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Metastatic castration-resistant prostate cancer (mCRPC) is characterized

by loss of androgen receptor (AR) sensitivity and oncogenic activation of

the PI3K/AKT/mTOR (PAM) pathway. Loss of the PI3K regulator PTEN

is frequent during prostate cancer (PC) initiation, progression, and thera-

peutic resistance. Co-targeting the PAM/AR pathways is a promising

mCRPC treatment strategy but is hampered by reciprocal negative feed-

back inhibition or feedback relief. Most PAM inhibitors selectively spare

(or weakly inhibit) one or more key nodes of the PAM pathway, potentiat-

ing drug resistance depending on the PAM pathway mutation status of

patients. We posited that gedatolisib, a uniformly potent inhibitor of all

class I PI3K isoforms, as well as mTORC1 and mTORC2, would be more

effective than inhibitors targeting single PAM pathway nodes in PC cells.

Using a combination of functional and metabolic assays, we evaluated a

panel of PC cell lines with different PTEN/PIK3CA status for their sensi-

tivity to multi-node PAM inhibitors (PI3K/mTOR: gedatolisib, samotoli-

sib) and single-node PAM inhibitors (PI3Ka: alpelisib; AKT: capivasertib;

mTOR: everolimus). Gedatolisib induced anti-proliferative and cytotoxic

effects with greater potency and efficacy relative to the other PAM inhibi-

tors, independent of PTEN/PIK3CA status. The superior effects of gedato-

lisib were likely associated with more effective inhibition of critical

PAM-controlled cell functions, including cell cycle, survival, protein syn-

thesis, oxygen consumption rate, and glycolysis. Our results indicate that
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potent and simultaneous blockade of all class I PI3K isoforms, mTORC1,

and mTORC2 could circumvent PTEN-dependent resistance. Gedatolisib,

as a single agent and in combination with other therapies, reported promis-

ing preliminary efficacy and safety in various solid tumor types. Gedatoli-

sib is currently being evaluated in a Phase 1/2 clinical trial in combination

with darolutamide in patients with mCRPC previously treated with an AR

inhibitor, and in a Phase 3 clinical trial in combination with palbociclib

and fulvestrant in patients with HR+/HER2� advanced breast cancer.

1. Introduction

Prostate cancer (PC) cell growth typically relies on acti-

vation of androgen receptor (AR) signaling by system-

ic/circulating androgens. At early stages of the disease,

androgen deprivation therapy (ADT) and AR signaling

inhibitors are effective. However, prostate tumor cells

often develop resistance mechanisms that make them

less sensitive to AR inhibition and more reliant on alter-

native pathways, such as the PI3K-AKT–mTOR

(PAM) signaling pathway. As a consequence, new ther-

apies are required to treat PC that progresses to

castration-resistant prostate cancer (CRPC), which has

a much poorer prognosis [1,2].

The PAM pathway controls many aspects of cell

physiology, including cell survival and proliferation,

protein synthesis, and metabolic homeostasis. Key

nodes of this pathway include class I PI3K enzymes

with different catalytic subunit isoforms (p110a, b, c,
d), AKT, mTOR complex 1 (mTORC1), and mTOR

complex 2 (mTORC2) (Fig. 1A). PI3K is activated

in response to extracellular signals (e.g., nutrients,

hormones, growth factors) through different mem-

brane receptors (e.g., receptor tyrosine kinases,

RTKs). Active PI3K converts phosphatidylinositol

(4,5)-bisphosphate (PIP2) into phosphatidylinositol

(3,4,5)-trisphosphate (PIP3), which triggers the activa-

tion of a cascade of downstream targets, most notably

AKT. One of the main AKT effectors is mTORC1,

which promotes anabolic processes necessary for cell

growth and proliferation. AKT can also regulate other

effectors, such as Forkhead Box O (FOXO) and Gly-

cogen synthase kinase 3 (GSK3), which control many

other cellular functions, including cell cycle, cell sur-

vival, and cell metabolism. AKT is also phosphory-

lated and activated by mTORC2, which is another

downstream PI3K effector providing additional con-

trol over AKT activity. The PTEN phosphatase, by

converting PIP3 to PIP2, represents one of main

repressing, termination mechanisms of the PAM sig-

naling pathway [3–5].

Dysregulation of the PAM pathway in PC can be

driven by genetic alterations or aberrant expression of

PAM pathway genes, such as PTEN and PIK3CA

(encoding the p110a catalytic subunit of PI3K). PTEN

loss of function, primarily due to copy-number loss,

has been detected in 15–30% of primary tumors and

40–60% of metastatic CRPC (mCRPC), while

PIK3CA amplification or activating mutations have

been reported in up to 15–30% of CRPC [1,2,6,7].

Animal studies have shown that PTEN loss and PI3K

activation have a causal role in prostate tumor growth

[8,9]. Details of reciprocal feedback loops between the

androgen signaling and the PAM signaling tie treat-

ment with AR signaling inhibitors indirectly to

increased PAM activation. For instance, AR inhibition

can activate AKT by reducing the levels of the AKT

phosphatase, PHLPP, via FKBP5 chaperone reduction

[10].

From a mechanistic standpoint, increased activation

of the PAM signaling can drive tumor development

and progression by affecting multiple cellular func-

tions, e.g. by promoting cell cycle progression, coun-

teracting pro-apoptotic signals, and inducing metabolic

adaptations required to sustain tumor growth (e.g.,

increased glycolytic activity) [11]. Since tumor cells

heavily rely on PAM-controlled cellular functions, tar-

geting this pathway is a promising strategy for cancer

treatment, and several small molecules inhibiting single

or multiple nodes of the PAM pathway have been

developed [12]. Several single-node PAM inhibitors are

FDA-approved for advanced breast cancer in combi-

nation with hormonal therapy, including everolimus

(mTORC1 inhibitor), alpelisib (PI3Ka inhibitor), and

capivasertib (AKT inhibitor). Currently, there are no

FDA-approved PAM inhibitors for PC, but several

PAM inhibitors (e.g. samotolisib, everolimus, capiva-

sertib) have been or are currently being evaluated in

phase 2/3 PC clinical trials in combination with AR

signaling inhibitors [2].
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Due to the complexity of the PAM pathway and the

many cellular functions controlled by this pathway to

preserve cell viability, the efficacy of single-node PAM

inhibitors can be limited by feedback loops and compen-

satory mechanisms, even when a PAM inhibitor is com-

bined with other therapies [13,14]. Partly due to these

mechanisms, single-node PAM inhibitors can show dif-

ferent efficacy in cancer cell contexts with different PAM

pathway mutations. For instance, AKT inhibitors seem

to be more effective in PC cells with PTEN loss, while

PIK3a inhibitors seem to be more effective in PC cells

with mutated PIK3CA and wild-type PTEN [15]. Inhibi-

tion of multiple nodes of the PAM pathway by dual

PI3K/mTOR inhibitors are expected to overcome

de novo adaptive resistance mechanisms associated with

single-node antagonisms and, consequently, be effective

in a broader patient population [14]. However, while

potentially more efficacious, many dual PI3K/mTOR

inhibitors cannot be used at effective concentrations due

to the route of administration or dose-limiting toxicities.

For instance, the dual PI3K/mTOR inhibitor dactolisib

has shown good efficacy in non-clinical models, but clini-

cal testing in various tumor types, including mCRPC

(NCT01717898), has been discontinued due to toxicity

[16].

Gedatolisib is a reversible, ATP-competitive, dual

PI3K/mTOR inhibitor targeting all class I PI3K iso-

forms, as well as mTORC1 and mTORC2, with simi-

lar potencies [17,18]. Early clinical studies showed

preliminary gedatolisib efficacy in multiple tumor types

with fewer class-associated adverse effects (e.g. skin

and gastrointestinal toxicities, hyperglycemia) relative

to published data for other PAM inhibitors [19–26]. A
global Phase 3 clinical trial (VIKTORIA-1,

NCT05501886) is currently evaluating gedatolisib in

combination with fulvestrant, with and without palbo-

ciclib, in patients with HR+/HER2� advanced breast

cancer. In addition, gedatolisib is also being evaluated

in combination with darolutamide in patients with

mCRPC previously treated with an AR inhibitor in a

Phase 1/2 clinical trial (CELC-G-201, NCT06190899).

To characterize how PAM pathway node inhibition

controls specific PC cell activities, the present study

employed multiple functional analyses to compare the

effects of gedatolisib to another pan-PI3K/mTOR

inhibitor (samotolisib, weaker mTOR inhibition) and

to single-node PAM inhibitors (alpelisib, capivasertib,

everolimus) in PC cell lines with various PTEN status

and androgen sensitivity. We demonstrated that equi-

potent pan-PI3K/mTOR inhibition by gedatolisib was

more effective than the other PAM inhibitors at atten-

uating multiple PAM-controlled cellular and metabolic

functions driving tumor growth, including protein

synthesis, cell cycle progression, cell survival, and cell

migration. Consequently, gedatolisib exerted greater

anti-proliferative and cytotoxic effects than the other

PAM inhibitors tested, regardless of PTEN status or

androgen sensitivity.

2. Materials and methods

2.1. Cell culture

The following prostate cancer cell lines were obtained

from ATCC (Manassas, VA, USA): 22Rv1 (RRID:

CVCL_1045), MDA-PCa-2b (RRID: CVCL_4748),

Du145 (RRID: CVCL_0105), VCaP (RRID:

CVCL_2235), LNCaP (RRID: CVCL_0395), LNCaP

C4-2 (RRID: CVCL_4782; here referred to as C4-2),

PC3 (RRID: CVCL_0035). Cell lines were authenticated

by STR profiling (ATCC) and tested negative for myco-

plasma. Cells were maintained based on ATCC recom-

mendations in growth medium supplemented with 10–
20% FBS (R&D Systems, Minneapolis, MN, USA, lot

G21162) in a humidified incubator at 37 °C and 5%

CO2. The same lot of FBS was used throughout the

study. According to published data, the amount of tes-

tosterone and dihydrotestosterone (DHT) in FBS is

~ 1 ng�mL�1 (~ 3.4 nM), which is within the adult men’s

physiological low range (< 2.4 ng�mL�1) [27]. Cell viabil-

ity experiments were also performed in medium supple-

mented with charcoal-stripped FBS (which is depleted of

androgens) and 1 nM DHT and showed PAM inhibitor

responses similar to the ones observed in medium supple-

mented with regular FBS (Table S1). Cells were passaged

when sub-confluent and used for experiments at early

passages after thawing. The cell lines’ PTEN expression,

AR expression, and androgen sensitivity were based on

previous studies [28–31]. PIK3CA driver alterations were

identified by analysis of the Cancer Cell Line Encyclope-

dia (CCLE, Broad 2019 dataset) through cBioPortal

(https://www.cbioportal.org/).

2.2. Treatments

Gedatolisib, samotolisib, alpelisib, capivasertib, evero-

limus, copanlisib, taselisib, and ipatasertib (Selleck-

chem, Houston, TX, USA) were reconstituted in

DMSO and stored in aliquots at �30 °C. Cells were

diluted in culture medium and seeded on white 96-well

plates coated with a mixture of fibronectin (Sigma-

Aldrich, St. Louis, MO, USA) and collagen 1

(Advance Biomatrix, Carlsbad, CA, USA) or collagen

1, fibronectin, and laminin-521 (BioLamina, Sundby-

berg, Sweden) in a total volume of 180 lL. Each cell

line was seeded at a density optimized to ensure that
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untreated cells did not reach confluency by the end of

the experiment. Cells were let attach overnight and

treated with PAM inhibitors or relative vehicle

(DMSO) by adding 20 lL of 109 drug freshly diluted

in medium as previously described [32].

