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Abstract: The prognosis for metastatic gastric adenocarcinoma (mGAC) remains poor. Gene alter-
ations in receptor tyrosine kinases (RTKs) such as epidermal growth factor receptor (EGFR) and
their downstream effectors including catalytic subunit alpha of the phosphatidylinositol 3-kinase
(PIK3CA) are common in mGAC. Targeted RTK and phosphatidylinositol-3-kinase (PI3K) treatments
have demonstrated clinical benefits in other solid tumours and are key potential targets for clinical
development against mGAC given the presence of recurrent alterations in these pathways. Further-
more, combination RTK/PI3K treatments may overcome compensatory mechanisms that arise using
monotherapies, leading to improved patient outcomes. Herein, we investigated RTK/PI3K single
and combination drug responses against our unique human mGAC-derived PIK3CA gain-of-function
mutant, human epidermal growth factor receptor 2 (HER2)-negative, EGFR-expressing circulating tumour
cell line, UWG02CTC, under two- and three-dimensional culture conditions to model different stages
of metastasis. UWG02CTCs were highly responsive to the PI3K p110α-subunit targeted drugs PIK-75
(IC50 = 37.0 ± 11.1 nM) or alpelisib (7.05 ± 3.7 µM). Drug sensitivities were significantly increased
in 3D conditions. Compensatory MAPK/ERK pathway upregulation by PI3K/Akt suppression
was overcome by combination treatment with the EGFR inhibitor gefitinib, which was strongly
synergistic. PIK-75 plus gefitinib significantly impaired UWG02CTC invasion in an organotypic assay.
In conclusion, UWG02CTCs are a powerful ex vivo mGAC drug responsiveness model revealing
EGFR/PI3K-targeted drugs as a promising combination treatment option for HER2-negative, RAS
wild-type mGAC patients.

Keywords: circulating tumour cells; gastric cancer; c-Met; PI3K/Akt; EGFR; cell signalling; 3D cell
culture; organotypics; PIK-75; alpelisib; gefitinib

1. Introduction

Gastric cancer is the fifth most common cancer, accounting for the fourth highest
rate of cancer-related mortality worldwide [1]. Gastric adenocarcinoma is the most com-
mon histological subtype of gastric cancer with an estimated 5-year survival rate of less
than 30% [2]. Patients with advanced disease receive a combination of chemotherapy,
immunotherapy and/or targeted treatments [3]. Despite advancements, the prognosis
for advanced metastatic gastric adenocarcinoma (mGAC) remains poor due to the almost
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universal resistance to chemotherapy [4], and immunotherapy significantly benefits only a
minority of patients [5]. Dysregulation of signalling pathways responsible for cell survival
and cell death represents one of the main causes of chemoresistance [4]. New targeted treat-
ment and/or combination treatments that block compensatory mechanisms contributing to
drug resistance are needed.

Receptor Tyrosine Kinases (RTKs) and their downstream signalling pathways are often
hyper-activated in malignancy and are the focus of new targeted treatment options [6–8].
These include the epidermal growth factor receptors (EGFRs) and human epidermal growth
factor receptor 2 (HER2/ERBB2), the mesenchymal–epithelial transition factor (c-Met) and
proteins in the phosphatidylinositol 3-kinases (PI3K)/Akt signalling pathway (Figure 1A).
In gastric malignancies, MET mutations and/or gene amplifications occur in <5% of
cases [9–11], while EGFR amplifications occur in 5–10% [12,13] and HER2 amplifications
occur in 20–30% [14–17]. These alterations trigger a range of downstream signalling
pathways resulting in enhanced cancer cell proliferation, survival and migration/invasion
(Figure 1A) [18–20]. Furthermore, an estimated 4–25% of GAC patients possess somatic
mutations in PIK3CA [21], the gene encoding the p110α-subunit of PI3K, which leads
to dysregulated PI3K/Akt activity [22,23]. Overexpression of PIK3CA and consequent
Akt activation is also common among gastric malignancies [21,24,25]; thus, constituents
of the PI3K/Akt pathway may serve as therapeutic targets for the treatment of gastric
cancer. Several PI3K/Akt inhibitors are currently in routine clinical use for the treatment of
cancers other than gastric cancer with alpelisib (also known as BYL719), a p110α-specific,
small molecule PI3K inhibitor (Figure 1A), currently used in combination with hormone
therapy in metastatic HER2-negative, PIK3CA-mutated breast cancer [26,27]. PIK-75 is a
small molecule investigational drug that also selectively but more potently targets p110α
(Figure 1A) [28]. No PI3K inhibitors are currently clinically approved for gastric cancer
despite in vitro data suggesting efficacy in cell line models [29]. Other treatment strategies
for gastric cancer may include targeting the cancer stem cell marker Lgr5. However,
comprehensive strategies integrating multiple therapeutic modalities may be necessary to
maximize efficacy and overcome potential resistance mechanisms [30].

