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Abstract
Background Patient-derived lung cancer organoids (PD-LCOs) demonstrate exceptional potential in preclinical 
testing and serve as a promising model for the multimodal management of lung cancer. However, certain lung cancer 
cells derived from patients exhibit limited capacity to generate organoids due to inter-tumor or intra-tumor variability. 
To overcome this limitation, we have created an in vitro system that employs mesenchymal stromal cells (MSCs) or 
fibroblasts to serve as a supportive scaffold for lung cancer cells that do not form organoids.

Methods We successfully established an MSCs/fibroblast co-culture system to form LCOs. We analyzed the 
morphological and histological similarities between LCOs co-cultured with fibroblast and primary lung cancer lesions 
through HE and IF staining. We evaluated whether LCOs co-cultured with fibroblast retained the original genetic 
mutations of their source tumors based on WES. RNA sequencing was used to analyze the differences in gene 
expression profiles between LCOs co-cultured with fibroblast and paracancerous organoids (POs). Importantly, we 
have successfully validated the impact of Kindlin-2 on the regulation of MSCs in organoid formation through lentiviral 
vector-mediated interference or overexpression of kindlin-2.

Results Our findings demonstrate that the addition of MSCs/fibroblasts to three tumor samples, initially incapable 
of forming organoids by traditional methods, successfully facilitated the cultivation of tumor organoids. Importantly, 
these organoids co-cultured with fibroblast faithfully recapitulate the tissue morphology of original lung tumors and 
replicate the genetic profile observed in the parental tumors even after prolonged in vitro culture. Moreover, drug 
responses exhibited by these organoids co-cultured with MSCs/fibroblasts are consistent with those observed in the 
original tumors. Mechanistically, we have also identified kindlin-2 as a crucial regulator linking extracellular matrix 
(ECM) and mitochondria that influence MSC/fibroblast-mediated support for tumor organoid formation.
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Introduction
Patient-derived lung cancer organoids (PD-LCOs) rep-
resent a three-dimensional cultivation of lung cancer 
cells that are directly propagated from the tissue samples 
taken from patients with lung cancer. The organoids are 
cultivated under precise conditions that preserve the his-
tological architecture, genetic variations, and sensitivity 
to drugs that resemble those found in the original tumor 
[1–6]. These models derived from patients serve as a sys-
tem for the rapid screening of prospective treatments, 
providing scientists with the means to test new drug effi-
cacy and safety in models that closely resemble actual 
tumors found in vivo [7–10]. Furthermore, PD-LCOs 
encapsulate the diverse cell populations found in lung 
cancer, which is crucial for investigating the fundamen-
tal mechanisms of disease evolution and the emergence 
of resistance to treatments [11–13]. By analyzing the 
genetic and molecular features of organoids derived from 
patients, researchers can identify biomarkers that predict 
treatment response or prognosis [14–17]. Patient-derived 
organoids can incorporate various non-cancerous cell 
types found within the tumor environment, including 

MSCs, fibroblasts, and immune cells. This highlights the 
intricate interplay between cancer cells and their imme-
diate microenvironment [18–20].

A key prerequisite for maintaining primary tumor 
organoid culture in vitro is a reliable reproduction of the 
tumor microenvironment (TME) [21], wherein fibro-
blasts have a crucial function in recapitulating the TME 
and exerting influence on organoid development [22, 
23]. MSCs and fibroblasts share comparable features 
such as appearance, gene expression patterns, surface 
antigens, growth, differentiation abilities, and capacity 
to modulate the immune system, making it challenging 
to differentiate between them. The profound similarities 
between these cell types suggest a potential relationship 
or common lineage [24]. When hMSCs are subjected to 
a tumor-conditioned medium for an extended duration, 
they adopt a phenotype resembling that of cancer-associ-
ated fibroblasts (CAFs), with myofibroblastic characteris-
tics. Crucially, these cells not only take on the appearance 
of CAFs but also their functional attributes, demonstrat-
ing the capacity to enhance tumor cell proliferation both 
in laboratory settings and within a live coimplantation 

