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Breast cancer is the most frequently diagnosed cancer and the primary cause of cancer death in women
worldwide. Although early diagnosis and cancer growth inhibition has significantly improved breast cancer survival
rate over the years, there is a current need to develop more effective systemic treatments to prevent metastasis.
One of the most commonly altered pathways driving breast cancer cell growth, survival, and motility is the
PISK/AKT/mTOR signaling cascade.

Phosphoinositide 3-kinase (PI3K) is a group of lipid kinases that phosphorylate the 3'-OH group of

phosphatidylinositol (PI) at plasma and intracellular membranes.

PI3K inhibitor AKT mTOR breast cancer

| 1. Introduction

Phosphoinositide 3-kinase (PI3K) is a group of lipid kinases that phosphorylate the 3-OH group of
phosphatidylinositol (PI) at plasma and intracellular membranes. They are split into three different classes
according to their structure, binding partners, and substrate specificity 28] Among them, the most well-studied
PI3K is class | PI3K, which generate PI(3,4,5)P3 (PIP3) starting from PI(4,5)P2 (PIP2). PIP3 is mainly produced at
the plasma membrane in response to different stimuli and allows for the recruitment of a myriad of phospholipid
effectors, including serine/threonine kinase AKT and 3-phosphoinositide-dependent protein kinase-1 (PDK-1),
which are the central mediators of the PI3K pathway. PIP3 also facilitates PDK1 and AKT interaction, resulting in
phosphorylation of AKT at thrPhosphorylated AKT promotes protein synthesis, cell growth, and cell survival and
motility by activating many downstream kinases, including the mammalian target of the rapamycin (MTOR)
complex [, On the other hand, the tumor suppressor phosphatase and tensin homolog (PTEN) dephosphorylates

PIP3, counteracting PI3K signaling 4! (Figure 1).
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Figure 1. Signaling by the phosphatidylinositol-3-kinase (PI3K)/AKT/mammalian target of the rapamycin (MTOR)

pathway and the respective inhibitors.

Class | PI3K includes four highly homologous catalytic subunits, p110a, p110p3, p110y, and p110d, which can
associate with five regulatory subunits, collectively referred to as p85-type regulatory subunits (Figure 1) €,
Whereas p110a and p110p isoforms are ubiquitously expressed, p110& and p110y expression is largely restricted
to hematopoietic cells [ Dysregulation of phosphoinositide kinases, primarily in class IA PI3K, have been
discovered in a number of human diseases, with mutations leading to either increased or decreased enzymatic
activity being critically involved in cancer &, developmental disorders 2%, and primary immune deficiencies [2112]

(131, For an extensive description of the PI3K pathway, the reader can refer to the following reviews [LI14115],

Several studies suggest that the PI3K/AKT/mTOR pathway is often genetically altered in human cancers 13J16],
Although many small molecule inhibitors targeting the PI3K/AKT/mTOR signaling pathway were pre-clinically
studied, only some of the PI3K and mTOR inhibitors are currently approved for the treatment of human cancers in
the clinic. Here we summarize the most recent advances in the inhibition of the PISK/AKT/mTOR signaling pathway

in breast cancer.

| 2. PI3K Isoform-Specific Inhibitors

Considering the limitations encountered with pan-PI3K inhibitors, the selective inhibition of specific PI3K isoforms
permits the administration of therapeutic doses of drugs, avoiding severe off-target toxicity. On the other hand, a
selective approach demands a precise strategy to select patients who may benefit from that treatment 17, In

breast cancer, activating mutations in the PIK3CA gene are the most frequent alteration of the PI3K pathway,
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leading to hyperactivation of p110a. Therefore, great efforts have been directed to developing PIK3CA-selective

