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A B S T R A C T

Lung cancer as a molecularly and histologically high heterogonous disease, there is an urgent need to predict lung cancer patients’ responses to anti- 
cancer treatment, and patient-derived organoids (PDOs) have been recognized as a valuable platform for preclinical drug screening. In this study, we 
successfully established 26 PDO lines from various subtypes of lung cancers including benign tumor, adenocarcinoma, squamous cell carcinoma, 
adenosquamous carcinoma, large-cell carcinoma, and small-cell carcinoma. These PDOs were shown to retain the major genomic and histological 
characteristics of primary tumors and remain stable during long-term culture. With the help of targeted genomic sequencing, we found that lung 
cancer that harbors METN375S mutation is selectively sensitive to afatinib, and a combination of afatinib and gemcitabine induced synthetic lethality 
in PDO and mini-PDX models. In summary, our findings demonstrate the potential of PDO in predicting lung cancer drug response, and reveal a 
promising strategy for METN375S mutant lung cancer treatment.

1. Introduction

Lung cancer is the leading cause of cancer-related death worldwide, with a 5-year overall survival rate of less than 15 % [1]. Due to 
the high heterogeneity of both its molecular structure and its pathology, the treatment of lung cancer remains a tremendous challenge 
[2,3]. Benefitting from the development of high-throughput sequencing technology, molecular targeted therapy continues to be 
developed and shows great progress in individualized treatment and precision cancer medicine [4]. However, certain genomic mu-
tations do not also respond to drug treatments, and it is therefore urgent to uncover a new preclinical model for drug efficacy screening.

In recent years, patient-derived tumor Organoids (PDOs) produced by three-dimensional culture of primary patient material have 
emerged as robust preclinical model for drug testing [5–8]. PDOs require less time yet have a higher success rate than patient-derived 
xenograft (PDX), which usually takes 4–8 months. Importantly, PDOs have demonstrated stable morphological and genetic features 
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even after long-term expansion, thus making them a suitable model to guide clinical treatment [8,9]. PDOs have already been suc-
cessfully used for drug screening in several tumors including colorectal cancer [10,11], breast cancer [12], and bladder cancer [13]. 
Specifically, in lung cancer, a PDO model coupled with a microwell device has been reported to provide a technically feasible means for 
predicting patient-specific drug responses in clinical settings [14–16].

Lung organoid models of tracheobronchial and alveolar tissue have been developed from epithelial stem and progenitor cells [17]. 
Within the mammalian lung, a large number of epithelial cells are distributed along the tracheal and alveolar zones of the lung axis, 
maintained by regional epithelial stem and progenitor cells with the potential to generate lung organoids [18]. 2D air-liquid interface 
(ALI) culture mimics a realistic lung environment and drives airway epithelial cells to proliferate and differentiate in vitro [19]. 
However, the concomitant lack of tissue architecture with multi-cellular differentiation necessitated in the development of 3D culture 
system. Here, tissue is embedded in a basement membrane mixture to mimic the physical framework of in vivo tissue. 
Differentiation-inducing growth factors are added to complete the 3D culture [20]. At present, previous studies have utilized PDO for 
targeted therapy in NSCLC including lung squamous cell carcinoma [21], lung adenocarcinoma [22,23], small-cell carcinoma [24], 
and large-cell carcinoma [25–27]. Lung organoid models of tracheobronchial and alveolar tissue have also been developed from adult 
stem cells and pluripotent stem cells 25–27 and have both grown in vitro epithelial of both these two different tissue types [14,26,28].

In this study, we successfully established and characterized PDOs from 6 subtypes of lung cancers including benign tumor, 
adenocarcinoma, squamous cell carcinoma, adenosquamous carcinoma, large-cell carcinoma, and small-cell carcinoma. Using these 
PDO lines and a PDO-derived mini-PDX model, we found that the combination of afatinib and gemcitabine induced synthetic lethality 
in METN375S mutant lung cancer. Our study demonstrates that PDOs combined with targeted genomic sequencing can assist providers 
in making clinical decision.