Phase II clinical trials evaluating monotherapies directed at other targets such as
EGFR have shown limited efficacy in gastric cancer [31], with no current treatments tar-
geted at RTKs approved in HER2-negative gastric cancer. Gefitinib, a reversible, ATP-
competitive tyrosine kinase inhibitor of EGFR (Figure 1A) in clinical use for non-small cell
lung cancer [32,33] showed no benefit in a phase II clinical trial for patients with unselected
gastroesophageal cancer [31] and has not been further pursued in this disease to date.

As upstream EGFR and c-Met ligand binding activates both the PI3K/Akt and the
MAPK/ERK (extracellular-regulated kinase) pathways, crosstalk between these signalling
pathways can occur, playing a critical role in drug resistance [34–36]. This paradigm
has been successfully exploited in V600E mutant melanoma, where dual blockade with
both BRAF and MEK inhibitors has led to significantly improved outcomes compared to
monotherapy [37]. Thus, combination targeted therapies could be a valuable approach for
mGAC, but better in vitro models of this disease are required.

Circulating tumour cells (CTCs) are an extremely rare intermediate species of cells,
which are shed from the primary tumour or existing metastases, enter the blood stream
and form new metastases at distal sites [38]. To date, there are only about a dozen CTC
lines established worldwide [39]. There is an increasing recognition of the limitations
of using primary tumour features to guide systemic cancer treatment due to tumour
heterogeneity and the frequent disparity observed between primary and metastatic sites.
Thus, ex vivo expansion of CTCs provides a useful tool to study metastasis and responses
to novel treatment strategies as they have unique intermediate characteristics between
primary tumours and metastases. In a previous study, we comprehensively reported on the
derivation and characterisation of a highly aggressive mGAC CTC line, UWG02CTC, which
displayed a mixed adherent/loose aggregate mucinous phenotype under two-dimensional
(2D) standard culture conditions [22]. This cell line harbours known gain-of-function
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hotspot mutations in PIK3CA (E418K and E542Q) and a mutation designated as having
‘conflicting classifications of pathogenicity’ (according to https://www.ncbi.nlm.nih.gov/
clinvar/, accessed on 19 October 2023) in MET (T1010I) (in exon 14 c.3029C>T, p.Thr1010Ile,
also identified as T992I [40]) (Figure 1A, Supplementary Table S1). While being HER2-
negative, the UWG02CTC cell line expresses EGFR at both RNA and protein levels. In this
study, we investigate the impact of these genetic alterations on the sensitivity and resistance
to targeted PI3K, EGFR or c-Met drugs as either mono- or combination therapies using
UWG02CTC as an ex vivo mGAC model. Using various culture conditions, we mimic
different stages of metastasis: that is, 2D loose adherent (i.e., shedding primary tumour),
3D non-adherent (i.e., CTC in circulation) and cells embedded in collagen or hydrogel (i.e.,
primary or metastatic site) as well as organotypic invasion assays (i.e., invasion into new
metastatic sites).

Figure 1. (A) Schematic diagram depicting the mesenchymal–epithelial transition factor (c-Met) and
epidermal growth factor receptor (EGFR) signalling pathways with downstream mitogen-activated
protein kinase (MAPK)/extracellular signal-regulated kinase (ERK) and phosphatidylinositol-3-
kinase (PI3K)/Protein kinase B (Akt) signalling cascades. Indicated are the binding sites of all
small molecule inhibitors used in this study and key mutations present in UWG02CTC and AGS
cells. (B,C) Representative Western blots showing total and phosphorylated protein levels in
(B) UWG02CTC and (C) AGS cells following overnight serum starvation (1% FCS) compared to cells
grown in complete growth media (contains epidermal growth factor (EGF) and 10% foetal calf serum
(FCS)) under 2D culture conditions.

2. Results
2.1. Monotherapy Effects

The gain-of-function PIK3CA mutation in UWG02CTC is suitable for the targeted
small molecule inhibitors shown in Figure 1A. We therefore investigated the molecular
and functional cellular consequences of these inhibitors against UWG02CTCs and the
gastric adenocarcinoma cell line AGS, which also harbours PIK3CA and a KRAS mutation
(Figure 1A, Supplementary Table S1), as a non-CTC but an mGAC cell line comparator. We

https://www.ncbi.nlm.nih.gov/clinvar/
https://www.ncbi.nlm.nih.gov/clinvar/
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first confirmed that both cell lines expressed the RTKs c-Met and EGFR, and downstream
signalling molecules ERK and Akt under serum-starved (Figure 1B, left panel) or complete
growth media (Figure 1B, right panel) two-dimensional (2D) conditions. In serum-starved
(baseline) conditions, phospho-Met (pMet) and phospho-ERK (pERK) were present in
both cell lines but at low levels (Figure 1B). Phospho-ERK levels were increased after
culture of both cell lines in complete growth medium. Phospho-Akt (pAkt) was also
evident at baseline, reflecting the presence of activating mutations in PIK3CA in both cell
lines, but was enhanced in UWG02CTCs by complete growth media conditions (Figure 1B;
Supplementary Figure S1). Phospho-EGFR levels were particularly high in AGS cells at
baseline and were strongly enhanced in UWG02CTCs by culture in complete growth media
(Figure 1B, Supplementary Figure S1).