inhibitors to specifically target this PI3K isoform.
o Alpelisib

Alpelisib (BYL719) is the first oral PI3K inhibitor selectively targeting the p110a isoform (Table S1). Its efficacy was
first assessed in preclinical models showing potent inhibition over the two most common PIK3CA mutations
(H1047R and E545K) at nanomolar concentration (4.6 nM/L) 18 Notably, treatment with alpelisib not only
interfered with PIK3CA-mediated downstream signaling, but also induced a dose-dependent decrease in p110a
protein levels in ER+/PIK3CA-mutated breast cancer cell lines 29 suggesting a dual mode of action. The
combination of alpelisib with fulvestrant also demonstrated synergism between the two drugs in xenograft models
(201 A tolerable safety profile and encouraging activity in patients with PIK3CA-altered solid tumors was reported for
alpelisib in a first-in-human phase | study 21, The subsequent phase Il clinical trial was conducted to assess the
maximum tolerable dose, safety, and efficacy of alpelisib in combination with fulvestrant in HR+/HER2— metastatic
breast cancer 22, Partial or complete response was observed among 29% of pretreated metastatic breast cancer
patients with PIK3CA alterations, whereas no tumor response was reported in the PIK3CA wild-type group [22. A
favorable safety profile in these patients included mainly on-target effects such as hyperglycemia, nausea, and
diarrhea [22],

Next, a phase Ill SOLAR-1 clinical trial evaluated the efficacy and safety of alpelisib in combination with hormonal
therapy (fulvestrant) in HR+/HER2— metastatic breast cancer patients who recurred or progressed after endocrine
therapy 23], Patients were selected and stratified based on the PIK3CA mutational status to also include a cohort of
PIK3CA wild type as proof of activity in this subgroup. PIK3CA status was determined by tumor tissue RT-PCR and
led to the inclusion of 341 patients in the PIK3CA-mutant cohort and 231 in the wild-type group. The primary and
secondary endpoints for this study were to evaluate the PFS and the overall survival in patients with PIK3CA
genetic alterations together with the safety and efficacy in the PIK3CA wild-type group. The median PFS of patients
with PIK3CA genetic alterations was 11.0 months in the alpelisib/fulvestrant arm versus 5.7 months in the
placebo/fulvestrant arm (HR 0.65 95% CI 0.50-0.85; p < 0.001). The overall response was also higher with
alpelisib/fulvestrant compared to placebo/fulvestrant (26.6% and 12.8%, respectively). Conversely, in the PIK3CA
wild-type group, alpelisib administration was not significantly associated with improved PFS (7.4 versus 5.6
months, respectively; HR 0.85; 95% CI, 0.58-1.25). Toxicity due to alpelisib administration was associated with
specific p110a inhibition and included hyperglycemia (63.7% versus 9.8% for the alpelisib and placebo arms,
respectively), diarrhea (57.7% versus 15.7%, respectively), and rash (35.6% versus 5.9%, respectively).
Permanent discontinuation due to AEs occurred in 25% of patients in the alpelisib group versus 4.2% in the
placebo arm. The positive results from the SOLAR-1 trial prompted the Food and Drug Administration (FDA) to
approve the combination of alpelisib with fulvestrant for the treatment of men and postmenopausal women with
HR+/HER2—, PIK3CA-mutated, advanced, or metastatic breast cancer, as detected by an FDA-approved test
following progression on or after an endocrine-based regimen. One year after the approval of alpelsib, the data of
overall survival were released. Although overall survival with a median follow-up of 30.8 months did not meet

statistical significance, the absolute difference of 8 months observed between the alpelisib versus the placebo
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treatment was clinically relevant and valuable, with PFS benefit not only maintained but also increased in terms of

overall survival outcome (241,

The SOLAR-1 clinical trial started to recruit the first patients during the second half of 2015, a few months after the
FDA granted accelerated approval for the CDK4/6 inhibitor palbociclib in combination with endocrine treatment for
postmenopausal HR+/HER2- metastatic breast cancer 23281 For this reason, only 5% of patients with mutations in
PIK3CA included in SOLAR-1 had received a CDK4/6 inhibitor before being enrolled in the clinical trial. To better
evaluate the efficacy of alpelisib in patients treated with a CDK4/6 inhibitor, the phase Il BYLieve trial was designed
(271 |n this trial, patients were enrolled based on their previous treatment with an aromatase inhibitor in combination
with CDK4/6 and received fulvestrant plus alpelisib. Almost 50% of patients showed no disease progression at 6
months. Median PFS also resulted in 7.3 months 24, in line with previous results from the SOLAR-1 subgroup
analysis in which 44% of patients (9 out of 20) receiving fulvestrant plus alpelisib were alive without disease
progression at 6 months and a median PFS of 5.5 months [23l. These findings support the use of alpelisib in
combination with fulvestrant after CDK4/6 inhibitors (2311271,