2. Materials and methods

2.1. Human specimens

Lung cancer tissue (about 1–3 cm3) was taken from surgically resected lung cancer specimens for the cultivation of lung cancer 
organoids at the Department of Thoracic Surgery of Thoracic Surgery Department. The samples were collected in accordance with the 
relevant regulations on the management of human genetic resources in China after the study was approved by the Ethical Examination 
and approval Committee of Xi ‘an Jiaotong University. Informed consent was obtained from each patient/family member.

2.2. Tissue preparation

The tissue samples were placed in serum-free RPMI medium 1640 with 2 % antibiotics and transported to the laboratory within 1–2 
h of harvest. Samples were washed three times with cold PBS containing 2 % antibiotics and sectioned with sterile scissors and 
tweezers to1-2 mm3. A small piece of tissue was fixed in formalin for hematoxylin-eosin staining (HE)/immunohistochemistry (IHC), 
another piece of tissue was taken into a cryovial to be ready for sequencing, and the rest of the tissue was used in the PDO model.

2.3. Organoid culture

For the PDOs, the patient’s tissue was placed in a 15 ml centrifuge tube to which 4 ml serum-free Advanced DMEM/F12 medium 
(Gibco) with 2 % antibiotics and 1 ml Liberase TH (5 mg/ml) was added and kept at 37 ◦C for 30 min with intermittent agitation [28]. 
After sufficient dissociation, the tissue suspension was repeatedly blown with a sterile pipette to isolate the cells. After waiting 2–3 min 
for the tissue deposition to the bottom of the centrifuge tube each time, the cell suspension was passed with the medium through a 
70-μm cell filter, all of which was repeated 3–5 times. The filtered cell suspension was then centrifuged at 4 ◦C, 500g for 5 min, and the 
pellet was resuspended in 3 ml PBS(2 % antibiotics) for cleaning. Next, the cells were centrifuged again (4 ◦C, 500g, 5 min), and 200 μl 
serum-free Advanced DMEM/F12 medium was used to resuspend them. Even though the red blood cells died after 4–5 days, a large 
number of red blood cells and subsequent dead red blood cell fragments could still have potentially affected the initial culture 
environment of the organoid. We therefore used red blood cell lysis buffer if there was any red precipitation. Matrigel (400ul) was 
added to the 200 μl suspension to establish the PDOs, and the resulting cell(3^104/80ul/drop) suspension was allowed to solidify in 
pre-warmed 24-well culture plates at 37 ◦C for 20 min. After gelation, 750 μl M26 (Table S1) complete medium was added to the wells. 
We also added Nutlin-3 [29,30], which can enrich tumor organoids, on the basis of the patient tissue [26]. New M26 medium was used 
that was subsequently changed every 3–5 days, and the organoids were passaged after 1–3 weeks.

For passaging, the original medium was aspirated, and each well received 1 ml TrypLE Express (Gibco) using a pipettor to 
resuspend the coagulated Matrigel. The samples were then incubated for 10–15 min at 37 ◦C for dissociation, and the organoid state 
was observed under a microscope every 5 min and repeatedly blown with a pipettor until the samples dissociated into single cells. 
Then, the organoids were centrifuged at 500g for 5 min, washed once with cold PBS and centrifuged again. The pellets were washed 
with cold PBS and centrifuged at 500g for 5 min as well before being resuspended in serum-free Advanced DMED/F12 medium. 
Matrigel (1:2) was inoculated into the new 24-well plate in a 1:3 ratio for passaging.

For freezing, the original medium was aspirated and combined with 1 ml cell freezing solution for each well. Using a pipettor to 
resuspend the organoids, the organoids was transferred to a 2 ml cryotube and stored in a gradient cooling box at − 80 ◦C. The next day, 
the cryotube was stored in a gaseous nitrogen tank.
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2.4. Organoid drug screening

Organoids were cultured in 24-well plates over 2–3 weeks and then were harvested and dissociated using TrypLE Express after 
passaging and resuspended in M26 medium: Matrigel (1:3 ratio). They were then seeded into 96-well (2 × 103 cells per well) plates. 
After gelation, 100 μl M26 medium was added to each well, and drugs (all drugs were sourced from Selleckchem, TX, USA) were 
dispensed 24 h after plating. After 3 days of drug incubation, cell viability was assayed using Cell Titer Glo 3D (Promega) according to 
the manufacturer’s instructions. The samples were then incubated room temperature for 25 min immediately prior to luminescence 
reading. The determination of IC50 values was conducted using Graph Pad version 6.

