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Abstract
Precise control of oncogene expression is crucial for advancing tumor biology research and therapeutic
testing. To address limitations of current systems, we developed a novel, tightly regulated, genome-
integratable inducible expression platform, based on an optimized cumate gene-switch system. By
engineering a KRAB-fused, NLS-enhanced CymR repressor (CSwitch-Silencer), a CpG-free hybrid
promoter, and a PiggyBac-based integration strategy, insulated by matrix attachment regions, we
achieved robust, reversible, and dose-dependent transgene expression with basal activity below
detection.

With the receptor tyrosine kinase cMET as a model, we generated CRISPR–Cas9-derived cMET-deficient
A549 cells and established inducible lines expressing wild-type and clinically relevant variants, including
exon 14 skipping and H1094Y. The system enabled precise tuning of expression levels and faithful
recapitulation of downstream signaling and phenotypic responses. Pharmacological profiling revealed
variant-specific sensitivities to clinically relevant MET inhibitors, with the H1094Y mutation exhibiting
increased sensitivity to the type II inhibitor cabozantinib, while exon 14 skipping conferred reduced
sensitivity. These effects were consistent across biochemical and functional assays, including receptor
activation and cell migration.

Collectively, this platform provides a versatile and scalable approach for modeling oncogene function
and drug response in a controlled genetic context. Its tight regulation, modular design, and stable
genomic integration make it broadly applicable for functional characterization of cancer-associated
variants and for preclinical evaluation of targeted therapies.

Introduction
Understanding how oncogenes and tumor suppressors drive tumorigenesis through gain-of-function or
loss-of-function mutations is fundamental to improving cancer diagnosis and therapy1. A key limitation
of many experimental systems is the inability to precisely control the timing, magnitude, and duration of
oncogene expression, parameters that critically influence cancer initiation and progression2. Inducible
expression systems address this limitation by enabling dynamic and reversible gene regulation, thereby
providing more physiologically relevant models for studying oncogenic signaling, especially variants of
uncertain significance (VUS)2–4.

Constitutive overexpression and knockdown approaches have been instrumental in identifying cancer
drivers5. Yet, they often obscure context-dependent effects and fail to recapitulate the transient or
graded activation observed in vivo. Inducible systems offer a conceptual and technical advantage by
enabling temporal control of gene expression and facilitating the study of dose-dependent phenotypes,
oncogene addiction, and therapeutic response2,6.
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Among inducible platforms, the tetracycline-inducible (Tet) system has been the gold standard in this
field for decades7. In the Tet-On configuration, a reverse tetracycline-controlled transactivator (rtTA)
activates transcription upon binding doxycycline. Despite its versatility, this system can exhibit basal
leakiness, limited dynamic range8, and dependence on high transactivator levels, which may confound
interpretation in sensitive biological contexts.

An alternative approach is provided by the cumate-inducible system, derived from the Pseudomonas
putida cym/cmt operons3,7. In its repressor configuration, the CymR protein binds to the cumate operator
(CuO) sequences and blocks transcription, whereas the addition of cumate induces dissociation and
activates gene expression. This system is orthogonal to mammalian regulatory networks, relies on a
non-toxic, inexpensive inducer, and provides tight transcriptional control with minimal background
activity3,9.

The versatility of the cumate system has enabled its application in stable, isogenic cancer models,
including via lentiviral delivery and targeted genomic integration2,9. When combined with genome
engineering approaches, inducible systems permit controlled interrogation of oncogene function and
drug response in defined genetic backgrounds7.

Here, we developed an optimized, all-in-one inducible expression system based on a modified CymR
repressor fused to a KRAB repression domain, coupled to a CpG-free promoter architecture for the CuO
target site. This design achieves near-complete suppression in the uninduced state and robust, cumate-
induced, dose-dependent activation. We apply this system to model oncogenic variants of the receptor
tyrosine kinase cMET in lung cancer cells.