2.3. Cell viability and proliferation-normalized

growth rate assays

After a 72-h treatment with PAM inhibitors or

DMSO, cells were analyzed for cell viability by using

the RT-Glo MT luciferase assay (Promega, Madison,

WI, USA) as previously described [32]. The RTGlo

MT enzyme and substrate were diluted 1 : 600 in

warm medium and 40 lL/well were added to 96-well

plates containing 200 lL medium/well. Plates were

incubated for 1 h in a cell culture incubator at 37 °C
and 5% CO2, and luminescence was measured with an

Infinite M1000 (Tecan, Mannedorf, Switzerland)

microplate reader. Wells with culture medium + RT-

Glo MT were used for background subtraction. End-

point background-subtracted luminescence was

normalized to DMSO-treated cells (set as 1) to obtain

relative viability values. RTGlo MT measurements

(B)

(C)

(D)

AOC

(E)

(F)

GR metrics

(A)

PTEN PDK1

AKTmTORC2

mTORC1

4EBP1P RPS6P

Protein synthesis, metabolism, 
survival, proliferation

PIP2 PIP3

PI3K

RTKs,
GPCRs, …

Rheb

TSC

S6Ks

Drug PAM 
specificity 

Cell-free Assay Ki (n�)

PI3Kα PI3Kβ PI3Kγ PI3Kδ mTOR AKT1/2/3
Gedatolisib PanPI3K/mTOR 0.4 6 8 6 1 -
Samotolisib PanPI3K/mTOR 6 77 23 38 165 -
Alpelisib PI3Kα 5 >1000 250 290 - -
Capivasertib AKT - - - - - 3/8/8
Everolimus mTOR - - - - 1.6 -

Cell line PTEN 
gene

PTEN 
protein PIK3CA PIK3R1 AR status Androgen 

sensitivity (1)
22RV1 +/+ Positive Mut wt Positive AI/S
MDA-PCa-2b +/+ Positive wt wt Positive AI/S
Du145 +/- Positive (2) wt wt Negative AI
VCaP +/+ Positive wt wt Positive AI/S
LNCaP -/- Negative wt Mut Positive AD/AS
C4-2 -/- Negative wt Mut Positive (3) AI (3)
PC3 -/- Negative wt DEL Negative AI

Geda
1.4-1000

Samo
1.4-1000

Alpe
1.4-1000

Capi
1.4-1000

Eve
1.4-333

22RV1
MDA-PCa-2b

Du145
VCAP

LNCaP
C4-2
PC3

+ + mt
+ + wt
- + wt
+ + wt
+ - wt
+ - wt
- - wt

n�

AR PT
EN

PI
K3

CA

10
-1

10
0

10
1

10
2

10
3

-1.0

-0.5

0.0

0.5

1.0

Drug Concentration

G
R

va
lu

e

Cytostatic
(GR = 0)

Anti-proliferative
(GR > 0)

Cytotoxic
(GR < 0)GR50

GRMax

GR metrics

AR PT
EN

PI
K3

CA GR50 (n�) GR-Max GR-AOC
Geda Samo Alpe Capi Eve Geda Samo Alpe Capi Eve Geda Samo Alpe Capi Eve

22RV1 + + mt 6.1 58 56 18 0.25 -0.53 -0.35 0.35 -0.16 0.27 2.87 1.27 1.67 1.80 2.24
MDA-PCa-2b + + wt 16.3 167 2 130 0.05 -0.63 -0.03 -0.23 0.11 -0.26 2.49 0.79 3.53 0.10 3.76

Du145 - + wt 16.8 131 >1000* >1000* >1000* -0.08 0.22 0.94 0.67 0.67 1.86 0.94 0.01 0.33 0.94
VCAP + + wt 11.4 240 49 >1000* >1000* -0.53 0.04 0.22 0.66 0.61 3.39 0.60 1.75 0.22 1.06

LNCaP + - wt 8.4 29 >1000* 19 1.14 -0.55 -0.43 0.53 -0.65 0.13 2.80 1.91 0.86 2.33 2.00
C4-2 + - wt 12.2 59 >1000* 28 0.36 -0.44 -0.25 0.97 -0.27 0.45 2.40 1.26 -0.16 1.75 1.78
PC3 - - wt 12.3 49 >1000* 543 0.88 -0.32 -0.17 0.83 0.43 0.39 2.29 1.43 0.45 0.47 1.75

Average all (n=7) 12 105 587 391 286 -0.44 -0.14 0.52 0.11 0.32 2.58 1.17 1.16 1.00 1.93
PTEN-negative (n=3) 11 45 >1000 197 0.79 -0.44 -0.28 0.78 -0.16 0.32 2.50 1.53 0.39 1.52 1.84
PTEN-positive (n=4) 13 149 277 537 500 -0.44 -0.03 0.32 0.32 0.32 2.65 0.90 1.74 0.61 2.00

GR value
0-0.5-1 0.5 1
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before and after 72 h PAM inhibitor treatment were

used to calculate normalized growth rate (GR) inhibi-

tion as described [33]. The GR values at time “t” in

the presence of drug at concentration “c” were calcu-

lated using the formula GR(c, t) = 2k(c, t)/k(0) � 1

where k(0) is the growth rate of untreated control cells

and k(c, t) is the growth rate of drug-treated cells. GR

values between 0 and 1 indicate an anti-proliferative

effect; GR values = 0 indicate a complete cytostatic

effect; and GR values between �1 and 0 indicate a

cytotoxic effect. GR50 (concentration required to

obtain a GR value = 0.5) and GRMax (GR value at

the maximum concentration tested) were calculated

from dose response curves to assess drug potency and

efficacy, respectively. The area over the curve (GRAOC)

was used to assess potency and efficacy at the same

time without the constraint of curve fitting [33]. PRISM

(GraphPad Software, Boston, MA, USA) was used to

plot DRCs and to calculate the IC50 and the GR50 of

the various PAM inhibitors. GRMax and GRAOC were

calculated with the online GR calculator tool

(http://www.grcalculator.org/grcalculator/).

2.4. CELsignia test

For the CELsignia test, cells were counted using an

NucleoCounter NC-250 (Chemometec, Allerod, Den-

mark) and seeded in duplicate into 96-well E-plates

(Agilent, Santa Clara, CA, USA) coated with collagen

1 and fibronectin. Real-time live cell responses to

1-oleoyl lysophosphatidic acid (LPA) (Bio-techne

Tocris, Minneapolis, MN, USA) with and without

gedatolisib (Selleckchem) were measured and quanti-

fied using an xCELLigence RTCA impedance biosen-

sor (Agilent) as described previously [32,34,35]. After

attachment, cells were treated for 18 h of gedatolisib

before addition of 125 nM LPA for 4 h. Impedance

changes were recorded throughout the experiment and

analyzed using TRACEDRAWER (Ridgeview Instruments

AB, Uppsala, Sweden). LPA signal inhibition by geda-

tolisib was calculated as previously described [34,35].

2.5. Flow cytometry

Flow cytometry analyses were performed on cells col-

lected from 96 well plates after drug treatment for the

indicated time as previously described [32]. For DNA

replication analysis, cells were incubated with 10 lM 5-

ethynyl-20-deoxyuridine (EdU) (Thermo Fisher, Wal-

tham, MA, USA) for the last 2 h of drug treatment. For

protein synthesis analysis, cells were incubated with 5 lM
O-propargyl-puromycin (OPP) (Thermo Fisher) for the

last 30 min of drug treatment. At the end of the treat-

ment, both attached cells and floating cells in the culture

medium were collected for analysis. Cells were detached

with 0.25% Trypsin (Corning, Corning, NY,

USA) + 0.5 mM EDTA (Amresco, Solon, OH, USA),

blocked with 0.3% Ovomucoid trypsin inhibitor

(Worthington, Lakewood, NJ, USA), and transferred to

a deep-well 96 well plate. Cells were spun down at 300 g

for 7 min at 4 °C, washed with PBS, stained with Zombie

NIR viability dye (Biolegend, San Diego, CA, USA) for

15 min at room temperature, washedwith FACS staining

buffer (FSB: PBS + 0.5%BSA + 0.02% SodiumAzide),

fixed with 1.6% paraformaldehyde for 10 min (Electron

Microscopy Sciences, Hatfield, PA,USA), and permeabi-

lized with cold ACS grade methanol (Sigma) for 15 min.

The cells were then used for the following assays.

2.5.1. Analysis of DNA replication, cell cycle, cell

death, and apoptosis

DNA replication was assessed by detection of EdU

incorporation into newly synthesized DNA, while the

Fig. 1. Analysis of PI3K/AKT/mTOR (PAM) inhibitors response in prostate cancer (PC) cell lines using growth rate (GR) metrics. (A) Simplified

scheme of the PAM pathway. (B) Gedatolisib, samotolisib, alpelisib, capivasertib, and everolimus target PAM pathway nodes with different

specificity and affinity [17,39,50,82,83]. (C) PC cells lines used in this study. (1) AD , androgen-dependent (require androgens to grow), AI,

androgen independent (do not require androgens to grow), AI/S, androgen independent/androgen responsive (do not require androgens to

grow, but show a growth response in their presence) [30]; (2) Heterozygous PTEN; (3) Androgen receptor (AR) expression lower than parental

LNCaP [31]; (D) GR metrics are used to assess drugs anti-proliferative effects (GR value = 0–1), cytotoxic effects (GR < 0), potency (GR50), and

efficacy (GRMax). Efficacy and potency can also be assessed by GRAOC (area over the curve). Lower GR50 indicates higher potency; higher

negative GRMax indicates higher efficacy; higher GRAOC indicates higher potency and efficacy. (E) Heatmap showing average GR values (n = 2)

in seven PC cell lines treated for 72 h with increasing PAM inhibitors concentrations. See Table S3 for data. (F) Summary of PAM inhibitors

GR50, GRMax and GRAOC in the PC cell lines tested. Average values in PTEN-positive and PTEN-negative subpopulations are shown. *Max

concentration tested, GR50 not reached. The results in (E, F) are representative of two separate experiments. Orange cells = AR-negative,

PTEN-negative, or PIK3CA-mutant (mt). 4EBP1, eukaryotic translation initiation factor 4E-binding protein 1; alpe, alpelisib; AOC, area over the

curve; capi, capivasertib; eve, everolimus; geda, gedatolisib; GPCR, G protein-coupled receptor; mTORC1, mTOR complex 1; mTORC2, mTOR

complex 2; P, phosphorylation; PDK1, 3-phosphoinositide-dependent protein kinase-1; PI3K, phosphatidylinositol 3-kinase; PIP2,

phosphatidylinositol (4,5)-bisphosphate; PIP3, phosphatidylinositol (3,4,5)-trisphosphate; Rheb, Ras homolog, mTORC1 binding; RPS6,

ribosomal protein S6; RTKs, receptor tyrosine kinases; S6K, S6 kinase; samo, samotolisib; TSC, tuberous sclerosis complex.
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cell cycle phases were quantified by DNA staining with

FxCycle violet (Thermo Fisher) as previously described

[32]. EdU incorporation was detected in fixed and per-

meabilized cells by using the Click-iT EdU Alexa

Fluor 647 kit (Thermo Fisher) according to the ven-

dor’s instructions. After the Click-iT reaction, cells

were washed with FSB buffer, stained with anti-

cleaved caspase 3-A488 antibody (Cell Signaling, Dan-

vers, MA, USA; 1 : 20 dilution) for 30 min at 4 °C,
washed with FSB, and run on a Novocyte 3005 (Agi-

lent) flow cytometer. NovoExpress 1.5.6 (Agilent) was

used for gating and data analysis. Dead cells were

identified by Zombie staining, and live apoptotic cells

were identified by cleaved caspase 3 staining within the

Zombie-negative (live) cells. The live cell population

was further gated for EdU incorporation to identify

cells with active DNA replication, and FxCycle Violet

to identify G0/G1, S, and G2/M phases. EdU incorpo-

ration data were normalized to DMSO-treated control

cells (set at 1). EdU incorporation and cell death were

also analyzed using a staining panel containing Zom-

bie NIR, EdU-A647, anti-pRPS6-BV421(S235/S236)

(Biolegend; 1 : 50 dilution) and anti-p4EBP1-AF488

(T36/T45) (BD Biosciences, Franklin Lakes, NJ, USA;

1 : 25 dilution).

2.5.2. Analysis of PAM pathway activity and protein

synthesis

PAM pathway activity was assessed by detection of

p4EBP1(T36/T45) and pRPS6-BV421(S235/S236),

while protein synthesis was assessed by quantification

of OPP incorporation into newly synthesized proteins

as previously described [32]. After fixation and per-

meabilization, cells were stained for OPP incorporation

with Click-iT OPP Alexa Fluor 647 kit (Thermo

Fisher) based on the vendor’s instructions. Following

the Click-iT reaction, cells were washed with FSB

buffer, stained with anti-pRPS6-BV421(S235/S236)

antibody (Biolegend; 1 : 25 dilution) and anti-p4EBP1-

AF488 (T36/T45) antibody (BD Biosciences; 1 : 25

dilution) and run on a Novocyte 3005 (Agilent) flow

cytometer. OPP incorporation and pRPS6 and

p4EBP1 median levels were quantified in live cells

gated by Zombie staining and normalized to DMSO-

treated control cells (set at 1).

2.6. Metabolic studies

The oxygen consumption rate (OCR) was measured on

a Resipher instrument (Lucid Scientific, Inc., Atlanta,

GA, USA) as previously described [32]. Cells were

seeded in a 96-well plate coated with collagen

1/fibronectin or collagen 1/fibronectin/laminin-521in

180 lL/well of growth medium and let attach for 24 h.

After attachment, cells were treated by adding

20 lL/well of a 109 drug freshly diluted in medium.

Control cells were treated with an equivalent amount of

DMSO. Oxygen levels were monitored on the Resipher

during a 24 h treatment. At the end of the treatment the

live cell number was quantified by flow cytometry using

Sytox blue stain (Thermo Fischer) to exclude dead cells.

Where indicated, the OCR was normalized to the num-

ber of live cells at the end of the experiment.

Glucose and lactate levels were measured using the

Biosen R-line instrument (EKF Diagnostic, Cardiff,

UK) as previously described [32]. Cells were seeded in a

coated 96-well plate in 100 lL/well of growth medium,

let attach for 24 h, and treated by adding 10 lL/well of
an 119 drug freshly diluted in medium. After 24 h

of treatment, 10 lL of conditioned medium was added

to 500 lL glucose/lactate hemolyzing solution (EKF

Diagnostics), mixed, and analyzed on the Biosen R-line

instrument. Lactate production was calculated by

subtracting the baseline level of lactate present in non-

conditioned medium from the lactate level in the condi-

tioned medium. Glucose consumption was calculated

by subtracting the glucose level in the conditioned

medium from baseline glucose level in non-conditioned

medium. The cell number at the end of treatment was

assessed by flow cytometry as described above and used

to normalize lactate production and glucose

consumption.

