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ABSTRACT  

Almost half of patients with triple‐negative breast cancer (TNBC) develop distant metastases, 

heralding unfavorable outcomes. Here we provide novel insights into the contribution of the 

PI3K-mTOR pathway to the TNBC phenotypes that promote growth, migration, metastasis, 

and therapy resistance. Specifically, we demonstrate that dual targeting of PI3K and mTOR 

but not PI3K alone inhibits cancer cell proliferation and migration in vitro. Dual PI3K-mTOR 

inhibition with paxalisib not only promotes a favorable mesenchymal to epithelial phenotype 

but also inhibits signatures associated with MICs, including the highly aggressive CSC 

phenotype, persister cancer cell phenotype (p65, FOXQ1, NRF2, NNMT), and a cancer drug 

resistance signature (ABCB5, SNAIL, ALDH1). In vivo, paxalisib overcomes 

immunotherapy resistance to reduce primary tumor burden, circulating tumor cells, and direct 

and indirect indicators of metastasis with a favorable toxicity profile. Gene expression and 

spatial analyses show that paxalisib profoundly affects the immune microenvironment in 

tumors, reducing adaptive immune phenotypes associated with immunotherapy resistance 

(exhausted T cells, Tregs) and pro-tumor innate immune populations such as mast cells. 

PI3K-mTOR blockade acts upstream of EZH2, impacting both the classical repressive 

catalytic p85β-EZH2-H27ME3 and active EZH2-NFκB pathways. Our data suggest that dual 

targeting of the PI3K-mTOR pathway disrupts both the catalytic and non-catalytic axes of 

EZH2 to inhibit metastasis and enhance cancer immune visibility, potentially increasing the 

utility of immunotherapy in resistant individuals. 
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INTRODUCTION 

Breast cancer is the most common cancer in women worldwide (1). Triple‐negative breast 

cancer (TNBC), which accounts for 15-20% of all breast cancers, is clinically challenging as 

it often recurs (2). TNBCs lack estrogen receptor, progesterone receptor, and human 

epidermal growth factor receptor 2 expression, limiting treatment options. Furthermore, 

TNBC is highly aggressive, with almost 50% of patients developing distant metastases to the 

brain, liver, and/or lung, at which point the median survival time is ~13 months (3). 

Responses to chemotherapy in patients with metastatic TNBC are often short-lived (4). While 

neoadjuvant immunochemotherapy has significantly improved the survival of patients with 

stage II–III TNBC (5,6), responses to immunotherapy are modest in metastatic settings and 

restricted to patients with high PD-L1 expression. Hence, there is an urgent need to develop 

new therapy regimens and targets for patients with TNBC, especially those that can be 

combined with immunotherapy. 

 Given its key role in tumorigenesis and immunity, targeting PI3K signaling has long 

been a therapeutic focus in cancer (7). However, pan-PI3K inhibitors are highly toxic, 

prompting the development of isoform-selective inhibitors (8), but results have been mixed. 

The PI3Kα inhibitor alpelisib (Piqray/NVP-BYL719; Novartis, Australia) combined with 

fulvestrant showed some efficacy in patients with metastatic breast cancer and after cyclin-

dependent kinase 4 and 6 inhibitor (CDK4/6i) therapy, but with frequent adverse events and 

relatively short progression-free survival benefit (9). The dual PI3K-mTOR inhibitor 

paxalisib, which can cross the blood-brain barrier, has demonstrated promising clinical 

activity in glioblastoma (10-12) (NCT03522298, NCT03970447), solid tumor brain 

metastases (NCT03994796, NCT03765983, NCT04192981), DIPG/DMG (NCT03696355, 

NCT05009992), and primary CNS lymphoma (NCT04906096). Although individual 

mutations in individual PI3K pathway genes are relatively rare, when activating mutations in 
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PIK3CA and AKT1 are combined with inactivating mutations in PTEN, the PI3K pathway is 

activated in 25‒30% of advanced TNBCs (13). Therefore, revisiting PI3K pathway 

inhibition, especially in the immunotherapy era, is important to establish effective and safe 

combination regimens for patients with TNBC. 

 Here we demonstrate that dual targeting of the PI3K-mTOR pathway but not PI3K 

alone inhibits cancer cell proliferation and migration and promotes a mesenchymal-to-

epithelial phenotype, simultaneously inhibiting signatures associated with metastasis-

initiating cells (MICs), including the highly aggressive CD44
high

/CD24
low

 CSC phenotype, 

persister cancer cell phenotype (p65, FOXQ1, NRF2, NNMT), and drug resistance markers 

(ABCB5, SNAIL, ALDH1). In vivo, paxalisib overcomes immunotherapy resistance in 

TNBC to reduce primary tumor burden, circulating tumor cells (CTCs), and direct and 

indirect markers of metastasis with a favorable toxicity profile. Gene expression and spatial 

analyses show that paxalisib profoundly affects the tumor immune microenvironment, 

altering innate and adaptive inflammatory cell infiltrates into tumors, potentially through 

changes in IL-6 and induction of a viral mimicry gene signature. PI3K-mTOR blockade acts 

upstream of EZH2, impacting both the classical repressive catalytic p85β-EZH2-H27Me3 

and active EZH2-NFκB pathways. Our data suggest that dual targeting of the PI3K-mTOR 

pathway disrupts both the catalytic and non-catalytic axes of EZH2 to exert both cell intrinsic 

and tumor immune microenvironment effects, potentially increasing the utility of 

immunotherapy in resistant individuals. Furthermore, as PIK3R2, which encodes p85β, was 

associated with prognostic and predictive outcomes, it may be a useful precision medicine 

biomarker for an at-risk group responsive to PI3K-mTOR inhibition. 
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METHODS 

Cell culture 

All cancer cell lines (4T1; RRID: CVCL_0125) mouse metastatic TNBC; MDA-MB-231  

(RRID:CVCL_0062), MDA-MB-468 (RRID:CVCL_0419), SUM149PT 

(RRID:CVCL_3422) , human TNBC) were sourced from the ATCC (Gaithersburg, MD) and 

routinely mycoplasma tested using a MycoAlert
TM

 kit (Lonza). MDA-MB-231, MDA-MB-

468 and SUM149PT lines were authenticated in-house by short-tandem repeat (STR) 

profiling using a GenePrint 10 kit (Promega). 4T1, MDA-MB-231, and SUM149PT cells 

were maintained and cultured in Dulbecco's Modified Eagle Medium (DMEM) (Gibco; 

Thermo Fisher Scientific, Waltham, MA; RRID: 11995073) supplemented with 10% FBS, 2 

mM L-glutamine, and 1% penicillin/streptomycin (Gibco). MDA-MB-468 cells were 

maintained and cultured in Roswell Park Memorial Institute (RPMI) 1640 medium (Gibco) 

supplemented with 10% FBS, 2 mM L-glutamine, and 1% penicillin/streptomycin.  

Inhibitors 

For in vitro and in vivo studies, all PI3K and PI3K-mTOR pathway inhibitors (dactolisib, cat# 

S1009; apitolisib, cat# S2696; omipalisib, cat# S2658, LY294002, cat# S1105; alpelisib, cat# 

S2814; idelalisib, cat# S2226, and wortmannin, cat# s2758) were sourced from Selleck 

Chemicals LLC (Houston, TX). Paxalisib (GDC-0084; Kazia Therapeutics Ltd, NSW, 

Australia) was supplied under a materials transfer agreement. Chemical structures and 

International Union of Pure and Applied Chemistry (IUPAC) names of all PI3K inhibitors are 

detailed in Supplementary Table S1.  

