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Abstract
Background: PIK3CA mutations are common genomic alterations in estrogen receptor (ER)-positive
breast cancers, currently, the development of selective PI3Kα (phosphatidylinositol 3-kinase α) inhibitors
is ongoing. The mechanisms contributing to the anticancer activity of alpelisib in PIK3CA-mutant breast
cancer cells and the mechanism of acquired resistance to alpelisib remain elusive.

Methods: Drug-sensitive cell lines were exposed to alpelisib to establish alpelisib-resistant cell lines.
Western blotting was used to assess changes in protein expression. Apoptosis was evaluated by flow
cytometry. In vivo with mouse xenograft models and in vitro colony formation and MTS and assay were
carried out to determine the growth inhibitory effects of the tested drugs. Protein half-lives were examined
and proteasome inhibitors were used to estimate protein degradation. Gene knockdown was carried out
using shRNA or siRNA.

Results: In the present study, we report the potent induction of apoptosis by alpelisib in PIK3CA-mutant
breast cancer cell lines. AKT phosphorylation suppression, AKT/Foxo3a-dependent Bim induction, and
AKT/GSK-3β-dependent Mcl-1 degradation were observed. Apoptosis induced by alpelisib was attenuated
by Mcl-1 (4A) overexpression or Bim suppression. Furthermore, alpelisib could not modulate Mcl-1 or Bim
levels in cell lines that were resistant to alpelisib. AKT inhibitor and alpelisib combination restored the
sensitivity of alpelisib-resistant cells to growth inhibition and apoptosis in vitro and in vivo.

Conclusions: Therefore, modulation of Mcl-1 degradation and AKT-dependent Bim induction are crucial
for mediating the resistance and sensitivity of PIK3CA-mutant breast tumor cells to alpelisib, thus making
it a productive strategy for overcoming acquired resistance to alpelisib.

Background
In both healthy and malignant cells, the PI3K (phosphatidylinositol 3-kinase) pathway is a key driver of
survival, metabolism, and growth(1, 2). More than two-thirds of breast cancers have PI3K pathway
activation via HER2 ampli�cation, PTEN tumor suppressor deletion, or PIK3CA mutations causing
oncogenesis(3, 4). Class IA PI3Ks are a group of holoenzymes that have p85, a regulatory subunit
attached to any of three potential catalytic subunits, p110α (encoded by PIK3CA), p110δ, and p110β
subunits(5, 6). To be activated, each class IA PI3K is recruited to phosphotyrosine peptides, such as those
on RTKs (receptor tyrosine kinases) and adaptors (e.g., IRS-1), via p85 SH2 domains(7, 8). p110β can
also be activated by GPCRs (G protein-coupled receptors)(9). The function of class I PI3Ks involves
phosphorylating the inositol ring of PI(4,5)P2 (phosphatidylinositol (4,5)-bisphosphate) at the D-3
position to generate the 2nd messenger PIP3 (phosphatidylinositol (3,4,5)-trisphosphate)(10). PIP3
recruits its effectors (e.g., AKT) to the membrane through their PH (pleckstrin homology) domains and
activates them(11, 12). Thus, inhibiting PI3K activity may be a potential approach to treating breast
cancer, and several such agents are entering clinical trials.
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Currently, selective inhibitors of PI3Kα (PI3K p110α) are being clinically evaluated in patients with
malignancies in their stage(13, 14). Promising results were observed in breast tumor patients harboring
PIK3CA mutations(15, 16). There were some bene�ts of these agents, but typical relapse was observed
even in patients who initially had a positive response after a month of treatment(17). With the ER-positive
nature of the majority of PIK3CA-mutant tumors, it may be stipulated that these cells can survive through
both pathways governing proliferation and survival(18). The proof of the cooperation of the ER and PI3K
pathways in the advancement of tumors arose from a clinical study(19, 20). A remarkable improvement
was observed in the progressive defense of ER-positive breast tumor patients who underwent with
everolimus treatment, an mTOR inhibitor, combined with exemestane, an inhibitor for the anti-estrogen
aromatase(21, 22).

The small, orally bioavailable molecule, alpelisib (BYL719), is an α-speci�c PI3K inhibitor that speci�cally
inhibits p110α at a strength nearly 50-fold that of other isoforms(22). Alpelisib was FDA approved in
combination therapy with fulvestrant for postmenopausal men and women with human epidermal
growth factor receptor 2 (HER2)-negative, PIK3CA-mutated, hormone receptor (HR)-positive, chronic or
metastatic breast tumor as diagnosed after progression during or after endocrine-based regimen(22).

We have therefore focused our efforts on a clear understanding of alpelisib’s cancer biology to create a
comprehensive scienti�c strategy that can result in the formation of an intervention to counter and/or
overcome the acquired resistance to this inhibitor. In the current study, we demonstrate that regulation of
AKT/FoxO3a-dependent Bim induction and AKT/GSK-3β-dependent Mcl-1 degradation is crucial
proceedings that facilitate the potency of alpelisib selective treatment for PIK3CA-activating mutations in
breast tumor. We are therefore proposing a robust approach to overcome the resistance of alpelisib
through attenuating those events.