Glucose uptake was assessed by Glucose Uptake-

Glo assay (Promega) according to the vendor’s proto-

col. Cells were seeded on coated 96-well plates. After

16 h incubation, cells were treated with PAM inhibi-

tors for 4 h. Cells were then washed twice with PBS

and incubated with 1 mM 2-deoxyglucose for 10 min.

Detection reagent was applied for 1 h to detect 2-

deoxyglucose-6-phosphate in the cells with an Infinite

M1000 (Tecan) microplate reader. RT-Glo MT lucifer-

ase assay was used to normalize glucose uptake to via-

ble cells.

2.7. Migration studies

Cell migration was determined using a transwell assay

with permeable support inserts for 24-multiwell plate

with 8 lm pores (Corning) as previously described

[32]. 7.5 9 104 Du145 cells resuspended in 0.5 mL

FBS-free growth medium were added to the permeable

inserts (upper chamber of the transwell assay). Adja-

cent wells (lower chamber of the transwell assay) con-

tained 0.75 mL growth media supplemented with 10%

FBS and 150 nM 1-Oleoyl lysophosphatidic acid
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sodium salt (LPA; Bio-techne Tocris) as migration sti-

mulus/attractant. Drugs at indicated doses were added

to both upper and lower chambers. Two hours after

cells were seeded, the upper chamber was moved to

the adjacent wells containing the FBS/LPA-

supplemented medium. The cells were then allowed to

migrate for approximately 24 h. The bottom of the

insert containing the migrated cells was washed, fixed,

and stained with a 1% crystal violet aqueous solution

(Sigma-Aldrich). The migrated cells were imaged, and

the stain was eluted with 33% acetic acid solution for

quantitation using Infinite M1000 (Tecan) microplate

reader at an absorbance of 570 nM.

2.8. In vivo efficacy studies

The in vivo studies were performed at Crown Biosci-

ences (Zhongshan, China) in adherence with Crown

Biosciences Animal welfare guidelines and following

approved Institutional Animal Care and Use Commit-

tee (IACUC) protocols. The in vivo studies were

approved by Crown Biosciences IACUC under license

number SOP-G-006(CBCN). Male BALB\c nude mice

at 6–8 weeks of age were ordered from GEMPharma-

tech Co. Ltd (Nanjing, China). On arrival at Crown

Biosciences, mice were transferred into polysulfone

IVC disposable cages and stored on HEPA ventilated

Innoracks in a temperature and humidity-controlled

housing room. Animals were maintained on a 12-h

light–dark cycle (lights on at 6 am and lights off at

6 pm) with access to irradiated food and softened

autoclaved water ad libitum. Following delivery and

acclimatization, mice were anesthetized with ketami-

ne/xylazine and surgically castrated. After exposing

each testicle via a midline scrotal incision, the sper-

matic cord was ligated with a 6-0 Vicryl suture, and

the testicle was removed; the scrota and skin were then

closed with 6-0 Vicryl suture, separately. Three days

after castration, each mouse was inoculated subcutane-

ously in the right upper region with 22Rv1 (1 9 107)

or PC3 (5 9 106) tumor cells resuspended in 100 lL
of 50% PBS/50% Matrigel. When the mean tumor size

reached 120–130 mm3, mice were randomized into two

arms of 10 mice each (vehicle and gedatolisib) based

on the “Matched distribution” method (STUDY

DIRECTOR
TM software, version 3.1.399.19). The date of

grouping was denoted as day 0. Clinically formulated

gedatolisib (Celcuity, Minneapolis, MN, USA) was

resuspended in water and administered intravenously

Q4D for 28 days. Mice were weighed daily and moni-

tored for signs of morbidity. Tumor volumes were

measured in two dimensions twice per week using a

caliper. The tumor volume, expressed in mm3, was

calculated using the formula: V = (L 9 W 9 W )/2,

where V is the tumor volume, L is the tumor length

(longest dimension) and W is the tumor width (longest

dimension perpendicular to L). Tumor growth inhibi-

tion (TGI) was determined by the formula: %TGI =
[1 � (Vtx � Vt0/Vcx � Vc0)] 9 100, where Vc, Vt are

the means of control and treated groups, respectively,

x is the day on study (28 days) and 0 is the day of first

dosing. Statistical significance was calculated by one-

way ANOVA.

2.9. Pharmacokinetic studies

Pharmacokinetic analysis of gedatolisib concentration

in xenograft tumor tissue was performed by OpAns,

LLC (Durham, NC, USA). Tumor tissue samples col-

lected at various time points after gedatolisib treat-

ment were frozen and analyzed by HPLC/MS–MS.

Chromatographic separations were performed using a

1290 series high pressure liquid chromatography

(HPLC) system (Agilent Technologies) with a

3 9 50 mm reversed phase column at 40 °C. Mass

spectrometric analysis was performed using an Agilent

6495 Series Triple Quadrupole tandem mass spectrom-

eter equipped with an Agilent Jet Stream Electrospray

source using nitrogen as the carrier gas and operated

in the positive ion mode. HPLC/MS–MS data acquisi-

tion and processing were performed using MassHunter

Workstation Data Acquisition for Triple Quad

(Agilent).

2.10. Bioinformatic analyses

The Prostate Cancer Transcriptome Atlas includes

sequencing data from 1223 clinical samples and was

used to infer the locations of pathway-specific tran-

scripts on a pseudotime disease progression trajectory

as described in Bolis et al. [36] using the tidyverse,

dplyr, and ggplot R packages. Pathway-specific tran-

scripts were curated from GSEA hallmark gene signa-

tures for PI3K/mTOR (overlap genes between the

HALLMARK_PI3K_AKT_MTOR_SIGNALING and

the HALLMARK_MTORC1_SIGNALING gene sets)

and glucose metabolism (REACTOME: glucose metab-

olism human gene set). A transcriptional signature for

hypoxia was created by merging a previously described

15-gene universal hypoxia classifier [37] and a PCa-

specific hypoxia signature [38]. In Bolis et al. [36], a

prostate cancer patient RNA-seq dataset (N = 1106

subjects) is analyzed to assign to each patient a unique

pseudotime value (ranging from 0 to 250), reflecting

the patient’s position upon a clinical disease progres-

sion timeline based on the patient’s overall genome
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expression state. In addition, Bolis et al. derive a Pear-

sons’s Correlation Coefficient (PCC), computing the

correlation between pseudotime (i.e., disease progres-

sion) and mRNA expression increase or decrease for

each human gene into a single value that ranges

between �1 and +1. Thus, X-axis negative values

between �1 and zero represent gene expression that

starts at a higher level in the early stages of disease

clinical presentation and decreases as the disease pro-

gresses. X-axis positive values between zero and +1
correspond to gene expression increases as patients

with PC progress to metastatic and neuroendocrine

clinical presentations of disease. Using this data frame-

work, different mRNAs (or transcriptional signatures)

can be visualized on a clinical PC disease progression

trajectory. In the temporal transcript-mapping plots

shown in our study, the X-axis displays the Pearsons’s

Correlation Coefficient (PCC) for the transcriptional

signatures analyzed. False discovery rate q-values of

mRNA-pseudotime associations are plotted on the

Y-axis as negative log10 FDR; higher Y-axis values

correspond to more robust associations with disease

progression in either a positive or negative RNA

expression change direction. Cutoffs of FDR q-value

< 0.05 and < 0.00005 correspond to Y-axis values of

PCC ~ 13 and ~ 43, respectively, on the negative loga-

rithmic scale.

2.11. Statistical analyses

Statistical significance was calculated as indicated

in the figure legends using PRISM (GraphPad). P-

values < 0.05 were considered significant.

3. Results

3.1. Analysis of PC cell lines response to PAM

inhibitors by cell viability assay and growth rate

metrics

To compare the growth-inhibitory effects of multi-

node versus single-node PAM inhibitors, seven PC cell

lines were tested for cell viability in response to treat-

ment with gedatolisib, samotolisib (pan-PI3K/mTOR

inhibitors), capivasertib (AKT inhibitor), alpelisib

(PI3Ka inhibitor), or everolimus (mTORC1 inhibitor)

(Fig. 1B). While gedatolisib and samotolisib have both

been described as pan-PI3K/mTOR inhibitors

[17,18,39], they differ in potency and uniformity of

inhibition. Gedatolisib shows equi-nanomolar cell-free

IC50 against all class I PI3K isoforms and mTOR (0.4–
nM), while samotolisib cell-free IC50 for mTOR

(165 nM) is > 25-fold higher than the IC50 for PI3Ka

(6 nM); additionally, samotolisib is also > 10-fold less

potent against PI3Kb (IC50 75 nM) than PI3Ka
(Fig. 1B). In order to evaluate the impact of PAM

alterations or androgen sensitivity on PAM antago-

nism, the cell lines were chosen to represent subpopu-

lations with different PIK3CA, PTEN, and AR status

(Fig. 1C).

Cells treated with increasing concentrations of each

PAM inhibitor for 72 h were analyzed by classical end-

point cell viability metrics (shown in Fig. S1 and

Table S2) as well as by growth rate (GR) metrics, with

similar results. Differentiated from endpoint cell viabil-

ity analyses, the GR metrics approach can identify both

anti-proliferative and cytotoxic drug effects without

confounding effects due to the different division rates of

the cell lines tested (Fig. 1D) [33]. The GR metrics anal-

ysis indicated that gedatolisib induced anti-proliferative

and cytotoxic effects in a dose-dependent fashion

(Fig. 1E and Table S3). Gedatolisib GR50 (a measure of

potency) ranged from 6 to 17 nM and the GRMax

(a measure of efficacy) ranged from �0.1 to �0.6, indi-

cating potent cytotoxic effects in all cell lines tested,

regardless of PIK3CA status, PTEN expression, AR

expression, or androgen sensitivity (Fig. 1F).

On average, gedatolisib generally showed greater

potency and efficacy than the other PAM inhibitors,

in both PTEN-negative and PTEN-positive cell lines.

In PTEN-negative cells, capivasertib was less potent

than gedatolisib, with an average GR50 almost 18-fold

higher than gedatolisib GR50 (197 nM versus 11 nM,

respectively), while alpelisib failed to reach the GR50

at concentrations up to 1000 nM. Everolimus showed

higher potency (average GR50 = 0.8 nM) than gedatoli-

sib in this cell subpopulation but was less potent than

gedatolisib in PTEN-positive cell lines (average

GR50 = 500 nM versus 13 nM, respectively). Similarly,

capivasertib, alpelisib, and everolimus GRMax values

were, on average, lower than gedatolisib GRMax

(�0.16, 0.78, 0.32 versus �0.44, respectively), indicat-

ing lower efficacy. The other pan-PI3K/mTOR inhibi-

tor, samotolisib, showed greater efficacy than

thesingle-node PAM inhibitors but did not reach the

same level of cytotoxicity induced by gedatolisib (aver-

age GRMax = �0.28). In PTEN-positive cells, gedatoli-

sib was more potent and efficacious relative to all the

other PAM inhibitors evaluated.

Further analysis of the GRAOC, a GR metric captur-

ing both potency and efficacy, where a higher number

indicates higher activity, confirmed that gedatolisib

exerted greater growth-inhibitory effects relative to the

other PAM inhibitors (average GRAOC = 2.50 for

gedatolisib versus GRAOC = 1.53, 0.39, 1.52, and 1.84

for samotolisib, alpelisib, capivasertib, and everolimus,
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respectively, in PTEN-negative cells) (Fig. 1F). Of

note, gedatolisib displayed similar potency and efficacy

in PTEN-positive and PTEN-negative cells, while capi-

vasertib and samotolisib were more potent and effica-

cious in PTEN-negative cells and alpelisib was more

potent and efficacious in PTEN+ cells (see average

GRAOC values in Fig. 1F). Additional experiments

showed that gedatolisib was also more potent and effi-

cacious than ipatasertib (AKT inhibitor), copanlisib

(pan-PI3K inhibitor with mTOR IC50 = 45 nM), and

taselisib (PI3Ka,c,d inhibitor) (Fig. S2 and Table S3).

In order to detail the functional aspects of gedatoli-

sib’s greater potency and efficacy, we set out to investi-

gate the effect of the various PAM inhibitors on

PAM-controlled cancer cell functions known to play a

critical role in cancer cell survival and proliferation.

3.2. Effects of PAM inhibitors on cell cycle and

DNA replication functions

The role of the PAM pathway in promoting cell cycle

progression and cell proliferation is well established [3,4].