WST-1 cell viability assay 

4T1, MDA-MB-231, MDA-MB-468, and SUM149PT cells were seeded at optimized 

densities in 96-well flat-bottom tissue culture plates in a total volume of 100 µl/well. Cells 
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were left to adhere overnight at 37°C and 5% CO2 prior to treating with PI3K pathway 

inhibitors at the indicated doses. Cells were incubated at 37°C and 5% CO2 for 72 hours, after 

which medium was removed and replaced with 100 µl/well of WST-1 cell proliferation 

reagent (Sigma-Aldrich) at a 1:10 final dilution in complete cell culture medium. Absorbance 

was recorded at 450 nm after a one-hour incubation period using a microplate 

spectrophotometer. Percent proliferation was calculated by subtracting the mean absorbance 

of the background control (blank) from the sample absorbance. The IC50 value of each 

inhibitor was determined by log(inhibitor) vs. response - variable slope using Prism 10 

software (GraphPad Software, La Jolla, CA; RRID:SCR_002798).  

Scratch wound healing assay 

4T1 and MDA-MD-231 cells were stimulated with PMA/TGF-β as indicated above for 24 h 

prior to seeding at optimized cell densities in 96-well IncuCyte Image Lock plates (Sartorius, 

Göttingen, Germany). Cells were seeded in a total volume of 100 µl/well in low-serum 

medium (2%) and left to adhere overnight at 37°C and 5% CO2 to ensure 100% confluency. 

After 24 h, wounds were created using the 96-pin IncuCyte WoundMaker Tool (Sartorius, 

Göttingen, Germany). Post wounding, cells were washed to remove non-adherent cells and 

then treated with PI3K pathway inhibitors in low-serum medium at the established IC50 

doses. Plates were then placed into the IncuCyte Zoom live-cell analysis system (Sartorius, 

Göttingen, Germany), and wound healing was tracked using a scan interval of 4 hours over a 

24-hour period. Samples were analyzed using IncuCyte ZOOM 2018A in-built analysis 

(Sartorius, Göttingen, Germany). 

Flow cytometry 

Fluorescence-activated cell sorting (FACS) was performed on single-cell suspensions stained 

with anti-CD44-BV650 (BioLegend Cat# 103049, RRID:AB_2562600) and anti-CD24-PE 
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antibodies (BD Biosciences Cat# 560991), with the LIVE/DEAD™ Fixable Aqua Dead Cell 

Stain Kit (Invitrogen; Thermo Fisher Scientific, Waltham. MA) to monitor cell viability. The 

proportion of CD44
high

/CD24
low

 cells were analyzed using Flow Jo software version 10.8.1 

(BD Biosciences; RRID: SCR_008520) as described previously (14). 

RNA extraction and cDNA synthesis 

Cells were lysed in 500 μl TRIzol Reagent (Invitrogen; Thermo Fisher Scientific) before 

RNA isolation using the Direct-zol RNA Miniprep Kit (Zymo Research, Irvine, CA) and 

treated with RNase-free DNase I (Qiagen, Hilden, Germany) following the manufacturers' 

protocols. The NanoDrop (Thermo Fisher Scientific) instrument was then used to determine 

RNA concentration and purity (A260/A280). RNA (1 μg) was reverse transcribed to cDNA 

using the Superscript VILO IV Master Mix (Thermo Fisher Scientific) following the 

supplier's protocol. cDNA was diluted 1:20 with RNase-free water for qRT-PCR. 

qRT-PCR  

Gene transcription was analyzed using TaqMan Gene Expression Master Mix (Thermo Fisher 

Scientific) on the ABI Viia 7 real-time PCR machine (Applied Biosystems; Thermo Fisher 

Scientific). Cts were converted to arbitrary copy numbers and normalized to the geomean of 

the housekeeping genes ACTB and PPIA. The following human TaqMan probes were used: 

ATR, ATM, RAD51, EXO1, IL6, GBP, IFIT1, IFIT2, IFIT3, IFIH1, IRF1, NFKB, RSAD2, 

P50, PDL1, PARP1, SNAI1, VIM, and EZH2. No template and no reverse transcriptase 

controls were included to exclude genomic DNA contamination. 

Human research ethics statement  

The study was performed in accordance with the Declaration of Helsinki and informed 

consent was obtained in writing from all participants prior to study enrollment. This research 

was approved by the Metro North Human Research Ethics committee (Reference number 
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HREC/2020/QRBW/64831) and ACT Health Research Ethics Committee (Reference 

Number 2019.ETH.00080) and accepted by the QIMR Berghofer Medical Research Institute 

Human Research Ethics Committee under project numbers 3634 and 3659, respectively. 

PBMC isolation  

Whole blood from TNBC patients was stored in EDTA tubes for CTC identification. 

Unwanted cells were targeted using glycophorin A on red blood cells and then removed via 

centrifugation over a buoyant density medium (Lymphoprep™, STEMCELL Technologies, 

Vancouver, Canada). Purified PBMCs were then extracted as a highly enriched population 

from the interface between the plasma and the buoyant density medium and harvested in 20% 

FBS in PBS.  

Circulating tumor cell enrichment 

Whole blood from patients with TNBC was stored in EDTA tubes for CTC identification. 

RosetteSep™ Human CD45 Depletion Cocktail (STEMCELL Technologies) was used to 

enrich CTCs from whole blood by depleting CD45
+
 cells. Unwanted cells were targeted for 

depletion with tetrameric antibody complexes recognizing CD45, CD66b, and glycophorin A 

on red blood cells. Unwanted cells were then removed via centrifugation over 

Lymphoprep™. The purified epithelial tumor cells were then extracted as a highly enriched 

population from the interface between the plasma and the buoyant density medium and were 

harvested in 20% FBS in PBS. 

 In the 4T1 intravenous (i.v.) metastasis mouse model, 300 µL of whole blood was 

collected from the submandibular vein and stored in EDTA tubes. ScreenCell
®

Cyto filtration 

devices (ScreenCell, Sarcelles, France) were used to capture single and clustered CTCs 

according to the manufacturer’s instructions. Captured cells were validated as CTCs by 

immunofluorescence staining with primary antibodies targeting vimentin, Snail-1, and CD45. 
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Images were scanned using the Nikon Crest Optics Deep SIM super-resolution microscope 

(CrestOpics, Rome, Italy) and analyzed using ImageJ software (RRID:SCR_003070) as 

required.  

Histochemistry and immunohistochemistry 

The modified Giemsa staining methods is detailed in the Supplementary Methods. For 

human studies, immunohistochemistry was performed on five FFPE biopsy specimens from 

patients with stage III TNBC using an antibody directed against PIK3R2 (Atlas Antibodies 

Cat# HPA069291, RRID:AB_2686109) and imaged using the Aperio AT Turbo (Leica 

Biosystems). All tissues were analyzed for nuclear PIK3R2 (p85β) expression by a qualified 

pathologist and expressed as % positivity.  

Immunofluorescence 

MDA-MB-231 and MDA-MB-468 cells were cultured on glass microscope slides at 

optimized densities and fixed in 3.7% paraformaldehyde following treatment. CTCs and 

PBMCs were fixed in 3.7% paraformaldehyde, and cytospinning was used to mount them 

onto glass microscope slides. Cells were permeabilized by incubating with 0.5% Triton X 

100 for 15 min, blocked with 1% BSA in PBS, and probed with primary antibodies as 

detailed in the Supplementary Methods. Protein expression was visualized with a donkey 

anti-rabbit Alexa Fluor 488, anti-mouse Alexa Fluor 568, or donkey anti-goat Alexa Fluor 

647 (Thermo Fisher Scientific). Cover slips were mounted on glass microscope slides with 

ProLong Glass Antifade reagent (Thermo Fisher Scientific). Protein targets were imaged 

using the Zeiss 780 NLO confocal microscope (Zeiss, Oberkochen, Baden-Württemberg, 

Germany) or the Applied Spectral Imaging (ASI) Digital Pathology platform (Carlsbad, 

California) and analyzed using Imaris 10.1.1 (RRID:SCR_007370), QuPath 

(RRID:SCR_0182570), or automated ASI software, as required.  
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Duolink proximity ligation assay 

MDA-MB-231 cells were seeded onto coverslips in 12-well plates at a density of 75,000 cells 

per well in 1 mL of growth medium (DMEM supplemented with 10% fetal bovine serum, 

200 mM L-glutamine, and antibiotics) and incubated overnight at 37°C to allow for cell 

attachment. The following day, cells were treated with 10 µM paxalisib or DMSO (vehicle 

control) for 0.5, 2, 3, or 24 hours. Cells were then fixed with 3.7% formaldehyde and 

subjected to the Duolink proximity ligation assay (PLA; MilliporeSigma, Burlington, MA) 

according to the manufacturer's protocol. Briefly, cells were fixed and cytospinning was used 

to mount them onto glass microscope slides. PLA was performed using antibodies targeting 

p85β (Abcam Cat# ab16502, RRID:AB_443394) and H3K27Me3 (Abcam Cat# ab6002, 

RRID:AB_305237), p85β and EZH2 (Abcam Cat# ab283270, RRID:AB_3676493), and 

EZH2 and NFκB . Digital images were acquired on the Zeiss 780 NLO confocal microscope 

and analyzed using QuPath 0.4.3 software (RRID:SCR_018257).  

