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Abstract
Purpose  Dysregulation of the PI3K pathway is one of the most common events in breast cancer. Here we investigate the 
activity of the PI3K inhibitor MEN1611 at both molecular and phenotypic levels by dissecting and comparing its profile and 
efficacy in HER2 + breast cancer models with other PI3K inhibitors.
Methods  Models with different genetic backgrounds were used to investigate the pharmacological profile of MEN1611 
against other PI3K inhibitors. In vitro studies evaluated cell viability, PI3K signaling, and cell death upon treatment with 
MEN1611. In vivo efficacy of the compound was investigated in cell line- and patient-derived xenografts models.
Results  Consistent with its biochemical selectivity, MEN1611 demonstrated lower cytotoxic activity in a p110δ-driven cel-
lular model when compared to taselisib, and higher cytotoxic activity in the p110β-driven cellular model when compared 
to alpelisib. Moreover, MEN1611 selectively decreased the p110α protein levels in PIK3CA mutated breast cancer cells 
in a concentration- and proteasome-dependent manner. In vivo, MEN1611 monotherapy showed significant and durable 
antitumor activity in several trastuzumab-resistant PIK3CA-mutant HER2 + PDX models. The combination of trastuzumab 
and MEN1611 significantly improved the efficacy compared to single agent treatment.
Conclusions  The profile of MEN1611 and its antitumoral activity suggest an improved profile as compared to pan-inhibitors, 
which are limited by a less than ideal safety profile, and isoform selective molecules, which may potentially promote develop-
ment of resistance mechanisms. The compelling antitumor activity in combination with trastuzumab in HER2 + trastuzumab-
resistant, PIK3CA mutated breast cancer models is at the basis of the ongoing B-Precise clinical trial (NCT03767335).

Keywords  MEN1611 · PIK3CA mutations · Trastuzumab resistance · PI3K inhibitor · Patient-derived xenografts

 *	 Alessio Fiascarelli 
	 afiascarelli@menarini-ricerche.it

1	 Menarini Group, Preclinical and Translational Sciences, 
Menarini Ricerche SpA, Via Tito Speri 10, 00071 Pomezia, 
Rome, Italy

2	 Cancer Research Program, IMIM (Hospital del Mar Medical 
Research Institute), Barcelona, Spain

3	 Preclinical and Translational Research Program Vall 
d’Hebron Institute of Oncology (VHIO), 08035 Barcelona, 
Spain

4	 Centro de Investigación Biomédica en Red de Cáncer, 
28029 Monforte de Lemos, Madrid, Spain

5	 Department of Biochemistry and Molecular Biology, 
Universitat Autónoma de Barcelona, Campus de la UAB, 
08193 Barcelona, Bellaterra, Spain

6	 Institució Catalana de Recerca I Estudis Avançats (ICREA), 
08010 Barcelona, Spain

7	 Molecular Pharmacology Program, Memorial Sloan 
Kettering Cancer Center, New York, NY, USA

8	 Department of Pathology, Memorial Sloan Kettering Cancer 
Center, New York, NY, USA

http://crossmark.crossref.org/dialog/?doi=10.1007/s10549-023-06895-2&domain=pdf
http://orcid.org/0000-0002-7453-4262


14	 Breast Cancer Research and Treatment (2023) 199:13–23

1 3

Introduction

The phosphoinositide 3-kinase (PI3K) proteins are a con-
served family of intracellular lipid kinases that catalyze 
the phosphorylation of the 3′-hydroxyl group of phosphati-
dylinositol and phosphoinositides [1, 2]. PI3K signaling is 
commonly triggered by the activation of receptor tyrosine 
kinases (RTKs) such as HER2 or G-protein-coupled recep-
tors (GPCRs) with the subsequent recruitment of PI3K to 
the plasma membrane. After PI3Ks activation, the produc-
tion of the second messenger phosphatidylinositol 3,4,5 
triphosphate (PIP3) converts upstream signals into intra-
cellular phosphorylation cascades [3, 4].

Class IA PI3Ks are heterodimers composed of a p85 
regulatory subunit and one of the three p110 catalytic 
subunits: p110α, p110β, and p110δ (encoded by PIK3CA, 
PIK3CB, and PIK3CD genes, respectively). The p110α 
and p110β isoforms are ubiquitously expressed, while 
p110δ and p110γ expression is largely restricted to 
immune cells [5, 6]. RTK or GPCR phosphorylation trig-
gers conformational changes in the heterodimer of PI3K, 
relieving the p110 catalytic subunit from the inhibition of 
p85 subunit bound to the phosphorylated tyrosine of the 
receptor. The p110 subunit, in turn, phosphorylates PIP2 
to generate PIP3. The latter acts as a second messenger, 
recruiting AKT to the plasma membrane and activating 
AKT-dependent and independent downstream signaling 
pathways. The activation of the PI3K signaling is nor-
mally counteracted by numerous enzymes such as the 
phosphatase and tensin homolog (PTEN) that removes 
the 3′ phosphate from PIP3 and acts as a major brake in 
the pathway [7, 8].

Oncogenic PI3K mutations are mainly found in the 
p110α isoform and are frequently associated with specific 
amino acid residues. The most frequent mutational hot-
spots are predominantly harboured in the helical (E542, 
E545) and kinase (H1047) domains of the protein [5–8] 
and result in increased PI3K membrane recruitment and 
associated kinase activity [9].

While p110α activity is critical to sustaining tumor 
growth in PIK3CA-mutant cancer cells, tumors lacking 
PTEN function become dependent on p110β for PI3K 
signaling and cell proliferation [10–12]. Tumor depend-
ency on p110β has also been proposed as one of the poten-
tial mechanisms of resistance to the α-selective PI3K 
inhibitor alpelisib [13].

The PI3K isoform p110δ is essential for B-cell devel-
opment and function [14], and its pharmacological inhi-
bition has been associated with immune-related dose-
limiting toxicities, as reported for the taselisib phase III 
trial [15, 16]. Moreover, PI3K pathway alterations are 
also involved in trastuzumab resistance due to de novo or 

acquired mechanisms [17–2324]. For this reason, targeting 
the PI3K pathway in trastuzumab-resistant breast tumors 
might re-sensitize cancer cells to anti-HER2 therapy and 
improve patient outcomes [25, 26].