o Taselisib

Taselisib (GDC-0032, Genentech, San Francisco, CA) is an oral PI3K inhibitor equally inhibiting p110q, 8, and y
isoforms of class | PI3K but with 30-fold less potency against p110p [28 (Table S1). Given its greater selectivity
against PI3K isoforms, taselisib was expected to have improved efficacy on PIK3CA-mutant tumors and less toxic
effects compared to pan-PI3K inhibitors. In particular, treatment with taselisib resulted in marked tumor
suppression in preclinical studies performed on PIK3CA-mutant xenografts 22, An initial phase | clinical trial
demonstrated clinical activity of taselisib in patients with advanced solid tumors, particularly in breast cancers with
PIK3CA genetic alterations, with an overall response of 36% compared to no response in patients with wild-type
PIK3CA 29, Based on encouraging phase | results, a phase I clinical trial called SANDPIPER was performed on
postmenopausal ER+/PIK3CA-mutated metastatic breast cancer patients previously treated with Al. Fulvestrant
was administered in combination with either taselisib or placebo and the primary endpoint was the assessment of
PFS in patients with PIK3CA-mutated tumors (>80% of participants) B, Median PFS was significantly longer,
although modest, in the taselisib arm (7.4 months) versus the placebo arm (5.4 months) (HR 0.7 95% CI 0.56—
0.89; p = 0.004). Patients treated with taselisib also had a significantly higher objective response rate compared to
placebo (28% and 11.9%, respectively). Treatment with taselisib was also associated with higher severe adverse
effects, including diarrhea (grade 3/4 of 12% for taselisib arm versus <1% for placebo) and hyperglycemia ((grade
3/4 11% versus <1%, respectively). Because the clinical benefits observed in the SANDPIPER trial were modest
and the tolerability was questionable, further investigation of taselisib was stopped . One of the reasons
accounting for the lack of efficacy of taselisib is likely related to the less potent and specific inhibition of p110a
compared to alpelisib, as evidenced by the higher rates of hyperglycemia in the SOLAR-1 trial compared to the
SANDPIPER trial [18122],

3. PI3K Pathway Inhibition in HER2+ and Triple-Negative
Breast Cancer Subtypes
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e HER2-Positive Breast Cancer

Preclinical studies demonstrated that HER2 signaling largely relies on p110a rather than on other class-I PI3K
isoforms [28], thus providing a strong rationale for therapeutic intervention and targeting of PIK3CA in HER2+ breast
tumors. Particularly, reduced pathological complete response (pCR) rate was linked to PIK3CA mutational status in
HER+ breast cancer patients who received neoadjuvant chemotherapy and anti-HER2 therapy B4, Some clinical
trials were conducted to determine the potential benefit of inhibiting PI3K in HER2+ breast tumors. A phase | study
called PIKHER2 was designed to assess the effect of combining pan-PI3K inhibitors buparlisib and lapatinib in
trastuzumab-resistant HER2+ metastatic breast cancer independently of PIK3CA mutational status 2. The
observed clinical benefit rate (CBR) was 29%, and complete response was observed in one patient (4%). Another
phase Ib/ll clinical trial tested the combination of buparlisib with trastuzumab in HER2+ breast tumors resistant to
trastuzumab 38, Also in this case, the trial was conducted without considering the PIK3CA mutational status.
Although the authors evidenced some clinical activity with the combination (2% complete response and 8% partial

response), the trial failed to reach the estimated primary endpoint of objective response rate >25%.

