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Abstract

Purpose—Determine the roles of the phosphatidylinositol 3-kinase (PI3K) isoforms p110α and 

p110β in PTEN-deficient, estrogen receptor α (ER)-positive breast cancer, and the therapeutic 

potential of isoform-selective inhibitors.

Experimental Design—Anti-estrogen-sensitive and -resistant PTEN-deficient, ER+ human 

breast cancer cell lines, and mice bearing anti-estrogen-resistant xenografts were treated with the 

anti-estrogen fulvestrant, the p110α inhibitor BYL719, the p110β inhibitor GSK2636771, or 

combinations. Temporal response to growth factor receptor-initiated signaling, growth, apoptosis, 

predictive biomarkers, and tumor volumes were measured.

Results—p110β primed cells for response to growth factor stimulation. While p110β inhibition 

suppressed cell and tumor growth, dual targeting of p110α/β enhanced apoptosis and provided 

sustained tumor response. The growth of anti-estrogen-sensitive cells was inhibited by fulvestrant, 

but fulvestrant inconsistently provided additional therapeutic effects beyond PI3K inhibition alone. 

Treatment-induced decreases in phosphorylation of AKT and Rb were predictive of therapeutic 

response. Short-term drug treatment induced tumor cell apoptosis and proliferative arrest to induce 

tumor regression, while long-term treatment only suppressed proliferation to provide durable 

regression.

Conclusions—p110β is the dominant PI3K isoform in PTEN-deficient, ER+ breast cancer cells. 

Upon p110β inhibition, p110α did not induce significant reactivation of AKT, but combined 

targeting of p110α/β most effectively induced apoptosis in vitro and in vivo and provided durable 
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tumor regression. Since apoptosis and tumor regression occurred early but not late in the treatment 

course, and proliferative arrest was maintained throughout treatment, p110α/β inhibitors may be 

considered short-term cytotoxic agents and long-term cytostatic agents.
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Introduction

Two-thirds of breast cancers express nuclear hormone receptors for estrogen (ER) and/or 

progesterone (PR). Patients with hormone receptor-positive breast cancer are treated with 

anti-estrogen therapies [e.g., tamoxifen, fulvestrant (fulv), and aromatase inhibitors (AIs)] 

that inhibit ER. While adjuvant anti-estrogen therapies have changed the natural history of 

hormone-dependent breast cancer, approximately one-third of patients develop metastatic 

disease that becomes resistant to all available therapies (1).

Activation of the phosphatidylinositol 3-kinase (PI3K) pathway has been implicated in anti-

estrogen resistance (2-4). The PI3K product phosphatidylinositol 3,4,5-trisphosphate (PIP3) 

promotes the recruitment of pleckstrin homology (PH) domain-containing proteins to the 

plasma membrane, triggering signaling cascades including PDK1/AKT/mechanistic target of 

rapamycin (mTOR) that drive cell growth, proliferation, survival, and migration. The tumor 

suppressor phosphatase and tensin homolog (PTEN) dephosphorylates PIP3, antagonizing 

PI3K. The PI3K pathway is genetically altered in >70% of ER+ breast cancers, most 

frequently by gain-of-function mutations in PIK3CA (encodes the PI3K subunit p110α; 

occur in 28-47% of cases), and/or decreased expression or loss-of-function mutations in 

PTEN (occur in 29-44% of cases) (5-9). Small molecule-mediated inhibition of PI3K, AKT, 

and/or mTOR suppresses anti-estrogen-resistant growth of ER+ breast cancer cells and 

xenografts. While mTOR complex 1 (mTORC1) inhibition with everolimus is being used to 

treat patients with advanced ER+ breast cancer, there is concern that mTORC1 inhibition 

alleviates feedback inhibition on activators of PI3K, promoting PI3K activation and 

attenuating therapeutic efficacy (10, 11). Thus, direct inhibitors of PI3K may be more 

effective.

PI3K inhibitors are being developed for the treatment of breast and other cancers. 

Unfortunately, pan-PI3K inhibitors that target the p110α, p110β, and p110δ Class IA 

isoforms of PI3K induce considerable dose-limiting toxicity (12-14). Expression of p110δ is 

largely restricted to immune and hematopoietic cells, while p110α and p110β are 

ubiquitously expressed. Isoform-selective PI3K inhibitors are showing improved safety 

profiles, but the subpopulations of patients with solid tumors most likely to benefit from 

these agents are only partially defined. p110α is essential for PI3K/AKT signaling and 

growth of tumors driven by PIK3CA mutations, growth factor receptor tyrosine kinases 

(RTKs), and/or mutant Ras. In contrast, p110β can be activated by G protein-coupled 

receptors (GPCRs), RTKs, and Rac1/Cdc42, exists in complex with PTEN, and has been 

shown to mediate tumorigenesis in some but not all PTEN-deficient cancer models (15-20). 

