
Citation: Marcoux, P.; Hwang, J.W.;

Desterke, C.; Imeri, J.; Bennaceur-

Griscelli, A.; Turhan, A.G. Modeling

RET-Rearranged Non-Small Cell Lung

Cancer (NSCLC): Generation of Lung

Progenitor Cells (LPCs) from Patient-

Derived Induced Pluripotent Stem

Cells (iPSCs). Cells 2023, 12, 2847.

https://doi.org/10.3390/

cells12242847

Academic Editor: Gianpaolo Papaccio

Received: 7 November 2023

Revised: 3 December 2023

Accepted: 8 December 2023

Published: 15 December 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

cells

Article

Modeling RET-Rearranged Non-Small Cell Lung Cancer
(NSCLC): Generation of Lung Progenitor Cells (LPCs) from
Patient-Derived Induced Pluripotent Stem Cells (iPSCs)
Paul Marcoux 1,2,† , Jin Wook Hwang 1,2,† , Christophe Desterke 1,2 , Jusuf Imeri 1,2 ,
Annelise Bennaceur-Griscelli 1,2,3,4,5 and Ali G. Turhan 1,2,3,4,5,*

1 INSERM UMR-S-1310, Université Paris Saclay, 94800 Villejuif, France; paul.marcoux@inserm.fr (P.M.);
jinwook.hwang@inserm.fr (J.W.H.); christophe.desterke@gmail.com (C.D.); jusuf.imeri@inserm.fr (J.I.);
abenna@hotmail.fr (A.B.-G.)

2 Faculty of Medicine, Paris-Saclay University, 94270 Le Kremlin Bicetre, France
3 APHP Paris Saclay, Department of Hematology, Hôpital Bicêtre, 94270 Le Kremlin Bicetre, France
4 Center for IPSC Therapies, CITHERA, INSERM UMS-45, Genopole Campus, 91100 Evry, France
5 APHP Paris Saclay, Department of Hematology, Hôpital Paul Brousse, 94800 Villejuif, France
* Correspondence: turviv33@gmail.com
† These authors contributed equally to this work.

Abstract: REarranged during Transfection (RET) oncogenic rearrangements can occur in 1–2% of
lung adenocarcinomas. While RET-driven NSCLC models have been developed using various
approaches, no model based on patient-derived induced pluripotent stem cells (iPSCs) has yet
been described. Patient-derived iPSCs hold great promise for disease modeling and drug screening.
However, generating iPSCs with specific oncogenic drivers, like RET rearrangements, presents
challenges due to reprogramming efficiency and genotypic variability within tumors. To address
this issue, we aimed to generate lung progenitor cells (LPCs) from patient-derived iPSCs carrying
the mutation RETC634Y, commonly associated with medullary thyroid carcinoma. Additionally,
we established a RETC634Y knock-in iPSC model to validate the effect of this oncogenic mutation
during LPC differentiation. We successfully generated LPCs from RETC634Y iPSCs using a 16-day
protocol and detected an overexpression of cancer-associated markers as compared to control iPSCs.
Transcriptomic analysis revealed a distinct signature of NSCLC tumor repression, suggesting a lung
multilineage lung dedifferentiation, along with an upregulated signature associated with RETC634Y

mutation, potentially linked to poor NSCLC prognosis. These findings were validated using the
RETC634Y knock-in iPSC model, highlighting key cancerous targets such as PROM2 and C1QTNF6,
known to be associated with poor prognostic outcomes. Furthermore, the LPCs derived from
RETC634Y iPSCs exhibited a positive response to the RET inhibitor pralsetinib, evidenced by the
downregulation of the cancer markers. This study provides a novel patient-derived off-the-shelf iPSC
model of RET-driven NSCLC, paving the way for exploring the molecular mechanisms involved in
RET-driven NSCLC to study disease progression and to uncover potential therapeutic targets.

Keywords: NSCLC; patient derived; iPSCs; RET; LPC differentiation; cancer; model; pralsetinib

1. Introduction

Lung cancer is the second most prevalent cancer worldwide with over 2.2 million new
cases reported in 2020 [1]. Non-small cell lung cancer (NSCLC) accounts for approximately
85% of these cases, with adenocarcinoma being the most common subtype among all lung
cancers, comprising 40% of cases [2,3]. The classification of lung adenocarcinomas into
molecular subtypes is determined by specific molecular alterations that contribute to cancer
initiation and progression [4]. Many of these oncogenic drivers are receptor tyrosine kinases
(RTKs) that regulate intracellular signaling pathways [5].
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One of these RTK, REarranged during Transfection (RET), has been extensively studied
in NSCLC. RET transmits a proliferative signal in the presence of its co-receptor GDNF
(glial cell line derived neurotrophic factor) family receptor alpha-1 (GFRα1) and in response
to GDNF-ligands families (GLF). Recent studies have revealed the presence of RET rear-
rangements in 1–2% of cases of lung adenocarcinoma [6]. Patients with RET-fusion positive
NSCLC are mostly young-never smokers [7]. RET fusions lead to the activation of down-
stream signaling pathways such as STAT3 and RAS-MAPK involved in cell proliferation
and survival, thus promoting tumor growth [8–10]. RET fusion-positive lung carcinomas
exhibit poorer differentiated tumors compared to those with ALK or EGFR alterations [11].
Moreover, previous evidence has indicated that RET signaling plays a significant role in
drug resistance, including resistance to EGFR TKIs and emerging KRASG12C inhibitors in
NSCLC [12,13]. Finally, RET-rearranged patients typically exhibit low levels of PD-L1 ex-
pression and a low tumor mutational burden, and they tend to have unfavorable outcomes
when treated with immunotherapies [14]. These data show that RET rearrangements define
a distinct molecular and clinicopathological subtype of NSCLC. Therefore, the development
of a RET-rearranged lung cancer model would be highly valuable to investigate the unique
characteristics of this disease and identify novel therapeutic targets.

Several models of RET-rearranged lung cancer have been developed during previous
years. These models are based on cancer cell lines [15], genetically engineered mouse
models expressing KIF5B-RET fusion protein [16], or PDX-derived lung adenocarcinoma
cells harboring KIF5B-RET fusion [17].

iPSCs have been used previously to model several types of malignancies including
leukemia [18–20], hereditary cancers such as Li-Fraumeni syndrome [21] kidney cancer [22],
and hereditary retinoblastoma [23]. The role of oncogenic KRAS has been studied in alve-
olar cells derived from human iPSCs expressing Dox-inducible KRASG12D, revealing a
down-regulation of maturation markers in alveolar cells expressing KRASG12D with upreg-
ulation of progenitor and developmental markers [24]. However, this highly interesting
model used normal donor-derived iPSCs to study the effect of the expression of oncogenic
KRASG12D in alveolar epithelial cells. Currently, no lung cancer model based on patient-
derived induced pluripotent stem cells (iPSCs) has yet been developed. Such a model
could constitute a valuable asset to study RET-driven NSCLC. Indeed, patient-derived iPSC
models capture the unique genetic characteristics of individual patients and provide a more
accurate representation of the disease biology compared to traditional cell lines [25]. By
facilitating disease modeling and the creation of patient-specific organoids, patient-derived
iPSCs enable the investigation of cancer development, high-throughput drug screening,
and target discovery, paving the way for remarkable progress in these critical domains [22].

However, generation of patient-derived iPSCs from NSCLC patients carrying specific
oncogenic drivers, such as RET rearrangements, presents significant challenges. Indeed,
most reprogramming protocols are optimized for cells that are easily available and more
efficient to reprogram, with high proliferation rate and chromatin accessibility, such as
peripheral blood mononuclear cells (PBMC), mesenchymal stem cells, fibroblast, etc. [26].
Additionally, the low efficiency of reprogramming, coupled with the high genotypic vari-
ability within tumors, further complicates the generation of iPSCs with specific mutations of
interest [27]. Finally, like other cancer cells, the reprogramming of NSCLC cells into iPSCs is
impeded by various barriers, including genetic alterations and epigenetic memory [18]. Al-
though, the generation of iPSCs carrying hereditary mutations is a more attainable objective
due to their presence in all cells of an individual, it enables the utilization of existing repro-
gramming protocols [21]. Several studies have already used patient-derived iPSCs carrying
mutations, such as p53 or RB1 mutations, to elucidate mechanisms related to cancer [23,28].
However, to the best of our knowledge, there are presently no NSCLC patient-derived iPS
cell lines and therefore no model of a patient-derived-iPSC lung cancer model.

To tackle this challenge, we tested whether we could generate lung progenitor cells
(LPCs) accurately recapitulating the characteristics of RET-rearranged NSCLC from a
patient-derived iPSC carrying the RETC634Y point mutation. RETC634Y mutation is com-
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monly associated with medullary thyroid carcinoma (MTC) and results in RET dimerization
in the absence of its ligands, leading to the autophosphorylation of its tyrosine kinase do-
mains. The constitutive activation of the RET pathway is equivalent to the consequences of
RET rearrangements observed in NSCLC [29–31]. We also generated a RETC634Y knock-in
iPSC to validate the effect of the mutation on iPSC-derived lung progenitors. Therefore,
this work aimed to establish the suitability of iPSCs carrying RET point mutations as the
first model of patient-derived iPSCs RET-driven NSCLC.

Using a 16-day protocol [32], we successfully generated lung progenitors from patient-
derived iPSCs harboring the RETC634Y mutation (iRETC634Y) and its CRISPR-corrected
isogenic control iPSC (iRETCTRL). Notably, progenitors derived from iRETC634Y exhibited
an overexpression of cancer-associated markers as compared to WT progenitor derived
from iRETCTRL. Transcriptomic analysis uncovered a distinctive repressed signature of
NSCLC that was dependent on the RETC634Y mutation, indicating lung multilineage dedif-
ferentiation. Additionally, the upregulated signature associated with RETC634Y mutation
could potentially be linked to poor prognosis for NSCLC. These findings were further
validated by employing a knock-in of the RETC634Y mutation in WT iPSCs (PB68-RETC634Y

and PB68-WT). In both approaches, key targets associated with poor prognostic outcomes,
namely PROM2 and C1QTNF6, were found to be upregulated by the RETC634Y mutation.
Finally, LPCs derived from iPSCs carrying the RETC634Y mutation demonstrated a positive
response to the RET inhibitor pralsetinib, as evidenced by the downregulation of these
cancer markers.

2. Materials and Methods
2.1. Generation of iPSCs

The iPSC line PB68-WT was generated from peripheral blood mononuclear cells
(PBMCs) obtained from the cord blood of healthy donors according to the Declaration of
Helsinki. Cells were reprogrammed by non-integrative Sendai viral transduction. Pluripo-
tency was characterized by FACS and teratoma assays. PB68-RETC634Y was generated
from the iPSC PB68-WT using lentiviral transduction described in a previous study [33].
Briefly, we used Lenti-X 293T as a packaging cell line and psPAX2.2, and pMD2.G as
packaging vector and envelope vector, respectively. The plasmid RETC634Y was purchased
from VectorBuilder (Guangzhou, China). Generation of RET mutated iPSC iRETC634Y and
its isogenic CRIPSR corrected control iRETCTRL were previously described [34,35].

iPSCs were cultured in feeder-free condition in Geltrex coated dishes (A1413201;
ThermoFisher Scientific, Illkirch, France) and fed daily with Essential 8 flex Medium
(A2858501; ThermoFisher Scientific, Illkirch, France). iPSCs were passaged twice a week
with EDTA dissociation (0.5 mM).