To compare the effects of single-node and multi-node

PAM inhibitors on cell cycle and DNA replication, PC

cell lines were exposed to increasing doses of each PAM

inhibitor for 48 h and analyzed by flow cytometry for

DNA replication and cell cycle distribution by EdU

incorporation and DNA staining with FxCycle, respec-

tively (Fig. 2A). Gedatolisib inhibited cell cycle progres-

sion in a dose-dependent manner in both 22RV1

(PTEN+) and LNCaP (PTEN�) cells. Cell cycling was

mostly inhibited at the G0/G1 and S phases. Starting

from 12 to 37 nM, gedatolisib increased the G0/G1 phase

from 44% up to 73% in 22RV1 and from 68% up to

84% in LNCaP at the maximum concentration tested

(1000 nM). Concomitantly, DNA replication during the

S phase decreased from 37% to 2% in 22RV1 and from

18% to 0% in LNCaP (Fig. 2A and Table S4). Capiva-

sertib effectively reduced the S phase (from 18% to 1%)

and increased the G0/G1 phase (from 68% to 88%) at

concentrations > 111 nM in LNCaP cells (PTEN�) but

had almost no effect in 22RV1 cells (PTEN+). Everoli-
mus and alpelisib slightly decreased the S phase (from

37% to 21–29%) and increased the G0/G1 phase (from

44% to 53–56%) in 22RV1 cells but had no effect on

LNCaP. The other pan-PI3K/mTOR inhibitor, samoto-

lisib, reduced S phase and increased G0/G1 phase to the

same degree as gedatolisib in both LNCaP and 22RV1,

but at higher concentrations (> 111–333 nM) (Fig. 2A

and Table S4).
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Fig. 2. Effects of PI3K/AKT/mTOR (PAM) inhibitors on cell cycle and DNA replication. (A) Flow cytometric analysis of the cell cycle phases

by EdU incorporation and FxCycle staining in 22RV1 and LNCaP cell lines treated with PAM inhibitors for 48 h. Data represent mean � SD

(n = 2). See Table S4 for data. (B) Heatmap showing average inhibition of EdU incorporation (n = 2) in six PC cell lines treated with PAM

inhibitors at increasing concentrations for 48 h. See Table S5 for data. (C) Comparison of PAM inhibitors efficacy in inhibiting EdU

incorporation at 111 nM. The results are representative of three separate experiments. Orange cells = AR-negative, PTEN-negative, or

PIK3CA-mutant (mt). A647, Alexa Fluor 647; alpe, alpelisib; capi, capivasertib; EdU, 5-ethynyl-20-deoxyuridine; eve, everolimus; geda,

gedatolisib; samo, samotolisib.
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DNA replication was further analyzed in a panel of

6 PC cell lines with or without PTEN loss after treat-

ment with increasing doses of different PAM inhibitors

for 48 h. At the maximum concentration tested, geda-

tolisib induced > 80% average inhibition of EdU

incorporation in all cell lines, while > 80% inhibition

was achieved only in three cell lines for samotolisib,

two cell lines for capivasertib, and no cell lines for

everolimus and alpelisib (Fig. 2B and Table S5). On

average, at 111 nM, gedatolisib inhibited EdU incorpo-

ration by 84%, compared to 46%, 7%, 9%, and 43%

for samotolisib, alpelisib, capivasertib, and everolimus,

respectively. Gedatolisib was equally effective in

PTEN� and PTEN+ cell lines (83% versus 85% inhi-

bition), while everolimus and samotolisib showed bet-

ter efficacy in PTEN� cell lines (58–65% inhibition)

relative to PTEN+ cells (28% inhibition) (Fig. 2C).

Based on these observations, we concluded that

gedatolisib inhibited cell cycle progression and DNA

replication more effectively relative to the other PAM

inhibitors evaluated, both in PTEN� and PTEN+ PC

cell lines.

3.3. Effects of PAM inhibitors on cell death and

apoptosis functions

Activation of the PAM pathway is known to promote

cell survival through inhibition of pro-apoptotic path-

ways [3,4]. To determine if single-node and multi-node

PAM inhibitors had different effects on apoptosis and

cell death, PC cell lines were treated with increasing

concentrations of each PAM inhibitor for 48 h and

analyzed by flow cytometry for the presence of dead

cells (identified by Zombie staining) or live apoptotic

cells (identified by cleaved caspase 3). Gedatolisib

induced apoptosis and cell death in a dose-dependent

fashion in both 22RV1 (PTEN+) and LNCaP

(PTEN�) cells. Starting from 37 nM, gedatolisib

increased the % of dead and apoptotic cells up to

47% in 22RV1 and up to 77% in LNCaP at the maxi-

mum concentration tested (1000 nM). Samotolisib,

capivasertib and everolimus increased cell death and

apoptosis up to 59%, 72%, and 34%, respectively, in

LNCaP cells but had very modest effects in 22RV1

cells (PTEN+). Alpelisib did not induced relevant cell

death or apoptosis in either 22RV1 or LNCaP cells

(Fig. 3A and Table S6).

The effect of gedatolisib and the other PAM inhibi-

tors on cell death was then analyzed in six PC cell

lines with different PTEN status (Fig. 3B and

Table S7). Treatment with 111 nM gedatolisib for 48 h

induced > 20% cell death over DMSO-treated cells in

three of the six cell lines tested (22RV1, LNCaP, C4-

2), compared to one cell line (LNCaP, PTEN�) for

samotolisib and no cell lines for alpelisib, capivasertib,

and everolimus at the same concentration (Fig. 3C).

Targeting of AKT or mTOR has been suggested to

be less effective than PI3K inhibition at inducing rapid

(< 24 h) apoptosis and cell death in cancer cells [40].

To compare the effects of a short, transient exposure

to PAM inhibitors on cell death, 22RV1 (PTEN+) and
LNCaP (PTEN�) cells were treated with gedatolisib

or single-node PAM inhibitors for 24 h followed by a

washout and media change with drug-free medium for

48 h. As a control, cells were also treated continuously

with gedatolisib for 72 h. As shown in Fig. 3D, both

transient and continuous gedatolisib treatment

(333 nM) induced significant cell death in the cell lines

tested. Capivasertib and everolimus induce significant

LNCaP cell death after continuous treatment for 72 h,

but the induction of cell death was greatly reduced

when cells were treated for only 24 h (Fig. 3D).

Overall, these results showed that pan-PI3K/mTOR

inhibition, even when transient, induced greater cell

death than inhibition of single PAM pathway nodes.

3.4. Effects of PAM inhibitors on PAM pathway

activity and protein synthesis functions

PAM pathway activation, through mTORC1 and its

downstream effectors S6K and 4EBP1, leads to

increased protein synthesis [41]. Since cancer cells

depend on protein synthesis to maintain their increased

growth rate [41,42], we tested the effect of the different

PAM inhibitors on PAM pathway activity and protein

synthesis.

We first evaluated the effects of the PAM inhibitors

on PAM pathway activity by measuring the functional

status of p4EBP1(T36/T45), which integrates PAM sig-

naling pathway outputs from both PI3K/mTORC1

and mTORC2/pAKT (Fig. 1A). The six PC cell lines

previously used for cell cycle and DNA replication

analyses were treated for 48 h with gedatolisib, samo-

tolisib, alpelisib, capivasertib, or everolimus at increas-

ing concentrations, and analyzed for p4EBP1 levels by

flow cytometry (Fig. 4A and Table S8). On average,

111 nM gedatolisib inhibited p4EBP1 by 60% in

PTEN-negative cells and 54% in PTEN-positive cells.

At the same concentration, samotolisib, alpelisib, capi-

vasertib, or everolimus inhibited p4EBP1 by 47%, 4%,

22%, and 32% in PTEN-negative cells and by 27%,

7%, 12%, and 26% in PTEN-positive cells, respec-

tively (Fig. 4B).

Next, we used the same PC cell lines to compare the

PAM inhibitors effects directly on protein synthesis.

Cells were treated with each PAM inhibitor for 24 h
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and incubated with OPP for the last 30 min. OPP is

an analog of puromycin that is incorporated into

nascent proteins and thus provides an objective quanti-

fication of translation. After OPP incubation, cells

were analyzed by flow cytometry for OPP, p4EBP1,

and pRPS6 (used as indicator of S6Ks activity). As

shown for the LNCaP cell line as an example, 111 nM

gedatolisib reduced the percentage of pRPS6+/OPP+
cells and p4EBP1+/OPP+ cells from approximately

80% to < 5% (Fig. 4C). Gedatolisib concomitantly

reduced OPP incorporation, pRPS6, and p4EBP1 in

all cell lines tested (Fig. 4D and Table S9). On aver-

age, gedatolisib inhibited OPP incorporation by 51%

at 111 nM, and 63% at 333 nM, with little difference

between PTEN-positive and PTEN-negative cell lines

(Fig. 4E). Samotolisib, alpelisib, capivasertib, and

everolimus inhibited OPP incorporation ≤ 30% at

111 nM and ≤ 42% at 333 nM (Fig. 4E).

These results showed that gedatolisib inhibited PAM

pathway activity and PAM-controlled protein synthesis

more efficaciously than the other PAM inhibitors,

regardless of PTEN status.

3.5. Effects of PAM inhibitors on glucose,

lactate, and O2 metabolic functions

Increased glycolysis (with consequent lactate produc-

tion) and oxidative phosphorylation, which often

(A)

(B)

0

20

40

60

80
LNCaP (PTEN -)

0

10

20

30

40

50
22RV1 (PTEN +)

Zombie+ (dead)ClCasp3+ (apopt

(D)

(C)

DMSO Geda 333 n� Capi 333 n� Eve 333 n�

0

20

40

60

22RV1 (PTEN +)
a

b b

a

b b

0

20

40

60

LNCaP (PTEN -)

b b

a

a a

a

a

b

b

sllec
citotpopa/daeD

% %
De

ad
/a

po
pt

ce
lls

Geda
1.4-1000

Samo
1.4-1000

Alpe
4.1-3000

Capi
4.1-3000

Eve
0.5-333 n�

Geda
1.4-1000

Samo
1.4-1000

Alpe
4.1-3000

Capi
4.1-3000

Eve
0.5-333 n�

Plate 
cells

Add
inhibitors

Remove 
inhibitors

Remove 
inhibitors

22RV1
MDA-PCa-2b

Du145
LNCaP

C4-2
PC3

+ + mt
+ + wt
- + wt
+ - wt
+ - wt
- - wt

AR PT
EN

PI
K3

CA

n�

% Dead cells
20100 30 40

AR PT
EN

PI
K3

CA % Cell death induced at 111 n�
Geda Samo Alpe Capi Eve

22RV1 + + mt 21% 6% 7% 0% 7%
MDA-PCa-2b + + wt 8% 0% 0% 1% 0%

Du145 - + wt 2% 2% 0% 0% 0%
LNCaP + - wt 32% 23% 1% 9% 17%

C4-2 + - wt 27% 15% 0% 5% 10%
PC3 - - wt 2% 1% 0% 0% 1%

Average all (n=6) 15% 8% 1% 2% 6%
PTEN-nega ve (n=3) 20% 13% 1% 5% 9%
PTEN- ve (n=3) 10% 3% 2% 0% 2%

%
De

ad
ce

lls

%
De

ad
ce

lls

72 h ON 24 h ON
48 h OFF

72 h ON 24 h ON
48 h OFF

Cell Death
Geda
12-333

Samo
12-333

Alpe
12-1000

Capi
12-1000

Eve
12-333

24 h 48 h
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See Table S6 for data. (B) Heatmap showing induction of death by Zombie staining in six PC cell lines treated with PAM inhibitors at
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Molecular Oncology (2024) ª 2024 The Author(s). Molecular Oncology published by John Wiley & Sons Ltd on behalf of Federation of European Biochemical Societies. 11

A. Sen et al. PI3K/AKT/mTOR inhibitors in prostate cancer

 18780261, 0, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1002/1878-0261.13703, W

iley O
nline L

ibrary on [05/08/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



characterize PC progression, can be exploited by can-

cer cells to sustain their increased demand for energy

production and biosynthesis [43] as well as to modify

the tumor microenvironment [44] to patient detriment.

Further review of the literature also reported the PAM

pathway involvement in driving cancer regardless of

PAM pathway gene mutations [45].

In support of these observations, we examined

whether alterations of these metabolic features in

patients with PC correlated with the status of PAM

pathway activity in patients using trajectory inference

analyses of the Prostate Cancer Transcriptional Atlas,

which combines transcriptional profiles from more

than 1000 clinical PC samples to allow mapping spe-

cific gene expression modules onto the disease progres-

sion trajectory [36]. For patients with advanced

disease, pseudotime nomination of genes characteristic

of PAM, hypoxia, and glucose metabolism status

(from curated gene expression modules for PI3K and

mTOR, hypoxia, and glucose metabolism) revealed a
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Fig. 4. Effects of PI3K/AKT/mTOR (PAM) inhibitors on PAM pathway activity and protein synthesis. (A) Heatmap showing average inhibition
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inhibitors efficacy in reducing p4EBP1 levels at 111 nM concentration. The results in A and B are representative of one out of three separate
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shared impact of multiple metabolic functions linked

to PAM hyperactivation driving PC disease trajectory

(Fig. 5A and Table S10). Since the PAM pathway

plays a key role in controlling metabolic activities

[11,46], we hypothesized that inhibition of the PAM

pathway at different nodes may have different effects

on metabolic functions such as glycolysis and oxygen

consumption.
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Fig. 5. Effects of PI3K/AKT/mTOR (PAM) PAM inhibitors on metabolic functions. (A) Temporal transcript-mapping plots representing the

correlation between mRNA expression and prostate cancer (PC) clinical disease stage. X-axis: Pearson’s correlation coefficient (PCC)

between pseudotime and mRNA expression; Y-axis: the associated significance between mRNA expression and PC disease progression,

adjusted for false discovery rate (FDR), and expressed in the form of �10 9 log10(FDR) [36]. Transcripts in red are significantly correlated

with disease progression (FDR q-value < 0.05). The dashed blue line indicates the cutoff for significance (see Section 2 for details and

Table S10 for gene lists). (B) Analysis of lactate levels in conditioned culture medium (24 h culture) and oxygen consumption rates (OCR,

24 h culture) showing that PC cell lines are characterized by different metabolic states. (C) Analysis of lactate levels in conditioned medium of

Du145 and PC3 cells treated with PAM inhibitors for 24 h. See Table S11 for data. (D) Example of real-time OCR Resipher analysis in 22RV1

cells treated with PAM inhibitors for 24 h. Data represent mean � SD (n = 3). (E) OCR analysis in 22RV1 and LNCaP cells treated with PAM

inhibitors for 4–8 h. Data in B, C and E represent mean � SD (n = 3); a = P < 0.05 vs DMSO, b = P < 0.05 vs 111 nM gedatolisib; one-way

ANOVA Fisher’s test. See Table S13 for data. Alpe, alpelisib; capi, capivasertib; eve, everolimus; geda, gedatolisib; samo, samotolisib.
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We first assessed the baseline levels of glycolysis and

oxygen consumption rate (OCR) in four PC cell lines.