Animal studies 

The QIMR Berghofer Medical Research Institute Animal Ethics and Sai Life Sciences 

Institutional Animal Ethics committees approved all experimental procedures under study 

number A2109-627/Project ID 3761 and protocol number FB-24-112, respectively.  

 Six-to-eight-week-old female BALB/c mice were procured from the OzGene (Perth, 

Western Australia) and allowed to acclimatize for one week. For the orthotopic breast tumor 

model, 1 x 10
5
 4T1 cells suspended in phosphate-buffered saline (PBS) were administered 

into the 4
th

 right mammary fat pad of BALB/c mice. For the i.v. metastatic breast cancer 

model, all female BALB/c mice were inoculated intravenously with 4T1 cells by tail vein 

injection with 0.1 mL of 1 x 10
5 

cell suspension. In the murine colon adenocarcinoma “hot" 

tumor model (i.e., responsive to immunotherapy), 5 × 10
5 
CT-26 cells were subcutaneously 
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implanted into the right flank of female BALB/c mice. Once primary tumors reached ~50-

100 mm
3
 or the day after IV inoculation, mice were subjected to daily oral administration of 

paxalisib at the indicated doses in combination with either anti-PD1 treatment (10 mg/kg) or 

anti-PD1+Abraxane (nab paclitaxel) (30 mg/kg) administered intraperitoneally at day 0 and 

day 4. Tumors were measured using calipers, and volumes were calculated using a modified 

ellipsoidal formula ½ (a/b
2
), where a = longest side and b = shortest side. Mice were 

monitored daily for clinical abnormalities and tumor volumes were measured thrice weekly. 

Once tumors reached the maximum permitted size (1000 mm
3
) in the vehicle group, all 

tumors and associated organs (lung, liver, spleen) were harvested, weighed, imaged, and 

fixed in 4% paraformaldehyde for subsequent analysis. For metastases studies, lungs were 

perfused with Indian ink and de-stained in Fekete’s solution. Large protruding and small flat 

metastatic nodules were manually counted and the ratio of large:small quantified.  

Tumor digestion 

4T1 tumors were harvested in cold DMEM supplemented with 2.5% FCS before being finely 

cut using surgical scalpels and enzymatically dissociated using collagenase type 4 

(Worthington Biochemical Corp., Lakewood, NJ) at a concentration of 1 mg collagenase/g of 

tumor at 37°C for 1 h. Dissociated cells were then passed through a 0.2 µm filter before 

fixation in 3.7% paraformaldehyde and cytospinning onto glass microscope slides for 

immunofluorescence staining. 

NanoString nCounter assay 

Total RNA was extracted from FFPE mouse tumor tissue using the RNeasy FFPE kit 

according to the manufacturer’s protocols (Qiagen, Hilden, Germany). RNA concentration 

was measured using the Qubit RNA HS assay kit (Thermo Fisher Scientific). 
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 RNA samples were subjected to hybridization with the multiplexed mouse tumor 

signaling 360 panel codeset. Then, hybridized samples were loaded onto nCounter prep 

station chips, and data were acquired using the nCounter Digital Analyzer (NanoString 

Technologies, Seattle, WA) following the manufacturer's procedures. Data were analyzed 

with nSolver Analysis Software v4.0 (NanoString Technologies). Counts were normalized 

according to the expression levels of housekeeping genes and positive/negative-control 

probes. 

NanoString nCounter and RNA-seq/ChIP-seq integrated analysis 

ChIP-Seq data (GSE223959) were accessed in scaled BigWig format for both MDA-MB-231 

specific Input and EZH2 samples. BigWig files were converted to Wig format using 

bigWigToWig and further to bed format using wig2bed from the BEDOPS package 

(RRID:SCR_012865). EZH2 binding sites (peaks) of significant enrichment relative to input 

control were identified using MACS2 using the callpeak command by extending in silico the 

reads to a fragment size of 250 bp. Bound genes were defined as any ChIP-seq peak call that 

overlapped a gene body +/-3 kb; bound promoters were defined as any ChIP-seq peak call 

that overlapped a transcription start site (TSS) +/-3 kb. ChIP-Seq peaks were annotated using 

ChIPseeker R package (RRID:SCR_021322). 

 EZH2 chromatin-binding sites in MDA-MB-231 cells were compared to publicly 

available MDA-MB-231 ChIP-seq data of the repressive mark H3K27me3 (GSE77772) 

obtained in BigWig format containing the log-transformed fold-enriched in ChIP relative to 

Input. bigWigToBedGraph was used to convert to BedGraph format, which was further used 

for calling peaks (binding sites) using MACS2 bdgpeakcall with a cut-off of 0.5. Further, 

nCounter Tumor 360 Signaling panel genes bound by EZH2 were checked for overlap with 

genes bound by H3K27me3.  
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STEP spatial immune profiling and analysis 

OCT frozen mouse tumor tissues were immunolabelled with an 18-panel antibody cocktail 

(CD19, CD21/35, CD3, TCRb, CD4, CD90.2, CD11b, CD45, Ly6G, IgM, CD24, CD11c, 

CD38, CD31, Ter119, CD49f, CD71, Ki67) and subjected to the Spatial Tissue Exploration 

Program (STEP) platform (Akoya Biosciences, Marlborough, MA).  

Multiplexed Image Bioinformatics analysis 

Data preprocessing 

The final QPTIFF files of composite images were opened in QuPath (15), where quality 

control can be performed by visual assessment of the whole slide.  All markers were 

evaluated individually based on appropriate cellular localization and staining pattern. 

Artifacts such as debris, tissue folding, and out-of-focus regions were manually cropped and 

excluded from the downstream analysis. 

Segmentation and phenotyping 

Nuclear segmentation was first performed using StarDist to the DAPI channel, with the deep 

learning model retrained by Akoya internally (16). Cytoplasm segmentation was then 

estimated from nuclear expansion by morphological dilation of 6 µm. The centroid of each 

cell was determined by the x-y coordinates within the image. Mean fluorescent intensity 

(MFI) of each marker was extracted for each segmented cell from the nuclear mask and 

cytoplasm mask according to protein localization, yielding a single-cell protein signals 

matrix. Cells without any marker expression or abnormally high signal sum were removed. 

Cell segmentation and filtering left 528,659 cells across two samples.  

 Each protein signal was then z-scored across all cells, such that each marker had a 

mean of zero and a standard deviation of one. Only QC-passed lineage markers were used for 
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phenotyping analysis. The Leiden algorithm and GPU-accelerated methods were used for 

unsupervised clustering, with cluster visualization using UMAP and t-SNE (17,18). For 

Leiden clusters, resolutions of 1-6 were tested, and the optimal resolution of 2 was chosen for 

subclustering and manual annotation. We performed multi-level refinement by additional 

rounds of subclustering of unclear clusters. Clusters were visualized and annotated on the 

image after each clustering. Cell phenotypes were assigned based on protein expression in the 

hierarchical clustering heatmaps and their location in the images. Clusters with similar 

expression patterns were combined. The number of cell types was then calculated, and the 

percentages were compared across different samples. 