PIK3CA mutations predict sensitivity to p110α inhibition in preclinical models (21), and 
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early clinical data from patients with advanced ER+ breast cancer treated with the p110α-

selective inhibitor BYL719 show increased benefit when PIK3CA is mutated (22). Since 

PTEN-deficient cancer cells may rely on p110β to drive PIP3/AKT signaling (23-25), early 

clinical testing of p110β-selective inhibitors has been focused on patients with cancer types 

that frequently harbor PTEN alterations (i.e., prostate cancer, squamous cell lung carcinoma, 

and triple-negative breast cancer). However, it is unclear whether p110β inhibitors will be 

effective against PTEN-deficient, ER+ breast cancer. p110α is required for vascular 

endothelial cell migration and angiogenesis (26). There is extensive crosstalk between the 

ER and PI3K pathways: PI3K inhibition induces ER transcriptional activity; anti-estrogens 

induce PI3K activation; ER drives transcription of genes encoding RTKs, adaptors, and 

ligands known to activate p110α (2, 3, 27). Antagonism between the ER and PI3K pathways 

provides rationale for the ongoing clinical testing of PI3K inhibitors in combination with 

anti-estrogens. We thus tested the effects of p110α and p110β inhibitors, with and without 

anti-estrogens in models of PTEN-deficient, ER+ breast cancer.

Materials and Methods

Cell culture

Parental cell lines (ATCC) were cultured in DMEM/10% FBS (Hyclone). Cells were treated 

with GSK2636771 (gift from GlaxoSmithKline), BYL719 (Chemietek), BKM120, OSI-906 

(SelleckChem), and/or fulvestrant (Tocris). Fulv-resistant (FR) ZR75-1 (ZR75-1/FR) and 

MDA-MB-415 (MDA-MB-415/FR) cells were generated through culture with 1 μM fulv for 

4 months.

Xenograft studies

Animal studies were approved by the Dartmouth College IACUC. Female athymic nude 

(J:Nu) mice (4-5 wk old; obtained from Jackson Laboratory) were injected s.c. with 

5-10×106 ZR75-1/FR cells resuspended in matrigel (BD Biosciences). On the same date, 

mice were implanted s.c. with a 17β-estradiol pellet (0.72 mg, 60-day-release; Innovative 

Research of America), and fulv treatment was initiated (5 mg/wk s.c.; clinical formulation; 

gift from Astrazeneca). Tumor volumes were measured twice weekly using calipers 

(volume=length2xwidth/2). Four weeks after implantation, tumor-bearing mice were 

randomized to treatment with vehicle, GSK2636771 (30 mg/kg/d, p.o.), BYL719 (25 

mg/kg/d, p.o.), or the combination, all with a fulv treatment backbone. Tumors were 

harvested and cut in pieces for snap-freezing, or formalin fixation and paraffin embedding 

(FFPE).

Statistics

In vitro cell growth, and tumor IHC and TUNEL data were analyzed by ANOVA with 

Bonferroni multiple comparison-adjusted post-hoc testing between groups. To estimate 

treatment-induced tumor growth delay (TGD), the LINEXP non-linear mixed model of 

tumor regrowth was employed (28), which accounts for inter-tumor heterogeneity in 

treatment response. The R function ‘nlme’ was used to estimate parameters of non-linear 

regrowth and compute TGD in each treatment group. p≤0.05 was considered statistically 

significant.
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Additional methods are provided in Supplementary Information.

Results

p110β primes PTEN-deficient, ER+ breast cancer cells for response to growth factor 
stimulation

We first interrogated the Genomics of Drug Sensitivity in Cancer database (29), in which 

672 cancer cell lines were screened for sensitivity to 138 anti-cancer drugs including the 

p110β-selective inhibitors TGX221 and AZD6482. Among 70 cancer-related genes 

analyzed, alterations in PTEN significantly predicted sensitization to TGX221 and 

AZD6482 (Fig. S1), supporting the concept that p110β is critical for growth in PTEN-

deficient cancer cells.

p110β has been found in complex with PTEN in MCF-7 breast and other cancer cells, and 

p110β produces a basal level of PIP3 that is curbed by PTEN, offering an explanation of 

how PTEN loss increases levels of PIP3 and AKT activation [Fig. S2 and refs. (15, 16, 30, 

31)]. We confirmed the isoform selectivity of the p110β-selective inhibitor GSK2636771 

and the p110α-selective inhibitor BYL719 in p110β-driven, PTEN-mutant MDA-MB-415 

cells and p110α-driven, PIK3CA-mutant T47D cells, respectively (Fig. S3). While 

stimulation of 3 PTEN-deficient ER+ breast cancer cell lines with the growth factor 

heregulin increased phospho-AKT over time, treatment with the p110β-selective inhibitor 

GSK2636771 delayed AKT phosphorylation (Fig. 1A-C) despite increased phosphorylation/

activation of the heregulin receptor HER3 (Fig. S4). These findings support the model 

proposed by Knight et al. in which p110β is constitutively active and p110α is required for 

AKT phosphorylation in response to RTK activation, suggesting that p110α and p110β may 

generate different pools of PIP3 (15, 30, 32).

Since the above-described findings do not distinguish between basal and growth factor-

induced p110β activation, and both p110α and p110β can be activated by RTKs (20), we 

tested the effects of isoform-selective inhibitors on signaling response to RTK activation. 