Materials And Methods
Cell culture

The breast cancer cell lines PIK3CA-mutant including MDA-MB-361 and BT474 were purchased from the
American Type Culture Collection (ATCC, VA, USA). The alpelisib-resistant cell lines MDA- BT474-AR and
MB-361-AR were established by adding gradually increasing concentrations of alpelisib to BT474 or
MDA-MB-361 cells for approximately 6 months. The routine culture of these cell lines was performed in
the presence of alpelisib (500 nmol/L), and the cells-maintained resistance to alpelisib following
extraction of alpelisib from the medium for 6 or more months, thus showing that an irreversible
phenotype was established. All cell lines were cultured in Dulbecco’s Modi�ed Eagle Medium (DMEM)
with 10% heat-inactivated FBS at 37℃ with 5% CO2 and 95% air. Cell lines were consistently evaluated
for mycoplasma contamination using MycoAlert Mycoplasma Detection Kit (Sigma, MO, USA), and cell
phenotype was analyzed through FACS. Alpelisib, perifosine, and MK-2206 were purchased from
Selleckchem (Houston, TX, USA). Cycloheximide (CHX, Sigma) was dissolved in DMSO at 10 mmol/L,
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aliquoted and fewwzed at -80℃ for further experimentation. Just before use, appropriate concentrations
were prepared from stock solutions with growth medium.

Cell viability assay

MTT (3-(4,5 dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay was performed to analysis the
cell viability according to the previously reported protocol (23, 24). In brief, the cells were cultured in 96-
well plates. The serially diluted compounds were added to a suspension of fresh medium and cells. This
was performed in triplicate. After 3 days of exposure, cellular viability was determined by using the MTT
reagent (Sigma). The MTT-formazan and colored reaction product were dissolved in DMSO for measuring
its absorbance at 540 nm using a POLARStar Omega Reader (BMG Labtech). Three experiments were
performed independently with three replicates each, and their geometric mean was calculated to
represent the data.

Colony formation assay

Cells were cultured in 6-well plates, followed by the addition of alpelisib, and then incubated for 24 hours.
Colonies were visualized two weeks after planting, and colonies were stained using crystal violet (Sigma)
as previously instructed. All experiments were carried out at least twice with three replicates in each
experiment.

Apoptosis assay

Apoptosis within the cells was analyzed through the Annexin V Apoptosis Detection Kit (BD Biosciences).
Breast cancer cells, which included attached and �oating cells, were collected and stained with FITC-
Annexin V/PI. Following cell washing twice with PBS, FACS (�uorescence-activated cell sorting) was used
to quantify the intensity of staining.

Real-time PCR

Total RNA of breast cancer cells or tissues were harvested through RNeasy Plus Mini Kit from Qiagen
base on the manufacturer’s instructions. The target RNA expression was evaluated using the kits for
reverse transcription (RT) and real-time PCR. Reactions for RT were performed in a volume of 20 μL
through the PrimeScript RT reagent kit (Sigma), kept at 37°C for 0.5 hours and then at 85°C for 5 s. To
carry out real-time PCR, RT product was diluted with reaction buffer (Takara Inc, Dalian, China), and each
reaction was performed on an EP Gradient S Eppendorf Mastercycler from Eppendorf (Germany) under
the following conditions: 95 ℃ for 30 s; 45 cycles at 95 ℃ for 5 s; and 60 ℃ for 30 s. GAPDH
(glyceraldehyde-3-phosphate dehydrogenase) was used as the internal control to normalize expression as
per the method of comparative 2-ΔΔCq. Primers are listed as follows: Mcl-1, Forward: 5′-
CCAAGAAAGCTGCATCGAACCAT-3′, Reverse: 5′-CAGCACATTCCTGATGCCACCT-3′; Bim, Forward: 5’-
GGCCCCTACCTCCCTACA-3’, Reverse: 5’-GGGGTTTGTGTTGATTTGTCA-3’; GAPDH, Forward: 5’-
AGCCACATCGCTCAGACAC-3’, Reverse: 5’-GCCCAATACGACCAAATCC-3’.



Page 5/23

Western blotting

Western blotting was performed by adopting the previously reported methods (25-27). Cells were lysed by
lysis buffer (Sigma Aldrich), and total protein was collected from lysates. This was followed by
subjecting of 50 μg of protein determined through the BCA method (Sigma), to gel electrophoresis (SDS-
PAGE). Then, it was transferred to polyvinylidene �uoride (PVDF) membranes, followed by blocking with
nonfat milk 5% in 0.5% TBS-T buffer for 60 min. Next, the membrane was stained with the primary
antibody and incubated at 4°C o/n. The next morning, the membrane was stained HRP conjugated
Secondary antibody and incubated for 60 min at RT. Primary antibodies used are: cleaved caspase 3
(9661), cleaved caspase 8 (9496), Bim (2933), Mcl-1 (94296), p-Mcl-1 (4579), p-AKT (4060), AKT (9272),
Bcl-2 (15071), Bax (5023), HA (2367), GSK-3β (12456), p-FoxO3a (9465), FoxO3a (2497), E2F1 (3742),
Egr-1 (4153), c-Myc (5605), β-actin (3700, Cell signaling technology).