Here we report the characterization of MEN1611 in com-
parison with other PI3K inhibitors in terms of PI3K isoforms 
inhibition profile and the investigation of its efficacy as sin-
gle agent and in combination with trastuzumab in several 
in vivo xenograft models of HER2 + breast cancers.

Methods

Drugs

MEN1611 was synthesized at Menarini Ricerche (Pisa) and 
dissolved in a DMSO (Sigma-Aldrich C5135)/Cremophor 
EL (Sigma Aldrich D2650) solution (50%/50% v/v) for the 
in vitro assays. MEN1611 was formulated in 10% (w/v) 
hydroxypropyl-beta cyclodextrin (Sigma Aldrich H107) 
and 10% (v/v) polyethylene Glycol 400 (Merck Millipore) 
for the in vivo studies. Trastuzumab, 150 mg powder con-
centrate for solution for infusion, was purchased from Far-
macia Vaticana. Alpelisib and taselisib were purchased from 
ChemCruz and Cayman Chemical respectively. Idelalisib 
was purchased from MedChem.

Cell viability assay

To assess the effect of MEN1611 and alpelisib on cell viabil-
ity, breast cancer cells were plated in 96-well tissue culture 
plates and treated for 72 h at 37 °C, 5% CO2. Cytotoxic-
ity was evaluated with AlamarBlue Cell Viability Reagent 
(Thermo Fisher Scientific DAL1100) according to the man-
ufacturer’s instructions, and fluorescence was measured at 
590 nm by the M200 Microplate Reader (Tecan). The anti-
proliferative activity (%) was calculated according to the for-
mula: T/C* 100, where T and C represent the fluorescence 
from cells treated and untreated, respectively. A four param-
eters sigmoidal concentration–response curve was then used 
to calculate the IC50 with Prism software (GraphPad).

Capillary electrophoresis immunodetection

Cell lysates were prepared using the radioimmunoprecipita-
tion (RIPA) buffer (Thermo Fisher Scientific 89,901) sup-
plemented with Complete Mini protease inhibitors (Roche) 
and PhosSTOP phosphatase inhibitors (Roche). Proteins of 
interest were analyzed by JESS (Protein Simple Inc.) capil-
lary electrophoresis-based immunodetection system. Rea-
gents and equipment were purchased from Protein Simple 
and samples were analyzed following the manufacturer’s 
instructions. Peak area calculations were performed by the 
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Compass software, using the Gaussian method for peak fit-
ting. Regarding the evaluation of p110α degradation, for 
each sample analysed, the peak area of PI3K p110α was nor-
malized to the peak area of the housekeeping GAPDH and 
then reported as a percentage of the normalized peak area 
of the control. All experiments were performed in triplicate 
and mean ± SD was showed as a bar plot. Anti-phospho-
AKT S473 (#4060) and anti PI3K p110α (#4249) antibodies 
were purchased from Cell Signaling Technology, and the 
anti-GAPDH antibody was from SCBT.

Immunohistochemistry

Tumor tissue nodules derived from the PDX153 study 
were formalin-fixed and paraffin-embedded before sliced 
into five-microns thick sections. After deparaffinization 
and re-hydration steps, sections were incubated with anti-
Ribosomal Protein (Ser240/244) (Cell Signaling Technology 
#5364) or anti-Phospho-Akt (Ser473) (Cell Signaling Tech-
nology #4060) both diluted 1:50. Immunostaining was then 
developed by Dako REAL™EnVision™Detection System, 
Peroxidase/DAB + , Rabbit/Mouse (Dako K5007).

Statistical analysis

GraphPad Prism Software (GraphPad Software Inc.) was 
used for statistical analysis. Statistical differences were 
considered to be significant at P < 0.05 using the two-tailed 
Mann–Whitney rank test. In vivo data are presented as mean, 
with the value for each group represented as a symbol of 
different shape and line of different color.

Supplementary material

Detailed methods are available in Online Resource 1 for the 
following protocols: Immunoblotting, Isolation of healthy 
donors derived PBMCs, Flow cytometry-based cell death 
analysis on B-cells, Flow cytometry-based cell death analy-
sis on PI3KCA mutant breast cancer cells, Cell line-derived 
tumor models, Patient-derived tumor models, Modified 
Response Evaluation Criteria in Solid Tumors (mRECIST).

Results

MEN1611 has a lower cytotoxic activity 
toward B‑cells as compared to breast cancer cells

The biochemical profile of MEN1611 is unique with respect 
to both pan-inhibitors and isoform-selective inhibitors 
as it targets α-, β-, and γ isoforms and spares the δ [27, 
28]. This result was also confirmed in-silico by interrogat-
ing the “Probes and Drugs” database. According to the 

Potency-Selectivity score (PS), PI3Kα was classified as the 
first target of MEN1611, followed by PI3Kγ and PI3Kβ, 
whereas PI3Kδ was ranked the lowest. The same in-silico 
evaluation was then applied to the pan-PI3K inhibitor bupar-
lisib and to the isoform-selective PI3K inhibitors alpelisib 
(α-selective inhibitor), taselisib (β-sparing inhibitor) and 
idelalisib (δ-selective inhibitor) (Table 1). This interesting 
feature of MEN1611 suggests it might exhibit an improved 
profile as compared to pan-inhibitors, which are impaired by 
a less than ideal safety profile, and isoform selective mol-
ecules, which may potentially promote the development of 
resistance mechanisms [29].

For this reason, we decided to assess the ability of 
MEN1611 and of competitor compounds (alpelisib, 
taselisib and idelalisib) to spare the PI3Kδ isoform in com-
parison with their ability to target the PI3Kα isoform, using 
PI3Kδ- and in PI3Kα-driven cellular models, respectively. 
As B-cells are dependent on PI3Kδ, (1–3) healthy donor 
PBMCs were exposed to MEN1611, taselisib, alpelisib, and 
idelalisib and then analysed by flow cytometry to measure 
cell death of blood cell subpopulations and particularly of 
B cells. Taselisib, with an IC50 of 1.26 nM, was the most 
cytotoxic drug among all the tested compounds, confirming 
its ability to targeting p110δ with high affinity (Fig. 1A). 
MEN1611 (IC50 = 208 nM) showed much weaker activity 
than taselisib, but stronger activity than alpelisib. Idelalisib, 
a δ-selective PI3K inhibitor approved for relapsed chronic 
lymphocytic leukemia [30], was used as a positive con-
trol and showed strong activity against p110δ driven cells 
(IC50 = 32 nM). Using the same experimental approach, 
we examined cell death induced by these inhibitors in the 
PIK3CA H1047R mutated breast cancer cell line T47D 
(Fig. 1B), which is an ideal model for PI3Kα dependency. 
Taselisib displayed the strongest potency (IC50 = 1.59 nM), 
followed by MEN1611 (IC50 = 42.56 nM) and alpelisib 
(IC50 = 282.2 nM). As expected, idelalisib showed poor 
activity against this breast cancer cell line (IC50 = 7786 nM).