2.5. Histology and immunostaining

For IHC staining, 4-mm paraffin-embedded tumor tissue and PDO sections were deparaffinized and rehydrated. Slices were then 
incubated overnight with primary antibody at 4 ◦C, and subsequently incubated with secondary antibodies. Stained slides were 
visualized using a Nikon microscope.

2.6. Immunofluorescence

Harvested cultured PDOs were fixed in 4 % paraformaldehyde for 15 min, and the fixed cells were blocked and permeabilized with 
2 % BSA, 0.1 % Triton X-100 in TBS. Immunostaining was then performed using PanCK, P63, MUC1, CC10, KRT7, KRT5, ARL13B, 
Epcam in an Ac-Tub overnight at 4 ◦C, followed by incubation with Alexa Fluor-488 or-Cy3 secondary antibodies for 2 h at 25 ◦C. The 
samples were counterstained with DAPI for 8–10 min by nuclei, and imaging was performed on a digital scanner for tissue sections 
(Pannoramic MIDI, 3DHISTECH).

2.7. Western blotting

For western blotting Matrigel was dissociated with TrypLE Express to obtain organoid suspensions. Briefly, cells were lysed in RIPA 
buffer containing protease inhibitors, and protein concentration was measured by BCA Protein Assay Kit (Pierce Biotechnology, USA). 
The protein was then denatured at high temperature and transferred to a nitrocellulose membrane (Bio-rad) using SDS-PEG elec-
trophoresis. After blocking in 5 % skim milk for 1 h, membranes were incubated with primary antibodies (1:1000) overnight at 4 ◦C 
and secondary antibody (1:5000) for 1h at room temperature (Table S2). Finally, protein bands were visualized by ECL imaging (GE 
Healthcare, Chicago, IL, USA).

2.8. Mini-PDX model

Mini-PDX was performed as previously reported [31,32]. 6-8 week-old immunodeficient BALB/c-Nude mice (BALB/cNj-Foxn1-
nu/Gpt) were purchased from GemPharmatech (JiangsuProvince), and fed in the Animal Center of Xi’an Jiaotong University under 
specified pathogen-free (SPF) conditions. All animal experiments were approved by the Institutional Animal Care and Use Committee 
Of Xi’an Jiaotong University.

The fifth passage organoids were digested with TrypLE digested solution for 15 min to generate single cells, and the organoid 
suspension was transferred into PBS-washed capsules and transplanted into the BALB/c nude mice. Each mouse received 2 capsules. 
Drug sensitivity was examined using the OncoVee™-MiniPDX assay (LIDE Biotech, Shanghai, China). Gemcitabine (50 mg/kg, IP, biw) 
and Afatinib (20 mg/kg, po, Daily) were administered for 7 days each, and normal saline was used as the control During this period. 
Relative tumor growth was detected using a CellTiter-Glo® Luminescent Cell Viability Assay (Promega, Madison, WI, USA).