Cellular neighborhood analysis 

Cellular neighborhood (CN) analysis was performed as previously described (19). Briefly, for 

each annotated cell, we use the k-nearest neighbor algorithm to enumerate the cell types of its 

10 nearest spatial neighbors (including the center cell) in Euclidean space. These local 

neighborhood windows were then clustered based on the composition of cell types within 

each window using the MiniBatchKMeans algorithm, with k=10. Each cell was then 

allocated to the CN defined by the containing window. CNs were annotated based on the 

enrichment of certain cell types. The percentage of each CN was also calculated. 

Population-based cancer survival analysis 

Human cancer datasets meeting the following criteria were downloaded from Array Express 

(AE), Gene Expression Omnibus (GEO; RRID:SCR_005012), and Sequence Read Archive 

(SRA; RRID:SCR_004891): (a) at least 20 expression profiles from cancer patient tissues 

(not cell lines or preclinical models); (b) annotated with clinical outcomes of at least one of i) 

categorical outcomes after treatment, e.g., progressive disease, stable disease, pathological 

complete response, response, no response, and distant metastasis; and/or  ii) continuous 



17 
 

outcome data including survival and event follow-up, e.g., overall, disease-specific, distant 

metastasis-free, or progression-free survival. 

 For cohort analysis, within each cohort, we compared the mRNA expression levels of 

PIK3R2 by categorizing the samples into high- and low-risk subgroups, e.g., high risk = 

distant metastasis and low risk = no metastasis. Samples were also categorized into high and 

low subgroups based on PIK3R2 expression, where high = ≥75th percentile of PIK3R2 

expression and low = <75th percentile. Where mutation or copy-number data were available, 

samples were categorized into altered and unaltered for the PIK3R2 gene: altered = harbors a 

mutation or copy number change in PIK3R2; unaltered = otherwise. Box and scatter plots 

comparing PIK3R2 expression between the above subgroups were plotted using the ggplot 

package in R version>4.0 (20). Statistical significance between subgroups was compared 

with the Wilcoxon test. Kaplan-Meier survival curves between high- and low-risk groups 

were plotted using the ggsurve package and the statistical difference between the curves were 

computed using log-rank test. 

Statistical analysis 

Statistical significance was assessed in Prism 10 (GraphPad Software, La Jolla, CA) using 

either paired or unpaired t-tests or one-way ANOVA (Dunnett’s or Tukey’s multiple 

comparison test), as indicated. P ≤ 0.05 was considered statistically significant (∗, P < 

0.05; ∗∗, P < 0.01; ∗∗∗, P < 0.001; ∗∗∗∗, P < 0.0001). 

Data availability 

All data are available upon reasonable request.  
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RESULTS 

Dual PI3K-mTOR blockade with paxalisib inhibits proliferation and migration, induces 

mesenchymal to epithelial transition, and reduces MIC signatures  

 We first compared the efficacy of pan-PI3K, isoform-specific PI3K, and dual 

targeting PI3K-mTOR inhibition in MDA-MB-231, MDA-MB-468, SUM149PT, and 4T1 

cells (a mouse line with a “cold" tumor profile, i.e., unresponsive to immunotherapy) using 

wortmannin (pan-PI3K inhibitor), idelalisib (p110 δ,γ inhibitor), alpelisib (p110α inhibitor), 

and LY294002 (p110α,β,δ inhibitor) and the dual PI3K-mTOR inhibitors omipalisib 

(p110α/β/δ/γ,mTORC1/2), apitolisib (PI3Kα/β/δ/γ, mTOR), dactolisib (p110α,β,δ,γ, mTOR), 

and paxalisib (p110α,β,δ,γ, mTOR inhibitor) (Figure 1A,  Supplementary Figure 1A and 

Supplementary Table S1). The inhibitory effect of dual PI3K-mTOR inhibitors was greater 

than that of pan- or isoform-specific inhibitors in MDA-MB-231 TNBC cells, with paxalisib, 

omipalisib, apitolisib, and dactolisib all having IC50 values ≤2.5 μM (Figure 1A). Dual PI3K-

mTOR inhibition with paxalisib and dactolisib was similarly effective in MDA-MB-468 and 

SUM149PT TNBC cells, and paxalisib had an IC50 of 0.33 μM in 4T1 cells (Supplementary 

Figure 1A). Furthermore, PI3K/PI3K-mTOR inhibition with paxalisib inhibited cancer cell 

migration in the MDA-MB-231(Figure 1B) and 4T1 (Supplementary Figure 1B) models. 

Given the favorable in vitro inhibitory profile of paxalisib, we used this inhibitor in 

subsequent experiments.  

 Several cancer cell populations, including cancer stem cells (CSCs), dormant tumor 

cells, and persister cancer cells, referred to here as metastasis-initiating cells (MICs), are 

implicated in metastases and drug resistance (21). Given that PI3K/mTOR signaling is 

strongly implicated in TNBC tropism, EMT, and stemness (22,23), we next examined the 

effects of paxalisib on EMT and MIC characteristics in cancer cells in vitro. In MDA-MB-

231 TNBC cells, paxalisib treatment reduced expression of the mesenchymal marker 
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vimentin and increased protein expression of the epithelial marker E-cadherin (Figure 1C,D). 

Furthermore, we determined the impact of paxalisib on the CD44
high

/CD24
low

 population, 

which is associated with the EMT and CSC trait (24), and PI3K-mTOR inhibition reduced 

the CD44/CD24 ratio by 67% in MDA-MB-231 cells (Figure 1E). Paxalisib also reduced 

protein expression of three biomarkers associated with drug resistance and the CSC 

phenotype (25), ABCB5, ALDH1, and Snail (Figure 1F) and markers associated with 

persister cancer cells, NFκB p65, FOXQ1, NNMT, and NRF2 (Figure 1G). To ensure 

convergence between human in vitro findings and subsequent in vivo studies in mice, we 

quantified changes in expression of CSC (VIM), resistance (SNAI1), and persister cell 

(NFKB, FOXQ1) markers in 4T1 TNBCs from mice treated with or without paxalisib, which 

showed similar decreases in expression after paxalisib treatment (Supplementary Figure 

1C). Taken together, these data indicate that PI3K-mTOR blockade reverses the dynamic 

EMT process and induces a mesenchymal-to-epithelial phenotype less associated with the 

hallmarks of MICs.  

 Given the importance of inflammation in driving metastases, we next determined the 

role of the PI3K-mTOR inhibition on pro-inflammatory cytokine production and cancer 

immune visibility. Treatment of CTCs isolated from TNBC patients with paxalisib reduced 

IL-6 protein expression by 72% in ABCB5
+
EpCAM

+
 CTCs (Figure 1H). Finally, induction 

of a viral mimicry gene signature has been shown to re-invigorate adaptive immune 

responses, thereby improving responses to immunotherapy (26). To further investigate this 

signature in TNBC cells, MDA-MB-231 cells were treated with paxalisib for 24 h (Figure 

1I). Exposure to paxalisib significantly increased expression of several viral mimicry genes, 

most profoundly GBP2 (Figure 1I). Changes in mRNA expression only occurred in response 

to PI3K-mTOR inhibition (paxalisib and dactolisib; Figure 1J), further supporting the 

importance of dual PI3K-mTOR inhibition for the induction of cancer immune visibility.  
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Paxalisib reduces primary tumor burden and metastasis with a favorable toxicity profile 

We next sought to test the efficacy of paxalisib in a clinically-relevant model of 

immunotherapy resistance in TNBC, the spontaneous metastasis 4T1 TNBC model (Figure 

2A). As paxalisib alone (and anti-PD1, as expected) did not reduce primary tumor volume 

(Figure 2B), paxalisib was combined with anti-PD1 and, in a split-dose de-escalation study 

(Supplementary Figure 2A), 7.5 mg/kg was confirmed as the optimal dose for maximum 

efficacy (Supplementary Figure 2B) with minimal toxicity when compared with higher 

doses, as measured by body and liver weights (Supplementary Figure 2C,D and 

Supplementary Results). Consistent with liver weight data, the optimal therapeutic dose of 

7.5 mg/kg was not hepatotoxic as assessed by histopathological examination, compared with 

higher doses (Figure 2C, left). As the addition of immunotherapy to neoadjuvant 

chemotherapy has significantly improved outcomes for patients with stage II–III TNBC and 

patients with metastatic TNBC expressing high levels of PD-L1 (5,6), but some patients 

experience drug resistance, we also administered paxalisib in combination with 

immunotherapy (anti-PD1) +/- chemotherapy (Abraxane) in the 4T1 model (Figure 2B, 

Supplementary Figure 2E,F). The triple combination of paxalisib + anti-PD1 + Abraxane 

showed the greatest reductions in primary tumor weight and volume (Figure 2B), with no 

increase in toxicity (Supplementary Figure 2E,F).   