2.2. Generation of Lung Progenitor Cells

This procedure was adapted from the work of Leibel and colleagues [32]. The protocol
involves the stepwise differentiation of iPSCs to lung progenitor cells (LPCs). iPSCs were
seeded at 55–70% confluency in 6-well plates coated with Geltrex the day before definitive
endoderm induction (DE). DE induction medium is composed of RPMI1640 (11875093;
Gibco, Illkirch, France) supplemented with Glutamax (35050061; Gibco, Illkirch, France),
B27 (12587010; ThermoFisher, Illkirch, France), Pen/Strep (15140-122; Gibco, France),
HEPES 1% (15630-080; Gibco, Illkirch, France), 100 ng/mL Human activin A (338-AC;
R&D Systems, Lille, France) and 5 µM CHIR99021 (72054; Stemcell Technology, Grenoble,
France). DE induction medium was replaced daily for 3 days. On day +4, the medium was
changed and replaced daily until day +6 with anterior foregut endoderm (AFE) induction
medium which is serum free basal media supplemented with 10 µM SB431542 (1614; Tocris
Bioscience, Bristol, UK) and 2 µM dorsomorphin (72102; Stemcell, Grenoble, France). Serum
free basal medium is composed of 75% IMDM+Glutamax (31980030; Gibco, Illkirch, France)
and 25% Ham’s F12 (11765054; Gibco, France) complemented with B27, N2 (17502048;
ThermoFisher, Illkirch, France), Pen/Strep, 50 mg/mL L-Ascorbic acid 2-phosphate (A8960;
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Sigma-Aldrich, Saint-Quentin-Fallavier, France), 500 µg/mL monothioglycerol (M6145;
Sigma-Aldrich, Saint-Quentin-Fallavier, France), 7,5% BSA (15260-037; Gibco, Illkirch,
France). On day +7, the AFE medium was aspirated, and replaced by LPC induction
medium and changed every two days. LPC induction medium is composed of serum free
basal medium complemented with 10 ng/mL human BMP4 (78211; Stemcell, Grenoble,
France), 0.1 µM all-trans retinoic acid (72262; Stemcell, Grenoble, France), and 3 µM
CHIR99021.

2.3. RNA Extraction, Reverse Transcription, and qRT-PCR

Total intracellular RNA was extracted using RNeasy Mini Kit (74104; Qiagen, Hilden,
Germany) and 1 µg was reverse transcribed using a reverse transcription (RT)-PCR kit
(Superscript III 18080-44; ThermoFisher Scientific, Illkirch, France). An aliquot of cDNA was
used as a template for qRT-PCR analysis using a fluorescence thermocycler (ThermoFisher
Scientific QuantStudio 3TM) with FastStart Universal SYBR Green (04913914001, Roche,
Vilnius, Lithuania) DNA dye. The primer sequences used for qRT-PCR are listed in the
Supplementary Table S1. Relative expression was normalized to the geometric mean of
housekeeping gene expression and was calculated using the 2−∆∆Ct method.

2.4. Immunofluorescence Staining

LPCs were washed with phosphate-buffered saline (PBS) fixed with 4% formaldehyde
in PBS for 60 min, permeabilized with 0.2% Triton X-100 (Sigma-Aldrich, Saint-Quentin-
Fallavier, France) in PBS and blocked with 10% serum. Primary antibodies were diluted in
PBS 10% serum at the following concentrations: TP63 (1:100, ab124762; Abcam, Cambridge,
UK) and Phospho-RET (Tyr1096) (1:100, PA5-105796; Thermo Fisher Scientific, Illkirch,
France). Samples were incubated with secondary antibodies in antibody dilution buffer,
then washed in PBS. Nuclei were labeled with DAPI (D9542; Sigma-Aldrich, Saint-Quentin-
Fallavier, France) mounting medium. Visualization and capture were performed with a
Leica confocal microscope and LAS AF software (v3.2).

2.5. RNA-Sequencing Experiments

iPSCs and iPSC-derived LPC samples were processed for transcriptome triplicate
experiments. Before the preparation of the sequencing library, the quality of the RNAs
was checked with bioanalyzer with an average RIN per sample of 9.6. Starting from 10 to
100 ng of total RNA, molecular library of sequencing (Illumina) preparation was conducted
for paired end sequencing focused on 3′ coding ends of transcripts. A minimum of ten
million of reads were sequenced by sample on GENOMIC platform from Cochin Institute
(Paris, France).

2.6. RNA-Sequencing Analyses

Paired-end FASTQ files were aligned on human genome version Ensembl release
101, Homo sapiens GRCh38 with STAR algorithm version (v2.7.6a) in two pass mode [36].
Transcript count was counted with RSEM algorithm version (v1.3.1) [37]. Transcript nor-
malization and differential expressed gene analysis was performed with DeSeq2 R package
version 1.34.0 in R environment version 4.1.3 [38].

2.7. Transcriptome Datasets

Transcriptome data of NSCLC samples and normal lung adjacent tissue from frozen
sampling of Gene Expression Omnibus (GEO) dataset GSE44077 [39] were collected at
this address https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE44077 (accessed
on 12 May 2022). This transcriptomic analysis was performed with Affymetrix Human
Gene 1.0 ST Array technology and annotated with the corresponding platform GPL6244
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GPL6244 (accessed on 12 May
2022).

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE44077
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GPL6244
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2.8. TCGA RNA-Sequencing of Lung Adenocarcinoma Tumors

Lung adenocarcinoma tumor transcriptome dataset from The Cancer Genome Atlas
(TCGA) consortium [40] was accessed through CBioPortal web tool [41]. This cohort of
transcriptome is composed of 510 lung tumors from patients with a median age of 66 years
old (range from 33 to 88 years).

2.9. Bioinformatics Analysis

Bioinformatics analyses were performed with R version 4.1.3. Unsupervised principal
component analysis (PCA) was carried out with prcomp R base function and drawn
with autoplot function from ggforitfy R-package version 0.4.14. Microarray transcriptome
differentially expressed gene analysis was conducted with limma R-package version 3.50.3.
Expression heatmaps were drawn with pheatmap R-package version 1.0.12 and clustering
was conducted with the parameters clustering distance = “euclidean” and clustering
method = “complete”. Functional enrichment was performed by over representative
analysis through two distinct webtool applications: Enrichr [42] and Toppgene suite [43].
These functional enrichment analyses were carried out with distinct databases: Gene
Ontology [44], DisGeNET [45] and Co-expression Lung Atlas through GeneSigDB [46]
and MsigDb [47]. Functional enrichment networks were built with Cytoscape standalone
application version 3.6.0 [48]. Barplots were drawn with ggplot2 R-package 3.3.6 [49].
Iterative loop of univariate survival Cox model on expression of selected markers was
performed with loopcolcox_1.0.0 R-package https://github.com/cdesterke/loopcolcox
(accessed on 8 February 2023). Log rank survival analysis at univariate and multivariate
levels was performed with survival R-package version 3.5-0. The expression risk score was
computed with the sum of the mathematical products between the Cox beta coefficient
and the expression of the selected molecular markers. The threshold on risk score and
Kaplan–Meier graph were performed with survminer R-package version 0.4.9. Calibration
of the Cox multivariable model was performed by bootstrapping with rms R-package
version 6.4-1 and survival nomogram was drawn with regplot R-package version 1.1.

3. Results

3.1. iRETCTRL and iRETC634Y iPSCs Can Be Successfully Differentiated into Lung
Progenitor Cells

To assess the potential of patient-derived iPSCs harboring inherited mutations as
an accurate model of RET-driven NSCLC, we employed an iPS cell line derived from a
patient carrying RETC634Y mutation (iRETC634Y) who developed medullary thyroid carci-
noma (MTC) [34] Additionally, we included an isogenic CRISPR/Cas9-corrected iPSC line
(iRETCTRL) as a control [35]. This model has already proven to be valuable in investigating
the RET-activation related mechanisms [33].

These two iPS cell lines were differentiated into NKX2-1+ lung progenitor cells (LPCs)
with a 16-day protocol [32]. The process involves enzymatic dissociation of iPSCs and
their differentiation into LPC following sequential steps (Figure 1A). The first step is the
induction of the definitive endoderm (DE) expressing CXCR4 and SOX17 [50], and then
the generation of anterior foregut endoderm (AFE), characterized with the expression of
FOXA2 and SOX2 [51]. Finally, the cells are specified into LPCs (Figure 1A) [52].

Phase-contrast imaging during the differentiation of both iRETCTRL and iRETC634Y

iPSC differentiation revealed expected morphology at each stage for respective cell types
as compared to previously published data, thus showing a typical morphology consistent
with an ongoing differentiation (Figure 1B) [32]. To further confirm the phenotype of the
cells obtained at day +16, an immunostaining for TP63 was performed. Both NKX2-1 and
TP63 were shown to be expressed upon differentiation of pluripotent stem cells towards
LPCs [53]. TP63 is a marker for basal cells in the human airway epithelium, which are mul-
tipotent stem cells involved in epithelial repair and regeneration [54]. Immunofluorescence
staining demonstrated that cells derived from both iPSCs expressed TP63, indicating a
successful differentiation into LPCs (Figure 1C).

https://github.com/cdesterke/loopcolcox
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(iRETC634Y) and its isogenic CRISPR control (iRETCTRL) during LPC differentiation at definitive 
endoderm (DE), anterior foregut endoderm (AFE), and LPC stages. Magnification 10×; scale bar 100 
µm. (C) Immunostaining of LPCs derived from iRETC634Y and iRETCTRL iPSCs showing the 
expression of TP63 (green), DAPI (blue) or merged. (D–F) Expression of the differentiation markers 
specific to each stage; (D) DE, (E) AFE, and (F) LPC; quantified by qRT-PCR. Fold change (2−ΔΔCt) 
was normalized to iPSC stage. Differentiation experiments were performed three times for each 
condition. p-values were calculated at each stage using a two-tailed Student’s t-test. ns, not 
significant; * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001. 
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Figure 1. Generation of lung progenitor cells (LPCs) from iRETC634Y is associated with the overexpres-
sion of FOXA2 and NKX2-1. (A) Schematic representation of the differentiation protocol from iPSC to
NKX2-1+ lung progenitor cells (LPCs). (B) Morphology of RETC634Y mutated iPSC (iRETC634Y) and its
isogenic CRISPR control (iRETCTRL) during LPC differentiation at definitive endoderm (DE), anterior
foregut endoderm (AFE), and LPC stages. Magnification 10×; scale bar 100 µm. (C) Immunostaining
of LPCs derived from iRETC634Y and iRETCTRL iPSCs showing the expression of TP63 (green), DAPI
(blue) or merged. (D–F) Expression of the differentiation markers specific to each stage; (D) DE,
(E) AFE, and (F) LPC; quantified by qRT-PCR. Fold change (2−∆∆Ct) was normalized to iPSC stage.
Differentiation experiments were performed three times for each condition. p-values were calculated
at each stage using a two-tailed Student’s t-test. ns, not significant; * p < 0.05; ** p < 0.01; *** p < 0.001;
**** p < 0.0001.