Conclusion The results obtained from our research enhance the understanding of the mechanisms implicated in the 
formation of tumor organoids and aid in creating stronger patient-specific tumor organoid models. This advancement 
supports the refinement of personalized drug response assessments for use in clinical settings.
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framework. In addition, they display distinctive markers 
of myofibroblasts such as fibroblast surface protein and 
α-smooth muscle actin [25]. These observations sug-
gest that MSCs could potentially differentiate into CAFs 
and could be effectively used to replicate the intricate 
interplay between tumors and the adjacent stromal tis-
sue. Grasping the function of MSCs within PD-LCOs is 
crucial for the development of a more accurate represen-
tation of lung cancer, which can be utilized for pharma-
cological evaluations, exploration of tumor biology, and 
the formulation of tailored treatment strategies.

Kindlin-2, a critical extracellular matrix (ECM) remod-
eling protein, plays significant biological roles. On one 
hand, it is involved in integrin-mediated signaling and 
acts as a bridge between the ECM and intracellular path-
ways [26–28]; on the other hand, kindlin-2 interacts with 
PYCR1 to mediate proline biosynthesis-a key process in 
collagen production and ECM formation [26]. In addi-
tion, kindlin-2 is a central player in the activation of lung 
fibroblasts and the advancement of pulmonary fibrosis 
[29]. An increased presence of kindlin-2, particularly 
the FERM domain-containing variant in fibroblasts, has 
been linked to gastric cancer’s epithelial-mesenchymal 
transition (EMT) and immunosuppressive conditions 
[30]. Kindlin-2 is necessary to reinforce and develop focal 
adhesions (FAs) and stress fibers in both activated fibro-
blasts and myofibroblasts [31]. Additionally, kindlin-2 
modulates the survival, differentiation, and migration of 
mesenchymal stromal [32]. Given these functions, kind-
lin-2 and its associated signaling pathways are believed to 
be significant in organoid models.

In this study, we found that 3 patient-derived lung 
cancer cell samples that failed to form tumor organoids 
could generate tumor organoids when cultured in vitro 
with MSCs or paracancerous fibroblasts. When kind-
lin-2 expression was disrupted in MSCs or paracancerous 
fibroblasts, tumor organoid formation was significantly 
reduced in number and size. Overexpression of kindlin-2 
in MSCs significantly increased organoid size and organ-
oid number. This implies that the participation of MSCs/
fibroblasts could potentially be identified in the develop-
ment of lung tumor organoids and that kindlin-2 is an 
important factor regulating the tumor organoid micro-
environment. We have established a useful culture tech-
nology and platform for tumor organoids, providing a 
novel experimental method for studying the occurrence 
and advancement of tumors, TME, and personalized 
treatment.

Materials and methods
Collection of Tumor samples
Specimens from lung cancer surgeries, ranging in size 
from 1 to 2.5 cm3, were swiftly delivered to the research 

facility following excision. Comprehensive patient clini-
cal data can be found in Supplementary Table S1.

Organoid culture
Fibroblast culture
The fresh tumor sample was washed with cold PBS twice 
and then minced the tissue into 1–2 mm3 pieces with 
scissors. Collected minced tissue into a 15 ml centrifuge 
tube, added 10 ml collagenase I (3 mg/ml) and a ROCK 
inhibitor Y-27,632 dihydrochloride (10µM), and then 
incubated and digested the tissues in a 37  °C cell incu-
bator for 2–3  hours. Filtered the digested tissue using 
a 70 µM cell strainer to isolate single-cell suspensions 
from undigested large clusters. Transferred the remain-
ing undigested clusters to a fresh 10 cm cell culture dish 
containing 10  ml of DMEM, enriched with 10% FBS 
(Gibco-Invitrogen) and 50 U/mL penicillin/streptomy-
cin (C0222, Beyotime). Moved the cell culture dish into a 
cell incubator with a 5% CO2 concentration. After a 5–10 
days culture, fibroblasts could be found adhered to the 
cell culture dish and then refreshed the culture medium. 
Fibroblasts were passed at a ratio ranging from one to 
three to one to four every 3–5 days. Then we could col-
lect the fibroblasts with TE buffer for lung cancer cells-
fibroblasts co-culture.