Cells pretreated with BYL719 and/or GSK2636771 for 1 h were then stimulated with 

heregulin. Inhibition of either PI3K isoform alone partially decreased growth factor-induced 

AKT activation in PTEN-deficient cells, while combined p110α/β inhibition was most 

effective (Fig. S5). Thus, both p110α and p110β are likely activated by RTK signaling in 

PTEN-deficient, ER+ breast cancer cells. However, a role for p110β in growth factor-

induced AKT activation was less evident in PTEN-wild-type, PIK3CA-mutant, ER+ breast 

cancer cells: p110α inhibition blocked the majority of AKT phosphorylation, while 

combined p110α/β inhibition elicited modestly greater effects (Fig. S5). In contrast, p110β 
was reported to have no effect on P-AKT levels in growth conditions in PIK3CA-mutant ER

+ breast cancer cells (33); these disparate findings may be due to the use of growth factor 

stimulation in serum-free conditions in our studies. In PIK3CA-mutant ER+ breast cancer 

cells, PTEN knockdown by siRNA increased steady-state P-AKT levels driven almost 

exclusively by p110α (Fig. S6C), suggesting that the p110β predominance observed in 

intrinsically PTEN-deficient cancer cells may not be inducible by PTEN depletion in PTEN-

proficient models.
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p110β drives AKT activation in PTEN-deficient, ER+ breast cancer cells.

There is extensive crosstalk and antagonism between the ER and PI3K pathways in ER+ 

breast cancer (2, 3, 34). Since PTEN levels are inversely correlated with P-AKT in human 

breast tumors (35), we interrogated a reverse phase protein array database documenting 

relative levels of ~200 (phospho)proteins in 248 luminal breast tumors (36) to determine 

whether PTEN-deficient and AKT-activated tumors exhibit ER loss. Indeed, levels of ER 

and PTEN were positively correlated, and levels of ER and P-AKTT308 were negatively 

correlated in human luminal breast tumors (Fig. 1D).

We then evaluated the temporal effects of p110β inhibition on markers of ER activation. 

p110β inhibition with GSK2636771 durably suppressed P-AKT levels in ZR75-1 and MDA-

MB-415 cells, and provided partial PI3K inhibition in CAMA-1 cells (Fig. 1E). p110β 
inhibition increased ER levels and markers of ER activity (IRS-1, IGF-1Rβ, and/or PR) in 

ZR75-1 and MDA-MB-415 cells, but decreased these markers in CAMA-1 cells, suggesting 

that ER-PI3K pathway interactions vary between cell lines. Although dual PI3K/mTOR 

inhibition has been shown to upregulate ER transcriptional activity in ZR75-1 and CAMA-1 

cells (34), we cannot exclude the possibility that IRS-1 and IGF-1Rβ, which lie upstream of 

PI3K, were also modulated in response to a GSK2636771-induced decrease PI3K activity by 

ER-independent means [e.g., via activation of FoxO transcription factors (37)].

Combined inhibition of p110β and p110α decreases growth of PTEN-deficient, ER+ breast 
cancer cells.

Prior preclinical studies have shown that combined targeting of p110β and p110α 
sometimes improves anti-cancer effects compared to single-isoform inhibition (23, 38), and 

that p110α inhibition slows the growth of some PTEN-deficient, PIK3CA-wild-type cancer 

xenografts (21). We therefore tested the effects of GSK2636771, BYL719, the anti-estrogen 

fulvestrant (fulv), and combinations on growth of PTEN-deficient, ER+ breast cancer cells. 

p110β inhibition significantly but incompletely suppressed cell outgrowth in all three cell 

lines, while single-agent p110α inhibition was only effective against ZR75-1 cells (Figs. 2A, 

S7A). In all PTEN-deficient ER+ cell lines, combined targeting of p110α and p110β was 

significantly more effective than either agent alone.

In MDA-MB-415 cells, treatment with the combination of fulv and GSK2636771 was 

significantly more effective than single agents (Figs. 2A, S7A). However, inhibition of ER 

with fulv alone dramatically suppressed growth in parental cell lines (Figs. 2A, S7A/C), 

confounding evaluation of the effects of combined PI3K/ER inhibition. Thus, we developed 

fulv-resistant (FR) derivatives of ZR75-1 and MDA-MB-415 cells through culture in the 

presence of 1 μM fulv for 4 months. While ER/p110β inhibition completely blocked 

outgrowth of ZR75-1/FR cells, combined targeting of ER/p110α/β was more effective than 

single-isoform targeting in MDA-MB-415/FR cells (Figs. 2B, S7B).

Co-targeting p110α/β maximally suppresses PI3K signaling and induces apoptosis in 
PTEN-deficient, ER+ breast cancer cells.

Since dual p110α/β inhibition often more effectively suppressed growth than single-isoform 

inhibition (Fig. 2), we explored the effects of single- and dual-isoform inhibition on steady-

Hosford et al. Page 5

Clin Cancer Res. Author manuscript; available in PMC 2018 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



state PI3K/AKT signaling. GSK2636771 drastically decreased P-AKT and PIP3 levels in 

PTEN-deficient cell lines, while BYL719 less effectively decreased PIP3 levels in MDA-

MB-415 and ZR75-1 cells without altering P-AKT (Fig. 3A-F). Combined inhibition of 

p110α/β further decreased levels of P-AKT and P-S6 (downstream marker of mTORC1 

activity), suggesting that p110β inhibition alone incompletely blocks AKT/mTORC1 

signaling. Treatment with the pan-PI3K inhibitor BKM120 (1 μM) elicited effects similar to 

BYL/GSK (1 μM each), but BKM120 was slightly less effective at decreasing P-AKT (Fig. 