Glycolysis was inferred from the production of lactate

(the endpoint product of glycolysis) in the conditioned

medium of cells cultured from 24 h, while OCR was

assessed by real time monitoring of the O2 levels dur-

ing culture using a Resipher instrument. After normal-

ization to cell number, the four PC cell lines displayed

a range of metabolic states, with 22RV1 and LNCaP

having the highest OCR and lowest lactate production,

and Du145 and PC3 having the lowest OCR and the

highest lactate production (Fig. 5B).

We next tested the effect of the different PAM inhibi-

tors on OCR and lactate production. To test the PAM

inhibitors’ effects on glycolysis, we selected the two cell

lines with the highest lactate production, Du145

(PTEN+) and PC3 (PTEN�). After 24-h treatment,

gedatolisib inhibited lactate production significantly

(P < 0.05) more than samotolisib, capivasertib, and ever-

olimus in both Du145 (33% versus 20%, 7%, and 15%,

respectively) and PC3 (44% versus 27%, 23%, and 30%,

respectively) (Fig. 5C and Table S11). Additional experi-

ments showed that inhibition of lactate production by

PAM inhibitors was also associated with a significant

reduction in glucose uptake (Fig. S3 andTable S12). Inhi-

bition at AKT and mTOR appears to be generally less

effective in controlling glucosemetabolism in these cells.

To test the PAM inhibitors’ effects on OCR, we

selected the two cell lines with the highest baseline

OCR, 22RV1 (PTEN+) and LNCaP (PTEN�). Cells

were treated with each PAM inhibitor for approxi-

mately 24 h, and OCR was monitored throughout the

treatment as shown for 22RV1 in Fig. 5D. Since treat-

ment with gedatolisib in these cell lines can induce cell

death after 24 h (see Fig. 3D), the PAM inhibitors

effect on OCR was measured at earlier time points (4–
8 h). After 8 h treatment, gedatolisib inhibited OCR

significantly more than samotolisib, capivasertib, and

everolimus in 22RV1 (37% versus 27%, 12%,

and 21%; P < 0.05) and significantly more than capi-

vasertib and everolimus in LNCaP (27% versus 15%,

and 10%; P < 0.05) (Fig. 5E and Table S13).

These studies showed that equipotent inhibition of

multiple nodes of the PAM pathway by gedatolisib

targeted key metabolic adaptations of PC cancer cells

more effectively than inhibition of single nodes of the

PAM pathway.

3.6. Effects of PAM inhibitors on cell migration

function

Due to the direct and indirect involvement of the PAM

pathway in cytoskeleton remodeling and cell migration,

PAM inhibitors have been shown to decrease migration

and invasion of cancer cells, where glycolysis at the cell

periphery is essential [47,48]. Preliminary experiments

using the CELsignia PI3K Signaling Pathway test to

evaluate PI3K-related signaling pathway activity

showed that gedatolisib significantly inhibited PI3K sig-

naling after stimulation with the GPCR agonist LPA

(125 nM) in Du145 cells (Fig. 6A). Since the CELsignia

test measures changes in cell impedance, which can be

due to changes in cell-adhesion and cell movement,

these preliminary results suggested that gedatolisib may

affect PC cell migration.

To directly test the effects of PAM inhibitors on cell

migration, Du145 cells were tested in the Transwell

migration assay. Cells seeded in FBS-free medium

onto the top chamber were induced to migrate by

using medium supplemented with FBS and LPA as

chemoattractant in the lower chamber. Cells in the

upper chamber were treated with PAM inhibitors and

let migrate to the lower chamber for 24 h. As shown

in Fig. 6B and Table S14, gedatolisib (111 nM) inhib-

ited cell migration up to 64%, compared to 38%,

18%, 13%, and no inhibition for samotolisib

(111 nM), alpelisib (1000 nM), everolimus (111 nM),

and capivasertib (1000 nM) respectively. These results

suggest that PC cell migration involves multiple nodes

of the PAM pathway and cannot be effectively con-

trolled when only one node is inhibited.

3.7. In vivo efficacy of gedatolisib in prostate

cancer xenograft models

Since gedatolisib showed the highest in vitro efficacy

among the PAM inhibitors tested, mouse studies were

conducted to test gedatolisib efficacy in vivo. Gedatoli-

sib was tested in cell line-derived mouse xenograft

models of PTEN-positive (22RV1) and PTEN-negative

(PC3) prostate cancer. As shown in Fig. 7A and

Tables S15 and S16, treatment with gedatolisib

(15 mg�kg�1) for 28 days induced significant (P <
0.001) tumor growth inhibition (TGI) in both 22RV1

(72%) and PC3 (78%). During the 28 days dosing

period the body weight of the mice did not change sig-

nificantly, indicating that gedatolisib did not have

toxic effects (Fig. S4). Pharmacokinetic analysis of

tumor tissue samples collected at early (30 min) and

late (48, 96, 144 h) time points after the last gedatoli-

sib dose showed that gedatolisib concentration at 96 h

(i.e. the time between two doses) was 86 nM for PC3

and 327 nM for 22RV1, which was well above the

in vitro GR50 for these cell lines (12 nM for PC3 and

6 nM for 22RV1) (Fig. 7B). Of note, the levels of geda-

tolisib in the PC xenograft models were below the
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gedatolisib levels detected in patients treated with

1 cycle of 154 mg gedatolisib, where gedatolisib CMax

in plasma was 9988 ng�mL�1 (> 15 lM) and the T1/2

was 36 h [26]. These results showed that gedatolisib

effectively inhibited PAM pathway activity and tumor

growth in PC models in vivo.

4. Discussion

Increased activation of the PAM pathway occurs fre-

quently in PC and is associated with cancer progres-

sion and acquisition of castration-resistance and

androgen/AR-independence after ADT or treatment

with AR pathway inhibitors. Due to the reliance of

PC cells on metabolic adaptations induced by PAM

pathway activation, this pathway is an attractive target

for PC therapy. However, targeting single nodes of the

PAM pathway can be hampered by resistance mecha-

nisms due to feedback loops or compensatory path-

ways among the PAM pathway nodes. It has been

hypothesized that multi-node PAM inhibitors should

be more effective than single-node inhibitors because

they may overcome resistance mechanisms associated

with a more narrowly targeted inhibition of the PAM

pathway. Our study showed that equipotent multi-

node targeting of the PAM pathway by gedatolisib
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induced greater growth-inhibitory and cytotoxic activ-

ity compared to single-node PAM inhibitors in PC

cells. By using a series of functional and metabolic

assays, we further showed that the differential effect of

single-node versus multi-node PAM inhibitors on cell

growth can be traced to a differential effect on critical

PAM-controlled functions, including cell survival, cell

cycle, cell migration, protein synthesis, oxygen con-

sumption rate, and glycolysis.

Both GR metrics analyses and endpoint cell viability

assays showed that gedatolisib generally exerted

greater anti-proliferative and cytotoxic effects

compared to single-node PAM inhibitors (alpelisib,

capivasertib, everolimus) or to a less uniformly potent

pan-PI3K/mTOR inhibitor (samotolisib), regardless of

the PTEN status or androgen sensitivity of the PC

cells. The PAM inhibitors potency and efficacy results

presented here are consistent with published in vitro

studies showing similar IC50 ranges in cancer cell lines

[17,32,39,49–51]. Moreover, as previously described,

targeting AKT with capivasertib tended to be more

effective in PTEN-negative cell lines, while targeting

PI3Ka with alpelisib tended to be more effective in

PTEN-positive cell lines [15]. We also confirmed and

extended a recent study reporting that the pan-PI3K

inhibitor copanlisib was more effective than AKT or

PI3Ka inhibitors in androgen-sensitive PC cell lines

[52]. Our experiments showed that pan-PI3K/mTOR

inhibition by gedatolisib induced greater growth-

inhibitory effects than pan-PI3K inhibition by copanli-

sib, regardless of androgen sensitivity or PTEN status.

This suggests that equipotent mTOR inhibition is

required in addition to PI3K inhibition to increase effi-

cacy as well as to target a larger subpopulation of

patients with PC. This hypothesis is also corroborated

by the observation that samotolisib, which has a

weaker activity against mTOR, was less effective than

gedatolisib.

The differential effects of single-node and

multi-node PAM inhibitors on GR metrics may be

attributed to a differential effect on both cell cycle and

apoptosis. The PAM pathway plays an important role

in promoting cell cycle progression and cell prolifera-

tion through multiple PAM pathway effectors, includ-

ing the AKT-GSK3 axis, the AKT-FOXO axis, and

mTORC1 [3,4]. In addition, several AKT effectors,

such as BCL2-associated agonist of cell death (BAD)

and FOXO transcription factors, are inhibited by

AKT, and their inhibition, directly or indirectly, pre-

vents apoptosis and promotes cell survival [1,3,4].

AKT-independent mechanisms downstream of PI3K

and mTOR can also be involved in cancer cell survival

and apoptosis [1]. For instance, Will et al. [40]

reported that inhibition of PI3K can induce apoptosis

through AKT-independent inhibition of the RAS–
ERK pathway in breast cancer cells. Interestingly, in

the same study, AKT inhibition did not induce cell

death. Our study showed that inhibition of both PI3K

and mTOR blocked cell cycle and induced apoptosis

more effectively than AKT, PI3Ka, or mTOR

inhibitors.

The differential effect on apoptosis and cell death

was especially apparent in PTEN-positive cells (e.g.,

22RV1). Oncogenic activation of PAM signaling was

shown to activate a negative feedback loop, whereby

PTEN expression is induced through 4EBP1-mediated

translational regulation [53]. In the presence of PTEN,

this feedback can potentially be relieved by PAM

pathway inhibition, resulting in PI3K activation.

Multi-node PAM inhibition exerted by gedatolisib
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may have prevented feedback relief by inhibiting both

PI3K and mTOR. Our results also indicated that pan-

PI3K/mTOR inhibition exerted more durable cell

death effects than single-node PAM inhibition. Geda-

tolisib treatment for 24 h followed by 48 h wash out

was sufficient to induce almost the same level of cell

death induced by continuous treatment for 72 h. This

“hit and run” effect was not observed with the single-

node PAM inhibitors, which appeared to act slower.

This suggests that if single-node PAM inhibitors are

not continuously present at sufficiently high concentra-

tions, cells may have enough time to develop adapta-

tion mechanisms that would not develop in the

response to a fast-acting multi-node PAM inhibitor

like gedatolisib.

The efficacy of PAM inhibitors is frequently

assessed by measuring markers of PAM activity such

as phosphorylation of pRPS6 and p4EBP1 [54]. Under

our experimental conditions, the differential effects of

single-node versus multi-node PAM inhibitors on

growth rate and cell viability correlated with inhibition

of p4EBP1, while they not always correlated with inhi-

bition of pRPS6. This was especially apparent for

everolimus, which potently reduced pRPS6 in all cell

lines, but exerted modest growth-inhibitory effects in

most of the cell lines tested. Sathe et al. [55] reported

that to efficiently decrease p4EBP1, both PI3K and

mTORC1 need to be inhibited. In addition, Lee et al.

[56] showed that inhibition of 4EBP1 phosphorylation

was sufficient to suppress cancer cell proliferation and

was required to achieve maximal tumor growth inhibi-

tion. This could in part explain why gedatolisib (which

targets PI3K and mTOR with similar potency) was

more effective at inhibiting p4EBP1 and cell growth

than the single-node PAM inhibitors or a pan-

PI3K/mTOR inhibitor with weaker potency

against mTOR.

In addition to pRPS6 and p4EBP1, pAKT has also

been used extensively as a marker of PAM pathway

activity [54]. Consistently, in addition to pRPS6 and

p4EBP1, gedatolisib has been shown to inhibit both

pAKT(S473) and pAKT(T308) [17]. However, in ini-

tial studies on breast cancer cell lines, we found that

pAKT was a less robust marker than pRPS6 and

p4EBP1 and showed a poorer correlation with viability

metrics (data not shown). While AKT phosphorylation

may be indicative of PAM pathway activity and PAM

inhibitors response in some contexts, the presence of

multiple AKT phosphorylation sites and activity

states, the transient nature of AKT phosphorylation,

and feedback mechanisms leading to AKT reactivation

can make the interpretation of this phospho-marker

more challenging than other markers [4,57]. In

addition, pAKT inhibition is not a suitable marker for

some PAM inhibitors, e.g., capivasertib, which

increases pAKT [49]. To address the intrinsic limita-

tions of using phospho-markers to assess PAM path-

way activity, we extensively analyzed PAM-controlled

functions (e.g. cell cycle, survival, protein synthesis,

metabolism) that could offer a more biologically rele-

vant readout of the response to gedatolisib or the

other PAM inhibitors.

