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One Sentence Summary: Our findings underscore the superior efficacy of gedatolisib compared to 21 

alpelisib in preclinical models of PIK3CA-mutant ER+ advanced breast cancer. 22 

 23 

Abstract  24 

Combined CDK4/6 inhibitor (CDK4/6i) and endocrine therapy (ET) significantly improves outcomes 25 

in advanced estrogen receptor positive (ER+) breast cancer, but emergence of resistance to this 26 

combination underscores the pressing need for alternative therapeutic strategies. A promising 27 

approach involves adding an inhibitor of the PI3K/AKT/mTOR pathway to the standard combined 28 

CDK4/6i and ET, but selecting the most effective inhibitors and their optimal combinations has 29 

proven to be challenging. Here, we compared the efficacy of various triple combinations utilizing 30 

single or dual point PI3K/AKT/mTOR pathway inhibitors in breast cancer cell lines, cell line 31 

xenografts, patient-derived xenografts and patient-derived organoids resistant to CDK4/6i and ET, 32 

and exhibiting PIK3CA, PTEN or AKT1 mutations. Notably, PIK3CA-mutant, PTEN-wildtype, 33 

CDK4/6i- and ET-resistant models, required the addition of the dual PI3K/mTOR inhibitor 34 

gedatolisib to effectively impede tumor growth by blocking the HIF-1α pathway through both 35 

mTORC1 inhibition and PI3K/AKT-mediated modulation of GSK3αβ activity. Conversely, PIK3CA-36 

wildtype, PTEN-null cells benefited from triple combinations incorporating either the AKT inhibitor 37 

capivasertib or the dual mTORC1/2 inhibitor sapanisertib to block tumor growth. Interestingly, 38 

gedatolisib significantly reduced viability of PIK3CA- or AKT1-mutant and PTEN-wildtype 39 

CDK4/6i-resistant patient-derived organoids compared to the α-specific PI3K inhibitor alpelisib. Our 40 

data support the superiority of gedatolisib over alpelisib in ER+ breast tumors harboring alterations 41 

of the PI3K/AKT/mTOR pathway including PIK3CA- or AKT1 mutations. 42 

 43 
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Background 47 

CDK4/6 inhibitor (CDK4/6i)-based regimens have revolutionized the treatment paradigm for 48 

advanced estrogen receptor-positive (ER+) breast cancer. Currently, three CDK4/6 inhibitors 49 

(CDK4/6i) are approved by both the Food and Drug Administration (FDA) and European Medicines 50 

Agency (EMA), namely palbociclib, ribociclib and abemaciclib (1, 2). These agents function by 51 

inhibiting CDK4 and CDK6, which results in cell cycle arrest and inhibition of tumor growth. By 52 

specifically targeting these kinases, CDK4/6i in combination with endocrine therapy (ET) halts the 53 

proliferation of cancer cells, thereby impeding disease progression. CDK4/6i are used either in 54 

combination with an aromatase inhibitor (AI) as first-line therapy, or together with fulvestrant 55 

following progression on ET. All three CDK4/6i have significantly improved progression-free 56 

survival (PFS) of patients with advanced ER+ breast cancer. Ribociclib in combination with an AI or 57 

fulvestrant has also demonstrated an overall survival (OS) benefit in this patient population, as well 58 

as abemaciclib in combination with fulvestrant (3-5). Despite the indisputable efficacy of CDK4/6i 59 

in combination with ET, the emergence of drug resistance poses a challenge in the long-term 60 

management of this disease. Thus, development of novel upfront drug combinations that can delay 61 

the emergence of resistance or serve as subsequent treatments following progression on combined 62 

CDK4/6i and ET are needed. 63 

Promising strategies include the integration of additional targeted therapies, particularly inhibitors of 64 

the PI3K/AKT/mTOR pathway, which controls cancer cell growth, proliferation, and survival. 65 

Aberrant activation of this signaling cascade is further linked to resistance to various targeted 66 

therapies, including CDK4/6i and ET in ER+ breast cancer (6-8). Given the pivotal role of the 67 

PI3K/AKT/mTOR pathway in breast cancer progression and drug resistance, numerous inhibitors 68 

have been developed to target various nodes of the PI3K/AKT/mTOR pathway. The mTOR inhibitor 69 

(mTORi) everolimus was the first to be approved in combination with exemestane in advanced ER+ 70 

breast cancer (9), however this trial was done prior to the clinical use of CDK4/6i. Presently, there 71 

are two PIK3CA pathway inhibitors that are FDA approved following progression on an ET in 72 

advanced breast cancer. The first, α-specific PI3K inhibitor (PI3Ki) alpelisib, is FDA approved for 73 

patients with PIK3CA-mutant advanced ER+ breast cancer. Alpelisib plus fulvestrant demonstrated 74 

a significant improvement in PFS compared with fulvestrant alone (10, 11). The second is the AKT 75 

inhibitor (AKTi) capivasertib, which was FDA-approved in combination with fulvestrant for patients 76 

with ER+ locally advanced or metastatic breast cancer exhibiting one or more PIK3CA/AKT1/PTEN-77 

alterations (12). More recently, inavolisib, an α-specific PI3Ki, has also been FDA-approved as first-78 
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line therapy for PIK3CA-mutant advanced breast cancer in combination with palbociclib and 79 

fulvestrant. This approval is based on the results of the INAVO-120 trial, which demonstrated a 80 

significant improvement of prolonged PFS with the triple combination compared to palbociclib and 81 

fulvestrant alone, along with a manageable safety profile and a low treatment discontinuation rate 82 

(13). The FDA has currently granted fast track designation to the dual PI3K/mTOR inhibitor 83 

gedatolisib as a treatment for patients with advanced ER+ breast cancer following progression on 84 

CDK4/6i plus ET. This designation follows encouraging results from phase 1b dose escalation and 85 

expansion clinical trials evaluating triple therapy with gedatolisib, CDK4/6i inhibitor and ET (14, 86 

15). Several preclinical and early clinical investigations have shown promising results when 87 

combining CDK4/6i with PI3K/AKT/mTOR pathway inhibitors (7, 16). It has been observed that 88 

CDK4/6i sensitize PIK3CA-mutant tumors to PI3Ki, thereby enhancing the efficacy of PI3K 89 

blockade. Conversely, mTORC1/2 inhibitors have shown the ability to suppress the growth of 90 

CDK4/6i-resistant cells. These findings underscore the potential advantages of combining therapies 91 

targeting the ER, CDK4/6 and PI3K/AKT/mTOR pathways in ER+ breast cancer resistant to 92 

combined CDK4/6i and ET, as well as potentially using them upfront to delay the development of 93 

resistance. Importantly, there is an increasing focus on the clinical development of agents capable of 94 

inhibiting multiple points within the PI3K/AKT/mTOR pathway, thus achieving a more complete 95 

blockade and bypassing negative feedback loops associated with reduced clinical efficacy. In 96 

particular, concurrent inhibition of regulators both upstream and downstream of AKT may prevent 97 

its activation subsequent to mTORC1–S6K–IRS1 negative feedback loop inhibition, as observed with 98 

mTORC1 blockers.  99 

 100 

Here, we assess the efficacy of various triple combinations, comprising dual or single inhibitors of 101 

the PI3K/AKT/mTOR pathway, ER degrader (fulvestrant) and CDK4/6i (palbociclib), in preclinical 102 

models of ER+ breast cancer resistant to combined CDK4/6i and ET. Our findings demonstrate that 103 

PIK3CA-mutated, PTEN-wildtype, breast cancer cells and patient-derived xenografts (PDXs) 104 

resistant to combined CDK4/6i and ET require a triple inhibition approach with a dual pathway 105 

inhibitor of the PI3K/AKT/mTOR pathway (gedatolisib) added to standard CDK4/6i and ET to 106 

efficiently block tumor growth. In contrast, incorporation of a single α-specific PI3Ki inhibitor 107 

(alpelisib) or dual mTORC1/2i (sapanisertib) was not sufficient for long-term tumor growth 108 

inhibition. Conversely, PIK3CA-wildtype and PTEN-null cells benefit from triple combinations 109 

including either AKTi or mTORi to efficiently impair tumor growth. Interestingly, patient-derived 110 
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organoids (PDOs) PIK3CA- or AKT1-mutated and PTEN-wildtype resistant to CDK4/6i, show 111 

significant impairment of viability with gedatolisib, supporting the potential utility of dual 112 

PI3K/mTORi in PTEN-wildtype breast tumors exhibiting other variations of the PI3K/AKT/mTOR 113 

pathway beyond PIK3CA-mutations.  114 

 115 

Results 116 

Dual PI3K/mTOR inhibition is required for long-term growth inhibition of combined CDK4/6i- 117 

and fulvestrant-resistant PIK3CA-mutated breast cancer cells.  118 

Previous preclinical studies from our group and others have shown that simply switching the partner 119 

of ET from CDK4/6i to a PI3K/AKT/mTOR pathway inhibitor does not efficiently overcome 120 

CDK4/6i resistance, and triple-targeting therapies may be required (6, 17-19). Additionally, the recent 121 

surge in the number and diversity of PI3K/AKT/mTOR inhibitors in clinical development 122 

underscores the need for rational approaches to identify biomarkers for selection of patients who may 123 

benefit from different PI3K/AKT/mTOR pathway inhibitors.  124 

To determine the most effective triple combination therapy for patients experiencing relapse with 125 

combined CDK4/6 inhibition and ET, we compared the efficacy of several single or dual targeted 126 

inhibitors of the PI3K/AKT/mTOR pathway. These were administered in combination with the 127 

CDK4/6i palbociclib and the ER-degrader fulvestrant in two combined palbociclib- and fulvestrant-128 

resistant cell models of PIK3CA-mutant ER+ breast cancer. The combined palbociclib- and 129 

fulvestrant-resistant cancer cells were derived from the MCF7 (PIK3CA-mutant (p. E545K), PTEN 130 

and AKT1-wildtype) and T47D (PIK3CA-mutant (p.H1047R) PTEN- and AKT1-wildtype) cell lines 131 

and named MPF-R and TPF-R, while the corresponding sensitive cells were named M-S and T-S. 132 

The single inhibitors of the PI3K/AKT/mTOR pathway that were tested in triple combinations with 133 

palbociclib and fulvestrant included alpelisib, an α-specific PI3Ki inhibitor approved for use in 134 

combination with ET for advanced ER+ breast cancer (10). Additionally, we tested capivasertib, a 135 

pan-AKTi inhibitor that has been recently granted approval by the FDA in combination with 136 

fulvestrant for advanced ER+ breast cancer based on the results from the CAPItello-291 phase 3 trial 137 

(20). We also tested the efficacy of the dual mTORC1/C2i sapanisertib and the dual PI3K/mTORi 138 

gedatolisib, both of which have shown promising outcomes in early phase clinical trials (14, 15, 21). 139 

Analysis of the sensitive cells, M-S and T-S showed that all triple combinations significantly impaired 140 

cell growth (Fig. 1A-B), viability and proliferation (fig. S1) similar to standard combined palbociclib 141 
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and fulvestrant. In contrast, when analyzing the combined palbociclib and fulvestrant resistant MPF-142 

R and TPF-R cells, triple combinations of palbociclib, fulvestrant and alpelisib or gedatolisib were 143 

the most effective in inhibiting growth (Fig. 1C-D), viability and proliferation (fig. S1) when 144 

compared to standard combined palbociclib and fulvestrant. The growth assay (with crystal violet 145 

staining) measures total DNA content but does not differentiate between viable, growth-arrested, or 146 

apoptotic cells, while the viability assay (with CellTiter-Blue) assesses metabolic activity, providing 147 

a direct measure of cell viability. The proliferation assay (with BrdU incorporation) evaluates DNA 148 

synthesis and proliferation rate rather than total cell count or viability. The consistency of results 149 

across these complementary assays strengthens the validity of our findings and confirms their 150 

robustness across multiple biological endpoints. 151 

Next, we assessed the effect of long-term treatment (12 weeks) with the dual or triple combinations 152 

in cells sensitive and resistant to combined fulvestrant and CDK4/6i. All dual and triple combinations 153 

were highly and equally effective in preventing outgrowth of resistant colonies in M-S and T-S 154 

sensitive cells (Fig. 1E-F). When examining the two combined palbociclib- and fulvestrant-resistant 155 

cell lines, the triple combination of gedatolisib, palbociclib and fulvestrant was found to be the most 156 

effective in both models (Fig. 1G-H). Importantly, no outgrowth of resistant colonies was observed 157 

in MPF-R cells over the entire 12-weeks of treatment with the triple combination of gedatolisib, 158 

palbociclib and fulvestrant, while a few resistant colonies appeared with the alpelisib, palbociclib and 159 

fulvestrant combination between weeks 10-12 (Fig. 1G). In the TPF-R cells, the triple combination 160 

of gedatolisib, palbociclib and fulvestrant was also the most effective treatment combination and 161 

prevented the outgrowth of resistant colonies until week 10, while a few resistant colonies appeared 162 

with the alpelisib, palbociclib, and fulvestrant combination from week 8 (Fig. 1H).   163 

Analysis of the underlying mechanism of cell growth inhibition by the triple combinations in resistant 164 

cells revealed that this effect was not a result of apoptosis induction, as determined by activated 165 

caspase-3 mediated fluorescent assay (fig. S2A) and Western blotting analysis of apoptotic markers 166 

(fig. S2B). Moreover, all triple combination therapies reduced the protein levels of ER, p-Rb, p-167 