2.9. Targeted genomic sequencing

Genomic DNA was extracted following the manufacturer’s instructions (QIAGEN, Valencia, CA, USA). For sequencing, 1 μg of 
fragmented genomic DNA underwent end-repairing, A-tailing and ligation with indexed adapters sequentially, followed by size se-
lection using Agencourt AMPure XP beads (Beckman Coulter). Hybridization-based target enrichment was then carried out with a 
GeneseeqOne™ pancancer gene panel (425-cancer-relevant genes, Geneseeq Technology Inc.), and xGen Lockdown Hybridization and 
Wash Reagents Kit (Integrated DNA Technologies). Captured libraries by Dynabeads M − 270 (Life Technologies) were amplified in 
KAPA HiFi HotStart ReadyMix (KAPA Biosystems) and quantified by qPCR using the KAPA Library Quantification kit (KAPA Bio-
systems), and target enriched libraries were sequenced on the HiSeq 4000 platform (Illumina) with 2 × 150 bp pair-end reads. Next, 
sequencing data were demultiplexed by bcl2 fastq (v2.19), analyzed by Trimmomatic [33] to remove low-quality (quality<15) or N 
bases, and mapped to the reference hg19 genome (Human Genome version 19) using a Burrows-Wheeler Aligner [34]. The Genome 
Analysis Toolkit (GATK) [35] was used to perform local realignments around indels and base quality reassurance. SNPs and indels were 
called by VarScan2 [36] and HaplotypeCaller/UnifiedGenotyper in GATK, with the mutant allele frequency (MAF) cutoff set to 0.5 % 
for tissue samples and a minimum of three unique mutant reads.

Common variants were removed using dbSNP and the 1000 Genomes project. Germline mutations were screened by whole blood 
controls with patients, and the resulting somatic variants were further filtered through an in-house list of recurrent sequencing errors 
that was generated from over 10,000 normal control samples on the same sequencing platform. Gene fusions were identified by 
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FACTERA [37], and copy number variations (CNVs) were analyzed with ADTEx [38]. The log2 ratio cut-off for copy number gain was 
defined as 2.0 for tissue samples. A log2 ratio cut-off of 0.67 was used for copy number loss detection in all sample types. The thresholds 
were determined from previous assay validation using the absolute CNVs detected by droplet digital PCR (ddPCR). Next, allele-specific 
CNVs were analyzed by FACETS [39] with a 0.2 drift cut-off for unstable joint segments. Finally, the proportion of chromosomal 
instability (CIN) was calculated by dividing the size of drifted segments by the total segment size.

2.10. Statistical analysis

All data were expressed as means ± SEM prior to being analyzed by two-tailed paired Student’s t-test, unless otherwise indicated. 

Fig. 1. Establishment of PDOs from different subtypes of lung cancer A. Diagram of the process of establishing PDOs from patient tumors for the 
subsequent passaging, freezing and drug testing; B. Pie chart showing the subtypes of established 38 PDOs for the lung cancer, also see Table 1. C. 
The ratio of male to female patients in each subtype D. The scatter plot shows the distribution of patient age among lung cancer subtypes. E. 
Representive bright-field microscopy images of six subtypes PDOs cultured for day 24. Scale bar, 75 μm. F. Representative bright-field pictures 
showing growth status of PDO at passage 1, days 0, 7 and 24, the image was obtained from PDO-3; And, representative bright-field pictures showing 
growth status of PDO at passage 3, 5 and 10; the image was obtained from PDO-3 on day 7 after passage.
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The threshold for statistically significant results was set to p < 0.05. All statistical analysis was carried out in GraphPad Prism 6, and 
gene mutation patterns were visualized using GenVisR in R (version = 4.3.0). SynergyFinder—Bliss synergy scores were calculated 
using the SynergyFinder (version 1.6.1) R (version 3.5.1) package as described in “Proliferation Assays” [40].

3. Results

3.1. Establishment of PDOs from different subtypes of lung cancer

To establish PDOs from the various types of lung cancers, resected tumor tissues were transported directly from the operating room 
to the laboratory for processing, where they were divided into <2 mm pieces and treated with collagenase to generate single cells or 
cell clusters. Afterwards, the cells were seeded in Matrigel and cultured in M26 medium (Fig. 1A). Separation from normal organoid 
was achieved by manual separation and in the case of TP53 mutations by the addition of 5 μM Nutlin-3a in the culture medium. 
Organoids that were successfully maintained for 5 passages were considered to be successfully established. Using this protocol, we 
successfully established 26 human lung cancer-derived organoids from 38 patients with an average success rate of 66 % (Fig. 1B, 
Supplementary Fig. 3, and Table 1). The age and gender distribution of the patients are shown in Fig. 1C–D. Our established lung 
cancer organoid lines consisted of six subtypes including benign tumor, adenocarcinoma, squamous cell carcinoma, adenosquamous 
carcinoma, large-cell carcinoma, and small-cell carcinoma (Fig. 1B and E). The organoids were usually formed within 1 week and were 
passaged in a 1:2 or 1:3 ratio after 2–3 weeks (Fig. 1D). Additionally, as shown in Fig. 1E, long-term expansion (>3 months, >10 
passages) had a minimal effect on the spherical morphology of the organoids. These findings suggested that we successfully generated 
PDOs that could be stably passaged for subsequent applications.

