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Abstract

Purpose: Oncogenic alterations of the phosphatidylinositol-3-kinase (PI3K)/AKT pathway occur 

in >40% of patients with metastatic castration-resistant prostate cancer (mCRPC), predominantly 

via PTEN loss. The significance of other PI3K pathway components in prostate cancer is largely 

unknown.

Experimental Design: Patients in this study underwent tumor sequencing using the MSK-

IMPACT clinical assay to capture single-nucleotide variants, insertions, and deletions, copy 

number alterations, and structural rearrangements, or were profiled through The Cancer Genome 

Atlas. The association between PIK3R1 alteration/expression and survival was evaluated using 

univariable and multivariable Cox proportional-hazards regression models. We used siRNA-based 

knockdown of PIK3R1 for functional studies. FDG-PET/CT examinations were performed with a 

hybrid PET/CT scanner for some prostate cancer patients in MSK-IMPACT cohort.

Results: Analyzing 1417 human prostate cancers, we found a significant enrichment of PIK3R1 
alterations in metastatic cancers compared to primary cancers. PIK3R1 alterations or reduced 

mRNA expression tended to be associated with worse clinical outcomes in prostate cancer, 

particularly in primary disease, as well as in breast, gastric, and several other cancers. In prostate 

cancer cell lines, PIK3R1 knockdown resulted in increased cell proliferation and AKT activity, 

including insulin-stimulated AKT activity. In cell lines and organoids, PIK3R1 loss/mutation was 

associated with increased sensitivity to AKT inhibitors. PIK3R1-altered patient prostate tumors 

had increased uptake of the glucose analogue 18F-fluorodeoxyglucose in PET imaging, suggesting 

increased glycolysis.

Conclusions: Our findings describe a novel genomic feature in metastatic prostate cancer and 

suggest that PIK3R1 alteration may be a key event for insulin-PI3K-glycolytic pathway regulation 

in prostate cancer.

Keywords
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alteration; Akt inhibitor; FDG-PET

INTRODUCTION

Prostate cancer is one of the leading causes of cancer deaths among men, with 34,500 deaths 

projected for the US in 2022 (1). Once prostate cancer becomes castration resistant and 

metastatic, it is considered to be incurable. Although systemic therapies for prostate cancer 

exist (eg, androgen deprivation therapy and androgen receptor signaling inhibitors), most 

prostate tumors develop resistance. No current treatment for metastatic castration-resistant 

prostate cancer is curative for even a subset of patients. The lack of curative treatment 

options points to a need for a better understanding of the genomic aberrations in prostate 

cancer that drive metastasis.

Alterations in the phosphoinositide 3-kinase (PI3K) pathway are common in advanced 

prostate cancer. PI3K proteins, when induced by activated receptor tyrosine kinases, 

phosphorylate phosphatidylinositol 4,5-bisphosphate to generate phosphatidylinositol 3,4,5-
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trisphosphate (PIP3), an activator of AKT. This phosphorylation can be reversed by the 

tumor suppressor PTEN; loss of PTEN is one of the most common alterations in primary 

prostate cancer and is a predictor of lethal prostate cancer (2). Thus, activation of PI3K and 

inactivation of PTEN both serve to activate AKT.

Clinical and laboratory studies have established the critical role of PTEN loss in activation 

of PI3K signaling and prostate cancer progression (2–4). Among the alterations that affect 

PI3K itself, the most attention has been devoted to those in PIK3CA, which encodes the 

catalytic subunit of PI3Kα. However, PIK3R1, which encodes the regulatory subunit of 

PI3K, has been reported to be altered in 1–6% of prostate cancers, and its expression is 

reduced in prostate cancer compared with normal prostate tissue (5,6). PIK3R1 represses 

PI3Kα activity in the absence of receptor tyrosine kinase stimulation, and it may also 

directly activate PTEN; therefore, alterations of PIK3R1 can increase activity of PI3Kα 
and AKT. The effects of PIK3R1 alterations are complex, since this protein also stabilizes 

the catalytic subunit, and because the three isoforms of the PIK3R1 protein (p85α, p55α, 

and p50α) have functional differences (7,8). Somatic mutation of PIK3R1 also increases 

activation of the MAPK pathway and confers sensitivity to MEK and JNK inhibitors (9).

The biological effects of loss of PIK3R1 activity can include reduced apoptosis, increased 

cell division, and increased insulin-stimulated uptake of glucose into cells. Indeed, 

elimination of Pik3r1 in mice results in increased insulin sensitivity as well as glucose 

uptake and lactate synthesis in tissues (7,10,11).

Because PI3K pathway alterations are found in a wide variety of cancers, several PI3K/AKT 

inhibitors have been developed (12). Some of these agents are currently in clinical trials. 

Results of the trials for prostate cancer have been mixed; however, in a phase III trial for 

patients with prostate cancer, the AKT inhibitor ipatasertib has been reported to prolong 

progression-free survival for a subset of patients (13).

Despite the potential importance of PI3Kα in prostate cancer, alterations in PIK3CA and 

PIK3R1 have not yet been linked to either metastasis or outcomes of patients with prostate 

cancer. In this study, we investigated whether genomic aberrations in PI3K pathway genes 

are associated with metastasis, using a large dataset of targeted sequencing results for 

primary and metastatic prostate cancer. Upon finding an association for PIK3R1 alterations, 

we investigated the clinical implications by examining the association of PIK3R1 alterations 

with outcomes among patients with prostate cancer and other cancers. We also examined 

the biological implications by testing the effects of reduced PIK3R1 activity using in vitro 
models of prostate and breast cancers.

METHODS

Study population

MSK-IMPACT, designed to test patients with advanced cancer, was ordered by treating 

physicians to identify genomic alterations that could potentially inform treatment decisions 

(14). The analysis of prostate cancer included men with prostate cancer who underwent 

paired tumor–normal sequencing as approved by the MSK institutional review board. 
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We obtained written informed consent from all the patients in this study, which was 

conducted in accordance with the Declaration of Helsinki. All the patients in this study 

underwent tumor sequencing using the MSK-IMPACT clinical assay, which included 

between 340, 410, or 468 genes depending on its version, to capture single-nucleotide 

variants, insertions, and deletions, copy number alterations, and structural rearrangements. 

All panels included PIK3R1. Due to a high probability of passenger events in PIK3R1, 

samples were excluded if they had an MSI sensor score >10 and/or a tumor mutation burden 

(TMB) >20 mutations/Mb. For patients with multiple sequenced samples, only the first 

sample was analyzed. In addition, samples that did not pass FACETS quality control criteria 

were excluded as described in facets-preview (https://github.com/taylor-lab/facets-preview). 

Predefined QC metrics ensured reliable integer copy number calls, which is of particular 

interest when assessing the allelic composition at a specific loci (ie, PIK3R1).

Clinical annotations were extracted as described (15). For breast cancer samples, we 

analyzed the previously published MSK-IMPACT breast cancer cohort (16). Pan-cancer 

mRNA expression was analysed using GEPIA (17), and survival analysis was performed 

using a KM-plotter (18) dataset.

Genomics (MSK-IMPACT)

TMB was calculated as total number of non-synonymous mutations divided by number 

of bases sequenced. Somatic alterations were annotated using OncoKB to determine 

oncogenicity and clinical actionability (19) (Data version: v2.8, released on 2020–09-17). 

Canonical oncogenic pathway-level alterations were computed using curated pathway 

templates as previously reported (20,21). The fraction of copy number-altered genome 

(FGA) was defined as the fraction of the genome log2 copy gain and loss (>0.2 and 

< −0.2, respectively) relative to the size of the genome with copy number profiled. A 

GISTIC algorithm was used to detect recurrent somatic copy number variation by evaluating 

amplitude and frequency of events and to distinguish between broad and focal alterations in 

chromosome 5. FACETS algorithm was used to derive ploidy- and purity-corrected integer 

DNA copy number calls and cancer cell fraction from the data. Allelic integer copy number 

calls were used to determine chromosomal aberrations. A chromosomal loss was defined as 

any deviation from euploidy, where either the maternal and/or paternal allele was missing. 