Knockdown of genes using short hairpin RNA (shRNA) or siRNA

The knockdown assay was performed as previous studies(28, 29). Cell Signaling Technology provided
the Bim siRNA and non-silencing control (siRNA duplexes), which were synthesized as mentioned(30). In
plates (12-well), cells were transfected with these siRNAs through HiPerFect transfection reagent (Qiagen)
as per the manufacture instructions. Lentiviral Bim shRNAs in pLKO.1(Open Biosystems) was used to
established Stable Bim knockdown cell lines.

Transfection

A human full-length Mcl-1 cDNA, ampli�ed from PCR, was transfected into the pCDNA3.1/V5-His plasmid
(Invitrogen). Mutations in Mcl-1was generated through QuickChange XL Site-Directed Mutagenesis Kit
(Agilent Technologies). Lentiviruses carrying ectopic Mcl-1 were used to establish a stable cell lines
BT474/Mcl-1 (S121A/E125A/S159A/T163A; 4A) and MDA-MB-361/Mcl-1 (4A), the cells were selected
with zeocin (500 ng/mL) for 1 week.

ChIP (Chromatin immunoprecipitation) assay

The Chromatin Immunoprecipitation Assay Kit (EMD Millipore, MA, USA) was used to perform ChIP with
the FoxO3a antibody as per the instructions. Analysis of precipitates was performed by PCR using the
primers 5′-GCATTTCCTCACAGAGTTGG-3′ and 5′-TGCCACCAAAGATCTCTACC-3′, and the Bim promoter
fragment harboring putative FoxO3a sites was ampli�ed.

Xenograft model

The in vivo study was carried out as mentioned previously(23). The treatments include alpelisib (20
mg/kg/day, oral gavage), perifosine (15 mg/kg/day, oral gavage), alone, vehicle control, or the
combination of alpelisib and perifosine. Measurements via caliper were performed to measure tumor
volumes and estimated using the formula V=(length×width2)/2. The weight of each mouse was taken
before euthanization with CO2 asphyxia at the end of treatment. Then, tumors were extracted, weighed

http://www.procedureswithcare.org.uk/oral-gavage-in-the-mouse/
http://www.procedureswithcare.org.uk/oral-gavage-in-the-mouse/
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and then stored in liquid nitrogen for further use. Protein lysis beffer was used to homogenize the tumor
tissue aliquots, and Western blotting was subsequently carried out to determine the indicated proteins.

Statistical analysis

The mean ± S.D. from three independent experiments (carried out independently, in triplicate) was used to
represent the data. Two groups means were compared using Student’s t-test, and the difference for the
multiple groups was compared by applying ANOVA. p < 0.05 was considered statistically signi�cant.

Results
Generation of alpelisib-resistant cells in breast cancer cell lines with PIK3CA mutations

To determine the ability of alpelisib to induce apoptosis in human breast cancer cells, we generated cell
lines of alpelisib-resistant (BT474 and MDA-MB-361), which were treated with alpelisib. The alpelisib-
resistant cell lines (BT474-AR and MDA-MB-361-AR) exhibited enhanced viability in the presence of 1 μM
alpelisib (Figure 1A and S1A), and the dose-response curve showed a rightward shift (Figure 1B and S1B).
Concurrently, cell cycle arrest due to alpelisib was attenuated in the chronically exposed cells; compared
to the parental cells these cells has higher cells amount in the S phase (Figure 1C and S1C).

We next treated BT474-AR, MDA-MB-361-AR, and their parental cells with alpelisib for 24 hours and then
detected the cleavage of the caspase. Our results showed that, compared to the control treatment, 1 μM
alpelisib treatment e�ciently enhanced the amount of annexin V-positive cells (Figure 1D and S1D).
Furthermore, it can also raise the levels of cleaved forms of caspase-3 and caspase-8 (Figure 1E and
S1E) in the drug-sensitive parental cells. However, alpelisib treatment didn’t rise the annexin V-positive cell
percentage or induce the cleavage of caspase-8 and caspase-3 in the alpelisib-resistant cells. In
summary, these data suggest that alpelisib treatment prompts apoptosis in drug-sensitive breast cancer
cells with mutated PIK3CA.