Table 1 
PDOs established in this study.

ID Sex Age Lung cancer type Degree of tissue differentiation Success 
/Failure

PDO-1 F 69 Adenocarcinoma  S
PDO-2 F 53 Benign tumor  S
PDO-3 F 54 Squamous cell carcinoma Poor S
PDO-4 M 53 Adenocarcinoma  F
PDO-5 F 69 Squamous cell carcinoma Poor S
PDO-6 F 62 Squamous cell carcinoma Moderate S
PDO-7 F 54 Adenocarcinoma  S
PDO-8 F 61 Adenocarcinoma Poor S
PDO-9 M 62 Adenocarcinoma  F
PDO-10 M 66 Adenocarcinoma  F
PDO-11 M 56 Adenocarcinoma Well S
PDO-12 M 52 Adenocarcinoma Moderate F
PDO-13 F 68 Squamous cell carcinoma Moderate S
PDO-14 F 76 Squamous cell carcinoma Moderate F
PDO-15 F 57 Squamous cell carcinoma Moderate S
PDO-16 M 68 Adenosquamous Moderate S
PDO-17 M 60 Adenocarcinoma  S
PDO-18 M 60 Squamous cell carcinoma  F
PDO-19 F 54 Benign tumor  S
PDO-20 M 57 Adenocarcinoma  S
PDO-21 F 60 Squamous cell carcinoma Moderate S
PDO-22 M 69 Adenocarcinoma  S
PDO-23 M 66 Large cell carcinoma  S
PDO-24 F 55 Adenocarcinoma Poor F
PDO-25 F 45 Adenocarcinoma Poor S
PDO-26 F 72 Adenocarcinoma Moderate F
PDO-27 F 65 Squamous cell carcinoma Moderate S
PDO-28 M 73 Adenocarcinoma  F
PDO-29 F 62 Adenosquamous  F
PDO-30 F 65 Adenocarcinoma  S
PDO-31 M 56 Adenocarcinoma  S
PDO-32 F 73 Benign tumor  S
PDO-33 F 66 Adenocarcinoma  S
PDO-34 M 71 Adenocarcinoma Poor F
PDO-35 M 37 Small cell carcinoma Moderate S
PDO-36 F 57 Squamous cell carcinoma Poor S
PDO-37 M 51 Adenocarcinoma Well S
PDO-38 M 54 Adenocarcinoma  F
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3.2. PDO retention of histological and genetic characteristics of their original tumors

To test whether PDOs retained characteristics of their original tumors, we compared the tissue pathology of the tumors and PDOs 
using immunohistochemistry. Based on HE staining, there was a high similarity in cellular and nuclear atypia, indicating that orga-
noids retained the malignant characteristics of their original tumors (Fig. 2A–F). Next, we analyzed the expression of lung cancer 

Fig. 2. PDO retention of histological and genetic characteristics of their original tumors. A-F. Representative image of HE staining and IHC staining 
of six subtypes of lung cancers and paired PDOs using indicated antibodies. G. Targeted genomic sequencing of 425 cancer-related genes was 
performed using 8 paired primary tumor and organiods, and 70 gene mutations were shown.
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biomarkers such as Thyroid Transcription Factor 1 (TTF-1), Cytokeratin 5/6/7 (CK5/6/7), Napsin-A, CD56, Synaptophysin and P63, 
and found that these biomarkers were expressed consistently in five subtypes of malignant cancers and paired organoids (Fig. 2A–E). 
Interestingly, in organoids derived from benign tumors, CK7 and P63 expression seemed to have been activated (Fig. 2F).