3A-C), possibly due to the presence of less drug.

PI3K inhibition upregulated markers of ER activity (PR, IGF-1Rβ, and/or IRS-1) in ZR75-1 

and MDA-MB-415 cells that were downregulated by fulv treatment. In contrast, PI3K 

inhibition decreased IRS-1 and IGF-1Rβ in CAMA-1 cells (Fig. 3A-C). The PR 

upregulation induced by BKM120 or BYL/GSK in CAMA-1 cells (Fig. 3A), which 

contrasts with the GSK2636771-induced downregulation of PR (Fig. 1E), may be due in-

part to the decreased MAPK phosphorylation induced upon more complete PI3K inhibition 

(Fig. 3A); activated MAPK promotes PR degradation (39). In contrast, fulv increased P-

AKT levels that were suppressed by PI3K inhibition. FR cells also showed upregulation of 

P-AKT that remained primarily p110β-dependent (Fig. S8), indicating that AKT activation 

in PTEN-deficient, ER+ breast cancer cells remains p110β-driven upon acquisition of anti-

estrogen resistance.

Preclinical and early clinical data suggest that mTORC1 inhibition (as measured by 

decreased P-S6 levels) is correlated with tumor response to single-agent p110α inhibition in 

PIK3CA-mutant breast cancer (40). We observed that combined inhibition of p110α/β most 

effectively decreased P-S6 levels in PTEN-deficient, ER+ breast cancer cells (Fig. 3A-C). 

However, mTORC1 hyperactivation induced by siRNA knockdown of TSC2 did not confer 

appreciable resistance to PI3K inhibition in growth assays (Fig. S9), indicating that the 

PI3K-driven signaling events essential for growth lie upstream of TSC2 in these model 

systems.

While therapeutic kinase inhibitors frequently inhibit cancer cell proliferation, apoptosis is 

required for regression of solid tumors (41). Dual p110α/β inhibition induced more 

apoptosis than single-isoform inhibition (Fig. 3G-I). Combined inhibition of AKT and MEK 

signaling has been shown to be required for significant induction of apoptosis in cancer cells 

(42). While fulv suppressed MEK activation [measured by MAPK (ERK1/2) 

phosphorylation] in CAMA-1 and MDA-MB-415 cells (Fig. 3A-B), the addition of fulv did 

not further increase apoptosis beyond that affected by p110α/β inhibition (Fig. 3G-I). In 

contrast, fulv augmented BKM120-induced apoptosis without altering MEK activation in 

ZR75-1 cells, suggesting that continuous MEK inhibition is not required for PI3K inhibitor-

induced apoptosis. Interestingly, co-treatment with fulv/BKM120 increased apoptosis 

compared to BKM120 alone in ZR75-1 cells where the addition of fulv further decreased P-

S6 levels (Fig. 3C/I). These data suggest that targeting p110α/β elicits robust anti-cancer 

effects in vitro, but the therapeutic benefit of co-treatment with an anti-estrogen to block 

(compensatory) ER activation may be modest.
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Decreased phosphorylation of both AKT and Rb in response to PI3K inhibition is 
predictive of apoptosis in PTEN-deficient, ER+ breast cancer cells.

Several signaling alterations induced by PI3K inhibitors have been proposed as predictive 

biomarkers of therapeutic response/resistance. One mechanism suggests that PTEN-deficient 

prostate and triple-negative breast cancer cells treated with a p110β inhibitor upregulate 

IGF-1R-dependent p110α signaling to reactivate PIP3/AKT signaling (38). Similarly, 

HER2+ breast cancer cells treated with a p110α inhibitor upregulate HER3-driven p110β 
activation to restore PIP3/AKT signaling (33). While we detected upregulation of IGF-1R 

and HER3 in response to PI3K inhibition (Fig. 3A-C), we did not observe significant 

rebound activation of AKT with prolonged p110β inhibition in PTEN-deficient, ER+ breast 

cancer cells (Figs. 4A, 1E, S10A). Even in cells adapted to growth in the presence of 

GSK2636771 for 2-4 wk, AKT activation remained primarily p110β-dependent (Fig. S11). 

However, weak reactivation of p70S6K following ≥8 h of p110β inhibition was correlated 

with persistent S6 phosphorylation, which was suppressed with the addition of a p110α 
inhibitor (Figs. 4A, S10A). These data suggest that A) PTEN-deficient, ER+ breast cancer 

cells do not robustly engage p110α upon p110β inhibition as was observed in other cancer 

subtypes (38), and B) weak PI3K-driven mTORC1/p70S6K activation is sufficient to 

maintain steady-state levels of S6 phosphorylation, which is most effectively blocked by 

combined inhibition of p110α/β. PI3K inhibitor treatments did not alter the protein levels of 

p110α or p110β (Fig. S10A).