Alpelisib modulates Bim and Mcl-1 levels and suppresses AKT-dependent Bim induction and Mcl-1
phosphorylation in breast cancer cell lines with mutated PIK3CA

For understanding alpelisib-mediated apoptotic induction of mutated PIK3CA in drug-sensitive breast
cancer cell lines, we investigated whether alpelisib affects the protein level that regulates the Bcl-2 family
proteins. Alpelisib treatment with dose of 10-1000 nmol/L didn’t adjust the expression levels of Bcl-2 and
Bax in the parental cell lines. However, alpelisib treatment decreased Mcl-1 levels, increased BimEL

expression, and reduced p-AKT levels in these cell lines (Figure 1F and S1F). Within 6 hours Mcl-1 reduced
and elevation of Bim elevated. after alpelisib treatment (Figure 1G and S1G). Nevertheless, these
alterations didn’t occur or minimally occurred in the resistant cell lines, even when they were exposed to 1
μM alpelisib (Figure 1H and S1H). Thus, alpelisib modulates Mcl-1 and Bim levels by suppressing AKT in
drug-sensitive PIK3CA-mutant breast cancer cell lines.
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FoxO3a mediates alpelisib-induced Bim expression in breast cancer cells with mutated PIK3CA

Next, we demonstrate that whether alpelisib affects levels of Mcl-1 and Bim and study the mechanism
through which this occurs in drug-sensitive PIK3CA-mutant breast cancer cells. In both BT474 and MDA-
MB-361 cells, alpelisib treatment substantially showed the induction of Bim mRNA expression compared
with the control treatment (Figure 2A and S2A). Next, we determine the mechanism of Bim induction in
response to alpelisib. Transcription factors includingE2F1(31), Egr-1(32) and c-Myc(33) are not involved
due to unchanged expression following alpelisib treatment (Figure S2B). In a previous study, the
induction of Bim could be regulated by the transcription factor FoxO3a in T and mast cells after cytokine
deprivation. Interestingly, we found that siRNA depletion of FoxO3a in BT474 cells abrogated Bim
induction by alpelisib, indicating that FoxO3a is needed for Bim induction after kinase inhibition (Figure
2B). Furthermore, the ChIP assay indicated that FoxO3a is directly recruited to the Bim promoter. The
binding of FoxO3a to the Bim promoter was enhanced statistically following treatment with alpelisib
(Figure 2C). Our �ndings also indicated that alpelisib prompted dephosphorylation of FoxO3a (Figure 2D),
which stalls its consequent transactivation and nuclear translocation. Conversely, active AKT transfection
constitutively induced phosphorylation of FoxO3a (Figure 2E), and inhibited Bim induction by alpelisib
(Figure 2E). Consequently, AKT inhibition cause FoxO3a-mediated Bim induction following alpelisib
treatment.

Alpelisib modulates Mcl-1 levels through AKT/GSK-3β-dependent degradation in drug-sensitive breast
cancer cells with mutated PIK3CA

 Next, we investigated the mechanism by which alpelisib induces Mcl-1 depletion. Our �ndings indicated
that alpelisib did not affect the mRNA level of Mcl-1 (Figure 2F and S2C). We also found speedy
degradation of Mcl-1 in alpelisib-treated BT474 or MDA-MB-361 cells than in cells mixed with DMSO
(Figure 2G and S2D). Unswervingly, the occurrence of MG132, a proteasome inhibitor, enhanced Mcl-1
basal amount and inhibited the alpelisib-induced reduction in Mcl-1 (Figure 2H and S2E), indicating that
the protein degradation depended on the ubiquitin/proteasome system.

In alpelisib-treated cells, phosphorylation of Mcl-1 at Ser159 was observed (Figure 2I). GSK3β
phosphorylates Mcl-1 to promote its degradation and is inhibited by AKT through Ser9 phosphorylation.
Our results showed that alpelisib prevented Ser9 phosphorylation of GSK3β through analyzing by
upstream kinase signaling (Figure S2F). Treating cells with the SB216763(GSK3β inhibitor) inhibits
alpelisib-induced phosphorylation and degradation of Mcl-1 (Figure 2J). These data indicate that
alpelisib-mediated phosphorylation of Mcl-1 is dependent on AKT/GSK3β, which facilitates proteasomal
degradation.

Modulation of Bim and Mcl-1 levels is an important mechanism responsible for alpelisib-mediated
apoptotic induction in drug-sensitive breast cancer cells with mutated PIK3CA

In order to evaluate whether Bim rise can induce apoptosis by alpelisib, we utilized Bim siRNAs to
knockdown Bim expression and then analyzed its effect upon alpelisib's capability to cause apoptosis in
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BT474. Bim siRNA effectively prevented the Bim expression triggered by alpelisib, as found through
Western blotting (Figure 3A). Thereafter, we showed decreased amounts of cleaved caspase-3 in
transfected cells with siRNA to Bim than that in transfected cells with siRNA control (Figure 3A).
Following this �nding, we also found considerably less apoptotic cells in BT474 cells transfected with
Bim siRNA than in siRNA-transfected cells under regulation (Figure 3B). Consequently, Bim elevation
blockade prevents the apoptosis that alpelisib induces. Consistent with our previous results, which
reported that MDA-MB-361 cells in which Bim expression using Bim siRNA was knocked down (Figure
S3A and S3B).

