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Combined PI3KB and ALK targeting in lung cancer
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September 2022, accepted 28 October

S. S. Talwelkar et al.

Sensitivity to ALK targeting was enhanced by inhibition or knockdown of
PI3KP. In ALK-rearranged primary cultures, the combined inhibition of

2022) ALK and PI3Kp prevented the EGFR-mediated ALK-inhibitor resistance,

doi:10.1002/1878-0261.13342

and selectively targeted the cancer cells. The combinatorial effect was seen

also in the background of TP53 mutations and in epithelial-to-mesenchymal
transformed cells. In conclusion, combinatorial ALK- and PI3KB-inhibitor
treatment carries promise as a treatment for 4LK-rearranged NSCLC.

1. Introduction

In 3-7% of NSCLCs, ALK gene rearrangements lead to
the expression of oncogenic fusion proteins that confer
constitutive activity of the ALK kinase domain [1,2].
Aberrant ALK activity, in turn, activates the MAPK
and PI3K-AKT oncogenic signaling pathways [3,4].
Treatment of ALK-rearranged NSCLC with first- or
second-generation ALK inhibitors associates with favor-
able initial response in the majority of patients, although
the development of resistance and clinical relapse typi-
cally occurs within a few years [5]. Five to 10% of
patients show progressive disease following alectinib
treatment, at present the recommended first-line therapy
for ALK-rearranged NSCLC [5,6]. Intrinsic resistance
may relate to, for example, the precise ALK fusion vari-
ant [7] or TP53 mutations which frequently co-occur
with ALK rearrangements [8—10]. Among tumors that
acquire resistance to ALK inhibitors, 30-50% exhibit
ALK-dependent resistance mechanisms, particularly
ALK mutations and/or amplification [11,12]. In the
remainder, resistance associates with diverse mecha-
nisms, including activation of bypass signaling pathways
(e.g., EGFR, KIT, IGF-1R, or GPCRs), epithelial-to-
mesenchymal transition (EMT), a histopathology switch,
or increased activity of drug efflux pumps [3].

For ALK-rearranged NSCLCs exhibiting ALK-
dependent acquired resistance, second- or third-
generation ALK inhibitors that retain activity in the pres-
ence of resistance mutations to first-line inhibitors offer
optional “sequential” treatment opportunities. However,
the mechanistic drivers for resistance, such as bypass
signaling, are not diagnostically assessed and likely
differ between samples. In addition to pronounced
intertumor variability in resistance mechanisms, 4LK-
rearranged lung tumors also exhibit intratumor hetero-
geneity in ALK inhibitor resistance [3]. To address this
clinical problem, patient-derived cultures from ALK
inhibitor-resistant tumors can be used to identify
treatment-adaptive resistance mechanisms and combi-
natorial treatment approaches [13—15]. Nevertheless, as
of yet, no combinatorial treatments to counter bypass
signaling are available in the clinic.

Here, we performed multiregional characterization of
an aggressive chemoresistant ALK-rearranged lung
tumor and corresponding tumor-derived cultures. Drug
response profiles were different in cultures derived from a
region exhibiting an epithelial-to-mesenchymal transition
(EMT) phenotype. Importantly, our study identified
PI3K} as a novel target for improving response to ALK
inhibition, and combinatorial ALK and PI3Kf inhibi-
tory response was detected in all cultures, also in the con-
text of EMT and TP53 mutation. As PI3Kp is an
effector of multiple tyrosine kinase activities that can
mediate ALK inhibitor resistance, including EGFR, the
co-targeting of PI3KP and ALK offers promise as a
treatment for A LK-rearranged lung cancer.

2. Materials and methods

2.1. Culture of patient-derived cells and cell lines

Procedures conducted in this study were performed in
accordance with licenses approved by the Coordinating
Ethics Committee of the University of Helsinki (85/13/
03/00/2015, HUS/1204/2019). Clinical samples were col-
lected at the Helsinki University Central Hospital
(HUCH) with the patient’s written informed consent.
The patient samples used in this study were obtained
from PLT26. In 2015, when the ALK rearrangement was
identified in this patient’s tumor, chemotherapy was the
first-line therapy at HUCH in Finland. The patient was
therefore never treated with ALK-targeted therapy.
Immediately after surgery, a thoracic pathologist dis-
sected the tumor and tumor-adjacent normal lung tissues.
Tissue pieces were manually minced using a sterile scal-
pel, and then enzymatically digested using the Tumor
Dissociation Kit (Miltenyi, Bergisch Gladbach, Ger-
many; 130-095-929) and gentleMACS Dissociator (130-
093-235), following the manufacturer’s instructions.
Single cell suspensions were further processed using
Miltenyi’s human EpCAM (CD326) cell isolation kit
(130-061-101) to enrich EpCAM" cells. Both normal and
tumor EpCAM+ cells were cultured in the presence of
irradiated (30 Gy) 3T3 feeder cells in F-medium using
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Conditional Reprogramming (CR) culture protocol as
described in [16,17]. Feeder 3T3 cells were cultured in
DMEM (Thermo Fisher Scientific, Waltham, MA,
USA; 42430-025) supplemented with 10% FBS (Gibco,
Waltham, MA, USA; 10270-106). Differential trypsiniza-
tion was utilized for culture propagation when cells
reached 80% confluency [16]. Lung cancer cell lines
(H3122, H2228, A549, H460, Calu-1, and H1437) were
cultured in RPMI-1640 (Lonza, Basel, Switzerland; 15-
1675) supplemented with 10% FBS. All cultures were
maintained in a humidified incubator at 37 °C with 5%
CO,. H3122 (Cellosaurus accession ID: CVCL_5160),
H2228 (CVCL_1543), A549 (CVCL_0023), H460
(CVCL_0459), Calu-1 (CVCL_0608), and H1437
(CVCL_1472) cells were purchased from the ATCC
(Manassas, VA, USA) and STR-profiled at the Genotyp-
ing Unit of Technology Centre at the Institute for Molec-
ular Medicine Finland (FIMM).

2.2. F-medium

F-medium is a combination of 1:3 v/v DMEM: F-12
nutrient HAM supplemented with 5%  FBS,
10 ngmL~" EGF (BD Biosciences, Franklin Lakes,
NJ, USA; 354 052), 5 pg-mL™" insulin (Sigma, St.
Louis, MO, USA; 12643), 24 ug-mLf1 adenine (Sigma;
A2786), 0.4 pg-mL~" hydrocortisone (Sigma; H4001),
10 ng-mL~" cholera toxin (List Biological Laboratory,
Campbell, CA, USA; 100B), and 10 pm ROCK inhibi-
tor (Y-27632; ENZO) and penicillin—streptomycin
(Gibco; 15140-122) to final concentrations of
100 Units-mL~" and 100 pg-mL ™", respectively.