A second proposed biomarker links PI3K inhibitor-induced cell cycle arrest with 

downregulation of cyclin D1 (due to mTORC1 inhibition), in turn decreasing CDK4/CDK6 

activities and Rb phosphorylation in PIK3CA-mutant breast cancer cells (43). We confirmed 

that BYL719-sensitive, PTEN-wild-type, PIK3CA-mutant, ER+ MCF-7 breast cancer cells 

engage p110α but not p110β to activate AKT, and p110α inhibition decreases P-Rb levels 

(Fig. 4B). While PI3K inhibition decreased both P-AKT and P-Rb in MDA-MB-415 and 

CAMA-1 cells, ZR75-1 cells showed persistent Rb phosphorylation despite AKT inhibition 

(Figs. 4B, S10B). CAMA-1 and MDA-MB-415 cells underwent dramatic apoptosis in 

response to p110α/β inhibition while effects on ZR75-1 cells were more modest (Fig. 3G-I), 

indicating that decreased phosphorylation of both AKT and Rb upon PI3K inhibition is a 

biomarker predictive of apoptotic response in PTEN-deficient, ER+ breast cancer cells.

Single-agent treatment with fulv decreased P-Rb in MDA-MB-415 and CAMA-1 cells (Figs. 

4B, S10B), but residual PI3K/AKT signaling likely prevented apoptosis. Both p110α/β 
inhibition, and combined inhibition of ER and p110α/β, similarly decreased P-AKT and P-

Rb levels in MDA-MB-415 and CAMA-1 cells (Figs. 4B, S10B), correlating with similar 

degrees of apoptosis with or without fulv (Fig. 3G/H). In contrast, ZR75-1 cells showed 

greater suppression of P-Rb with combined targeting of ER/p110α/β vs. p110α/β (Fig. 4B), 

in agreement with the requirement for fulv to significantly increase apoptosis in BYL/GSK-

treated ZR75-1 cells compared to control, and the increased apoptosis conferred by fulv in 

BKM-120-treated ZR75-1 cells (Fig. 3I).

A third suggested biomarker predictive of apoptosis in HER2+ breast cancer cells in 

response to PI3K inhibition is transient inhibition of MAPK (42). We confirmed that short-

term (30-60 min) p110α inhibition decreases P-MAPK levels in MCF-7 cells (Fig. 4C). 
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While short-term inhibition of p110β or p110α/β decreased P-AKT and P-MAPK in 

ZR75-1 cells that did not dramatically apoptose upon p110α/β inhibition (Figs. 4A/C, 3I), 

p110α/β inhibition did not transiently suppress P-MAPK levels in MDA-MB-415 or 

CAMA-1 cells that eventually underwent apoptosis (Figs. 4A/C, 3G/H, S10C). Thus, PTEN-

deficient, ER+ breast cancer cells do not require transient MAPK inhibition to undergo 

apoptosis in response to PI3K inhibition.

Combined targeting of p110α/β abrogates anti-estrogen resistance in ER+ breast tumors

Since PI3K inhibitors will most likely be initially clinically implemented for the treatment of 

ER+ breast cancer in patients with advanced, anti-estrogen-resistant disease in combination 

with an anti-estrogen, and parental ZR75-1 xenografts are endocrine-sensitive (Fig. S12), we 

tested the effects of p110α/β inhibition in mice bearing ZR75-1/FR tumors (all mice were 

treated with fulv since the time of xenografting). Immunoblot analysis of lysates from 

tumors harvested after 3 d of PI3K inhibitor treatment indicated that inhibition of ER/p110β 
but not ER/p110α decreased P-AKT and P-S6 levels compared to vehicle/fulv controls, and 

combined ER/p110α/β inhibition was most effective (Fig. 5A). ER/p110α inhibition 

induced upregulation of IGF-1Rβ/InsRβ phosphorylation, despite a decrease in total InsRβ 
and no change in total IGF-1Rβ, suggesting that AKT/mTORC1 signaling is not involved in 

this mechanism. Growth of cultured ZR75-1/FR cells was unaffected by the IGF-1R/InsR 

inhibitor OSI-906 +/− BYL719; thus, the functional significance of p110α inhibitor-induced 

P-IGF-1Rβ/InsRβ remains unclear and may only be apparent in tumors.

Inhibition of ER/p110β or ER/p110α/β induced rapid tumor regression, while ER/p110α 
inhibition had no significant early effect on growth compared to continued ER inhibition 

alone (Fig. 5B). After ~3 wk of PI3K inhibitor treatment, tumors in fulv/GSK-treated mice 

resumed growth. In contrast, fulv/BYL/GSK combination treatment prevented tumor 

regrowth, maintaining tumors at regressed volumes for the duration of the study. Fulv/BYL 

treatment slowed tumor growth after 2 wk (Fig. 5B); we speculate that p110α inhibition 

suppressed tumor angiogenesis, as p110α is the critical PI3K isoform in vascular endothelial 

cells (26). Since tumors in fulv/GSK-treated mice regressed then regrew (Fig. 5B), non-

linear mixed modeling was used to predict duration of tumor growth delay (TGD). 

Fulv/GSK and fulv/BYL treatments provided similar TGD (9 and 8 wk, respectively), while 

fulv/BYL/GSK increased the projected TGD to 15 wk. All fulv/PI3K inhibitor treatments 

provided significant TGD compared to fulv/vehicle, and the combination of fulv/BYL/GSK 

was significantly more effective than fulv/BYL or fulv/GSK (all p≤0.01).