Gene mutation in cancer may guide the clinical treatment, so to determine whether genetic mutations were preserved in the 
organoids, genomic profiling was performed on 8 surgical samples and paired organoids using targeted next-generation sequencing of 
425 cancer-related genes. In total, 70 mutant genes were detected, including some common driver gene mutations in lung cancer, such 
as TP53 and EGFR [41], among which the TP53 mutation occurred with the highest frequency (Fig. 2G). We also compared the gene 
mutations in original cancer tissues and paired organoids, as shown in Fig. 2G, and as expected there was some heterogeneity in the 
gene mutations. However, most of the somatic mutations in the original tissues were maintained in the PDOs. These results showed 
that the cultured PDOs in vitro retained both histological and genetic characteristics of their parental tumors.

3.3. Characterization of organoids

To identify the cell types in the PDOs, we performed immunofluorescence staining and observed normal and benign organoids with 
lung epithelial cells, basal cells, goblet cells (MUC1), club cell, (CC10), cilia (Arl13b), and epithelial cell (Epcam) (Fig. 3A and B). P63- 
expressing basal cells were found only in lung squamous cell carcinoma organoids (Fig. 3C), as adenocarcinoma organoids consisting 
of PanCK-positive cells with ciliated cells (Fig. 3D). Additionally, Epcam showed positive expression in lung adenocarcinoma orga-
noids (Fig. 3D).

3.4. Drug response of organoid lines

To explore the potential of the organoid lines to be used as preclinical models for evaluation of drug responses, we treated the 
organoid lines with 4 first-line chemotherapy drugs including cisplatin, gemcitabine, capecitabine, and 5-Fu. Each organoid line was 
tested between passages 5 and 10, and the organoids were found to be stable for passage and sufficient for drug screening. Similar to 
the drug responses of tumor patients, the organoid lines showed a marked difference in drug sensitivity (Fig. 4A–D). We found several 

Fig. 3. Identification of PDOs cell types. A-D. Immunofluorescence images showing the expression of PanCK, p63, MUC1, KRT5, KRT7, CC10, Ac- 
Tub, Arl13b, Epcam. The nuclei were stained with DAPI(Blue). Scale bar, 50 μm. (For interpretation of the references to color in this figure legend, 
the reader is referred to the Web version of this article.)
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relative IC50 values, indicating the presence of differentially susceptible organoids (Fig. 4G).
Further, we tested the corresponding targeted drugs with 6 organoids based on the sequencing data. Breast-cancer susceptibility 

gene 2 (BRCA2) is an important tumor suppressor, and its mutation can cause deficiencies of homologous recombination repair and 
sensitivity to the PARP inhibitor Olaparib [42,43]. As expected, organoids with BRCA2 mutation (PDO8-P5) were more sensitive to 
Olaparib compared to BRCA2 wildtype organoids (PDO13-P5) (Fig. 4E). EGFRL858R is a classic activating mutation in lung cancer and 
is associated with sensitivity to EGFR tyrosine kinase inhibitors (TKIs) [44]. Consistently, PDOs (PDO20-P5 and PDO21-P5) that 
harbored an EGFRL858R mutation were more sensitive to the EGFR inhibitor erlotinib (Fig. 4F). In addition, we performed the same 
validation on the ninth passage organoids (Fig. 4F) and counted the IC50 values (Fig. 4H and I). These results suggest that PDOs such as 

Fig. 4. Drug response of organoid lines A-D. The PDO lines were seeded in 96 well plate, and treated with different doses of Cisplatin (A), 
Gemcitabine (B), Capecitabine (C) and 5-Fluorouracil (D) for 72 h, the PDO viability was measured by CELL TITER-GLO (CTG); E-F. The PDO lines 
(Passage5, Passage10) were treated with various doses of Olaparib (E) and Erlotinib (F) for 72 h, the PDO viability was measured using CTG. G. 
Heat-map of IC50 values were the four chemotherapeutic drugs treated in the four organoid lines. Where organoids showed multiple relative IC50 
values. As expected, organoids varied significantly in their sensitivity to chemotherapy drugs. H-I. IC50 values are the average ± SD of each 
condition analyzed in triplicate. Data analysis using two-tailed paired student’s t-test. Error bars represent SEM of two to three independent ex-
periments. **p < 0.05.
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those in our experiment can be used to predict patient-specific drug responses, as well as gene-based targeted drug responses.