The cellular mesenchymal-epithelial transition factor (cMET) proto-oncogene plays a crucial role in non-
small cell lung cancer (NSCLC)10, and understanding its regulation can significantly impact the
development of targeted therapies and diagnostics, emphasizing the importance of our model system.

Among MET alterations, exon 14 skipping (cMET ΔEx14) is one of the most common clinically important
oncogenic variants11–14. This mutation results in loss of the juxtamembrane domain required for Cbl-
mediated ubiquitination, receptor degradation, and negative feedback phosphorylation, leading to
sustained signaling12,15,16. MET ΔEx14 occurs in approximately 2–3% of NSCLC cases13,14,17,18 and at
higher frequencies in specific subtypes, and confers sensitivity to MET tyrosine kinase inhibitors (TKI)
such as capmatinib and tepotinib19,20.

In addition to exon skipping, mutations within the tyrosine kinase domain are increasingly recognized as
modulators of oncogenic signaling and therapeutic responses18,21,22. The H1094Y substitution, the

second most common mutation23, was initially classified as a variant of uncertain significance. It has
been shown to promote proliferation and migration and to function as a resistance mechanism in
epidermal growth factor receptor (EGFR) inhibitor-treated tumors24,25. Differential sensitivity of such
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variants to MET inhibitors underscores the need for controlled model systems to dissect their functional
and pharmacological properties.

In our study, we designed an all-in-one transposon vector, highlighting an innovative approach to
streamline gene delivery. This provides an advantage to commonly used lentivirus-based systems2. We
employed a human codon-optimized version of a modified transposase to enhance genomic integration.
The hyperactive PiggyBac (hyPB) system is an advanced, non-viral genome engineering tool derived
from the natural DNA transposon PiggyBac26. It has been specifically engineered for superior
performance in mammalian cells. The transposase mediates integration via a "cut-and-paste"
mechanism, comprising two components of the transposon system: a genetically developed
transposase enzyme and a transposon vector. The transposase recognizes specific inverted terminal
repeat (ITR) sequences on the vector and precisely excises the transgene, integrating it into "TTAA"
chromosomal recognition sites27.

Here, we present a robust and versatile inducible non-toxic cumate expression system that overcomes
key limitations of existing platforms6. This system offers a powerful tool for investigating oncogene
function, specifically modeling mutation-specific effects of proto-oncogene cMET, and evaluating
targeted therapies in a controlled, physiologically relevant preclinical setting, advancing cancer research
applications.

Results

Engineering of a tightly regulated inducible oncogene
expression system
Initially, we used the commercially available cumate-inducible expression vector from SBI (#PBQM812A-
1, Biozol, Eching, Germany (SBI)) and introduced the wildtype cMET gene. Benchmarking the commercial
induction cassette in stable cell lines revealed basal leakiness upon puromycin selection and significant
loss of induction capacity over four months of culturing (Supplementary Fig. 3A, B). These findings led
us to rethink the expression system to meet the need to study oncogenes. To achieve stringent and
tunable control of oncogene expression, we developed a compact inducible expression cassette, based
on a modified cumate-responsive repressor system. The CymR repressor was fused at its N-terminus to
the KRAB-A/B repression domain derived from Kid-128, a potent transcriptional silencer homologous to
human KRBX5. In addition a simian virus 40 nuclear localization sequence29 (SV40 NLS) was appended
at the C-terminus to ensure efficient nuclear import (Fig. 1A). This engineered repressor, hereafter
termed “CSwitch-Silencer”, enables robust transcriptional repression with minimal basal activity
(Fig. 3C,D, Supplementary Fig. 5A-C). A T2A self-cleaving peptide was used with the Silencer to
simultaneously express puromycin resistance for positive selection after integration into the host
genome.