2.3. Drug sensitivity and resistance testing
(DSRT) assay

Drug sensitivity and resistance testing assays for anti-
cancer compounds as a single agent or in combination
with other compounds were performed as previously
described [17]. For drug screening, 384-well plates (Corn-
ing, Corning, NY, USA; 3712) with compounds were
prepared in advance by dispensing compounds using an
Echo 550 liquid handler (Labcyte, Synnyvale, CA, USA),
at five concentrations covering a 10 000-fold concentra-
tion range. For storage, the predrugged plates were kept
in pressurized StoragePods (Roylan Developments Ltd.,
Fetcham, UK) under inert nitrogen gas. For drug screen-
ing, the predrugged compounds were dissolved in 5 puL
of culture medium per well, with (1 : 2000 final volume)
or without CellTox Green (Promega, Madison, WI,
USA) depending on the experiment, and 20 pL cell sus-
pension per well was seeded at a concentration of 1500
cells per well. After 72-h incubation at 37 °C, cell death

Combined PI3KB and ALK targeting in lung cancer

was assessed by measuring fluorescence signals from Cell-
Tox Green (485/520 nm excitation/emission filters). Sub-
sequently, to assess cell wviability, 25 pul per well
CellTiter-Glo reagent (Promega) was added, and lumi-
nescence was recorded. Both fluorescence and lumines-
cence readouts were recorded using a PHERAStar FS
plate reader (BMG Labtech, Ortenberg, Germany). To
plot dose—response curves for each drug, the Marquardt—
Levenberg algorithm was implemented using the in-
house-developed bioinformatic ‘Breeze’ pipeline [18]. To
compare drug responses across samples, Drug Sensitivity
Scores (DSSs) were calculated using dose—response curve
parameters including the IC50, slope, top, and lower
asymptotes, as described [19]. To manually assess the
drug responses of single agents or drug combinations, a
denser concentration range (nine doses between 0.5/1 and
5000/10 000 nm) of compounds was used. Cells (1500 per
well) were seeded in 384-well plates in 20 pL of media.
After 24-h incubation at 37 °C, cells were treated with
vehicle control or drug in 10 pL of media with three tech-
nical replicates for each condition. After 72-h incubation
at 37 °C, cell viability was quantified using CellTiter-Glo
reagents. The relative cell viability was calculated using
the formula: (cell viability of drug treatment)/(cell viabil-
ity of vehicle control) x 100. Values for the selectivity
index are calculated using the formula p(IC50 ALK-
rearranged cells/IC50 ALK wildtype cells).

2.4. Immunoblotting

Lysates were prepared from tumor tissue or cultured
cells using RIPA buffer supplemented with fresh pro-
tease and phosphatase inhibitors (Roche, Penzberg,
Germany). Protein quantification was performed using
the BCA Protein Assay (G Biosciences, St. Louis,
MO, USA; 786-570). Lysates were fractionated using
Mini-PROTEAN TGX precast gels (Biorad, Hercules,
CA, USA) and transferred to PVDF membranes (Mil-
lipore, Burlington, MA, USA; IPFL00010) using the
XCell II blot module (Thermo-Scientific). After trans-
fer, membranes were blocked for 30 min at room tem-
perature using Odyssey Blocking Buffer. Two-color
immunoblotting was performed using Odyssey Block-
ing Buffer (LI-COR, Lincoln, NE, USA) and IRDye
(800CW/680RD) secondary antibodies (LI-COR)
diluted 1:10 000 in Odyssey Blocking Buffer. Mem-
branes were scanned using an Odyssey infrared imager
(LI-COR) and quantifications were performed using
the Image Studio software (LI-COR). Primary anti-
bodies are listed in the Supplemental Experimental
Procedures. Table S1 in the Supporting Information
section lists the antibodies and dilutions used for
immunoblotting.
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2.5. Co-immunoprecipitation

Co-immunoprecipitation (Co-IP) experiments were
performed using the Thermo Fisher Scientific Pierce
Co-IP Kit (26149), following the manufacturer’s proto-
col. In brief, cells were exposed to drugs when cell
confluency reached 60-70%. After 4 or 24 h of drug
exposure, cells were lysed with an ice-cold Lysis/Wash
Buffer supplemented with fresh protease and phos-
phatase inhibitors (Roche). Cell lysates were precleared
by incubating the lysate with Control Agarose Resin
at 4°C for 1 h. To prepare antibody-immobilized
AminoLink Plus Coupling Resin, 25 pL. Coupling
Resin, and 1 pg of rabbit anti-EGFR (Santa Cruz
Biotechnology, Dallas, TX, USA; sc-120) or IgG con-
trol antibody (Invitrogen, Waltham, MA, USA; 02-
6102) were co-incubated in a spin column for 2 h at
room temperature. Columns were then washed twice
with 1x Coupling Buffer and six times with Wash
Solution, and centrifuged after each wash. Subse-
quently, precleared cell lysate was added to the column
containing antibody-coupled resin, and incubated over-
night at 4 °C with gentle mixing. Proteins were eluted
using 60 pL. of Elution Buffer, and eluates were ana-
lyzed by western blotting with primary antibodies for
EGFR, pEGFR, PI3Kp, and tubulin. See Supplemen-
tary Information section for antibody details. Table S1
in the Supporting Information section lists the anti-
bodies and dilutions used for Co-IP.

2.6. IncuCyte confluency assay

Cells were seeded at a density of 5000-10 000 cells per
well in 96-well plates and were exposed to drugs or
DMSO on the following day. Immediately after drug
treatment, cells were followed by live-cell imaging
using an IncuCyte ZOOM microscope (Essen Bio-
science, Ann Arbor, MI, USA) by taking pictures
every 3 or 4 h for a total of 72 or 120 h. Images were
then quantified for cell confluency (cell surface area
coverage as confluence values) using the INCUCYTE
application software (Essen Bioscience), and cell con-
fluency data were plotted with GraphPad Prism
(GraphPad Software, San Diego, CA, USA).

2.7. Colony formation assay

Cells were seeded at a density of 10 000-20 000 cells per
well in 24-well plates and 50 000 cells per well in six-well
plates. On the following day, cells were exposed to drugs
or DMSO. Medium and DMSO/drugs were replaced
every 72 h for 15 days. Cells were fixed with colony fixa-
tion solution [acetic acid/methanol 1 : 7 (vol/vol)] and
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stained with 0.5% crystal violet. After drying, stained
plates were scanned with the Cytation 5 Cell Imaging
Multi-Mode Reader (BioTek, Winooski, VT, USA) and
the number and size of colonies were quantified with the
compatible Gen5™ Multi-Mode Reader and Imager
Software (BioTek). To assess the long-term effect of
ALK inhibitors, cells were treated with ICsy doses of
each ALK inhibitor that were calculated based on 3-day
drug response measurements.