Next, we study if a reduction in Mcl-1 levels has a role in alpelisib-induced apoptosis in drug-sensitive
breast cancer cells with mutated PIK3CA. For this, we expressed ectopic Mcl-1
(S121A/E125A/S159A/T163A; 4A) in both BT474 and MDA-MB-361 cell lines and then checked its
effects on alpelisib-induced apoptosis. We found that alpelisib signi�cantly induced caspase cleavage of
-3 and -8 (Figure 3C and S3C) and enhanced the percentage of apoptotic cells (Figure 3D and S3D) in
vector-control cell lines. However, it minimally or doesn’t affect BT474/Mcl-1 (4A) or MDA-MB-361/Mcl-1
(4A) cells. These �ndings reveal that the expression of Mcl-1 shields cancer cells from alpelisib-induced
apoptosis.

AKT inhibitors restore Bim elevation and Mcl-1 reduction in alpelisib-resistant PIK3CA-mutant breast
cancer cell lines

Present results indicate key roles for Mcl-1 and Bim modulation in controlling alpelisib-mediated
apoptotic induction in PIK3CA-mutant breast cancer cell lines. Alpelisib 's inability to simulate these
protein levels in BT474-AR and MDA-MB-361-AR cells to acquired alpelisib resistance prompted us to
hypothesize whether there is a mechanism that boosts Bim levels with simultaneous Mcl-1 suppression
to reduce the threshold for alpelisib-resistant cells to respond to alpelisib, leading to apoptotic cell death.
Provided that AKT controls Bim induction and the phosphorylation and degradation of Mcl-1, we
considered that AKT suppression contributes to Bim induction and lessening of Mcl-1 in PIK3CA-mutant
alpelisib-resistant breast cancer cells. In the alpelisib-resistant cell lines, BT474-AR and MDA-MB-361-AR,
alpelisib was not able to suppress AKT, increase Bim levels, and reduced Mcl-1 levels (Figure 4A-4D).
These �nding additionally verify the signi�cance of Bim levels in de�ning cell sensitivity to alpelisib and
subduing AKT signaling and modulating Mcl-1. Two different AKT inhibitors, MK-2206 and perifosine,
individually or in combination with alpelisib, effectively suppressed AKT phosphorylation, increased Bim
expression, and reduced Mcl-1 expression in the mentioned resistant cell lines (Figure 4A-4D). Our results
confirm that AKT inhibitors suppress AKT phosphorylation, reduce Mcl-1, and increase Bim in alpelisib-
resistant breast cancer cell lines with mutated PIK3CA.

AKT inhibitors effectively overcome the acquired resistance of PIK3CA-mutant breast cancer cells to
alpelisib

Next, we evaluate if AKT inhibition indeed restored the sensitivity of alpelisib-resistant breast cancer cells
to alpelisib. MK-2206 and perifosine (AKT inhibitors) at the determined concentration ranges didn’t
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suppress the growth of BT474-AR cells, nor every week. As envisioned, this cell line was alpelisib-
resistant. The combined effect of alpelisib for each of the AKT inhibitors however very e�ciently prevents
the development of BT474-AR cells (Figure 5A-5D and S4A-S4D). The CIs were well below 0.5, suggesting
highly synergistic growth inhibitory effects. In long-term colony formation testing, we observed that the
combining alpelisib with either of the two AKT inhibitors abolished colony formation, while either agent
itself inhibited the development of BT474-AR cells in colony mildly. (Figure 5E-5F and S4E-S4H). Taken
together, these data suggest that AKT inhibitors restore the sensitivity of alpelisib-resistant cells to
alpelisib to e�ciently stunned alpelisib resistance.

Alpelisib in combination with an AKT inhibitor effectively induces the apoptosis of alpelisib-resistant
breast cancer cells

Additionally, we evaluated the effects of alpelisib in combination with an AKT inhibitor on apoptotic
induction in alpelisib-resistant breast cancer cells. Alpelisib or perifosine alone didn’t increase or tend to
enhance the percentage of apoptotic cells (Figure 5G) and the cleavage of caspase-8 and caspase-3
(Figure 5H) in BT474-AR and MDA-MB-361-AR cells. Nevertheless, their combination improved the
percentage of apoptotic cells (Figure 5G) and the cleavage of caspase-8 and caspase-3 (Figure 5H). The
same results were observed with MK-2206 treatment (Figure 5I-5J). Taken together, these data show that
a combination of alpelisib with an AKT inhibitor effectively induces apoptosis in alpelisib-resistant breast
cancer cells.