We then assessed the effect of the potent small molecule PI3K inhibitor PIK-75, and
validated results with the clinically relevant small molecule PI3K inhibitor alpelisib on
UWG02CTCs. Both cell lines were highly sensitive to PIK-75 with similar IC50 values
(37.0–42.2 nM) under 2D culture conditions (Table 1). They also showed a significant reduc-
tion in pAkt levels compared to baseline (Figure 2A and Supplementary Figure S2). While
PIK-75 had no significant effect on pEGFR and pMet, pERK was significantly upregulated
upon PIK-75 treatment in both cell lines, confirming the compensatory effects of PI3K/Akt
suppression via the MAPK/ERK pathway [41,42]. Alpelisib, though not as potent a cy-
totoxin as PIK-75 [43] (Table 1), returned IC50 values well within published ranges for
stomach adenocarcinomas or oesophageal carcinomas [44] (range 1.4–225 µM; including
data for AGS IC50 = 2.4 µM; www.cancerrxgene.org, accessed on 22 February 2024) and
had similar effects on UWG02CTC signalling pathways (Figure 2B). The sensitivity of
UWG02CTCs to PI3K/Akt pathway inhibition was confirmed using other cell viability and
proliferation assays (Supplementary Figure S3A).

Given the high levels of EGFR protein in both cell lines, we assessed the effect of
the EGFR inhibitor gefitinib. AGS cells have a gain-of-function mutation in KRAS, a
downstream effector in the EGFR pathway, leading to hyper-activation of ERK in these
cells via resistance to upstream inhibition of EGFR [45], which was confirmed in our hands
(Figure 3A). In contrast, treatment with gefitinib led to a rapid but transient reduction in
EGFR and MAPK activation in UWG02CTCs with minimal effect on pMet or pAkt in both
cell lines (Figure 3A, Supplementary Figure S4). AGS cells were >90-fold less sensitive to
gefitinib due to their KRAS activating mutation.

Table 1. IC50 of PIK-75, alpelisib and gefitinib or PIK-75, and gefitinib as single agents against
UWG02CTC and AGS cells, respectively, under different culture conditions. Cells were incubated for
72 h (2D and ULA) or 96 h (collagen and RASTRUM) with drugs prior to analysis of cell viability.

Drug IC50 (Mean ± SEM)

Conditions

Cell Line Drug 2D ULA Collagen Rastrum

UWG02CTC PIK-75 37.0 ± 11.1 nM
(n = 12)

10.7 ± 3.4 nM
(n = 2) 1

19.5 ± 6.6 nM
(n = 2)

18.6 ± 4.2 nM
(n = 3)

Alpelisib 7.05 ± 3.7 µM (n = 9) 3.7 ± 1.0 µM (n = 3) ND ND

Gefitinib 273.0 ± 56.6 nM
(n = 6)

77.2 ± 9.9 nM
(n = 2) 1

404.6 ± 202.3 nM
(n = 4) 2

182.8 ± 74.3 nM
(n = 2)

AGS PIK-75 42.4 ± 12.7 nM
(n = 9)

30.4 ± 15.2 nM
(n = 2)

Gefitinib 24.7 ± 15.6 µM
(n = 4)

19.47 ± 5.4 µM
(n = 4)

ND = not determined. 1 p < 0.001 compared to 2D, 2 p < 0.01 compared to ULA.

www.cancerrxgene.org
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Figure 2. Effect of PI3K inhibitors on signalling responses in UWG02CTC and AGS cells. Representa-
tive Western blot images showing total and phosphorylated protein levels in response to treatment
with (A) 1 µM PIK-75 on UWG02CTC and AGS cells over times indicated, and (B) 1 µM alpelisib on
UWG02CTC cells over times indicated. Experiments were performed under complete growth media
2D culture conditions. The housekeeping protein GAPDH was used as a total protein loading control.

Figure 3. (A) Representative Western blot images of gefitinib-treated UWG02CTC and AGS cells
under complete growth media 2D culture conditions (+EGF for UWG02CTCs). (B) Representative
gefitinib dose–response curves of UWG02CTC (□) and AGS cells (•) (mean ± SEM, n = 3). Dotted
line represents 50% cell viability. See Table 1 for IC50 values derived from multiple experiments.
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The MET T1010I mutation in UWG02CTCs (Figure 1A) led us to examine any possible
effects of c-Met kinase inhibitors capmatinib and AMG337 [46–48] (Figure 1A). This was com-
pared to MET wild-type AGS and the MET-amplified SNU-5 mGAC cell lines. MET germline
mutations have been linked to increased tumorigenicity in other cancers including colorectal [40].
Neither capmatinib nor AMG337 were cytotoxic (Supplementary Figures S5B,D and S6B,D) or
cytostatic (Supplementary Figures S5C,E and S6C,E) against either cell line, likely due to the
lack of MET amplification, which was confirmed via digital droplet PCR in both cell lines
and RNA sequencing in UWG02CTC (Supplementary Figure S7A,B). By western blotting,
minimal transient effects of capmatinib or AMG337 on the c-Met and PI3K/Akt signalling
pathways but short-term stimulation of the MAPK pathway in both cell lines were observed
(Supplementary Figures S5A and S6A). The potency of both drugs was confirmed with the
SNU-5 mGAC cell line (IC50~1–2 nM; Supplementary Figure S7C,D) with AMG337 strongly
reducing pMet levels (Supplementary Figure S7E).