3.5. The combination of afatinib and gemcitabine induced synthetic lethality in METN375S mutant lung cancer

To explore how PDOs can be used for predicting drug response even further, we selected a 54-year-old man with a highly aggressive 
squamous cell carcinoma of the lung (PT-3) as a research subject. CT scan showed that the tumor size was 46.5 mm, and the tumor mass 
was visible under bronchoscopy (Fig. 5A). HE and Ki67 staining also confirmed that it was highly malignant (Fig. 5B). Based on next- 
generation sequencing, we detected METN375Smutation in the primary tumor as well as the PDO (PDO-3). Oncogenic MET has been 
recognized as a promising target in cancer therapy [45], and interestingly METN375S, the most frequent mutation of MET, has recently 
been reported to suggest a more aggressive oncogenic phenotype in lung cancer [46]. However, exactly which pathways may represent 
a potential therapeutic weakness in METN375S mutant lung cancers remain unknown.

We treated the PDOs with several small molecule inhibitors including Savolitinib, JNJ-388877618, Gefitinib, Crizotinib, Trame-
tinib, and Afatinib, which are widely used in basic and clinical research of lung cancer. Interestingly, PDO-3(METN375S) showed no 
significant difference in MET inhibitor sensitivity compared to PDO-21(METWT) (Supplementary Figs. 1A and 1B) but did show a 
specifically increased sensitivity to Afatinib, an irreversible ErbB family blocker that is a specific and potent inhibitor of HER2, EGFR, 
and HER4 and blocks signaling from all homo- and heterodimers formed by members of ErbB family [47,48] (Fig. 5C and Supple-
mentary Figs. 1C–1E). Since the use of targeted drugs is prone to drug resistance, we also introduced two first-line lung cancer 
chemotherapy drugs, cisplatin and gemcitabine, combined with Afatinib. We found that the combination of afatinib and gemcitabine, 
but not cisplatin, induced a significant synthetic lethality in PDO-3 (Fig. 5D Supplementary Fig. 2A). Furthermore, bliss analysis was 
performed to determine whether the inhibitory activities of each combination was synergistic, where bliss scores greater than 1.0 
indicate synergy [49]. The combination of Afatinib and gemcitabine (synergyavg = 5.45) but not cisplatin (synergyavg = − 11.03) 
mechanically reduced the phosphorylation level of HER2 and ERK (Fig. 5E, F, 5I-5K). In order to demonstrate the combinational effect 
in vivo, we used the MINI-PDX model to evaluate the efficacy of afatinib both alone and in combination with gemcitabine. 
Drug-sensitivity analysis (as T/C%) revealed that the combination was significantly better than the single drug but did not affect the 
mice’s bodyweight (Fig. 5G and H). Thus, these results indicate that the combination of afatinib and gemcitabine may be a promising 
therapeutic strategy for METN375S mutant lung cancers.

4. Discussion

As a highly heterogeneous disease, there is an urgent need for personalized medicine in lung cancer treatment, and several studies 
have already shown that PDOs are the ideal research model for effective drug screening of lung cancer [16,23,24,50]. In this study, we 
successfully established 26 PDO lines from 38 primary lung cancers including 5 common tumor subtypes and benign tumors, with an 
overall success rate of 66 %, and confirmed the consistency of histological and genomic characteristics between primary tumors and 
paired PDOs. CK7 is expressed in glandular epithelial cells, and P63 is a myoepithelial cell marker [17]. Both of these cells are 
developed from progenitor cells. Therefore, we suspect that the detection of CK7 and P63 activation is a signal for the transition from 
benign to malignant tumor. However, this speculation needs a great deal of empirical evidence to support it.