Page 4/20



The commercial system used a cytolomegalovirus (CMV)-based promoter. Analysis of these promoters
for CpG islands by online prediction tools showed a CpG island region (green marked, supplementary
Fig. 3C). These analyses underline the silencing of the inducible promoter over time (Supplementary
Fig. 3A, B). In the new system transcriptional regulation was further optimized using a CpG island–free
promoter composed of a murine/human CMV enhancer and the human elongation factor 1α (EF1α)
promoter to prevent promoter silencing over time30,31. One to three cumate operator (CuO) sites were
inserted downstream of the promoter and upstream of a short synthetic intron to facilitate repressor
binding. In the absence of the inducer, the CSwitch-Silencer efficiently blocks transcription (Fig. 1B,
Supplementary Fig. 5, 6), while addition of cumate induces the repressor's dissociation, thereby enabling
rapid activation of target gene expression (Fig. 1D, Supplementary Fig. 6A).

Cloning oncogenes, such as cMET downstream of the inducible promoter, enables studying of cMET's
role in lung cancer development in a controlled setting and enables further investigation of its role in
personalized cancer therapy.

To model clinically relevant alterations, cMET variants were generated by site-directed mutagenesis.
These variants included exon 14 skipping, a frequent event in non-small cell lung cancer, and the H1094Y
substitution (Fig. 1C). For stable genomic integration, the construct was flanked by PiggyBac inverted
terminal repeats (ITR) (Fig. 1D), enabling efficient transposition of the entire cassette. To minimize
positional effects, the expression unit was insulated using β-globin and human interferon-β matrix
attachment regions (Fig. 1D). To visualize inducability and to positively select inducible cells, we
integrated a MintSelect marker (Fig. 1B, C). The selection marker is a fusion of Mint fluorescent protein
(MintFP) (human codon optimized LanFP1 with T76V, D156E mutation) to the blasticidin resistance gene
(Supplementary Fig. 3A, B).

Generation of cMET-deficient A549 cells
To further investigate cMET function in a defined genetic background, we generated cMET knockout
derivatives of the human lung adenocarcinoma cell line A549, which expresses endogenous wild-type
cMET. Clustered regularly interspaced short palindromic repeats/CRISPR-associated protein 9
(CRISPR/Cas9)-mediated genome editing using two guide RNAs introduced a 112-bp deletion in the 5′
coding region, resulting in a frameshift and a premature stop codon after 35 amino acids (Fig. 2A upper
panel).

Single-cell clones were isolated and validated by Sanger sequencing (Fig. 2A lower panel). Two
independent knockout clones (B1 and C1) exhibited complete loss of cMET protein expression and
abolished receptor activation upon hepatocyte growth factor (HGF) stimulation (Fig. 2B, C). Despite this,
no measurable differences in proliferation were observed, consistent with cMET not being a primary
driver of cell growth in A549 cells (Supplementary Fig. 1).
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We therefore assessed cMET-dependent phenotypes using wound-healing assays. In contrast to wild-
type cells, cMET-deficient clones failed to respond to HGF–induced migration (Fig. 2D), demonstrating a
critical role for cMET in regulating cell motility in this context.

Generation of inducible cMET variant A549 cell lines
To enable controlled re-expression of cMET variants, the inducible expression cassette was stably
integrated into cMET-deficient A549 clones (B1 and C1). Cells were co-transfected with the PiggyBac
donor plasmid containing the inducible cassette and a codon-optimized plasmid encoding a hyperactive
PiggyBac transposase.

Selection was initiated 96 h post-transfection using puromycin and maintained for 5 days to enrich for
successfully transposed cells (Fig. 3A). Surviving cells formed discrete colonies during the selection
period (Fig. 3B). To ensure further functional integration of the inducible system, a second selection step
for blasticidin resistance conveyed by MintSelect (Supplementary Fig. 2C, D), downstream of the cMET
variant, was performed following 48 h of cumate induction, enriching for cells capable of inducible
cMET/MintSelect expression. Reporter expression was confirmed by fluorescence imaging (Fig. 3C,
Supplementary Fig. 2D).

Following selection, cumate was withdrawn, and cells were expanded to confluency over two weeks to
establish stable polyclonal populations. This strategy yielded inducible A549 cell lines suitable for
controlling functional interrogation of cMET variants.