2.2. Effect of Drugs on UWG02CTC Invasion in 3D Organotypic Culture

Other major roles of the PI3K/Akt, MAPK/ERK and c-Met signalling pathways are to
promote cell migration and invasion [49–51]. The capacity of PIK-75, gefitinib and c-Met
inhibition to impede UWG02CTC invasion was explored in an organotypic cell invasion
assay, utilising fibroblast-contracted collagen matrices to recapitulate the tumour-stroma
microenvironment of invasive tumour cells [52]. This assay is an excellent ex vivo tool for
studies of cancer invasion and metastasis in a physiologically relevant microenvironment.

To the best of our knowledge, this is the first description of any such organotypic
assay conducted using a CTC line, which together better recapitulates key aspects un-
derlying tumour cell invasion and as a platform for identifying potential strategies for
inhibiting metastasis. Under control complete growth media conditions (10% FCS plus
EGF), UWG02CTC cells formed a multilayered sheet on top of the matrix with clear zones
of invasion into the underlying matrix (Figure 4A). panCytokeratin staining verified the
presence of invaded UWG02CTC cells in the matrix (Figure 4B) and that the cells forming
the multilayered epithelial sheet on top of the matrix were proliferative as seen by uniform
Ki67 staining (Figure 4C). In this model, the UWG02CTCs continued to secrete mucins (a
hallmark of biologically functional gastric adenocarcinoma cells) (Figure 4D).

Figure 4. UWG02CTCs are invasive in 3D organotypic cultures. (A) Representative photo-micrographs
of organotypic cultures showing direction of invasion over a 10–14-day time period through fibroblast-
contracted collagen I matrices stained for (A) hematoxylin and eosin (H&E), (B) cytokeratin (Cam5.2),
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(C) Ki67 or (D) alcian blue (mucin) from untreated (no drugs added) matrices. Scale bare = 50 µm, all
4 images were taken at 20× magnification. (E,F) Invasion score calculated as average UWG02CTC cell
count per matrix normalised to UWG02CTC invasion scores as percentage of control matrices. Drug
concentrations used: 20 nM PIK-75, 125 nM gefitinib, 1 µM AMG337 and 1 µM capmatinib. Statistical
analyses were performed using one-way ANOVA followed by a Fisher’s post hoc test. Values shown
are median ± IQR; for (E), one experiment performed in quadruplicate, and for (F), three separate
experiments performed at least in duplicate, with significance levels shown as *, p < 0.05; **, p ≤ 0.01;
***, p ≤ 0.001; ****, p ≤ 0.0001.

PIK-75 at half-IC50 concentration (chosen to limit cell death) showed a strong trend
to reduce the invasive capacity of UWG02CTC compared to no drug control (Figure 4E).
Gefitinib had no significant effect but in combination with PIK-75 significantly impaired
invasive capacity (Figure 4E). Interestingly, while the presence of a high concentration of
AMG337 caused a significant reduction in the invasion index compared to control matrices,
capmatinib had no effect (Figure 4F). The reason for this is unclear but likely reflects
differences in the pharmacological properties and target selectivity of AMG337 versus
capmatinib, and the micro-environmental cues and signaling interactions present within
the 3D tissue-like setting which may differentially influence the invasive capacity of cancer
cells to c-Met inhibition.

2.3. Drug Responsiveness in 2D versus 3D Culture Models

It is well appreciated that different cell culture conditions evoke different cellular
responses [53]. UWG02CTC and AGS cell responsiveness to PIK-75, alpelisib, gefitinib,
AMG337 and capmatinib was therefore investigated under various 2D and 3D cell culture
conditions to model diverse tumour microenvironments. This included culturing in ULA
plates, an environment that does not allow cells to attach to surfaces, thus promoting
the loose aggregation of cells into clusters to simulate tumour cells in circulation. Levels
of total and phosphorylated proteins in UW02CTCs grown under these conditions were
generally similar to those seen in 2D culture conditions (Supplementary Figure S8). To
mimic other steps of the metastatic cascade (i.e., invasion and metastasis formation), a
collagen-based matrix and sophisticated 3D hydrogel bioprinting technology using the
RASTRUMTM 3D bioprinter (Inventia Life Science, Beaconsfield, Australia) was utilised. In
the latter scenario, the UWG02CTCs were printed into a hydrogel matrix enriched with
peptides to match the ECM stiffness (approx. 1.1 kPa) most closely resembling that of
gastric and liver tissue, a common metastatic site for gastric cancer [54]. AGS cells did not
grow well in these 3D matrices; comparisons were thus limited to 2D and ULA culture
conditions (see Supplementary Figure S8A,B for all dose–response curves). Figure 5A–D
depict representative images of the effect of different culturing conditions with increasing
drug concentrations on UWG02CTC morphology and spheroid/cluster formation. In ULA
plates, UWG02CTCs assemble into loosely aggregated spheroids (Figure 5D). UWG02CTCs
adopt a spheroid structure with a ‘needle-cushion’ appearance when seeded into collagen
matrices (Figure 5C) and grow well as loose clusters and aggregates when bioprinted into
RASTRUM hydrogel matrices (Figure 5B).