PRAS40 and p-S6 protein expression in both sensitive and resistant cells, indicating efficient 168 

blockage of the three signaling pathways; the ER, cyclin D/CDK4-6/Rb, and PI3K/AKT/mTOR 169 

pathways (fig. S3A and B). As previously described, the AKTi capivasertib binds to the ATP-binding 170 

site of AKT, rendering it catalytically inactive while still allowing hyperphosphorylation at the S473 171 

residue (22, 23). Notably, the reduction in p-S6 levels expression, a downstream readout of 172 

PI3K/AKT/mTOR pathway activity, was more pronounced with the triple combination including 173 
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gedatolisib compared to the other triple combinations and the clinically used double combinations in 174 

both MPF-R and TPF-R cells (fig. S3C). Together, these data suggest that dual inhibition of PI3K 175 

and mTOR combined with CDK4/6i and fulvestrant is the most effective treatment in inhibiting the 176 

PI3K/AKT/mTOR pathway in both ER+ PIK3CA-mutant, combined CDK4/6i- and fulvestrant-177 

resistant breast cancer cell models.    178 

  179 

AKT and mTOR inhibition effectively blocks growth of combined palbociclib- and fulvestrant-180 

resistant PIK3CA-wildtype breast cancer cells.  181 

Next, we evaluated the efficacy of the different drug combinations in another cell line model resistant 182 

to combined palbociclib and fulvestrant, ZPF-R, and the corresponding parental sensitive cell line, 183 

Z-S, derived from the ZR-75-1 cell line. Unlike the T47D- and MCF7-derived cell line models, ZPF-184 

R does not possess the PIK3CA mutation that plays a critical role in the efficacy of the PI3Ki alpelisib, 185 

but exhibits loss of PTEN. Breast tumors characterized by PTEN loss frequently do not respond to 186 

either pan-PI3K or isoform-specific PI3K-targeted agents (24-26). By assessing the effect of the 187 

different drug combinations on the growth and viability of Z-S and ZPF-R, we found that all the triple 188 

combinations effectively reduced the growth of the parental Z-S cells, comparable to the effect of the 189 

clinically used double combinations (Fig. 2A-D). Conversely, triple combinations of palbociclib, 190 

fulvestrant, and capivasertib or sapanisertib were identified as the most effective drug combinations 191 

in ZPF-R, and thus differed from that of the PIK3CA-mutant resistant cell lines, where the triple 192 

combination of gedatolisib, palbociclib and fulvestrant was the most effective. The higher efficacy of 193 

inhibitors targeting downstream regulators of the PI3K/AKT/mTOR pathway was confirmed in long-194 

term growth assays with this cell line model (Fig. 2E-F). Overall, these data indicate that direct 195 

inhibition of PI3K is required in PIK3CA-mutant but not in PIK3CA-wildtype, PTEN-null breast 196 

cancer cells, where blockage of the downstream effectors AKT and mTORC1/2 can be more 197 

effective. 198 

 199 

Dual blockade of PI3K and mTOR combined with CDK4/6i and ER inhibition is needed to 200 

significantly reduce growth of combined palbociclib- and fulvestrant-resistant PIK3CA-mutant 201 

breast cancer xenografts.  202 

Although our short- and long-term experiments suggested that triple combination with alpelisib was 203 

more effective than that with capivasertib, our previous studies have demonstrated that both 204 
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inhibitors, when combined with palbociclib and fulvestrant, were highly efficient in inhibiting the 205 

growth of ER+ breast cancer resistant to combined palbociclib and fulvestrant (17, 18). To directly 206 

compare the anticancer activity of these two triple combinations, they were evaluated head-to-head 207 

using xenografts of the PIK3CA-mutant ER+ breast cancer cell line, MPF-R, which is resistant to 208 

combined palbociclib and fulvestrant. For this, MPF-R cells were orthotopically implanted into the 209 

mammary fat pad of NOG CIEA mice. Two weeks later, recipient mice were randomized into 2 210 

groups and were treated with fulvestrant and palbociclib combined with either capivasertib or 211 

alpelisib. Our results showed that over the 7 weeks of treatment, the tumor volume of mice treated 212 

with the triple combination of alpelisib, palbociclib and fulvestrant remained largely the same, while 213 

the tumor volume of mice treated with the triple combination of capivasertib, palbociclib and 214 

fulvestrant slowly expanded (Fig. 3A). At endpoint, the tumor volume of mice treated with the triple 215 

combination of alpelisib, palbociclib and fulvestrant was significantly smaller compared with mice 216 

treated with the triple combination of fulvestrant, palbociclib and capivasertib (P < 0.05) (Fig. 3B). 217 

These findings suggest that alpelisib is more effective than capivasertib when combined with 218 

palbociclib and fulvestrant in PIK3CA-mutant ER+ breast cancer cells resistant to combined 219 

fulvestrant and palbociclib. 220 

Next, we compared the in vivo efficacy of the triple combinations with either gedatolisib or alpelisib, 221 

which in the long-term growth experiments exhibited the highest effectivity in the PIK3CA-mutant 222 

fulvestrant- and palbociclib-resistant cells. Similar to the previous in vivo experiment, MPF-R cells 223 

were orthotopically implanted into the mammary fat pad of NOG CIEA mice. When the tumors were 224 

palpable, mice were randomized into 3 groups and treated with 1) palbociclib and fulvestrant, 2) 225 

alpelisib, palbociclib and fulvestrant or 3) gedatolisib, palbociclib and fulvestrant. After 4 weeks of 226 

treatment, we found that both triple combinations remained quite effective and significantly reduced 227 

the tumor growth compared with the mice treated with combined palbociclib and fulvestrant (P < 228 

0.0001, Fig. 3C). Although no statistically significant differences in tumor growth were observed 229 

between the two triple combinations at this stage, the triple combination of gedatolisib, palbociclib 230 

and fulvestrant resulted in most mice having unpalpable tumors (7/10), while this was not observed 231 

for mice receiving the triple combination of alpelisib, palbociclib and fulvestrant. To conduct a more 232 

comprehensive evaluation and determine the most effective triple combination, we then analyzed the 233 

effectiveness of the two triple combinations by evaluating tumor re-growth after discontinuing 234 

treatment. When treatment was discontinued at week 4, mice treated with the triple combination of 235 

alpelisib, palbociclib and fulvestrant showed immediate xenograft progression (Fig. 3C). In contrast, 236 
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no measurable tumor progression was observed for 2 weeks after the therapy was stopped for the 237 

group of mice receiving the triple combination of gedatolisib, palbociclib and fulvestrant. After these 238 

2 weeks, the tumors of the mice treated with the triple combination of gedatolisib, palbociclib and 239 

fulvestrant started to regrow, but their size remained generally smaller than those treated with the 240 

triple combination including alpelisib (Fig. 3C). Upon resuming the treatments from week 8, where 241 

the difference in tumor volume between the 2 groups was not statistically significant, the triple 242 

combination of gedatolisib, palbociclib and fulvestrant demonstrated a significant reduction in tumor 243 

growth compared to the triple combination of alpelisib, palbociclib, and fulvestrant (P = 0.0003, Fig. 244 

3C). Although the control mice, treated initially with palbociclib and fulvestrant, showed rapid tumor 245 

expansion in the first 5 weeks, these tumors exhibited rapid shrinkage after initiation of triple therapy 246 

with gedatolisib at week 5, reaching a tumor size comparable to that at the starting point of the study 247 

after only 3 weeks of treatment with the triple combination. To explore the potential role of cancer 248 

stem cells (CSCs) in the differential tumor regrowth upon treatment discontinuation with alpelisib- 249 

and gedatolisib-containing combinations, we investigated the expression levels of key CSCs markers 250 

after treatment with these 2 triple combinations in the microarray data, however no significant marker 251 

differences between the two treatment groups were observed (table S1). This suggests that the 252 

differences in tumor regrowth are unlikely to be driven by selective effects on the CSCs population.  253 

Collectively, these findings suggest that the triple combination of gedatolisib is superior to triple 254 

therapy with alpelisib or capivasertib in abolishing the growth of PIK3CA-mutant ER+ tumors 255 

resistant to combined palbociclib and fulvestrant in vitro and in vivo.  256 

 257 

Dual blockade of PI3K and mTOR combined with CDK4/6i and ER inhibition is needed to 258 

significantly reduce growth of combined palbociclib- and fulvestrant-resistant ER+ breast 259 

cancer PDX model.  260 

Next, we evaluated the in vivo efficacy of the triple combinations with either gedatolisib or alpelisib 261 

in an ER+ PIK3CA-mutant (p.E542K), AKT1- and PTEN-wildtype breast cancer PDX model resistant 262 

to combined palbociclib and fulvestrant (Gar15-13D-FPR) (17). PDX Gar15-13D-FPR tumors 263 

treated with palbociclib and fulvestrant (control group) consistently increased tumor growth and 264 

reached endpoint (tumor volume 1000 mm3) after approximately 30 days of treatment (Fig. 4A). 265 

Addition of alpelisib to combined palbociclib and fulvestrant blocked tumor growth consistently 266 

throughout the treatment period and resulted in markedly smaller tumors compared to the controls 267 

(Fig. 4A-C). Notably, the combination gedatolisib, palbociclib and fulvestrant induced tumor 268 
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regression after treatment initiation (Fig. 4A-C). This resulted in significantly smaller tumors at 269 

endpoint in the tumors treated with gedatolisib- compared to alpelisib-containing combinations 270 

(tumor volume P < 0.0001; tumor weight P < 0.001, Fig. 4B and C). Importantly, 20% of mice of the 271 

gedatolisib group had no tumors at the implantation site at the endpoint (Fig. 4B-D). Furthermore, 272 

we found metastases in 22% of mice from the palbociclib and fulvestrant group (spleen) and in 33% 273 

of mice from the alpelisib, palbociclib and fulvestrant combination group (spleen and heart), but none 274 

in the gedatolisib, palbociclib and fulvestrant combination group. Additionally, weight loss ≥ 15% 275 

was comparable in the three treatment groups. These data provide the rationale to incorporate 276 

gedatolisib over alpelisib alongside fulvestrant and palbociclib to completely abolish the growth of 277 

PIK3CA-mutant ER+ tumors resistant to combined palbociclib and fulvestrant in vitro and in vivo.  278 

 279 

Dual PI3K/mTOR inhibitor significantly reduces growth of PIK3CA- or AKT1-mutant patient-280 

derived organoidsPDOs resistant to CDK4/6inhibitor.  281 

To further validate the efficacy of gedatolisib in clinically relevant models of resistance to CDK4/6i, 282 

we evaluated the effect of gedatolisib compared to CDK4/6i in patient-derived breast cancer 283 

organoids (PDOs exhibiting different sensitivities towards the CDK4/6i abemaciclib (Fig. 5A). PDO-284 

P40 and PDO-P48 exhibited higher IC50 to abemaciclib (14.36 and 8.10 µM, respectively) compared 285 

to PDO-P46, which showed high sensitivity to this treatment (0.65 µM, Fig. 5A). We observed that 286 

gedatolisib was highly effective in both CDK4/6i-resistant PDO-P40 and PDO-P48 (IC50, 0.08 and 287 

0.32 µM, respectively), and also in CDK4/6i-sensitive PDO-P46 (0.10 µM, Fig. 5A). Low 288 

concentrations (100 nM) of either abemaciclib or gedatolisib impaired viability of PDO-P46, although 289 

the reduction in viability was more pronounced with gedatolisib (fig. S4). Conversely, high 290 

concentrations of abemaciclib (10 and 20 µM) were required to inhibit cell viability in PDO-P40 and 291 

PDO-P48, while gedatolisib reduced viability of the same organoids in significantly lower 292 

concentrations (100 nM) (Fig. 5B and fig. S4). Notably, PDO-P40 is PIK3CA- and PTEN-wildtype 293 

but exhibits AKT1 hotspot gain-of-function mutation (p.E17K), whereas PDO-P48 is PIK3CA-mutant 294 

(p.E542K) and PTEN- and AKT1-wildtype. Consistent with our findings in PIK3CA-mutant cells and 295 

mice models, gedatolisib showed superiority over alpelisib in reducing organoid viability in PDO-296 

P48 (Fig. 5A and B). These data support the higher efficacy of the dual PI3K/mTOR inhibitor 297 

gedatolisib compared to alpelisib in tumors with poor response to CDK4/6i inhibitors with various 298 

alterations in the PI3K/AKT/mTOR pathway, such as PDO-P40 and PDO-P48.  299 
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 300 

Dual PI3K/mTOR inhibitor disrupts HIF-1α signaling and metabolism in PIK3CA-mutant ER+ 301 

breast cancer cells resistant to combined CDK4/6i and ET. 302 

To provide comprehensive mechanistic insight into the effect of each triple combination, we 303 

performed global gene expression analyses in MPF-R cells treated with triple combinations 304 

containing either a single PI3Ki (alpelisib), a dual PI3K/mTORi (gedatolisib) or a dual mTORi 305 