In addition, the cytotoxic effects observed in B cells with 
the tested inhibitors was paralleled by suppression of path-
ways downstream of PI3K. Indeed, in a human immortal-
ized B-Lymphoblastoid cell line (B-LCL), taselisib strongly 
suppressed the phosphorylation of AKT with an IC50 

Table 1   Comparison among different PI3K inhibitors based on In-
silico potency-selectivity score. Data from Probes & Drugs (https://​
www.​probes-​drugs.​org/​home/)

MEN1611 Taselisib Alpelisib Buparlisib Idelalisib

PI3Kα 0,46 0,67 0,66 0,37 0,01
PI3Kβ 0,17 0,17 0 0,2 0,03
PI3Kδ 0,06 0,92 0,02 0,24 0,65
PI3Kγ 0,32 0,44 0,02 0,13 0,16

https://www.probes-drugs.org/home/
https://www.probes-drugs.org/home/
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comparable to that of idelalisib. In contrast, MEN1611 was 
ineffective in inhibiting AKT phosphorylation at pharma-
cologically relevant concentrations, similar to observations 
with alpelisib (Fig. 1C-D).

The results indicate that, in contrast to taselisib and other 
pan-inhibitors, MEN1611 displays a greater potency against 
PI3Kα than PI3Kδ at clinically relevant concentrations, as 
demonstrated by a higher IC50 ratio between the targeting 
of p110α- versus p110δ-dependent models (IC50 normal B 
cells/IC50 T47D cancer cells of 4.89 for MEN1611 versus 
0.79 for taselisib).

MEN1611 induces a clinically relevant cytotoxic 
effect in breast cancer cell lines with PTEN‑loss

To further explore the unique biochemical profile of 
MEN1611, specifically, its ability to target both alpha and 
beta isoforms (Table 1), we challenged its effectiveness in 
cell lines characterized by PIK3CA or PTEN alterations 

(Online Resource 2, Table 2). Breast cancer tumors carry-
ing PTEN loss of function mutations have been shown to 
rely on the p110β catalytic subunit to activate the PI3K sig-
nalling pathway. MEN1611 showed stronger activity than 
alpelisib (from 3 to almost 22 folds) in affecting cell viabil-
ity in cells characterized by PTEN-loss that are wild-type 
for PIK3CA (Fig. 2A). Taselisib showed an average IC50 
in PTEN-deficient cell lines lower than alpelisib but higher 
than MEN1611, in line with the reduced activity of the com-
pound against the beta isoform. In contrast, the activity of all 
three inhibitors on PIK3CA-mutated cells was comparable 
in terms of IC50.

MEN1611 reduces p110α protein levels in PIK3CA 
mutated breast cancer cell lines

Recent studies have demonstrated that some PI3K inhibitors, 
such as taselisib and inavolisib, more potently inhibit mutant 
PI3K pathway through selective degradation of mutant p110α 

Fig. 1   On target off-tumor activity comparison among different PI3K 
inhibitors: taselisib showed similar cytotoxicity on both B cells and 
T47D breast cancer cell (PIK3CA H1047R), while MEN1611 was 
significantly less toxic on B cells focusing to an intra-drug analysis. 
The same was for alpelisib, which showed higher activity on breast 
cancer cells compared to B cells. Idelalisib, as expected, demon-
strated poor activity on breast cancer setting and high activity on 

B cells (a, b) Inhibition of pAKT in a PI3K delta-driven model 
(immortalized B-cells) after 2  h of drug exposure. Capillary immu-
noassay analysis of phospho and total AKT following treatment 
with MEN1611 and other PI3Ki. Representative lane view image of 
phospho an total AKT protein levels (A). Means ± SD of pAKT pro-
tein levels normalized to total AKT and expressed as percentage of 
DMSO-treated samples (N = 3) (c, d) 
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[31]. Based on these data, the ability of MEN1611 to induce 
degradation of p110α was tested.

Several breast cancer cell lines with different PIK3CA 
mutation and HER2 amplification statuses were treated with 
MEN1611, alpelisib and taselisib. As expected, all the PI3K 
inhibitors suppressed the PI3K downstream signalling path-
way in all the cell lines tested as showed by reduction in AKT 
phosphorylation. MEN1611 and taselisib also induced the 
degradation of the p110α protein in a dose-dependent manner 
but only in breast cancer cell lines harboring PIK3CA muta-
tions (H1047R and E545K) independently of HER2 status 
(Fig. 3 A, B). In contrast, depletion of p110α protein levels 
after alpelisib treatment was negligible in the PIK3CA mutated 
cell lines (Fig. 3A-B). The inability of MEN1611 to induce 
any depletion of p110α in PIK3CA wild-type cell lines was 
also observed at very high MEN1611 concentrations (Fig. 3C; 
Online Resource 2, Table 2). No degradation was induced by 
MEN1611 when tested in the non-tumorigenic human breast 
epithelial cell line MCF10A, further supporting the ability of 
MEN1611 to selectively degrade the oncogenic p110 protein 
(Fig. 3D).

To further characterize the depletion of p110α induced by 
treatment with MEN1611, we evaluated whether the reduction 
in p110α protein levels was mediated by proteasomal degrada-
tion. Co-treatment of HCC1954 cell line with MEN1611 and 
the proteasome inhibitor MG132 impaired p110α depletion in 
comparison to samples treated only with MEN1611 (Online 
Resource 2, Fig. 6). Importantly, the degradation of p110α 
by MEN1611 was selective, as p110β protein levels were not 
affected by MEN1611 in any of the cell lines tested, including 
those characterized by PTEN loss (Online Resource 2, Fig. 7).