3.2. Generation of LPCs from iRETC634Y Is Associated with the Overexpression of Cancer-Related
Markers and a Delay of Differentiation

To gain deeper insights into the processes occurring during LPC differentiation, qRT-
PCR analyses were performed to assess the expression levels of stage-specific markers at
various time points. Specifically, the characteristic markers for each stage, namely CXCR4
and SOX17 for DE, FOXA2 and SOX2 for AFE, and NKX2-1 for LPC, were examined at day
+4 (DE), day +7 (AFE), and day +16 (LPC). (Figure 1D). During the differentiation process
of both iRETCTRL and iRETC634Y cell lines, expression levels of CXCR4 and SOX17 peaked
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at day +4, with a fold change of 60 and 3000, respectively, were compared to the expression
levels in iPSCs (Figure 1D). Subsequently, their expression declined during the AFE stage
and remained consistently low until the completion of differentiation. Interestingly, on
day +4, the upregulation of CXCR4 and SOX17 was significantly higher in iRETCTRL as
compared to iRETC634Y.

The expression of FOXA2 was increased during the first day of the differentiation and
reached its maximum level at the AFE stage before decreasing at the LPC stage (Figure 1E).
At the DE and AFE stages, FOXA2 was significantly overexpressed in iRETC634Y as com-
pared to iRETCTRL. Interestingly, FOXA2 transcription factor is known to be upregulated in
KIF5B-RET fusion adenocarcinomas through RET downstream signaling pathways such as
ERK and AKT [55]. Hence, it is plausible that RETC634Y could upregulate FOXA2 expression
similarly during the differentiation of iPSC-derived LPCs.

SOX2 is a pluripotency marker and is highly expressed in undifferentiated iPSCs
(D0) (Figure 1E). As the iPSCs undergo differentiation, the expression of SOX2 diminished
in the initial days. Intriguingly, during the AFE stage, SOX2 is re-expressed solely in
iRETCTRL cells and not in iRETC634Y cells, before declining once more during the LPC stage.
During the AFE stage, SOX2 was shown to regulate the emergence of lung basal cells [56],
consequently, its absence could potentially result in a differentiation defect associated with
the RETC634Y mutation.

The expression of NKX2-1 exhibited a consistent increase throughout the entire dif-
ferentiation process, reaching its peak at the LPC stage (Figure 1F). Interestingly, LPCs
derived from iRETC634Y demonstrated a three-fold higher expression of NKX2-1 compared
to iRETCTRL-derived LPCs. NKX2-1 serves as a marker for LPC differentiation; however, it
is also associated with cancer [57], particularly in lung adenocarcinoma where it is highly
expressed [58,59]. Therefore, the overexpression of NKX2-1 in iRETC634Y-derived LPCs
could potentially be linked to the formation of cancerous tissues.

Hence, the RETC634Y mutation appears to be linked to the upregulation of cancer-
related markers and may be associated with a delay in the differentiation process, which is
a characteristic feature of RET-driven NSCLC [11].

3.3. RETC634Y-Dependent Gene Signature during iPSC-Derived LPC Differentiation Predicts a
Major Transcriptional Repression in NSCLC

To evaluate the effect of RETC634Y mutation on transcriptional regulation during iPSC-
derived LPC differentiation, whole transcriptome sequencing was performed in triplicate
for iRETC634Y and iRETCTRL at both iPSC and LPC stages. During LPC differentiation, a
total of 1977 and 2139 genes were found to be overexpressed in iRETCTRL and iRETC634Y,
respectively. The comparison between these two gene lists was performed and only
640 genes specifically overexpressed during iRETC634Y LPC differentiation were retained
constituting a specific RETC634Y-dependent gene signature (Figure 2A). To estimate the
validity of this patient-derived iPSC NSCLC model and the influence of the RETC634Y

mutation, RETC634Y-dependent gene signature was used to perform unsupervised analysis
of NSCLC transcriptome data as compared to adjacent normal lung tissues. Principal
component analysis performed (PCA) on GSE44077 transcriptome dataset revealed a good
stratification of NSCLC tumor samples as compared to normal lung sample on the first
principal axis based on RETC634Y-dependent gene signature (Figure 2B). Among the 640
RETC634Y-dependent genes, 97 genes were found to be significantly suppressed in tumors
(Supplementary Table S2), while 33 genes were significantly upregulated (Supplementary
Table S3). Supervised gene expression analysis restricted to RETC634Y-dependent gene
signature highlighted a major differentiation inhibitory signature in NSCLC tumor samples
as compared to normal lung tissue samples (Figure 2C). These results suggest that RETC634Y-
dependent gene signature can predict a set of repressed genes in NSCLC.
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ation. (B) Unsupervised principal component analysis based on RETC634Y-dependent gene signa-
ture can stratify tumoral and normal lung adjacent samples from GSE44077 transcriptome dataset.
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of GSE44077 restricted to RETC634Y-dependent gene signature (filter fixed over 0.5 log2 of fold
change). (D) Barplot of functional enrichment performed with RETC634Y-dependent repressed signa-
ture on Gene Ontology Cellular Component (GO-CC) database. (E) Functional enrichment network
highlighting the implication of connected components like focal adhesion, anchoring junction, and
synapse in RETC634Y-dependent repressed signature in NSCLC tumors. (F) Barplot of functional
enrichment performed on Co-expression Lung Atlas database with RETC634Y-dependent repressed
NSCLC signature. (G) Functional enrichment network identifying a lung multilineage implication of
RETC634Y-dependent repressed signature in NSCLC.
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3.4. RETC634Y-Dependent Inhibitory Signature in NSCLC Identifies a Lung Multilineage
Dedifferentiation

RETC634Y-dependent repressed gene signature in NSCLC (Supplementary Table S2)
was validated to effectively stratify NSCLC tumor samples from normal lung tissues
through unsupervised clustering (Supplementary Figure S1A) as well as unsupervised PCA
(Supplementary Figure S1B). Functional enrichment of these repressed genes, performed
on the Gene Ontology Cellular Component (GO-CC) database, revealed their implication
mainly in focal adhesion, anchoring junction, and synapse (Figure 2D,E). These results
suggest that RET related transcriptional repression occurring in NSCLC could disrupt
epithelial cell fate and matrix adhesion.

Functional enrichment performed on Co-expression Lung Atlas through GeneSigDB
database confirmed that RETC634Y-dependent repressed gene signature in NSCLC samples
was found to be affecting other human lung bulk signatures (red bars, Figure 2F). A
comprehensive single-cell atlas of the normal human lung was generated, revealing a
distinct gene signature for each lung cell subpopulation [60]. Enrichment based on this atlas
reveals that RET-dependent repressed signature in NSCLC may affect several normal lung
cell subpopulations such as type I alveolar epithelial cells (AT1s), airway smooth muscle
cells, alveolar fibroblasts, pericytes, IGSF21 positive dendritic cells, and vascular smooth
muscle cells (green bars, Figure 2F). Moreover, the majority of the repressed genes interact
with AT1s (Figure 2G). This suggests that RETC634Y-dependent signature repressed in
NSCLC tumor samples may affect several distinct normal lung cell subpopulations through
a general lung dedifferentiation program. The observation aligns with the finding that RET
fusion-positive lung carcinomas displayed a higher prevalence of poorly differentiated
tumors in comparison to those with ALK or EGFR alterations [11].

3.5. RETC634Y-Dependent Signature in NSCLC Is Associated with Poor Prognosis

RETC634Y-dependent activated signature, constituted by the 33 genes found upregu-
lated in NSCLC (Supplementary Table S3), was verified to stratify NSCLC tumor samples
from normal lung by unsupervised clustering (Supplementary Figure S1C) but also by
unsupervised PCA (Supplementary Figure S1D). Functional enrichment performed on Dis-
GeNET database confirmed that RETC634Y-dependent activated signature is associated with
known lung cancer pathogenesis such as carcinoma and malignant neoplasia (Figure 3A).
Moreover, this signature can be integrated in a network of genes related to aggressive
cancer signature (Figure 3B). These results suggest that RETC634Y-dependent activated
signature could be associated with patients with a poor prognosis.

The transcriptome data obtained through RNA-sequencing from a cohort of 510 lung
adenocarcinoma patients, compiled by The Cancer Genome Atlas (TCGA), were examined
by comparing them to RETC634Y-dependent activated signature. RET and a subset of nine
genes was found to be overexpressed in more than 4% of tumor samples (Figure 3C).
Among these genes, six were already identified in the lung cancer related network of genes
associated with RETC634Y signature (TMEM45B, CLDN1, TRIM29, SMUG1, SATB2, and
EFNA3) (Figure 3B). The three other genes are HS3ST1, PROM2, and C1QTNF6. Combined
overexpression of these nine genes with RET in TCGA lung cancer transcriptomes was
found to significantly stratify patients according to their overall survival (Figure 3D).
Moreover, univariate overall survival analysis of these individual 10 genes overexpressed
in adenocarcinoma revealed a dramatic prognosis, the worst being C1QTNF6 and PROM2
overexpression (Figure 3E). The expression of C1QTNF6 and PROM2 was quantified by
qRT-PCR and both genes were found to be upregulated in iRETC634Y LPCs as compared to
iRETCTRL LPCs, indicating that RETC634Y is associated with the overexpression of NSCLC
poor prognosis markers (Figure 3F).
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Figure 3. Adverse lung cancer prognosis for patients overexpressing RETC634Y-dependent activated
signature. (A) Barplot of functional enrichment performed with RETC634Y-dependent activated
signature on DisGeNET disease database. (B) Lung cancer related networks of genes found upregu-
lated in NSCLC with RETC634Y-dependent activated model integration. (C) Oncoprint of the RET
10 genes signature in the transcriptome of the TCGA lung adenocarcinoma cohort (510 patients/510
samples). (D) Kaplan–Meier curve and log-rank test analysis assessing the overall survival (OS)
of lung adenocarcinoma patients, comparing those with (red) and without (blue) the overexpres-
sion of RET 10 genes signature. (E) Barplot of univariate overall survival analysis for the individ-
ual genes of RET 10 genes signature. The proportion of patient deaths among those exhibiting
gene overexpression (purple) and the corresponding median overall survival (blue) are displayed.
(F) Expression of two cancer markers associated with adverse prognosis quantified by qRT-PCR. Fold
changes (2−∆∆Ct) have been normalized to iPSC stage. Experiments were performed three times.
p-values were calculated using a two-tailed Student’s t-test. * p < 0.05.