(sapanisertib), each combined with CDK4/6i and fulvestrant. Gene Set Enrichment Analysis (GSEA) 306 

of Hallmark gene sets revealed that while most top altered pathways were broadly similar across the 307 

three triple combinations, the combination with the dual PI3K/mTORi uniquely inhibited pathways 308 

associated with hypoxia and Notch signaling, an effect not observed with the single PI3Ki or dual 309 

mTORi combinations (Fig. 6A and tables S2-S4). This finding is consistent with elevated basal 310 

expression level of HIF-1α in MPF-R compared to M-S cells, despite normoxic experimental 311 

conditions (fig. S5A) and suggests that the dual PI3K/mTORi effectively abrogates a constitutively 312 

active, hypoxia-mimicking transcriptional program in the MPF-R cells. Furthermore, the triple 313 

combination with the dual PI3K/mTORi did not induce increased expression of genes associated with 314 

the Wnt/β-catenin pathway, as observed with the triple combination containing the single PI3Ki or 315 

dual mTORi, or of the EMT pathway, as observed with the dual mTORi treatment only (Fig. 6A and 316 

tables S2-S4). These findings suggest a distinct and greater impact of dual PI3K/mTOR inhibition on 317 

key oncogenic pathways beyond the canonical PI3K/AKT/mTOR axis. 318 

To further elucidate the functional effects of single and dual-node PI3K/mTORi, we conducted 319 

phospho-proteomics on MPF-R cells following treatment with the three triple combinations. Pathway 320 

enrichment analysis demonstrated that the dual PI3K/mTORi led to significantly stronger suppression 321 

of mTORC1-driven protein synthesis, mTORC2-AKT survival signaling and MAPK-dependent 322 

proliferation compared to single PI3Ki (P < 0.05, Fig. 6B and table S5). The data also revealed a 323 

significant downregulation of phosphorylation levels of proteins involved in the HIF-1α pathway 324 

following treatment with triple combination containing dual PI3K/mTORi compared to those with 325 

either single PI3Ki or dual mTORi (P < 0.05). Particularly, we observed reduced phosphorylation of 326 

pyruvate dehydrogenase alpha 1 and 2 (PDHA1/2), which indicates a shift away from glycolysis into 327 

oxidative phosphorylation (Fig. 6B, tables S5 and S6). This suggests that the dual PI3K/mTORi 328 

combination not only suppresses PI3K/mTOR-driven proliferation but also disrupts HIF-1α-mediated 329 
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Warburg-like metabolic phenotype, characterized by a reliance on glycolysis independently of 330 

hypoxic conditions. 331 

The gene expression and phospho-proteomics data were validated by Western blot analysis, assessing 332 

key regulators of the EMT, Wnt/β-catenin, hypoxia, and Notch pathways following treatment with 333 

the three triple combinations or specific siRNA-mediated knockdown of AKT, PIK3CA and/or MTOR 334 

(Fig. 6C-E, fig. S5B and C and fig. S6A and B). Although all treatments reduced HIF-1α expression 335 

in MPF-R cells, dual siRNA-mediated gene knockdown of PIK3CA/MTOR showed the most 336 

significant decrease in HIF-1α and phospho-GSK3α/β expression (P < 0.05 and P < 0.001), levels, 337 

the latter indicating an increase in GSK3α/β activity (Fig. 6C-E). Furthermore, phospho-PDK1, 338 

phospho-TSC2, Snail/Slug, and VEGFA levels expression were also reduced with dual PI3K/mTOR 339 

knockdown, though these did not reach statistical significance (fig. S6C and D). Importantly, HIF-1α 340 

protein was also decreased in vivo in MPF-R xenografts treated with the triple combination 341 

containing the dual PI3K/mTORi compared to those treated with the triple combination containing 342 

the single PI3Ki (fig. S7). 343 

Collectively, these findings demonstrate that the dual PI3K/mTORi more effectively blocks 344 

constitutively active HIF-1α pathway through both direct mTORC1 inhibition (downstream 345 

inhibition), leading to reduced HIF-1α protein synthesis, and PI3K/AKT-mediated modulation of 346 

GSK3αβ activity (upstream inhibition), which directly promotes HIF-1α degradation. This combined 347 

mechanism leads to overall greater inhibition of the HIF-1α pathway and contributes to a shift in 348 

cellular metabolism away from glycolysis (a hallmark of HIF-1α activation and prevalent in resistant 349 

cells) and towards oxidative phosphorylation (Fig. 7). 350 

 351 

Discussion  352 

CDK4/6i in combination with ET has markedly improved the outcomes of patients with ER+ 353 

advanced breast cancer (27-32). However, progression on this dual therapy is inevitable, and thus 354 

development of novel and optimized therapeutic approaches is urgently needed. Numerous preclinical 355 

and clinical studies have underscored the pivotal role of the PI3K/AKT/mTOR pathway in ER+ breast 356 

cancer tumorigenesis and treatment response. The integration of a PI3K/AKT/mTOR inhibitor 357 

synergistically complements the effects of ET and CDK4/6i, impeding tumor progression and 358 

effectively overcoming resistance to treatment (6, 16, 17, 19, 33). As a result, there has been a surge 359 

in the number and diversity of PI3K/AKT/mTOR inhibitors in clinical development combined with 360 
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standard therapy, underscoring the need for a systematic approach to pinpoint the tumors most likely 361 

to benefit from a particular inhibitor (34, 35).  362 

 363 

Previous studies have shown that treatment with a PI3Ki or AKTi after progression on combined 364 

CDK4/6i and ET is not sufficient to overcome resistance, and targeting all 3 pathways may be 365 

required (6, 17-19). To determine the most effective combination therapy targeting the 366 

PI3K/AKT/mTOR pathway after progression on combined CDK4/6i and ET, we conducted a 367 

comparative analysis of several triple pathway inhibitor combinations, including single or dual 368 

targeted inhibitors of the PI3K/AKT/mTOR pathway in combination with CDK4/6i and ET. We 369 

tested these combinations using in vitro and in vivo PIK3CA/PTEN-null and -wildtype ER+ breast 370 

cancer cell line models, and in patient-derived breast cancer models including PDXs and PDOs 371 

resistant to combined CDK4/6i and ET or CDK4/6i alone. Importantly, we observed that both 372 

PIK3CA/PTEN-null or -wildtype models resistant to combined CDK4/6i and ET required triplet 373 

pathway inhibition with PI3K/AKT/mTOR pathway inhibitors for prolonged tumor suppression 374 

compared to standard doublet combinations. These data support the role of triple combination 375 

therapies as a rational approach to combat treatment resistance in ER+ metastatic breast cancer (36). 376 

Indeed, the clinical efficacy of triple inhibition of ER, CDK4/6 and PI3K or mTOR is firmly 377 

established (37). Recent studies have shown that triple combination of fulvestrant, 378 

palbociclib/ribociclib and either capivasertib or alpelisib effectively suppresses tumor growth in 379 

models resistant to combined ET and CDK4/6i, while ET in combination with only alpelisib or 380 

capivasertib did not (17, 18). In addition, replacing the CDK4/6i with an AKT/PI3Ki alongside ET 381 

does not prevent tumor outgrowth in resistant models (17, 18). It is noteworthy that, dual 382 

combinations of fulvestrant with either AKT/PI3Ki or CDK4/6i effectively inhibit the growth of ET 383 

and CDK4/6i-sensitive cells, highlighting the need for biomarker-based patient selection for 384 

optimizing PI3K/AKT/mTOR inhibitor therapy.  385 

 386 

We show that growth inhibition of PIK3CA-mutant, PTEN-wildtype, combined CDK4/6i- and 387 

fulvestrant-resistant cell lines is very efficient with PI3K/AKT/mTOR pathway inhibitors. These 388 

induce a more pronounced reduction in key pathway activity markers, including phospho-PRAS40 389 

and phospho-S6 compared to the downstream AKT and mTOR, which may allow for compensatory 390 

signaling that sustains pathway activation and less effective disruption of the PI3K/AKT/mTOR 391 

pathway. However, dual blockade of PI3K and mTOR is required for prolonged cancer cell growth 392 
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inhibition and suppression of outgrowth of resistant colonies. This was further observed in vivo using 393 

PIK3CA-mutant cell line xenografts and PDX models resistant to combined CDK4/6i and fulvestrant. 394 

Studies have indicated favorable responses to pan-PI3Ki inhibitors in both PIK3CA-mutant and -395 

wildtype tumors (38, 39). However, tumors with AKT mutations may be more effectively inhibited 396 

by dual PI3K/mTOR inhibitors, given their ability to inhibit all isoforms of PI3K and target multiple 397 

sites along the pathway, and thus exhibiting the most extensive activity profile, while PTEN-null 398 

tumors may benefit more from inhibition of the downstream pathway at AKT or mTOR (40). This is 399 

in line with our findings that CDK4/6i-resistant PDOs harboring AKT1 mutation, but PIK3CA- and 400 

PTEN-wildtype, showed sensitivity to the dual PI3K/mTORi gedatolisib. Although, isoform-specific 401 

PI3Ki inhibitors, such as alpelisib, have been preferred in tumors with specific mutations in PIK3CA, 402 

their efficacy may be diminished in tumors with multiple alterations in the pathway (41, 42). We 403 

speculate that upregulation of several downstream effectors of PI3K, particularly AKT and PRAS40, 404 

observed in our resistant vs. sensitive PIK3CA-mutant, PTEN-wildtype MCF7 and T47D cells (17, 405 

18) may explain the increased efficacy of gedatolisib compared to alpelisib in these cell models. 406 

Importantly, our data underscore the diminished efficacy of alpelisib compared to gedatolisib in 407 

PIK3CA-mutant breast cancer cells, xenografts, PDXs, and PDOs, suggesting a potential role for 408 

gedatolisib as a second-line therapy following progression on combined CDK4/6i and fulvestrant. 409 

However, this requires validation through randomized clinical trials, which are currently ongoing, 410 

comparing gedatolisib to the current standard-of-care second-line therapy, with results eagerly 411 

awaited. Importantly, high-p-AKT and/or -PDK-1, and/or low-PTEN levels expression may be used 412 

to identify the patient population that will respond poorly to combined CDK4/6i and ET, and that will 413 

likely benefit from triple combination as first-line therapy in the advanced setting (17, 18) .    414 

 415 

Our mechanistic investigations, including global gene expression profiling, phospho-proteomics, and 416 

targeted gene knockdown experiments, collectively demonstrate that triple combination containing 417 

dual PI3K/mTOR inhibition exhibits superior efficacy in suppressing HIF-1α pathway activity 418 

compared to triple combination containing single PI3K or dual mTOR inhibition. The robust 419 

reduction in HIF-1α protein expression levels observed with dual PI3K/mTOR inhibition can be 420 

primarily attributed to a more comprehensive blockade of the PI3K/AKT/mTOR axis, which 421 

effectively circumvents the compensatory feedback loops that often limit the efficacy of single-node 422 

inhibitors (43). Indeed, our data suggest that the triple combination containing dual PI3K/mTOR 423 

inhibitor leads to a more pronounced inhibition of mTORC1-driven HIF-1α protein synthesis (a 424 
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downstream effect). Simultaneously, we observe a decrease in the inhibitory phosphorylation, and 425 

thus activation, of GSK3α/β (an upstream effect). This activation of GSK3α/β directly contributes to 426 

HIF-1α degradation through proteasomal pathways, often in a VHL-independent manner (44). This 427 

combined downstream and upstream suppression significantly impairs constitutive HIF-1α signaling, 428 

thereby reducing its ability to drive tumor growth and glycolytic metabolism, as evidenced by reduced 429 

phosphorylation of PDHA1/2, indicating a shift towards oxidative metabolism and a reversal of the 430 

Warburg effect typically driven by HIF-1α (45). 431 

 432 

In contrast to the two PIK3CA-mutant combined CDK4/6i- and fulvestrant-resistant models, our 433 

findings revealed that triple combinations with either pan- or subunit-specific single or dual point 434 

PI3Ki inhibitors did not cause prolonged growth inhibition of PIK3CA-wildtype and PTEN-null 435 

combined CDK4/6i- and fulvestrant-resistant model derived from the ZR-75-1 cell line, and 436 

combined therapy with either AKTi or mTORi was required. In PTEN-null and PIK3CA-wildtype 437 

breast cancer cells the PI3K pathway is activated through PIP3 accumulation due to PTEN loss, which 438 

leads to subsequent AKT activation, making these cells less affected by specific PI3K inhibition (46). 439 

Indeed, AKTi and mTORi have shown promise for tumors characterized by PTEN loss, which 440 

typically do not respond to either pan-PI3K or isoform-specific PI3K-targeted agents (24-26). In 441 

particular, dual mTORC1/2i produce a more complete blockade of mTORC by inhibiting both 442 

mTORC1-dependent phosphorylation of S6K1 and mTORC2-dependent phosphorylation of AKT 443 

and show activity in mTORC1-mutant everolimus-resistant tumors (47-49). Based on the rationale 444 

that AKT plays a central role in all PI3K signaling activity (25, 50), several studies, including our 445 

own, have demonstrated sensitivity to AKTi inhibitors in both PIK3CA-mutant, PTEN-wildtype and 446 

PIK3CA-wildtype, PTEN-null breast cancer cells, with sensitivity correlating with SGK and p-AKT 447 

expression levels (17, 51-53). This is further supported by the results of CAPitello-291 clinical trial, 448 

which demonstrated that the combination of capivasertib and fulvestrant significantly improves PFS 449 

compared to fulvestrant alone, and served as the basis for the FDA approval of capivasertib in patients 450 

with alterations in PIK3CA, AKT or PTEN (54). Nevertheless, it has been noted that PI3K controls 451 

other independent oncogenic pathways in parallel, such as the ERK signaling, which AKTi may not 452 

effectively block (55). Consequently, not all PIK3CA-mutant breast cancer models may respond to 453 