UWG02CTCs were more sensitive to PIK-75 in all 3D compared to 2D culture condi-
tions (Figure 5E, Table 1), with no significant difference noted between these 3D conditions.
There was a trend for increased sensitivity of UWG02CTCs to alpelisib in ULA versus
2D conditions though IC50 values were notably higher than those obtained for PIK-75 as
expected (Table 1). AGS cell PIK-75 and gefitinib sensitivity was similar in ULA versus 2D
culture conditions (Table 1). The UWG02CTCs were generally more sensitive to gefitinib in
ULA versus the other conditions (Figure 5F). AMG337 and capmatinib were also ineffective
against cell viability in 3D environments in both cell lines (Supplementary Figure S8).
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Figure 5. Drug responses of 2D- versus 3D-cultured UWG02CTCs. (A–D) Representative IncuCyte
images of the different treatment conditions 72 h post drug addition on UWG02CTC cell morphology.
(E,F) IC50 values derived from dose–response curves 72 h post drug addition. Values shown are mean
± SEM for PIK-75 n = 12 (2D), 2 (collagen), 3 (Rastrum) and 2 (ULA). Gefitinib n = 6 (2D), 4 (collagen),
2 (Rastrum) and 2 (ULA). Statistical significance was determined via Brown Forsythe ANOVA with
Welch correction with significance levels defined as *, p < 0.05; *** p ≤ 0.001.

2.4. Combination Drug Analyses

To overcome the compensatory upregulation of pERK upon PIK-75 treatment, we tri-
alled this drug in combination with gefitinib under 2D versus 3D conditions in UWG02CTCs.
The Fractional Effect–Combination Index (Fa-CI) effect plots indicate a trend to synergism
and meaningful dose reduction indices (DRIs) under 2D (Figure 6A) and RASTRUM cultur-
ing conditions (Supplementary Table S2A,C) (with most CI values < 1 at Fa values between
0.2–0.8). However, there was no synergistic effect for the combination treatment under
ULA conditions (CI values either > 1 or = 1) (Figure 6B) and no benefit with respect to
dose reduction of either drug (Supplementary Table S2B). This underscores the very high
sensitivity of the cells to gefitinib and particularly PIK-75 as single agents under ULA
conditions. In contrast, synergism was strong at all Fa values (average CI < 0.3) with the
alpelisib and gefitinib combination treatment in both 2D and ULA conditions (Figure 6C,D
and Supplementary Table S2D,E).
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Figure 6. Combination drug treatment with PIK-75/alpelisib and gefitinib on UWG02CTCs. Fa-CI
plots simulated by the median-effect equation for two drugs shown using CalcuSyn 2.11 software.
(A,B) UWG02CTC with PIK-75+gefitinib in (A) 2D and (B) ULA conditions. (C,D) Treatment with
alpesib and gefitinib in (C) 2D and (D) ULA conditions. Representative of at least 2 separate
experiments each performed in triplicate. CI ≤ 1 synergistic, CI = 1 additive, CI ≥ 1 antagonistic.
Dotted lines indicate CI = 1. (E–G) Western blot analysis of combination treatment on signalling
pathway responses to either PIK-75 and gefitinib in (E) UWG02CTC or (F) AGS cells, and (G) alpelisib
and gefitinib in UWG02CTC in 2D culture conditions. Cells were treated for 1 h with PIK-75 and
gefitinib and for 3 h with alpelisib and gefitinib drug combinations at approximately either their
IC50 concentrations derived from dose–response curves as single agents or their (experimental or
calculated) DRI concentrations for Fa = 0.5 derived from combination drug experiments under 2D
conditions. (E) 40 nM PIK-75 + 250 nM gefitinib (IC50) or 16 nM PIK-75 + 20 nM gefitinib (DRI) n = 3.
(F) 40 nM PIK-75 + 250 µM gefitinib (IC50) or 16 nM PIK-75 + 20 µM gefitinib (DRI) n = 3. (G) 6.6 µM
alpelisib + 270 nM gefitinib (IC50), 3.3 µM alpelisib + 135 nM ½ IC50) or 600 nM alpelisib + 41 nM
gefitinib (DRI).
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We then used the IC50 and DRI concentrations at Fa 0.5 for PIK-75 or the alpelisib and
gefitinib combination calculated for UWG02CTCs in 2D conditions to analyse the effects on
key signalling pathway proteins under these conditions via Western blotting (Figure 6E,G;
Supplementary Figure S9 densitometry). Interestingly, pERK levels were reduced by DRI
concentrations in UWG02CTCs but less so by the (higher) IC50 concentrations of PIK-75 and
gefitinib either alone or in combination compared to controls. This indicates that gefitinib
compensated for MAPK/ERK pathway upregulation by PI3K/Akt suppression, potentially
leading to the synergistic effects on cell viability. Phospho-Akt levels were reduced with the
PIK-75/gefitinib combination or PIK-75 (at IC50 concentration) alone compared to controls,
and these levels were also reduced by any alpelisib/gefitinib combination or alpelisib
(at IC50 concentration) alone (Figure 6E,G). Phospho-EGFR levels were strongly reduced
by the DRI but not the (higher) IC50 concentrations of the PIK-75/gefitinib combination
compared to controls, but this was not as apparent with the alpelisib/gefitinib combinations
(Figure 6E,G). While pEGFR and pAkt levels were significantly reduced in AGS cells using
the DRI PIK-75/gefitinib drug combination, the DRI concentration appeared to enhance
pERK levels (Figure 6F). The reason for this is unclear since these drugs in combination
were synergistic in terms of cell viability as indicated above.