The overexpression of this 10 gene signature can be significantly associated with
the clinical data of patients (Supplementary Figure S2A). For example, an increase of
hypoxia can be computed by three distinct scores (Winter, Ragnum, and Buffa scores)
(Supplementary Figure S2B). A significant association was also observed with the increase
of genomic alteration scores such as the fraction of genome altered, MSIsensor score, and
tumor mutation burden (Supplementary Figure S2C). Other parameters reflecting the
genomic instability such as the mutation count and the aneuploidy score were also found
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to be significantly increased with this signature (Supplementary Figure S2C). All together,
these results confirmed that RETC634Y-dependent activated signature is associated with
poor prognosis in lung cancer.

3.6. Differentiation of LPCs from RETC634Y Knock-In iPSCs Results in the Overexpression of
FOXA2 and NKX2-1

To ascertain the impact of the RETC634Y mutation on LPC differentiation, a RETC634Y

knock-in model (PB68-RETC634Y) was generated using a wild-type (WT) iPSC (PB68-
WT) [33]. Using the previously described differentiation protocol, both iPSC lines were
differentiated into LPCs. RET overexpression was confirmed through qRT-PCR analysis,
revealing more than a 10-fold increase in expression in LPCs derived from PB68-RETC634Y

as compared to PB68-WT (Figure 4A). Activation of the RET pathway through its phos-
phorylation was assessed using immunofluorescence staining, which displayed a robust
phospho-RET signal in LPCs derived from PB68-RETC634Y, whereas LPCs derived from
PB68-WT showed minimal signal. (Figure 4B). These results confirmed the successful
generation of a RETC634Y knock-in model by showing the overexpression and activation of
RET in PB68-RETC634Y.
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Figure 4. LPCs generated from RETC634Y knock-in iPSCs are also associated with an overexpression
of FOXA2 and NKX2-1. (A) qRT-PCR quantification of RET mRNA in LPCs derived from PB68-WT
and PB68-RETC634Y iPSCs. (B) Immunostaining of LPCs derived from PB68-WT and PB68-RETC634Y

iPSCs showing the expression of pRET (green) and DAPI (blue). (C) Expression of the differentiation
markers specific to each stage quantified by qRT-PCR. Fold changes (2−∆∆Ct) have been normalized
to iPSC stage. Differentiation experiments were performed three times for each condition. p-values
were calculated at each stage using a two-tailed Student’s t-test. ns, not significant; ns: non-significant,
* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.
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As described previously, qRT-PCR analysis was performed to assess the expression
levels of stage-specific markers at various time points (Figure 4C). Strikingly, the knock-in of
RETC634Y mutation exhibited a similar effect on the expression of the differentiation markers
when compared to the patient-derived RETC634Y mutation. This effect was evident in the
downregulation of CXCR4 and SOX17 during the DE stage, as well as the upregulation
of FOXA2 and NKX2-1 during the AFE and LPC stages, respectively. However, it is
noteworthy that the observed results for SOX2 contrasted with the findings described
earlier. Collectively, these findings strongly indicate a significant association between the
RETC634Y mutation, and the observed phenotypes associated with NSCLC during LPC
differentiation.

3.7. RETC634Y Knock-In Induces a Signature of Fibroblastic and Metastatic Lung Adenocarcinoma
in iPSC-Derived LPCs

To validate the impact of RETC634Y knock-in on transcriptional regulation during
iPSC-derived LPC differentiation, whole transcriptome sequencing was done in triplicate
for PB68-WT and PB68-RETC634Y at both iPSC and LPC stages. The same analysis protocol
employed for iRET iPSCs was applied, revealing a set of 1107 genes specifically over-
expressed during PB68-RETC634Y LPC differentiation. These genes constitute a specific
RETC634Y knock-in (RET-KI) signature (Figure 5A). This specific RET-KI signature was
used to perform functional enrichment analysis on a single-cell atlas of metastatic lung
adenocarcinoma [61]. This analysis revealed a notable enrichment of these genes within
the signature of fibroblastic and metastatic lung adenocarcinoma (Figure 5B). With this
enrichment, it was possible to build a lung fibroblast related gene network which shared
some markers with other subtypes of tumor microenvironment cells like myofibroblasts
and smooth muscle cells (Figure 5C). Among the genes involved in this network, nine of
them were found to be overexpressed in more than 1% of lung samples based on the TCGA
510 lung adenocarcinoma patient RNA sequencing (Figure 5D). Moreover, the combina-
torial overexpression of these nine markers was found to be associated with unfavorable
overall survival of the patients (Figure 5E). Moreover, crossing the RETC634Y-dependent
gene signature with the specific RET-KI gene signature revealed 67 commonly regulated
genes during these two experiments, including C1QTNF6 (Supplementary Table S4). The
expression of C1QTNF6 and PROM2 was also quantified by qRT-PCR and both genes
were found to be in PB68-RETC634Y LPCs as compared to PB68-WT LPCs indicating that
RET pathway activation is associated with the overexpression of these two NSCLC poor
prognosis markers (Figure 5F). Collectively, these data indicate that RET-KI induced a
signature of metastatic lung adenocarcinoma during iPSC-derived LPC differentiation.
Hence, this knock-in experiment serves to validate the role of the RETC634Ymutation as a
driver of NSCLC features in LPCs derived from iPSCs carrying RET mutation.

3.8. RET Inhibitor Treatment Leads to the Downregulation of the Cancer Associated Marker in
LPCs Derived from RETC634Y iPSCs

To confirm that the observed phenotypes were specifically induced by the RETC634Y

mutation during LPC differentiation, we added into the differentiation media the RET
inhibitor pralsetinib (BLU-667) at a daily concentration of 10 nM. Pralsetinib is a drug
designed to selectively target oncogenic RET alterations such as KIF5B-RET and CCDC6-
RET fusions and RETC634Y mutations [62]. It is currently being tested in phase I/II of the
ARROW trial and exhibits promising results [63].
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Figure 5. RETC634Y knock-in (RET-KI) induced a metastatic and fibroblastic lung adenocarcinoma ex-
pression signature in iPSC-derived LPCs. (A) Method for analyzing the RET-KI dependent signature
during iPSC-derived LPC differentiation. (B) Functional enrichment on a single-cell atlas of metastatic
lung adenocarcinoma with the genes upregulated specifically during RET-KI LPC differentiation.
(C) Fibroblastic functional enriched network drawn during RET-KI LPC differentiation. (D) Oncoprint
of RET-KI markers found overexpressed in the transcriptome of the TCGA lung adenocarcinoma
cohort (510 patients/510 samples). (E) Kaplan–Meier curve and log-rank test analysis assessing the
overall survival (OS) of lung adenocarcinoma patients, comparing those with (red) and without (blue)
the overexpression of RET-KI markers. (F) Expression of C1QTNF6 and PROM2, two cancers markers
associated with adverse prognosis, quantified by qRT-PCR at LPC stage. Fold changes (2−∆∆Ct) were
normalized to iPSC stage. Experiments were performed three times. p-values were calculated using a
two-tailed Student’s t-test. **** p < 0.0001.
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Through qRT-PCR analysis, we measured the expression levels of the differentiation
markers FOXA2 and NKX2-1, which were found to be regulated by RETC634Y in our
models, along with the cancerous markers C1QTNF6 and PROM2 previously identified.
The gene expressions were measured on cells differentiated with and without pralsetinib.
(Figure 6). In the iRET model, the expressions of NKX2-1, C1QTNF6, and PROM2 exhibited
highly significant levels of interactions between the cell lines and the two conditions
(Supplementary Table S5). In all three cases, pairwise comparison analyses revealed that
the addition of pralsetinib had no significant effect on LPCs derived from iRETCTRL but
led to a significant inhibition in the expression of the genes expressed by iRETC634 derived
LPCs (Figure 6A). In the PB68 model, only FOXA2 and PROM2 genes exhibited significant
levels of interactions between the cell lines and the two conditions but all four genes
were affected significantly by pralsetinib treatment (Supplementary Table S6). Indeed, the
addition of pralsetinib resulted in a significant inhibition of FOXA2, NKX2-1, and C1QTNF6
in PB68-RETC634Y cells, whereas no significant changes in expression were observed in
PB68-WT cells (Figure 6B). Additionally, pralsetinib treatment led to a very strong inhibition
of PROM2 expression in all the cell lines (Figure 6B). In both models, a positive response
to the RET inhibitor pralsetinib was observed as demonstrated by the downregulation of
the cancer markers, indicating that their expression is regulated by RETC634Y mutation.
Therefore, this validates the suitability of such models as valuable tools for testing potential
drugs and for identifying new therapeutic options for RET-driven NSCLC treatment.
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Figure 6. RET inhibitor pralsetinib treatment has a specific inhibitory effect on the genes upregulated
by RETC634Ymutation. (A,B) Expression of FOXA2, NKX2-1, C1QTNF6, PROM2 quantified by qRT-
PCR in iRET model (A) and PB68 model (B) with and without daily 10 nM pralsetinib treatment.
Fold changes (2−∆∆Ct) have been normalized to iPSC stage. Experiments were performed three
times. Two-ways ANOVA was performed to test the effect of cell lines and pralsetinib treatment.
For each combination of cell lines and genes, a Sidak’s multiple comparisons test was performed to
test the effect of pralsetinib treatment as compared to WT. ns: non-significant, * p < 0.05; ** p < 0.01;
*** p < 0.001; **** p < 0.0001.

4. Discussion

RET rearrangements occur in approximately 1–2% of NSCLC, but they tend to affect a
younger population of patients, and they are more frequently observed in individuals who
have never smoked or have a limited smoking history [7]. RET rearrangements generate a
novel fusion oncogene that leads to constitutive activation of the RET kinase domain [64].
This activation promotes downstream signaling pathways, such as the MAPK and PI3K-
AKT pathways, which are critical for cell proliferation, survival, and other cancer-related
processes [8,10]. RET-rearranged NSCLC lung cancers are also known to exhibit less
differentiated tumors compared to other molecular types of NSCLC [11]. Furthermore, the
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RETC634Y mutation is a specific genetic alteration commonly found in medullary thyroid
carcinoma (MTC). RETC634Y mutation leads to the constitutive activation of RET also
resulting in uncontrolled cell growth and proliferation. Consequently, the effects of the
RETC634Ymutation on the activation of the RET pathway resemble those seen in other RET
rearrangements observed NSCLC [29–31].

Developing new models of NSCLC, particularly those involving rare oncogenic drivers
such as RET, holds significant promise for advancing the development of novel therapies.
Furthermore, the use of iPSCs to generate such models offers numerous advantages. They
serve as an inexhaustible source of patient-specific cells, allowing researchers to investigate
disease mechanisms, accelerate drug discovery, and explore the possibilities of personalized
cell-based therapies with unprecedented potential [22,65]. However, the reprogramming
of lung differentiated cells poses significant challenges, leading to the absence of NSCLC
patient-derived iPSC lines and therefore the lack of NSCLC models derived from patient
iPSCs. The objective of this study was to evaluate the viability of using iPSCs derived
from patients carrying RET inherited mutations as an alternative method for developing
RET-driven NSCLC models from iPSCs.