AKTi, as some may stimulate cell growth via an AKT-independent axis, such as 454 

PDK1/SGK3/mTORC1 (52, 56). This concurs with our in vitro and in vivo findings wherein triple 455 

combination with alpelisib inhibited tumor growth more effectively significantly than triple 456 
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combination with the AKTi capivasertib in PIK3CA-mutant breast cancer cells and xenograft models 457 

resistant to combined CDK4/6i and ET. Importantly, our data suggest that in PI3KCA-mutated 458 

tumors, which are found in approximately 30-40 % of ER+ advanced breast cancer patients (57), the 459 

optimal treatment strategy is combining an inhibitor of PI3K (alpelisib or gedatolisib) with a CDK/6i 460 

and ET. In PTEN-null PI3KCA-wildtype tumors, which occur in about 15-30 % of patients (57), the 461 

optimal therapeutic approach includes combined AKTi (capivasertib) or mTORi (sapanisertib), 462 

CDK4/6i, and ET. The co-occurrence of PIK3CA mutations and PTEN loss is relatively rare, reported 463 

in 5-10% of patients (57), and in this scenario, either of these triple combinations could be considered, 464 

although dual PI3K/mTOR inhibition may provide more complete pathway suppression. Clinical 465 

studies evaluating dual PI3K/mTOR inhibitors in patients with PIK3CA-mutated and PTEN-null 466 

tumors are needed to refine therapeutic approaches in this patient population. 467 

 468 

It is noteworthy that the effective integration of the PI3K/AKT/mTOR inhibitors into clinical practice 469 

depends on determining appropriate dosages that effectively suppress the pathway and show anti-470 

tumor efficacy while demonstrating tolerability. Indeed, the development of compounds aimed at the 471 

PI3K/AKT/mTOR pathway has been notably hindered by the extensive toxicity profile of these drugs, 472 

particularly metabolic and glucose homoeostasis dysregulation, which are dose-limiting toxicities of 473 

both selective and pan PI3Ki inhibitors (58, 59). These effects complicate optimization of dosage and 474 

treatment schedule for PI3K/AKT/mTOR inhibitors in combination with other pathway inhibitors. 475 

Nevertheless, numerous ongoing clinical trials are evaluating multiple drugs targeting the 476 

PI3K/AKT/mTOR pathway in different triple combinations in advanced ER+ breast cancer. Recent 477 

data from the primary analysis of the phase III INAVO120 trial revealed that the improvement of PFS 478 

with the triple combination of inavolisib, palbociclib, and fulvestrant compared with palbociclib and 479 

fulvestrant in the first-line advanced breast cancer setting, was accompanied by a manageable toxicity 480 

profile (37). Similarly, triple combination with gedatolisib, CDK4/6i and ET (fulvestrant or letrozole) 481 

was well tolerated, with manageable toxicity and low discontinuation rates due to treatment-related 482 

adverse events, in dose escalation and expansion phase 1b studies (14, 15). The phase III VIKTORIA-483 

1 study evaluating this triple combination in patients with advanced ER+ breast cancer following 484 

progression on combined CDK4/6i and ET is ongoing (clinicaltrials.gov ID NCT05501886)  (60).  485 

 486 

Our study has some limitations. While the mechanistic role of HIF-1α signaling in mediating the 487 

antitumor effects of gedatolisib was thoroughly investigated in cell line models, further validation is 488 
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needed in more clinically relevant systems, including PDXs and PDOs, and clinical samples from 489 

patients receiving triple PI3K/AKT/mTOR-targeted therapies, many of which remain in clinical 490 

trials. Furthermore, although we evaluated both single- and dual-node PI3K/AKT/mTOR inhibitors 491 

selected for their clinical relevance, emerging agents, such as the PI3Kα-selective inhibitor inavolisib, 492 

were not assessed in the context of resistance to combined CDK4/6i and ET. Lastly, the relatively 493 

limited number of patient-derived models studied, particularly those representing specific genomic 494 

subgroups (PIK3CA or AKT1 mutations, PTEN loss), limits the generalizability of our findings across 495 

the molecular heterogeneity of ER+ breast cancer. 496 

 497 

In summary, we provide evidence that treatment of PIK3CA-mutant, PTEN-wildtype breast cancer 498 

models resistant to combined CDK4/6i and ET require the addition of the dual PI3K/mTORi 499 

gedatolisib to standard CDK4/6i and ET to effectively impede tumor growth, whereas incorporation 500 

of the PIK3CAi alpelisib or dual mTORC1/2i sapanisertib is insufficient for achieving long-term 501 

inhibition of tumor growth in these models. Conversely, PIK3CA-wildtype and PTEN-null cells 502 

benefited from triple combinations including either AKTi capivasertib or sapanisertib to efficiently 503 

impair tumor growth. Interestingly, PIK3CA- or AKT1-mutant and PTEN-wildtype PDOs resistant to 504 

CDK4/6i showed significant growth impairment with gedatolisib, supporting the potential utility of 505 

dual PI3K/mTORi in tumors harboring other alterations of the PI3K/AKT/mTOR pathway beyond 506 

PIK3CA-mutation. 507 

 508 

Material and methods 509 

Study design 510 

The main objective of this study was to compare the efficacy of triple combination therapies 511 

comprising dual or single inhibitors of the PI3K/AKT/mTOR pathway, CDK4/6i and ET, in models 512 

of ER+ breast cancer resistant to CDK4/6i and ET. We employed a multi-model experimental 513 

approach using established ER+ breast cancer cell lines, cell line-derived xenografts, PDXs, and 514 

PDOs harboring PIK3CA, AKT1, or PTEN alterations. Treatment efficacy was assessed using a range 515 

of complementary assays evaluating various aspects of tumor cell growth and viability, ensuring the 516 

robustness and reproducibility of our findings. Molecular pathway activation and mechanistic 517 

analyses were performed using gene expression profiling, phospho-proteomics, siRNA-mediated 518 

gene knockdown, and immunoblotting. All in vivo experiments were conducted with institutional 519 

ethical approval, and animals were randomly assigned to treatment groups. Sample sizes were 520 
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determined based on prior pilot studies and variance observed in preliminary experiments. No data 521 

points or outliers were excluded. Details regarding sample sizes, biological replicates, and statistical 522 

methodologies are provided in the corresponding figure legends. All results shown are either 523 

representative of, or the mean of, at least two independent biological replicates. Human samples were 524 

obtained with informed consent and approved by the institutional ethics committees. 525 

 526 

Cell lines and anti-cancer drugs 527 

The original MCF-7 (RRID:CVCL-0031) and T47D (RRID:CVCL-0553) human breast cancer cell 528 

lines were obtained from the Breast Cancer Task Force Cell Culture Bank, Mason Research Institute, 529 

and the original ZR-75-1 cell line (RRID:CVCL-0588) was obtained from the American Type Culture 530 

Collection (ATCC). MCF-7- and T47D-derived combined CDK4/6i palbociclib- and fulvestrant-531 

resistant cell lines MPF-R and TPF-R, respectively, were developed from the original cell lines as 532 

previously described (17). The original ZR-75-1 cell line was used to establish the fulvestrant-533 

resistant cell line (ZF-R) by long-term treatment with increasing concentrations of fulvestrant) (17). 534 

ZR-75-1 cells resistant to combined fulvestrant and palbociclib (ZPF-R) were established from 535 

fulvestrant-resistant cells by long-term treatment (2 months) with 100 nM fulvestrant and increasing 536 

concentrations of palbociclib. Palbociclib concentration was increased weekly by 2-fold, from 10 nM 537 

to 160 nM. Sensitive cells grown in parallel with MPF-R, TPF-R and ZPF-R cells were designated 538 

M-S, T-S and Z-S, respectively. M-S cells were cultured in phenol red-free Dulbecco’s modified 539 

Eagle medium (D-MEM)/F-12 (Gibco) supplemented with 1% heat-inactivated fetal bovine serum 540 

(FBS, Gibco), 2 mM glutamine (Gibco) and 6 ng/ml insulin (Sigma-Aldrich). MPF-R cells were 541 

maintained in the same growth media as M-S supplemented with 200 nM palbociclib and 100 nM 542 

fulvestrant. T-S cells were cultured in Roswell Park Memorial Institute (RPMI) 1640 media without 543 

phenol red (Gibco), supplemented with 5% FBS, 2 mM glutamine, 8 µg /mL insulin. TPF-R cells 544 

were cultured in the same media as T-S and supplemented with 200 mM palbociclib and 100 mM 545 

fulvestrant. Z-S cells were routinely propagated in RPMI 1640 medium with phenol red (Gibco) 546 

supplemented with 10% FBS, 1% HEPES (Gibco), and 1% Penicillin/Streptomycin (Gibco). ZPF-R 547 

cells were maintained in the same growth medium as Z-S cells supplemented with 150 nM palbociclib 548 

and 100nM fulvestrant.  549 

Fulvestrant (#1047) was purchased from Tocris (R&D Systems) and dissolved in 96% ethanol. 550 

Palbociclib isothiocyanate (#HY-A0065), alpelisib (BYL-719, #HY-15244), abemaciclib (HY-551 

16297A), capivasertib (HY-15431), gedatolisib (#HY-10681) and sapanisertib (HY-13328) were all 552 
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purchased from MedchemExpress (Sollentuna, Sweden). Palbociclib was dissolved in water while 553 

the other drugs were all dissolved in dimethyl sulfoxide (DMSO, Sigma-Aldrich). All drugs were 554 

aliquoted and kept at -20°C. 555 

 556 

Cell growth, viability, proliferation, and apoptosis assays   557 

Cells were seeded at a density of 0.125 - 0.5 × 104 cells/well in 96-well plates and allowed to adhere 558 

for 24 hours. Thereafter, cells were treated with either vehicle or different drug combinations and cell 559 

growth was measured using a crystal violet-based colorimetric assay. Absorbance was measured in 560 

Paradigm reader (Beckman Coulter) at 570 nm. Cell viability was assessed with CellTiterBlue assay 561 

(Promega) according to the manufacturer’s instructions. Fluorescence was measured at 560/590 nm 562 

in Paradigm reader. Cell proliferation was assessed with the BrdU Cell Proliferation Assay Kit (Cell 563 

Signaling Technology) according to the manufacturer’s instructions. Apoptotic cell death was 564 

determined by activated caspase 3/7-mediated fluorescent assay with Incucyte caspase 3/7 Dye 565 

(Sartorius) according to the manufacturer’s instructions in a live-cell imaging instrument (IncuCyte 566 

S3, Sartorius) at 500/530 nm. Plates were scanned every 2 h in brightfield, phase and green channels 567 

using the IncuCyte cell-by-cell scan. Scans were analyzed using the basic analyzer by masking cells 568 

and signals for caspase 3/7 green. Green integrated intensity per well relative to phase area confluence 569 

was normalized to time 0h and used to generate caspase 3/7 green (apoptosis) curve graphs. Cell 570 

outgrowth was assessed as previously described (18) by seeding cells at 700-1500 cells per well in 571 

96-well plates (48 wells/treatment) and media with treatment was changed once a week. Positive 572 

wells were scored weekly as > 50% confluent by visually inspection by two independent individuals.  573 

 574 

siRNA-mediated knockdown 575 

siRNA-mediated knockdown was performed with the lipofectamine 3000 transfection reagent 576 

according to the manufacturer’s instructions (15282465, ThermoFisher Scientific). Briefly, 0.5*106 577 

MPF-R and TPF-R cells were seeded in T25 flasks and incubated at 37 °C for 24 h. Subsequently, 578 

cells were transfected with 5.8 nM of the indicated siRNAs. Knockdown efficiency was evaluated by 579 

Western blotting of protein lysates collected 120 hours after treatment with siRNAs. The following 580 

siRNAs from ThermoFisher were used: PIK3CA siRNAs (s10520, 581 

GACUAGCUAGAGACAAUGATT and s10521), MTOR siRNAs (s603, 582 

CAUUCGCAUUCAGUCCAUATT and s604), AKT1 siRNAs (s659, 583 
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GCGUGACCAUGAACGAGUUTT and s660). A nontargeting scrambled (control) siRNA was used 584 

as the universal negative control (SIC001, Sigma-Aldrich).  585 

 586 

Antibodies and Western blotting 587 

Whole protein lysates were extracted with a radioimmunoprecipitation assay buffer (RIPA) 588 

containing 50 mmol/L Tris HCl (pH 8), 150 mmol/L NaCl (pH 8), 1% IgePAL CA-630, 0.5% sodium 589 

deoxycholate and 0.1% SDS, along with protease and phosphatase inhibitors (Complete and 590 

PhosSTOP, Roche). Protein concentration was determined using the Pierce BCA Protein Assay kit 591 

(ThermoFisher Scientific), per manufacturer's instructions. 15-30 µg of whole protein lysate was then 592 

loaded onto 4%-20% Mini-PROTEAN TGX Stain-free Protein Gels by Bio-Rad and transferred onto 593 

a polyvinylidene fluoride (PVDF) membrane (Bio-Rad). The membranes were blocked using TBS 594 

containing 0.1% Tween-20 (Sigma-Aldrich,), and 5% non-fat dry milk powder (Sigma-Aldrich). The 595 

membranes were then incubated with primary antibodies overnight at 4°C, followed by incubation 596 

with HRP-conjugated secondary antibodies goat anti-rabbit or goat anti-mouse (#P0448 and #P0447, 597 

Dako) for 1 hour at room temperature. Immunoreactive bands were detected using the ECL Prime 598 