Across all cell lines, PiggyBac-mediated integration with cMET variants resulted in the inducible cassette
being inserted 4–7 times, as demonstrated by fluorescence in-situ hybridization (FISH) probing for cMET
copies (Supplementary Fig. 8, upper panel) and compared to cMET/CEN7 FISH analysis used in
molecular diagnostics (Supplementary Fig. 8, lower panel).We next assessed the inducibility and
stringency of the system by quantifying fluorescence intensity in uninduced and 48 h induced cells in a
6-well format. Constructs containing a single CuO site exhibited higher maximal reporter expression
while maintaining negligible basal activity in the absence of inducer (Fig. 3D). In contrast, constructs
with three CuO sites displayed enhanced transcriptional repression, consistent with increased CSwitch-
Silencer occupancy, albeit at reduced maximum expression levels (Fig. 3D). Fluorescence imaging of
MintFP, with one, two, and three CuO sites, following cumate induction, recapitulated the decrease in
gradient MintFP expression with increasing expression control (Supplementary Fig. 4). This
configuration is particularly advantageous for the controlled expression of toxic or highly bioactive
proteins.

Inducibility and regulatory tightness of all cMET variant cell lines were further validated by
immunoblotting and immunohistochemical staining, revealing the abolition of basal leakiness
(Supplementary Fig. 5A) and dose-dependent cumate induction of cMET (Supplementary Fig. 5B, C).
Moreover, the integrated MintFP signal intensity during 60 h of cumate induction showed linear increase
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proportional to cumate concentration (Supplementary Fig. 6A), with the MintFP expression directly
correlating with cMET expression. Immunoblotting and quantification yielded a cumate induction power
of 81- 86-fold, compared to non-induced at 75 µg/ml (Supplementary Fig. 6B, C). Taken together these
findings provide evidence of the system's robustness and reliability for controlled gene expression
studies.

Functional validation and pharmacological profiling of cMET variants
To evaluate the utility of this system for therapeutic studies, we assessed the response of inducible
cMET variants to clinically relevant inhibitors. Two type Ib inhibitors, i.e. tepotinib and elzovantinib,
targeting the ATP-binding pocket of the active receptor conformation32 and one type II inhibitor,
cabozantinib, that additionally engages an allosteric pocket and stabilizes the inactive state33, were
selected (Supplementary Fig. 7A).

All inhibitors effectively suppressed cMET activation at 50–100 nM, as shown by immunoblot analysis
(Supplementary Fig. 7B), demonstrating the system's utility for pharmacological profiling and drug
sensitivity assessment in cancer research.

To assess downstream functional consequences, we performed wound-healing assays in the presence
of inhibitors. The observed effects on cell migration were consistent with the biochemical data (Fig. 4A -
C), with the H1094Y variant showing significantly greater sensitivity to cabozantinib compared to wild-
type cMET (Fig. 4D, E). All inducible cMET variants displayed biological activity, including induction of
histomorphological changes consistent with epithelial-to-mesenchymal transition (EMT) (Supplementary
Fig. 9).

Methods

Plasmid construction and design of the inducible
expression system
The inducible cMET expression constructs were derived from the pCMV6-cMET plasmid (RC226393,
OriGene, Herford, Germany), encoding transcript variant 1 (NM_001127500.1). Initial constructs retaining
the native CMV promoter exhibited progressive silencing in A549 cells, consistent with CpG methylation.
To overcome this limitation, a CpG-free promoter was engineered by combining a human CMV enhancer
with a murine CMV enhancer and the human EF1α promoter.