The NeoPHOEBE phase Il clinical trial enrolled HER2+ early breast tumors to be treated with either buparlisib or
placebo in combination with paclitaxel and trastuzumab 7. In this setting, the percentage of patients with genetic
alteration in PIK3CA was below 20%. The authors observed a pCR rate of 32% for the buparlisib group compared
to 40% in the placebo group. In line with other trials conducted on buparlisib, its administration was associated with

higher toxicity, leading to 36% of adverse events compared to less than 10% in the placebo arm.

Besides pan-PI3K inhibitors, a phase | trial was conducted with the p110a-specific alpelisib inhibitor in association
with trastuzumab emtansine (TDM-1) in trastuzumab-resistant breast cancer patients B8, The objective response
rate of this study was 43%, with 60% of clinical benefit rate specifically in patients who had previously progressed
on TDM-Moreover, 53% of patients included in the study presented alteration of the PI3K pathway, including
PIK3CA mutations, PTEN loss, or AKT overexpression. Almost half of these patients showed clinical benefit rate,
even in case of previous progression in TDM-1 therapy 8. Adverse effects (grade > 3) occurred in 59% of patients
but they were generally manageable. These findings demonstrated that activation of the downstream PI3K

pathway can be a possible mechanism of tumor resistance to TDM-1 B9,

Other alpha-specific class | PI3K inhibitors are currently being tested in clinical trials to target the PI3K pathway in
breast cancer patients. Among them, GDC-0077 is a new potent, orally available, and p110a-selective inhibitor. It
has already shown robust activity in preclinical models of breast tumors with genetic alterations in PIK3CA “9l[41],
Mechanistically, GDC-0077 leads to downregulation of pl10aq, thus interfering with the activation of PI3K
downstream targets such as the phosphorylation of AKT. Accordingly, treatment of human PIK3CA-mutant breast
cancer cell lines with GDC-0077 resulted in reduced proliferation and increased apoptosis. Similar results were
observed in xenograft models where GDC-0077 was combined with standard-of-care treatments for HR-positive
breast cancer such as anti-estrogen (fulvestrant) or CDK4/6 inhibitor (palbociclib) 2. An ongoing phase | trial
showed that GDC-0077 in association with palbociblib and fulvestrant can be combined at maximum doses.

INAVO120 is a phase lll, randomized, double-blind, pbo-controlled study that will assess the efficacy and safety of
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GDC-0077/pbo plus palbociblib and fulvestrant in patients with PIK3CA-mutant/HR+/HER2— advanced metastatic

breast cancer 42],

Another novel PI3K inhibitor, targeting the mutated form of p110a and p110y, is MEN1611 2l |n both xenografts
and PDX models of breast cancer, MEN1611 showed significant activity either as a monotherapy or in combination
with targeted therapies in breast cancer and other solid tumors. In HER2+ breast cancer cell lines mutated for
PIK3CA, as well as in patient-derived xenograft models, MEN1611 seemed to act synergistically when associated
with trastuzumab, also inducing a dose-dependent p110a protein depletion and a pro-inflammatory phenotype
compatible with p110y inhibition 441,

» Triple-Negative Breast Cancer (TNBC)

In the other types of breast cancer, there is a shortage of clinical trials of alpelisib application. For example, in
triple-negative breast cancer (TNBC), a phase | clinical trial is testing the effect of chemotherapy combining
alpelisib with enzalutamide in AR+ and PTEN+ breast cancer, including a cohort of TNBC (NCT03207529). Another
phase Il study is assessing the efficacy and safety of alpelisib plus nab-paclitaxel in subjects with advanced TNBC
with PIK3CA mutation. The results from these ongoing trials will provide us a better perspective on how alpelisib
affects triple-negative breast cancer patients. Similar results have been reported in a phase Il neoadjuvant-based
clinical trial (NCT02273973).

A phase | clinical trial (NCT01884285) is also studying the PI3BKCB/PI3KCD inhibitor AZD8186 in patients with
TNBC and known PTEN-deficient/-mutated or PIK3CB-mutated/-amplified advanced tumors and in combination
with abiraterone acetate or AZD2014, an mTOR inhibitor 42!, AZD8186 has single-agent efficacy in PTEN-deficient
TNBC cell lines in vitro, but has limited single-agent efficacy in vivo 48], However, AZD8186 showed enhanced
efficacy when combined with paclitaxel and anti-PD1 in vivo 48l Further study is needed to determine the optimal

combination therapies for PTEN-deficient breast cancer.