2.8. Autophagy analysis

Cells were seeded at a density of 10 000-20 000 cells
per well in 96-well plates and exposed to drugs or
DMSO on the following day. Following 24-h incuba-
tion, cells were costained with CYTO-ID Green detec-
tion reagent and Hoechst 33342 nuclear stain
according to the manufacturer’s instructions (Enzo
Life Science, San Diego, CA, USA). Cells were
observed and imaged using Opera Phenix High-
Content Screening System (PerkinElmer, Waltham,
MA, USA). Quantification of the number of autopha-
gic vacuoles, vacuoles per cell, their size, and the inten-
sity of the vacuoles was carried out using the
system’s hHARMONY software (PerkinElmer).

2.9. Drug treatment with or without EGF

Cells (5000 cells per well) were cultured in 96-well
plates in media without EGF. After 24 h, cells were
treated with indicated drug concentration or vehicle
control in media supplemented with 10 or
100 ng-mL~" fresh EGF, or without addition of EGF.
Drug and EGF treatments were repeated every 24 h
for 3 days. After 72 h of total drug treatment, cell via-
bility was quantified using CellTiter-Glo reagents. The
relative cell viability was calculated using the formula:
(cell viability of drug treatment)/(cell viability of vehi-
cle control) x 100.

2.10. In vivo treatment experiment

Treatment studies on patient-derived xenograft (PDX)
models derived from primary TR3 and TRS ALK-
rearranged NSCLC cultures were performed at the
Charles River facilities. This study was carried out in
strict accordance with the recommendations in the
Guide for the Care and Use of Laboratory Animals of
the Society of Laboratory Animals (GV SOLAS) in an
AAALAC accredited animal facility. All animal experi-
ments were approved by the Committee on the Ethics
of Animal Experiments of the regional council
(Regierungsprasidium Freiburg, Abt. Landwirtschaft,
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Landlicher Raum, Veterinar- und Lebensmittelwesen -
permit # G-18/12). NSG (NOD.Cg-Prkdcscid I12rgt-
m1W;jl/Sz)) animals were used for in vivo treatment
experiments, and animals were sourced from Charles
River, France. Both male and female NSG mice (6—
8 weeks old) were implanted subcutaneously with frag-
ments from either TR3 or TRS5S PDX tumors. Once
average tumor volume reached 100 mm?, animals were
randomized to different treatment groups (m = 5 per
treatment group) and were administered with vehicle
control, ceritinib alone, AZD-8186 alone or combina-
tion of ceritinib plus AZD-8186. Ceritinib was adminis-
tered at 25 mg-kg~' body weight p.o. daily for 21 days.
AZD-8186 was administered at 2 x 25 mg-kg™' body
weight p.o. daily for 21 days. Ceritinib (25 mgkg™")
and AZD-8186 (2 x 25 mg-kg™!) were administered
together p.o. daily for 21 days. The control vehicle
(0.5% Methylcellulose, 0.5% Tween80) p.o. for
21 days. Tumors were measured using electronic cali-
pers twice a week, and tumor volumes were calculated
using the formula length x width® x 0.52. Body
weights were recorded in parallel to the tumor volume
measurement. Animals were monitored daily for signs
of morbidity and/or mortality.

2.11. Animal housing and handling

Animals were housed in individually ventilated cages
(TECNIPLAST Sealsafe-IVC System, TECNIPLAST,
Hohenpeissenberg, Germany), depending on group
size, either in type III or in type II long cages. They
were kept under a 14L:10D artificial light cycle. The
temperature inside the cages was maintained at
22-26 °C with a relative humidity of 45-65% and 60—
65 air changes-h™' in the cage. Dust-free bedding
consisting of aspen wood chips with approximate
dimensions of Smm x 5mm x 1 mm (ABEDD,
LAB & VET Service GmbH, Vienna, Austria; LTE E
001) and additional nesting material were used. The
cages including the bedding and the nesting material
were changed weekly. The animals were fed autoclaved
Teklad Global Extruded 19% Protein Rodent Diet
from Envigo RMS SARL (Gannat, France) and had
access to sterile filtered and acidified (pH 2.5) tap
water that was changed twice weekly. Feed and water
were provided ad libitum. All materials were auto-
claved prior to use. Animals were routinely monitored
at least twice daily on working days and at least once
daily on weekends and public holidays. Routine moni-
toring included inspections for dead animals, assess-
ment of animal welfare and tumor growth by
observation, control of feed and water supply and of

Combined PI3KB and ALK targeting in lung cancer

technical housing conditions. Any observed or sus-
pected impairment of animal welfare was documented.

2.12. Statistics and reproducibility

GRAPHPAD PRISM 9 (GraphPad Software Inc) was used
to generate all figures presented and to perform statis-
tical analyses of experimental data. Statistical signifi-
cance was assessed using a Student’s ¢ test and
nonparametric Mann-Whitney test or Wilcoxon
matched-pairs signed rank test. P-values > 0.05 were
considered as statistically significant. Error bars indi-
cate standard deviation or standard error of the mean.
Pearson’s correlation coefficients were used to assess
the significance of correlations and displayed in the
XY plots. DSRT, NGS, and THC experiments were
performed a single time, with biological replicates
(n = 2-6). Immunoblot analyses including co-
immunoprecipitation, FISH, and validation of siRNA-
mediated PIK3CB knockdown were performed two
times, with similar results. Follow-up experiments
including colony formation assay, IncuCyte confluency
assay, CYTO-ID based autophagy assay, and experi-
ments evaluating the effect of PIK3CB knockdown,
EGF treatment, GPCR inhibition or autophagy inhibi-
tion on responses of ALKi, PI3Kfi or combination of
ALKIi plus PI3KBi were performed three times, with
similar results. Xenograft experiments were performed
once at Charles River by different experimenters.

2.13. Immunohistochemistry

Tissue processing and IHC procedures were performed
essentially as described previously [17]. Antibodies and
stain-specific details are listed in the Supplemental
Information section. To acquire whole slide scans of
stained tissue sections, the Pannoramic 250 digital slide
scanner (3DHISTECH, Budapest, Hungary) was used
and the scanned TIFF images are exported using the
Pannoramic Viewer (3DHISTECH). Table S1 in the
Supporting Information section lists the antibodies
and dilutions used for IHC.

2.14. Fluorescence in situ hybridization (FISH)

The ALK-rearrangement status of the samples was
evaluated by FISH using ALK dual-color break-apart
probe according to the manufacturer’s protocol (Vysis,
Abbott Molecular Inc., Abbott Park, IL, USA).
Tumor cell nuclei with split red and green signals were
defined as positive for ALK-rearrangement, and at
least 100 cells were evaluated for each sample to
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conclude the ALK-rearrangement status. Samples dis-
playing ALK-rearrangement in more than 10% of the
cells were labeled as positive.