In the era of individualized cancer drugs, preclinical drug reuse trials and drug combination trials are becoming more and more 
important [51]. The results of this paper show that PDOs can be used for anticancer drug screening or in vitro testing to predict drug 
response in individual patients. Just like their primary lung cancer, the PDOs in this study showed significant heterogeneity in response 
to chemotherapy and targeted therapy drugs, implying that PDOs retain the specific drug sensitivity of their primary cancers. These 
findings, along with those of previous studies, strongly indicate that PDOs are the most realistic platform for specific drug screening in 
personalized cancer treatment. Genetic alterations in lung cancer are extraordinarily diverse [52]. Gene sequencing is necessary to 
guide drug therapy. For example, organoids PDO-20 and PDO-21 containing the EGFR-L858 mutation show increased sensitivity 
relative to wild-type PDO-13 and also show the same effect across passages.

METN375S, the most frequent mutation of MET, occurs in 13 % of East Asians compared to 0 % of African Americans [50], and 
overexpression of this mutant in COS-7, an SV40 transformed African green monkey kidney cell line, has been reported to induce 
resistance to MET inhibitor cytotoxicity [50]. However, the potential role of METN375S mutant in cancer remains largely unknown, 
although it causes conformational changes at the ligand-binding site [53]. In this study, in order to examine whether the MET-driven 
signal of the N375S variant is a predictive biomarker for therapeutic intervention, the viability of isocells after organoid lysis was 
measured after treatment with known MET inhibitors Trametinib, JNJ-38877618, Savolitinib, Gefitinb, and crizotinib. We found that 
METN375S organoids did not exhibit differential half-maximal inhibitory concentration (IC50) values compared to METwt organoids, 
but organoids showed better sensitivity to afatinib. Therefore, we determined that lung cancer that harbors METN375S mutant is more 
sensitive to the tyrosine kinase inhibitor (TKI) afatinib (an inhibitor of HER2 and EGFR) in the PDOs and PDO-derived mini-PDX 
model. Moreover, a combination of afatinib and gemcitabine induced synthetic lethality in METN375S mutant lung cancer. Our findings 
thus strongly indicate that phosphorylated METN375S leads to constitutively active HER2 that mediates signaling regardless of MET 
inhibition. Consistent with our study, METN375S mutant squamous cell carcinoma cell lines have recently been reported to have a 
unique affinity for HER2 blockade therapy [46].

In conclusion, we successfully established and characterized PDOs from several different lung cancers, and revealed a novel po-
tential therapeutic strategy for METN375S mutant lung cancers using these PDOs.
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Fig. 5. The combination of afatinib and gemcitabine induced synthetic lethality in METN375S mutant lung cancer A. left: CT scan image showing the 
size of the patient’s originating tumor (red line), right: the bronchial placeholder image of the tumor under thoracoscopy; B. Representative staining 
of HE and Ki67 in primary tissues (patient-3); C. PDO-3 (MET N375S) and PDO-8 (MET WT) were treated with various concentration of Afatinib for 72 
h, and the PDOs viability were detected using CTG; D. PDO-3 was treated with a single drug or combination of Afatinib and Gemcitibabine for 72 h, 
the PDOs viability were detected using CTG; E. Representative bliss synergy score heatmap for three independent experiments is shown. Red, 
synergy; green, antagonism; white, no effect. Synergyavg = average bliss synergy score. F. PDO-3 was treated with Afatinib (1 μM) and/or 
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5. Limitations and future work

A key limitation of organoid models is the lack of a cancer microenvironment including stromal and immune cells. The spatial 
structure of cancer organoids is made up of different types of epithelial cells, and thus in order to study the interaction between cancer 
cells and the microenvironment we intend to use a co-culture system of tumor-infiltrating lymphocytes and PDOs to study a combi-
nation of immune and targeted therapy.
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