Cumate operator (CuO) sequences (1X, 2X or 3X) were inserted downstream of the promoter, followed
by a synthetic intron to enhance expression. The inducible cassette was flanked by PiggyBac inverted
terminal repeats (ITRs) for genomic integration. To insulate the transgene from positional effects, a
human β-globin matrix attachment region (MAR) was inserted upstream and an interferon-β S/MAR
downstream of the expression cassette.
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An all-in-one configuration was generated by incorporating a modified CymR repressor (CSwitch-
Silencer) in reverse orientation under control of an EF1α promoter. The CSwitch-Silencer consists of the
CymR repressor3 fused N-terminally to the KRAB-A/B repression domain from Kid-128 and C-terminally to
an SV40 nuclear localization signal. A puromycin resistance cassette was linked via a T2A peptide34 to
enable bicistronic expression.

All constructs were designed using SnapGene (GSL Biotech LLC, San Diego, USA) and assembled from
synthetic DNA fragments (Eurofins Genomics, Ebersberg, Germany) using HiFi DNA Assembly (NEB,
Frankfurt, Germany). Assembly was verified by nanopore sequencing (Plasmidsaurus, Köln, Germany).

Generation of the MintSelect reporter construct

To enable visualization and dual selection, a human codon-optimized variant of LanFP135 was
engineered. Point mutations (T76V and D156E) were introduced using Q5 site-directed mutagenesis
(NEB, Frankfurt, Germany) to enhance fluorescence intensity and stability. The resulting protein, termed
MintFP, was fused to a blasticidin resistance gene via a short linker to generate the MintSelect cassette.

The MintSelect sequence was inserted downstream of cMET via a T2A peptide, enabling co-expression
from a single transcript. Successful expression was confirmed by fluorescence analysis (Supplementary
Fig. 2).

Generation of cMET variants
Clinically relevant cMET variants were generated by site-directed mutagenesis using the Q5 system
(NEB, Frankfurt, Germany). Exon 14 skipping (ΔEx14) and the H1094Y substitution were introduced
using mutation-specific primers. All variants were verified by sequencing before functional analysis
(Plasmidsaurus, Köln, Germany).

Construction of a hyperactive PiggyBac transposase
plasmid
For genomic integration, a codon-optimized hyperactive PiggyBac26 transposase (hyPBase) was cloned
into the pCMV6 backbone by replacing the cMET coding sequence using HiFi assembly, generating
pCMV6-hyPBase.

Generation of cMET knockout A549 cells

A549 cells (Ubigene, YC-C016, Austin, USA), were edited using CRISPR–Cas9 with two sgRNAs targeting
the 5′ region of cMET (g3: GGT GTT TCC GCG GTG AAG TTG GG; g4: GCC CCC GCT GTG CTT GCA CCT
GG). Transfected cells were single-cell cloned and screened by PCR for deletion of a 112 bp fragment.
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Genomic DNA was amplified using primer pairs distinguishing wild-type and knockout alleles. Positive
clones were confirmed by Sanger sequencing and used for downstream experiments.

Stable integration of inducible constructs
cMET-deficient A549 clones (B1 and C1) were seeded at 0.75 × 10⁶ cells per well (6-well format) one day
before transfection. Cells were co-transfected with 2 µg PiggyBac donor plasmid, 0.5 µg pCMV-hyPBase,
and 0.1 µg pAdVAntage (Promega, Walldorf, Germany) using Lipofectamine 3000 (Thermo Fisher,
Dreieich, Germany).

Puromycin selection (6 µg/ml) was initiated 96 h post-transfection and maintained for 5 days. For
secondary selection, cells were induced with cumate (75 µg/ml) for 48h and selected with blasticidin (10
µg/ml) for 4 days. Following selection, cells were maintained in the presence of puromycin (4 µg/ml).

Wound-healing assay
Cell migration was assessed using the IncuCyte S3 live-cell imaging system (Satorius, Göttingen,
Germany). Cells were seeded in 96-well ImageLock plates (1 × 10⁴ cells per well) under reduced serum
conditions (1%). Wounds were generated using a WoundMaker device (Satorius, Göttingen, Germany),
and cells were treated with or without HGF (50 ng/ml, BioLegend, Koblenz, Germany).