2.15. Genetic analysis

Genomic DNA was extracted from healthy lung and
tumor tissue samples and from corresponding CR cul-
tures using a DNeasy Blood & Tissue kit (Qiagen,
Hamburg, Germany). Targeted next-generation
sequencing was performed using the NimbleGen Can-
cer Panel (captures the exons of 578 cancer-related
genes; Roche Nimblegen, Madison, WI, USA) and the
Illumina HiSeq2500 system in HiSeq high output
mode using v4 chemistry or HiSeq Rapid run mode
using v2 chemistry (Illumina, San Diego, CA, USA),
as described [20]. Variants were removed if the variant
allele frequency was < 2%; tools employed for variant
calling have been outlined earlier [21].

2.16. PIK3CB RNAi and ALKi drug screens

PIK3CB gene silencing was achieved by RNA interfer-
ence using a reverse transfection procedure. 384-well
plates (Corning; 3712) with siRNAs were prepared in
advance by dispensing siRNAs using an Echo 550 lig-
uid handler (Labcyte). Plates were either used immedi-
ately or foil-sealed and stored at —20 °C until use.
ON-TARGET plus SMART pool siRNA (Dharma-
con, Lafayette, CO, USA) against PIK3CB was used
(10, 20 or 40 nm). Before transfection, siRNA mole-
cules were reconstituted in OptiMEM (5 pL per well)
medium (Invitrogen) containing Lipofectamine RNAi-
MAX (25 nL per well; Life Technologies, Waltham,
MA, USA) using a Multidrop™ Combi nL Reagent
Dispenser (Thermo Fisher Scientific). After 30-min
incubation at RT on an orbital shaker, 20 pL cell sus-
pension per well was seeded in the siRNA plates. After
24-h incubation at 37 °C, cells were treated with
DMSO or 200 nMm ceritinib and further incubated for
72 h at 37 °C. Cell viability was measured using
CellTiter-Glo reagent as per the manufacturer’s
instructions. Cells transfected with 10 nm of non-
targeting siRNA (Qiagen) or AllStars Hs Cell Death
Control siRNA (Qiagen) served as a negative or posi-
tive control. To verify the knockdown of PIK3CB,
1 x 10° cells were seeded in each well of a six-well
plate, after 24 h, cells were transfected with 10 nm
PIK3CB siRNA using Lipofectamine RNAIMAX
according to the manufacturers’ instruction. At 72 h
after transfection, lysates were collected and subjected
to immunoblotting analyses.

S. S. Talwelkar et al.

3. Results

3.1. Intratumor heterogeneity of an ALK-
rearranged lung tumor

To capture the extent of intratumor heterogeneity and
to identify treatments that can enhance sensitivity to
ALK inhibition in ALK-rearranged lung cancer, we
characterized tumor tissues (n = 6) and cultures (n = 4)
established from multiple tumor regions (TRs) of a
large surgically resected tumor (9 x 12 x 9 cm) from
a 55-year-old never-smoker female patient with ALK-
rearranged T3N2MO stage lung adenocarcinoma with
diffuse metastasis. Before surgery, the patient was
treated with chemotherapy, which did not halt disease
progression (Fig. 1A and Fig. SIA,B). Immunohisto-
chemical characterization of six tumor regions was
done for ALK and markers of lung adenocarcinoma
(NKX2.1), epithelial (E-cadherin, pan-cytokeratin, and
cytokeratin 18) and mesenchymal (vimentin) pheno-
types, tumor vasculature (CD31), and basement mem-
brane organization (collagen type IV). All but one
tissue region showed a similar phenotype with cancer
cells exhibiting positivity for both NKX2.1 and the
epithelial marker E-cadherin. The exception was tumor
region #5 (TRS), which exclusively showed aggressive
lung cancer features, including aberrant basement
membrane organization evidenced by enhanced colla-
gen type IV staining, high tumor vasculature, and mes-
enchymal phenotype cancer cells lacking NKX2.1
expression (Fig. 1B and Fig. S1C). Importantly, TRS-
derived cells exhibited predominant expression of
vimentin corroborating the parental mesenchymal tis-
sue phenotype of the cancer cells in TRS. Unlike other
TRs, TRS cells expressed a high level of ALK fusion
protein and formed multilayered tightly packed colo-
nies in ex vivo culture (Fig. 1C,D and Fig. SID). The
EML4-ALK fusion was shown to be variant 1 via
comparative western blotting of the same variant har-
bored by the commonly used ALK-rearranged lung
cancer cell line NCI-H3122 (Fig. 1D).

We next asked whether TRS cancer cells carried
unique genetic aberrations to explain their divergent
phenotype. Panel sequencing of the TR3 and TR5
tumor tissues and their corresponding cultures, how-
ever, showed an identical set of somatic mutations
(Fig. 1E and Table S2), suggesting that the difference
between TRS and other regions was phenotypic rather
than mutational. The aggressive nature of the cancer
was underscored by multiple mutations in tumor sup-
pressor genes, including TP53, CBFA2T3, PPP2RIA,
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Patient ID: FIMM-PLT26
Age: 55 years

Gender: female
Smoking: never-smoker
Histopathology: adenocarcinoma
Tumor stage: T3N2MO
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Fig. 1. ALK-rearranged lung tumor analysis reveals EMT-related intratumor heterogeneity. (A) Clinical features and outline of intratumor
heterogeneity analyses in a lung cancer specimen. (B) Representative images of hematoxylin and eosin (H&E) and IHC staining performed
on TR3 and TR5 tissue regions (n = 1). Scale bar, 50 um. (C) Representative bright field pictures of cultures derived from different tissue
regions, all cultures with the exception of TR5 formed uniform epithelial monolayers (n = 3). Scale bar, 100 um. (D) Immunoblots of ALK-
rearranged tumor-derived cultures and cell lines, probed with the indicated antibodies. Lysates from H3122 and H2228 were used as a posi-
tive control for ALK variants 1 (v1) and 3 (v3), respectively (n = 1). (E) Variant allele frequencies of cancer-selective somatic mutations identi-

fied in each sample (n=1).

and SMARCA4. As expected, variant allele frequencies
were substantially higher in cultures than in their
respective tissues, indicating cancer cell enrichment in
cultures. Overall, this demonstrates intratumor pheno-
typic heterogeneity and a genomic profile that under-
scores the aggressive nature of this ALK-rearranged
lung cancer sample.