 In the 4T1 model, 4T1 mouse breast tumor cells are injected into the mammary gland 

of host mice and metastases usually then develop in the lung, lymph nodes, liver, bone and 

other sites. However, mice treated with the paxalisib-anti-PD1 combination regimen did not 

develop overt metastasis, suggesting an anti-metastatic effect. Lung inflammatory infiltrates, 

enlarged spleens (splenomegaly), and extramedullary hematopoiesis (EMH) are associated 

with cancer progression and metastasis in the 4T1 model even in the absence of macroscopic 
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disease (27). Supporting a systemic anti-cancer effect of combined paxalisib-anti-PD1, 

histopathological examination of the lungs revealed a significant decrease in leukocyte 

infiltration into the lungs at all concentrations, including at the optimal therapeutic dose of 

7.5 mg/kg (Figure 2C, middle), and there was a significant reduction in EMH following 

paxalisib treatment at the optimal therapeutic dose of 7.5 mg/kg (Figure 2C, right).  

 To further assess the impact of paxalisib on tumor metastasis, we injected 4T1 tumor 

cells into the systemic circulation prior to treatment (Figure 2D). Mice treated with paxalisib 

combined with anti-PD1 maintained normal body weights throughout the first 10 days of the 

experiment (Figure 2E). CD45
-
VIM

+
SNAIL

+ 
CTCs (Figure 2F) were isolated from whole 

blood collected from the submandibular vein using the ScreenCell
®

Cyto filtration device. 

Significantly fewer CTCs (<300 cells) were captured from paxalisib + anti-PD1-treated mice 

compared with vehicle mice (>1500 cells) (Figure 2G,H). We also inflated lungs with Indian 

ink to visualize metastatic lung nodules (Figure 2I), and systematic examination revealed 

two metastatic phenotypes: large and protruding or small and flat (Figure 2I). There was a 

significant reduction in the number of both types of metastases when mice were administered 

paxalisib and anti-PD1 (Figure 2I). Therefore, paxalisib inhibits CTCs and the development 

of metastases.  

 

Spatial imaging reveals changes in immune cell landscapes when paxalisib is combined with 

immunotherapy  

To examine the effects of paxalisib on the tissue microenvironment, we next used spatial 

immune profiling of tumor tissues from the 4T1 TNBC model to investigate 14 innate and 

adaptive immune populations, stromal cells, and tumor cell proliferation and their 

interactions following treatment with paxalisib combined with immunotherapy using a 23-

marker (immuno)phenotyping panel (Figure 3A, Supplementary Table S2). The addition of 



22 
 

paxalisib to anti-PD1 treatment reduced the proportion of stromal cells (mainly vascular cells, 

but also fibroblasts and erythrocytes) (Figure 3B), increased adaptive immune cell 

populations, particularly B cells (Figure 3B), and increased specific populations of innate 

immune cells (like neutrophils and dendritic cells), while decreasing others (like 

macrophages) (Figure 3B). The patterns of infiltration also differed between treatment 

groups, with B cells and neutrophils accumulating in the center of the tumors and others, like 

APCs and macrophages, observed at the periphery (Figure 3C).  

 To explore potential interactions between immune cell populations, we conducted 

cellular neighborhood (CN) analysis (Figure 3D). CN analysis identified ten unique cellular 

neighborhoods, with an increase in B cell and neutrophil populations in the center of 

paxalisib + anti-PD1 tumors and DCs at the periphery, and a decrease in macrophages 

(central) and stromal cells (throughout) (Figure 3E). Paxalisib has a profound effect on the 

tumor microenvironment, affecting both the immune and stromal compartments. 

 

PI3K-mTOR inhibition enhances anti-tumor immune profiles in combination with 

immunotherapy 

To further understand immune cell changes in the microenvironment of paxalisib-treated 

tumors at higher resolution, we conducted NanoString nCounter analysis of tumors harvested 

from the 4T1 model. Paxalisib + anti-PD1 treatment enhanced anti-tumor immune responses 

in both paxalisib and combination treatments, such as increases in antigen presentation, TCR 

signaling, cytotoxicity, and interferon responses (Supplementary Figure 3). Cell abundance 

analysis revealed increases in anti-tumor immune cell populations in response to paxalisib 

and paxalisib + anti-PD1 treatment, including in cytotoxic cells, dendritic cells (DCs), T 

cells, and B cells (Figure 4A). Supporting a more favorable therapeutic outcome, relative cell 

abundance analysis also revealed increased total tumor-infiltrating lymphocyte (TIL) counts 
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in both paxalisib and combination treatment groups, representing a shift in lymphocyte 

populations through an increase in B cells, mirroring the spatial analysis and notable 

decreases in exhausted and regulatory T cell populations, providing a more granular analysis 

of the subtype distribution (Figure 4B). Importantly, cytotoxic T cell function was also 

increased in response to paxalisib, with increases in granzyme B (Gzmb) and IFNγ 

expression (Figure 4C). Paxalisib and combination therapies also inhibited pro-tumor 

immune cell populations such as mast cells, which contribute to anti-PD1 resistance and 

immune-suppressive regulatory T cells (Figure 4D). Mast cell differences were further 

confirmed at the tissue level using toluidine blue (Figure 4E).  

 Collectively, these findings demonstrate that paxalisib + anti-PD1 treatment induces 

anti-tumor immune profiles (cytotoxic T cells), reduces T cell phenotypes associated with 

immunotherapy resistance (exhausted T cells, Tregs), whilst reducing pro-tumor innate 

immune populations such as mast cells.  

 

PI3K-mTOR inhibition targets p85β-H3K27Me3 interactions  

Recent studies have shown that p85 regulatory subunit of PI3K can regulate biological 

processes through nuclear translocation (28). Nuclear translocation of p85β stabilizes 

EZH1/2, increasing H3K27 tri-methylation and gene silencing (28). Therefore, we sought to 

confirm nuclear p85β expression in human TNBC. Immunohistochemistry was performed on 

cancer tissues from stage 3 TNBC patients (Supplementary Figure 4), and sections were 

analyzed by an independent histopathologist blinded to the treatment groups. Consistent 

numbers of nuclear p85β
+
 cells were observed in all patient tissues, thereby confirming 

nuclear p85β expression in TNBC (Supplementary Figure 4). This pattern of expression 

was also confirmed in vivo in mouse tumor cells isolated from mice treated with combined 

paxalisib, chemotherapy, and/or immunotherapy (Supplementary Figure 5A,B). Reduced 
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nuclear p85β expression was observed in paxalisib and paxalisib + anti-PD1-treated mice, 

suggesting a direct impact of PI3K-mTOR inhibition on the translocation of p85β into the 

nucleus (Supplementary Figure 5B). 

 Given p85β nuclear translocation leads to increased H3K27 tri-methylation, we next 

determined the impact of paxalisib treatment on p85β and H3K27Me3 nuclear expression. 

Paxalisib alone or triple combination-treated 4T1 mice showed a significant decrease in both 

nuclear p85β and H3K27me3 expression in vimentin
+
 cells (Supplementary Figure 5C). 