For inhibitor studies, inducible cells were seeded at 3.5 × 10³ cells per well and induced with cumate (75
µg/ml). Cells were treated with cabozantinib at the indicated concentrations or a DMSO control, followed
by wounding and incubation in the presence of HGF and the inhibitor. Images were acquired hourly, and
wound closure was quantified using IncuCyte software. Data were analyzed in GraphPad Prism (V10;
GraphPad Software, Boston, USA).

Immunoblot analysis
Cells were seeded at 0.75 × 10⁶ cells per well and treated with cumate (typically 150 µg/mL; as indicated
in the figure) for 48 h. For inhibitor studies, cells were serum-reduced and treated with inhibitors before
HGF stimulation (50 ng/ml, 10 min).

Cells were lysed in LDS sample buffer, and proteins were separated on 4–12% Bis-Tris gels and
transferred to nitrocellulose membranes. Membranes were blocked and probed with antibodies against
phospho-cMET (Tyr1234/1235) (3D7, Cell Signaling, Frankfurt, Germany), total cMET (AB227637, Abcam,
Cambridge, UK), and β-actin (W16197A, BioLegend, Koblenz, Germany). HRP-conjugated secondary
antibodies were used (Cytiva NA9340, Merck, Darmstadt, Germany), and signals were detected using
enhanced chemiluminescence and imaged on a ChemiDoc system (Bio-Rad, Feldkirchen, Germany).
Densitometric analysis was performed with Fiji36.

Fluorescence in-situ hybridization

The MET hybridization probe was generated by excising the full-length MET coding sequence (4224 bp),
which was fluorescently labeled with the Atto488 NT Labeling Kit following the manufacturer's
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instructions (Jena Bioscience, Jena, Germany). Cells were seeded on slides 24 h before
paraformaldehyde fixation (4%, 10 min). Triton-X was used to permeabilize the cells, followed by
dehydration with 70, 85, and 100 percent ethanol. Slides were air-dried before hybridization. Tumor cell
nuclei were analyzed using fluorescence microscopy (Leica DM 6000, Leica Microsystems, Wetzlar,
Germany) and images were captured with Diskus software (Carl H. Hilgers, Koenigswinter, Germany).

Discussion
Precise control of oncogene expression is essential for dissecting the functional impact of driver
mutations and variants of uncertain significance (VUS), and for evaluating preclinical therapeutic
responses in a physiologically relevant context. Although a range of inducible systems is commercially
available7, we found that existing platforms did not meet key experimental requirements, including
minimal basal expression, sustained activity following genomic integration, and robust inducibility7.
Limitations such as transcriptional leakiness37, CpG methylation–mediated silencing38, incomplete
genomic integration, and restricted dynamic range frequently compromised their utility.

To address these challenges, we developed a fully integrated, all-in-one inducible expression system that
combines stringent transcriptional control with stable genomic insertion. The system is based on the
cumate gene-switch architecture3, which we further optimized to enhance repression and reduce
background activity. Specifically, fusion of the CymR repressor to a KRAB-A/B domain39 and the addition
of a strong SV40 nuclear localization signal markedly improved transcriptional silencing (Fig. 1A, 3C,
D).In comparison to the commercially available system from SBI, our system showed advanced
tightness and no CpG silencing (Supplementary Fig. 3A -B, 5A – C and 6A -C).

In parallel, we replaced conventional CMV-based promoters, which are prone to CpG methylation and
silencing38, with a CpG-free hybrid promoter (Fig. 3C) composed of murine and human CMV enhancers
linked to an EF1α core promoter (Fig. 1B). Our vector system addresses key limitations of conventional
lentiviral approaches2, which typically require integrating multiple independent vectors and are limited in
the size of the integrated information. The ratio of repressor to inducible cassettes is critical for tight
control and strongly depends on the multiplicity of infection (MOI) in lentiviral transduction. By
consolidating all components necessary for inducible gene regulation into a single genomic locus, our
system ensures coordinated integration and enforces a defined expression stoichiometry; the only
limitation of the integration length is given by the bacteria used for the plasmid amplification. Integration
of the inducible cassette together with the CSwitch-Silencer into a PiggyBac transposon framework26,
flanked by matrix attachment regions, ensured stable genomic insertion and minimized positional
effects (Fig. 1D, Supplementary Fig. 8)40. This design minimizes variability arising from positional effects

and heterogeneous copy numbers, which are common challenges in multi-vector systems41.