However, iPSCs exhibit unpredictable variability in their ability to differentiate into
functional cells of a specific lineage due to their genetic background. This can pose chal-
lenges when comparing cells differentiated from patient-specific iPSCs and control iP-
SCs [66]. To address this issue and isolate the impact of oncogenic driver mutations,
isogenic pairs of disease-specific and control iPSCs were generated [23,67]. The widespread
adoption of genome editing tools, such as the CRISPR/Cas9 system, allows for the creation
of control iPSCs, wherein the oncogenic mutation is corrected [68–70]. By differentiating
in parallel patient-derived iPSCs and their CRISPR-corrected isogenic control iPSCs, it is
possible to identify the distinct characteristics linked to the mutation. This approach was
employed to evaluate the impact of RETC634Y mutation on the differentiation of LPCs from
iPSCs by comparing patient-derived iPSCs carrying the RETC634Y mutation (iRETC634Y)
with its CRISPR-corrected isogenic control (iRETCTRL) [34,35]. This strategy was comple-
mented with the generation of a model of RETC634Yknock-in in an iPSC derived from a
healthy donor (PB68-RETC634Y and PB68-WT, respectively) [33]. The knock-in of a mutated
gene in iPSCs has already been shown to successfully generate the NSCLC model. Indeed,
Dost and colleagues showed that the introduction of KRASG12D in healthy iPSC induces
the development of NSCLC in iPSC-derived lung organoids [24].

Therefore, in this study, we employed these two approaches to successfully generate
lung cell progenitors (LPCs) from iPSCs expressing the RETC634Y mutation (Figure 1A–C).
We demonstrated that these LPCs exhibit several characteristics associated with RET-
rearranged NSCLC when compared to control iPSCs (Figures 1 and 4). For instance,
FOXA2 was found to be overexpressed at the AFE stage in both models by RET mutations,
consistent with its upregulation by KIF5B-RET fusion in NSCLC through RET downstream
signaling pathways (Figures 1E and 4C) [55]. Furthermore, in both models the RETC634Y

mutation was found to upregulate NKX2-1. NKX2-1 serves as a marker for lung progen-
itors, but it has also been identified as a tumor biomarker in lung cancer [57] due to its
overexpression in adenocarcinoma [58,59].

Transcriptomic analyses performed on LPCs derived from the patient-derived iPSC
iRETC634Y and from its CRISPR-corrected control iRETCTRL, revealed a specific RETC634Y sig-
nature (Figure 2A–C). We identified a subset of 10 genes, including C1QTNF6 and PROM2,
that showed a significant correlation with patients with poor prognosis (Figure 3C–E).
C1QTNF6 or C1q/tumor necrosis factor-related protein 6, is known to promote cell prolif-
eration, migration, and invasion while inhibiting apoptosis in NSCLC, both in vitro and
in vivo [71]. Additionally, PROM2 overexpression is associated with poor overall survival
in lung cancer [72]. However, these two cancerous markers have not yet been identified in
RET-rearranged NSCLC. Studying the expression of these genes in patient samples could
be valuable in assessing whether our models can predict adverse prognostic markers linked
to RET-rearrangements and identify novel therapeutic targets. Particularly, considering
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that PROM2 is a membrane receptor, it could hold significant potential as a target for
CAR-T cell therapy.

Additionally, a similar transcriptomic analysis was performed with the RET knock-in
model to validate the impact of RETC634Y mutation on transcriptional regulation during
iPSC-derived LPC differentiation (Figure 5). Whole transcriptome sequencing revealed
a specific RETC634Y knock-in (RET-KI) signature associated with unfavorable overall sur-
vival in patients (Figure 5B–E). Additionally, 67 genes were commonly regulated in both
RETC634Y-dependent and RET-KI signatures, including C1QTNF6 (Supplementary Table
S4). Subsequently, we confirmed the upregulation of C1QTNF6 and PROM2 through
qRT-PCR analysis in the LPCs derived from the two models of RETC634Y-mutated iPSCs
(Figures 3F and 5F). This suggests that RET pathway activation is associated with the over-
expression of these poor prognosis markers in both models of RET-driven NSCLC. Overall,
this knock-in experiment validated the role of RETC634Y mutation as a driver of NSCLC
features in LPCs derived from iPSCs.

RET rearrangements are considered as actionable molecular alteration, meaning they
can be specifically targeted with precision medicines such as pralsetinib [63]. In our models
of RET-driven NSCLC, LPCs derived from RET mutated iPSCs responded positively to the
pralsetinib treatment (Figure 6). They showed a downregulation of NKX2-1 and FOXA2
as well as the cancerous markers C1QTNF6 and PROM2, while almost no significant ef-
fect was observed on LPCs derived from control iPSCs (Figure 6A,B). These findings are
interesting as they verify that the upregulation of these markers is indeed regulated by
the RET pathway. Moreover, there is currently a lack of comprehensive investigation into
the efficacy of RET inhibitors in preclinical lung cancer models with RET fusions [17]. The
reported effectiveness of pralsetinib and other specific RET inhibitors such as cabozantinib
or selpercatinib has been limited to only a few patient-derived lung cancer cell lines or
PDX models [17,73]. The scarcity of patient-derived disease models is likely responsible
for the limited available data in this area. Therefore, our model of patient-derived iPSCs
could serve as a solution to this problem. However, while targeted therapies have shown
promising results, acquired resistance to RET inhibitors can develop over time. Under-
standing the mechanisms of resistance is essential to develop strategies to overcome it and
prolong the effectiveness of treatment. Our RET-driven NSCLC model derived from patient
iPSCs offers the potential to generate iPSC clones resistant to pralsetinib treatment. These
resistant clones can then be employed to study the underlying mechanisms of resistance or
to identify new drugs that can effectively overcome this resistance.

While LPCs derived from RETC634Y iPSCs may not fully replicate all the characteristics
of patients RET-rearranged NSCLC due to the involvement of complex processes and
interactions between differentiated tissues, our study demonstrates that it serves as an
accurate and easily generable model. With a 16-day differentiation protocol, we showed
that this model can be used for drug testing and the identification of potential novel cancer
biomarkers. At present, our focus is on generating mature 3D organoids from these LPCs,
which we believe will enhance the accuracy of the RET-rearranged NSCLC modeling. One
limitation of our model is that, in primary NSCLC, RET activation occurs through RET
rearrangements rather than RET mutations. However, the consequences of both alterations
involve the activation of RET signaling via phosphorylation. This suggests that our model
will be of significant interest for further developments. While the expression of some genes
identified as overexpressed in RET mutant cell lines has not been observed in NSCLC, our
model showed a clear correlation of the expression of genes such as C1QTNF6 and PROM2
with primary patient transcriptome and survival.

Overall, these findings suggest that the presence of the RETC634Y mutation alone
is enough to induce a phenotype resembling that of RET-rearranged NSCLC in LPCs
generated from iPSCs. Consequently, this study demonstrates the potential of using iPSCs
derived from patients carrying inherited mutations to model diseases in cases where patient
iPSCs are not readily available or difficult to generate. This study establishes the first model
of RET-driven NSCLC LPCs generated from patient-derived iPSCs.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cells12242847/s1, Figure S1: (A) Expression heatmap (GSE44077)
of the 97 RETC634Y-dependent repressed genes in NSCLC. (B) Unsupervised principal component
analysis based on the 97 repressed RETC634Y-dependent genes in NSCLC tumors (GSE44077). (C)
Expression heatmap (GSE44077) of the 33 upregulated RETC634Y-dependent genes in NSCLC tumors.
(D) Unsupervised principal component analysis based on the 33 upregulated RETC634Y-dependent
genes in NSCLC tumors (GSE44077). Figure S2: Significant clinical associations found with RET 10
gene signature in lung adenocarcinoma tumors from TCGA cohort: (A) Barplot of significant clinical
parameters found associated with the over expression of the RET 10 genes signature in TCGA lung
adenocarcinoma cohort. (B) Significant associations with three distinct hypoxia scores. (C) Significant
associations with sample parameters. Table S1: Primers used for qRT-PCR. Table S2: RETC634Y-
dependent repressed gene signature in NSCLC tumor. Table S3: RETC634Y-dependent activated gene
signature in NSCLC tumor. Table S4: 67 commonly regulated genes in RETC634Y-dependent gene
signature and RET-KI gene signature. Table S5: Two-way ANOVA analyzing the effect of the cells
and pralsetinib treatment on the gene expression in iRET model. Percentage of total variation and
p-value summary are shown for each gene. ns: non-significant * p < 0.05; ** p < 0.01; *** p < 0.001;
**** p < 0.0001. Table S6: Two-way ANOVA analyzing the effect of the cells and pralsetinib treatment
on the gene expression in PB68 model. Percentage of total variation and p-value summary are shown
for each gene. ns: non-significant * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.

Author Contributions: Conceptualization, P.M. and A.G.T.; methodology, P.M. and J.W.H.; software,
C.D.; validation, P.M., J.W.H. and A.G.T.; formal analysis, P.M., J.W.H. and J.I.; investigation, P.M.,
J.W.H. and A.G.T.; resources, P.M.; writing—original draft preparation, P.M. and C.D.; writing—
review and editing, P.M., J.I. and A.G.T.; visualization, P.M.; supervision, A.G.T. and A.B.-G.; project
administration, P.M. and A.G.T.; funding acquisition, A.B.-G. and A.G.T. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: This study was conducted in accordance with the Declaration
of Helsinki and approved by IRB from INSERM, approval code PP-13-001.

Data Availability Statement: Data is contained within the article and Supplementary Material.