Western Blotting Detection Reagent (GE Healthcare) and visualized on the Chemidoc TM MP 599 

imaging system (Bio-Rad). The blots for both the sensitive and resistant cell lines were exposed 600 

simultaneously. The primary antibodies listed below were purchased from Cell Signaling 601 

Technology: p-Akt S473 (D9E,4060L), Akt (pan) (11E7, 4685), anti-p-Rb Ser780 (3590 ), Rb 602 

(4H1,9309 ), anti-p-PRAS40 T246 (C77D7, 2997), PRAS40 (D23C7, 2691), anti-p-S6 Ser235/236 603 

(2211), anti-S6 (5G10, 2217), anti-cleaved PARP (9541), anti-PARP (9532), anti-Xiap (2042), anti-604 

BCL2, anti-E-cadherin (3195P), anti-GSK-3a/b (5676), anti-p-GSK-3a/b (9331), anti-Notch 2 605 

(5732), anti-PDK1 (3062), anti-p-PDK1 (3061), anti-TSC2 (3990), anti-p-TSC2 (3611) anti-VEGFA 606 

(65373), anti-VEGFB (2463), and anti-HIF-1α (14179). Anti-Epcam (SAB3300054) was obtained 607 

from Sigma Aldrich. Anti-SNAIL + Slug (Ab85936) was purchased from Abcam and anti-β-catenin 608 

(C19220) from BD Biosciences. Anti-ER (SP1) was purchased from ThermoFisher Scientific and 609 

anti-GAPDH (sc-32233) was obtained from Santa Cruz. 610 

 611 

Gene expression microarray analysis 612 

MPF-R cells were treated with triple combinations, and after 3 days of treatment, total RNA was 613 

extracted and purified with RNeasy Mini kit (Qiagen) per manufacturer´s instructions and arrayed 614 

separately in Human Transcriptome Array 2.0 (HTA, Affymetrix, ThermoFisher Scientific). Data 615 
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analysis was conducted in Transcriptome Analysis Console software (ThermoFisher Scientific. Gene 616 

Set Enrichment Analysis (GSEA 4.3.2) was performed to identify the gene sets enriched in the MPF-617 

R cells following treatment with different triple combinations. 618 

 619 

Phospho-proteomics 620 

MPF-R cells were seeded in T175 flasks and treated with different triple combinations. After 72 hours 621 

of treatment, cells were harvested in PBS containing Halt protease and phosphatase inhibitor cocktail 622 

(ThermoFisher Scientific) using a cell scraper. Subsequently, the cells were washed with PBS 623 

containing inhibitors, before the cell pellets were stored in an -80°C freezer until mass spectometry 624 

analysis. Cell pellets were resuspended in lysis buffer (50mM ammonium bicarbonate, 1% Sodium 625 

Deoxycholate (SDC), 10 mM Dithiothreitol (DTT), 1 x PhosSTOP) and sonicated with a probe 626 

sonicator for 3 x 10 sec while kept on ice. Samples were then heated at 80oC for 10 minutes after 627 

which the lysis solution was cleared by spinning at 5000 x g for 10 minutes. Following protein 628 

concentration measurement by Nanodrop, 200 µg protein in lysis buffer was subjected to alkylation 629 

with 25 mM iodoacetamide (30 minutes, RT, dark) and subsequent quenching with 5 mM DTT. 630 

Samples were digested overnight at 37oC with 5 % Trypsin. SDC was removed from digested samples 631 

by precipitation with 2% formic acid (FA) followed by centrifugation at 10,000 g for 5 minutes (61). 632 

Peptides were desalted on Oasis HLB extraction cartridges (Waters) following the manufactures 633 

protocol. The eluate was split in 95% for phospho-enrichment and 5% for proteomics prior to drying 634 

by vacuum centrifugation. The proteomics samples were reconstituted in 20 µl 0.1% FA prior to LC-635 

MS. Phosphopeptides were enriched with MagReSyn Zr-IMAC beads (Resyn Biosciences) using a 636 

KingFisher Duo Prime instrument (Thermo Fisher Scientific). Phosphopeptides were bound to the 637 

beads and washed once in 80% acetonitrile (Acn), 5% trifluoracetic acid (TFA) and 0.1 M Glycolic 638 

acid, followed by a second (80% Acn, 1%TFA) and a third wash (10% Acn, 0.2%TFA). Elution was 639 

done with 1,25M NH4OH, pH >10, samples were dried and reconstituted in 12 µl 0.1% FA prior to 640 

LC-MS (62). 641 

LC-MS analysis was done on an Easy nLC coupled in-line to an Exploris 480 Orbitrap mass 642 

spectrometer (ThermoFisher Scientific). The 2-column setup comprised a custom-made precolumn 643 

(3.5 cm, 100 µm ID, Reprosil Pur 120 C18-AQ, 5 µm (Dr. Maisch)) and a pulled emitter analytical 644 

column (18 cm, 75 µm ID, Reprosil Pur 120 C18-AQ, 3 µm (Dr. Maisch)). Solvent A was 0.1% FA 645 

and solvent B was 95% Acn, 0.1% FA. 646 
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Phospho-proteomics data was acquired by loading 5 µl of the sample on the column and eluting with 647 

a gradient of 5% to 25% B in 65 min, 25% to 40% B in 14 min and 40% to 95% B in 1 min. MS was 648 

recorded at 120K resolution with a scan rang of m/z 350-1600, the AGC target set to 3e6 and the 649 

maximum injection time (IT) set to auto. Tandem MS (MSMS) was done as top 10 at a resolution of 650 

30K with an isolation window of 1.2 m/z, an AGC target of 2e5, an IT of 200 ms and the dynamic 651 

exclusion set to 30 s. All MS raw data was searched against the human SwissProt database utilizing 652 

the Proteome Discoverer software (ThermoFisher Scientific) with Mascot 3.1 (Matrix Science, UK) 653 

as the search engine. Quantitation was done as label-free, employing match between runs and 654 

normalization to total peptide amount. With a fragment mass tolerance of 0.05 Da, a precursor mass 655 

tolerance of 5 ppm and 2 allowed missed cleavages, a list of 7846 phospho-peptides was obtained for 656 

further analysis in R. The R/limma package was used to identify differently abundant phosphor-657 

peptides across the four different treatment conditions (each with three biological replicates). Data 658 

were log2-transformed and filtered to retain only phosphor-peptides with at least one condition 659 

containing three valid values. Missing values were imputed using a normal distribution-based 660 

approach (downshift = 1.8, width = 0.3). After filtration 7167 phospho-peptides were retained for 661 

downstream analysis. Differential abundance analysis was carried out using the lmFit function from 662 

the R/limma package. Phosphopeptides significantly less abundant (FDR < 0.05), in the gedatolisib 663 

treatment group were identified in comparison to the alpelisib and sapanisertib treatment groups, 664 

applying FDR threshold of 0.05. In the differential abundance analysis, 283 phospho-peptides were 665 

found to be significantly less abundant (FDR < 0.05) in the gedatolisib treatment group compared to 666 

alpelisib, and 43 phosphopeptides were less abundant compared to sapanisertib. ShinyGO (v0.80) 667 

was used to perform gene-set enrichment analysis of the significantly downregulated phospho-668 

peptides (P < 0.05).  669 

 670 

Cell line xenograft studies 671 

1 × 106 MPF-R cells were resuspended in a 1:1 mixture of extracellular matrix (ECM) from 672 

Engelbreth-Holm-Swarm sarcoma (Sigma-Aldrich) and D-MEM/F-12 media and implanted 673 

orthotopically into the 4th mammary fat pad of 7-week-old female NOG CIEA mice (Taconic) without 674 

exogenous estrogen supplements. Following a period of 3 weeks, mice were randomized into three 675 

groups and treated with: 1) combined palbociclib (25 mg/kg) and fulvestrant (Faslodex, AstraZeneca, 676 

n = 10), 2) triple combination of alpelisib (25 mg/kg), palbociclib and fulvestrant (n = 7), 3) triple 677 

combination of gedatolisib (10 mg/kg), palbociclib and fulvestrant (n = 10). Fulvestrant was 678 
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formulated at 100 mg/kg in castor oil (Sigma-Aldrich) and administered once a week subcutaneously. 679 

Palbociclib and alpelisib were both given via oral gavage 5 days a week and formulated in 25% w/v 680 

HPB cyclodextrin (Sigma-Aldrich). Gedatolisib was formulated in 5% w/v HPB cyclodextrin and 681 

given by intraperitoneal (IP) injection 5 days a week. Mice in group 1 were treated with combined 682 

palbociclib and fulvestrant for 5 weeks and then treated with the triple combination of gedatolisib, 683 

palbociclib and fulvestrant for 3 weeks. Mice in groups 2 and 3 underwent treatment for a duration 684 

of four weeks, followed by a four-week break (from week 4 to 8) in treatment, before resuming 685 

treatment for additional three weeks (from week 8 to 11). 686 

Tumor volumes were measured once a week with calipers and calculated as follows: tumor volume 687 

= 0.5 × (length) × (width)2. All animal experiments were performed at the animal core facility at the 688 

University of Southern Denmark and animals were housed under pathogen-free conditions with ad 689 

libitum food and water. 690 

 691 

Patient-derived xenograft (PDX) model 692 

The fulvestrant and palbociclib-resistant PDX model (Gar15-13 FPR) was developed from an ER+, 693 

PR- and HER2- tumor with a PIK3CA mutation (p.E542K) Gar15-13 (HREC/16/SVH/29), which 694 

was derived from a patient who progressed on aromatase inhibition, as previously described (17). The 695 

parental PDX was resistant to fulvestrant and responsive to palbociclib. Gar15-13 tumors were 696 

chronically exposed to the combination of palbociclib (MedChemExpress) (50 mg/kg, 5 days/week, 697 

oral gavage) and fulvestrant (MedChemExpress) (5 mg/body in peanut oil (Sigma-Alrich), SC 698 

weekly) over several passages in mice. At each passage, tumors were established to a width of 5 mm 699 

before treatment commenced. Growth rates similar to the untreated parental PDX were obtained by 700 

the third passage under treatment selection (63). For this study, a thawed Gar15-13-FPR PDX-P5 701 

(true P9) was subjected to selection and was harvested when the tumor volume reached 574 mm3. 702 

Sections of 4 mm3 were implanted into the right 4th inguinal mammary gland of 6–7 week-old female 703 

NOD-SCID-IL2γR−/− mice (Australian BioResources Pty Ltd). When tumor volumes reached 704 

between 150-225 mm3, mice were randomized into three groups and treated with 1) combined 705 

palbociclib (25 mg/kg in 25% β-cyclodextran (Sigma-Alrich), 5 days/week, oral gavage) and 706 

fulvestrant (2.5 mg/body in peanut oil, SC weekly, n=9); 2) combined palbociclib, fulvestrant and 707 

alpelisib (MedChemExpress)  (25 mg/kg in 25% β-cyclodextran, 5 days/week, oral gavage, n=10); 708 

and 3) combined palbociclib, fulvestrant and gedatolisib (MedChemExpress)  (10 mg/kg in 5% β-709 

cyclodextran, 5 days/week, IP, n=10). Tumor volumes were measured twice a week with calipers 710 
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until endpoint of tumor volume ≥ 1000 mm3 or treatment for 30 days were achieved and calculated 711 

as: tumor volume = 0.5 x (length) x (width)2. At the end point, 30 days of treatment, tumors were 712 

dissected, net weight was obtained using bench top balance and photographed. Tumor sections were 713 

fixed in 10% formalin for paraffin embedding and histological staining.  714 

 715 

Patient-derived organoid (PDO) studies  716 

Organoids were established from ER+ primary breast cancer as previously described (64). Briefly, 717 

tumors were mechanically dissociated and enzymatically digested with 1 mg/mL collagenase 718 

(Thermofisher) for 1 hour at 37°C in a MACS dissociator (Miltenyi). After dissociation, cells were 719 

embedded in 70% cultrex (Bio-techne) in culture media and plated in 15 µL domes in six-well cell 720 

culture plates. After 30 minutes incubation at 37°C for solidification of matrix, organoid medium 721 

consisting of Advanced DMEM/F12 (ThermoFisher) supplemented with 10 mM HEPES, 1× 722 

Glutamax, 1% penicillin/streptomycin, 2% Rspo3-Fc fusion protein conditioned medium 723 

(Ipatherapeutics), 1% Noggin-Fc Fusion Protein Conditioned Medium (Ipatherapeutics), 1x B27 724 

Supplement (ThermoFisher), 5 mM Nicotinamide (Sigma Aldrich), 1.25 mM N-acetyl-ʟ-cysteine 725 

(Sigma Aldrich), 100 µg/mL Primocin (Invivogen), 5nM Heregulin β1 (PeproTech), 5 ng/mL FGF-726 

7 (PeproTech), 10 ng/mL heat-stable FGF-10 (ThermoFisher), 0.5 µM A83-01 (Tocris Bioscience), 727 

10 ng/mL EGF (PeproTech), 0.5 µM SB202190 (Sigma Aldrich) and 5µM Y-27632 dihydrochloride 728 

(AbMole Bioscience). Medium was replenished every 3 to 4 days. Organoids were dissociated using 729 

TrypleExpress (Life Technologies) for 15 minutes at 37°C.  730 

Established organoids were plated in 96-well plates embedded in 50% cultrex in culture media (50 731 

µL/well), followed by treatment with serially diluted CDK4/6i inhibitor abemaciclib and dual 732 