MEN1611 restores trastuzumab sensitivity in HER2 
amplified, PIK3CA mutated xenografts and PDX 
models of breast cancer

To further investigate the antitumor activity of MEN1611, 
we used xenograft models refractory to trastuzumab due 
to HER2-independent activation of the PI3K pathway 
[40]. Two cell line-derived xenograft models, JIMT-1 and 
HCC1954, harboring C420R and H1047R mutations in the 
PIK3CA gene, respectively, were initially used to evaluate 
the activity of MEN1611 and trastuzumab given alone or in 
combination, with a concomitant administration schedule. 
In both models, the combination showed greater antitumor 
activity than either drug given in monotherapy (Fig. 4A and 
Online Resource 2, Fig. 8 and 9).

In particular, in the JIMT-1 xenograft model, we investi-
gated the activity of MEN1611 in combination with trastu-
zumab in two different administration schedules: once-daily 
(QD) and twice-daily (BID).

MEN1611 as a single agent demonstrated significant 
tumor volume inhibition in QD (3.25 mg/kg) as well as in 
BID (1.6 mg/kg × 2) schedules. The antitumor activity was 
paralleled by PI3K pathway inhibition as evaluated by pAKT 
inhibition.

A significant improvement in tumor regression in the 
BID (82% TVI) in comparison to QD group (68% TVI) was 
achieved when MEN1611 was combined with trastuzumab 
(Fig. 4A-B). The signaling was suppressed continuously 
when the BID schedule was assessed at a clinically achiev-
able dose, and partially counteracted the rebound effect 
observed at the 24 h time point in the QD group (Fig. 4C-D).

To confirm and strengthen the results observed with cell-
line xenografts, we treated three patient-derived xenografts 
(refractory to trastuzumab and carrying PIK3CA muta-
tions) with MEN1611, trastuzumab and the combination. 
In PDX67 and CTG-0033 MEN1611 showed the ability to 
restore trastuzumab sensitivity, resulting in a stronger anti-
tumor response in the combination cohorts compared to sin-
gle agents. In PDX153 both the single agent and the combi-
nation treatment resulted in a stronger anti-tumor response 
compared to Trastuzumab treatment (Fig. 5).

In the PDX153 and CTG-0033 PDX models, we observed 
a striking and durable activity of the combination treat-
ment with 100% of the animals cured in the PDX CTG-
0033 model (Fig. 5C). Treatment was well tolerated, and 
no adverse toxicities were observed. The relevance of the 
tolerability profile of MEN1611 in mouse is supported by 
the very high degree of sequence homology between the 
mouse and human PI3K isoforms.

Fig. 2   Cell viability assay in breast cancer cell lines. MEN1611 
showed an improved in  vitro antiproliferative potential in p110β-
driven cellular models (PTEN loss breast cancer cells) compared to 
alpelisib and taselisib, while the antiproliferative activity in PIK3CA 
H1047R and K111N mutated breast cancer cell lines was similar 
among all drugs
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To evaluate in vivo target engagement and support the 
strong antitumor efficacy observed in the combination 
group, tumor masses from PDX153 were harvested at the 

end of treatment and analyzed by IHC for phospho-protein 
levels. IHC analysis of PDX153 tumour nodules revealed 
that the combination therapy induced a complete inhibition 

Fig. 3   p110α protein levels in breast cancer cell lines treated with 
MEN1611 and other PI3K inhibitors. Analysis of p110α protein 
and pAKT levels in breast cancer cell lines treated with MEN1611, 
taselisib and alpelisib. Cell lines were treated for 24 h with the indi-
cated concentrations and analyzed by capillary immunoblot. The 
levels of p110α were normalized to GAPDH and expressed as per-
centage of the control. The inhibition of the PI3K signaling was 
evaluated by determination of pAKT levels. Results are presented as 

mean ± SD (N = 3) and for each experiment a representative lane view 
image was showed. Effect of MEN1611, BYL719 and taselisib on 
p110α protein level and downstream signalling in PIK3CA mutated, 
and (a) wild-type breast cancer cell lines (b). Effect of MEN1611 on 
p110α protein level in HCC1806 (PIK3CA wt) cell line treated with 
a wide range of concentration (c). Effect of MEN1611 on p110α pro-
tein level in the non-tumorigenic human breast epithelial cell line 
MCF10A (d)
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of AKT phosphorylation and a dramatic inhibition of pS6 
(Fig. 5D). These results confirm the strong suppression 
of PI3K signalling and support the long-lasting antitumor 
efficacy achieved by the combination of MEN1611 and 
trastuzumab.

Discussion

In this paper, we report the striking and durable activity of 
MEN1611 in combination with trastuzumab in HER2 posi-
tive-breast cancer models characterized by PI3Kα mutations.

Fig. 4   Antitumor activity and PD of MEN1611 and combination in 
the JIMT-1 cell-derived xenograft tumor model. Tumor cells were 
injected s.c. into CD-1 nude mice at day 0 and drug dosing started 
on day 15. Black line and red arrows represent MEN1611 and trastu-
zumab dosing respectively. a Tumor volume and statistical analysis of 
vehicle and treated groups according to the Mann Whitney test, eval-
uated at day 50. JIMT-1 cell-derived xenograft breast cancer model 
was treated with MEN1611 given p.o. once-daily (QD) at 3.25 mg/

Kg versus twice-daily (BID) at 1.6  mg/Kg. At the indicated time 
points the group of mice (3 mice/group) were sacrificed and tissues 
were collected. Each tumor mass was dissociated in RIPA buffer and 
analyzed by capillary immunoassay for pAKT S473, AKT, pS6 S240-
244 and S6. b The level of phospho-protein were normalized to total 
protein and expressed as percentage of the control (c) Lane view for 
pAKT and total AKT (d) 



20	 Breast Cancer Research and Treatment (2023) 199:13–23

1 3

PI3Ks represent a central hub that regulates many key 
processes of the cell such as cell growth, survival, prolifera-
tion and differentiation, key hallmarks in the development 
of cancer [3]. Enormous drug discovery efforts have been 
made to develop a pharmacological strategy to inhibit this 
attractive target [32]. Many PI3K inhibitors have indeed 
been tested in clinical trials but have shown poor efficacy 
and tolerability [33, 34] until alpelisib was approved in 
combination with fulvestrant in 2019, demonstrating that 

the PI3K-targeting strategy can be clinically feasible and 
meaningful [35].