Conversely, chromosomal gains were defined as one allele exceeding the number of its 

opposite allele. The clonality of each mutation (clonal or subclonal) was determined as 

described in facets-suite (https://github.com/mskcc/facets-suite).

Outcome analyses (MSK-IMPACT)

For patients with localized disease at the time of sequencing, metastasis-free survival was 

the outcome, with follow-up starting at sequencing and ending at metastasis or last clinic 

visit with a physician. For survival analyses in mCSPC and mCRPC, we followed patients 

for OS, with follow-up starting at sequencing and ending at death or last documented 

contact, using time since diagnosis of metastatic prostate cancer as the timescale. Baseline 

clinical characteristics and outcomes were available only for a subset of prostate cancer 

patients. For survival analyses in breast cancer, we followed patients for OS, with follow-up 

starting at sequencing and ending at death or last documented contact, using time since 
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diagnosis of metastatic disease as the timescale, with stratification by breast cancer subtypes 

(HR+/HER2-, triple negative). For the survival analyses, follow-up time was censored to 

72 months. To assess associations between genomic phenotypes and OS, we estimated each 

hazard ratio (HR) using Cox proportional hazards regression models.

Gene expression analysis

Publicly available RNA expression data from various prostate cancer clinical cohorts were 

extracted from cBioPortal (22), OncoMine (23), CANCERTOOL (24) and GEPIA (17),. 

All the gene expression comparative analyses between different groups of patients, as well 

as correlations among selected groups of genes, were done using R or CANCERTOOL. 

Kaplan-Meier survival curves (HR and 95% CI) were generated using R or KM-plotter (18), 

as mentioned accordingly.

Cell culture

Human prostate cancer cells LNCaP, 22RV1, DU145, PC3, VCaP, and triple-negative human 

breast cancer cell MDA MB-231 were obtained from ATCC (Manassas, VA). E006AA-T 

cells were provided by John T. Isaacs (The Johns Hopkins University School of Medicine, 

Baltimore, MD), PC3M cells were provided by Raymond C. Bergan (Knight Cancer 

Institute, Oregon Health & Science University, Portland, OR), and the LAPC4 cell line was 

provided by Charles Sawyers (MSK). Cells were cultured in RPMI1640 (LNCaP, LAPC4, 

22RV1, and PC3M) or DMEM (DU145, E006AA-T, MDAMB-231) media supplemented 

with 10% FBS, 2 mM L-glutamine, and 1x antibiotic/antimycotic (Gemini Bio-Products, 

Sacramento, CA) at 37° C in 5% CO2. Human prostate epithelial cell RWPE1 was obtained 

from ATCC and cultured in keratinocyte serum-free medium (Thermo Fisher Scientific, 

Waltham, MA) at 37° C in 5% CO2. Cells were authenticated by human short tandem repeat 

profiling at the MSK Integrated Genomics Operation Core Facility.

Prostate organoids derived from patients with mCRPC were provided by Yu Chen (MSK) 

and cultured as described (25). Cells were acquired between 2017 and 2019; in general, 

passaged between two and six times between thawing (reviving), and experiments. Cells 

were authenticated by human short tandem repeat profiling at the MSK Integrated Genomics 

Operation Core Facility in December 2017 and June 2019. Mycoplasma testing was 

performed at the MSK Antibody & Bioresource Core Facility using the MycoAlert PLUS 

Assay.

Gene silencing

siRNAs (PIK3R1 and scrambled; listed in Supplementary Table S1) were transiently 

transfected to indicated cells using the TransIT-X2 system (Mirus, Madison, WI). Efficiency 

of knockdown was verified by qPCR and western blot.

Western blot

Cells were washed with Hank’s Balanced Salt Solution (HBSS) and lysed in RIPA (50 mM 

Tris-HCl pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 1% sodium deoxycholate, 

and 0.1% SDS) supplemented with protease and phosphatase inhibitors (Thermo Scientific). 

Protein concentrations were measured using the Bradford protein assay. Western blot 
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was performed using specific antibodies (Supplementary Table S1). Western blots were 

performed in triplicate.

RNA extraction and qPCR

Total RNA was extracted using the Direct-zol RNA Kit (Zymo Research, Irvine, CA) 

and reverse transcribed with qScript cDNA SuperMix (Quantabio, Beverly, MA). cDNA 

corresponding to approximately 10 ng of starting RNA was used for one reaction. qPCR was 

performed with TaqMan Gene Expression Assay (Applied Biosystems, Waltham, MA). All 

quantifications were normalized to endogenous GAPDH. Each experiment was performed 3 

times. Probes used for qPCR are listed in Supplementary Table S1.

Cell viability assay

Cell viability was measured by MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium 

bromide; Invitrogen) assay. For the MTT assay, MTT crystals were dissolved in isopropanol. 

Cells (control and PIK3R1 knockdown) were plated at 2.5 × 103 per well in 96-well plates 

in complete media (with 10% FBS). Organoids (MSK-PCa1 and MSK-PCa3) were counted 

and plated to collagen-coated (type I collagen 50 μg/ml) 96-well plates (5× 103 cells/well 

in 100 μL media) in growth factor–enriched organoid-specific media as described previously 

(25). Cells were treated either with DMSO or with the indicated inhibitors. Drugs/inhibitors 

are listed in Supplementary Table S1. Each cell growth assay was peformed 4 times. After 

the indicated times, cells were incubated in 0.5 mg/mL MTT (Invitrogen) for 1 hour at 

37° C, then photographed under a phase contrast microscope (Olympus). Absorbance was 

measured in a BioTek plate reader at 570 nm.

Suspension prostate cells sphere (prostatosphere) assay

Suspension tumorisphere/prostatosphere assays were performed as described (26). Briefly, 

22RV1 cells (control or PIK3R1 knockdown) were detached using Accutase (Innovative 

Cell Technologies, San Diego, CA), collected using 70-μm cell strainers, counted, and 

resuspended in 1 mL of prostate organoid media (25). The cells (1×103 cell/well) were 

plated on ultra-low attachment plates (2 plates with 4 wells in each plate for each 

experimental condition) and allowed to grow for 7 days. Cell spheres were counted and 

photographed using GelCount colony counter (Oxford Optronix, Abingdon, England).

PET/CT imaging protocol and genomic analysis

FDG-PET/CT examinations were performed with a hybrid PET/CT scanner (Discovery; GE 

Healthcare, Milwaukee, Wis) about 60 minutes after intravenous injection of approximately 

370 MBq of 18F-FDG (obtained from IBA Molecular North America Inc., Gilroy, CA, and 

calibrated by our in-house radiopharmacy) as described previously (27). Somatic alterations 

were annotated using OncoKB for oncogenicity and clinical actionability (19) (data version: 

v2.8, released on 09–17-2020). Recurrent oncogenic alterations were defined as oncogenic 

and present in at least 5% of samples. Canonical oncogenic pathway-level alterations were 

computed using curated pathway templates as previously reported (20,21). The FDG target 

peak distribution was normalized using a log10 transformation.
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Statistical analyses

Comparisons between groups were done using a non-parametric Mann Whitney U test 

for continuous variables and the Fisher’s exact test for categorial variables. A binomial 

test was used to determine whether the ratio of truncating mutations present in the c-SH2 

domain of PIK3R1 differed significantly. Time-to-event outcomes were analyzed using the 

Kaplan-Meier method and compared via the Mantel-Cox log rank test. The association 

between PIK3R1 alteration/expression and survival was evaluated using univariable and 

multivariable Cox proportional-hazards regression models. Student’s t-test or ANOVA were 

used to analyze normally distributed data. Pearson’s correlation coefficient was used to 

assess the association between two continuous variables. All statistical tests were defined 

as significant if the p value was < 0.05 or the false discovery rate (FDR) was < 0.05 for 

multiple comparisons. Analyses were performed using R v3.5.2 (www.R-project.org) and 

Prism 9.1.1 (Graphpad, USA) unless otherwise indicated.