Acknowledgments: We would like to acknowledge Vaincre le Cancer for funding the fellowships of
P.M. and J.I. Thanks to GENOM’IC Research facility from Institut Cochin (Paris) for the sequencing
(bulk RNA).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN

Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J. Clin. 2021, 71, 209–249. [CrossRef]
2. Lewis, D.R.; Check, D.P.; Caporaso, N.E.; Travis, W.D.; Devesa, S.S. US Lung Cancer Trends by Histologic Type. Cancer 2014, 120,

2883–2892. [CrossRef]
3. Nicholson, A.G.; Tsao, M.S.; Beasley, M.B.; Borczuk, A.C.; Brambilla, E.; Cooper, W.A.; Dacic, S.; Jain, D.; Kerr, K.M.; Lantuejoul,

S.; et al. The 2021 WHO Classification of Lung Tumors: Impact of Advances Since 2015. J. Thorac. Oncol. 2022, 17, 362–387.
[CrossRef]

4. Cancer Genome Atlas Research Network. Comprehensive Molecular Profiling of Lung Adenocarcinoma. Nature 2014, 511,
543–550. [CrossRef]

5. Jordan, E.J.; Kim, H.R.; Arcila, M.E.; Barron, D.; Chakravarty, D.; Gao, J.; Chang, M.T.; Ni, A.; Kundra, R.; Jonsson, P.; et al.
Prospective Comprehensive Molecular Characterization of Lung Adenocarcinomas for Efficient Patient Matching to Approved
and Emerging Therapies. Cancer Discov. 2017, 7, 596–609. [CrossRef]

6. Tsuta, K.; Kohno, T.; Yoshida, A.; Shimada, Y.; Asamura, H.; Furuta, K.; Kushima, R. RET-Rearranged Non-Small-Cell Lung
Carcinoma: A Clinicopathological and Molecular Analysis. Br. J. Cancer 2014, 110, 1571–1578. [CrossRef]

7. Hess, L.M.; Han, Y.; Zhu, Y.E.; Bhandari, N.R.; Sireci, A. Characteristics and Outcomes of Patients with RET-Fusion Positive
Non-Small Lung Cancer in Real-World Practice in the United States. BMC Cancer 2021, 21, 28. [CrossRef] [PubMed]

8. Qian, Y.; Chai, S.; Liang, Z.; Wang, Y.; Zhou, Y.; Xu, X.; Zhang, C.; Zhang, M.; Si, J.; Huang, F.; et al. KIF5B-RET Fusion Kinase
Promotes Cell Growth by Multilevel Activation of STAT3 in Lung Cancer. Mol. Cancer 2014, 13, 176. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/cells12242847/s1
https://www.mdpi.com/article/10.3390/cells12242847/s1
https://doi.org/10.3322/caac.21660
https://doi.org/10.1002/cncr.28749
https://doi.org/10.1016/j.jtho.2021.11.003
https://doi.org/10.1038/nature13385
https://doi.org/10.1158/2159-8290.CD-16-1337
https://doi.org/10.1038/bjc.2014.36
https://doi.org/10.1186/s12885-020-07714-3
https://www.ncbi.nlm.nih.gov/pubmed/33402119
https://doi.org/10.1186/1476-4598-13-176
https://www.ncbi.nlm.nih.gov/pubmed/25047660


Cells 2023, 12, 2847 18 of 20

9. Mizukami, T.; Shiraishi, K.; Shimada, Y.; Ogiwara, H.; Tsuta, K.; Ichikawa, H.; Sakamoto, H.; Kato, M.; Shibata, T.; Nakano, T.;
et al. Molecular Mechanisms Underlying Oncogenic RET Fusion in Lung Adenocarcinoma. J. Thorac. Oncol. 2014, 9, 622–630.
[CrossRef] [PubMed]

10. Schubert, L.; Le, A.T.; Estrada-Bernal, A.; Doak, A.E.; Yoo, M.; Ferrara, S.E.; Goodspeed, A.; Kinose, F.; Rix, U.; Tan, A.-C.;
et al. Novel Human-Derived RET Fusion NSCLC Cell Lines Have Heterogeneous Responses to RET Inhibitors and Differential
Regulation of Downstream Signaling. Mol. Pharmacol. 2021, 99, 435–447. [CrossRef]

11. Wang, R.; Hu, H.; Pan, Y.; Li, Y.; Ye, T.; Li, C.; Luo, X.; Wang, L.; Li, H.; Zhang, Y.; et al. RET Fusions Define a Unique Molecular
and Clinicopathologic Subtype of Non-Small-Cell Lung Cancer. J. Clin. Oncol. 2012, 30, 4352–4359. [CrossRef] [PubMed]

12. Piotrowska, Z.; Isozaki, H.; Lennerz, J.K.; Gainor, J.F.; Lennes, I.T.; Zhu, V.W.; Marcoux, N.; Banwait, M.K.; Digumarthy, S.R.;
Su, W.; et al. Landscape of Acquired Resistance to Osimertinib in EGFR-Mutant NSCLC and Clinical Validation of Combined
EGFR and RET Inhibition with Osimertinib and BLU-667 for Acquired RET Fusion. Cancer Discov. 2018, 8, 1529–1539. [CrossRef]
[PubMed]

13. Awad, M.M.; Liu, S.; Rybkin, I.I.; Arbour, K.C.; Dilly, J.; Zhu, V.W.; Johnson, M.L.; Heist, R.S.; Patil, T.; Riely, G.J.; et al. Acquired
Resistance to KRASG12C Inhibition in Cancer. N. Engl. J. Med. 2021, 384, 2382–2393. [CrossRef] [PubMed]

14. Offin, M.; Guo, R.; Wu, S.L.; Sabari, J.; Land, J.D.; Ni, A.; Montecalvo, J.; Halpenny, D.F.; Buie, L.W.; Pak, T.; et al. Immunopheno-
type and Response to Immunotherapy of RET-Rearranged Lung Cancers. JCO Precis. Oncol. 2019, 3, PO.18.00386. [CrossRef]
[PubMed]

15. Nelson-Taylor, S.K.; Le, A.T.; Yoo, M.; Schubert, L.; Mishall, K.M.; Doak, A.; Varella-Garcia, M.; Tan, A.-C.; Doebele, R.C.
Resistance to RET-Inhibition in RET-Rearranged NSCLC Is Mediated By Reactivation of RAS/MAPK Signaling. Mol. Cancer Ther.
2017, 16, 1623–1633. [CrossRef]

16. Saito, M.; Ishigame, T.; Tsuta, K.; Kumamoto, K.; Imai, T.; Kohno, T. A Mouse Model of KIF5B-RET Fusion-Dependent Lung
Tumorigenesis. Carcinogenesis 2014, 35, 2452–2456. [CrossRef]

17. Hayashi, T.; Odintsov, I.; Smith, R.S.; Ishizawa, K.; Liu, A.J.W.; Delasos, L.; Kurzatkowski, C.; Tai, H.; Gladstone, E.; Vojnic, M.;
et al. RET Inhibition in Novel Patient-Derived Models of RET-Fusion Positive Lung Adenocarcinoma Reveals a Role for MYC
Upregulation. Dis. Model. Mech. 2020, 14, 47779. [CrossRef]

18. Papapetrou, E.P. Patient-Derived Induced Pluripotent Stem Cells in Cancer Research and Precision Oncology. Nat. Med. 2016, 22,
1392–1401. [CrossRef]

19. Kotini, A.G.; Chang, C.-J.; Chow, A.; Yuan, H.; Ho, T.-C.; Wang, T.; Vora, S.; Solovyov, A.; Husser, C.; Olszewska, M.; et al. Stage-
Specific Human Induced Pluripotent Stem Cells Map the Progression of Myeloid Transformation to Transplantable Leukemia.
Cell Stem Cell 2017, 20, 315–328.e7. [CrossRef]

20. Imeri, J.; Desterke, C.; Marcoux, P.; Telliam, G.; Sanekli, S.; Barreau, S.; Erbilgin, Y.; Latsis, T.; Hugues, P.; Sorel, N.; et al. Modeling
Blast Crisis Using Mutagenized Chronic Myeloid Leukemia-Derived Induced Pluripotent Stem Cells (iPSCs). Cells 2023, 12, 598.
[CrossRef]

21. Lee, D.-F.; Su, J.; Kim, H.S.; Chang, B.; Papatsenko, D.; Zhao, R.; Yuan, Y.; Gingold, J.; Xia, W.; Darr, H.; et al. Modeling Familial
Cancer with Induced Pluripotent Stem Cells. Cell 2015, 161, 240–254. [CrossRef] [PubMed]

22. Turhan, A.G.; Hwang, J.W.; Chaker, D.; Tasteyre, A.; Latsis, T.; Griscelli, F.; Desterke, C.; Bennaceur-Griscelli, A. iPSC-Derived
Organoids as Therapeutic Models in Regenerative Medicine and Oncology. Front Med. Lausanne 2021, 8, 728543. [CrossRef]
[PubMed]

23. Tu, J.; Huo, Z.; Yu, Y.; Zhu, D.; Xu, A.; Huang, M.-F.; Hu, R.; Wang, R.; Gingold, J.A.; Chen, Y.-H.; et al. Hereditary Retinoblastoma
iPSC Model Reveals Aberrant Spliceosome Function Driving Bone Malignancies. Proc. Natl. Acad. Sci. USA 2022, 119, e2117857119.
[CrossRef] [PubMed]

24. Dost, A.F.M.; Moye, A.L.; Vedaie, M.; Tran, L.M.; Fung, E.; Heinze, D.; Villacorta-Martin, C.; Huang, J.; Hekman, R.; Kwan, J.H.;
et al. Organoids Model Transcriptional Hallmarks of Oncogenic KRAS Activation in Lung Epithelial Progenitor Cells. Cell Stem
Cell 2020, 27, 663–678.e8. [CrossRef] [PubMed]

25. Shi, Y.; Inoue, H.; Wu, J.C.; Yamanaka, S. Induced Pluripotent Stem Cell Technology: A Decade of Progress. Nat. Rev. Drug Discov.
2017, 16, 115–130. [CrossRef]

26. González, F.; Boué, S.; Belmonte, J.C.I. Methods for Making Induced Pluripotent Stem Cells: Reprogramming à La Carte. Nat. Rev.
Genet. 2011, 12, 231–242. [CrossRef]

27. Rao, M.S.; Malik, N. Assessing iPSC Reprogramming Methods for Their Suitability in Translational Medicine. J. Cell Biochem.
2012, 113, 3061–3068. [CrossRef]

28. Xu, A.; Liu, M.; Huang, M.-F.; Zhang, Y.; Hu, R.; Gingold, J.A.; Liu, Y.; Zhu, D.; Chien, C.-S.; Wang, W.-C.; et al. Rewired m6A
Epitranscriptomic Networks Link Mutant P53 to Neoplastic Transformation. Nat. Commun. 2023, 14, 1694. [CrossRef]

29. Plaza-Menacho, I.; Mologni, L.; McDonald, N.Q. Mechanisms of RET Signaling in Cancer: Current and Future Implications for
Targeted Therapy. Cell. Signal. 2014, 26, 1743–1752. [CrossRef] [PubMed]

30. Kouvaraki, M.A.; Shapiro, S.E.; Perrier, N.D.; Cote, G.J.; Gagel, R.F.; Hoff, A.O.; Sherman, S.I.; Lee, J.E.; Evans, D.B. RET
Proto-Oncogene: A Review and Update of Genotype-Phenotype Correlations in Hereditary Medullary Thyroid Cancer and
Associated Endocrine Tumors. Thyroid 2005, 15, 531–544. [CrossRef] [PubMed]