Stable genomic incorporation of inducible systems remains a challenge in the field. While a variety of
inducible platforms have been developed, their long-term functionality is frequently compromised after
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chromosomal integration, often due to epigenetic silencing or imbalanced expression of
components30,31. In our study, cell lines generated with this system maintained consistent performance
and remained robust across multiple freeze–thaw cycles. This stability likely reflects both the single-
locus integration strategy and the inclusion of a synthetic CpG fusion promoter, which may contribute to
sustained transcriptional activity.

These modifications further improved system fidelity, and the engineered CSwitch-Silencer reduced
basal expression to levels below the limit of detection (Supplementary Fig. 5B, C). Through a
combination of promoter optimization and enhanced repressor function, tightened transcriptional
control was achieved. Our approach builds on the extensively characterized tetracycline-inducible
system, leveraging its modularity while addressing known limitations in background activity. Recent
developments, including promoter refinements such as pTRE3G and systems incorporating additional
translational control layers (e.g., CASwitch), similarly aim to suppress leakiness42. While these strategies
have demonstrated improvements, a systematic, side-by-side comparison across platforms remains
lacking.

This configuration yielded a tightly regulated and reversible system with negligible basal expression and
robust, dose-dependent inducibility (Fig. 3d, Supplementary Fig. 5B). The incorporation of one or multiple
cumate operator sites enabled tuning between maximal expression output and enhanced repression,
providing flexibility depending on the biological context9 (Fig. 1B, 3C, 4D, Supplementary Fig. 4). The
addition of the MintSelect reporter further enabled direct visualization and dual selection of transgene-
expressing cells (Supplementary Fig. 2A -D).

We applied this system to study the receptor tyrosine kinase cMET, a key oncogenic driver in non-small
cell lung cancer10. Using CRISPR–Cas9, we established cMET-deficient A549 cells, providing a controlled
background for re-expression studies (Fig. 2A - D). Introduction of wild-type and mutant cMET variants,
including exon 14 skipping15 and H1094Y21 (Fig. 1C, Supplementary Fig. 6B), enabled direct comparison
of their functional and pharmacological properties (Fig. 4, Supplementary Fig. 7) under tightly controlled
expression conditions (Fig. 1D, Supplementary Fig. 5B, C).

Pharmacological profiling demonstrated that both type I and type II cMET inhibitors (Supplementary
Fig. 7A) effectively suppressed receptor activation at higher concentrations (Supplementary
Fig. 7B)21,43,44. However, dose–response analyses revealed variant-specific differences: the H1094Y
mutation showed increased sensitivity to the type II inhibitor cabozantinib, whereas the exon 14–
skipping variant exhibited reduced sensitivity (Fig. 4A-C). Functional assays assessing cell migration
were consistent with these biochemical findings, confirming that the inducible system faithfully
recapitulates downstream phenotypic effects of cMET signaling in migration and its inhibition (Fig. 4D, E)
or EMT (Supplementary Fig. 9). Strong overexpression and activation of cMET and variants are leading to
lengthening of the cells and transformation of the shape (Supplementary Fig. 9B). These results are in
line with the findings of Liu at al. showing cMET driven EMT45. Notably, the increased sensitivity of
H1094Y to cabozantinib contrasts with observations in murine Ba/F3 models, where reduced sensitivity
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has been reported21. This discrepancy emphasizes the importance of cellular context and underscores
the need for human, tissue-relevant model systems when evaluating oncogene function and drug
response. The ability of the present system to operate in a human cancer cells, in contrast to murine
models (e.g. Ba/F3) and the mutational background of cancer cell lines, with tight expression control
provides a distinct advantage for such analyses.