Molecular analysis of tumors from mice treated for 3 d or 10 wk revealed that PI3K 

inhibitor-induced decreases in P-AKT levels that occurred after short-term treatment were 

not maintained with long-term treatment (Fig. 5C). mTORC1 drives cap-dependent 

translation of Cyclin D1, and mTORC1 promotes Cyclin D3 stability (44, 45). Cyclin 

D1/D3 promote CDK4/CDK6 activities that stabilize the anti-senescence transcription factor 

FoxM1 (46) and inhibit Rb, causing Rb release from E2F transcription factors that drive cell 

cycle progression (Fig. 6).The recovered AKT signaling after long-term fulv/GSK and 

fulv/GSK/BYL treatments correlated with rescued FoxM1 and P-Rb levels but not Cyclin 

D1/D3 or P-S6, suggesting that CDK4/CDK6 activity was restored independent of mTORC1 
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signaling (Figs. 5C, 6). TUNEL and Ki67 IHC analyses confirmed that inhibition of ER/

p110β increased apoptosis and proliferative arrest, respectively, after 3 d of treatment 

compared to ER inhibition alone, while ER/p110α/β inhibition was non-significantly more 

effective (Fig. 5D-E). Following 10 wk of drug treatment, ER/p110α, ER/p110β, and ER/

p110α/β inhibition continued to suppress tumor cell proliferation compared to fulv/vehicle 

control (Figs. 5D, S13), but the proportion of TUNEL-positive cells was significantly 

increased only by fulv/BYL/GSK treatment compared to fulv/vehicle control (Figs. 5E, 

S14). Although significantly higher than fulv/vehicle control, apoptosis in the 

fulv/BYL/GSK treatment group was much less dramatic after 10 wk of treatment compared 

to 3 d; this significant drop in apoptosis at 10 wk (compared to 3 d) is consistent with 

partially restored P-AKT and P-Rb (Figs. 5C/E, S14). These data indicate that A) 

suppression of tumor growth after long-term treatment is mediated primarily by inhibition of 

proliferation without dramatic apoptosis, B) ER/PI3K inhibitor-induced apoptosis and tumor 

regression occur early in the treatment course and are correlated with robust decreases in 

phosphorylation of AKT and Rb, and C) long-term treatment with an anti-estrogen and a 

p110α/β inhibitor(s) may provide sustained therapeutic response in PTEN-deficient, ER+ 

breast cancer.

Discussion

Herein, we demonstrate that combined inhibition of p110α/β most effectively inhibits AKT/

mTORC1 signaling, cell growth and survival, and tumor growth in models of PTEN-

deficient, ER+ breast cancer. p110β inhibition suppressed the majority of AKT activation, 

but suppression of S6 phosphorylation required dual p110α/β inhibition, indicating that 

PTEN-deficient cancer cells have a large excess of PI3K/AKT signaling and only a small 

fraction is required to maintain mTORC1 activation. While PI3K inhibition inconsistently 

increased ER levels and/or markers of ER activity, it is unclear whether anti-estrogen 

treatment uniformly increases the anti-cancer effects of PI3K inhibition in PTEN-deficient, 

ER+ breast cancer [as seen in PIK3CA-mutant, ER+ breast cancer (47)].

Among the suggested pharmacodynamic biomarkers predictive of response/resistance to 

PI3K inhibitors (38, 42, 43), we found that suppression of both P-AKT and P-Rb levels was 

most predictive of subsequent apoptosis in PTEN-deficient, ER+ breast cancer cells (Figs. 

3G-I, 4B, 5, S10B), in agreement with prior observations in PIK3CA-mutant breast cancer 

models (43). P-AKT and P-Rb may be clinically incorporated as early pharmacodynamic 

biomarkers to determine whether cancers are likely to respond to PI3K inhibitors, either 

through IHC comparison of pre- and post-treatment tumor tissues, or through indirect 

imaging metrics such as [18F]FDG-PET [as a marker of PI3K/AKT activation (12)] and 

[18F]FLT-PET [as a marker of DNA synthesis]. PI3K inhibition did not transiently interrupt 

MAPK activation in 2/3 PTEN-deficient, ER+ breast cancer cell lines that subsequently 

underwent apoptosis (Figs. 3G/H, 4A/C, S10C), conflicting with previous findings from 

other breast cancer cell lines (42); the transient nature of this signaling interruption also 

makes it impractical to develop as a clinical diagnostic biomarker. p110β inhibition 

drastically decreased AKT activation without inducing compensatory activation of p110α in 

PTEN-deficient, ER+ breast cancer cells (Figs. 1, 4A), contrasting with prior observations in 

PTEN-deficient prostate and triple-negative breast cancer cells (38). However, residual 
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p110α signaling likely conferred sufficient PI3K/AKT signaling to maintain mTORC1 

activation despite p110β inhibition (Figs. 3A-C, 4A, S10A), indicating a need for dual 

p110α/β inhibition in PTEN-deficient, ER+ breast cancer.

In support of P-AKT and P-Rb as biomarkers predictive of apoptosis in response to PI3K 

inhibition, ZR75-1/FR tumors in mice treated with fulv/GSK or fulv/BYL/GSK showed 

apoptosis and decreased P-Rb and P-AKT levels after 3 d but not 10 wk of treatment (Fig. 

5C/E). Despite recovering P-AKT levels by 10 wk of treatment, such tumors continued to 

show decreased P-S6 and Cyclin D1/D3 levels; while this is indicative of low mTORC1 

activity and may explain the continued inhibition of tumor cell proliferation, the mechanism 

underlying the progressive disconnect between AKT and mTORC1 requires further study. 