Organoid culture with fibroblast/MSCs in Mi-gel
Mi-gel (G23001, Morga) and Mi-gel buffer B (E23001, 
Morga) were used as the organoids culture matrix 
material. The Mi-gel was put in a 37  °C incubator for 
melt, otherwise, the Mi-gel buffer B was put on ice. For 
the study, the suspension of cells and fibroblasts was 
acquired from the methods outlined within the “Fibro-
blast culture”. Then the cells were divided into three 
different groups, lung cancer cells group, lung cancer 
cells-fibroblasts co-culture group (1:1), and lung can-
cer cells-MSCs co-culture group (1:1). The cell mixture 
underwent a PBS wash and was subjected to centrifu-
gation at 1500 rpm for 5 min to eliminate the PBS. This 
process was repeated twice, followed by an additional 
centrifugation step aimed at completely removing any 
remaining liquid. Resuspend cells with melted Mi-gel and 
Mi-gel buffer B were added, and the ratio of Mi-gel and 
Mi-gel buffer B was 20:1. The suspension was fully mixed 
with a pipette, and then dropped the mixture (~ 20 µl per 
drop) into 6-well cell culture plate, incubated the culture 
dish in 37 °C cell incubator with 5% CO2. Once solidified, 
added 2  ml of lung cancer organoid medium per well, 
and the medium was refreshed every 3 days. Lung cancer 
organoid medium was prepared as described in our pre-
viously published study [33].

For organoids passaging, we harvested the Mi-gel 
drops with a cell scalper and smashed the Mi-gel drops 
into small pieces with 1 ml pipette tips, then collected the 



Page 4 of 19Sui et al. Stem Cell Research & Therapy            (2025) 16:7 

Mi-gel and cell pellet into a 15 ml tube and centrifuged 
at 1500 rpm for 5 min. Washed the Mi-gel and cell pel-
let with PBS and then centrifuged at 1500 rpm for 5 min. 
Removed the PBS and digested the Mi-gel and cell pel-
let with organoids digestion solution (D23001, Morga) at 
37 °C for 5–10 min. Organoids were then centrifuged at 
1000 rpm for 5 min. Washed the organoids with culture 
medium once, and centrifuged again. LCOs were grown 
for 2–3 weeks and then were passed at a ratio ranging 
from one to two to one to three.

Ultra-low adsorption culture
The suspension of lung cells and fibroblasts was obtained 
through the methods described in the “Organoid culture 
with fibroblast/MSCs in Mi-gel”. 1  million lung cancer 
cells were harvested for the LCCs group and 0.5 million 
lung cancer cells and 0.5  million fibroblasts were har-
vested and fully mixed with a 1 ml pipette. Washed the 
cells with PBS and followed a 1500  rpm centrifugation 
for 5 min. Removed the PBS and resuspended cells with 
10 ml lung cancer organoid medium, then added the cell 
suspension into a 10 cm ultra-low adsorption cell culture 
dish. The dish was subsequently positioned within a tem-
perature-controlled cell incubator, maintained at 37  °C, 
and enriched with a 5% CO2 environment. The lung can-
cer organoid medium was refreshed every 3 days. While 
refreshing the medium, cell suspension was carefully col-
lected and centrifuged to remove the old medium, and 
added 10 ml fresh medium to the cells.