Data availability

Genomic data from the MSK-IMPACT prostate cancer samples are available 

via cBioPortal for Cancer Genomics: https://www.cbioportal.org/study/summary?

id=prad_pik3r1_msk_2021

RESULTS

PIK3R1 alterations are enriched in metastatic prostate tumors

We analyzed panel sequencing data from 1417 samples obtained from patients with 

prostate cancer: 825 (58%) samples from primary tumors and 592 (42%) samples from 

metastases (Fig. 1). Each sample was tested for tumor and germline mutations using MSK-

IMPACT, a capture-based next-generation sequencing assay that targets all coding exons 

and select introns of up to 505 key cancer genes. Patient characteristics are summarized in 

Supplementary Figs. S1 and S2.

Regions of recurrent somatic copy number alterations were identified using the FACETS 

algorithm (28), revealing established focal deletions spanning PTEN and TP53, among 

others, and frequent genomic losses on chromosomes 5q, 8p, 13q, and 16q in the MSK-

IMPACT prostate cancer dataset, of which many have been described previously (18,19) 

(Fig. 2A). We also observed global chromosomal amplification/gain in samples from 

prostate cancer metastases compared to primary prostate cancers (Fig 2A). Interestingly, 

we observed a higher degree of deletion in 13q (BRCA2 and RB1), focal deletion of 

chromosome 10q (PTEN), and deletion of chromosome 5q in prostate cancer metastases 

compared to primary prostate cancers.

We observed that PIK3R1, a tumor suppressor gene located on the chromosome 5q13.1 

locus, was more frequently lost in metastatic prostate cancer samples than in primary 

prostate cancers (36% vs 24%, p<0.001) (Fig. 2B, top). Further analysis using GISTIC 

also identified frequent genomic loss of 5q13.1/PIK3R1 (q < 0.001) in metastatic samples 

(Supplementary Fig. S3A). Additionally, we investigated whether PIK3R1 losses were 

specific or occurred in context on wider chromosome 5q deletions. We noticed that PIK3R1 
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losses varied in size (Supplementary Fig. S3B). Approximately 31% of samples that had 

losses were shorter than 25% of the entire chromosome 5q arm, and these could be 

considered as focal events. Genomic loss of PIK3R1 was found in 347 patients with 

complete clinical information (Supplementary Fig. S1 and S2). (Of a total of 407 patients, 

data on 26 with metastases and 34 with primary prostate cancer were not yet clinically 

annotated) We then sought to assess the prevalence of PIK3R1 driver alterations (predicted 

to be oncogenic driver alterations, as defined by OncoKB) (19), in prostate tumors. Driver 

alterations in PIK3R1 (mutations and fusions) were found in 51 of 1417 patients with 

prostate cancer (3.6%) (Fig. 2B, bottom). Complete clinical information was available for 40 

patients with PIK3R1 driver alterations (11 out of a total of 51 patients (~22%); 4 patients 

with metastatic samples and 7 with a primary prostate tumor were missing complete clinical 

annotations) (Supplementary Fig. S1 and S2). Most of the PIK3R1 driver mutations were 

in the C-terminal Src homology 2 (cSH2) domain, which binds receptor tyrosine kinases 

(RTKs), or the inter-SH2 (iSH2) domain, which binds p110 (PIK3CA) (Fig. 2C) (29).

Because PIK3R1 mutations are most frequent in endometrial cancer (30), we compared the 

domain location of PIK3R1 mutations in prostate and endometrial cancers, analyzing 1769 

microsatellite stable (MSS) endometrial cancers profiled with MSK-IMPACT. In addition, 

we also assessed the domain locations of PIK3R1 truncating mutations in 1756 breast cancer 

tumors profiled with MSK-IMPACT. We noticed that truncating mutations in prostate cancer 

samples clustered around the c-SH2 domain (11/19 truncating mutations), which was higher 

than expected by chance (p <0.001; Supplementary Fig. S3C); however, we did not see a 

similar association in endometrial or breast cancer (16/120 and 1/9 truncating mutational 

events clustering in the c-SH2 domain, p=0.22 and p>0.99 in endometrial and breast cancer, 

respectively). In endometrial cancer, the truncating mutational events clustered around the 

n-SH2 and i-SH2 domains, indicating that the mutational hotspot of PIK3R1 may vary 

between tumor types and may have differing functional significance. Therefore, domain 

hotspot analysis may provide leads linking PIK3R1 mutations to functional significance and 

cancer-specific phenotypes and could be an area for future investigation.

Recent comprehensive genomic characterization of prostate cancer has demonstrated 

recurrent alterations of genes involved in PI3K signaling, affecting approximately 40% of 

samples from metastatic castration-resistant prostate cancer (mCRPC) (31). We analyzed 

the alteration frequency of oncogenic driver alterations in major PI3K-AKT-mTOR pathway 

components (19 genes) in the MSK-IMPACT panel. As expected, loss of PTEN was one 

the most common alterations in prostate cancer and strongly enriched in metastatic samples 

compared to primary prostate cancers (p<0.001; Fig. 2D). Also, PIK3R1 driver alterations 

(5% of metastatic samples vs. 2.7% of primary samples, p=0.030) were significantly 

enriched in metastatic samples. Although 4.6% of samples from metastases harbored 

mutations in PIK3CA (encoding PI3K catalytic subunit p110a), PIK3CA alterations were 

not significantly enriched in metastatic samples compared to primary prostate cancers (3% 

driver alteration of PIK3CA in primary prostate cancers vs 4.6% in metastatic cancer; 

p=0.152; Fig. 2D). Alterations in other members of the PI3K-AKT-mTOR pathway were 

infrequent (<2% cases) and did not differ significantly between samples from primary tumor 

and metastases.
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Next we explored the clonality of the mutations of PI3K-AKT-mTOR pathway components 

in the MSK-IMPACT prostate cancer cohort. Clonality was estimated for 21 of 44 mutations 

found in PIK3R1. We observed slightly more subclonal events in PIK3R1 and more clonal 

events in PTEN and PIK3CA (Supplementary Fig. S3D). Given the low number of samples 

with clonality calls, this observation has to be explored on a larger dataset.

Additionally, we assessed genes that frequently co-occured with PIK3R1 alterations 

(Supplementary Fig. S3E). PTEN, TP53, TMPRSS2, and APC had a tendency to co-

occur; however, only co-occurrence of alterations in PTEN and PIK3R1 was statistically 

significant.

Collectively our data showed that PIK3R1-alteration frequencies (driver and loss) are 

significantly enriched in metastastatic prostate cancer samples compared to primary prostate 

cancer samples.

Clinical outcomes in PIK3R1-altered prostate cancer

We observed abundant PIK3R1 mRNA expression in various normal tissues, including the 

prostate (Supplementary Fig. S4A). Importantly, our proteomic analysis using the Human 

Proteome Map (32) showed that PIK3R1 and PIK3CA encode the only two class 1 PI3K 

subunits that are abundantly expressed in normal prostate tissue (Supplementary Fig. S4B).

Next we assessed PIK3R1 RNA levels and their association with genomic copy number 

alterations and outcomes. To investigate the relationship between PIK3R1 genomic loss and 

mRNA expression, we used The Cancer Genome Atlas (TCGA; primary prostate cancer 

(33)), since MSK-IMPACT does not measure the transcriptome. Genomic PIK3R1 DNA 

copy number loss was found in ~20% of patients in the TCGA prostate cancer dataset (Fig. 

3A, top), and was significantly associated with lower mRNA expression (p=7.43e–10; Fig. 