Alpelisib in combination with perifosine effectively inhibits the growth of alpelisib-resistant breast cancer
xenografts in a mouse model

After the promising therapeutic activity of alpelisib in combination with the AKT inhibitor in alpelisib-
resistant breast cancer cells, next, we evaluate its e�ciency in xenograft tumor mice model alpelisib-
resistant. As shown in vitro, both alpelisib and perifosine alone had no impact or marginal effects on the
development of BT474-AR tumors while treated regularly for approximately 3 weeks. On the other hand,
when they were combined, they markedly eliminated the growth of these xenografts under the conditions
tested (Figure 6A and 6B) without any toxicity determined from the mean body weight observed at an
indicted time interval (Figure 6C). We have repeated the MDA-MB-361-AR xenograft experiment with an
intermittent treatment schedule of 1 week on treatment, 1 week off treatment, 1 week on treatment.
Similar results for possible increased toxicity were observed as shown in Figure S6A-S6C. It is, therefore,
obvious that the combination therapy can successfully inhibit the growth of alpelisib-resistant tumors in
vivo with no obvious toxicity.

In xenograft tumors of mice undergoing the speci�ed therapies, we further measured p-AKT, Mcl-1, and
Bim rates. In consistence with in vitro observations, perifosine alone signi�cantly raises the levels of Bim
and decrease levels of Mcl-1 and p-AKT, while alpelisib alone didn’t alter concentrations of the proteins.
The combination of alpelisib and perifosine was not extra effective than perifosine alone at rising Bim
levels but significantly reduced Mcl-1 levels beyond the level observed with the single agent (Figure 6D).
Furthermore, the alpelisib and perifosine combination induced more apoptosis in BT474-AR tumors than
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single agents alone (Figure 6E). Therefore, we found that in vivo regulation of Mcl-1 and Bim rates by the
combination of alpelisib and the AKT inhibitor.

Discussion
In breast cancer, the most commonly mutated oncogene observed is PIK3CA, which sustains activating
mutations at a high frequency in many other types of cancer(34, 35). Therefore, multiple clinical trials are
being carried out to evaluate small-molecule PI3K inhibitors, along with other anticancer drugs(36-38).
Nevertheless, their clinical advantages are marred by acquired and intrinsic resistance to PI3K
inhibitors(38). Elucidating how cancer cells overcome PI3K inhibition may expedite approaches to
develop new therapeutics for breast cancer with mutated PIK3CA and various tumors dependent on PI3K.

The present study demonstrates that alpelisib e�ciently induces apoptosis in the breast cancer cell with
mutated PIK3CA but this doesn’t occur in alpelisib-insensitive breast cancer cell lines that have acquired
resistance to alpelisib. The induction of apoptosis is a crucial step for the alpelisib’s therapeutic
effectiveness for PIK3CA-mutant breast cancers. Our data also demonstrate that alpelisib enhance Bim
levels and decrease Mcl-1 levels in drug-sensitive PIK3CA-mutant breast cancer cells, although not in
alpelisib-resistant cells, including BT474-AR and MDA-MB-361-AR, strongly suggesting that the
modulation of both Bim and Mcl-1 levels is crucial for mediating alpelisib-induced apoptosis. This was
corroborated with our observations that both, the inhibition of Bim induction or the enforced expression
of an Mcl-1 ectopic mutant in the drug-sensitive PIK3CA-mutant breast cancer cells successfully protects
them from alpelisib-induced apoptosis.

As a member of the Bcl‐2 family, Bim can be activated through various pro‐apoptotic stimuli and
facilitate cell death that is dependent on Bak and Bax(39). The FOXO (Forkhead box O) transcription
factors participate in several biochemical processes, such as cell-cycle arrest, apoptosis, cell metabolism,
and DNA damage repair(40). Several external stimuli, such as insulin, IGF-1, and a few other growth
factors, can modulate FOXO transcription factors(41). The FOXO member that is the most highly
expressed, Foxo3a, correlates with cancer progression(42). In our study, we found that the pro-apoptotic
function of Bim induced by alpelisib depends on Foxo3a.

The Mcl-1 protein has a short half-life and consists of PEST (proline-, glutamic acid-, serine- and
threonine-rich) sequences, which have a crucial role in the degradation of proteins(43, 44). Therefore,
proteasome-mediated degradation tightly regulates the expression of Mcl-1(45). Four sites of
phosphorylation, including S121, E125, S159 and T163, have been identi�ed on Mcl-1(46-47). These sites
can be phosphorylated by several kinases to facilitate the degradation of Mcl-1 in response to numerous
stimuli(48-50). In this study, alpelisib had no noticeable effect on the expression of Mcl-1 mRNA, and the
alpelisib-induced reduction of Mcl-1 was markedly blocked by MG132. Furthermore, the extent of
ubiquitination of Mcl-1 was signi�cantly increased in the presence of alpelisib. Moreover, GSK-3β is
involved in alpelisib-induced Mcl-1 degradation(45). Thus, alpelisib downregulates Mcl-1 by a process
closely related to proteasomal degradation.
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Our research has identi�ed a critical mechanism: the necessary outcome of reduction of Mcl-1 in PIK3CA-
mutant breast cancer cells mediating alpelisib-induced apoptosis. Thus, we conclude that alpelisib
enhances Bim levels by promoting AKT/FoxO3a-dependent Bim induction. Also, we found that alpelisib
reduced the levels of Mcl-1 and enhanced the phosphorylation of Mcl-1 at S159. Moreover, alpelisib
increases the rate of Mcl-1 degradation, and proteasome inhibition with MG132 attenuated the decline in
Mcl-1 induced by alpelisib. Therefore, we recommend that alpelisib reduces Mcl-1 levels through
enhanced AKT/GSK-3β-dependent degradation. These data that numerous AKT inhibitors successfully
rise Bim levels and decrease Mcl-1 levels and suppress AKT in alpelisib-resistant PIK3CA mutant breast
cancer cells also support this model of modulation of Bim induction and Mcl-1 degradation. Thus, our
�ndings have introduced a unique mechanism in this respect by which alpelisib modulates the levels of
Mcl-1 and Bim, leading to apoptotic induction. Consequently, alpelisib 's failure to modify Mcl-1 and Bim
rates by altering AKT-dependent Bim induction and Mcl-1 reduction in alpelisib-resistant cells constitutes
a strategic mechanism whereby the drug-sensitive PIK3CA-mutant breast cancer cells may become
immune to apoptosis induction by alpelisib.