3.2. Patient-derived cells show moderate
sensitivity to ALK inhibition

To understand how the phenotypic heterogeneity of
different tumor regions relates to functional

differences, we undertook drug profiling of tumor-
derived cultures from four regions, and compared
responses to those in patient-matched normal lung
tissue-derived cells and ALK-rearranged H3122 cells.
This used a customized panel of 527 anticancer com-
pounds representing both approved and investigational
compounds, including > 100 compounds targeting
ALK or its effector pathways (Table S3). Matching
with the patient’s clinical response, tumor-derived cul-
tures were mostly resistant to cisplatin and pemetrexed
(Fig. S2A). The drug sensitivity score (DSS) was calcu-
lated for each drug response measurement by integrat-
ing the IC50 values, area under the curve (AUCQC),
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Fig. 2. Pharmacological profiling reveals functional heterogeneity of an ALK-rearranged NSCLC tumor. (A) Integrated results of drug sensitiv-
ity and resistance testing (DSRT) performed on tumor-derived and H3122 cells; cancer-selective hits were identified on the basis of selective
drug sensitivity scores (DSSs). ALK-rearranged lung cancer-selective compounds targeting ALK are depicted as red (n = 1). (B) The selective
DSSs of ALK for indicated cell types. Each dot represents an individual drug and dots are color-coded based on drug ID (n = 3). Whiskers
represent minimum and maximum values. Wilcoxon matched-pairs signed rank test P values are *P < 0.05. (C) Dose-response curves of
normal lung or tumor-derived cells, and H3122 or H2228 cells treated with the second-generation ALKi, ceritinib (n = 3). (D) Representative
images (top) of clonogenicity assays of tumor-derived cultures treated for 15 days with ICso concentrations of the indicated ALKi. ICso con-
centrations were derived from a 3 day treatment experiment. Heat map (bottom) showing the quantification of change in colony with
respect to vehicle control (n = 3). Integrated results of a combinatorial drug screen performed on cells derived from ALK-rearranged tumor
regions (TR3 and TR5), or from six normal lung tissues. Normal lung cells PLT26 were derived from healthy tissue neighboring the ALK-
rearranged tumor. DSRT screens were performed in combination with (E) 200 nm ceritinib (ALKi), (F) 1000 nm gefitinib (EGFRI), or (G)
500 nm AZD-8186 (PI3KBI) (n=1).

slope as well as top and lower asymptotes of each epithelial cells, showed sensitivity to ALK inhibitors
dose-response curve, allowing for rational compar- (ALKi) (Fig. 2A—-C and Fig. S2B,C). However, these
isons across a large number of drugs and samples [19]. ALKi responses were moderate when compared to
Selectivity was demonstrated by the finding that only those measured in ALK-rearranged H3122 cells, but
ALK-rearranged cancer cells, but not normal lung higher than in H2228 cells.
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3.3. A combinatorial drug screen identifies PI3Kp
as a novel target to restore ALKi sensitivity

To assess long-term sensitivity of tumor-derived cul-
tures to ALK, cells were exposed to ICsy doses of five
ALKi for 15 days. All tumor-derived cultures showed
paradoxical increased cell growth as evidenced by
increased colony formation in presence of ALKi
(Fig. 2D). We selected TR3 and TRS5 cells for the
remainder of the follow-up experiments, as TR3
resembled the phenotypic features of TR1 and TR2,
and TRS5 uniquely differed from the other tumor-
derived cultures. Several ALK inhibitors were utilized
in subsequent drug sensitivity experiments, with ceri-
tinib being the most frequently used because it was the
only second-generation approved ALKi at the time of
our investigation. With regard to the different sensitiv-
ity of tumor-derived cultures to ALKi in short-term
and long-term assays, we treated TR3 and TRS cells
with ceritinib and alectinib and measured the colonies
every 3 days for up to 15 days to determine how long
it would take for cancer cells to overcome the cyto-
static effect of ALKi. Similar to the short-term viabil-
ity assay, the colony area of drug-treated cells was
lower than that of control cells at the 3-day time
point, while at later time points the colony areas of
drug-treated cells surpassed control cells. This sug-
gested that 3-6 days are needed to overcome an
ALKi-induced halt in cell proliferation (Fig. S2C),
eluding to loss of ALKi sensitivity in patient-derived
cells.

To identify treatments that may improve sensitivity
to ALKi, we implemented a combinatorial drug screen
on tumor-derived cells using a drug panel in combina-
tion with 200 nm ceritinib. As expected, we identified
combinatorial responses of ALKi plus EGFR inhibitors
(EGFRi; n = 4) and pan-ERBB inhibitors (z = 12). In
addition, ALKi plus PI3Kf inhibitors (PI3Kpi; n = 4)
showed strong combinatorial responses (Fig. 2E and
Fig. S3A-E). On the contrary, no combinatorial
responses were seen between ALKi and PI3Ka isoform
inhibitors or mTOR inhibitors (Fig. S3C). To cross-
validate our discoveries, we performed additional com-
binatorial screens in combination with gefitinib (an
EGFRi) or AZD-8186 (a PI3Kp-selective inhibitor).
Both screens identified ALK as the most effective com-
bination target (Fig. 2F,G and Fig. S3F), altogether
demonstrating that partial sensitivity to ALKi primary
tumor cells was regulated by EGFR and PI3Kf and
could be effectively overcome by combined inhibition of
ALK and EGFR or PI3K}.

To understand the molecular mechanism for this
limited ALK sensitivity of tumor-derived cultures, we

Combined PI3KB and ALK targeting in lung cancer

analyzed signaling events following ceritinib treatment.
Evaluation of phosphorylation cascades in TR3, TRS,
and H3122 cells treated with different ceritinib concen-
trations showed a reduction in the level of ALK phos-
phorylation, and adaptive activation of EGFR and
AKT was evident in all treated samples. When com-
pared to TR3 and H3122, TRS5 appeared to have
higher levels of baseline ERK phosphorylation, while
TR3 predominantly exhibited ERK rebound activation
upon treatment with ceritinib (Fig. S4A,B). Next, to
explore whether EGFR activation reduced sensitivity
to ALKi, ALK-rearranged lung cancer cells were
cotreated with the EGFR ligand EGF and ceritinib.
As expected, EGF treatment decreased the effect of
ALKi on cell viability in all tested 4LK-rearranged
lung cancer cell models (Fig. S4C). Since ALK inhibi-
tion led to adaptive activation of EGFR and down-
stream MAPK and PI3K-AKT signaling, and as EGF
perturbation dampened sensitivity to ALKi, the mod-
els evaluated in this study appear to exhibit EGFR-
driven ALKi resistance, matching findings of other
studies [12,22,23].

3.4. Normal lung cells are insensitive to
combined inhibition of ALK and PI3Kp

To evaluate sensitivities and possible generic toxicities
of compounds targeting the EGFR receptor family
and the PI3K-AKT-mTOR pathway, we utilized nor-
mal lung epithelial cells derived from three individu-
als. EGFR or pan-ERBB inhibition produced toxic
and antiproliferative responses in normal lung cells.
Similarly, multiple compounds targeting various
nodes of the PI3K-AKT-mTOR pathway showed
toxicities in the normal cells. However, compounds
selectively targeting PI3Kp, either on their own or in
combinations with ALKi, did not detectably affect
the normal lung epithelial cells (Fig. 3A-D and
Fig. S5A-E). Furthermore, selectivity index analysis
confirmed that the combination of ALKi and PI3Kfi
provided a significantly wider therapeutic window in
comparison to single ALKi or the combination of
ALKi and EGFRi (Fig. 3E). In addition, selectivity
index analysis demonstrated that next-generation
ALK inhibitors such as alectinib, brigatinib, and lor-
latinib had superior selectivity when used in combina-
tion with PI3KBi than when used alone (Fig. 3F).
Therefore, the combination of PI3KBi and ALKi acts
highly selectively on ALK-rearranged NSCLC cells,
while the combination of EGFRi and ALKi appears
to act non-specifically, also targeting the normal
epithelial cells.