3A, bottom). While the TCGA and Taylor (34) prostate cancer datasets were not designed to 

examine clinical outcomes such as overall survival (OS), in the available data, PIK3R1 loss 

was significantly associated with shorter disease/progression-free survival (TCGA: hazard 

ratio [HR] 2.04, 95% CI 1.32–3.15; p=0.001; Taylor: HR 4.13, 95% CI 2.01–8.50, p<0.001; 

Fig. 3B and 3D). In both datasets, decreased PIK3R1 mRNA expression was also associated 

with higher rates of tumor recurrence in models adjusted for collapsed Gleason Grade 

groups (6, 7, >=8), although estimates were attenuated (TCGA: HR 1.83, 95% CI 1.00–3.35, 

p=0.048, Fig. 3C; Taylor: HR 2.31, 95% CI 0.87–6.10, p=0.09; Supplementary Fig. S4E).

Among men profiled with MSK-IMPACT using tumors from primary prostate cancers 

(n=264), with complete follow-up for metastases available, results for associations between 

PIK3R1 alterations (drivers and loss) and metastasis-free survival were inconclusive (driver 

alterations: HR 1.40, 95% CI 0.18–10.46, p=0.74; loss: HR 1.53, 95% CI 0.69–3.38, p=0.28; 

Fig. 3E) due to the lower number of metastasis events (1 metastatic event among 5 men with 

PIK3R1 driver alterations; 9 metastatic events among 59 men with PIK3R1 copy number 

losses).

PIK3R1 expression was not associated with Gleason score in the TCGA dataset 

(Supplementary Fig. S4C). In an analysis of four publicly available datasets, we found 
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that PIK3R1 mRNA expression was consistently significantly attenuated in metastatic 

prostate cancer compared to primary prostate cancer and normal prostate tissue (Fig. 3F 

and Supplementary Fig. S4D). Finally, to analyze the mRNA expression of all class 1 

PI3K subunits in normal prostate tissue, primary prostate cancer, and metastatic prostate 

cancer, we analyzed a dataset reported by Grasso et al., because it has a sufficient number 

of samples of each type (35). Only PIK3R1 exhibited strongly attenuated expression in 

metastatic disease (9-fold decrease; p=2e–11; Fig. 3G). PIK3R1 mRNA expression is also 

positively correlated with PTEN mRNA in TCGA dataset (Supplementary Fig. S4F)

We also interrogated the association between PIK3R1 alteration status and OS in patients 

with metastatic prostate cancer in the MSK-IMPACT cohort. Results for associations 

between PIK3R1 driver alterations and OS were inconclusive (HR 1.67, 95% CI 0.62–4.42, 

p=0.30; 5 deaths among the 18 men with PIK3R1 driver alterations) in metastatic castration-

sensitive disease (mCSPC; n=386) but would be compatible with worse prognosis. For copy 

number losses, results were not compatible with markedly worse prognosis (HR 0.88, 95% 

CI 0.53–1.46, p=0.63; Fig. 3H; 22 deaths among 115 men with copy number losses). Among 

men with mCRPC (n=376), results did not suggest strong associations (driver alteration: 

HR 0.77, 95% CI 0.38–1.41, p=0.36; loss: HR: 1.13, 95% CI 0.86–1.48; 10 deaths among 

15 men with PIK3R1 driver alterations; 80 deaths among 116 men with PIK3R1 copy 

number losses). Therefore, in patients with metastatic disease, no statistically significant 

difference was found and therefore our data were inconclusive as to whether PIK3R1 
genomic alterations would be associated with worse prognosis for metastatic prostate cancer.

Elimination of PIK3R1 induces activation of AKT signaling and augments cell growth

We directly examined the consequences of PIK3R1 loss via siRNA-mediated transient 

elimination of PIK3R1 in prostate cancer cells. Supplementary Fig. S5A shows the PI3K 

pathway gene mutations in various prostate cancer cell lines in data from the Cancer Cell 

Line Encyclopedia (36). In the LAPC4 cell line, a castration-sensitive prostate cancer cell 

line with wild-type PIK3R1 and PTEN (34) that also expresses high levels of PIK3R1 

protein (Supplementary Fig. S5B), PIK3R1 siRNA reduced PIK3R1protein and mRNA 

levels (Fig 4A, Supplementary Fig. S5C) and induced AKT phosphorylation at serine-473 

(S473) (Fig. 4A), which is required for maximal AKT kinase activation (37). We also 

observed that PIK3R1 knockdown results in lower levels of PTEN protein, which is 

consistent with a reported PTEN-stabilizing function of p85α (30). Importantly, even 

PIK3R1 transient knockdown reduced levels of androgen receptor (AR) downstream targets 

(PSA, PLZF, TMPRSS2, and NKX3.1) without affecting AR protein or mRNA expression 

(Fig. 4A; Supplementary Fig. S5C), which is also consistent with the previously reported 

AR transactivating function of p85α(38). In 22RV1, a castration-resistant prostate cancer 

cell line with wild-type PIK3R1 and PTEN but mutant PIK3CA (Supplementary Fig. S5A 

and S5B), PIK3R1 knockdown resulted in higher levels of AKT phosphorylation when 

serum-starved cells were treated with insulin (Fig. 4C; Supplementary Fig. S5D), consistent 

with the canonical role of PIK3R1 in downregulating insulin-mediated activation of the 

PI3K-AKT pathway, even in PTEN wild-type CRPC cells (39).
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In both the LAPC4 and 22RV1 cell lines, PIK3R1 knockdown increased cell proliferation, 

as evidenced by enhanced 2D cell growth compared to control cells (Fig. 4B; Supplementary 

Fig. S5C, S5E, and S5F). PIK3R1-knockdown 22RV1 cells also developed 3D spheres 

(prostatosphere) in anchorage-independent suspension culture (Fig. 4C, Supplementary Fig. 

S5G and S5H). Collectively, our results indicate that loss of PIK3R1 in prostate cancer cell 

lines promotes cell growth.

To investigate whether loss of PIK3R1 induces resistance to antiandrogen therapy, we 

performed a cell growth assay in media supplemented with an antiandrogen inhibitor 

(enzalutamide) using a control and PIKR31-knockdown LAPC4 cells (a castration-sensitive 

prostate cancer cell). Our results showed that RNAi-mediated transient silencing of PIK3R1 
in LAPC4 cells exhibited relative resistance to antiandrogen therapy, as evidenced by growth 

in complete media supplemented with enzalutamide compared to control (scrambled siRNA 

transfected) LAPC4 cells (Fig. 4D).

PIK3R1 mutant cells are sensitive to AKT inhibitors

Alterations in the PI3K-signaling pathway in cancer have led to interest in the development 

of PI3K/AKT inhibitors, and many of these targeted therapies have shown promise for 

the treatment of PI3K-addicted tumors in clinical trials. Because PIK3R1 knockdown 

induces AKT activation, we next examined the effects of AKT-kinase inhibitor treatment 

on PIK3R1 knockdown prostate cancer cells. PIK3R1 knockdown LAPC4 and 22RV1 cells, 

compared with scrambled siRNA–treated control cells, exhibited greater sensitivity to the 

AKT kinase inhibitor MK2206, even at a very low concentration (100 nM) (Fig. 4E, 4F, and 

Supplementary Fig. S5I). These data indicate that inhibition of the AKT pathway reduces 

the viability of prostate cancer cells that express little PIK3R1.