We do not currently know why the AKT signaling pathway in alpelisib-resistant cell lines passive to the
treatment with alpelisib, but we plan to address this issue in the near future. However, we reported a
therapeutic approach established on the concept that alpelisib-resistant cells can overcome resistance by
co-targeting AKT signaling. Through inducing Bim and growing Mcl-1 rates through suppressing AKT-
dependent Bim induction and degrading Mcl-1 with an AKT inhibitor, we have restored the vulnerability of
alpelisib-resistant breast cancer cells with mutated PIK3CA to apoptotic death, exhibiting encouraging
anticancer results toward alpelisib-resistant breast cancer cell growth, both in vivo and in vitro. By
attacking AKT signaling, we obtained similar �ndings with 2 separate AKT inhibitors, thereby illustrating
the reason for overcoming alpelisib resistance. Nonetheless, increased induction of Bim and reduction of
Mcl-1 levels will result in an increased ratio of Bim to Mcl-1 (Bim: Mcl-1) in the present resistant cell line,
ultimately increasing apoptotic induction and suppression of tumor growth.

Conclusion
To sum up, this study has reported a vital function of Bim and Mcl-1 modulation in carrying out apoptotic
induction in response to alpelisib in drug-sensitive breast cancer cell lines with mutated PIK3CA. Based
on this signi�cant observation, we propose that a successful therapeutic strategy to address acquired
resistance to alpelisib would be co-targeting AKT signaling.
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Figure 1

Acquired resistance to alpelisib breast cancer cell lines generation. (A) Parental and resistant BT474 cells
were treated with either the vehicle or 1μM alpelisib for 48 hours. Representative plates are shown. (B)
Cells were treated with increasing doses of alpelisib for 72 hours. Viability was assessed using MTT. (C)
Parental and resistant BT474 cell lines were treated with alpelisib for 24 hours, after which cell-cycle
analysis was performed using propidium iodide staining followed by flow cytometry. The percentage
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decrease in S phase relative to vehicle controls is depicted. (D) Parental and resistant BT474 cells were
treated with either the vehicle or 1μM alpelisib for 48 hours. Apoptosis was analyzed by �ow cytometry.
(E) Parental and resistant BT474 cells were treated with either the vehicle or 1μM alpelisib for 48 hours.
Cleaved caspase 3 and 8 were analyzed by Western blotting. (F) Parental and resistant BT474 cells were
treated with alpelisib at indicated concentration for 48 hours. Indicated proteins were analyzed by
Western blotting. (G) Parental and resistant BT474 cells were treated with 1μM alpelisib at indicated time
points. Indicated proteins were analyzed by Western blotting. (H) Indicated cells were treated with 1μM
alpelisib for 48 hours. Indicated proteins were analyzed by Western blotting. The results were expressed
as the means ± SD of three independent experiments. **, P<0.01.

Figure 2
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FoxO3a mediated alpelisib-induced Bim expression and Mcl-1 degradation in breast cancer cells with
mutated PIK3CA. (A) BT474 cells were treated with 1μM alpelisib at indicated time points. Bim mRNA
level was analyzed by real-time PCR. (B) BT474 cells transfected with FoxO3a siRNA were treated with
1μM alpelisib for 48 hours. Indicated proteins were analyzed by Western blotting. (C) Chromatin
immunoprecipitation (ChIP) was performed using anti-FoxO3a antibody on BT474 cells following
alpelisib (1μM) treatment for 8 hours. The IgG was used to control for antibody speci�city. PCR was
carried out using primers surrounding the FoxO3a binding sites in the Bim promoter. (D) BT474 cells were
treated with 1μM alpelisib at indicated time points. Indicated proteins were analyzed by Western blotting.
(E) BT474 cells transfected with constitutively active AKT plasmid were treated with 1μM alpelisib at
indicated time points. Indicated proteins were analyzed by Western blotting. (F) BT474 cells were treated
with 1μM alpelisib at indicated time points. Relative mRNA level of Mcl-1 was analyzed by real-time PCR.
(G) Indicated cell lines were exposed to 1μM alpelisib for 2 hours followed with the addition of 10 mg/mL
CHX. The cells were then harvested at the indicated times for Western blotting to detect the indicated
proteins. (H) The indicated cell lines were pretreated with 5 mg/mL MG132 for 30 minutes and then
cotreated with 1μM alpelisib for an additional 4 hours. The indicated protein level was analyzed by
Western blotting. (I) BT474 cells were treated with 1μM alpelisib at indicated time points. The indicated
protein level was analyzed by Western blotting. (J) BT474 cells were pretreated with 5 mg/mL SB216736
for 30 minutes and then cotreated with 1μM alpelisib for an additional 4 hours. The indicated protein
level was analyzed by Western blotting. The results were expressed as the means ± SD of three
independent experiments. *, P<0.05; **, P<0.01.
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Figure 3