Nevertheless, identifying the optimal PI3K isoform inhib-
itory profile and the most effective combination strategy in 
different diseases remains an important challenge.

The four different catalytic isoforms of class I PI3Ks 
(p110α, p110β, p110δ, and p110γ) are known to play dif-
ferent roles in signal transduction depending on tumor histo-
types and genetic background. p110α is essential for tumor 

Fig. 5   MEN1611 antitumor efficacy in patient-derived xenograft 
models of breast cancer harboring PIK3CA mutations and resist-
ance to trastuzumab. PDX67, PIK3CA K111E (a) PDX153, PIK3CA 
K111E (b) CTG-0033, PIK3CA E545A (c) Waterfall plots in 
response to treatment were calculated according to the mRECIST cri-
teria at the end of the study, with each bar represent a single mouse. 

mCR, complete response; mPR, partial response; mSD, stable dis-
ease; mPD, progressive disease. Black and red arrows represent 
MEN1611 and trastuzumab dosing respectively (d) Representative 
immunostaining for phosphorylated AKT (pAKT) and phosphoryl-
ated S6 (pS6) in PDX153 by immunohistochemical analysis (e)
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driven by PIK3CA mutations and is also activated in tumors 
harboring alterations in RTKs and RAS; p110β seems to 
be the main isoform involved in PI3K signaling in tumor 
presenting PTEN deficiencies; and p110δ, a key PI3K iso-
form for B-cells development, is crucial for lymphomas [29]. 
Targeting solid tumors with an inhibitor with activity toward 
p110δ might lead to immunological side-effects [36–38].

Pan-PI3K inhibitors target all catalytic isoforms of class 
I PI3K and thus have the potential for broad activity across 
different tumor types and molecular alterations. However, it 
is now recognized that a broad inhibition profile could be a 
source of dose-limiting toxicities leading to poor efficacy. In 
contrast, isoform-selective PI3K inhibitors may have a wider 
therapeutic window, allowing the administration of the full 
therapeutic dose. However, this improved selectivity may 
lead to the fast emergence of resistance [39].

MEN1611 is a α, β, ɣ.-selective and δ- sparing PI3K 
inhibitor, which differentiates it from both the pan- inhibi-
tors as well as from isoform-selective molecules.

In this report, we have highlighted the PI3K delta-sparing 
profile of MEN1611. Results from in vitro binding affinity 
and analysis of in silico data, which predict a potency-selec-
tivity score based on on-target and off-target affinities, indi-
cate a unique kinase inhibition profile for MEN1611 with 
respect to alpelisib, a p110α selective inhibitor, and taselisib, 
a p110β-sparing PI3K inhibitor that strongly inhibits both 
p110α and p110δ isoforms.

The profile of MEN1611 was also confirmed in a cell-
based model known to be dependent on PI3Kδ for prolifera-
tion and survival. In healthy-donor derived B lymphocytes, 
MEN1611 showed a greater than 160-fold reduction in cyto-
toxic activity in comparison to taselisib.

Moreover, taselisib was equally cytotoxic toward both 
PIK3CA mutant breast cancer and B cells, targeting both 
with an IC50 around 1 nM. On the contrary, MEN1611 
showed higher cytotoxic activity toward α-driven cancer 
cells compared to δ-driven healthy-donor derived B cells. 
The sparing of the PI3K delta isoform by MEN1611 may 
potentially reduce the on-target off-tumor side effects, thus 
differentiating MEN1611 from taselisib and from pan-inhib-
itors that have shown dose-limiting toxicities impairing drug 
efficacy.

Alpelisib targets the p110α isoform at nanomolar potency 
and is more than 50-fold more selective for p110α over the 
p110δ and p110γ isoforms and more than 200-fold more 
selective for p110α over the p110β isoform. However, the 
strong selective pressure exerted by an isoform-specific 
PI3K inhibitor might influence the genetic dependency of 
cancer cells, allowing the escape through other PI3K iso-
forms, such as p110β, thus leading to drug resistance, as 
recently demonstrated [13]. In this context, an inhibitor that 
targets both the p110α and p110β isoforms could have an 

advantage in overcoming acquired resistance mechanisms, 
compared to an α-selective PI3K inhibitor.

MEN1611, similar to alpelisib, targets with the highest 
potency the p110α wild-type and mutated isoforms, but is 
more effective than alpelisib in inhibiting the growth of can-
cer cell lines with PIK3CA-wt and PTEN-loss genetic back-
ground. The improved efficacy of MEN1611 over alpelisib 
in these cells could be the result of the dual inhibition of 
p110α and β by MEN1611.

Recently it has been reported that the some PI3K inhibi-
tors, such as taselisib and inavolisib, have the ability to 
behave as monomeric degrader and can selectively induce 
the degradation of the p110α mutated protein in addition to 
their ability to inhibit p110α catalytic activity [31].

In this study, we show that MEN1611, as well as taselisib 
but not alpelisib, is able to induce a dose-dependent decrease 
in p110α protein levels. The MEN1611-mediated p110α 
depletion occurs selectively in PIK3CA mutant breast can-
cer cell lines at a concentration range in which cytotoxic 
effects are observed. As MEN1611 degrades mutant PI3Kα 
but does not affect α and β wild-type protein levels, a more 
durable effect of MEN1611 in PI3Kα-mutated cancers might 
be possible. Thus, MEN1611 unique biochemical profile 
translates into a peculiar and promising pharmacological 
profile.

We next focused our efforts in investigating the efficacy of 
MEN1611 in combination with trastuzumab in clinically rel-
evant preclinical models representing HER2 + breast cancer.

Among HER2-positive breast cancers, approximately 
20% harbor a PIK3CA mutation that is associated with 
resistance to trastuzumab-based therapy [17, 40]. Indeed, 
PI3K oncogenic mutations can activate the PI3K signaling 
pathway in a HER2-independent manner, rendering HER2 
inhibition ineffective. MEN1611 monotherapy showed anti-
tumor activity in several HER2-positive trastuzumab-resist-
ant PIK3CA-mutant PDXs harboring different concomitant 
genomic aberrations, subsequently inducing tumor-stasis or 
tumor regression. The combination of MEN1611 with tras-
tuzumab significantly improved antitumor efficacy compared 
to single agent treatment, overcoming trastuzumab resistance 
and resulting in a long-lasting response.