We extended our study to include patient-derived organoids (40). Prostate organoids (MSK-

PCa 1–7) were developed from specimens obtained from patients with mCRPC, and 

they retain the genetic characteristics of the original tumor (40). Most of the organoids 

are wild-type for PIK3R1, but 2 harbor missense mutations in PIK3R1 in the mutation 

hotspot of the iSH2 domain (Fig. 4G). We tested the PIK3R1, PTEN expression (protein 

and mRNA) and AKT-phosphorylation status in three mCRPC organoids (one PIK3R1 
mutant and two wild type), all of which were derived from metastatic sites from castration-

resistant tumors and harbor PTEN deletion (40). As a control, we analyzed a benign 

prostate organoid. All 3 prostate cancer organoids exhibited low PTEN expression and 

high AKT phosphorylation (Fig. 4H and Supplementary Fig. S5J). The PIK3R1-mutant 

organoid (MSK-PCa3; Asn564Asp mutation; likely pathogenic) exhibited strong growth 

reduction when treated with the AKT-kinase inhibitors MK2206 and ipatasertib (a small 

molecule AKT-kinase inhibitor currently in phase 2 and phase 3 clinical trials in multiple 

cancers incuding prostate), even at a very low concentration (10 nM: Fig. 4I). The PIK3R1–

wild-type organoid MSK-PCa1, however, was only very modestly affected by the both 

AKT-kinase inhibitors. Interestingly, none of these PTEN-deleted organoids harbored any 

other known oncogenic mutations in PI3K-AKT pathway genes (source: cBioPortal for 

Cancer Genomics (22)), indicating that no other PI3K-Akt pathway mutation is required to 

confer sensitivity to Akt inhibitor treatment.
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PIK3R1-mutant prostate tumors exhibit increased glucose uptake

Fluorodeoxyglucose (18F) positron emission tomography (PET) combined with CT (FDG-

PET/CT) is a well-established imaging tool for a variety of malignancies. FDG-PET signal 

is derived from increased uptake of FDG, an analog of glucose, reflecting tumor glycolytic 

activity (the Warburg effect) (41). For patients with prostate cancer, FDG-PET/CT is not 

widely used, given the low prevalence of FDG-avid tumors. We retrospectively analyzed 

data from prostate cancer patients in the MSK-IMPACT cohort who had undergone FDG-

PET/CT. Patients’ demographics and inclusion criteria are summarized in Supplementary 

Fig. S6A. FDG-PET/CT data were available for 313 of the prostate cancer patients 

in our MSK-IMPACT cohort (corresponding to 71 primary prostate tumors and 242 

metastasis samples). FDG uptake, measured by peak standardized uptake (Fig. 5A), was not 

significantly associated with known sequencing coverage and prognostic factors, including 

tumor purity, coverage, FGA, and TMB (Supplementary Fig. S6B and S6C). FDG uptake 

was higher in metastatic samples than in primary tumors (Supplementary Fig. S6D, 

p<0.001) and higher in mCRPC samples than in mCSPC samples (p<0.001).

We next examined whether FDG uptake is associated with alteration of major oncogenic 

signaling pathways in mCRPC (n=146). Among the major known oncogenic signaling 

pathways in mCRPC (Supplementary Table S2), none were significantly associated with 

FDG uptake (Supplementary Fig. S6E). Similarly, most known driver mutations in mCRPC 

were not associated with FDG uptake (Supplementary Fig. S6E, Supplementary Table S2). 

Surprisingly, only PIK3R1 driver alterations were associated with significantly higher FDG 

values in mCRPC (n=10; p=0.002, FDR=0.039, Supplementary Fig. S6F, Supplementary 

Table S2 ). We extended our analysis to include primary tumors and mCSPC (n=313). FDG 

uptake was significantly higher in PIK3R1-altered prostate tumors (primary and metastatic) 

than in PIK3R1 wild-type tumors (p<0.001; Fig. 5B and 5C). Collectively, our data for the 

first time show that PIK3R1 mutation leads to increased glucose uptake in prostate tumor 

tissue, which can be detected noninvasively by FDG-PET/CT.

Pan-cancer analysis of PIK3R1 alteration

We assessed the prevalence of PIK3R1 driver alterations across 15 solid cancer types 

profiled within the MSK-IMPACT cohort. Multiple cancer types harbored PIK3R1 
alterations (>2% of cases), including somatic mutations and rearrangements (Supplementary 

Fig. S6G). Driver alterations were most frequent in endometrial cancer (~25% of patients; 

Supplementary Fig. S6G), consistent with a previous report (30). Furthermore, using gene 

expression profiling and interactive analyses (GEPIA) (17), we found that PIK3R1 mRNA 

expression was markedly lower in tumor than in normal tissues across multiple cancer 

types (Fig. 5D). Moreover, in a large cohort of cancer patients (42), we found low PIK3R1 
mRNA expression to be strongly associated with OS in multiple cancer types, including 

gastric, liver, and non–small cell lung cancer. Analysis was performed using KM-plotter 

in combined multiple publicly available datasets (Supplementary Fig. S6I) (18). Taken 

together, these results indicate that PIK3R1 loss may contribute to tumorigenesis and 

lethality in many cancers.
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Because PI3K pathway alterations are prevalent in breast cancer, we analyzed the MSK-

IMPACT breast cancer cohort (16) in greater depth. In total, 29 of the 1261 metastatic breast 

tumors (2.3%) had at least one PIK3R1 alteration (in patients with metastatic disease at 

diagnosis; Fig. 5E). Although the PIK3R1 interacting partner PIK3CA was more frequently 

altered among breast cancer patients (36%; n=452), patients with metastatic breast cancer 

in the PIK3R1-altered group had shorter OS than patients in the PIK3CA-altered group 

(HR 2.82, 95% CI 1.56–5.12, p<0.001; Fig. 5E, Supplementary Fig. S7A). PIK3R1 and 

PIK3CA mutations were mutually exclusive (p<0.001). The association was attenuated but 

still noticeable after adjustment for known prognostic covariates, age at diagnosis, and 

ER/PR/Her-2 status (HR 1.84, 95% CI 0.98–3.44, p=0.05; Supplementary Fig. S7A). We 

also observed that PIK3R1 alteration was significantly enriched in aggressive triple-negative 

breast cancer (TNBC; 16 of 176 patients [9.1%] with primary or metastatic; Fig. 5F) as 

compared to other subtypes (ER/PR/Her-2) of breast cancer. Moreover, PIK3R1 mRNA 

expression was attenuated in the basal/TNBC tumor subtype in the METABRIC cohort 

(2509 primary breast tumors (43); Fig. 5G). Interestingly, among patients with HR+/HER2- 

metastatic breast cancer, those with PIK3R1 alterations (n=11) had a shorter OS in an age-

adjusted model than patients in the PIK3CA-altered group (HR 5.65, 95% CI 1.66–19.16, 

p=0.005; Fig. 5H and Supplementary Fig. S7A). Among patients with metastatic TNBC, 

PIK3R1 alteration was modestly associated with poor prognosis compared to PI3KCA 
alteration (H.R 1.86, 95% CI 0.58 – 6.04), even in an unadjusted analysis (Supplementary 

Fig. S7A and S7B).

In a large cohort of breast cancer patients (18,42), we observed that low PIK3R1 mRNA 

expression was significantly associated with worse relapse-free survival compared to 

patients with higher PIK3R1 mRNA expression (HR 1.43, 95% CI 1.30–1.60, p=6e-12; 

Supplementary Fig. S6H).

To test whether PIK3R1 loss induces sensitivity to AKT inhibitors in breast cancer, we used 

MDA-MB-231 cells, a TNBC cell line that expresses wild-type PIK3R1 and PTEN (36). 

After PIK3R1 knockdown, MDA-MB-231 cells exhibited enhanced sensitivity to the AKT 

inhibitors MK2206 and ipatasertib, compared to cells transfected with a scrambled siRNA 

(Fig. 5I). These data indicate that inhibition of the AKT pathway reduces the viability of at 

least some breast cancer cells with low PIK3R1 expression.