Immunofluorescence analysis revealed a significant decrease in the nuclear intensity of p85β 

and H3K27Me3 (Figure 5A) in response to paxalisib in MDA-MB-231 and MDA-MB-468 

cells (Figure 5B). Notably, co-localization of p85β and H3K27Me3 was observed in vehicle 

but not paxalisib-treated samples (Figure 5A). Finally, to determine the relevance of this 

p85β:H3K27Me3 interaction in TNBC patients, PBMCs were isolated from the blood of 

TNBC patients before and after chemotherapy and subjected to Duolink PLA 

(Supplementary Figure 5D). Elevated nuclear p85β:H3K27Me3 interactions were observed 

after chemotherapy in all patients (Supplementary Figure 5E), suggesting an association 

with drug resistance. 

 

PI3K-mTOR inhibition targets the dual role of EZH2 

EZH2 has been implicated in metastases and recurrence via two mechanisms (29). First, 

EZH2 catalyzes H3K27 tri-methylation (30,31), acting as a transcriptional repressor and 

causing epigenetic gene silencing (30-32). Second, EZH2 has a non-catalytic inducible role 

as a transcriptional co-activator, interacting with NF-κB p65, resulting in the positive 

regulation of cancer-related (EMT, cell cycle, DNA repair) and NF-κB inflammatory target 

genes (30).  
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 To investigate the impact of PI3K-mTOR inhibition on EZH2 expression, MDA-MB-

231 cells were treated with paxalisib for 24 h prior to immunofluorescence and qPCR 

analysis. PI3K-mTOR blockade reduced EZH2 mRNA (Figure 6A) and corresponding 

protein levels within the nucleus (Figure 6B). Furthermore, paxalisib significantly decreased 

nuclear p85β:EZH2 (Figure 6C) and p65NFκB:EZH2 (Figure 6D) interactions, as observed 

by proximity ligation assays. Time course analysis quantifying the interaction between p85β 

and EZH2 showed decreased interactions immediately after addition of the inhibitor at 30 

minutes, 2 hours, and 3 hours post-paxalisib treatment in MDA-MB-231 cells 

(Supplementary Figure 5F), suggesting an immediate impact of the drug on existing 

p85β:EZH2 interactions even prior to changes in transcript levels of EZH2 (Supplementary 

Figure 5G) (33). 

 To investigate the impact of paxalisib on EZH2-targeted gene expression, we 

overlapped EZH2/H3K27me3 ChIP-seq data (30) with our NanoString nCounter 

differentially-expressed (DE) genes (Figure 6E). EZH2-bound genes (EZH2
+
) were mainly 

upregulated by paxalisib (30 DE genes) and paxalisib + anti-PD1 (19 DE genes) treatments, 

while anti-PD1 alone mediated nine DE genes with EZH2-binding sites. Notably, there were 

no common EZH2
+
 DE genes between paxalisib and anti-PD1 treatments, indicating that they 

have an impact on completely different biological pathways. We further employed 

H3K27me3 ChIP-seq data to distinguish the chromatin states of EZH2-bound DE genes, 

showing that half of the EZH2
+
 population was associated with the repressive mark 

H3K27me3 (EZH2
+
/K27me3

+
). We next determined the distribution of EZH2-bound 

genomic locations of both up- and downregulated DE genes after paxalisib and anti-PD1 

treatment (Figure 6F). There were distinct EZH2-binding patterns between up- and 

downregulated genes after paxalisib and anti-PD1 treatment. EZH2 mainly bound at distal 

intergenic (40%) and promoter (TSS +/- 2-3 kb, 5.9%) regions of upregulated genes, while 
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more proximal promoter regions (TSS ≤ 1 kb, 37.2%; and TSS +/- 1-2 kb, 9.3%) were bound 

by EZH2.  

 A recent study revealed that EZH2 co-localizes with NF-κB to activate pro-oncogenic 

gene expression in TNBC (30). Consistently, we found that genes associated with 

inflammation (IL-6), the drug-resistant phenotype (FOXQ1, NNMT, RelA, NFE2L2), and 

TNBC metastasis (KRT14) were all bound by both EZH2 and NFκB2 in MDA-MB-231 cells 

(Figure 6G and Supplementary Figure 6).  

 Together, paxalisib and anti-PD1-mediated EZH2
+
/K27me3

+
 genes are potential gene 

signatures and therapeutic targets in recurrent cancer. Interestingly, three EZH2
+
/K27me3

+
 

genes were also co-occupied by NFκB2, suggesting that EZH2
+
/K27me3

+
/NFκB2

+
 may 

function as repressor complex in TNBC, since NF-κB both activates and represses gene 

expression (34).    

 

Associations between PIK3R2 gene expression and survival in patients with TNBC  

Finally, we analyzed whether expression of PIK3R2, which encodes p85β, was associated 

with outcomes in TNBC/basal-like breast cancer (GSE158309 dataset (20)). Patients with 

basal-like/TNBC expressing high levels of PIK3R2 (solid lines) showed poorer distant 

metastasis-free survival (DMFS) than patients with low expression (Supplementary Figure 

7A).  

 Next, we assessed PIK3R2 mRNA expression in stage IV metastatic TNBC post 

chemotherapy (carboplatin, nab-paclitaxel) + pembrolizumab durvalumab + olaparib in a 

single-arm phase-2 trial (35) (Supplementary Figure 7B). Patients with higher mRNA 

expression of PIK3R2 showed poorer overall survival compared with patients with lower 

PIK3R2 mRNA expression. In addition, higher pre-treatment levels of PIK3R2 were 

positively associated with distant relapse in TNBC patients who had residual tumors after 
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treatment with neoadjuvant chemotherapy (NACT) (36) (Supplementary Figure 7C). 

PIK3R2 could be a useful prognostic and predictive biomarker.  

 

 

 

DISCUSSION 

Here we provide novel insights into the contribution of the PI3K-mTOR pathway to the 

TNBC phenotypes associated with growth, migration, metastasis, and therapy resistance. 

Specifically, we demonstrate that dual targeting of PI3K and mTOR but not PI3K alone 

inhibits cancer cell proliferation and migration in vitro. Using paxalisib to probe dual PI3K-

mTOR pathway inhibition, we find that it not only promotes a favorable mesenchymal to 

epithelial phenotype but also inhibits signatures associated with MICs, including CSC, 

persister cancer cell, and drug resistance signatures. In vivo, paxalisib overcomes 

immunotherapy resistance to reduce primary tumor burden, circulating CTCs, and metastasis 

with a favorable toxicity profile. Paxalisib also profoundly affects the tumor immune 

microenvironment, reducing adaptive immune phenotypes associated with immunotherapy 

resistance (exhausted T cells, Tregs) and pro-tumor innate immune populations such as mast 

cells. PI3K-mTOR blockade acts upstream of EZH2, impacting both the classical repressive 

catalytic p85β-EZH2-H27Me3 and active EZH2-NFκB pathways. Our data suggest that dual 

targeting of the PI3K-mTOR pathway disrupts both the catalytic and non-catalytic actions of 

EZH2 to inhibit metastasis and promote an immunogenic tumor immune microenvironment 

that could increase the utility of immunotherapy in resistant individuals. Furthermore, 

expression of PIK3R2, which encodes p85β, was associated with poor prognostic and 

predictive outcomes in patients with TNBC, paving the way for a precision medicine 

biomarker for an at-risk group that might be most responsive to PI3K-mTOR inhibition. 
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 These experiments highlight the importance of dual targeting not only PI3K but also 

mTOR in tumor cells to reduce or prevent metastases and create a pro-immunogenic tumor 

immune microenvironment (Figure 7, Mechanism 1). MICs are implicated in metastases and 

are enriched following standard-of-care treatments (21). CSCs, which express high levels of 