Hematoxylin and Eosin (HE) staining
To prepare for HE staining, both the organoids were set 
in 2% agarose, and the fresh tumor samples were fixed 
using 10% formalin for 24 ~ 48 h. Subsequently, the sam-
ples were placed into embedding cassettes and subjected 
to a dehydration process using an ethanol series: start-
ing with 75% ethanol overnight, followed by 85% ethanol 
for 3 h, then 95% ethanol for another 3 h, and finally two 
1-hour sessions in 100% ethanol. Post-dehydration, the 
samples in the cassettes were cleared in two 30-minute 
xylene baths. Afterward, the samples were encased in 
paraffin. The FFPE specimens, which had been fixed in 
formalin and embedded in paraffin, were subsequently 
sectioned into 4 μm-thick slices and subjected to drying 
at 60  °C for 2 h. After drying, the samples can be effec-
tively cooled to 20  °C and were preserved at 4  °C. The 
sections were then dewaxed in xylene for three intervals 
of 10  min each and rehydrated in a descending alcohol 
series: twice in 100% ethanol, once in 95% ethanol, and 
once in 70% ethanol, each step lasting 10  min. For HE 
staining, the slides underwent treatment with hematoxy-
lin, were differentiated, reblued, and counterstained with 
eosin, and finally sealed using a specific HE staining kit 
(G11201, Solarbio, Beijing, China).

Immunofluorescence analysis (IF)
For the IF analysis, sections of tissue or LCOs were ini-
tially subjected to dewaxing and rehydration. Subse-
quently, a citrate buffer with a pH of 6.0 was utilized for 
antigen retrieval. Following that, the sections underwent 
permeabilization at 20  °C for 30  min using a 0.5% Tri-
ton X-100 solution in PBS. Afterward, they underwent 
blocking by incubating them in a solution consisting of 
5% BSA and 0.2% Triton X-100 in PBS for another 30 min 
at 20 °C. After completing the blocking step, the sections 
were exposed to appropriate primary antibodies. TTF-1 
(A18128, ABclonal), BRG1 (A2117, ABclonal), Cytoker-
atin 18 (CK18) (A19778, ABclonal), P63 (12143-1-AP, 
Proteintech), Cytokeratin5/6 (CK5/6) (28506-1-AP, Pro-
teintech), CD56 (A7913, Abclonal), Synaptophysin (syn, 
A18127, Abclonal), Ki-67 (27309-1-AP, Proteintech), 
Actin (A12379, Invitrogen), and Integrin β1 (ab24693, 
Abcam), were utilized for the IF analysis at 4℃ overnight. 
The slides underwent a PBS wash followed by exposure 
to diluted secondary antibodies.

DNA extraction and WES (whole-exome sequencing) 
analysis
Genomic DNA from the tissue samples was extracted 
using the Tissue Genomic DNA Extraction Kit (DP304-
03, Tiangen). The DNA was then fragmented with a 
Covaris M220 Focused-ultrasonicator (Covaris, Mas-
sachusetts), after which sequencing libraries were pre-
pared. The Human Exome 2.0 Plus capture kit (Twist 
Bioscience) was utilized for exome capture according to 
the instructions provided by the manufacturer. Sequenc-
ing of the final library preparations was carried out on 
the Illumina NovaSeq 6000 Sequencing System (Illu-
mina), generating 150  bp paired-end reads, at LC-Bio 
Technology Co., Ltd.

The software Fastp [34] was employed to trim sequenc-
ing adapters and remove nucleotides with a quality score 
below 20. For read alignment, the Burrows-Wheeler 
Aligner (BWA) [35] was used to map the reads to the 
hg19 reference genome. Following alignment, Picard 
tools were applied to identify and flag duplicate reads 
within the BAM files. The next step in post-alignment 
processing involved local realignment around indels to 
amend any misalignments. Before proceeding to variant 
calling, a base quality score recalibration was conducted 
to mitigate systematic errors. Mutect2 [36] was then used 
for the joint calling of somatic single nucleotide variants 
(SNVs) and insertions/deletions (InDels). ANNOVAR 
was engaged to annotate the variants with biological 
information [37]. Copy number variations were detected 
using the CNV kit [38]. The GC content of the sequences 
was factored in to normalize the distribution of reads, 
and this normalized read distribution across sliding 
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windows was employed to determine copy number dif-
ferences between tumor and normal samples.