DISCUSSION

Our study demonstrates that metastatic prostate cancer has a high prevalence of alterations in 

PIK3R1/p85α, a regulatory subunit of phosphoinositide 3-kinase (driver alteration PI3KR1; 

5% in metastatic disease compared to 2.7% in primary prostate cancer; genomic loss of 

36% in metastatic disease compared to 24% in primary prostate cancer). To our knowledge, 

this association between PIK3R1 alterations and prostate cancer metastasis has not been 

previously reported. The PI3K family is essential to nearly all aspects of cell and molecular 

biology and central to human cancer, diabetes, and aging (44). Oncogenic alteration of the 

PI3K pathway is observed in approximately 40% of metastatic prostate cancers (31), and it 

is recognized as a hallmark survival and proliferative pathway in advanced prostate cancer. 

Several clinical and experimental studies have established the crucial role of PTEN loss in 
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activation of PI3K signaling and aggressive prostate cancer progression (2–4). In our study 

of a large cohort of men with prostate cancer, we showed that driver alterations in PIK3R1 
is second (after PTEN) among PI3K pathway genes in alteration frequency in metastatic 

prostate cancer. We were also able to estimate clonality for 21 of 44 PIK3R1 driver 

mutations in the MSK-IMPACT cohort and showed that a fraction of PIK3R1 mutations 

are subclonal (62%). Therefore, further analysis using larger cohorts will be necessary to 

fully understand the impact of the clonality of PI3K pathway driver mutations in mCRPC 

progression.

While previous publications have described the frequent PIK3R1 alterations in various 

cancers, including endometrial cancer (30), the clinical impact of these alterations has been 

poorly understood, particularly in prostate cancer. Our current study provides evidence 

suggesting that PIK3R1 alteration/loss may be particularly common as prostate cancer 

progresses. We observed that PIK3R1 alterations predominantly occur in metastatic prostate 

cancer. Findings from our prognostic analyses suggest that such events are harbingers 

of worse prognosis if they occur in primary disease. Patients with primary disease and 

low intratumoral PIK3R1 mRNA expression exhibited shorter biochemical recurrence-free 

survival, independent of Gleason grade, than those with higher PIK3R1. Similarly, in 

multiple independent prostate cancer datasets, we detected significantly lower PIK3R1 
mRNA in metastatic samples compared to primary prostate cancer and benign prostate 

tissue. Our data were inconclusive as to whether PIK3R1 genomic alterations would be 

associated with worse prognosis in metastatic disease, but they were not strongly suggestive 

of such an association. Strikingly, PIK3R1 was the only class 1 subunit (either catalytic 

or regulatory)(44) of the PI3K pathway for which expression was significantly lower in 

metastatic prostate cancer. However, further experimental and clinical data are required to 

validate the hypothesis that PIK3R1 alterations contribute to cancer progression.

Previous studies in genetically engineered mouse models (GEMM) showed that even a 

single-copy loss of PIK3R1 could activate AKT and promote tumorigenesis (11,45,46). 

Similarly, data also showed that heterozygous splice mutation of PIK3R1 causes 

immunodeficiency due to hyperactivation of the PIK3 pathway (47). Therefore, in-depth 

somatic copy number alterations in the present study (MSK-IMPACT) were analyzed using 

FACETS. This approach enabled a detailed view of the allelic composition at the PIK3R1 
locus (eg, determining loss of heterozygosity). PIK3R1 monoallelic losses were enriched 

in metastatic prostate cancer samples (36%) compared to primary tumors (26%, Fig. 1B). 

However, whether copy number alteration of PIK3R1 has any oncogenic potential is not 

well studied and is broadly unknown. Copy number loss of PIK3R1 was also frequent in 

other, independent primary prostate cancer cohorts (primarily heterozygous; 11% in Taylor 

and 20% in TCGA dataset), and heterozygous PIK3R1 loss was associated with significant 

downregulation of mRNA expression. Collectively, these data suggest that copy number 

alterations of PIK3R1 are a frequent event in both primary and metastatic samples. Follow-

up studies are necessary to understand the clinical significance of these heterozygous losses 

in cancer progression and the effect of the disease state a patient is in at the time a sample is 

taken.
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Although the MSK-IMPACT prostate cancer cohort consisted of 2,735 patients, we included 

samples from only 1,417 patients for downstream genomic and clinical analysis. This 

sample dropout rate is attributable to our use of the stringent FACETS quality control 

criteria (consisting of 11 quantitative and qualitative measures) for assessing inclusion of 

somatic copy number calls. The majority of samples that failed our quality assessment 

did so primarily because of ambiguous purity estimates and further incongruity in 

copy number states. We observed that many samples were “copy-number quiet” (ie, no 

detectable aberration from an euploid genomic configuration), a phenomenon that is well 

documented (20). Since sample purity estimation with FACETS predominately relies on the 

quantification of deviation from an euploid genome, we observed many ambiguous purity 

calls. We further note that purity estimates depict a crucial measure for genomic analysis 

(eg, clonality estimates); hence, we decided to concentrate on this reduced, quality-assessed 

cohort. Using less-stringent quality measures as well as choosing a different algorithm 

for purity estimation is possible, and this should be investigated further, but the potential 

implications of such an approach are difficult to predict.

In several other cancers (eg, breast, lung, kidney, and endometrial), PIK3R1 mRNA 

expression was reduced in tumor compared to normal tissue, and reduced expression was 

associated with poor OS, consistent with prior findings (48,49). Although only 2.3% of 

patients with breast cancer harbor alteration of PIK3R1, our data showed that PIK3R1 
alteration was strongly enriched in the triple-negative subtype (9.1% of all TNBC cases). 

Similarly, our transcriptomic analysis revealed that the basal/TNBC subtype of breast cancer 

expresses significantly less PIK3R1 mRNA than other breast cancer subtypes, which to our 

knowledge has not been reported previously. A recent study also found that PIK3R1 was 

the most frequently mutated gene in Ewing sarcoma (at 59% of all cases) (50). Collectively, 

our data support previous observations (51) that loss/alteration of PIK3R1 may act as an 

oncogenic driver in multiple cancer types.

The major downstream effector of PI3K signaling is the protein serine/threonine kinase 

AKT, and phosphorylation of serine 473 (ser473) leads to its full activation (52). Activation 

of AKT plays a crucial role in prostate cancer progression, and AKT activation also confers 

resistance to therapy (53,54). PIK3R1 negatively regulates PI3K-AKT activation, and loss 

of PIK3R1 is known to result in increased AKT phosphorylation in various cell types and 

in GEMMs of cancer (11,30,39,45,46). The PI3K-AKT pathway is required for the insulin 

and insulin-like growth factor 1 (IGF1)-dependent cellular response (10,52,55). Canonically, 

insulin induces AKT activation (56). In a PIK3R1 wild-type cell, PIK3R1 protein/p85α 
limits insulin-induced AKT activation by binding and sequestering IGF1 (57). We showed 

that even transient knockdown of PIK3R1 (leading to a partial loss of PIK3R1 mRNA 

expression) alone is sufficient to induce AKT activation in a castration-sensitive and PIK3R1 
and PTEN wild-type cell line (LAPC4). In a castration-resistant cell line, we observed 

that loss of PIK3R1 causes insulin-mediated AKT activation, indicating that the loss of 

PIK3R1 results in activation of the insulin-AKT pathway in prostate cancer cells. Even 

transient knockdown of PIK3R1 caused higher proliferation of cell lines, indicating these 

cells are more tumorigenic compared to wild-type cells. We also observed that knockdown 

of PIK3R1 reduces AR target gene expression (PSA and PLZF), indicating attenuation 

of AR function in response to PIK3R1 loss. Carver et al. reported a reciprocal feedback 
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loop between the AR and PI3K pathways, in which AKT activation leads to inactivation 

of AR function and induces castration resistance (58). Previous data also showed that 

the PIK3R1 protein p85α directly interacts with the N-terminal region of AR (59). Our 

study also showed that treatment with the ARandrogen-receptor inhibitor enzalutamide 

treatment very modestly inhibits the growth of PIK3R1 knockdown LAPC4 cells (p=0.094) 

compared to vehicle (DMSO) tretated cells. However in the PIK3R1 proficient (control 

siRNA transfected) LAPC4 cells enzalutamide strongly reduces cell growth (p=6.9e-6) 

compared to vehicle treated cells. Together these data indicate that PIK3R1 loss may able 

to induce castration resistance by limiting AR function and activating Akt; however, in-

depth studies using multiple experimental models are required to understand the molecular 

mechanisms associated with specific PIK3R1 driver mutation/copy number loss–induced 

castration resistance and to uncover the detailed molecular mechanisms underlying this 

process.