Taken together, our results suggest that the combination of inhibiting both the EGFR
and PI3K pathways could be a new treatment approach for mGAC patients harbouring
PIK3CA mutations.

3. Discussion

There is an urgent need for novel targeted and combination therapies in mGAC
with existing approved treatments limited to the minority of patients who have HER2-
positive disease. Targeted cancer treatments promise improved outcomes and reduced
toxicities. However, the only clinically used targeted therapies for mGAC are directed
against HER2 [15]. In this study we investigated new targeted treatment options for HER2-
negative, PI3KCA-mutated mGAC using the circulating tumour cell line UWG02CTC and
the HER2-negative, PI3KCA-mutated adenocarcinoma cell line AGS as a non-CTC but
mGAC comparator cell line.

Both cell lines were sensitive to PI3K inhibition using the highly selective and potent
p100α PI3K subunit inhibitor experimental drug PIK-75 [55]. Although PIK-75 is not in
clinical use due to its high toxicity profile, it has recently been revisited as a potential
treatment option in T-cell acute lymphoblastic leukaemia [56]. We validated our findings in
UWG02CTCs using the clinically approved PI3K inhibitor alpelisib, currently approved
in combination with hormone therapy in advanced, HER2-negative, PIK3CA-mutated
breast cancer [26]. Alpelisib is also under investigation in other solid malignancies [27],
including in combination with chemotherapy in PIK3CA-mutated mGAC (ClinicalTrials.gov
Identifier: NCT04526470). The high EGFR expression, HER2-negative and KRAS wild-type
status of UWG02CTC also imparted sensitivity to gefitinib. However, it is important to note
multiple phase III randomised control trials have failed to demonstrate a benefit for EGFR
targeted monotherapy in unselected mGAC [57], and a more rational approach is required.
A deeper understanding of the molecular pathway and likely resistance mechanisms (such
as RAS status), and use of combination targeted therapies is likely required for improved
clinical outcomes.

Given the underwhelming clinical results of targeted monotherapies, the trend in
targeted cancer treatment is toward combination regimens, largely to address the compen-
satory signalling mechanisms that occur when blocking one specific RTK [58]. Indeed, we
also confirmed transient but strong MAPK/ERK pathway stimulation following PI3K/Akt
suppression, which may limit effects on cell proliferation/survival especially if using the
clinically available but less potent PI3K inhibitor alpelisib compared to PIK-75. Recent
preclinical and clinical studies have demonstrated the potential benefits of combining PI3K
inhibitors with EGFR inhibitors in other solid tumours, exhibiting synergistic effects by
targeting multiple nodes within the interconnected EGFR/MAPK and PI3K/Akt signalling
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cascades, disrupting tumour growth and overcoming resistance mechanisms [59–62]. As
a result, there are a number of active recruiting phase I/II clinical trials evaluating EGFR
and PI3K inhibitors in other malignancies (ClinicalTrials.gov Identifier: NCT04495621,
NCT05683418 NCT01816984) [61]. However, given a lack of data evaluating the potential
efficacy of combined EGFR and PI3K inhibitor treatments for mGAC, comprehensive pre-
clinical assessment is required, starting with drug response evaluation in both 2D and 3D
cell culture conditions.