PI3K/mTOR inhibitor gedatolisib at different concentrations for 1 week. Cell viability was assessed 733 

using RealTime-Glo™ MT cell viability assay (Promega) according to the manufacturer’s 734 

instructions. Luminescence was measured using Paradigm microplate reader (Beckman Coulter) and 735 

SoftMax pro 7.0.2 software. Dose-effect curves were generated using GraphPad Prism software 736 

(version 8.0).  737 

 738 

Statistical analysis  739 

One-way analysis of variance (ANOVA), two-tailed t-test and Mann–Whitney U test were employed, 740 

using GraphPad Prism software (GraphPad Software), to determine statistical significance among 741 
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data for the in vitro and in vivo studies as indicated in the figure legends. One-way ANOVA was used 742 

for comparison analysis of gene expression under different treatment conditions using TAC software.  743 
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Fig. 1. Combined gedatolisib, palbociclib and fulvestrant are effective in PIK3CA-mutant, ER+ 1041 
breast cancer cells resistant to combined palbociclib and fulvestrant. Combined palbociclib and 1042 
fulvestrant resistant cells, MPF-R and TPF-R, and the corresponding sensitive cells, M-S and T-S, 1043 
were treated with different inhibitors of the PI3K/AKT/mTOR pathway including alpelisib (Alp; 1 1044 
µM in MS/MPFR and 250-500 nM in T-S/TPF-R), capivasertib (Cap; 250-500 nM in M-S/MPF-R 1045 

and 100 nM in T-S/TPF-R), sapanisertib (Sap; 10 nM in M-S/MPF-R and 5 nM in TS/TPFR), 1046 
gedatolisib (Ged; 10 nM) in combination with palbociclib (Palbo; 200 nM) and fulvestrant (Fulv; 100 1047 
nM). (A-D) Cell growth was evaluated by crystal violet assay over 6 days. The results represent the 1048 
mean ± SEMs of three biological experiments performed in duplicates shown relative to day 0. For 1049 
each subfigure, time curves are shown on the left and corresponding endpoint bar graphs on the right. 1050 

(E-H) Outgrowth of resistant colonies were assessed weekly by evaluating the percentage of wells at 1051 
50 % or greater confluence (positive wells) over a period of 12 weeks. Statistical analysis using one-1052 
way ANOVA was performed on readings at the endpoint to determine significant differences between 1053 
the treatments (* P < 0.05, ** P < 0.01 ***, P < 0.001 and ****P < 0.0001). 1054 

 1055 
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 1056 

Fig. 2. Combined capivasertib or sapanisertib, palbociclib and fulvestrant is effective in 1057 

PIK3CA-wildtype ER+ breast cancer cells resistant to combined palbociclib and fulvestrant. 1058 
Combined palbociclib and fulvestrant resistant cells, ZPF-R, and the corresponding sensitive cells, 1059 
Z-S, were treated with different inhibitors of PI3K/AKT/mTOR including alpelisib (Alp; 6 µM), 1060 
capivasertib (Cap; 50 nM), sapanisertib (Sap; 5 nM), gedatolisib (Ged; 5 nM) in combination with 1061 

palbociclib (Palbo; 150 nM) and fulvestrant (Fulv; 100 nM). (A, B) Cell growth was evaluated by 1062 
crystal violet assay over 6 days.  (C, D) Cell viability was assessed by cell titer-blue assay. The results 1063 
represent the mean ± SEMs of three biological experiments performed in duplicates and are shown 1064 
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relative to day 0. For each subfigure, time curves are shown on the left and corresponding endpoint 1065 
bar graphs on the right. Statistical analysis using one-way ANOVA was performed on readings at day 1066 
6 to determine significant differences between the treatments (* P < 0.05, ** P < 0.01 ***, P < 0.001 1067 
and ****P < 0.0001). (E, F) Assessment of the effect of long-term treatment (12 weeks) with dual or 1068 
triple combinations. Outgrowth of resistant colonies were assessed weekly by evaluating the 1069 

percentage of wells at 50 % or greater confluence (positive wells) over the treatment period.  1070 
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 1094 

Fig. 3. Triple combination with gedatolisib, palbociclib and fulvestrant effectively inhibits 1095 
growth of PIK3CA-mutant ER+ tumor xenografts resistant to combined palbociclib and 1096 
fulvestrant. (A-B) MPF-R cells (1x106) resistant to combined palbociclib and fulvestrant were 1097 
injected into the mammary fat pad of NOG CIEA mice and tumors were allowed to establish for 2 1098 



 36 

weeks to a size of 30 mm3. Mice were then treated with the combination of fulvestrant (Fulv, 100 1099 
mg/kg, SC weekly), palbociclib (Palbo, 25 mg/kg, oral gavage daily) and capivasertib (Cap, 100 1100 

mg/kg, oral gavage daily, n= 6) or alpelisib (Alp, 25 mg/kg, oral gavage daily, n = 5). Tumor size 1101 
was measured weekly. Panel (A) shows the average tumor growth curves measured weekly and panel 1102 
(B) shows the tumor volumes measured after excision. (C) MPF-R cells (1x10^6) were implanted 1103 
orthotopically into the mammary fat pad of NOG CIEA mice. When tumors were palpable, mice were 1104 
randomized based on tumor sizes into three groups and treated with; 1) fulvestrant (Fulv, 100 mg/kg, 1105 

SC. weekly) and palbociclib (palbo, 25 mg/kg, oral gavage daily, n = 10), 2) fulvestrant, palbociclib 1106 
and alpelisib (Alp, 25 mg/kg, oral gavage daily, n = 7) or 3) fulvestrant, palbociclib and gedatolisib 1107 
(Ged, 10 mg/kg, IP daily, n = 10). Mice in group 1 initially received combined fulvestrant and 1108 
palbociclib for 5 weeks, and then combination gedatolisib, palbociclib and fulvestrant was 1109 
administered for 3 weeks and subsequently sacrificed. In groups 2 and 3, mice received treatment for 1110 

4 weeks followed by a 4-week treatment hiatus (week 4 to 8) before resuming the respective treatment 1111 
for additional 3 weeks (week 8 to 11). Data are shown as mean tumor volume ± SEM. In panel (A-1112 

B), significant differences are calculated by two-tailed unpaired t-test (* P < 0.05). In panel (C), 1113 

Significant differences between group 1 and groups 2 and 3 at week 4 were calculated by one-way 1114 
ANOVA and indicated by asterisks. Significant differences between groups 2 and 3 at the endpoint 1115 
were calculated by a two-tailed t-test (*P < 0.05 and ****P < 0.0001). 1116 

 1117 

Fig. 4. Combination gedatolisib, palbociclib and fulvestrant induces tumor regression in 1118 
PIK3CA-mutant ER+ breast cancer PDX resistant to combined palbociclib and fulvestrant. 1119 
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Panel (A) shows average tumor growth curve, panel (B), endpoint tumor volumes (mm3) and (C), 1120 
endpoint tumor weight (g) from mice bearing the Gar15-13-FPR patient-derived xenograft (PDX) 1121 
model resistant to combined palbociclib and fulvestrant treated with: 1) palbociclib (Palbo, 25 mg/kg, 1122 
5 days/week, oral gavage) and fulvestrant (Fulv, 100 mg/kg, SC weekly) (n = 9);  2) combination of 1123 
alpelisib (Alp, 25 mg/kg, 5 days/week, oral gavage), Palbo, and Fulv (n = 10); and 3) combination 1124 

gedatolisib (Ged, 10 mg/kg, 5 days/week, IP injections), Palbo, and Fulv (n = 10). Tumor size was 1125 
measured twice weekly for 30 days. Data are presented as mean ± SEM. Significant differences were 1126 
calculated by one-way ANOVA with Tukey’s multiple comparison test (*P < 0.05, **P < 0.01***, 1127 
P < 0.001, **** P < 0.0001) at 30 days. (D) Photographs of tumors excised from all mice from each 1128 
treatment group at endpoint (tumor volume ≥1000 mm3 or treatment for 30 days). Tumors were not 1129 

detected in mice 121550 and 122032 treated with combination Ged+Palbo+Fulv. 1130 

 1131 

Fig. 5. Dual PI3K/mTOR inhibition efficiently reduced the viability of ER+ PIK3CA- or AKT1-1132 
mutant breast cancer patient-derived organoids PDOs resistant to CDK4/6i. (A) Dose-effect 1133 
curves of CDK4/6i abemaciclib, dual PI3K/mTOR inhibitor gedatolisib, PI3Ki alpelisib and dual 1134 
mTORC1/2i sapanisertib at day 7 of treatment in three patient-derived breast cancer organoids 1135 
(PDOs), PDO-P40, PDO-P46 and PDO-P48, developed from ER+ breast tumors and selected due to 1136 

their differing IC50 towards abemaciclib. (B) Effect of 1 µM of abemaciclib, gedatolisib, alpelisib or 1137 
sapanisertib on viability of PDO-P40, PDO-P46 or PDO-P48 during 7 days of treatment. The results 1138 

represent the mean ± SEMs of three replicates. Data are presented as mean ± SEM. Significant 1139 
differences are calculated by one-way ANOVA test (* P < 0.05, ** P < 0.01 ***, P < 0.001).  1140 
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 1141 

Fig. 6. Combination with gedatolisib, palbociclib and fulvestrant efficiently inhibits the HIF-1α 1142 

pathway in PIK3CA-mutant ER+ breast cancer resistant to combined CDK4/6i and ET. (A) 1143 
Gene set enrichment analysis of gene expression data in MPF-R cells untreated vs. treated with 1144 
combinations including fulvestrant, palbociclib, and alpelisib (single PI3Ki), or gedatolisib (dual 1145 



 39 

PI3K/mTORi) or sapanisertib (dual mTORi). (B) Pathway analysis of phospho-proteomics data in 1146 
MPF-R cells treated with combinations with the dual PI3K/mTORi compared to single PI3Ki or dual 1147 
mTORi. Three biological replicates were used. Western blot analysis of HIF-1α and GSK3αβ in MPF-1148 
R cells after 3 days of exposure to (C, D) siRNA targeting AKT, PIK3CA or/and MTOR or (E) the 1149 
three drug combinations. GAPDH was used as a loading control. Densitometry analysis of Western 1150 

blot bands was performed using Image Lab ImageJ software from BioRad. Data are shown as the 1151 
area under the curve (AUC) normalized to loading control. Data are presented as mean ± SEM. 1152 
Significant differences are calculated by one-way ANOVA test (* P < 0.05, ** P < 0.01 ***, P < 1153 
0.001). For comparisons where no asterisks are indicated, no statistically significant differences were 1154 
observed. 1155 

 1156 
Fig. 7. Proposed mechanistic model illustrating the effect of single or dual-node 1157 

PI3K/AKT/mTOR inhibitors on constitutive HIF-1α signaling. (A) Combined CDK4/6i and 1158 
fulvestrant resistant tumors exhibit activation of the PI3K/AKT/mTOR pathway which drives high 1159 
basal HIF-1α expression levels. This occurs through two main mechanisms: mTORC1-mediated 1160 
increase in HIF-1α protein synthesis, and PI3K/AKT-mediated inhibition of GSK3αβ which reduces 1161 

HIF-1α degradation. This combined stabilization and activation of HIF-1α promotes a glycolytic 1162 
(Warburg-like) metabolism ultimately contributing to tumor growth and survival. (B) Treatment with 1163 
a single PI3Ki (alpelisib) primarily inhibits HIF-1α through upstream modulation of GSK3αβ activity 1164 

via the PI3K/AKT axis, but does not fully suppress mTORC1-driven HIF-1α synthesis. Conversely, 1165 
a dual mTORi (sapanisertib) predominantly inhibits HIF-1α via mTORC1 (downstream effects on 1166 
protein synthesis), leaving the PI3K/AKT-GSK3αβ pathway largely unaffected. A dual PI3K/mTORi 1167 
(gedatolisib) effectively blocks HIF-1α activation through both PI3K/AKT-GSK3αβ-mediated 1168 
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degradation and mTORC1-mediated protein synthesis, leading to a more profound reduction in HIF-1169 
1α activity and greater impairment of tumor growth and survival. 1170 



Supplementary Figures 

 

Supplementary Figure S1. Triple targeting of the PI3K/AKT/mTOR, cyclin D/CDK4-6/Rb and ER 

pathways reduces viability and proliferation of ER+ breast cancer cells resistant to combined palbociclib 

and fulvestrant. Combined palbociclib and fulvestrant-resistant cells, MPF-R and TPF-R, and the 

corresponding sensitive cells, M-S and T-S, were treated with different inhibitors of the PI3K/AKT/mTOR 

pathway including alpelisib (Alp: 1 µM in MS/MPFR and 250-500 nM in T-S/TPF-R), capivasertib (Cap; 250-

500 nM in M-S/MPF-R and 100 nM in T-S/TPF-R), sapanisertib (Sap; 10 nM in M-S/MPF-R and 5 nM in 

TS/TPFR), gedatolisib (Ged; 10 nM) in combination with palbociclib (Palbo; 200 nM) and fulvestrant (Fulv; 

100 nM). A-D). The CellTiter-blue cell assay was conducted over 6 days to evaluate cell viability. The results 



are shown relative to day 0 and presented as mean ± SEMs of three biological experiments conducted in 

duplicates. Each subfigure displays time curves on the left and corresponding endpoint bar graphs on the right. 

Statistical analysis was performed on data at day 6 to determine significant differences between the treatments. 

E-F) BrdU incorporation assay was performed after 6 days of treatment in three biological replicates and data 

are shown as mean ± SEMs. Statistical significance was calculated by one-way ANOVA (* P < 0.05, ** P < 

0.01, ***P < 0.001, and **** P < 0.0001). 