ABCB5, ALDH1, CD44, and EpCAM, are defined by their tumor re-populating ability, drug 

resistance, plasticity, and metastatic capacity (37). Dormant tumor cells, which may remain 

quiescent for a long time, are found in naïve tumors, drug-treated tumors, and pre-metastatic 

sites. These cells are characterized by slow proliferation and increased expression of 

stemness, EMT, plasticity, and drug-resistance markers (37). Persister cancer cells surviving 

drug treatment (38) are highly plastic cells that express genes associated with EMT (TAGLN 

and NNMT), stemness, and the tumor-necrosis factor-α (TNF-α)-nuclear factor κB (NF-κB) 

inflammatory pathway (38-40). Originating from mutations or epigenetic reprogramming 

(41), collectively, MICs contribute to metastases and recurrence. Using paxalisib as an 

exemplar PI3K/mTOR inhibitor, we show that this pathway is critical for targeting metastatic 

processes. Specifically demonstrate that paxalisib: i) inhibits the CSC phenotype (CD44
high

 

CD24
low

) in human TNBC cells; ii) simultaneously inhibits protein and mRNA expression of 

MIC-related genes and the IL-6 and NFκB inflammation signature whilst inducing viral 

mimicry programs in vitro; and iii) targets CTCs in the blood and significantly inhibits the 

growth of lung metastases when combined with anti-PD1. As a major mediator of the 

immune response, high levels of IL-6 are associated with a poor prognosis, drug resistance, 

and metastases (42-44). Together with inhibiting MIC signatures and inflammation, we show 

that our approach also induces immune re-invigoration and cancer immune visibility (Figure 

7, Mechanism 1). Epigenetic therapies that activate viral mimicry may enhance adaptive 

immune responses by increasing antigen processing and presentation, resulting in increased 

tumor immunogenicity, T cell infiltration, and enhanced immunotherapy responses (29,45). 
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Our spatial and transcriptomic analyses support that paxalisib may promote these 

mechanisms, as immunotherapy-resistant tumors showed a reduction in adaptive immune 

phenotypes associated with immunotherapy resistance (exhausted T cells, Tregs) and pro-

tumor innate immune populations such as mast cells after treatment with paxalisib. 

 We show that the nuclear p85β subunit is enriched in TNBC human cell lines and 

after chemo and immunotherapy so might be a marker of residual disease. There is 

accumulating evidence that EZH2 is a key factor controlling drug resistance via its dual 

functionality (46). A component of polycomb repressive complex 2 (PRC2), EZH2 is 

overexpressed in many solid cancers and has been associated with cancer progression and 

poor survival outcomes (30,47-51). EZH2 catalyzes the tri-methylation of lysine 27 on 

histone H3 (H3K27me3) (30,31), acting as a transcriptional repressor and epigenetic gene 

silencer (30-32). Recent studies have also identified a non-catalytic role for EZH2 

independent of H3K27Me3 as a transcriptional co-activator (30,32,52). EZH2 physically 

interacts with NF-κB p65 (RelA) in TNBC cells, independent of PRC2, resulting in the 

positive regulation of cancer-related (EMT, cell cycle, DNA repair) and NF-κB target genes, 

including the pro-inflammatory cytokine IL-6 (30). These two functions of EZH2 modulate 

critical signaling pathways that cause drug resistance.  Current drugs that solely target the 

canonical catalytic activity of EZH2 result in incomplete responses or primary resistance 

(53,54). Given that NF-κB signaling also participates in resistance (55,56), identifying 

therapeutic strategies that target both the catalytic and non-catalytic roles of EZH2 might 

better overcome resistance mechanisms, consequently improving clinical outcomes (Figure 

7, Mechanism 2). Our results show that nuclear p85β colocalizes with EZH2 in an epigenetic 

complex. Paxalisib disrupts the nuclear p85β-EZH2 complex in human TNBC cells and 

patient-derived TNBC liquid biopsies treated ex vivo. EZH2 also interacts with the 

PI3K/Akt)/mTOR pathway (28,46). Existing as a heterodimer, PI3K consists of a p110 



30 
 

catalytic subunit (p110α, p110β, and p110δ) and a p85 repressive regulatory subunit (p85α, 

p85β, p55α, p50α, and p55γ) (57). p85 proteins can regulate biological processes through 

nuclear translocation (28). Specifically, p85β disassociates from p110α in cancer cells, 

translocating to the nucleus, stabilizing EZH1/2, and increasing H3K27 tri-methylation (28). 

Thus, our findings highlight for the first time that PI3K-mTOR inhibition disrupts both the 

established p110-p85α complex (Supplementary Table S3) and the nuclear p85β-EZH2 

complex. Thus, PI3K-mTOR inhibitors disrupt both the cytoplasmic and nuclear PI3K axes, 

which is critical for suppressing the complete contribution of the PI3K pathway in cancer. 

The precise mechanism of action needs further study. Nevertheless, our findings show that 

paxalisib inhibits EZH2 transcription, contributing to the overall disruption of the nuclear 

EZH2 pool. Future studies exploring the contribution of mTOR or p85β to regulating the 

promoter of EZH2 will be required.   

 More recently, a non-catalytic role for EZH2 has been identified, in which it acts as a 

transcriptional co-activator (30,32,52). In the context of TNBC, EZH2 interacts with NF-κB 

p65, inducing EMT and NF-κB inflammatory target genes (30). To date, EZH2 inhibitors 

have underperformed clinically, with partial responses or primary resistance major limitations 

(53,54). We now extend recent findings by demonstrating the importance of targeting 

signaling pathways upstream of EZH2. By inhibiting the PI3K-mTOR pathway through p85β 

nuclear translocation, we targeted both the catalytic and non-catalytic axes of EZH2, thereby 

overcoming resistance mechanisms and reducing metastases (Figure 7, Mechanism 2). 

Future studies are needed to evaluate the precise mechanism(s) by which the PI3K-mTOR 

pathway inhibits both axes of downstream EZH2. Nevertheless, this study provides critical 

evidence for the use of PI3K-mTOR inhibitors such as paxalisib in the treatment of TNBC. 
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In conclusion, this study demonstrates the utility of combining PI3K-mTOR inhibitors 

with immunotherapy by exploiting interactions between the PI3K-mTOR signaling pathway 

and the EZH2 epigenetic network. For the first time we show that dual targeting of the PI3K-

mTOR pathway, not PI3K alone, has beneficial effects by inhibiting signatures associated 

with MICs, altering the tumor immune microenvironment, preventing metastases, and 

overcoming resistance associated with immunotherapy. These results pave the way for further 

testing of PI3K/mTOR inhibitors with immunotherapy in TNBC.  
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FIGURES AND LEGENDS 

 

Figure 1. Dual PI3K-mTOR blockade with paxalisib inhibits proliferation and 

migration, induces mesenchymal to epithelial transition, and reduces MIC signatures. 

(A) WST proliferation reagent was added to MDA-MB-231 cells pre-treated with PI3K and 

PI3K-mTOR inhibitors for 72 h in a dose-response design. Cell proliferation (%) was 

measured indirectly by the formation of formazan and the absorbance recorded at 450 nm. 

(B) Representative images from MDA-MB-231 cells scratched prior to treatment with 

paxalisib for 6 h, 12 h, and 18 h. Bar graph comparing the relative wound densities (%) 

observed for PI3K-mTOR inhibition at each time point, **** p<0.0001, versus vehicle, two-

way ANOVA with Bonferroni’s multiple comparisons test, n=8/group. Representative 

images and immunofluorescence analysis of (C) vimentin and (D) E-cadherin in 24 h 

paxalisib-treated MDA-MB-231 cells, **** p<0.0001, *** p<0.001 versus vehicle, unpaired 

t-test, n≥100 cells/group. (E) Flow cytometry analysis showing CD44:CD24 expression 

(%Vehicle) in 24 h paxalisib-treated MDA-MB-231 cells. (F) Immunofluorescence analysis 

of ALDH1, ABCB5, and Snail protein expression in 24 h paxalisib-treated MDA-MB-231 

cells. ****, p<0.0001, versus vehicle, unpaired t-test, n≥100 cells/group. (G) 

Immunofluorescence analysis of nuclear and cytoplasmic NFκB p65, FOXQ1, NRF2, and 

NNMT protein expression in 24 h paxalisib-treated MDA-MB-231 cells, *, p< 0.05, ** p< 

0.01, ***, p<0.001, ****, p<0.0001, versus vehicle, unpaired t-test, n≥100 cells/group. (H) 

Immunofluorescence analysis of IL-6 protein expression (%Total cells) in paxalisib-treated 

ABCB5
+
/EpCAM

+
 CTCs isolated from TNBC patients * p<0.05, versus vehicle, paired t-test, 

n=2/group. (I) qPCR analysis of viral mimicry-associated gene expression in 24 h paxalisib-

treated MCF-7 iEMT cells, *p<0.05, versus vehicle, unpaired t-test, n=2/group. (J) 

Comparison of GBP2 mRNA expression (%Vehicle) following 24 h PI3K and PI3K-mTOR 



42 
 

treatment in MCF-7 iEMT cells, versus vehicle, Dunnett’s multiple comparisons test, 

n=2/group. 