In summary, we have used both in vitro and in vivo breast 
cancer models to characterize the profile of MEN1611 in 
comparison to pan-inhibitor and isoform-selective inhibitors. 
The pharmacological profile of MEN1611 suggests that there 
may be potential implications on drug tolerability and ability 
to overcome resistance. Moreover, MEN1611 in combina-
tion with trastuzumab showed a significant and long-lasting 
antitumor response in HER2-positive trastuzumab-resistant 
models. Overall, these results support the B-Precise clini-
cal study (Clin Trial.gov NCT03767335), a Phase Ib trial 
of MEN1611 in combination with trastuzumab ± fulvestrant 
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for the treatment of HER2-positive advanced or metastatic 
breast cancer.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s10549-​023-​06895-2.

Author contributions  All authors contributed to the study conception 
and design. Material preparation, data collection and analysis were 
performed by AF, GM, SC, ST, DB, CC, AP, CI, EdS. The first draft 
of the manuscript was written by AF, GM, SC, AB, DB, MB, PT, MS, 
JA, EdS, MS, MB and all authors commented on previous versions of 
the manuscript. All authors read and approved the final manuscript.

Funding  This work was supported by Regione Lazio, POR FESR 
2014–2020 Bando “Life 2020_Progetti. integrati” for the project 
“PISTA (PI3K for Solid Tumor therApy)” (CUP F57H18000070007).

Data availability  The datasets generated during and/or analysed dur-
ing the current study are available from the corresponding author on 
reasonable request.

Declarations 

Competing interests  Maurizio Scaltriti is an employee and stock 
holder for AstraZeneca. Joaquim Arribas has received research funds 
from Roche, Synthon, Menarini, and Molecular Partners, consultancy 
honoraria from Menarini and license fees on patents EP 16191933.7 
and EP20382457.8, from Innocent and Mnemo, respectively. No poten-
tial conflicts of interest were disclosed by the other authors.

Ethical approval  Environmental conditions, as well as the procedures 
for housing and handling the animals, were in compliance with the 
UKCCCR guideline (4) and the European Convention for the protec-
tion of vertebrate animals used for experimental and other scientific 
purposes (2010/63/EU; ref 5). The in vivo studies conducted at Memo-
rial Sloan Kettering Cancer Center were cared for in accordance with 
guidelines approved by the Memorial Sloan Kettering Cancer Center 
(MSKCC) Institutional Animal Care and Use Committee (IACUC) and 
Research Animal Resource Center (RARC).

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

	 1.	 Katso R, Okkenhaug K, Ahmadi K et al (2001) Cellular func-
tion of phosphoinositide 3-Kinase: implications for development, 
immunity, homeostasis, and cancer. Annu Rev Cell Dev Biol 
17(1):615–675. https://​doi.​org/​10.​1146/​annur​ev.​cellb​io.​17.1.​615

	 2.	 Whitman M, Downes CP, Keeler M et al (1988) Type I phosphati-
dylinositol kinase makes a novel inositol phospholipid, phosphati-
dylinositol-3-phosphate. Nature 332:644–646. https://​doi.​org/​10.​
1038/​33264​4a0

	 3.	 Engelman JA, Luo J, Cantley LC (2006) The evolution of phos-
phatidylinositol 3-kinases as regulators of growth and metabolism. 
Nat Rev Genet 7:606–619. https://​doi.​org/​10.​1038/​nrg18​79.

	 4.	 Vanhaesebroeck B, Welham MJ, Kotani K et al (1997) p110, a 
novel phosphoinositide 3-kinase in leukocytes. Proc Natl Acad 
Sci 94(9):4330–4335. https://​doi.​org/​10.​1073/​pnas.​94.9.​4330

	 5.	 Miller TW, Rexer BN, Garrett JT et al (2011) Mutations in the 
phosphatidylinositol 3-kinase pathway: role in tumor progression 
and therapeutic implications in breast cancer. Breast Cancer Res 
13:224. https://​doi.​org/​10.​1186/​bcr30​39

	 6.	 Bachman KE, Argani P, Samuels Y et al (2004) The PIK3CA gene 
is mutated with high frequency in human breast cancers. Cancer 
Biol Ther 8:772–775. https://​doi.​org/​10.​4161/​cbt.3.​8.​994

	 7.	 Kang S, Bader AG, Vogt PK (2004) Phosphatidylinositol 
3-kinase mutations identified in human cancer are oncogenic. 
Proc Natl Acad Sci USA 102(3):802–807. https://​doi.​org/​10.​
1073/​pnas.​04088​64102

	 8.	 Samuels Y, Wang Z, Bardelli A et al (2004) High frequency 
of mutations of the PIK3CA gene in human cancers. Science 
304:554. https://​doi.​org/​10.​1126/​scien​ce.​10965​02

	 9.	 Burke JE, Perisic O, Masson GR et al (2012) Oncogenic muta-
tions mimic and enhance dynamic events in the natural activa-
tion of phosphoinositide 3-kinase p110 (PIK3CA). Proc Natl 
Acad Sci. https://​doi.​org/​10.​1073/​pnas.​12055​08109

	10.	 Wee S, Wiederschain D, Maira S-M et al (2008) PTEN-defi-
cient cancers depend on PIK3CB. Proc Natl Acad Sci USA 
105:13057–13062. https://​doi.​org/​10.​1073/​pnas.​08026​55105

	11.	 Schwartz S, Wongvipat J, Trigwell CB et al (2015) Feedback 
suppression of PI3Kα signaling in PTEN-mutated tumors is 
relieved by selective inhibition of PI3Kβ. Cancer Cell. https://​
doi.​org/​10.​1016/j.​ccell.​2014.​11.​008

	12.	 Jia S, Liu Z, Zhang S et  al (2008) Essential roles of PI(3)
K-p110β in cell growth, metabolism and tumorigenesis. Nature 
454:776–779. https://​doi.​org/​10.​1038/​natur​e07091

	13.	 Juric D, Castel P, Griffith M et al (2015) Convergent loss of 
PTEN leads to clinical resistance to a PI(3)Kα inhibitor. Nature. 
https://​doi.​org/​10.​1038/​natur​e13948

	14.	 Clayton E, Bardi G, Bell SE et al (2002) A crucial role for the 
p110δ subunit of phosphatidylinositol 3-kinase in B cell devel-
opment and activation. J Exp Med 196:753–763. https://​doi.​org/​
10.​1084/​jem.​20020​805

	15.	 Fruman DA, Chiu H, Hopkins BD et al (2017) The PI3K path-
way in human disease. Cell 170(605):635. https://​doi.​org/​10.​
1016/j.​cell.​2017.​07.​029.

