, KIN treatments lead to 
similar growth profiles for control (13% inhibition) or Rac1 N17 
(9.5% inhibition) expressing MEFs in comparison to DMSO, we 
saw an increased dependency on p110β upon expression of 
an activated Rac1 allele (53% growth inhibition) (Figure 3B). 
Interestingly, p110α prominence in these MEFs did not change 
upon expression of either Rac1 version. These results suggest 
that MEFs expressing an activated Rac1 allele become more 
reliant upon p110β for their growth in comparison to wild type 
MEFs.

Discussion

The PI3K signaling pathway triggers a sequence of highly 
controlled biochemical reactions at the plasma membrane 
that are necessary for the initiation and progression of the cell 
cycle. There are several variants of PI3Ks in eukaryotic cells. 
The specific roles of these diverse PI3K isoforms in cell cycle 
progression, as well as their activation patterns at different 
phases of the cell cycle, are not fully understood. Furthermore, 

changes in the PI3K pathway are identified in a diverse array of 
cancer types. PTEN is a frequently mutated gene that is usually 
shown to be deleted in multiple kinds of cancers, such as breast, 
prostate, and ovarian cancer. When PTEN is not present, p110β 
becomes the predominant isoform among class IA PI3Ks. 
Nevertheless, the precise mechanism behind the change in 
isoform dependency in a PTEN-null setting remains unclear. 
Pan-PI3K inhibitors were employed to treat cancers that are 
promoted by deregulated PI3K, however, these inhibitors 
exhibit significant adverse effects (23). Instead, inhibitors 
specifically targeting the p110β isoform, such as AZD8186 and 
KIN193, were explored for the treatment of PTEN-null cancer 
types. Treatments with standalone p110β inhibition led to 
temporary suppression of the PI3K pathway, followed by the 
development of resistance to inhibition in the cells. Research 
has indicated that tumor cells may develop a dependence on 
other types of PI3K when treated with inhibitors. Along these 
lines, it was shown that when PTEN-null cells were treated 

Figure 3. Activated Rac1 expression tilts the balance towards 
increased p110ββ prominence. (A) MEFs expressing mutant 
Rac1 versions were analyzed for expression of the depicted 
proteins and phosphor-proteins in immunoblots. Actin 
served as the control for loading. (B) Either empty vector 
control or mutant Rac1 expressing MEFs were treated with 
moderate doses of p110αα and p110ββ specific inhibitors 
(BYL, KIN). Crystal violet assays were performed to 
determine the cellular proliferative capacity. **p<0.01, (the 
error bars in the graphs represent the standard deviation, 
and the experiments were conducted independently three 
times)
MEFs: Mouse embryonic fibroblasts
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with p110β monotherapy, the p110α isoform was activated 
by IGFR or other RTKs (24). Discovering the molecular 
connection between PTEN loss and p110β dependency 
might improve existing treatment options and result in more 
efficient suppression of potential feedback pathways. The 
present study used immortalized MEFs, primarily due to their 
untransformed characteristics, low mutational burden and the 
presence of wild type PTEN expression. Our research aimed 
to determine whether cells require p110α and p110β for their 
cellular proliferation, regardless of the presence or lack of wild 
type PTEN. Firstly, our findings indicated that even when PTEN 
was efficiently suppressed, MEFs still required the activity of 
the ubiquitous class IA isoforms for cell growth. Under shPTEN 
treatment settings, we examined the dependence on the 
PIK3CA and PIK3CB genes. While PTEN suppression did not 
result in a shift in single isoform dependency in MEFs, there 
was a reduction in the effectiveness of p110α.

We overexpressed p110β in MEFs to see if it causes a more 
potent p110β dependency. However, we observed no shift in 
isoform reliance from p110α to p110β. Next, we coupled p110β 
overexpression and PTEN suppression. The combination 
resulted in a partial tolerance to p110α inhibitors and increased 
susceptibility to p110β inhibitors. GDC0941, a pan-PI3K 
inhibitor, became less effective against p110β overexpressed 
MEFs in the absence of PTEN. MEFs with insufficient PTEN 
relied more on the p110β isoform due to GDC0941’s low 
selectivity for it. Overexpressing p110β alone did not increase 
cellular dependence on p110β. Different isoforms of PI3Ks 
engage with distinct small GTPases to regulate their activity. 
For example, the Ras protein binds specifically with the p110α 
isoform, while Rac1 preferentially activates the p110β isoform 
(11). In order to understand whether Rac1 collaborated 
with p110β and improved its potency in MEF growth, we 
exogenously expressed an activated Rac1 allele (V12) in MEFs 
and monitored their proliferative potential in response to 
isoform specific PI3K inhibition. Our data indicated that MEFs 
expressing an activated Rac1 allele became significantly more 
dependent on p110β. These findings corroborate prior reports 
describing a signaling node composed of GPCRs, trimeric 
G-proteins, Rac1 and p110β possibly establishing a feedback 
loop, enhancing the potency of the p110β generated signal 
(9,11,12).

Study limitations

We did not create a triple compound molecular genetic model 
that included all the genetic modifications. To achieve a more 
complete isoform transition, an activated Rac1 expression may 
need to be added to the existing combination in the MEFs in 
future studies.

Conclusion

We observed that alterations in PTEN and p110β expression in 
untransformed MEFs had a limited impact on the prevalence of 
PI3K isoforms. The inhibition of PTEN led to an overall activation 
of the PI3K pathway, but caused a decreased dependence on 
p110α. Our data suggest that no single genomic alteration would 
likely determine PI3K isoform dependency. A combination of 
several genetics elements, such as PTEN status, p110 expression 
levels and Rac1 activation status, have a profound effect on the 
relative effectiveness of the individual PI3K isoforms. These 
factors together shape the context-dependent reliance on p110α 
and p110β, making it particularly critical in certain pathological 
conditions, such as cancers with PTEN loss, where it supports 
key signaling pathways driving tumor growth and survival.
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