Molecular Oncology (2023) © 2022 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of Federation of European Biochemical Societies. 9

85U8017 SUOWIWOD A 181D 3cedljdde au Aq pausenob aJe Sepie YO ‘@SN JO SN 10} Akeiq18ulUQ AB|1IAA UO (SUORIPUOD-pUe-SWLR/Woo A3 1M Afeiq1jeuljuo//Sdny) SUORIPUOD pue swie | 8 88s *[£202/20/9T] Uo ArigiTauljuo A8 |im ‘MmN Jo AisieAun Aq ZyeET T920-8.8T/200T 0T/I0PAWO0D" A8 1M Ae.q Ul |UO'STR//:SANY WoJ4 pepeojumod ‘0 ‘T9Z08.8T



Combined PI3KB and ALK targeting in lung cancer S. S. Talwelkar et al.
(A) (B)
Ceritinb +/—- AZD-8186 Ceritinb +/— gefitinib
201 g TR3 201 m PLT26 [ Normal 201 @ TR3 ° 20— PLT26 | Normal
@ TR5 @ PLT32 |lung @® TR5 Il @ PLT32 |lung
154 - 15| A PLT41 | cells 15 u 15| A PLT41 | cells
]
B 10— [ | % 10 B 104 [ | 3 10
Qa a a Qa
5 — 5 5— 5—
s w ][0 ol
0- T 0= T 0—— T 0— T
Ceritinib — + + Ceritinib — + + Ceritnib — + + Ceritinib — + +
AZD-8186 + — + AzD-8186 + — + Gefitinib + — + Gefitinib + — +
(©) Ceritinb +/— pictilisib (D) Ceritinb +/— sapanisertib
N TR3 Il PLT26 | Normal W TR3 Il PLT26 | Normal
® TR5 @ PLT32 |lung @ TR5 @ PLT32 Iur|1|g
A PLT41 |cells
20— 20— A PLT41 |cells 20— MW 20—
— @
u me ° [ ®
154 [4] 15— A 15 - 15— ™l
° ° ® A
B 10 [ | % 104 u B 10 [ | B 10
Qa a [a} la}
5— 5— 5 — 54
0= T 05 T 0 T 0= T
Ceritinib —  + + Ceritinib —  + + Ceritinib —  + + Ceritinib —  + +
Pictilisib + — + Pictilisib + — + Sapanisertib + — + Sapanisertib + — +
(E) (F)
£ T ® Alectinib
*k Kk 3 ® Lorlatinib
5 t Y ) ) @ Brigatinib
3 S ¢ g
2 1+ . é g
> | @ ¢ >
= >
-5' 0_ # .................................... -05
Q 2
[0} [0
n % é 17}
4 Q
2 1 | | | | | | | | | | | | | -1 1 1 1
TR3 TR5 TR3 TR5 TR3 TR5 TR3 TR5 TR3 TR5 TR3 TR5 TR3 TR5 — + — + AZD-8186
ALKi PI3KRi PI3KBi + EGFRi EGFRi + PI3Kai  PI3Kai + TR3 TR5
ceritinib ceritinib ceritinib

Fig. 3. Implementation of combinatorial drug screen to identify sensitivities selective for ALK-rearranged lung cancer. The drug sensitivity
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cells/ICso ALK wildtype cells) for ALK inhibitors (n = 8) and its comparison with EGFR (n = 4), PI3KB (n = 4) and PI3Ka/mTOR inhibitors
(n=5) as a single agent or in combination with 200 nm ceritinib. (F) ALK inhibitor selectivity index values (n = 3) as a single agent or in com-
bination with PI3Ki; AZD-8186. Error bars represent + SEM. Student's t test P values are *P < 0.05, **P < 0.01.
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Fig. 4. Targeting ALK in combination with PI3K elicits ALK-selective responses. (A) TR3, TR5, H2228, and H3122, cells were treated with
vehicle (DMSO), 200 or 10 nm ceritinib, 7000 nm AZD-8186 or the combination of ceritinib plus AZD-8186; cell confluency was measured
every 12 h for 5 days using Incucyte live cell imaging system (n = 3). (B) Representative images of clonogenicity assays of TR3 and TR5
cells treated for 15 days with ALKi or PI3KBi or their combination for 15 days (n = 3). (C) Synergy map and synergy scores generated with
SynergyFinder (https://synergyfinder.fimm.fi/) using clonogenicity assays quantified of TR3, TR5, H2228, and H3122 cells treated for 15 days
with five different concentrations of ceritinib, three different concentrations of AZD-8186, or their combination. (D) Percentage of viability of
TR3 and TR5 cells when exposed to 200 nm ceritinib or vehicle in combination with siRNA-mediated knockdown of PIK3CB, non-targeting
control (NTC). SiRNA and cell death siRNA were used as negative or positive controls, respectively. Viabilities of all samples were normal-
ized to control untreated cells (n = 3). Error bars represent & SEM. Student’s t test P values are ***P < 0.001.

3.5. Combined inhibition of ALK and PI3Kp elicits
synergistic responses in ALK-rearranged lung
cancer cells

To widen the studies of the combinatorial effect of
ALKi and PI3Ki, drug response measurements were
repeated and extended to two ALK-rearranged lung
cancer cell lines, H3122 and H2228. ALKi and
PI3KBi combination treatment effectively and syner-
gistically prevented the proliferative and clonogenic
potential of both the cell lines and the patient-derived
ALK-rearranged cells (Fig. 4A—C). Using a wider con-
centration range of compounds and additionally by
measuring death as a readout of drug responses we

explored the synergistic potential of ALKi and
PI3KBi combination treatment. The previously
detected viability-based drug sensitivities were con-
firmed to be synergistic in TR3 and TRS5 cells, but
not in H3122 and H2228 cells (Fig. S6A-C). How-
ever, a cell death-based readout showed a synergistic
response of combinatorial ALK and PI3Kf inhibition
in H3122 cells (Fig. S6A-C). Furthermore, siRNA-
mediated gene silencing of PIK3CB in TR3 and TRS
mimicked the combinatorial responses seen with
PI3KBi (Fig. 4D), even though the knockdown of
PIK3CB was only partial (Fig. S6D). The ALKi/
PI3KBi combination did not show an effect in four
KRAS mutant lung cancer lines, validating the
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selectivity of this combination for ALK-rearranged
lung cancer (Fig. S6E).