The critical role of PTEN in regulating PI3K pathway signaling raises the possibility 

that PI3K pathway inhibitors might be effective in PTEN-deficient prostate cancer (58). 

In fact, several PI3K/AKT inhibitors are currently in clinical trials(60). A recent phase 

3 trial of ipatasertib (an AKT-inhibitor/AKTi) for patients with mCRPC (IPATential150, 

NCT03072238) showed that, in a subgroup of patients with mCRPC and PTEN loss, 

radiographic progression-free survival was slightly longer with ipatasertib plus the AR 

inhibitor abiraterone/prednisone compared with placebo plus abiraterone/prednisone (HR, 

0.77; 95% CI, 0.61–0.98) (60). Moreover, ipatasertib monotherapy showed clinical benefit 

in heavily pretreated mCRPC patients and reduced growth of patient-derived xenografts 

(PDXs) that harbor AKT1 mutations (61). However, AKT inhibitors have never been 

explored in patients with known PIK3R1 alteration. Our results provide a rationale for 

such a study: we showed that PIK3R1 knockdown increases the sensitivity of prostate 

and breast cancer cells to AKT inhibitors. Moreover, an mCRPC organoid (MSK-PCa3) 

harboring a PIK3R1 oncogenic alteration showed greater sensitivity to AKT inhibitors 

(AKTi) than did a PIK3R1 wild-type organoid. Importantly, although both organoids harbor 

PTEN deletion (40), AKT selectively reduces growth only in PIK3R1-mutated organoids 

that also harbor PTEN deletion. Therefore, we hypothesize that AKTi-based therapy could 

have significant benefit for patients with mCRPC, and potentially also for patients with 

mCSPC or high-risk primary disease whose tumors show loss/alteration of PIK3R1. A 

previous study showed that a double-PIK3CA mutation predicted increased sensitivity to 

PI3kα inhibitors compared to a single hotspot mutation in patients with breast cancer (62). 

We observed strong co-occurence between PIK3R1 alteration/loss and PTEN mutation in 

both primary and metastatic prostate cancer. Therefore, it is plausible that prostate cancers 

that harbor dual alteration of PIK3R1 and PTEN may exhibit higher sensitivity towards 

AKT/PI3K inhibitors, a testable hypothesis for future studies.

FDG-PET/CT is a well-established, safe, and well-studied imaging tool that is FDA 

approved for use in staging various malignancies (41,63). The intensity of FDG uptake 

is a marker for the uptake of glucose by tumors (64), which in turn is closely correlated 

with certain types of tissue metabolism; and the intense FDG avidity of mCRPC associates 

with poor OS (27,65,66). Importantly, the correlation of FDG uptake with tumor genomic 

alteration/mutational status had not, to our knowledge, been previously addressed. In our 

Chakraborty et al. Page 16

Clin Cancer Res. Author manuscript; available in PMC 2023 February 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://clinicaltrials.gov/ct2/show/NCT03072238


analysis of patients in the MSK-IMPACT prostate cancer cohort, high FDG uptake was 

significantly associated only with alteration of PIK3R1. We found no statistically significant 

association of FDG uptake with any other mutations or signaling pathway. The canonical 

insulin-PI3K-AKT signaling acts as a primary driver of cellular glucose uptake via the 

transporter GLUT (67). Decades ago, a study in a GEMM showed that PIK3R1 deficiency 

increases insulin-mediated glucose uptake (7). Our finding of increased FDG uptake in 

PIK3R1-altered tumors gives clinical depth to this observation. Strikingly, we did not find 

any association between PTEN loss and glucose uptake, suggesting that PIK3R1 is the major 

player in the PI3K pathway in the regulation of insulin-mediated glucose uptake, which fuels 

cancer cell growth (68). The association of FDG uptake with a specific genomic alteration 

(ie, PIK3R1) may prove useful as a noninvasive screening test for potential eligibility in 

trials of therapy directed at the PI3K pathway.

Identifying vulnerabilities of PIK3R1-altered prostate cancer is particularly important given 

our finding of more aggressive clinicopathologic features associated with PIK3R1 alteration, 

including enrichment in metastatic prostate cancer and shorter biochemical recurrence-free 

survival. Our results also suggest that PIK3R1 alteration may define a distinct subtype in 

PI3K-dependent prostate cancer and may be associated with unique high glucose-uptake 

activity (summarized in Fig. 5J). In summary, our study for the first time identifies a direct 

association between PIK3R1 alterations and metastatic prostate cancer and demonstrates 

that men with mCRPC who harbor defective PIK3R1 have high FDG avidity and may 

benefit from PI3K/AKT inhibitors. Further in-depth studies are warranted to validate these 

findings and dissect therapeutic implications of PIK3R1-altered cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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STATEMENT OF TRANSLATIONAL RELEVANCE

We found that PIK3R1 alterations in prostate cancer are associated with high PI3K-AKT-

metabolic activity. Moreover, we identified frequent oncogenic alterations and reduced 

mRNA expression of PIK3R1 in advanced prostate cancer and several other tumor types 

including breast cancer and obtained evidence of its role in cancer progression and 

metastasis. Our study provides the first comprehensive evaluation of PIK3R1-alteration 

on activating PI3K-AKT signaling and resistance to anti-androgen therapy in prostate 

cancer. Thus, PIK3R1 alterations identify patients with possibly more aggressive disease, 

but more importantly, they identify patients for PI3K/AKT-inhibitor-based clinical trials.
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Figure 1: 
Flow chart of patients and samples in the MSK-IMPACT prostate cancer cohort analysis. 

Exclusion of 72 patients due to local recurrence and unknown sample types are on the basis 

of cBioportal annotation.
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Figure 2: Landscape of PIK3R1 and PI3K pathway in prostate cancer samples from MSK-
IMPACT cohort
(A) Overview of copy number prevalence identified in primary (green) and metastatic 

(purple) prostate cancer samples. Gains (top) and loss (bottom). (B) Bar charts representing 

frequency of PIK3R1 genomic losses in primary and metastatic samples (top). Stacked 

bar charts showing frequency of PIK3R1 driver alterations (mutations and fusions) in 

PIK3R1 mutated primary and metastatic samples. (C) Lollipop plot showing distribution 

of PIK3R1 driver mutations (truncating, splice, missense, and in-frame) found in both 
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primary and metastatic samples. (D) Comparison of driver alteration frequency of patients 

with alterations in the corresponding canonical PI3K oncogenic signaling pathway members 

between primary and metastasis samples. Gradations of blue depicting tumor suppressor 

genes (TSG) and red depicting oncogenes. Statistically significant genes within the PI3K 

pathway enriched in PIK3R1 altered metastatic samples are indicated with an asterisk (* p < 

0.05)
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Figure 3: Loss of PIK3R1 is associated with disease progression in prostate cancer
(A) Association between PIK3R1 mRNA expression and DNA copy number losses in 

the TCGA pan-cancer (prostate) dataset. p value was from Mann-Whitney U test. (B) 
Disease/progression-free survival (includes biochemical recurrence) according to PIK3R1 
DNA copy number status among patients with primary prostate cancer in the TCGA pan 

cancer dataset. The log-rank p value is shown. (C) Freedom from biochemical recurrence 

according to PIK3R1 mRNA expression among patients with prostate cancer from the 

TCGA pan-cancer (prostate) dataset. Tumors were divided into 4 quartiles on the basis 
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of PIK3R1 mRNA expression, and the middle two quartiles were grouped together. The 

p-value is from a Cox model adjusted for Gleason grade. (D) Disease/progression-free 

survival (includes biochemical recurrence) according to PIK3R1 DNA copy number status 

among patients in the Taylor et al prostate cancer dataset. The log-rank p value is shown. 