 

 

 

 



 

Supplementary Figure S2. Triple combination of inhibitors of the PI3K/AKT/mTOR pathway, CDK4/6i 

and fulvestrant does not induce apoptosis in combined CDK4/6i and fulvestrant resistant ER+ breast 

cancer cells. Combined palbociclib- and fulvestrant-resistant cells, MPF-R, TPF-R and ZPF-R, and the 

corresponding sensitive cells, M-S, T-S and Z-S, were treated with different inhibitors of the 

PI3K/AKT/mTOR pathway including alpelisib (Alp: 1 µM in M-S/MPF-R, 250-500 nM in T-S/TPF-R; 6 µM 



in Z-S/ZPF-R), capivasertib (Cap; 250-500 nM in M-S/MPF-R, 100 nM in T-S/TPF-R and 50 nM in Z-S/ZPF-

R), sapanisertib (Sap; 10 nM in M-S/MPF-R and 5 nM in TS/TPFR and Z-S/ZPF-R), gedatolisib (Ged; 10 nM 

in M-S/MPF-R and T-S/TPF-R and 5 nM in Z-S/ZPF-R) in combination with palbociclib (Palbo; 200 nM) and 

fulvestrant (Fulv; 100 nM). A) Apoptosis assessment by caspase 3/7 green integrated intensity readout for 

sensitive and resistant cells over 3 days of treatment in a live-cell imaging system (IncuCyte S3). The data 

represent the mean of three biological replicates ± SEM B) Western blotting analysis evaluating the protein 

expression of cell death-associated markers. GAPDH was used as loading control. C) Densitometry analysis 

of Western blot bands was performed using the Image Lab software from BioRad. Data are shown as mean of 

two biological replicates ± SEM of the area under the curve (AUC) normalized to loading control. Significant 

differences are calculated by one-way ANOVA test (* P < 0.05). For comparisons where no asterisks are 

indicated, no statistically significant differences were observed.   



 

Supplementary Figure S3. Protein levels of key signaling transduction proteins of the 

PI3K/AKT/mTOR, cyclin D/CDK4-6/Rb and ER pathways. A-B) Cell lysates from the combined 

palbociclib- and fulvestrant-resistant cells, MPF-R and TPF-R, and corresponding sensitive cells, M-S and T-

S, were harvested after 3 days of exposure with the different drug combinations and analyzed using Western 

blotting with the indicated antibodies. GAPDH was used as a loading control. C) Densitometry analysis of 

Western blot bands was performed using the Image Lab software from BioRad. Data are shown as mean of 

two biological replicates ± SEM of the AUC normalized to loading control. Significant differences are 

calculated by one-way ANOVA test (* P < 0.05, ** P < 0.01 and *** P < 0.001). For comparisons where no 

asterisks are indicated, no statistically significant differences were observed. 



 

 

Supplementary Figure S4. Dual PI3K/mTOR inhibitor efficiently reduces viability of ER+ PIK3CA- or 

AKT1-mutant breast cancer patient-derived organoids (PDOs) sensitive and resistant to CDK4/6i. Dose-

effect curves of CDK4/6i abemaciclib, dual PI3K/mTOR inhibitor gedatolisib, PI3Ki alpelisib and dual 

mTORC1/2i sapanisertib on viability of PDO-P40, PDO-P46 and PDO-P48 during 7 days of treatment. The 

results represent the mean ± SEMs of three replicates.  

 



Supplementary Figure S5. Protein levels of key regulators of the EMT, Wnt/β-catenin, hypoxia, and 

Notch pathways after treatment with triple combination containing single- or dual-node PI3K/mTOR 

inhibitors. A-B) Cell lysates from the combined palbociclib- and fulvestrant-resistant cells, MPF-R and TPF-

R, and corresponding sensitive cells, M-S and T-S, were harvested after 3 days of drug exposure and analyzed 

using Western blotting with the indicated antibodies. GAPDH was used as a loading control. C) Densitometry 

analysis of Western blot bands was performed using the Image Lab software from BioRad. Data are shown as 

mean of two biological replicates ± SEM of the AUC normalized to loading control. Significant differences 

are calculated by one-way ANOVA test (* P < 0.05). For comparisons where no asterisks are indicated, no 

statistically significant differences were observed. 



 

Supplementary Figure S6. Protein levels of key regulators of the EMT, Wnt/β-catenin, hypoxia, and 

PIK3/AKT/mTOR pathways after siRNA-mediated knockdown of AKT, PIK3CA or/and MTOR. A) 

Combined palbociclib- and fulvestrant-resistant cells, MPF-R and TPF-R, were treated with specific siRNAs 



targeting AKT, PIK3CA or/and MTOR, or control siRNA, and growth was evaluated for 3 days by live-cell 

imaging (IncuCyte S3). Data are shown as mean ± SEM of phase area confluence normalized to initial 

confluence (at time 0h). B-D) Cell lysates were harvested after 3 days of drug exposure and analyzed using 

Western blotting with the indicated antibodies. GAPDH was used as a loading control. Densitometry analysis 

of Western blot bands was performed using the Image Lab software from BioRad. Data are shown as mean of 

three biological replicates ± SEM of the AUC normalized to loading control. Significant differences are 

calculated by one-way ANOVA test (* P < 0.05 and ** P < 0.01). For comparisons where no asterisks are 

indicated, no statistically significant differences were observed. 

 

 

Supplementary Figure S7. HIF-1α expression in PIK3CA-mutant ER+ tumor xenografts resistant to 

combined palbociclib and fulvestrant treated with different triple combinations. Western blot analysis of 

HIF-1α in 3 xenograft tumors of the alpelisib (Alp+Palbo+Fulv) and gedatolisib (Ged+Palbo+Fulv) treatment 

groups, excised when mice were sacrificed (from experiment shown in Fig. 3). GAPDH was used as a loading 

control. Densitometry analysis of Western blot bands was performed using the Image Lab software from 

BioRad. Data are shown as the AUC normalized to loading control for three biological replicates. Significant 

differences are calculated by Mann-Whitney U test.  

  



Supplementary Tables 

Supplementary Table S1. Expression of cancer stem cell markers after treatment with triple combination 

containing single PI3Ki compared to triple combination with dual PI3K/mTORi in cells resistant to combined 

CDK4/6i and endocrine therapy.  

Gene Symbol PI3Ki Avg (log2) dual PI3K/mTORi Avg (log2) Fold Change P-val FDR P-val 
ALDH1A1 4.19 4.29 -1.07 0.5182 0.9393 
ALDH1A2 4.68 4.6 1.05 0.9722 0.9992 
ALDH1A3 5.83 5.66 1.13 0.0042 0.3427 
CD24 11.39 10.92 1.39 0.0201 0.4951 
CD44 11.4 10.62 1.72 0.0027 0.3077 
NANOG 5.25 5.39 -1.11 0.4595 0.9298 
OCT-4 4.89 4.89 1 0.7974 0.9832 
SOX2 6.46 6.6 -1.11 0.2112 0.8315 

 

Supplementary Table S2. Gene set enrichment analysis of altered pathways after triple combination with 

the PI3K inhibitor alpelisib compared to control, by gene expression profiling.  

NAME SIZE ES NES NOM p-val FDR q-val FWER p-val RANK AT MAX LEADING EDGE 

HALLMARK_E2F_TARGETS 186 -0.78606 -3.08615 0 0 0 1517 tags=52%, list=6%, signal=55% 

HALLMARK_G2M_CHECKPOINT 182 -0.7656 -2.95952 0 0 0 1331 tags=46%, list=5%, signal=48% 

HALLMARK_MTORC1_SIGNALING 193 -0.6314 -2.45943 0 0 0 3506 tags=43%, list=14%, signal=50% 

HALLMARK_ESTROGEN_RESPONSE_LATE 191 -0.60774 -2.37623 0 0 0 3262 tags=38%, list=13%, signal=43% 

HALLMARK_OXIDATIVE_PHOSPHORYLATION 179 -0.55386 -2.17263 0 0 0 3736 tags=42%, list=15%, signal=49% 

HALLMARK_MYC_TARGETS_V2 53 -0.64654 -2.10662 0 0 0 3440 tags=49%, list=14%, signal=57% 

HALLMARK_DNA_REPAIR 139 -0.55312 -2.09409 0 0 0 3936 tags=37%, list=16%, signal=43% 

HALLMARK_GLYCOLYSIS 192 -0.52732 -2.07062 0 0 0 4954 tags=45%, list=20%, signal=55% 

HALLMARK_UNFOLDED_PROTEIN_RESPONSE 100 -0.56119 -1.98885 0 1.65E-04 0.001 4232 tags=39%, list=17%, signal=47% 

HALLMARK_MYC_TARGETS_V1 180 -0.51061 -1.98876 0 1.48E-04 0.001 4237 tags=32%, list=17%, signal=38% 

HALLMARK_ESTROGEN_RESPONSE_EARLY 193 -0.50115 -1.9792 0 1.35E-04 0.001 5507 tags=42%, list=22%, signal=53% 

HALLMARK_MITOTIC_SPINDLE 197 -0.49925 -1.96895 0 1.24E-04 0.001 3249 tags=28%, list=13%, signal=32% 

HALLMARK_ADIPOGENESIS 186 -0.4993 -1.92916 0 1.14E-04 0.001 4999 tags=42%, list=20%, signal=53% 

HALLMARK_CHOLESTEROL_HOMEOSTASIS 71 -0.55427 -1.88448 0 2.94E-04 0.003 3939 tags=41%, list=16%, signal=48% 

HALLMARK_SPERMATOGENESIS 133 -0.48863 -1.84735 0 4.45E-04 0.005 2031 tags=18%, list=8%, signal=20% 

HALLMARK_UV_RESPONSE_UP 155 -0.45441 -1.71243 0 0.002067 0.026 3200 tags=32%, list=13%, signal=36% 

HALLMARK_PEROXISOME 102 -0.44505 -1.63393 0 0.00551 0.072 2615 tags=25%, list=10%, signal=28% 

HALLMARK_PI3K_AKT_MTOR_SIGNALING 102 -0.43095 -1.56388 0.002833 0.011637 0.15 3506 tags=26%, list=14%, signal=31% 

HALLMARK_FATTY_ACID_METABOLISM 154 -0.40342 -1.54486 0.001355 0.013518 0.183 3368 tags=29%, list=13%, signal=33% 

HALLMARK_REACTIVE_OXYGEN_SPECIES_PATHWAY 46 -0.46527 -1.47029 0.043408 0.027997 0.37 5468 tags=46%, list=22%, signal=58% 

HALLMARK_UV_RESPONSE_DN 136 0.409765 1.758129 0 0.002973 0.011 5174 tags=35%, list=20%, signal=43% 

HALLMARK_HEDGEHOG_SIGNALING 35 0.411751 1.372438 0.075881 0.058991 0.327 2160 tags=23%, list=9%, signal=25% 

HALLMARK_WNT_BETA_CATENIN_SIGNALING 41 0.2913 0.975565 0.485564 0.684379 0.999 3228 tags=15%, list=13%, signal=17% 

HALLMARK_ALLOGRAFT_REJECTION 189 0.209495 0.923647 0.727642 0.663277 1 5070 tags=19%, list=20%, signal=23% 



Supplementary Table S3. Gene set enrichment analysis of altered pathways after triple combination with the 

dual PI3K/mTOR inhibitor gedatolisib compared to control, by gene expression profiling.  

NAME SIZE ES NES NOM p-val FDR q-val FWER p-val RANK AT MAX LEADING EDGE 

HALLMARK_E2F_TARGETS 186 -0.57 -2.3 0 0 0 3383 tags=39%, list=13%, signal=45% 

HALLMARK_G2M_CHECKPOINT 182 -0.56 -2.28 0 0 0 5405 tags=49%, list=21%, signal=62% 

HALLMARK_ESTROGEN_RESPONSE_LATE 191 -0.56 -2.27 0 0 0 4583 tags=42%, list=18%, signal=51% 

HALLMARK_OXIDATIVE_PHOSPHORYLATION 179 -0.56 -2.25 0 0 0 4245 tags=44%, list=17%, signal=52% 

HALLMARK_ESTROGEN_RESPONSE_EARLY 193 -0.55 -2.2 0 0 0 4662 tags=38%, list=18%, signal=47% 

HALLMARK_MTORC1_SIGNALING 193 -0.54 -2.18 0 0 0 6408 tags=51%, list=25%, signal=68% 

HALLMARK_GLYCOLYSIS 192 -0.54 -2.18 0 0 0 4525 tags=41%, list=18%, signal=50% 

HALLMARK_CHOLESTEROL_HOMEOSTASIS 71 -0.56 -2.02 0 0 0 3826 tags=38%, list=15%, signal=45% 

HALLMARK_UNFOLDED_PROTEIN_RESPONSE 100 -0.53 -1.98 0 0 0 5972 tags=43%, list=24%, signal=56% 

HALLMARK_ADIPOGENESIS 186 -0.49 -1.98 0 0 0 5162 tags=41%, list=20%, signal=52% 

HALLMARK_DNA_REPAIR 139 -0.49 -1.91 0 0 0.001 6108 tags=47%, list=24%, signal=62% 

HALLMARK_MYC_TARGETS_V2 53 -0.54 -1.87 0.001 0.00E+00 0.004 5515 tags=53%, list=22%, signal=67% 

HALLMARK_UV_RESPONSE_UP 155 -0.45 -1.8 0 1.00E-03 0.015 4543 tags=38%, list=18%, signal=46% 

HALLMARK_P53_PATHWAY 189 -0.43 -1.74 0 2.00E-03 0.02 7002 tags=42%, list=28%, signal=57% 

HALLMARK_PI3K_AKT_MTOR_SIGNALING 102 -0.43 -1.61 0.003 0.009 0.1 6588 tags=41%, list=26%, signal=55% 

HALLMARK_NOTCH_SIGNALING 30 -0.53 -1.59 0.021 0.009 0.114 5700 tags=40%, list=23%, signal=52% 

HALLMARK_REACTIVE_OXYGEN_SPECIES_PATHWAY 46 -0.47 -1.57 0.007 0.011 0.144 5281 tags=43%, list=21%, signal=55% 

HALLMARK_HYPOXIA 193 -0.37 -1.51 0.001 0.019 0.251 3789 tags=25%, list=15%, signal=30% 

HALLMARK_XENOBIOTIC_METABOLISM 190 -0.37 -1.51 0.001 0.019 0.257 4671 tags=27%, list=18%, signal=33% 

HALLMARK_MYC_TARGETS_V1 180 -0.37 -1.51 0.002 0.02 0.275 5238 tags=29%, list=21%, signal=36% 

HALLMARK_UV_RESPONSE_DN 136 0.278903 1.259822 0.044843 0.208128 0.556 5501 tags=28%, list=22%, signal=36% 

HALLMARK_ALLOGRAFT_REJECTION 189 0.195436 0.908378 0.758065 1 1 4335 tags=15%, list=17%, signal=18% 

HALLMARK_HEDGEHOG_SIGNALING 35 0.21743 0.76246 0.857534 0.952188 1 2839 tags=17%, list=11%, signal=19% 

 

 

  



Supplementary Table S4. Gene set enrichment analysis of altered pathways after triple combination with 

the dual mTOR inhibitor sapanisertib compared to control, by gene expression profiling. 