The development of 3D culture systems has become increasingly popular, as they
more accurately capture the complexity of the tumour microenvironment [63,64]. Using
our CTC line, we were able to mimic different stages of metastasis by culturing under
either 2D loose adherent (i.e., shedding primary tumour), ULA (i.e., CTC in circulation),
3D via embedding in collagen or hydrogel (i.e., primary or metastatic site). We also utilised
organotypic invasion assays to better mimic the tumour environment to study the effects of
RTK and PI3K/Akt inhibition on the invasive capacity of the cells [63,65]. We found that
UWG02CTCs, in contrast to AGS cells, are significantly more sensitive to PIK-75 or gefitinib
as single agents in ULA conditions (i.e., under conditions mimicking CTCs in circulation)
as compared to 2D culture conditions, suggestive of some innate feature of UWG02CTCs
which predisposes them to PIK-75 or gefitinib when under conditions mimicking CTCs in
circulation. This differential response has important therapeutic considerations. The highly
potent effect seen in ULA conditions suggests monotherapy only is required to clear CTCs
in circulation, while the synergistic effect seen in 2D culture conditions with PIK-75 and
gefitinib may be required for activity against the primary tumour or established metastases.
Targeting PI3K and EGFR pathways also significantly inhibited UWG02CTC invasion in
organotypic assays, suggesting that PIK-75/gefitinib combination treatment would inhibit
both cell viability/proliferation and hinder invasion into new metastatic sites [62,66–68].
Interestingly, alpelisib in combination with gefitinib was highly synergistic regardless of
growth conditions, suggesting this particular combination would be necessary to best
target the primary tumour or established metastases as well as CTCs in circulation. Finally,
the observed drug response variations across diverse culturing conditions emphasize the
necessity for careful consideration when interpreting preclinical drug studies for translation
into animal models.

The c-Met pathway was of interest in this study as the UWG02CTCs harbour T1010I
mutation [22] (also reported as T992I), which has been linked to decreased growth factor
dependence and increased migration in various tumour cell lines [69,70]. That capmatinib
or AMG337 did not impact cell proliferation in both UWG02CTCs and AGS was not
surprising as both drugs are shown to be most effective (but not exclusively) in cells with
MET amplification or exon 14 skipping mutation [46,71,72]. Furthermore, we found no
synergistic or additive cytotoxic effects of capmatinib or AMG337 in combination with any
other drugs used in this study. However, we did observe a significant effect of AMG337 on
the invasive capacity of the UWG02CTCs in an organotypic invasion assay, which may be
a result of interference with downstream effects of the T1010I mutation and/or inhibition
of c-Met activation in general. The mutational allele frequency of the T1010I mutation in
UWG02CTCs is ~50% [22], suggesting this mutation to be of germline origin. Unfortunately,
we are unable to confirm this as no tissue or blood samples are available from the patient.
Nonetheless, in a small cohort study of 22 metastatic gastric cancer patients, we detected
T1010I MET germline mutations in 1/22 (4.5%) patients (Supplementary Figure S10), which
is in line with other studies reporting germline T1010I mutations in 5.2% of colorectal
cancer-affected sibling pairs and 4.1% in first-line relatives [40]. The role of this MET
mutation in the pathogenesis of mGAC remains uncertain.

Summary

In summary, our findings strongly indicate for the first time that the combination
treatment with either PIK-75 or alpelisib with gefitinib is very effective against PIK3CA-
mutated HER2-negative mGAC, a highly significant result given the paucity of targeted
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treatment options in HER2-negative mGAC. Furthermore, our study underscores the utility
of UWG02CTC as a model for mGAC and the importance of utilising different culture
conditions to predict drug responsiveness more accurately to better inform future animal
preclinical testing.

4. Materials and Methods
4.1. Cell Culture

A patient-derived UWG02CTC gastric cancer circulating tumour cell line was main-
tained as described in Brungs et al., 2020 [22]. The AGS (CRL-1739) gastric cancer cell line
(ATCC) was maintained at 37 ◦C in humidified 5% CO2 and 21% O2 normoxic conditions.
Cells were grown in RPMI-1640 medium supplemented with 10% (v/v) FCS (Sigma-Aldrich,
Macquarie Park, NSW, Australia), and 100 µg/mL penicillin/streptomycin (ThermoFisher
Scientific, Loughborough, UK). All cells were subcultured at 80–90% confluence twice
weekly, and routinely monitored for the absence of mycoplasma contamination. Short
Tandem Repeat (STR) profiling was performed to reconfirm the identity of the cell lines [22].

4.2. Western Blotting

UWG02CTC and AGS cell lines seeded in either regular 2D culturing or ultra-low
attachment surfaces were treated with AMG337, capmatinib, PIK-75, alpelisib or gefitinib
(Focus Bioscience, St Lucia, QLD, Australia) at concentrations indicated in figure legends
for 0.5, 1, 3 or 24 h, with vehicle control cells (0 h) treated with 0.1% DMSO. Cells were
lysed in chilled RIPA buffer (50 mM Tris HCl, 150 mM NaCl, 1.0% TRITON-X100, 5 mM
EDTA, 1 mM PMSF, 1 mM Na3VO4) and detached using a cell scraper. SDS-PAGE was
performed under reducing conditions and PVDF membranes were probed with antibodies
listed in Supplementary Table S3. Densitometry was performed using ImageJ version 1.53.