RNA extraction and RNA sequence analysis
The TRIzol reagent (ThermoFisher, 15596026, USA) was 
utilized for the extraction of total RNA, followed by puri-
fication in accordance with the manufacturer’s provided 
protocols. Divalent cations were then used to cleave the 
mRNA into smaller pieces. These RNA fragments were 
used as templates for the synthesis of complementary 
DNA (cDNA) through reverse transcription. Subse-
quently, U-labeled second-strand DNA was synthesized 
using the cDNA as a template. Before the indexed adapt-
ers were attached, an additional A-base was appended to 
the blunt ends of the DNA strands. The fragments were 
then ligated with dual-index adapters and size-selected 
with AMPureXP beads. Post-ligation, the products were 
amplified by PCR, following the application of a heat-
labile UDG enzyme (NEB-cat.m0280). The cDNA librar-
ies produced had an average insert size of approximately 
300 ± 50  bp. The libraries underwent sequencing using 
the Illumina Novaseq™6000 system (LC-Bio Technology 
CO., Ltd.) with a PE150 configuration, generating paired-
end reads of 2 × 150 bp, in line with the vendor’s provided 
procedures. The DESeq2 software was utilized to per-
form differential expression analysis of genes, comparing 
two distinct groups. For comparing two samples, edgeR 
was employed. When comparing two individual samples, 
edgeR was the tool of choice. Genes that demonstrated a 
false discovery rate (FDR) less than 0.05 and an absolute 
fold change exceeding 2 were categorized as differentially 
expressed. These identified genes then underwent enrich-
ment analysis through Reactome pathways, Gene Ontol-
ogy (GO) functions, and Kyoto Encyclopedia of Genes 
and Genomes (KEGG) pathways.

MSCs isolation and culture
MSCs were extracted from the human placenta using 
the same method described in previous studies [39, 40]. 
These MSCs were subsequently cultivated in Petri dishes 
using a DMEM medium (Gibco-Invitrogen) containing 
10% FBS, along with a combination of antibiotics.

Production of viral vectors and transduction
The MSCs were incubated in a 37°C environment with 
5% CO2, using DMEM supplemented with 10% FBS and 
a dual antibiotic solution containing penicillin/strepto-
mycin at a concentration of 50 U/ml. Lentiviral vectors 
were created using the pLKO.1-TRC (Addgene, #10878), 
psPAX2 (Addgene, #12260), and pMD2.G(Addgene, 
#12259) plasmids to enable the expression of short hair-
pin RNA (shRNA) for inhibiting kindlin-2 (Sh-K2) or a 
non-targeting scrambled shRNA (Sh-con). The specific 
sequences used were as follows: Sh-K2, 5’- G A G G A C C 

T A T A T G A A T G G-3’; Sh-con, 5’- A C G C A T G C A T G C T 
T G C T T T-3’. Lentiviruses carrying these Sh-K2 and Sh-
con were produced by co-transfecting HEK293T cells. 
To generate DNA expression vectors, kindlin-2 cDNA 
encoding the corresponding protein sequences were 
cloned into the 3×FLAG tagged pLVX-IRES-Hyg (3f ). 
To generate lentiviral expression vectors encoding kind-
lin-2, 3×FLAG-kindlin-2(3f-K2) were co-transfected with 
psPAX2 and pMD2.G into HEK293T cells.

For the transduction process, MSCs or fibroblasts 
were grown in their standard growth medium until they 
achieved a cell density of 70%. Afterward, a fresh medium 
was introduced, which included the lentivirus at a mul-
tiplicity of infection (MOI) level of 100, and incubated 
for 24  h. The viral transduction was conducted with 
the addition of 8 µg/mL polybrene to enhance infection 
efficiency.