	16.	 Juric D, Krop I, Ramanathan RK et al (2017) Phase I dose-
escalation study of taselisib, an oral PI3K inhibitor, in patients 
with advanced solid tumors. Cancer Discov 7:704–715. https://​
doi.​org/​10.​1158/​2159-​8290.​CD-​16-​1080

	17.	 Berns K, Horlings HM, Hennessy BT et al (2007) A functional 
genetic approach identifies the PI3K pathway as a major deter-
minant of trastuzumab resistance in breast cancer. Cancer Cell 
12:395–402. https://​doi.​org/​10.​1016/j.​ccr.​2007.​08.​030

	18.	 Chakrabarty A, Bhola NE, Sutton C et al (2013) Trastuzumab-
resistant cells rely on a HER2-PI3K-FoxO-survivin axis and are 
sensitive to PI3K inhibitors. Cancer Res 73:1190–1200. https://​
doi.​org/​10.​1158/​0008-​5472.​CAN-​12-​2440

	19.	 Junttila TT, Akita RW, Parsons K et al (2009) Ligand-independ-
ent HER2/HER3/PI3K complex is disrupted by trastuzumab and 
is effectively inhibited by the PI3K inhibitor GDC-0941. Cancer 
Cell 15:429–440. https://​doi.​org/​10.​1016/j.​ccr.​2009.​03.​020

	20.	 O’Brien NA, Browne BC, Chow L et al (2010) Activated phos-
phoinositide 3-kinase/AKT signaling confers resistance to 
trastuzumab but not lapatinib. Mol Cancer Ther 9:1489–1502. 
https://​doi.​org/​10.​1158/​1535-​7163.​MCT-​09-​1171

	21.	 Chandarlapaty S, Sakr RA, Giri D et  al (2012) Fre-
quent mutational activation of the PI3K-AKT pathway in 

https://doi.org/10.1007/s10549-023-06895-2
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1146/annurev.cellbio.17.1.615
https://doi.org/10.1038/332644a0
https://doi.org/10.1038/332644a0
https://doi.org/10.1038/nrg1879
https://doi.org/10.1073/pnas.94.9.4330
https://doi.org/10.1186/bcr3039
https://doi.org/10.4161/cbt.3.8.994
https://doi.org/10.1073/pnas.0408864102
https://doi.org/10.1073/pnas.0408864102
https://doi.org/10.1126/science.1096502
https://doi.org/10.1073/pnas.1205508109
https://doi.org/10.1073/pnas.0802655105
https://doi.org/10.1016/j.ccell.2014.11.008
https://doi.org/10.1016/j.ccell.2014.11.008
https://doi.org/10.1038/nature07091
https://doi.org/10.1038/nature13948
https://doi.org/10.1084/jem.20020805
https://doi.org/10.1084/jem.20020805
https://doi.org/10.1016/j.cell.2017.07.029
https://doi.org/10.1016/j.cell.2017.07.029
https://doi.org/10.1158/2159-8290.CD-16-1080
https://doi.org/10.1158/2159-8290.CD-16-1080
https://doi.org/10.1016/j.ccr.2007.08.030
https://doi.org/10.1158/0008-5472.CAN-12-2440
https://doi.org/10.1158/0008-5472.CAN-12-2440
https://doi.org/10.1016/j.ccr.2009.03.020
https://doi.org/10.1158/1535-7163.MCT-09-1171


23Breast Cancer Research and Treatment (2023) 199:13–23	

1 3

trastuzumab-resistant breast cancer. Clin Cancer Res 18:6784–
6791. https://​doi.​org/​10.​1158/​1078-​0432.​CCR-​12-​1785

	22.	 Eichhorn PJA, Gili M, Scaltriti M et al (2008) Phosphatidylino-
sitol 3-kinase hyperactivation results in lapatinib resistance that 
is reversed by the mTOR/phosphatidylinositol 3-kinase inhibitor 
NVP-BEZ235. Cancer Res 68:9221–9230. https://​doi.​org/​10.​
1158/​0008-​5472.​CAN-​08-​1740

	23.	 Fiszman GL, Jasnis MA (2011) Molecular mechanisms of tras-
tuzumab resistance in HER2 overexpressing breast cancer. Int J 
Breast Cancer 2011:1–11. https://​doi.​org/​10.​4061/​2011/​352182

	24.	 De Melo Gagliato D, Jardim DL, Marchesi MS, Hortobagyi 
GN (2016) Mechanisms of resistance and sensitivity to anti-
HER2 therapies in HER2+ breast cancer. Oncotarget. 7(39): 
64431–64446. https://​doi.​org/​10.​18632/​oncot​arget.​7043.

	25.	 Pernas S, Tolaney SM, Winer EP, Goel S (2018) CDK4/6 inhibi-
tion in breast cancer: current practice and future directions. Ther 
Adv Med Oncol 10:1758835918786451.https://​doi.​org/​10.​1177/​
17588​35918​786451

	206.	Guerrero-Zotano A, Mayer IA, Arteaga CL (2016) PI3K/AKT/
mTOR: role in breast cancer progression, drug resistance, and 
treatment. Cancer Metastasis Rev. https://​doi.​org/​10.​1007/​
s10555-​016-​9637-x

	27.	 Fritsch C, Pfister E, Ebel N et al (2018) Abstract 3934: determina-
tion of the PI3Kα selective inhibitor alpelisib mechanism of action 
and efficacy in ER+/ PIK3CA mutant breast cancer preclinical 
models. Am Assoc Cancer Res (AACR) 78:3934–3934

	28.	 Tanaka H, Yoshida M, Tanimura H et al (2011) The selective class 
I PI3K inhibitor CH5132799 targets human cancers harboring 
oncogenic PIK3CA mutations. Clin Cancer Res. https://​doi.​org/​
10.​1158/​1078-​0432.​CCR-​10-​2882