Based on these findings, we propose a model (Fig. 6) in which short-term inhibition of ER 

and PI3K effectively suppresses the PI3K/AKT/mTORC1 axis, resulting in inhibition of 

CDK4/CDK6 proliferative signaling and induction of tumor cell apoptosis. By 10 wk of 

treatment, AKT and CDK4/CDK6 activities partially recover, preventing continued 

apoptosis; however, mTORC1 remains suppressed resulting in continued inhibition of 

proliferation. Although tumor cell proliferation remained suppressed after 10 wk of 

treatment with fulv/GSKL and fulv/BYL/GSK, partial recovery of P-Rb and FoxM1 (Fig. 

5C) suggest that co-targeting CDK4/CDK6 (to inhibit Rb phosphorylation) may increase 

therapeutic efficacy. Indeed, combinations of CDK4/CDK6 inhibitors and PI3K inhibitors 

are currently being evaluated in clinical studies in ER+ breast and other cancers.

Costa et al. recently demonstrated that combined p110α/β inhibition more effectively 

decreased PIP3 levels and cell viability than single-isoform inhibition in PIK3CA-mutant ER

+ breast cancer cells. However, inhibition of p110α maximally suppressed P-AKT levels, 

suggesting that p110β drives AKT-independent pro-growth signaling in PIK3CA-mutant 

cells, and that PIP3 may be a more sensitive readout of PI3K activity than P-AKT. In 

contrast, PIP3 levels correlated with P-AKT levels in HER2+ breast cancer cells (33). In 

PTEN-deficient ER+ breast cancer cells, we observed that p110α/β inhibition decreased P-

AKT, suppressed growth, and induced apoptosis more effectively than single-isoform 

inhibition, but p110α inhibition did not significantly suppress PIP3 levels beyond the 

suppression induced by p110β inhibition (Fig. 3A-F). These discrepant results suggest that 

the most accurate readout of PI3K activity may vary between biological systems, and may 

not be predictable based on the status of PI3K pathway mutations. Measuring PIP3 levels in 

cells/tissues is technically challenging, due in part to its labile nature and low levels (48); 

these issues make routine PIP3 measurement in clinical specimens impractical. P-AKTT308 

continues to be the most widely accepted marker of PI3K activity because Thr308 

phosphorylation is typically PI3K-dependent, and a more stable, accurate biomarker remains 

to be developed.

While inhibition of p110α with BYL719 did not alter P-AKT levels in ZR75-1/FR tumors 

(Fig. 5A), drug treatment slowed tumor growth (Fig. 5B) but only modestly affected cell 

growth in vitro (Fig. 2B). BYL719 slowed growth of PTEN-deficient PC3 prostate cancer 

and U87MG glioblastoma xenografts, but P-AKT levels were not appreciably altered in the 

latter and not tested in the former (21). Thus, p110α inhibition may elicit anti-tumor effects 

by a non-cancer cell mechanism(s) [e.g., inhibition of angiogenesis (26)]. In addition, other 
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cancer subtypes exhibit patterns of dependence on p110α and/or p110β independent of 

PI3K pathway mutational status. Weigelt et al. found that PTEN-deficient endometrial 

cancer cells are not dependent on p110β for growth, survival, or AKT phosphorylation, 

regardless of the presence or absence of co-existent mutations in PIK3CA or PIK3R1; 

instead, combined inhibition of p110α/β is required to inhibit growth (49). In non-small cell 

lung cancer cells, PIK3CA mutations or PTEN deficiency were not associated with 

sensitivity to inhibitors of p110α or p110β, respectively; instead, combined inhibition of 

p110α/β was required for significant growth suppression (50). The inconsistency between 

PTEN deficiency and sensitivity to p110α inhibition supports the clinical exploration of 

treatment strategies incorporating p110α inhibitors for PTEN-deficient cancers.

We conclude that dual p110α/β inhibition is more effective than single-isoform targeting of 

PI3K in PTEN-deficient, ER+ breast cancer. While antagonism exists between PI3K and ER 

activation in this cancer subtype, and anti-estrogen treatment inhibits cell and tumor growth, 

it is unclear whether addition of an anti-estrogen uniformly increases efficacy beyond that 

provided by p110α/β inhibition. These results support clinical testing of p110α/β inhibitors, 

but not p110β inhibitors alone, for the treatment of patients with anti-estrogen-resistant, 

PTEN-deficient breast cancer.
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Refer to Web version on PubMed Central for supplementary material.
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Statement of Translational Relevance

Phosphatidylinositol 3-kinase (PI3K) is a critical signaling hub that drives cancer cell 

survival, growth, proliferation, and metastasis. While pan-PI3K inhibitors targeting all 