Lastly, we assessed the in vivo efficacy of combinato-
rial ALKi and PI3Kpi treatment, and treated NSG
mice (five animals per group) bearing subcutaneous
tumors derived from TR3 and TRS cells with ceritinib,
AZD-8186 or a combination of both treatments for
21 days. Both single agent and combination treatments
were well-tolerated with minor or no body weight loss
over the course of treatment (Fig. S7A,B). Contrary to
in vitro findings, both TR3 and TRS5 cell-derived
tumors displayed strong sensitivity to ceritinib single
therapy, and in both single and combination treatment
arms, tumors became unmeasurable by the end of the
treatment (Day 21; Fig. S7C,D). Within a week of
treatment cessation, tumor growth resumed in both
treatment arms (Fig. S7E.F), with tumor regrowth
being notably slower in the combination treatment
compared to the ceritinib arm (Fig. S7G,H).

3.6. Combinatorial ALKi plus PI3Kpi response
appears independent of GPCR signaling and
autophagy

Because autophagy and purinergic G-protein-coupled
receptor (GPCR) activity have both been proposed to
regulate ALKi sensitivity [23-26], and that these pro-
cesses are regulated by PI3Kf, but not PI3Ka [24,25],
we investigated their involvement. Consistent with
published data [26], ALK inhibition triggered autop-
hagy, and the co-targeting of ALK and PI3Kp
reduced autophagic vacuole formation (Fig. S8). We
therefore tested whether autophagy inhibitors or
autophagy and PI3Ka inhibitors could mimic the
response to ALK plus PI3KP inhibition. However,
none of the tested combinatorial treatments resulted in
synergistic responses (Fig. S9A,B), suggesting that
PI3KP acts beyond canonical PI3K-AKT signaling
and autophagy. Furthermore, while elevated P2Y sub-
family of P2 purinergic GPCRs expression was
reported to associate with ALKi resistance in both
clinical samples and cultured cells [23], inhibition of
P2YRs did not enhance ALKi response in our cell
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systems (Fig. S9C). In conclusion, our data suggest
that PI3Kp-mediated inhibition of autophagy or
P2YR signaling is not sufficient to induce the combi-
natorial effect with ALK inhibition in ALK-
rearranged cells.

3.7. Resistance to ALK inhibition is associated
with MAPK and PI3K-AKT pathway activation
downstream of EGFR-PI3Kp

To understand the consequences of combinatorial
ALK plus PI3Kp inhibition at the molecular level, we
analyzed MAPK and PI3K-AKT pathway activities in
cells treated with vehicle, ceritinib, AZD-8186, or their
combination. In comparison with single treatments,
cells treated with the combination showed a substan-
tial reduction in both MAPK and PI3K-AKT activi-
ties, as well as an increase in cell death evidenced by
increased PARP cleavage accompanied by reduced
ERK and AKT phosphorylation (Fig. 5A).

Next, we explored how PI3Kf function is regulated
upon ALK inhibition. Considering that the ERBB
family member ERBB3 was reported to recruit PI3Kf
and thereby drive PI3Ka inhibitor resistance in HER2-
amplified and PIK3CA mutant cancers [27], we
hypothesized that ALK inhibition may similarly acti-
vate EGFR and thereby regulate PI3Kf function. We
therefore immunoprecipitated EGFR from TR3 and
TRS cell lysates treated with DMSO control or
300 nm ceritinib for different times and assessed the
phosphorylation of EGFR and PI3Kp binding. EGFR
phosphorylation was confirmed to significantly
increase following ALK inhibition (Fig. 5B). Interest-
ingly, PI3Kp coprecipitated with EGFR, demonstrat-
ing that EGFR physically interacts with PI3Kp in
those cells (Fig. 5B). Importantly, treatment of TR3,
TRS, H3122, or H2228 cells with EGF elicited
increased resistance to ALK inhibition, while the com-
bined inhibition of ALK and PI3Kp rescued the EGF-
induced resistance, together suggesting that inhibition
of PI3Kp restricts EGFR-mediated bypass resistance
to ALK inhibition in ALK-rearranged lung cancer
(Fig. 5C and Fig. S10).

Fig. 5. PIBKB contributes to cell growth and survival upon ALK inhibition in ALK-rearranged lung cancer. (A) Immunoblots of TR3, TR5, and
H3122 cells treated with vehicle control or 300 nm ceritinib (TR3/TR5) or 30 nm ceritinib (H3122) or 1000 nm AZD-8186 or their combination
for 72 h and probed with the indicated antibodies (n = 1). (B) TR3 and TR5 cells were treated with 300 nm ceritinib for different time points
(4, 8, and 24 h) and lysates were immunoprecipitated with EGFR antibody. Precipitates were analyzed by immunoblotting and probed with
the indicated antibodies (n = 2). (C) TR3, TR5, H3122, and H2228 cells were co-treated with different doses of EGF (0, 10, and 100 ng~mL’W)
and ceritinib or AZD-8186 or their combination for 72 h. percentage viabilities of drug-treated cells were normalized to cells co-treated with
different doses of EGF (0, 10, and 100 ng-mL”) or DMSO (n = 3). Error bars represent + SEM. Student’s t test P values are *P < 0.05,

**P < 0.01, ***P < 0.001. Ns, not significant.
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produces durable anticancer response
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Fig. 6. Graphical illustration describing resistance to ALKi in ALK-rearranged lung cancers in which tumor cells are dependent on EGFR or
PIBKB for cell growth and survival. Model for EML4-ALK oncogene dependence in ALK-rearranged lung cancer (left panel), in which tumor
cells are primarily dependent on MAPK and PI3K-AKT signaling. Inhibiting ALK (middle panel) results in an incomplete response and tumor
cell survival due to MAPK and PI3K-AKT pathway rebound activation. Our findings show that the EGFR-PI3KpB axis is responsible for this
cytoprotective effect. In comparison to ALKi alone, combined inhibition of ALK and PI3KB (right panel) inhibits MAPK and PI3K-AKT pathway
rebound activation, promotes cell death, and induces a greater and more durable response.

In summary, dissection of the mechanisms underpin-
ning combinatorial ALK and PI3Kp inhibition efficacy
suggest that the sensitization of ALK-rearranged can-
cer cells to ALK inhibition by selective PI3Kf inhibi-
tion was, at least in part, mediated through a blockade
of EGFR-mediated rebound activation of MAPK and
PI3K-AKT signaling, enhancing cell death (Fig. 6).