Western blot analysis
The western blot procedure was performed by methods 
previously reported [39, 40]. The total protein extracts 
were isolated using a 1% SDS lysis buffer (P0013G, Bey-
otime). 10 to 60  µg protein samples per lane were sub-
jected to 10% SDS-polyacrylamide gel electrophoresis 
and subsequently transferred onto nitrocellulose mem-
branes. The protein-loaded membranes were blocked for 
sixty minutes at room temperature using a solution com-
prising 5% skimmed milk. Following this, the membranes 
underwent an overnight incubation at 4 °C with primary 
antibodies: GAPDH conjugated with HRP (Santa Cruz, 
sc-365062HRP) and kindlin-2 (Proteintech, 11453-1-
AP). After extensive washing, the membranes under-
went incubation with secondary anti-rabbit antibodies 
(Jackson ImmunoResearch, #711-005-152) conjugated to 
HRP. The protein bands were detected using the Bio-Rad 
ECL kit, and the immunoblot was visualized using the 
Syngene G：BOXChemiXX9 automated digital imaging 
system.

CCK-8 test
The cells were processed following the procedures out-
lined in the “Ultra-low adsorption culture” and “MSCs 
isolation and culture” sections. Washed the cells with 
PBS which was centrifuged at 1500  rpm for 5 minutes 
and removed the PBS, repeated this step twice. Resus-
pended cells with melted Mi-gel to reach a concentra-
tion of 2 × 106 cells per milliliter gel. Then Mi-gel buffer 
B was added, and the ratio of Mi-gel and Mi-gel buf-
fer B was 20:1. Fully mixed the cell suspension with a 
pipette. Added 10ul of cell suspension to every well in a 
96-well plate for cell culture. Each group had 5–6 rep-
etitions. After a 7-day culture, refreshed the medium 
and added 100ul medium, then added 10ul Cell Count-
ing Kit-8 (C0037, Beyotime) into the wells. The plate 
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was incubated at 37 °C for 60 min, before measuring the 
absorbance at 450 nm using a microplate reader (BioTek, 
SYNERGYLX).

Statistical analysis
Statistical comparisons between two independent groups 
were conducted using two-tailed unpaired parametric 
Student’s t-tests or Mann-Whitney test. The Pearson cor-
relation coefficient was employed for assessing correla-
tions. All results were presented as mean values ± SD. In 
the Figures, asterisks denoted statistical significance as 
follows: *, **, ***, and **** represent p values smaller than 
0.05, 0.01, 0.001, and 0.0001 respectively; while n.s. indi-
cates a p value larger than 0.05. The creation of graphs 
and the statistical analyses were performed using the 
software GraphPad Prism 9.0 and the R programming 
language for statistical computing.

Results
Co-cultivation with fibroblasts promotes the development 
of organoid
For the generation of LCOs within clusters were iso-
lated from surgically excised lung cancer (LC) tissues 
through dissociation. These cellular components were 
then encapsulated within Mi-gel and submerged in a 
specialized medium for LCOs. By employing this meth-
odology, we successfully preserved a total of 102 lines of 
LCOs, including the aforementioned 20 LCOs [33]. The 
cell lines were sourced from six distinct subtypes of lung 
cancer, encompassing squamous cell carcinoma, adeno-
carcinoma, adenosquamous carcinoma, lymphoepithe-
lioma-like carcinoma (LELC), small cell carcinoma, and 
large cell carcinoma. A portion of these LCOs (21 out 
of 102) were cultivated for a prolonged duration of 4 
months, during which no noticeable alterations in their 
spherical organoid structure were observed.