Class IA isoforms (p110α, p110β, p110δ) are being tested clinically, toxicity to normal 

tissues may be reduced with isoform-selective inhibitors. In cancer cells with loss or 

inactivation of the PI3K antagonist Phosphatase and Tensin Homolog (PTEN), p110β 
often drives PI3K signaling; thus, p110β-selective inhibitors are being tested clinically 

for select types of PTEN-deficient cancers. PTEN deficiency occurs in 29-44% of breast 

cancers expressing estrogen receptor α (ER). Despite crosstalk between the ER and PI3K 

pathways, and ER-induced expression of genes associated with p110α activation, we 

found that p110β is the dominant PI3K isoform in PTEN-deficient, ER+ breast cancer 

cells. However, p110β inhibition only provides temporary protection against growth of 

anti-estrogen-resistant tumors, while dual targeting of p110α/β induces sustained tumor 

regression. These data indicate that combined p110α/β inhibition is necessary to achieve 

a durable response in PTEN-deficient, ER+ breast cancer.
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Fig. 1. 
p110β inhibition suppresses response to growth factor stimulation. A-C) Cells were serum-

starved for 16-24 h, then pretreated with 1 μM GSK2636771 for 1 h followed by stimulation 

with heregulin (Hrg) +/− GSK2636771. Protein lysates were analyzed by immunoblot. D) 

RPPA measurements of ER, PTEN, and P-AKTT308 levels in 248 luminal breast tumors 

were extracted from refs. (5, 36) and compared by Spearman correlation. E) Cells were 

treated as indicated. Medium and drug were refreshed every 2-3 d, and protein lysates were 

analyzed as above.
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Fig. 2. 
Combined targeting of p110α/β abrogates growth in anti-estrogen-sensitive and -resistant, 

PTEN-deficient, ER+ breast cancer cells. A) Parental cells were treated with 1 μM fulv, 1 

μM BYL719, 1 μM GSK2636771, or combinations. Medium and drugs were replenished 

every 3 days. When control wells reached 50-70% confluence (after 20-40 d), cells were 

stained with crystal violet. Quantification is shown as mean of triplicates + SD (% control). 

B) FR cells were analyzed as in (A). *p<0.05 by Bonferroni post-hoc test compared to 

control, unless otherwise indicated with brackets.
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Fig. 3. 
Combined inhibition of p110α/β suppresses mTORC1 signaling and induces apoptosis in 

PTEN-deficient, ER+ breast cancer cells. A-C) Cells were pretreated +/− 1 μM fulv for 24 h, 

then treated +/− fulv and 1 μM PI3K inhibitors for 24 h before lysis. Protein lysates were 

analyzed by immunoblot using the indicated antibodies. D-F) Cells were treated as indicated 

for 4 h. Phospholipids were isolated from cell lysates, and relative levels of PIP3 were 

quantified by ELISA. Data are presented as PIP3 normalized to control, mean of triplicates + 

SD. G-I) Cells were treated as indicated for 3 d, then analyzed for apoptosis. Proportions of 

apoptotic cells are shown as mean of triplicates + SD. *p<0.05 by Bonferroni post-hoc test 

compared to control, unless otherwise indicated with brackets.
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Fig. 4. 
PI3K inhibition-induced Rb inactivation predicts subsequent apoptosis in PTEN-deficient, 

ER+ breast cancer cells. Cells were treated with 1 μM GSK2636771, 1 μM BYL719, or 1 

μM fulv as indicated, and protein lysates were analyzed by immunoblot.
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Fig. 5. 
Dual targeting of p110α/β abrogates anti-estrogen-resistant growth of PTEN-deficient, ER+ 

breast tumors. A) Lysates of ZR75-1/FR tumors from mice treated with fulv, then harvested 

after 3 d of treatment with PI3K inhibitors were analyzed by immunoblot. B) Tumor 

volumes are shown as % baseline (mean + SEM). *p≤0.01 by non-linear mixed modeling 

compared to “Vehicle/Fulv” group, unless otherwise indicated with brackets. C) Tumors 

were harvested after 3 d or 10 wk of treatment with fulv/PI3K inhibitors (or 4 wk for 

Vehicle/Fulv-treated group) and analyzed as in (A). D-E) Tumors were analyzed by (D) IHC 

for Ki67 or (E) TUNEL. Horizontal red bars indicate mean values. *p≤0.05 by Bonferonni 

post-hoc test compared to 3-day Vehicle/Fulv controls unless otherwise indicated with 

brackets.
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Fig. 6. 
Model of response to PI3K inhibition in anti-estrogen-resistant, PTEN-deficient, ER+ breast 

tumors. Left: PI3K signaling engages AKT, which drives mTORC1-induced translation of 

mRNAs encoding Cyclin D1/D3. Cyclin D1/D3 bind CDK4/CDK6 to promote Rb 

phosphorylation, which derepresses E2F transcription factors to drive expression of genes 

that promote proliferation and suppress apoptosis. CDK6 phosphorylates FoxM1 to promote 

FoxM1 stability, which suppresses senescence. Middle: Short-term PI3K inhibition with 

BYL719/GSK2636771 decreases AKT/mTORC1 signaling and Cyclin D1/D3 levels, 

decreasing CDK4/6 activity, P-Rb, and FoxM1 stability. Unphosphorylated Rb binds E2F 

proteins to suppress expression of pro-growth and anti-apoptosis genes. Right: After long-

term PI3K inhibition, AKT activation is partially restored but mTORC1 remains inhibited, 

suggesting that AKT signaling becomes disconnected from mTORC1. Despite continued 

suppression of Cyclin D1/D3, CDK4/6 activity is partially restored as indicated by partial 

recovery of P-Rb and FoxM1.
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