(E) Metastasis-free survival of patients with localized disease at the time of sequencing 

with PIK3R1 driver alteration (driver), genomic copy number loss (loss), and those with 

unaltered PIK3R1 tumor DNA in MSK-IMPACT cohort. (F) Violin plot showing the mRNA 

expression of PIK3R1 in different stages of prostate cancer (primary and metastasis) and 

in benign prostate tissue in Taylor et al prostate cancer dataset. The plot was generated 

using CANCERTOOL and p value was determined by ANOVA. (G) Heat map of mRNA 

expression of class-1 PI3K subunits in normal prostate and primary and metastatic CRPC 

samples in the Grasso prostate cancer dataset. The heat map was generated using Oncomine 

Suite. Genes are ranked on the basis of fold change (log 2; metastasis vs primary). (H) 
Overall survival of patients with metastatic castration-sensitive disease at the time of 

sequencing with PIK3R1 driver alteration, genomic copy number loss (loss), and unaltered 

PIK3R1 MSK-IMPACT cohort.
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Figure 4. PIK3R1 loss augments AKT-pathway activation and prostate cancer progression
(A) Western blot showing proteins in LAPC4 cells transfected with siRNA (SMARTPOOL; 

72 hour post transfection) targeting PIK3R1. Cells transfected with scrambled (Scr) siRNA 

were used as control. RHoGDI served as loading control. (B) Effects of RIK3R1 knockdown 

on cell proliferation. PIK3R1- or Scr-siRNA-transfected LAPC4 cells (2.5× 103/well) were 

cultured in complete medium for 4 days after transfection. Cell growth was measured 

by MTT assay at the indicated times; P-values were determined by Student’s t-test. (C) 

Top, Overnight serum-starved 22RV1 PIK3R1 knockdown and Scr control cells (48-hour 
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post siRNA transfection) were treated with insulin (0.01, 0.1 or 1 mM) for 2 hours. Cell 

lysates were analyzed for AKT activation using phospho AKT-S473 antibody by western 

blot. Total AKT was used as loading control. Bottom, Control and PIK3R1 knockdown 

22RV1 cells (103 cells/well; 24-hour post transfection) were grown in low-adherence 

tissue culture plates for 7 days in growth factor–enriched media. The photographs show 

the 40X magnification images of representative cell spheres in suspension. (D) PIK3R1- 

or scrambled SMARTpool siRNA-transfected LAPC4 cells (2.5× 103/well) were cultured 

in complete medium supplemented with enzalutamide (ENZ; 10 μM) for 96 hours after 

transfection (bottom). Equivalent volume of DMSO was used as placebo treatment. Cell 

growth was measured by MTT assay; SD, P-values determined by Student’s t-test. (E) 
PIK3R1- or scrambled (Scr) SMARTpool siRNA-transfected LAPC4 cells (2.5× 103 /well) 

cells were cultured in complete medium supplemented with AKT-inhibitor (MK2206; 0.1 

and 1 μM) or the equivalent volume of DMSO as control. After 72 hours, cells were treated 

with 0.5 mg/mL MTT and micrographed in 40x magnification (right). The bar graph shows 

the amount of cells as a percentage of the amount for Scr siRNA- and DMSO-treated 

controls (bottom). P values were calculated by Student t-test. (F) PIK3R1- or scrambled 

(Scr) SMARTpool siRNA-transfected 22RV1 cells (2.5× 103 /well) cells were cultured in 

complete medium supplemented with AKT-inhibitor (MK2206; 0.1 and 1 μM) for 72 hours 

after transfection. Cell growth was measured by the MTT assay. The bar graph shows 

the amount of cells as a percentage of the amount for Scr siRNA- and DMSO-treated 

samples (bottom). P values were calculated by Student t-test. (G) The lollipop plot (top) 

and Oncoprint (bottom) showing the PIK3R1 mutation in MSK mCRPC organoids (MSK-

PCa1–7) (H) Status of PIK3R1, activated AKT and PTEN in mCRPC-derived organoids 

(MSKPCa1–3) were analyzed by western blot using the indicated antibodies. Lysate from 

parental benign organoid was used as control. b-Actin was used as loading control. (I) 
Organoids (MSK-PCa1 and MSK-PCa 3) were counted and plated (5000 cells/well in 100 

μL media) to 96-well plates coated with collagen (Collagen I, 50 μg/ml), then treated with 

indicated concentrations of AKT inhibitors (ipatasertib and MK2206) or DMSO. After 7 

days, cells were treated with 0.5 mg/mL MTT. The graphs represent the inhibition of cell 

viability by AKT-inhibitors treatment. P values were calculated by Student t-test.
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Figure 5: PIK3R1 altered prostate cancer exhibit higher glycolytic activity and PIK3R1 
associated with aggressive disease in multiple cancer types
(A) Histogram of the normalized 18F-FDG peak density of prostate tumors (log 2 value). (B) 

Box-whisker plot of 18F-FDG uptake in PIK3R1-wildtype vs PIK3R1-altered (Mut) prostate 

cancer patients in the MSK-IMPACT cohort (primary and metastatic; n=313). Metastatic 

tumors are marked in red and primary prostate cancer are in black. (C) Representative 

fused 18F-FDG-PET/CT images (top) and CT-guided biopsy (bottom) of two patients with 

mCRPC and pelvic bone metastases (PIK3R1 wild type on the left, and mutant on the 
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right). 18F-FDG uptake in was markedly higher in the PIK3R1-mutated tumor than in the 

PIK3R1-wildtype tumor (WT, SUVpeak 2.89 and PIK3R1 MUT, SUVpeak 13.23). (D) 

PIK3R1 mRNA expression (log2(TPM + 1)) in various tumor types compared to normal 

tissue in TCGA dataset. The graphs were generated using GEPIA tool. (E) Oncoprint 

showing PIK3R1 and PIK3CA oncogenic alteration in MSK-IMPACT breast cancer cohort 

(top). Kaplan-Meier curves displaying overall survival of metastatic breast cancer patients 

based on PIK3CA and PIK3R1 alterations (bottom). Tumors harboring oncogenic mutations 

in PIK3R1 are displayed in blue, those with known or putative functional alterations in 

PIK3CA are shown in pink, and those without either of these two alterations are shown 

in dark gray. (F) The alteration frequency of PIK3R1 (top) and PIK3CA (bottom) among 

various breast cancer subtypes in the MSK-IMPACT cohort. P value is from chi-squared 

test. (G) Violin plot showing mRNA expression of PIK3R1 in various breast cancer subtypes 

in the METABRIC breast cancer dataset. (H) Overall survival of HR+/ HER2- breast cancer 

patients in MSK-IMPACT cohort. Tumors harboring oncogenic mutations in PIK3R1 are 

displayed in blue, those with known or putative functional alterations in PIK3CA are shown 

in pink, and those without either of these two alterations are shown in dark grey. (I) PIK3R1 
or scrambled (Scr) SMARTpool siRNA-transfected MDAMB-231 breast cancer cells (2.5× 

103 /well) were cultured in complete medium supplemented with AKT-inhibitor (MK2206 

and ipatasertib; 0.1 and 1 μM) or DMSO for 72 hours after transfection. Cells were then 

treated with 0.5 mg/mL MTT. The bar graph shows the quantity of cells as a percentage of 

the quantity for Scr siRNA- and DMSO-treated samples (bottom). P values were calculated 

by Student t-test. (J) Schematic representation showing the PIK3R1-mediated regulation of 

insulin-PI3K/AKT signaling pathway and glucose uptake in cells. IRS1; Insulin Receptor 

Substrate 1.
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