NAME SIZE ES NES NOM p-val FDR q-val FWER p-val RANK AT MAX LEADING EDGE 

HALLMARK_E2F_TARGETS 186 -0.71812 -2.85438 0 0 0 2586 tags=53%, list=10%, signal=58% 

HALLMARK_G2M_CHECKPOINT 182 -0.70105 -2.80706 0 0 0 2896 tags=50%, list=11%, signal=56% 

HALLMARK_MTORC1_SIGNALING 193 -0.61789 -2.4818 0 0 0 3938 tags=45%, list=16%, signal=52% 

HALLMARK_ESTROGEN_RESPONSE_LATE 191 -0.60207 -2.43324 0 0 0 3685 tags=41%, list=15%, signal=47% 

HALLMARK_GLYCOLYSIS 192 -0.54978 -2.21769 0 0 0 5187 tags=47%, list=20%, signal=59% 

HALLMARK_ESTROGEN_RESPONSE_EARLY 193 -0.5492 -2.19614 0 0 0 4037 tags=36%, list=16%, signal=42% 

HALLMARK_OXIDATIVE_PHOSPHORYLATION 179 -0.54433 -2.17591 0 0 0 3067 tags=37%, list=12%, signal=42% 

HALLMARK_CHOLESTEROL_HOMEOSTASIS 71 -0.60217 -2.11438 0 0 0 4027 tags=44%, list=16%, signal=52% 

HALLMARK_ADIPOGENESIS 186 -0.51248 -2.0651 0 0 0 4566 tags=41%, list=18%, signal=49% 

HALLMARK_DNA_REPAIR 139 -0.5156 -1.99767 0 0 0 5241 tags=42%, list=21%, signal=53% 

HALLMARK_UNFOLDED_PROTEIN_RESPONSE 100 -0.53533 -1.97352 0 0 0 5493 tags=42%, list=22%, signal=53% 

HALLMARK_MYC_TARGETS_V2 53 -0.57799 -1.92143 0 2.02E-04 0.002 4683 tags=51%, list=18%, signal=62% 

HALLMARK_MYC_TARGETS_V1 180 -0.45591 -1.83138 0 3.70E-04 0.004 4539 tags=30%, list=18%, signal=36% 

HALLMARK_UV_RESPONSE_UP 155 -0.45674 -1.78791 0 8.52E-04 0.01 4319 tags=37%, list=17%, signal=44% 

HALLMARK_REACTIVE_OXYGEN_SPECIES_PATHWAY 46 -0.51086 -1.66763 0.006309 0.003993 0.045 5278 tags=48%, list=21%, signal=60% 

HALLMARK_SPERMATOGENESIS 133 -0.42724 -1.63483 0.00137 0.005467 0.065 4177 tags=24%, list=16%, signal=29% 

HALLMARK_MITOTIC_SPINDLE 197 -0.40086 -1.62063 0 0.006081 0.077 4610 tags=34%, list=18%, signal=41% 

HALLMARK_P53_PATHWAY 189 -0.40014 -1.58273 0.001318 0.009425 0.124 4849 tags=31%, list=19%, signal=38% 

HALLMARK_PI3K_AKT_MTOR_SIGNALING 102 -0.4273 -1.57858 0 0.009456 0.129 5089 tags=32%, list=20%, signal=40% 

HALLMARK_PEROXISOME 102 -0.41752 -1.56105 0.00149 0.010178 0.147 2939 tags=25%, list=12%, signal=28% 

HALLMARK_UV_RESPONSE_DN 136 0.399263 1.729318 0 0.007381 0.02 1918 tags=18%, list=8%, signal=20% 

HALLMARK_EPITHELIAL_MESENCHYMAL_TRANSITION 193 0.2192 0.981771 0.54185 1 1 4080 tags=20%, list=16%, signal=23% 

HALLMARK_ALLOGRAFT_REJECTION 189 0.200506 0.894362 0.789883 1 1 7073 tags=27%, list=28%, signal=37% 

HALLMARK_HEDGEHOG_SIGNALING 35 0.260179 0.870221 0.683417 1 1 3285 tags=23%, list=13%, signal=26% 

HALLMARK_WNT_BETA_CATENIN_SIGNALING 41 0.223005 0.768538 0.86579 0.946921 1 177 tags=5%, list=1%, signal=5% 

 

 

  



Supplementary Table S5. KEGG and Halmark pathways downregulated in cells treated with triple 

combination containing dual PI3K/mTORi compared to triple combination containing single PI3Ki, using our 

phospho-proteomic data. 
Enrichment 
FDR 

nGen
es 

Pathway 
Genes 

Fold 
Enrichment Pathway Genes 

0.005409842 4 34 11.03230473 KEGG Circadian rhythm  CREB1  DBP  PRKAA1  PRKAA2 

3.21E-07 12 106 10.61599134 KEGG Glucagon signaling pathway  CREB1  CREBBP  CRTC2  SIRT1  GNAS  PDHA1  PDHA2  PRKAA1  PRKAA2  PPP4R3A  CAMK2A  
CAMK2D 

0.000392327 7 71 9.245382129 KEGG Adherens junction  CREBBP  CTNNB1  ERBB2  AFDN  MAPK1  MAPK3  VCL 

0.00092018 6 62 9.074960338 KEGG Longevity regulating pathway-
multiple species 

 SIRT1  PRKAA1  PRKAA2  RPS6KB1  AKT1S1  IRS4 

2.86E-05 10 109 8.60317341 KEGG HIF-1 signaling pathway  CDKN1B  CREBBP  ERBB2  PDHA1  PDHA2  MAPK1  MAPK3  RPS6KB1  CAMK2A  CAMK2D 

0.000867378 7 84 7.81454918 KEGG ErbB signaling pathway  CDKN1B  ERBB2  MAPK1  MAPK3  RPS6KB1  CAMK2A  CAMK2D 

0.000392327 8 101 7.42769031 KEGG Melanogenesis  CREB1  CREBBP  CTNNB1  GNAS  MAPK1  MAPK3  CAMK2A  CAMK2D 

0.00092018 7 89 7.375529563 KEGG Longevity regulating pathway  CREB1  SIRT1  PRKAA1  PRKAA2  RPS6KB1  AKT1S1  IRS4 

0.001179222 7 95 6.909706644 KEGG Endocrine resistance  CDKN1B  ERBB2  GNAS  MAPK1  MAPK3  RPS6KB1  SP1 

0.001250242 7 97 6.767238465 KEGG Prostate cancer  CDKN1B  CREB1  CREBBP  CTNNB1  ERBB2  MAPK1  MAPK3 

0.000392327 9 131 6.442529095 KEGG Spliceosome  USP39  ACIN1  SF3B1  HNRNPA1  CTNNBL1  SRSF2  SRSF4  SRSF5  SRSF6 

0.000392327 9 131 6.442529095 KEGG FoxO signaling pathway  CDKN1B  CREBBP  SIRT1  PRKAA1  PRKAA2  MAPK1  MAPK3  RBL2  IRS4 

0.00092018 8 121 6.199972903 KEGG AMPK signaling pathway  CREB1  CRTC2  SIRT1  PRKAA1  PRKAA2  RPS6KB1  AKT1S1  IRS4 

0.000392327 10 155 6.049973559 KEGG Cushing syndrome  CDKN1B  CREB1  CTNNB1  GNAS  MAPK1  MAPK3  SP1  CAMK2A  CAMK2D  ASH2L 

0.00654693 6 97 5.800490113 KEGG Circadian entrainment  CREB1  GNAS  MAPK1  MAPK3  CAMK2A  CAMK2D 

0.00654693 6 98 5.741301439 KEGG Aldosterone synthesis and secretion  CREB1  GNAS  ATP1A1  ATP2B1  CAMK2A  CAMK2D 

0.00092018 9 155 5.444976203 KEGG mTOR signaling pathway  EIF4B  FLCN  RICTOR  PRKAA1  PRKAA2  MAPK1  MAPK3  RPS6KB1  AKT1S1 

0.002728604 8 149 5.034877324 
KEGG Adrenergic signaling in 
cardiomyocytes  CREB1  GNAS  ATP1A1  ATP2B1  MAPK1  MAPK3  CAMK2A  CAMK2D 

0.001974883 10 221 4.243194125 KEGG cAMP signaling pathway  CREB1  CREBBP  GNAS  AFDN  ATP1A1  ATP2B1  MAPK1  MAPK3  CAMK2A  CAMK2D 

0.004198752 9 202 4.178075799 KEGG Proteoglycans in cancer  CTNNB1  EIF4B  ERBB2  PDCD4  MAPK1  MAPK3  RPS6KB1  CAMK2A  CAMK2D 

1.69E-07 15 200 7.033094262 HALLMARK G2M CHECKPOINT 
 TOP2A  MKI67  RACGAP1  TACC3  CDKN1B  INCENP  PDS5B  TMPO  DKC1  ATRX  NUMA1  
HMGA1  TLE3  NCL  SRSF2 

0.000208718 11 200 5.157602459 HALLMARK E2F TARGETS  TMPO  TOP2A  MKI67  RACGAP1  ATAD2  TACC3  SRSF2  ASF1A  HMGA1  CDKN1B  PDS5B 

0.00075519 10 199 4.712290963 HALLMARK MITOTIC SPINDLE  RACGAP1  NUMA1  SPTBN1  TOP2A  MAP1S  INCENP  MARK4  PALLD  RICTOR  VCL 

0.026254566 5 105 4.465456674 HALLMARK PI3K AKT MTOR SIGNALING  MAPK1  AKT1S1  PRKAR2A  CDKN1B  PRKAA2 

0.010746273 7 150 4.376147541 HALLMARK DNA REPAIR  XPC  GTF2F1  TAF12  CETN2  APRT  IMPDH2  SRSF6 

0.011361784 7 161 4.077156094 HALLMARK APOPTOSIS  CDKN1B  CREBBP  CTNNB1  APP  TOP2A  PDCD4  ERBB2 

0.025299262 6 144 3.90727459 HALLMARK UV RESPONSE DN  CDKN1B  ERBB2  CDK13  ATRX  ATP2B1  DBP 

0.010746273 8 199 3.76983277 HALLMARK MYC TARGETS V1  SET  SRSF2  CBX3  PHB2  HNRNPA1  TRIM28  HDGF  IMPDH2 

 

  



Supplementary Table S6. KEGG and Halmark pathways downregulated in cells treated with triple 

combination containing dual PI3K/mTORi compared to triple combination containing dual mTORi, using 

our phospho-proteomic data.  

Enrichment FDR nGenes Pathway Genes Fold Enrichment Pathway Genes 

0.028257 2 30 34.66818182 KEGG Citrate cycle (TCA cycle)  PDHA1  PDHA2 

0.043797 2 41 25.36696231 KEGG Homologous recombination  BABAM1  ABRAXAS1 

0.015435 3 70 22.28668831 KEGG Central carbon metabolism in cancer  ERBB2  PDHA1  PDHA2 

0.049128 2 47 22.12862669 KEGG Pyruvate metabolism  PDHA1  PDHA2 

0.010848 4 131 15.87855656 KEGG Spliceosome  SRSF4  SRSF5  SRSF6  SNRNP70 

0.028091 3 106 14.71762436 KEGG Glucagon signaling pathway  CREB1  PDHA1  PDHA2 

0.028091 3 109 14.31255213 KEGG HIF-1 signaling pathway  ERBB2  PDHA1  PDHA2 

0.000759 5 200 13.00056818 HALLMARK E2F TARGETS  TMPO  RACGAP1  ATAD2  ASF1A  PDS5B 
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