Immuno-oncology is also gaining increasing interest as a valuable therapeutic strategy in breast cancer 15I47],
TNBC is considered the most immunogenic subtype of breast cancer, with a higher lymphocyte infiltration rate than
HER2+ or HR+ tumors and thus is regarded as a promising target for immunotherapies 8. MARIO-3
(NCT03961698) is a phase 2 clinical study designed to evaluate IPI-549 (eganelisib), Infinity Pharmaceutical’s oral
immuno-oncology product targeting immuno-suppressive tumor-associated myeloid cells through selective
inhibition of PI3BKCG, in combination with Tecentrig (atezolizumab) and Abraxane (nab-paclitaxel) in front-line
TNBC. The novel triplet regimen of IPI-549, atezolizumab, and nab-paclitaxel showed promising antitumor activity
irrespective of biomarker status, with manageable toxicity. The expansion phase of the phase Il study is currently

enrolling, with a target completion date of 2022 [49],

4. Currently Available Inhibitors Acting on AKT and mTOR in
Breast Cancer
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e AKT Inhibitors

AKT consists of three isoforms (AKT1, AKT2, and AKT3). It is the major downstream target of PI3K and one of the
most common molecular alterations in cancer B, Targeting of this altered pathway by pharmacologic modulation
of AKT activity represents a powerful strategy for cancer intervention 1. Among different AKT inhibitors (Table S1),
AZD5363 (capivasertib) has been used as a monotherapy in breast cancer in a phase |, open-lab study for patients
with AKT E17K mutations 22, Capivasertib was well tolerated and achieved plasma levels and robust modulation
of AKT activity in tumors. Proof-of-concept responses were observed in patients with PIK3CA-mutant cancers
treated with AZD5363 221, Another pan-AKT inhibitor, GDC-0068 (ipatasertib) has been used as a monotherapy in
triple-negative breast cancer cases and has already entered phase | and Il studies B3l. Dose-limiting side effects
during treatment together with dose reduction occurred in both trials and were mainly due to the fact that the ATP-

binding pocket of AKT is highly conserved among other kinases, which limits selectivity 241,

Major efforts are now directed towards the identification of AKT-specific and isoform-selective small molecules. For
instance, MK-2206 and miransertib (ARQ092) are bioactive allosteric inhibitors that offer greater specificity,
reduced side effects, and lower toxicity compared to other targeted approaches BYB3l |n a clinical trial (I-SPY
TRIAL, NCT01277757), MK-2206 is currently tested in combination with or without trastuzumab for treatment of
advanced breast cancer with PIK3CA or AKT mutations, and/or PTEN loss/PTEN mutation 28, However, MK-2206
monotherapy had limited clinical activity in advanced breast cancer patients due to tumor heterogeneity and
tolerable dose. Similarly, MK-2206 is unlikely to add further benefit to the efficacy of anastrozole alone in a phase Il
study based on PIK3CA-mutant ER+ breast cancers (NCT01776008). Future study designs should consider

emerging data regarding population subtypes that may benefit most from specific drug combinations.

Another phase 1b study of the miransertib next-generation inhibitor ARQ 751 (vevorisertib, NCT02761694) as a
single agent or in combination with either paclitaxel or fulvestrant in patients with advanced solid tumors with
PIK3CA/AKT/PTEN mutations was recently completed, although results are not yet available. The pan-inhibitor
MK2206 remains the most prominent of the allosteric inhibitors; however, others such as TAS-117 have also shown
promising effects BAUBIB8]

Another innovative approach to targeting AKT in disease involves the irreversible covalent modification of two
noncatalytic cysteines in the activation loop of AKT by covalent—allosteric inhibitors (CAAIs), such as borussertib.
The in vivo efficacy of borussertib was proven in combination studies with MEK-inhibitor trametinib in KRAS-mutant
patient-derived xenograft models, leading to a partial response B339 Further studies are required to better

understand its clinical relevance, particularly in breast cancer.
e MTOR Inhibitors