4. Discussion

ALK inhibition is an effective treatment option for
ALK-rearranged NSCLC. However, resistance to
ALKi develops over time, and it is most often driven
by ALK-independent mechanisms [3]. We here studied
primary cells derived from an aggressive 7P53 mutant
and chemoresistant ALK-rearranged tumor that
exhibited region-specific EMT features to identify nov-
el/effective combination treatments to treat ALK-
rearranged NSCLC. We identified selective PI3Kp
inhibition as a promising novel target to potentiate
ALK inhibition responses in ALK-rearranged lung
cancer. Importantly, this combinatorial effect was seen
with all tested ALK inhibitors, including the most
commonly used ALK inhibitor in the clinic, alectinib,
and the third-generation ALK inhibitor lorlatinib. Co-
targeting of ALK and PI3Kf lead to blockade of both
MAPK and PI3K-AKT signaling, attenuated EGFR-
mediated adaptive resistance, and elicited tumor cell-
selective toxicity with efficacy even in TP53 mutant
ALK-rearranged cells that had undergone EMT. Our
study therefore demonstrates the utility of primary
patient tumor-derived cultures for pharmacogenomic
profiling and dissection of drug resistance mechanisms.

Both the o and B PI3K class IA isoforms are ubiqui-
tously expressed in both normal and malignant tissues,
but these subunits are regulated differently, induce
different modes of signaling, and have divergent roles
in health and disease [28]. The PI3Kao isoform is a
well-established oncogenic driver that is frequently
oncogenically mutated and constitutes a drug target
for several cancer types, including lung cancer [28]. On
the contrary, PI3Kp has both kinase-dependent and
-independent functions as an effector of both RTKs
and GPCRs [24]. Similar to PI3Ka, PI3Kp participates
in canonical PI3K-AKT signaling, but also uniquely
regulates DNA replication, cell cycle progression,
nuclear envelope maintenance and nuclear pore com-
plex assembly, autophagy, and apoptosis [24]. Despite
PI3Kp rarely being mutated in cancers, PI3K expres-
sion correlates with poor prognosis in early-stage
NSCLC patients [29]. It has also been proposed as a
drug target in PTEN-deficient cancers [30] and in
PI3Ka inhibitor-resistant PIK3CA mutant cancers [27].
Our discovery of PI3Kp as a target to enhance ALKi
sensitivity in ALK-rearranged lung cancer is unex-
pected, as we here found combinatorial ALKi/PI3Kpi
sensitivity independent of PTEN/PIK3CA mutations
or resistance to PI3Ka inhibitors. Despite lack of evi-
dence for a clear role of autophagy or GPCR signaling
in the PI3KP inhibitory responses identified here,
PI3Kp is a downstream node for signaling directed by
RTKSs that are widely implicated in driving resistance
to ALKi, particularly IGF-1R [31,32], ERBB2/3
[23,27] and GPCRs [23,33]. The targeting of PI3Kf
may therefore counter a variety of bypass/acquired
ALKi resistance mechanisms across sample types.
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Hence, our findings warrant further testing of the effi-
cacy of PI3Kpi drug combinations on a larger set of
patient-derived samples. Due to the low success rate of
establishing patient-derived primary cultures, as under-
lined in our previous study [20], we could use cultures
generated from different regions of a single tumor
specimen. Our findings in the patient-derived primary
cultures were also confirmed in two commonly used
ALK-rearranged conventional lung cancer cell lines.

Previous research has identified various bypass sig-
naling tracks that can mediate ALKi resistance, foster-
ing the formulation of combinatorial treatment
options that may overcome or even prevent drug resis-
tance. The efficacy and tolerability of co-targeting
ALK with MEK (NCT03202940, NCT03087448) or
mTORC1 (NCT02321501) are currently tested in
patients with ALK-rearranged NSCLC. In addition,
following promising preclinical findings, the clinical
testing of combinations co-targeting ALK with AXL,
SRC, KIT, MET or SHP2 have been proposed [3,14].
Notably, the co-inhibition of MEK, mTOR, AXL,
SRC, KIT, MET or SHP2 did not enhance ALKi
responses in our study. Eventually, only those combi-
nations that exhibit both efficacy and manageable toxi-
city profiles will be viable treatment strategies. Use of
organ-matched healthy epithelial cells may help to
exclude treatments that show generic toxicity [20]. For
example, we detected sensitivity to HSP90 inhibition in
both normal epithelial and cancer cell cultures, corrob-
orating the finding that HSP90 inhibition induces toxi-
city without tumor-selective response in patients
carrying ALK-rearranged NSCLC [34,35]. Similarly,
we found that even though EGFR inhibition potenti-
ated the effect of ALK inhibition in the ALK-
rearranged lung cancer cells, normal lung epithelial
cells also showed a generic toxic response to co-
targeting of EGFR, which aligns with severe toxicity
in NSCLC patients receiving combinatorial treatments
with ALKi and EGFRi [36,37]. On the contrary,
PI3Kp inhibition, either on its own or combined with
ALKi, did not detectably affect the normal lung
epithelial cells. Our results suggest that EGFR and
PI3Kp share common pathways toward resistance,
indicating that co-targeting of ALK and PI3Kf can be
a safe strategy to counteract EGFR-mediated adaptive
resistance to ALKi. Promisingly, PI3K -selective inhi-
bitors are being investigated in seven phase-I/II clinical
trials as a single agent or in combination with chemo-
or immunotherapy (Table S4), following initial reports
of satisfactory tolerability and efficacy [38—40].

From a heterogeneity standpoint, varied expression
of lung adenocarcinoma markers, EMT, and tumor
vasculature was observed across six different regions

Combined PI3KB and ALK targeting in lung cancer

of the same tumor, suggesting that a single tumor
biopsy would not provide a holistic assessment of this
particular ALK-rearranged cancer. Given that the
ALKi plus PI3KBi combination was effective on cells
derived from 7P53 mutated tumor regions represent-
ing both epithelial and mesenchymal phenotypes, as
well as established ALK-rearranged H3122 (TP53
mutant) and H2228 (TP53 and NFE2L2 mutant) cell
lines, our findings suggest that this combination carries
promise to counteract ALK resistance associated with
EMT, TP53 or NFE2L2 mutations [3,41]. The in vivo
treatment evaluation revealed that the combination
treatment may provide a long-term benefit, although
the data included in the study lacked statistical signifi-
cance and power of large cohorts. Therefore, to better
evaluate the therapeutic potential of combination
ALKi and PI3Kpi treatment, a sequential therapeutic
approach and the use of a more resilient mouse strain,
such as NMRI nu/nu, with a better tolerance for
kinase inhibitors, may prove informative going ahead.

5. Conclusions

In summary, our study proposes PI3Kf as a novel reg-
ulator of ALKi sensitivity in ALK-rearranged lung
cancer cells, showing efficacy even in aggressive TP53
mutant and mesenchymal cells. Given that multiple
salvage signals are activated upon resistance to ALKi,
the co-targeting of PI3K[ provides a promising ther-
apy option as PI3KP acts as a common effector of
multiple salvage pathways, including EGFR, autop-
hagy and GPCRs. Our data shows that this is the case
for all clinically relevant ALK inhibitors. Importantly,
we found that co-targeting of PI3KJ showed minimal
toxicity in normal lung epithelial cells when compared
with co-targeting of EGFR, possibly providing for a
safe clinical direction to treat 4LK-rearranged tumors.
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