 

Figure 2. Paxalisib reduces primary tumor burden and metastasis with a favorable 

toxicity profile. (A) Treatment regimens using the BALB/c 4T1 TNBC breast cancer model 

(paxalisib with +/- anti-PD1, with or without Abraxane). (B) Primary tumor volumes 

(%Vehicle) and (F) weights of individual mice from each experimental group prior to 

harvest, * p<0.05, ** p<0.01, *** p<0.001, versus vehicle, Dunnett’s, n=4-5/group. (C) 

(Left) Changes in liver inflammation and hepatocyte damage (metabolic and/or degeneration) 

were scored 1=mild, 2=moderate or 3=severe for each parameter, *p<0.05, **** p<0.0001, 

versus vehicle, Dunnett’s, n=4-5/group. (Middle) Changes in lung weights and leukocytosis, 

* p<0.05, *** p<0.001, ****p<0.0001, versus vehicle, Dunnett’s, n=4-5/group. (Right) 

Changes in spleen weights and spleen extramedullary hematopoiesis (EMH), * p<0.05, ** 

p<0.01, *** p<0.001, **** p<0.0001, versus vehicle, Dunnett’s, n=4-5/group. (D) Paxalisib 

combined with αPD1 experiments using the BALB/c 4T1 i.v. metastasis breast cancer model. 

(E) Mouse body weights were monitored throughout the experiments. (F) 

Immunofluorescence images of CD45, vimentin, and SNAIL1 in MDA-MB-231 cells spiked 

into human healthy PBMCs. (G) CTCs were isolated using ScreenCell Cyto kits from mouse 

blood collected from the 4T1 i.v. metastasis model, followed by Giemsa staining. (H) 

Captured CTCs were counted on Cyto IS membranes. (I) Images of Indian ink-stained lungs 

highlighting metastases, including large protruding and small flat nodules and graph shows 

number of flat and protruding metastatic lung nodules, ** p<0.01, **** p<0.0001, versus 

vehicle, two-way ANOVA with Tukey’s multiple comparisons test, n=2/group. 
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Figure 3. CODEX multiplexed imaging reveals changes in immune cell landscapes when of 

paxalisib is combined with immunotherapy. (A) Normalized expression of 23 proteins in 14 

identified cell types. (B) Percentages of indicated cells types out of total cells in stromal, 

adaptive immune, innate immune, and tumor populations in αPD1 and Paxalisib+αPD1-

treated tumors. (C) Differential location of stromal, tumor, adaptive, and innate cell 

populations in αPD1 and Paxalisib+αPD1-treated tumor tissues. (D) Representative images of 

neighborhoods mapped to tumor tissues from αPD1 and paxalisib+αPD1-treated tumors. (E) 

Quantification of neighborhood fraction in αPD1 and paxalisib+αPD1-treated tumors. 

 

Figure 4. PI3K-mTOR inhibition enhances anti-tumor immune profiles in combination 

with immunotherapy. (A) NanoString nCounter cell abundance analysis of dendritic cell, 

cytotoxic cell, NK, and T and B cell immune populations from paxalisib +/- anti-PD1 treated 

tumors, n=3/group. (B) NanoString nCounter cell abundance analysis of TIL populations 

from paxalisib +/- anti-PD1-treated tumors, n=3/group. (C) NanoString nCounter gene 

expression levels of cytotoxicity-related cytokines, including IFN-gamma (IFN-γ) and 

Granzyme B (Gzmb), n=3/group. (D)  NanoString nCounter cell abundance analysis of mast 

cell immune populations from paxalisib +/- anti-PD1-treated tumors, n=3/group. (E) 

Toluidine blue staining for mast cell detection in anti-PD1 and paxalisib + anti-PD1-treated 

tumors. 

 

Figure 5. PI3K-mTOR inhibition targets p85β:H3K27Me3 switch. (A) Immunofluorescence 

images of p85β and H3K27Me3 in MDA-MB-231 cells. (B) Immunofluorescence analysis of 

p85β and H3K27Me3 nuclear intensity staining in paxalisib-treated MDA-MB-231 cells and 

MDA-MB-468 cells, * p<0.05, **** p<0.0001, versus vehicle, unpaired t-test.  
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Figure 6. PI3K-mTOR inhibition targets the dual role of EZH2. (A) qPCR analysis of 

EZH2 mRNA expression in paxalisib-treated MDA-MB-231 cells ****, p<0.0001, unpaired 

t-test. (B) Immunofluorescence analysis of EZH2 nuclear intensity staining in paxalisib-

treated MDA-MB-231 cells ****, p<0.0001, unpaired t-test. (C) Duolink analysis of the 

p85β:EZH2 interactions in paxalisib-treated MDA-MB-231 cells, ****, p<0.0001, unpaired 

t-test. (D) Duolink analysis of the NFκB:EZH2 interactions in paxalisib-treated MDA-MB-

231 cells, ****, p<0.0001, unpaired t-test. (E) Overlap between the EZH2 bound upregulated 

and downregulated genes from the three comparisons (anti-PD1, paxalisib, and paxalisib + 

anti-PD1, relative to control). Differentially expressed genes were defined as log2Foldchange 

> 0.5 and p-value < 0.05. blue * indicated genes were also bound with H3K27me3.  (F) 

Distribution of EZH2-bound genomic locations that are part of the nCounter Tumor 360 

Signaling panel. (G) EZH2 and NFκB2 ChIP-seq tracks at IL-6 promoters in MDA-MB-231 

cells.  

 

Figure 7. Impact of dual PI3K-mTOR pathway inhibition in triple negative breast 

cancer. Mechanism 1. PI3K-mTOR blockade inhibits the resistant cancer cell populations 

(dormant tumor cells, CSCs, and persister cells), thereby overcoming resistance and reducing 

inflammation, including key pro-inflammatory cytokines such as IL-6. PI3K-mTOR 

inhibition also increases immune re-invigoration and activates viral mimicry signatures, 

making the cancer cells more immune visible. Using this biphasic approach of targeting 

resistance signatures and enhancing cancer immune visibility, when combined with 

immunotherapy or PARP inhibitors, PI3K-mTOR inhibition reduces primary tumor burden 

and metastases. Mechanism 2. PI3K-mTOR blockade inhibits the dual role of EZH2. PI3K-

mTOR blockade (e.g., with paxalisib) acts upstream of EZH2, thereby targeting its dual role 

in resistance. PI3K-mTOR inhibitors potentially target EZH2 by two mechanisms. First, by 
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inhibiting p85β translocation into the nucleus, which diminishes the p85:EZH2 interaction, 

thereby inhibiting the catalytic repressive role of the epigenetic enzyme resulting in reduced 

H3K27 tri-methylation. By targeting upstream of EZH2, at the same time PI3K-mTOR 

blockade inhibits the non-catalytic inducible role of EZH2, thereby reducing NFκB signaling 

and downstream targets. Alternatively, PI3K-mTOR inhibition directly impacts EZH2 

transcription, which in turn inhibits its dual catalytic and non-catalytic roles.  
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