The differential effect of the PAM inhibitors on

p4EBP1 was paralleled by a differential effect on pro-

tein synthesis. Upon PAM pathway activation,

mTORC1 phosphorylates 4EBP1 and triggers its dis-

sociation from eukaryotic initiation factor 4E

(eIF4E), allowing cap-dependent mRNA translation

[41,42]. eIF4E-mediated translation initiation is a crit-

ical driver of PC development and progression [58].

Moreover, loss of AR, which normally acts as a neg-

ative regulator of translation by exerting a direct

transcriptional control on 4EBP1, promotes the

assembly of the translation initiation complex, leading

to de-repression of translation initiation and increased

cell proliferation [59]. The control of protein transla-

tion plays a key role in cancer development and pro-

gression because proteins synthesis is required to

increase cancer cells’ biomass for cell division, as well

as to translate proteins involved in tumor growth and

invasion (e.g., BCL-xL, cyclins, MMP3, VEGF)

[41,42]. In this respect, it is intriguing that the trans-

lation of pro-invasive mRNAs through the 4EBP1-

eIF4E axis in PC cells is suppressed by dual

mTORC1/2 inhibition and not by mTORC1 inhibi-

tion alone [60]. Our results showed that gedatolisib,

by inhibiting PI3K as well as mTORC1 and

mTORC2, reduced protein synthesis more effectively

than single-node PAM inhibitors. The more effective

inhibition of protein synthesis could further explain

the greater growth-inhibitory and anti-migratory

effects observed in response to gedatolisib.

A relevant finding of the present study is that single-

node and multi-node PAM inhibitors had a different

impact on PC cell metabolism related to glucose and

O2 consumption and lactate production. Cancer cells

undergo extensive metabolic reprogramming (e.g.

increased glucose uptake and glycolysis) to accommo-

date the increased energy and the anabolic demands

required by cancer cells to sustain cell growth and to

overcome hostile microenvironmental conditions (e.g.

hypoxia, low nutrients) [46]. PC cancer cells acquire

unique metabolic adaptations that mirror the unique

metabolism of their normal counterpart [43,61]. Differ-

ently from other epithelial cells, the tricarboxylic acid

cycle (TCA) of prostate epithelial cells is truncated
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after citrate oxidation, and most of the energy produc-

tion is derived from aerobic glycolysis [62,63]. At early

cancer stages, PC cells undergo a metabolic repro-

gramming that restores the TCA and makes cells more

dependent on oxidative phosphorylation (OXPHOS)

and less dependent glycolysis [64]. At advanced cancer

stages, glycolysis is promoted again through increased

expression of glycolytic enzymes [65,66], and PC cells

can produce energy through multiple energy source

pathways [67]. In addition, the citrate produced from

glucose carbon sources through glycolysis and the

TCA can be used for lipid biosynthesis. De novo lipid

production characterizes early PC stages and is exacer-

bated during disease progression to sustain cancer cell

proliferation [68,69].

These metabolic changes were captured by our

RNA-seq analysis of PC clinical progression showing

concomitant upregulation of transcripts involved in

PAM pathway signaling, hypoxia and glucose metabo-

lism (Fig. 5A). Since PAM pathway activation is piv-

otal for PC metabolic reprogramming [11], PAM

inhibitors can target critical metabolic vulnerabilities

underlying PC progression. We demonstrate that

simultaneously antagonizing PI3K and mTOR with

gedatolisib is more effective at reducing glucose and

oxygen consumption by PC cells than single-node

PAM inhibitors. Moreover, ongoing experiments in

prostate cancer cell lines suggest that the reduced glu-

cose consumption induced by gedatolisib could in turn

translate into reduced lipid biosynthesis and storage

(Khan S. et al., manuscript in preparation).

The metabolic changes induced by gedatolisib can

directly impact cancer cells by reducing catabolic and

anabolic activities necessary for cell growth and prolif-

eration [11,46]. Moreover, since glycolysis plays a rele-

vant role in promoting EMT and preventing

apoptosis in cancer cells [70,71], glucose metabolism

inhibition could contribute to the decreased migration

and induction of apoptosis in response to gedatolisib.

In addition, the metabolic changes caused by gedatoli-

sib could also influence the tumor microenvironment

(TME). By inducing hypoxia, decreasing pH (conse-

quent to high lactate), and lowering glucose in the

TME, cancer cells can promote immune suppressor

cells while imposing metabolic restrictions to anti-

tumor immune cells [44]. The inhibition of OCR and

glycolysis in cancer cells by gedatolisib could lead to a

“normalization” of the TME with consequent

improvement of the anti-tumor immune response. In

support of this hypothesis, Yan et al. [72] showed that

gedatolisib can induce anti-tumor immune cell infiltra-

tion and activation in the PyMT mouse model of

mammary carcinoma.

The growth-inhibitory effect of pan-PI3K/mTOR

inhibition in different PC cell contexts was further

confirmed in vivo. The PC xenograft studies presented

here showed that gedatolisib induced > 70% TGI in

two cell line models, one PTEN-positive (22RV1) and

one PTEN-negative (PC3), with described resistance to

AR inhibitors [73]. Based on our in vitro data, as well

as published evidence that gedatolisib induced apopto-

sis in breast and ovarian cancer xenograft models

[17,18,74], it is plausible that the TGI observed in the

PC xenograft models is due to a combination of cell

cycle inhibition and induction of cell death. Although

we have not compared the effect of gedatolisib with

single-node PAM inhibitors in vivo, previously pub-

lished studies have shown that capivasertib (100–
150 mg�kg�1, BID) induced no or very modest TGI in

both 22RV1 and PC3 xenograft models [75–77]; simi-

larly everolimus (5 mg�kg�1 twice a week) inhibited

tumor growth < 30% in the PC3 xenograft model [78].

These observations suggest that single node inhibition

of AKT or mTOR is less efficacious than pan-

PI3K/mTOR inhibition in vivo.

Hyperglycemia is a relevant adverse effect fre-

quently observed in patients treated with PAM inhibi-

tors [79]. Clinical studies [24,26] have shown reduced

rate of hyperglycemia in patients treated with gedato-

lisib relative to published data for single-node PAM

inhibitors like alpelisib and everolimus [20,21]. The

link between PAM inhibitors and hyperglycemia has

been largely based on studies employing approved

drugs or compounds that target single protein types

in the PAM signaling pathway. The outcomes from

these studies may have been more strongly affected

by the route of administration leading to high con-

centration exposure in the liver before systemic distri-

bution, pharmacokinetic/pharmacodynamic properties,

target affinity, cellular location or sequestration of

the compound. However, we cannot rule out that the

mechanism of action on different cell types (e.g.

hepatic, pancreatic, tumor, muscles) of a pan-

PI3K/mTOR inhibitor leads to fundamentally differ-

ent outcomes with respect to the effect on biochemi-

cal carbon homeostasis when compared to single-

node PAM inhibitors. The effect of various PAM

inhibitors on glucose metabolism in cancer cells has

been well described [79]. However, the complexity of

systemic PAM inhibition includes effects on glucagon

and insulin release. Besides glucose, both of these

hormones are regulated by key metabolic carbon

sources including fatty acids and amino acids, both

of which affect PAM [80]. Since gedatolisib appears

to decrease glucose consumption and glycolysis to a

greater extent than single-node PAM inhibitors, a
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potential reduction in glucagon/insulin response could

be due to decreased gluconeogenesis and/or glycogen-

olysis [79]. Currently, there is no clear biochemical

explanation for the significant differences in hypergly-

cemia for single-node inhibitors versus gedatolisib.

The answer will most likely be found in additional

functional studies employing the unique properties of

gedatolisib for the release of insulin and glucagon by

a and b islet cells and the impact on metabolic func-

tion of muscle and hepatic cells.

Several pan-PI3K/mTOR inhibitors have been devel-

oped, but clinical results have been disappointing

mostly due to dose-limiting toxicities, limited efficacy,

or drug instability. For instance, samotolisib has been

tested in combination with enzalutamide in patients

with mCRPC in a recent Phase 1b/2 trial and showed

tolerable side effects, clinical benefit in PTEN+
patients but not PTEN-negative patients, and meta-

bolic instability [81]. Based on our in vitro data, samo-

tolisib’s limited efficacy in PTEN-negative patients

may be in part due to its relatively low potency against

mTOR. Gedatolisib is well-tolerated in patients and is

equally potent against Class I PI3K and mTOR. Pre-

liminary results from the first-in-human gedatolisib

study and from a phase 1b clinical trial evaluating

gedatolisib combined with palbociclib and endocrine

therapy in advanced breast cancer showed promising

efficacy with relatively few adverse effects [24,26].

Based on these encouraging results, a Phase 3 clinical

trial (VIKTORIA-1, NCT05501886) is currently evalu-

ating gedatolisib plus fulvestrant, with and without

palbociclib, in patients with advanced or metastatic

breast cancer who progressed after CDK4/6 and an

aromatase inhibitor therapy. More recently, a Phase

1/2 clinical trial (CELC-G-201, NCT06190899) has

been initiated to test gedatolisib in combination with

darolutamide in patients with mCRPC previously trea-

ted with an AR inhibitor.

5. Conclusions

The increased activation of the PAM pathway in PC

and its connection with resistance mechanisms to

androgen-targeted therapy has led to several non-

clinical and clinical studies evaluating PAM inhibitors,

especially in combination with AR pathway inhibitors.

Our study underscores the relevance of targeting multi-

ple nodes, versus single nodes, of the PAM pathway to

maximize the inhibition of critical PAM-controlled

functions and to achieve effective anti-proliferative and

cytotoxic effects in PC cells, regardless of PTEN status

or androgen sensitivity.

Acknowledgements

The authors are grateful for critical review of the man-

uscript provided by Brian Sullivan, Igor Gorbatch-

evsky, and Pratima Nayak (Celcuity). The authors

also thank the Laboratory Operations team at Celcuity

for technical support.

Conflict of interest

AS, SK, SR, AB, IM, AD, JM, LD, CI, MS, RK, SS

and LL are all employed by and/or have ownership

interest in Celcuity, Inc.

Author contributions

AS contributed to the study design, experiments execu-

tion and data analyses, bioinformatics, and drafted the

manuscript figures; SK contributed to the study

design, performed experiments and data analyses, and

contributed to the manuscript draft; SR contributed to

the data analysis, critical thinking, and drafting and

revising the manuscript; AB contributed to assays’

optimization; IM contributed to the study design and

animal studies; AD contributed to the animal studies;

JM contributed to cell culture maintenance; LD, CI

and MS provided technical support; RK and SS opti-

mized the metabolic assays; LL contributed to the

study design, and drafting, revising, and finalizing

the manuscript.

Peer review

The peer review history for this article is available at

https://www.webofscience.com/api/gateway/wos/peer-

review/10.1002/1878-0261.13703.

Data accessibility

All data are available in the main text or the supple-

mentary materials. The dataset analyzed during the

current study are available from the corresponding

author upon reasonable request.

References

1 Pungsrinont T, Kallenbach J, Baniahmad A. Role of

PI3K-AKT-mTOR pathway as a pro-survival signaling

and resistance-mediating mechanism to therapy of

prostate cancer. Int J Mol Sci. 2021;22:11088.

2 Raith F, O’Donovan DH, Lemos C, Politz O, Haendler

B. Addressing the reciprocal crosstalk between the AR

Molecular Oncology (2024) ª 2024 The Author(s). Molecular Oncology published by John Wiley & Sons Ltd on behalf of Federation of European Biochemical Societies. 19

A. Sen et al. PI3K/AKT/mTOR inhibitors in prostate cancer

 18780261, 0, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1002/1878-0261.13703, W

iley O
nline L

ibrary on [05/08/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://www.webofscience.com/api/gateway/wos/peer-review/10.1002/1878-0261.13703
https://www.webofscience.com/api/gateway/wos/peer-review/10.1002/1878-0261.13703
https://www.webofscience.com/api/gateway/wos/peer-review/10.1002/1878-0261.13703
https://www.webofscience.com/api/gateway/wos/peer-review/10.1002/1878-0261.13703
https://www.webofscience.com/api/gateway/wos/peer-review/10.1002/1878-0261.13703
https://www.webofscience.com/api/gateway/wos/peer-review/10.1002/1878-0261.13703


and the PI3K/AKT/mTOR signaling pathways for

prostate cancer treatment. Int J Mol Sci. 2023;24:2289.

3 Glaviano A, Foo ASC, Lam HY, Yap KCH, Jacot W,

Jones RH, et al. PI3K/AKT/mTOR signaling

transduction pathway and targeted therapies in cancer.

Mol Cancer. 2023;22:138.