	29.	 Jia S, Roberts TM, Zhao JJ (2009) Should individual PI3 kinase 
isoforms be targeted in cancer? Curr Opin Cell Biol 21:199–
208. https://​doi.​org/​10.​1016/j.​ceb.​2008.​12.​007

	30.	 Brown JR, Byrd JC, Coutre SE et al (2014) Idelalisib, an inhibitor 
of phosphatidylinositol 3-kinase p110d, for relapsed/refractory 
chronic lymphocytic leukemia key points. Clin Trial. https://​doi.​
org/​10.​1182/​blood-​2013

	31.	 Song KW, Edgar KA, Hanan EJ et al (2021) RTK-dependent 
inducible degradation of mutant PI3Kα drives GDC-0077 (Ina-
volisib) efficacy. Cancer Discov. https://​doi.​org/​10.​1158/​2159-​
8290.​cd-​21-​0072

	32.	 Yang J, Nie J, Ma X et al (2019) Targeting PI3K in cancer: mecha-
nisms and advances in clinical trials 06 biological sciences 0601 
biochemistry and cell biology. Mol Cancer 18:26. https://​doi.​org/​
10.​1186/​s12943-​019-​0954-x

	33.	 Mishra R, Patel H, Alanazi S et al (2021) PI3K inhibitors in can-
cer: clinical implications and adverse effects. Int J Mol Sci. https://​
doi.​org/​10.​3390/​ijms2​20734​64

	34.	 Castel P, Toska E, Engelman JA, Scaltriti M (2021) The present 
and future of PI3K inhibitors for cancer therapy. Nat Cancer 
2:587–597. https://​doi.​org/​10.​1038/​s43018-​021-​00218-4

	35.	 André F, Ciruelos E, Rubovszky G et al (2019) Alpelisib for 
PIK3CA -mutated, hormone receptor-positive advanced breast 
cancer. N Engl J Med 380:1929–1940. https://​doi.​org/​10.​1056/​
nejmo​a1813​904

	36.	 Chellappa S, Kushekhar K, Munthe LA et al (2019) The PI3K 
p110δ isoform inhibitor idelalisib preferentially inhibits human 
regulatory T cell function. J Immunol 202:1397–1405. https://​
doi.​org/​10.​4049/​jimmu​nol.​17017​03

	37.	 Lampson BL, Kasar SN, Matos TR et al (2016) Idelalisib given 
front-line for treatment of chronic lymphocytic leukemia causes 
frequent immune-mediated hepatotoxicity. Blood 128:195–203. 
https://​doi.​org/​10.​1182/​blood-​2016-​03-​707133

	38.	 Coutré SE, Barrientos JC, Brown JR et al (2015) Management of 
adverse events associated with idelalisib treatment: expert panel 
opinion. Leuk Lymphoma 56:2779–2786. https://​doi.​org/​10.​3109/​
10428​194.​2015.​10227​70

	39.	 Dienstmann R, Rodon J, Serra V, Tabernero J (2014) Picking the 
point of inhibition: a comparative review of PI3K/AKT/mTOR 
pathway inhibitors. Mol Cancer Ther 13:1021–1031. https://​doi.​
org/​10.​1158/​1535-​7163.​MCT-​13-​0639

	40.	 Stemke-Hale K, Gonzalez-Angulo AM, Lluch A et al (2008) An 
integrative genomic and proteomic analysis of PIK3CA, PTEN, 
and AKT mutations in breast cancer. Cancer Res 68:6084–6091. 
https://​doi.​org/​10.​1158/​0008-​5472.​CAN-​07-​6854

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1158/1078-0432.CCR-12-1785
https://doi.org/10.1158/0008-5472.CAN-08-1740
https://doi.org/10.1158/0008-5472.CAN-08-1740
https://doi.org/10.4061/2011/352182
https://doi.org/10.18632/oncotarget.7043
https://doi.org/10.1177/1758835918786451
https://doi.org/10.1177/1758835918786451
https://doi.org/10.1007/s10555-016-9637-x
https://doi.org/10.1007/s10555-016-9637-x
https://doi.org/10.1158/1078-0432.CCR-10-2882
https://doi.org/10.1158/1078-0432.CCR-10-2882
https://doi.org/10.1016/j.ceb.2008.12.007
https://doi.org/10.1182/blood-2013
https://doi.org/10.1182/blood-2013
https://doi.org/10.1158/2159-8290.cd-21-0072
https://doi.org/10.1158/2159-8290.cd-21-0072
https://doi.org/10.1186/s12943-019-0954-x
https://doi.org/10.1186/s12943-019-0954-x
https://doi.org/10.3390/ijms22073464
https://doi.org/10.3390/ijms22073464
https://doi.org/10.1038/s43018-021-00218-4
https://doi.org/10.1056/nejmoa1813904
https://doi.org/10.1056/nejmoa1813904
https://doi.org/10.4049/jimmunol.1701703
https://doi.org/10.4049/jimmunol.1701703
https://doi.org/10.1182/blood-2016-03-707133
https://doi.org/10.3109/10428194.2015.1022770
https://doi.org/10.3109/10428194.2015.1022770
https://doi.org/10.1158/1535-7163.MCT-13-0639
https://doi.org/10.1158/1535-7163.MCT-13-0639
https://doi.org/10.1158/0008-5472.CAN-07-6854

	Antitumor activity of the PI3K δ-sparing inhibitor MEN1611 in PIK3CA mutated, trastuzumab-resistant HER2 + breast cancer
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusions 

	Introduction
	Methods
	Drugs
	Cell viability assay
	Capillary electrophoresis immunodetection
	Immunohistochemistry
	Statistical analysis
	Supplementary material

	Results
	MEN1611 has a lower cytotoxic activity toward B-cells as compared to breast cancer cells
	MEN1611 induces a clinically relevant cytotoxic effect in breast cancer cell lines with PTEN-loss
	MEN1611 reduces p110α protein levels in PIK3CA mutated breast cancer cell lines
	MEN1611 restores trastuzumab sensitivity in HER2 amplified, PIK3CA mutated xenografts and PDX models of breast cancer

	Discussion
	Anchor 21
	References