Bim and Mcl-1 regulate PIK3CA-mutation breast cancer sensitivity to alpelisib. (A) Indicated cells
transfected with sh Bim were treated with 1μM alpelisib for 48 hours. The indicated protein level was
analyzed by Western blotting. (B) Indicated cells transfected with sh Bim were treated with 1μM alpelisib
for 48 hours. Apoptosis was analyzed by �ow cytometry. (C) Indicated cells transfected with vector or
Mcl-1 (4A) were treated with 1μM alpelisib for 48 hours. The indicated protein level was analyzed by
Western blotting. (D) Indicated cells transfected with vector or Mcl-1 (4A) were treated with 1μM alpelisib
for 48 hours. Apoptosis was analyzed by �ow cytometry.
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Figure 4

AKT inhibitors decrease Mcl-1, p-AKT and increased Bim level. (A) BT474-AR cells were treated with 1μM
alpelisib, 1μM MK-2206, or their combination. The indicated protein level was analyzed by Western
blotting. (B) MDA-MB-361-AR cells were treated with1μM alpelisib, 1μM MK-2206, or their combination.
The indicated protein level was analyzed by Western blotting. (C) BT474-AR cells were treated with 1μM
alpelisib, 1μM Perifosine, or their combination. The indicated protein level was analyzed by Western
blotting. (D) MDA-MB-361-AR cells were treated with1μM alpelisib, 1μM Perifosine, or their combination.
The indicated protein level was analyzed by Western blotting.
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Figure 5

The combination of AKT inhibitors with alpelisib effectively inhibits the growth and induces apoptosis of
alpelisib-resistant breast cancer cell lines. (A)-(B) Sensitivity of BT474-AR cells to alpelisib, MK-2206, or
their combination. Survival fraction (left) and the CI (right) are shown. Fa, fraction affected. (C)-(D)
Sensitivity of BT474-AR cells to alpelisib, Perifosine, or their combination. Survival fraction (left) and the
CI (right) are shown. Fa, fraction affected. (E) BT474-AR cells were treated with 1μM alpelisib, 1μM MK-
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2206, or their combination. After 14 days, the plates were stained for cell colonies with crystal violet dye.
The colonies were then counted. (F) BT474-AR cells were treated with 1μM alpelisib, 1μM Perifosine, or
their combination. After 14 days, the plates were stained for cell colonies with crystal violet dye. The
colonies were then counted. (G) BT474-AR or MDA-MB-361-AR cells were treated with 1μM alpelisib, 1μM
Perifosine, or their combination for 48 hours. Apoptosis was analyzed by �ow cytometry. (H) BT474-AR or
MDA-MB-361-AR cells were treated with 1μM alpelisib, 1μM Perifosine, or their combination for 48 hours.
The indicated protein level was analyzed by Western blotting. (I) BT474-AR or MDA-MB-361-AR cells were
treated with 1μM alpelisib, 1μM MK-2206, or their combination for 48 hours. Apoptosis was analyzed by
�ow cytometry. (J) BT474-AR or MDA-MB-361-AR cells were treated with 1μM alpelisib, 1μM MK-2206, or
their combination for 48 hours. The indicated protein level was analyzed by Western blotting. The results
were expressed as the means ± SD of three independent experiments. **, P<0.01.

Figure 6

Perifosine sensitizes alpelisib-induced tumor growth in vivo. (A) BT474-AR xenografts were treated with
alpelisib, Perifosine, or their combination. Tumor volume at indicated time points after treatment was
calculated and plotted with p values, n=6 in each group. (B) At the end of the treatment, the mice were
sacrificed and the tumors were removed and weighed. (C) Mouse body weights were also compared. (D)
Whole protein cell lysates were prepared randomly from 3 tumors in each group for Western blotting to
detect the indicated proteins. (E) Tissue sections were analyzed by active caspase 3 staining. Left,
representative staining pictures, scale bar: 25 μm; Right, active caspase 3-positive cells were counted and
plotted.
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