4 Manning BD, Toker A. AKT/PKB signaling:

navigating the network. Cell. 2017;169:381–405.
5 Saxton RA, Sabatini DM. mTOR signaling in growth,

metabolism, and disease. Cell. 2017;168:960–76.
6 Taylor BS, Schultz N, Hieronymus H, Gopalan A, Xiao

Y, Carver BS, et al. Integrative genomic profiling of

human prostate cancer. Cancer Cell. 2010;18:11–22.
7 Turnham DJ, Bullock N, Dass MS, Staffurth JN,

Pearson HB. The PTEN conundrum: how to target

PTEN-deficient prostate cancer. Cells. 2020;9:2342.

8 De Velasco MA, Uemura H. Preclinical remodeling of

human prostate cancer through the PTEN/AKT

pathway. Adv Urol. 2012;2012:419348.

9 Pearson HB, Li J, Meniel VS, Fennell CM, Waring P,

Montgomery KG, et al. Identification of Pik3ca

mutation as a genetic driver of prostate cancer that

cooperates with Pten loss to accelerate progression and

castration-resistant growth. Cancer Discov. 2018;8:764–
79.

10 Carver BS, Chapinski C, Wongvipat J, Hieronymus H,

Chen Y, Chandarlapaty S, et al. Reciprocal feedback

regulation of PI3K and androgen receptor signaling in

PTEN-deficient prostate cancer. Cancer Cell.

2011;19:575–86.
11 Hoxhaj G, Manning BD. The PI3K-AKT network at

the interface of oncogenic signalling and cancer

metabolism. Nat Rev Cancer. 2020;20:74–88.
12 Vasan N, Cantley LC. At a crossroads: how to

translate the roles of PI3K in oncogenic and metabolic

signalling into improvements in cancer therapy. Nat

Rev Clin Oncol. 2022;19:471–85.
13 Bergholz JS, Zhao JJ. How compensatory mechanisms

and adaptive rewiring have shaped our understanding

of therapeutic resistance in cancer. Cancer Res.

2021;81:6074–7.
14 Wright SCE, Vasilevski N, Serra V, Rodon J, Eichhorn

PJA. Mechanisms of resistance to PI3K inhibitors in

cancer: adaptive responses, drug tolerance and cellular

plasticity. Cancers (Basel). 2021;13:1538.

15 Mao N, Zhang Z, Lee YS, Choi D, Rivera AA, Li D,

et al. Defining the therapeutic selective dependencies for

distinct subtypes of PI3K pathway-altered prostate

cancers. Nat Commun. 2021;12:5053.

16 Pongas G, Fojo T. BEZ235: when promising science

meets clinical reality. Oncologist. 2016;21:1033–4.
17 Mallon R, Feldberg LR, Lucas J, Chaudhary I,

Dehnhardt C, Santos ED, et al. Antitumor efficacy of

PKI-587, a highly potent dual PI3K/mTOR kinase

inhibitor. Clin Cancer Res. 2011;17:3193–203.

18 Venkatesan AM, Dehnhardt CM, Delos Santos E,

Chen Z, Dos Santos O, Ayral-Kaloustian S, et al. Bis

(morpholino-1,3,5-triazine) derivatives: potent

adenosine 50-triphosphate competitive

phosphatidylinositol-3-kinase/mammalian target of

rapamycin inhibitors: discovery of compound 26 (PKI-

587), a highly efficacious dual inhibitor. J Med Chem.

2010;53:2636–45.
19 Colombo I, Genta S, Martorana F, Guidi M, Frattini

M, Samartzis EP, et al. Phase I dose-escalation study of

the dual PI3K-mTORC1/2 inhibitor gedatolisib in

combination with paclitaxel and carboplatin in patients

with advanced solid tumors. Clin Cancer Res.

2021;27:5012–9.
20 Novartis Pharmaceuticals Corporation, East Hanover,

NJ. Piqray� (alpelisib) tablets for oral use [Prescribing

Information]. 2024. [cited 2024 Jan]. Available from:

https://www.novartis.com/us-en/sites/novartis_

us/files/piqray.pdf

21 Novartis Pharmaceuticals Corporation, East Hanover,

NJ. Afinitor� (everolimus) tablets, for oral use

[Prescribing Information]. 2022. [cited 2022 Feb].

Available from: https://www.novartis.com/us-

en/sites/novartis_us/files/afinitor.pdf

22 Curigliano G, Shapiro GI, Kristeleit RS, Abdul Razak

AR, Leong S, Alsina M, et al. A phase 1B open-label

study of gedatolisib (PF-05212384) in combination with

other anti-tumour agents for patients with advanced

solid tumours and triple-negative breast cancer. Br J

Cancer. 2023;128:30–41.
23 Del Campo JM, Birrer M, Davis C, Fujiwara K,

Gollerkeri A, Gore M, et al. A randomized phase II

non-comparative study of PF-04691502 and gedatolisib

(PF-05212384) in patients with recurrent endometrial

cancer. Gynecol Oncol. 2016;142:62–9.
24 Layman RM, Han HS, Rugo HS, Stringer-Reasor EM,

Specht JM, Dees EC, et al. Gedatolisib in combination

with palbociclib and endocrine therapy in women with

hormone receptor-positive, HER2-negative advanced

breast cancer: results from the dose expansion groups

of an open-label, phase 1b study. Lancet Oncol.

2024;25:474–87.
25 AstraZeneca Pharmaceuticals LP, Wilmington, DE.

TRUQAPTM (capivasertib) tablets, for oral use

[Prescribing Information]. 2023.

26 Shapiro GI, Bell-McGuinn KM, Molina JR, Bendell J,

Spicer J, Kwak EL, et al. First-in-human study of PF-

05212384 (PKI-587), a small-molecule, intravenous,

dual inhibitor of PI3K and mTOR in patients with

advanced cancer. Clin Cancer Res. 2015;21:1888–95.
27 Song W, Khera M. Physiological normal levels of

androgen inhibit proliferation of prostate cancer cells in

vitro. Asian J Androl. 2014;16:864–8.
28 Alimonti A, Nardella C, Chen Z, Clohessy JG,

Carracedo A, Trotman LC, et al. A novel type of

20 Molecular Oncology (2024) ª 2024 The Author(s). Molecular Oncology published by John Wiley & Sons Ltd on behalf of Federation of European Biochemical Societies.

PI3K/AKT/mTOR inhibitors in prostate cancer A. Sen et al.

 18780261, 0, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1002/1878-0261.13703, W

iley O
nline L

ibrary on [05/08/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://www.novartis.com/us-en/sites/novartis_us/files/piqray.pdf
https://www.novartis.com/us-en/sites/novartis_us/files/piqray.pdf
https://www.novartis.com/us-en/sites/novartis_us/files/piqray.pdf
https://www.novartis.com/us-en/sites/novartis_us/files/piqray.pdf
https://www.novartis.com/us-en/sites/novartis_us/files/afinitor.pdf
https://www.novartis.com/us-en/sites/novartis_us/files/afinitor.pdf
https://www.novartis.com/us-en/sites/novartis_us/files/afinitor.pdf
https://www.novartis.com/us-en/sites/novartis_us/files/afinitor.pdf


cellular senescence that can be enhanced in mouse

models and human tumor xenografts to suppress

prostate tumorigenesis. J Clin Invest. 2010;120:681–93.
29 Saranyutanon S, Deshmukh SK, Dasgupta S, Pai S,

Singh S, Singh AP. Cellular and molecular progression

of prostate cancer: models for basic and preclinical

research. Cancers (Basel). 2020;12:2651.

30 van Bokhoven A, Varella-Garcia M, Korch C,

Johannes WU, Smith EE, Miller HL, et al. Molecular

characterization of human prostate carcinoma cell lines.

Prostate. 2003;57:205–25.
31 Wu HC, Hsieh JT, Gleave ME, Brown NM, Pathak S,

Chung LW. Derivation of androgen-independent

human LNCaP prostatic cancer cell sublines: role of

bone stromal cells. Int J Cancer. 1994;57:406–12.
32 Rossetti S, Broege A, Sen A, Khan S, MacNeil I,

Molden J, et al. Gedatolisib shows superior potency

and efficacy versus single-node PI3K/AKT/mTOR

inhibitors in breast cancer models. NPJ Breast Cancer.

2024;10:40.

33 Hafner M, Niepel M, Chung M, Sorger PK. Growth

rate inhibition metrics correct for confounders in

measuring sensitivity to cancer drugs. Nat Methods.

2016;13:521–7.
34 Huang Y, Burns DJ, Rich BE, MacNeil IA, Dandapat

A, Soltani SM, et al. Development of a test that

measures real-time HER2 signaling function in live

breast cancer cell lines and primary cells. BMC Cancer.

2017;17:199.

35 Khan S, Sen A, Kuzmicki C, MacNeil I, Broege A,

Mutka S, et al. Sub-group of HER2-negative breast

cancer patients with hyperactive RAS network

signaling identified: dynamic pathway activity test

identifies patients that may benefit from PI3K/mTOR

or PI3K/mTOR/BCL inhibitors. Cancer Res.

2021;81:342.

36 Bolis M, Bossi D, Vallerga A, Ceserani V, Cavalli M,

Impellizzieri D, et al. Dynamic prostate cancer

transcriptome analysis delineates the trajectory to

disease progression. Nat Commun. 2021;12:7033.

37 Sorensen BS, Knudsen A, Wittrup CF, Nielsen S,

Aggerholm-Pedersen N, Busk M, et al. The usability of

a 15-gene hypoxia classifier as a universal hypoxia

profile in various cancer cell types. Radiother Oncol.

2015;116:346–51.
38 Abu El Maaty MA, Terzic J, Keime C, Rovito D,

Lutzing R, Yanushko D, et al. Hypoxia-mediated

stabilization of HIF1A in prostatic intraepithelial

neoplasia promotes cell plasticity and malignant

progression. Sci Adv. 2022;8:eabo2295.

39 Smith MC, Mader MM, Cook JA, Iversen P, Ajamie

R, Perkins E, et al. Characterization of LY3023414, a

novel PI3K/mTOR dual inhibitor eliciting transient

target modulation to impede tumor growth. Mol Cancer

Ther. 2016;15:2344–56.

40 Will M, Qin AC, Toy W, Yao Z, Rodrik-Outmezguine V,

Schneider C, et al. Rapid induction of apoptosis by PI3K

inhibitors is dependent upon their transient inhibition of

RAS-ERK signaling. Cancer Discov. 2014;4:334–47.
41 Roux PP, Topisirovic I. Signaling pathways involved in

the regulation of mRNA translation. Mol Cell Biol.

2018;38:e00070-18.

42 Kovalski JR, Kuzuoglu-Ozturk D, Ruggero D. Protein

synthesis control in cancer: selectivity and therapeutic

targeting. EMBO J. 2022;41:e109823.

43 Uo T, Sprenger CC, Plymate SR. Androgen receptor

signaling and metabolic and cellular plasticity during

progression to castration resistant prostate cancer.

Front Oncol. 2020;10:580617.

44 DePeaux K, Delgoffe GM. Metabolic barriers to cancer

immunotherapy. Nat Rev Immunol. 2021;21:785–97.
45 Zhang Y, Kwok-Shing Ng P, Kucherlapati M, Chen F,

Liu Y, Tsang YH, et al. A pan-cancer proteogenomic

atlas of PI3K/AKT/mTOR pathway alterations. Cancer

Cell. 2017;31:820–32.e3.
46 Pavlova NN, Zhu J, Thompson CB. The hallmarks of

cancer metabolism: still emerging. Cell Metab.

2022;34:355–77.
47 Deng S, Leong HC, Datta A, Gopal V, Kumar AP,

Yap CT. PI3K/AKT signaling tips the balance of

cytoskeletal forces for cancer progression. Cancers

(Basel). 2022;14:1652.

48 DeWane G, Salvi AM, DeMali KA. Fueling the

cytoskeleton – links between cell metabolism and actin

remodeling. J Cell Sci. 2021;134:jcs248385.

49 Davies BR, Greenwood H, Dudley P, Crafter C, Yu

DH, Zhang J, et al. Preclinical pharmacology of

AZD5363, an inhibitor of AKT: pharmacodynamics,

antitumor activity, and correlation of monotherapy

activity with genetic background. Mol Cancer Ther.

2012;11:873–87.
50 Fritsch C, Huang A, Chatenay-Rivauday C, Schnell C,

Reddy A, Liu M, et al. Characterization of the novel

and specific PI3Kalpha inhibitor NVP-BYL719 and

development of the patient stratification strategy for

clinical trials. Mol Cancer Ther. 2014;13:1117–29.
51 Hurvitz SA, Kalous O, Conklin D, Desai AJ, Dering J,

Anderson L, et al. In vitro activity of the mTOR

inhibitor everolimus, in a large panel of breast cancer

cell lines and analysis for predictors of response. Breast

Cancer Res Treat. 2015;149:669–80.
52 Sugawara T, Nevedomskaya E, Heller S, Bohme A,

Lesche R, von Ahsen O, et al. Dual targeting of the

androgen receptor and PI3K/AKT/mTOR pathways in

prostate cancer models improves antitumor efficacy and

promotes cell apoptosis. Mol Oncol. 2024;18:726–42.
53 Mukherjee R, Vanaja KG, Boyer JA, Gadal S,

Solomon H, Chandarlapaty S, et al. Regulation of

PTEN translation by PI3K signaling maintains pathway

homeostasis. Mol Cell. 2021;81:708–23.e5.