MTOR is one of the most important downstream effectors of the PISK/AKT pathway. Inhibitors targeting mTOR,
including everolimus (RADO001), MLNO0128, and AZDO014, have been broadly studied and evaluated in

hematological cancer and solid tumors 89 (Table S1). Everolimus and its combination with exemestane has been
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approved by the FDA for the treatment of hormone receptor-positive/HER2-negative (HR+/HER2-) breast cancer
(61621 Thjs synergistic effect was also observed in postmenopausal women with metastatic ER+/HER- breast
tumor. In this study, a combination of everolimus and tamoxifen showed a significant reduction in cancer
progression and increased overall survival rate compared to tamoxifen monotherapy 63l Similarly, a clinical study
including ER+ breast cancer patients showed that treatment with neoadjuvant letrozole and everolimus before

surgery resulted in higher clinical response and reduced tumor proliferation compared to letrozole alone 64!,

Sapanisertib (MLNO128) is an oral, potent, and highly selective ATP-competitive inhibitor of mTOR kinase that
exhibits dual specificity against both mTOR complexes (MTORC1 and mTORC2). In a phase Il study
(NCT02049957), sapanisertib plus exemestane or fulvestrant was well tolerated and exhibited clinical benefit in
postmenopausal women with pretreated everolimus-sensitive or everolimus-resistant breast cancer [63I681 A
randomized study of AZD2014 (vistusertib) in combination with fulvestrant in metastatic or advanced breast cancer
(MANTA, NCTO02216786) was conducted. The combination of fulvestrant and everolimus demonstrated
significantly longer PFS compared to fulvestrant and vistusertib or fulvestrant alone. The trial failed to demonstrate
a benefit of adding the dual mMTORC1 and mTORC?2 inhibitor vistusertib to fulvestrant 87,

MMTOR inhibitors were generally well tolerated in clinical trials. The most frequently observed side effects included
headache, fatigue, and erythema (skin rash). In particular, the use of MTOR inhibitors was associated with a higher
risk of developing hypertriglyceridemia, hypercholesterolemia, and hyperglycemia BUB8IEAT  Fyture studies

should take into account the improvement of clinical benefits together with reduced risk of adverse events.
e Dual PIBKIMTOR Inhibitors

During the early developmental phases of mTOR and PI3K inhibitors, it was noted that the catalytic pocket of these
two enzymes possess structural similarities, making it possible to design ATP-competitive drugs targeting both
kinases simultaneously 72 |n particular, mTOR inhibition commonly results in the repression of a negative
feedback loop, which activates the PI3K and MAPK pathways. In line with this, inhibition of both PI3K and mTOR
was proposed as a good strategy to limit this compensatory mechanism 3741 |n breast cancer, gedatolisib (PF-
05212384) is a dual PI3BK/mTOR inhibitor that was evaluated in combination with either docetaxel, cisplatin, or
dacomitinib in triple-negative breast cancer (NCT01920061). This phase | study assessed the safety,
pharmacokinetics, and pharmacodynamics of these combinations in patients with advanced cancer in order to
determine the maximum tolerated dose in each combination. The cisplatin combination expansion portion was
used to evaluate the anti-tumor activity of gedatolisib plus cisplatin in patients with TNBC in two separate arms. A
manageable toxicity profile was observed in gedatolisib combined with docetaxel, cisplatin, or dacomitinib. Dose
escalation to determine the maximum tolerated dose is still ongoing 2. Another phase | study was conducted to
assess the tolerability and clinical activity of gedatolisib in combination with either palbociclib/letrozole or
palbociclib/fulvestrant in women with metastatic breast cancer (NCT02684032). This clinical trial was recently
concluded; however, results are not yet available. Gedatolisib combined with either palbociclib/letrozole or

palbociclib/fulvestrant showed manageable toxicity and promising antitumor activity. Further analysis on dose
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escalation is being completed and dose expansion is ongoing 8. Whether the effect of this class of agents in

combination with immunotherapy can lead to further clinical benefit is an open issue.