4.3. Cell Viability Assays

Cell viability assays were performed as previously described [22]. Briefly, UWG02CTC
and AGS cells were seeded into 96-well microplates at densities of 15,000 or 10,000 cells per
well, respectively. Cells were incubated with serial drug dilutions of AMG337, capmatinib,
PIK-75, alpelisib or gefitinib, as single agents or in combination, for 72 h, with a final DMSO
concentration of 0.1% across all wells. Cell viability was determined using the CellTitre 96
AQueous One Solution Cell Proliferation Assay (MTS) Kit (Promega, Alexandria, NSW,
Australia) as per the manufacturer’s instructions. Light absorbance was measured at
490 nm using the SpectraMax Plus 384 Microplate Reader (Molecular Devices, Bio-Strategy,
Campbellfield, VIC, Australia). Data were normalised against vehicle controls (0.1% DMSO)
and plotted as a logarithmic sigmoidal dose–response curve with GraphPad Prism 9.0 from
which IC50 (half maximal inhibitory concentration) values were interpolated.

Cell viability was also monitored using IncuCyte Cytotox Green reagent (Essen Bio-
science, Sartorius, Dandenong South, VIC, Australia), a fluorescent dye, as per the man-
ufacturer’s instructions. Images were acquired throughout 72 h drug incubations using
the IncuCyte Zoom, 2016A, with images analysed using in-built software to evaluate the
fluorescence of non-viable (green) cells at 524 nm.

4.4. Organotypic Invasion Assays

Organotypic assays were performed, essentially as previously described [52], to in-
vestigate UWG02CTC invasion. Briefly, human skin-derived telomerase-immortalised
fibroblasts (TIFs) [73] were resuspended in FCS at a concentration of 50,000 cells per matrix
and combined with 2.5 mg/mL collagen type I, 10× minimal essential media (MEM) and
0.22 M NaOH. Following matrix contraction over seven days, 200,000 UWG02CTCs were
seeded atop each matrix before transfer to an air–liquid interface. Matrices were exposed to
treatment with 1 µM AMG337, 1 µM capmatinib, 125 nM gefitinib and 20 nM PIK-75, either
as single agents or in combination, with control matrices treated with regular growth media.
Following 10–14-day UWG02CTC invasion, matrices were processed, paraffin embedded
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and sectioned for histological analysis. Slides were stained with either haematoxylin and
eosin (H&E) (POCD Scientific, North Rocks, NSW, Australia), pan cytokeratin (Cam5.2),
Ki67 or alcian blue (performed at the Department of Pathology, Wollongong Hospital).
Slides were imaged using an Aperio Digital Pathology Slide Scanner (Leica Biosystems,
Hunter Medical Research Institute, New Lambton Heights, Australia) generating high-
resolution images for the manual counting of UWG02CTC invasion into matrix tissue.
UWG02CTC invasion was counted across the entire diameter and complete width of each
matrix, with two to five matrices counted per control or drug treatment group for each
experimental replicate. To obtain an invasion score, raw UWG02CTC cell counts across
each matrix were normalised to a measure of UWG02CTC invasion per 1000 µm distance
using the formula (raw invasion count/matrix length) × 1000 to correct for differences in
matrix lengths. Data were further normalised by setting the control invasion score to 100,
with all other treatment groups represented as relative percentage of the average control
value. Significance of invasion was quantified using GraphPad Prism 9.0 to conduct a
one-way ANOVA followed by a Fisher’s LSD post hoc test.

4.5. Collagen-Embedded Spheroids

An adaptation of organotypic culture [52] was used to promote UWG02CTC spheroid
formation in a 3D in vitro environment. A collagen formulation comprised of 75.4% (v/v)
2.5 mg/mL collagen type I, 8.8% (v/v) 10× MEM and 8.8% (v/v) 0.22 M NaOH was
combined with an 8.8% (v/v) FCS solution containing resuspended UWG02CTCs. Then,
100 µL containing the collagen–UWG02CTC mixture was aliquoted into a 96-well plate
with approximately 2500 UWG02CTCs seeded per well. Following a 20 min incubation at
37 ◦C to allow collagen polymerisation to occur, 150 µL of UWG02CTC culture media was
added to each well. After 24 h, serial drug dilutions were added to the collagen-embedded
spheroids as described above for the cell viability assays. Drugs were added in sextuplicate,
and cells were incubated for 5 days, with the refreshment of drug media after 3 days. Data
were processed as described above for the 2D MTS assays.

4.6. RASTRUM Bioprinting

A RASTRUM 3D bioprinter (Inventia Life Science, Ingham Institute) was used for the
printing of UWG02CTCs embedded in hydrogel matrices. Printing was performed as per
the manufacturer’s instructions, using drop-on-demand bioprinting technology with bio-
inks and activators. To start, the automated ‘greenlighting’ process for the priming of fluids
into the printer nozzles and the sterilisation process were performed. UWG02CTCs were
then passaged and resuspended in a specific activator at a density of 3.12 × 106 cells/mL,
before bio-inks and activators were aliquoted into a sterile cartridge for printing.

Matrix composition and stiffness was optimised, with a Px02.00 matrix with ~1.1 kPa
stiffness containing no peptides or proteins used. Bioprinted 96-well plates were used for
cell viability (MTS) assays as described above.
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