Molecular Oncology (2024) ª 2024 The Author(s). Molecular Oncology published by John Wiley & Sons Ltd on behalf of Federation of European Biochemical Societies. 21

A. Sen et al. PI3K/AKT/mTOR inhibitors in prostate cancer

 18780261, 0, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1002/1878-0261.13703, W

iley O
nline L

ibrary on [05/08/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



54 Josephs DH, Sarker D. Pharmacodynamic biomarker

development for PI3K pathway therapeutics. Transl

Oncogenomics. 2015;7:33–49.
55 Sathe A, Chalaud G, Oppolzer I, Wong KY, von

Busch M, Schmid SC, et al. Parallel PI3K, AKT and

mTOR inhibition is required to control feedback

loops that limit tumor therapy. PLoS One. 2018;13:

e0190854.

56 Lee BJ, Boyer JA, Burnett GL, Thottumkara AP,

Tibrewal N, Wilson SL, et al. Selective inhibitors of

mTORC1 activate 4EBP1 and suppress tumor growth.

Nat Chem Biol. 2021;17:1065–74.
57 Vasan N, Toska E, Scaltriti M. Overview of the

relevance of PI3K pathway in HR-positive breast

cancer. Ann Oncol. 2019;30:x3–x11.
58 Furic L, Rong L, Larsson O, Koumakpayi IH, Yoshida

K, Brueschke A, et al. eIF4E phosphorylation promotes

tumorigenesis and is associated with prostate cancer

progression. Proc Natl Acad Sci USA. 2010;107:14134–9.
59 Liu Y, Horn JL, Banda K, Goodman AZ, Lim Y, Jana

S, et al. The androgen receptor regulates a druggable

translational regulon in advanced prostate cancer. Sci

Transl Med. 2019;11:eaaw4993.

60 Hsieh AC, Liu Y, Edlind MP, Ingolia NT, Janes MR,

Sher A, et al. The translational landscape of mTOR

signalling steers cancer initiation and metastasis.

Nature. 2012;485:55–61.
61 Ahmad F, Cherukuri MK, Choyke PL. Metabolic

reprogramming in prostate cancer. Br J Cancer.

2021;125:1185–96.
62 Costello LC, Liu Y, Franklin RB, Kennedy MC. Zinc

inhibition of mitochondrial aconitase and its

importance in citrate metabolism of prostate epithelial

cells. J Biol Chem. 1997;272:28875–81.
63 Muntzing J, Varkarakis MJ, Saroff J, Murphy GP.

Comparison and significance of respiration and

glycolysis of prostatic tissue from various species. J

Med Primatol. 1975;4:245–51.
64 Costello LC, Franklin RB. The clinical relevance of the

metabolism of prostate cancer; zinc and tumor

suppression: connecting the dots. Mol Cancer.

2006;5:17.

65 Fox JJ, Gavane SC, Blanc-Autran E, Nehmeh S,

Gonen M, Beattie B, et al. Positron emission

tomography/computed tomography-based assessments

of androgen receptor expression and glycolytic activity

as a prognostic biomarker for metastatic castration-

resistant prostate cancer. JAMA Oncol. 2018;4:217–24.
66 Moon JS, Jin WJ, Kwak JH, Kim HJ, Yun MJ, Kim

JW, et al. Androgen stimulates glycolysis for de novo

lipid synthesis by increasing the activities of hexokinase

2 and 6-phosphofructo-2-kinase/fructose-2,6-

bisphosphatase 2 in prostate cancer cells. Biochem J.

2011;433:225–33.

67 Massie CE, Lynch A, Ramos-Montoya A, Boren J,

Stark R, Fazli L, et al. The androgen receptor fuels

prostate cancer by regulating central metabolism and

biosynthesis. EMBO J. 2011;30:2719–33.
68 Broadfield LA, Pane AA, Talebi A, Swinnen JV, Fendt

SM. Lipid metabolism in cancer: new perspectives and

emerging mechanisms. Dev Cell. 2021;56:1363–93.
69 Zekovic M, Bumbasirevic U, Zivkovic M, Pejcic T.

Alteration of lipid metabolism in prostate cancer:

multifaceted oncologic implications. Int J Mol Sci.

2023;24:1391.

70 El Mjiyad N, Caro-Maldonado A, Ramirez-Peinado S,

Munoz-Pinedo C. Sugar-free approaches to cancer cell

killing. Oncogene. 2011;30:253–64.
71 Marcucci F, Rumio C. Tumor cell glycolysis-at the

crossroad of epithelial-mesenchymal transition and

autophagy. Cells. 2022;11:1041.

72 Yan C, Yang J, Saleh N, Chen SC, Ayers GD,

Abramson VG, et al. Inhibition of the PI3K/mTOR

pathway in breast cancer to enhance response to

immune checkpoint inhibitors in breast cancer. Int J

Mol Sci. 2021;22:5207.

73 Smith R, Liu M, Liby T, Bayani N, Bucher E, Chiotti

K, et al. Enzalutamide response in a panel of prostate

cancer cell lines reveals a role for glucocorticoid

receptor in enzalutamide resistant disease. Sci Rep.

2020;10:21750.

74 Langdon SP, Kay C, Um IH, Dodds M, Muir M,

Sellar G, et al. Evaluation of the dual mTOR/PI3K

inhibitors Gedatolisib (PF-05212384) and PF-04691502

against ovarian cancer xenograft models. Sci Rep.

2019;9:18742.

75 Eberlein C, Williamson SC, Hopcroft L, Ros S, Moss

JI, Kerr J, et al. Capivasertib combines with docetaxel

to enhance anti-tumour activity through inhibition of

AKT-mediated survival mechanisms in prostate cancer.

Br J Cancer. 2024;130:1377–87.
76 Lamoureux F, Thomas C, Crafter C, Kumano M,

Zhang F, Davies BR, et al. Blocked autophagy using

lysosomotropic agents sensitizes resistant prostate

tumor cells to the novel Akt inhibitor AZD5363. Clin

Cancer Res. 2013;19:833–44.
77 Toren P, Kim S, Johnson F, Zoubeidi A. Combined

AKT and MEK pathway blockade in pre-clinical

models of enzalutamide-resistant prostate cancer. PLoS

One. 2016;11:e0152861.

78 Alshaker H, Wang Q, Bohler T, Mills R, Winkler M,

Arafat T, et al. Combination of RAD001 (everolimus)

and docetaxel reduces prostate and breast cancer cell

VEGF production and tumour vascularisation

independently of sphingosine-kinase-1. Sci Rep.

2017;7:3493.

79 Goncalves MD, Farooki A. Management of

phosphatidylinositol-3-kinase inhibitor-associated

22 Molecular Oncology (2024) ª 2024 The Author(s). Molecular Oncology published by John Wiley & Sons Ltd on behalf of Federation of European Biochemical Societies.

PI3K/AKT/mTOR inhibitors in prostate cancer A. Sen et al.

 18780261, 0, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1002/1878-0261.13703, W

iley O
nline L

ibrary on [05/08/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



hyperglycemia. Integr Cancer Ther. 2022;21:153473542

11073163.

80 Um SH, D’Alessio D, Thomas G. Nutrient overload,

insulin resistance, and ribosomal protein S6 kinase 1,

S6K1. Cell Metab. 2006;3:393–402.
81 Sweeney CJ, Percent IJ, Babu S, Cultrera JL, Mehlhaff

BA, Goodman OB, et al. Phase Ib/II study of

enzalutamide with samotolisib (LY3023414) or placebo

in patients with metastatic castration-resistant prostate

cancer. Clin Cancer Res. 2022;28:2237–47.
82 Addie M, Ballard P, Buttar D, Crafter C, Currie G,

Davies BR, et al. Discovery of 4-amino-N-[(1S)-1-(4-

chlorophenyl)-3-hydroxypropyl]-1-(7H-pyrrolo[2,3-d]

pyrimidin-4-yl)piperidine-4-carboxamide (AZD5363), an

orally bioavailable, potent inhibitor of Akt kinases. J

Med Chem. 2013;56:2059–73.
83 Sedrani R, Cottens S, Kallen J, Schuler W. Chemical

modification of rapamycin: the discovery of SDZ RAD.

Transplant Proc. 1998;30:2192–4.

Supporting information

Additional supporting information may be found

online in the Supporting Information section at the end

of the article.
Fig. S1. Analysis of PC cell viability inhibition by

PAM inhibitors.

Fig. S2. Analysis of additional PAM inhibitors

response in PC cell lines using GR metrics.

Fig. S3. Analysis of glucose uptake in response to

PAM inhibitors.

Fig. S4. Mouse body weight in PC3 and 33RV1 xeno-

grafts treated with vehicle or gedatolisib.

Table S1. GR values in PC cell lines treated with

PAM inhibitors for 72 h in medium plus charcoal-

stripped FBS and 1 nM DHT.

Table S2. Cell viability (% inhibition) in PC cell lines

treated with PAM inhibitors for 72 h.

Table S3. GR values in PC cell lines treated with

PAM inhibitors for 72 h.

Table S4. Cell Cycle analysis in PC cell lines treated

with PAM inhibitors for 48 h.

Table S5. EdU incorporation (% inhibition) in PC cell

lines treated with PAM inhibitors for 48 h.

Table S6. Cell death and apoptosis in PC cell lines

treated with PAM inhibitors for 48 h.

Table S7. Cell death induction in PC cells treated with

PAM inhibitors for 48 h.

Table S8. p4EBP1 inhibition in PC cells treated with

PAM inhibitors for 48 h.

Table S9. Inhibition of OPP incorporation, pRPS6,

and p4EBP1 in PC cells treated with PAM inhibitors

for 24 h.

Table S10. List of genes used in temporal transcript-

mapping plots.

Table S11. Lactate produced in PC cell lines treated

with PAM inhibitors for 24 h.

Table S12. Glucose uptake in PC cells treated with

PAM inhibitors for 4 h.

Table S13. OCR in PC cell lines treated with PAM

inhibitors for 24 h.

Table S14. Du145 Cell migration after 24 h treatment

with PAM inhibitors.

Table S15. Tumor volume in individual 22RV1 xeno-

graft mice treated with vehicle or gedatolisib.

Table S16. Tumor volume in individual PC3 xenograft

mice treated with vehicle or gedatolisib.

Molecular Oncology (2024) ª 2024 The Author(s). Molecular Oncology published by John Wiley & Sons Ltd on behalf of Federation of European Biochemical Societies. 23

A. Sen et al. PI3K/AKT/mTOR inhibitors in prostate cancer

 18780261, 0, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1002/1878-0261.13703, W

iley O
nline L

ibrary on [05/08/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense


	Outline placeholder
	mol213703-aff-0001
	mol213703-fig-0001
	mol213703-fig-0002
	mol213703-fig-0003
	mol213703-fig-0004
	mol213703-fig-0005
	mol213703-fig-0006
	mol213703-fig-0007
	mol213703-bib-0001
	mol213703-bib-0002
	mol213703-bib-0003
	mol213703-bib-0004
	mol213703-bib-0005
	mol213703-bib-0006
	mol213703-bib-0007
	mol213703-bib-0008
	mol213703-bib-0009
	mol213703-bib-0010
	mol213703-bib-0011
	mol213703-bib-0012
	mol213703-bib-0013
	mol213703-bib-0014
	mol213703-bib-0015
	mol213703-bib-0016
	mol213703-bib-0017
	mol213703-bib-0018
	mol213703-bib-0019
	mol213703-bib-0020
	mol213703-bib-0021
	mol213703-bib-0022
	mol213703-bib-0023
	mol213703-bib-0024
	mol213703-bib-0025
	mol213703-bib-0026
	mol213703-bib-0027
	mol213703-bib-0028
	mol213703-bib-0029
	mol213703-bib-0030
	mol213703-bib-0031
	mol213703-bib-0032
	mol213703-bib-0033
	mol213703-bib-0034
	mol213703-bib-0035
	mol213703-bib-0036
	mol213703-bib-0037
	mol213703-bib-0038
	mol213703-bib-0039
	mol213703-bib-0040
	mol213703-bib-0041
	mol213703-bib-0042
	mol213703-bib-0043
	mol213703-bib-0044
	mol213703-bib-0045
	mol213703-bib-0046
	mol213703-bib-0047
	mol213703-bib-0048
	mol213703-bib-0049
	mol213703-bib-0050
	mol213703-bib-0051
	mol213703-bib-0052
	mol213703-bib-0053
	mol213703-bib-0054
	mol213703-bib-0055
	mol213703-bib-0056
	mol213703-bib-0057
	mol213703-bib-0058
	mol213703-bib-0059
	mol213703-bib-0060
	mol213703-bib-0061
	mol213703-bib-0062
	mol213703-bib-0063
	mol213703-bib-0064
	mol213703-bib-0065
	mol213703-bib-0066
	mol213703-bib-0067
	mol213703-bib-0068
	mol213703-bib-0069
	mol213703-bib-0070
	mol213703-bib-0071
	mol213703-bib-0072
	mol213703-bib-0073
	mol213703-bib-0074
	mol213703-bib-0075
	mol213703-bib-0076
	mol213703-bib-0077
	mol213703-bib-0078
	mol213703-bib-0079
	mol213703-bib-0080
	mol213703-bib-0081
	mol213703-bib-0082
	mol213703-bib-0083

	mol213703-supitem