| 5. Rationale for Targeting Class Il PI3K in Breast Cancer

Class Il PI3Ks consist of three genes encoding for distinct functional isoforms: PI3K-C2a and PI3K-C2[3, which are
ubiquitously expressed B and PI3K-C2y, whose expression is mainly restricted to liver L8179, Different from
class I, class Il PI3Ks act as monomers, regulating vesicle trafficking and membrane remodeling through their
conserved N-terminal domain [ZIBABL They synthetize PI(3)P on endosomes and PI(3,4)P2 at plasma membrane

[79][801[82](83][84][85][86]87][88]  However, their catalytic pocket is structurally different from class | PI3K and largely

unaffected by treatments with class | PI3K inhibitors B[R Recent studies suggested that class Il PI3Ks are
directly involved in breast cancer progression independently of class | PI3K, opening the way for the development

of new therapeutic strategies targeting this enigmatic class of PI3K in breast cancer.

PI3K-C2a is the most studied isoform, and it has been linked with breast cancer in different studies.
Overexpression of the PI3K-C2a encoding gene, PIK3C2A, was found in an MCF7 cancer stem-cell side
population, correlating with increased tumorigenesis in mouse models 22, This suggests that PI3K-C2a might have
a role in the early phases of cancer development. Conversely, PI3K-C2a was found to rarely be mutated in breast
cancer patients on publicly available datasets, but it was observed as lost at both the mRNA and protein levels in a
large cohort of breast cancer patients 23, This study demonstrated that PI3K-C2a has kinase-independent activity
by stabilizing microtubules at kinetochore during mitotic metaphase and allowing proper chromosome congression
(98] | oss of this activity was associated with increased genomic instability that led to the emergence of fast-growing
clones with mitotic checkpoint defects. Therefore, low PIK3C2A expression was related to high sensitivity to
paclitaxel treatment in human breast cancer patients 231, Accordingly, development of future inhibitors targeting
PI3K-C2a scaffold function in breast cancer can be beneficial in combination with microtubule-targeting drugs, i.e.,

paclitaxel.

Different from PI3K-C2a, PI3K-C2[ isoform was found to be overexpressed in human primary breast tumors and in
lymph-node metastases compared to non-neoplastic breast tissue [24. An additional study conducted on different
human breast cancer cell lines found a similar increase in PI3K-C2[3 levels, which was directly related to enhanced
tumorigenesis and invasive abilities both in vitro and in vivo 241, In line with this, PI(3)P produced by PI3K-C2p was
shown to be involved in breast cancer migration and invasion by dismantling lamellipodia and filipodia, thus
resulting in reduced cell adhesion 287 Consistently, data from xenograft models showed that the

overexpression of PI3K-C2p leads to increased cell motility and enhanced metastasis development in vivo 241,

At the current state, there is no pharmacological option to selectively target the class Il PI3K that has been clinically
tested. Nevertheless, given their emerging functions in many pathological processes, some efforts have been
made to find effective inhibitors targeting this less investigated class of PI3K. In general, pharmacological inhibition
of class Il can be achieved by “off-target” activities of different class | inhibitors 28 such as PIK90, PIK124, PI-103
991 and NVP-BEZ235 199 Of note, some inhibitors, such as PI701 and PI702 [28191 have shown to be more
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selective for PISK-C2[3 than PI3K-C2a isoform. However, a lack of selectivity for class Il keeps these options far
from being effective at specifically targeting class Il PI3K in any pathological process. Interestingly, a subsequent
study claimed the discovery of a PIK3-C2a-selective inhibitory molecule, MIPS-21335, suggesting a potential new

therapeutic anti-thrombotic approach based on class Il PI3K-selective targeting 192,

Taken together, recent discoveries showed that PI3K activity in cancer development and migration is not limited to
PIP3 production by class | PI3K, thus highlighting the importance of class Il PI3K-derived phosphoinositides. These
findings suggest that pharmacological targeting of class Il PI3K may lead to the development of alternative

therapeutic strategies for treating breast cancer, emphasizing the need for class Il PI3K-selective inhibitors in clinic.
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