Beyond cMET, the modular design of this platform enables its application to a wide range of oncogenes
and tumor suppressors. The combination of tight repression, tunable induction, stable genomic
integration, and dual selection makes it particularly well suited for studying genes with strong or toxic
phenotypes, as well as for systematic functional characterization of emerging cancer-associated
variants.

In summary, we present a robust and versatile inducible expression system that overcomes key
limitations of existing expression systems. We provide a powerful tool for investigating oncogene
functions, modeling mutation-specific effects, and evaluating targeted therapies in a controlled and
physiologically relevant setting. Our system combines low basal activity with robust, dose-dependent
induction. Its simplified genomic architecture and sustained long-term performance make it tailored for
translational applications requiring precise and stable gene regulation. Future work should focus on
benchmarking against existing systems and exploring its utility across diverse cellular models and
biological contexts.
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Figure 1

Construction of a genome-integratable, cumate-inducible expression system.
A, Schematic of the CSwitch-Silencer, an NLS-enhanced fusion protein comprising CymR and the KRAB
A/B silencer domain.
B, Schematic of CpG-free promoters containing one (1×) or three (3×) cumate operator (CuO) sites,
enabling combined expression of cMET WT and the MintSelect selection marker.
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C, Schematic representation of two common NSCLC-associated cMET alterations, cMET ΔEx14 and
cMET H1094Y.
D, Overview of the complete PiggyBac-based, genome-integratable cumate-inducible expression system.
ITR, inverted terminal repeats; S/MAR, scaffold/matrix attachment region; CuO, cumate operator.

Figure 2

Generation and validation of cMET knockout A549 cells.
A, Guide RNA (gRNA) design targeting the coding region of cMET. The expected 112-bp deletion is
indicated (blue), resulting in a frameshift and premature stop codon (red box).
B, Sanger sequencing analysis of selected clones (B1 and C1) confirming biallelic editing (representative
forward and reverse traces for clone C1 shown).
C, Immunoblot validation of cMET loss in knockout clones. Original blots of the cropped blots are
presented in Supplementary Figure 10.
D, Functional validation of WT and knockout cells by stimulation with hepatocyte growth factor (HGF)
and assessment of cMET phosphorylation; knockout cells (clone B1 shown) lack responsiveness.
Original blots of the cropped blots are presented in Supplementary Figure 10.
E, Cell migration (wound-healing) assay demonstrating loss of HGF-induced migration in knockout
clones compared to WT cells.
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Figure 3

Evaluation of the inducible system for testing cMET inhibitors.
A, Immunoblot analysis of inducible cMET WT, ΔEx14 and H1094Y cell lines treated with increasing
concentrations of the type II inhibitor cabozantinib (broad range), followed by HGF stimulation (50
ng/ml) and assessment of cMET phosphorylation. Original blots of the cropped blots are presented in
Supplementary Figure 12.
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B, As in a, using a narrower concentration range of cabozantinib. Original blots of the cropped blots are
presented in Supplementary Figure 13.
C, Functional assessment of inhibitor response by wound-healing assay with live-cell imaging (IncuCyte)
over 72 h. ED₅₀values were calculated at each time point (cMET WT shown as example; n = 3, with four
technical replicates).
D, Comparison of migration between inducible cMET WT and H1094Y cells; statistical significance
determined by one-way ANOVA.
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Figure 4

Generation and validation of inducible cMET-expressing cell lines.
A, Schematic overview of the transfection and selection workflow for engineering inducible cell lines.
B, Representative images of puromycin-selected colonies expressing cMET WT or cMET ΔEx14 under 1×
or 3× CuO promoters.
C, Validation of inducible co-expression of cMET and MintSelect. Representative stitched images of full
6-well plates ± cumate (40X; Keyence BZ-X800) comparing 1× and 3× CuO constructs (n = 3).
D, Immunoblot analysis comparing inducibility and basal expression of 1× and 3× CuO systems. Original
blots of the cropped blots are presented in Supplementary Figure 11
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