31. Wells, S.A.; Pacini, F.; Robinson, B.G.; Santoro, M. Multiple Endocrine Neoplasia Type 2 and Familial Medullary Thyroid
Carcinoma: An Update. J. Clin. Endocrinol. Metab. 2013, 98, 3149–3164. [CrossRef] [PubMed]

https://doi.org/10.1097/JTO.0000000000000135
https://www.ncbi.nlm.nih.gov/pubmed/24722152
https://doi.org/10.1124/molpharm.120.000207
https://doi.org/10.1200/JCO.2012.44.1477
https://www.ncbi.nlm.nih.gov/pubmed/23150706
https://doi.org/10.1158/2159-8290.CD-18-1022
https://www.ncbi.nlm.nih.gov/pubmed/30257958
https://doi.org/10.1056/NEJMoa2105281
https://www.ncbi.nlm.nih.gov/pubmed/34161704
https://doi.org/10.1200/PO.18.00386
https://www.ncbi.nlm.nih.gov/pubmed/31192313
https://doi.org/10.1158/1535-7163.MCT-17-0008
https://doi.org/10.1093/carcin/bgu158
https://doi.org/10.1242/dmm.047779
https://doi.org/10.1038/nm.4238
https://doi.org/10.1016/j.stem.2017.01.009
https://doi.org/10.3390/cells12040598
https://doi.org/10.1016/j.cell.2015.02.045
https://www.ncbi.nlm.nih.gov/pubmed/25860607
https://doi.org/10.3389/fmed.2021.728543
https://www.ncbi.nlm.nih.gov/pubmed/34722569
https://doi.org/10.1073/pnas.2117857119
https://www.ncbi.nlm.nih.gov/pubmed/35412907
https://doi.org/10.1016/j.stem.2020.07.022
https://www.ncbi.nlm.nih.gov/pubmed/32891189
https://doi.org/10.1038/nrd.2016.245
https://doi.org/10.1038/nrg2937
https://doi.org/10.1002/jcb.24183
https://doi.org/10.1038/s41467-023-37398-9
https://doi.org/10.1016/j.cellsig.2014.03.032
https://www.ncbi.nlm.nih.gov/pubmed/24705026
https://doi.org/10.1089/thy.2005.15.531
https://www.ncbi.nlm.nih.gov/pubmed/16029119
https://doi.org/10.1210/jc.2013-1204
https://www.ncbi.nlm.nih.gov/pubmed/23744408


Cells 2023, 12, 2847 19 of 20

32. Leibel, S.L.; McVicar, R.N.; Winquist, A.M.; Niles, W.D.; Snyder, E.Y. Generation of Complete Multi−Cell Type Lung Organoids
From Human Embryonic and Patient-Specific Induced Pluripotent Stem Cells for Infectious Disease Modeling and Therapeutics
Validation. Curr. Protoc. Stem Cell Biol. 2020, 54, e118. [CrossRef] [PubMed]

33. Marcoux, P.; Imeri, J.; Desterke, C.; Latsis, T.; Chaker, D.; Hugues, P.; Griscelli, A.B.; Turhan, A.G. Impact of the Overexpression of
the Tyrosine Kinase Receptor (RET) in the Hematopoietic Potential of Induced Pluripotent Stem Cells (iPSCs). Cytotherapy 2023.
[CrossRef] [PubMed]

34. Hadoux, J.; Féraud, O.; Griscelli, F.; Opolon, P.; Divers, D.; Gobbo, E.; Schlumberger, M.; Bennaceur-Griscelli, A.; Turhan, A.G.
Generation of an Induced Pluripotent Stem Cell Line from a Patient with Hereditary Multiple Endocrine Neoplasia 2A (MEN2A)
Syndrome with RET Mutation. Stem Cell Res. 2016, 17, 154–157. [CrossRef] [PubMed]

35. Hadoux, J.; Desterke, C.; Féraud, O.; Guibert, M.; De Rose, R.F.; Opolon, P.; Divers, D.; Gobbo, E.; Griscelli, F.; Schlumberger, M.;
et al. Transcriptional Landscape of a RETC634Y-Mutated iPSC and Its CRISPR-Corrected Isogenic Control Reveals the Putative
Role of EGR1 Transcriptional Program in the Development of Multiple Endocrine Neoplasia Type 2A-Associated Cancers. Stem
Cell Res. 2018, 26, 8–16. [CrossRef] [PubMed]

36. Dobin, A.; Davis, C.A.; Schlesinger, F.; Drenkow, J.; Zaleski, C.; Jha, S.; Batut, P.; Chaisson, M.; Gingeras, T.R. STAR: Ultrafast
Universal RNA-Seq Aligner. Bioinformatics 2013, 29, 15–21. [CrossRef] [PubMed]

37. Li, B.; Dewey, C.N. RSEM: Accurate Transcript Quantification from RNA-Seq Data with or without a Reference Genome. BMC
Bioinform. 2011, 12, 323. [CrossRef]

38. Love, M.I.; Huber, W.; Anders, S. Moderated Estimation of Fold Change and Dispersion for RNA-Seq Data with DESeq2. Genome
Biol. 2014, 15, 550. [CrossRef]

39. Kadara, H.; Fujimoto, J.; Yoo, S.-Y.; Maki, Y.; Gower, A.C.; Kabbout, M.; Garcia, M.M.; Chow, C.-W.; Chu, Z.; Mendoza, G.; et al.
Transcriptomic Architecture of the Adjacent Airway Field Cancerization in Non–Small Cell Lung Cancer. JNCI J. Natl. Cancer Inst.
2014, 106, dju004. [CrossRef]

40. Liu, J.; Lichtenberg, T.; Hoadley, K.A.; Poisson, L.M.; Lazar, A.J.; Cherniack, A.D.; Kovatich, A.J.; Benz, C.C.; Levine, D.A.; Lee,
A.V.; et al. An Integrated TCGA Pan-Cancer Clinical Data Resource to Drive High-Quality Survival Outcome Analytics. Cell 2018,
173, 400–416.e11. [CrossRef]

41. Gao, J.; Aksoy, B.A.; Dogrusoz, U.; Dresdner, G.; Gross, B.; Sumer, S.O.; Sun, Y.; Jacobsen, A.; Sinha, R.; Larsson, E.; et al.
Integrative Analysis of Complex Cancer Genomics and Clinical Profiles Using the cBioPortal. Sci. Signal. 2013, 6, pl1. [CrossRef]

42. Kuleshov, M.V.; Jones, M.R.; Rouillard, A.D.; Fernandez, N.F.; Duan, Q.; Wang, Z.; Koplev, S.; Jenkins, S.L.; Jagodnik, K.M.;
Lachmann, A.; et al. Enrichr: A Comprehensive Gene Set Enrichment Analysis Web Server 2016 Update. Nucleic Acids Res. 2016,
44, W90–W97. [CrossRef] [PubMed]

43. Chen, J.; Bardes, E.E.; Aronow, B.J.; Jegga, A.G. ToppGene Suite for Gene List Enrichment Analysis and Candidate Gene
Prioritization. Nucleic Acids Res. 2009, 37, W305–W311. [CrossRef] [PubMed]

44. Ashburner, M.; Ball, C.A.; Blake, J.A.; Botstein, D.; Butler, H.; Cherry, J.M.; Davis, A.P.; Dolinski, K.; Dwight, S.S.; Eppig, J.T.; et al.
Gene Ontology: Tool for the Unification of Biology. Nat. Genet. 2000, 25, 25–29. [CrossRef]

45. Piñero, J.; Ramírez-Anguita, J.M.; Saüch-Pitarch, J.; Ronzano, F.; Centeno, E.; Sanz, F.; Furlong, L.I. The DisGeNET Knowledge
Platform for Disease Genomics: 2019 Update. Nucleic Acids Res. 2020, 48, D845–D855. [CrossRef] [PubMed]

46. Culhane, A.C.; Schröder, M.S.; Sultana, R.; Picard, S.C.; Martinelli, E.N.; Kelly, C.; Haibe-Kains, B.; Kapushesky, M.; St Pierre,
A.-A.; Flahive, W.; et al. GeneSigDB: A Manually Curated Database and Resource for Analysis of Gene Expression Signatures.
Nucleic Acids Res. 2012, 40, D1060–D1066. [CrossRef] [PubMed]

47. Liberzon, A.; Birger, C.; Thorvaldsdóttir, H.; Ghandi, M.; Mesirov, J.P.; Tamayo, P. The Molecular Signatures Database Hallmark
Gene Set Collection. Cels 2015, 1, 417–425. [CrossRef]

48. Cline, M.S.; Smoot, M.; Cerami, E.; Kuchinsky, A.; Landys, N.; Workman, C.; Christmas, R.; Avila-Campilo, I.; Creech, M.;
Gross, B.; et al. Integration of Biological Networks and Gene Expression Data Using Cytoscape. Nat. Protoc. 2007, 2, 2366–2382.
[CrossRef]

49. Wickham, H. Ggplot2: Elegant Graphics for Data Analysis; Springer: New York, NY, USA, 2009; ISBN 978-0-387-98140-6.
50. D’Amour, K.A.; Agulnick, A.D.; Eliazer, S.; Kelly, O.G.; Kroon, E.; Baetge, E.E. Efficient Differentiation of Human Embryonic

Stem Cells to Definitive Endoderm. Nat. Biotechnol. 2005, 23, 1534–1541. [CrossRef]
51. Green, M.D.; Chen, A.; Nostro, M.-C.; d’Souza, S.L.; Schaniel, C.; Lemischka, I.R.; Gouon-Evans, V.; Keller, G.; Snoeck, H.-W.

Generation of Anterior Foregut Endoderm from Human Embryonic and Induced Pluripotent Stem Cells. Nat. Biotechnol. 2011, 29,
267–272. [CrossRef]

52. Minoo, P.; Hu, L.; Xing, Y.; Zhu, N.L.; Chen, H.; Li, M.; Borok, Z.; Li, C. Physical and Functional Interactions between
Homeodomain NKX2.1 and Winged Helix/Forkhead FOXA1 in Lung Epithelial Cells. Mol. Cell. Biol. 2007, 27, 2155–2165.
[CrossRef]

53. Huang, S.X.L.; Islam, M.N.; O’Neill, J.; Hu, Z.; Yang, Y.-G.; Chen, Y.-W.; Mumau, M.; Green, M.D.; Vunjak-Novakovic, G.;
Bhattacharya, J.; et al. Efficient Generation of Lung and Airway Epithelial Cells from Human Pluripotent Stem Cells. Nat.
Biotechnol. 2014, 32, 84–91. [CrossRef]

54. Rock, J.R.; Onaitis, M.W.; Rawlins, E.L.; Lu, Y.; Clark, C.P.; Xue, Y.; Randell, S.H.; Hogan, B.L.M. Basal Cells as Stem Cells of the
Mouse Trachea and Human Airway Epithelium. Proc. Natl. Acad. Sci. USA 2009, 106, 12771–12775. [CrossRef] [PubMed]

https://doi.org/10.1002/cpsc.118
https://www.ncbi.nlm.nih.gov/pubmed/32640120
https://doi.org/10.1016/j.jcyt.2023.10.003
https://www.ncbi.nlm.nih.gov/pubmed/37921725
https://doi.org/10.1016/j.scr.2016.06.008
https://www.ncbi.nlm.nih.gov/pubmed/27558615
https://doi.org/10.1016/j.scr.2017.11.015
https://www.ncbi.nlm.nih.gov/pubmed/29197744
https://doi.org/10.1093/bioinformatics/bts635
https://www.ncbi.nlm.nih.gov/pubmed/23104886
https://doi.org/10.1186/1471-2105-12-323
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1093/jnci/dju004
https://doi.org/10.1016/j.cell.2018.02.052
https://doi.org/10.1126/scisignal.2004088
https://doi.org/10.1093/nar/gkw377
https://www.ncbi.nlm.nih.gov/pubmed/27141961
https://doi.org/10.1093/nar/gkp427
https://www.ncbi.nlm.nih.gov/pubmed/19465376
https://doi.org/10.1038/75556
https://doi.org/10.1093/nar/gkz1021
https://www.ncbi.nlm.nih.gov/pubmed/31680165
https://doi.org/10.1093/nar/gkr901
https://www.ncbi.nlm.nih.gov/pubmed/22110038
https://doi.org/10.1016/j.cels.2015.12.004
https://doi.org/10.1038/nprot.2007.324
https://doi.org/10.1038/nbt1163
https://doi.org/10.1038/nbt.1788
https://doi.org/10.1128/MCB.01133-06
https://doi.org/10.1038/nbt.2754
https://doi.org/10.1073/pnas.0906850106
https://www.ncbi.nlm.nih.gov/pubmed/19625615


Cells 2023, 12, 2847 20 of 20

55. Lee, M.-R.; Shin, J.-Y.; Kim, M.-Y.; Kim, J.-O.; Jung, C.K.; Kang, J. FOXA2 and STAT5A Regulate Oncogenic Activity of KIF5B-RET
Fusion. Am. J. Cancer Res. 2023, 13, 638–653. [PubMed]

56. Ochieng, J.K.; Schilders, K.; Kool, H.; Boerema-De Munck, A.; Buscop-Van Kempen, M.; Gontan, C.; Smits, R.; Grosveld, F.G.;
Wijnen, R.M.H.; Tibboel, D.; et al. Sox2 Regulates the Emergence of Lung Basal Cells by Directly Activating the Transcription of
Trp63. Am. J. Respir. Cell Mol. Biol. 2014, 51, 311–322. [CrossRef] [PubMed]

57. Yang, L.; Lin, M.; Ruan, W.; Dong, L.; Chen, E.; Wu, X.; Ying, K. Nkx2-1: A Novel Tumor Biomarker of Lung Cancer. J. Zhejiang
Univ. Sci. B 2012, 13, 855–866. [CrossRef]

58. Tan, D.; Li, Q.; Deeb, G.; Ramnath, N.; Slocum, H.K.; Brooks, J.; Cheney, R.; Wiseman, S.; Anderson, T.; Loewen, G. Thyroid
Transcription Factor-1 Expression Prevalence and Its Clinical Implications in Non-Small Cell Lung Cancer: A High-Throughput
Tissue Microarray and Immunohistochemistry Study. Hum. Pathol. 2003, 34, 597–604. [CrossRef]

59. Myong, N.-H. Thyroid Transcription Factor-1 (TTF-1) Expression in Human Lung Carcinomas: Its Prognostic Implication and
Relationship with Wxpressions of P53 and Ki-67 Proteins. J. Korean Med. Sci. 2003, 18, 494–500. [CrossRef]

60. Travaglini, K.J.; Nabhan, A.N.; Penland, L.; Sinha, R.; Gillich, A.; Sit, R.V.; Chang, S.; Conley, S.D.; Mori, Y.; Seita, J.; et al. A
Molecular Cell Atlas of the Human Lung from Single-Cell RNA Sequencing. Nature 2020, 587, 619–625. [CrossRef]

61. Kim, N.; Kim, H.K.; Lee, K.; Hong, Y.; Cho, J.H.; Choi, J.W.; Lee, J.-I.; Suh, Y.-L.; Ku, B.M.; Eum, H.H.; et al. Single-Cell RNA
Sequencing Demonstrates the Molecular and Cellular Reprogramming of Metastatic Lung Adenocarcinoma. Nat. Commun. 2020,
11, 2285. [CrossRef]

62. Subbiah, V.; Gainor, J.F.; Rahal, R.; Brubaker, J.D.; Kim, J.L.; Maynard, M.; Hu, W.; Cao, Q.; Sheets, M.P.; Wilson, D.; et al. Precision
Targeted Therapy with BLU-667 for RET-Driven Cancers. Cancer Discov. 2018, 8, 836–849. [CrossRef] [PubMed]

63. Gainor, J.F.; Curigliano, G.; Kim, D.-W.; Lee, D.H.; Besse, B.; Baik, C.S.; Doebele, R.C.; Cassier, P.A.; Lopes, G.; Tan, D.S.W.; et al.
Pralsetinib for RET Fusion-Positive Non-Small-Cell Lung Cancer (ARROW): A Multi-Cohort, Open-Label, Phase 1/2 Study.
Lancet Oncol. 2021, 22, 959–969. [CrossRef] [PubMed]

64. Ferrara, R.; Auger, N.; Auclin, E.; Besse, B. Clinical and Translational Implications of RET Rearrangements in Non–Small Cell
Lung Cancer. J. Thorac. Oncol. 2018, 13, 27–45. [CrossRef] [PubMed]

65. Stadtfeld, M.; Hochedlinger, K. Induced Pluripotency: History, Mechanisms, and Applications. Genes. Dev. 2010, 24, 2239–2263.
[CrossRef]

66. Soldner, F.; Jaenisch, R. iPSC Disease Modeling. Science 2012, 338, 1155–1156. [CrossRef]
67. Soldner, F.; Laganière, J.; Cheng, A.W.; Hockemeyer, D.; Gao, Q.; Alagappan, R.; Khurana, V.; Golbe, L.I.; Myers, R.H.; Lindquist,

S.; et al. Generation of Isogenic Pluripotent Stem Cells Differing Exclusively at Two Early Onset Parkinson Point Mutations. Cell
2011, 146, 318–331. [CrossRef] [PubMed]

68. Byrne, S.M.; Church, G.M. Crispr-Mediated Gene Targeting of Human Induced Pluripotent Stem Cells. Curr. Protoc. Stem Cell
Biol. 2015, 35, 5A.8.1–5A.8.22. [CrossRef]

69. Johnson, J.Z.; Hockemeyer, D. Human Stem Cell-Based Disease Modeling: Prospects and Challenges. Curr. Opin. Cell Biol. 2015,
37, 84–90. [CrossRef]

70. Li, X.-F.; Zhou, Y.-W.; Cai, P.-F.; Fu, W.-C.; Wang, J.-H.; Chen, J.-Y.; Yang, Q.-N. CRISPR/Cas9 Facilitates Genomic Editing for
Large-Scale Functional Studies in Pluripotent Stem Cell Cultures. Hum. Genet. 2019, 138, 1217–1225. [CrossRef]

71. Zhang, W.; Feng, G. C1QTNF6 Regulates Cell Proliferation and Apoptosis of NSCLC In Vitro and In Vivo. Biosci. Rep. 2021, 41,
BSR20201541. [CrossRef]

72. Saha, S.K.; Islam, S.M.R.; Kwak, K.-S.; Rahman, M.S.; Cho, S.-G. PROM1 and PROM2 Expression Differentially Modulates Clinical
Prognosis of Cancer: A Multiomics Analysis. Cancer Gene Ther. 2020, 27, 147–167. [CrossRef] [PubMed]

73. Li, G.G.; Somwar, R.; Joseph, J.; Smith, R.S.; Hayashi, T.; Martin, L.; Franovic, A.; Schairer, A.; Martin, E.; Riely, G.J.; et al.
Antitumor Activity of RXDX-105 in Multiple Cancer Types with RET Rearrangements or Mutations. Clin. Cancer Res. 2017, 23,
2981–2990. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://www.ncbi.nlm.nih.gov/pubmed/36895965
https://doi.org/10.1165/rcmb.2013-0419OC
https://www.ncbi.nlm.nih.gov/pubmed/24669837
https://doi.org/10.1631/jzus.B1100382
https://doi.org/10.1016/S0046-8177(03)00180-1
https://doi.org/10.3346/jkms.2003.18.4.494
https://doi.org/10.1038/s41586-020-2922-4
https://doi.org/10.1038/s41467-020-16164-1
https://doi.org/10.1158/2159-8290.CD-18-0338
https://www.ncbi.nlm.nih.gov/pubmed/29657135
https://doi.org/10.1016/S1470-2045(21)00247-3
https://www.ncbi.nlm.nih.gov/pubmed/34118197
https://doi.org/10.1016/j.jtho.2017.10.021
https://www.ncbi.nlm.nih.gov/pubmed/29128428
https://doi.org/10.1101/gad.1963910
https://doi.org/10.1126/science.1227682
https://doi.org/10.1016/j.cell.2011.06.019
https://www.ncbi.nlm.nih.gov/pubmed/21757228
https://doi.org/10.1002/9780470151808.sc05a08s35
https://doi.org/10.1016/j.ceb.2015.10.007
https://doi.org/10.1007/s00439-019-02071-z
https://doi.org/10.1042/BSR20201541
https://doi.org/10.1038/s41417-019-0109-7
https://www.ncbi.nlm.nih.gov/pubmed/31164716
https://doi.org/10.1158/1078-0432.CCR-16-1887
https://www.ncbi.nlm.nih.gov/pubmed/28011461

	Introduction 
	Materials and Methods 
	Generation of iPSCs 
	Generation of Lung Progenitor Cells 
	RNA Extraction, Reverse Transcription, and qRT-PCR 
	Immunofluorescence Staining 
	RNA-Sequencing Experiments 
	RNA-Sequencing Analyses 
	Transcriptome Datasets 
	TCGA RNA-Sequencing of Lung Adenocarcinoma Tumors 
	Bioinformatics Analysis 

	Results 
	iRETCTRL and iRETC634Y iPSCs Can Be Successfully Differentiated into Lung Progenitor Cells 
	Generation of LPCs from iRETC634Y Is Associated with the Overexpression of Cancer-Related Markers and a Delay of Differentiation 
	RETC634Y-Dependent Gene Signature during iPSC-Derived LPC Differentiation Predicts a Major Transcriptional Repression in NSCLC 
	RETC634Y-Dependent Inhibitory Signature in NSCLC Identifies a Lung Multilineage Dedifferentiation 
	RETC634Y-Dependent Signature in NSCLC Is Associated with Poor Prognosis 
	Differentiation of LPCs from RETC634Y Knock-In iPSCs Results in the Overexpression of FOXA2 and NKX2-1 
	RETC634Y Knock-In Induces a Signature of Fibroblastic and Metastatic Lung Adenocarcinoma in iPSC-Derived LPCs 
	RET Inhibitor Treatment Leads to the Downregulation of the Cancer Associated Marker in LPCs Derived from RETC634Y iPSCs 

	Discussion 
	References