During the establishment of a lung cancer organoid 
model, it was observed that three cases (LCO-48, LCO-
49, and LCO-59) failed to generate tumor organoids 
using conventional culturing methods (Fig.  1A, upper). 
To investigate the underlying reasons for the failure of 
tumor organoid formation, we isolated and cultured 
fibroblasts derived from the adjacent non-cancerous tis-
sue of each sample. When the proportion of fibroblasts in 
the total number of cells is 10%, 20%, 30%, 40%, 50%, 60%, 
respectively, the effect on the formation of lung cancer 
tumor organoids can be observed from the results, the 
higher the proportion of fibroblasts, the easier the cells 
to gather into spheres. When the proportion of fibro-
blasts was 50%, the diameter of the organoids formed was 
significantly larger than that of the organoids formed by 
other proportions. Therefore, we believe that the pro-
portion of fibroblasts in the total cells is 50%, which is 
an appropriate proportion to promote the formation of 

tumor organoids (Fig. S1A-B). In the subsequent experi-
ments, we selected 50% fibroblasts as the experimental 
condition.

When co-culturing the isolated fibroblasts with their 
corresponding tumor cells in Mi-gel, we observed 
that these three samples, which initially failed to form 
tumor organoids, exhibited successful formation of 
tumor organoids upon addition of their respective fibro-
blasts (Fig.  1A below). A similar phenomenon was also 
observed in ultra-low adsorption culture (Fig. S2). After 
7 days of co-culture, the CCK-8 assay demonstrated a 
noteworthy three-fold increase in viable cell yield for the 
three tumor organoids formed through co-culturing with 
fibroblasts (Fig. 1B-D). Collectively, our findings suggest 
that the inclusion of fibroblasts derived from the sample 
enhances multicellular aggregation and cell viability dur-
ing LCO generation.

The presence of MSCs in co-culture stimulates organoid 
growth
MSCs have a wide range of sources, strong expansion 
ability, low immunogenicity, and multi-directional differ-
entiation potential, which are of special value in medical 
research and clinical applications [41–43]. To assess the 
function of MSCs in the culture of LCOs, we conducted 
a co-culture of MSCs with lung cancer cells derived 
from patients using Mi-gel and observed that in these 
three samples, which were unable to form tumor organ-
oids. The effect on the formation of lung cancer tumor 
organoids can be clearly observed when the proportion 
of MSCs ranges from 30 to 60%, similar to the addition 
of fibroblasts in lung cancer cells. The diameter of the 
organoids formed was significantly larger than that of 
organoids formed in a proportion of less than 30% (Fig. 
S3A-B). Therefore, we believe that the proportion of 
MSCs in the total cells is 30–60%, which is an appropri-
ate proportion to promote the formation of tumor organ-
oids. In the subsequent experiments, we selected 50% 
MSCs as the experimental condition.

The addition of MSCs resulted in the formation of lung 
cancer cell-derived organoids , as depicted in Fig.  2A. 
Following a 7-day co-culture, the CCK-8 results revealed 
a significant increase in the number of viable cells within 
the three tumor organoids co-cultured with MSCs, 
exhibiting an increase ranging from 2.3 to 3.4-fold com-
pared to the control group (Fig. 2B-D). Collectively, our 
data suggest that the addition of MSCs promotes mul-
ticellular aggregation and cell survival during LCO gen-
eration. MSCs exert a comparable role to patient-derived 
fibroblasts in the formation of LCOs.

Additionally, we conducted experiments to assess 
whether the combination of fibroblasts and MSCs 
enhanced the efficacy of LCO formation. We co-cultured 
LCCs with MSCs, fibroblasts, or a combination of both in 
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equal proportions. Interestingly, we observed that the co-
culture of LCCs with MSCs resulted in the largest diam-
eter of formed LCOs. However, there was no significant 
difference in cell proliferation among the different groups 
(Fig. S4A-B).

LCOs reproduce the histological properties of the primary 
tumor
Maintaining the histological traits of the originating 
tumor in LCOs is crucial, especially when they are co-
cultured with fibroblasts obtained from the identical 
sample. To evaluate the morphological and histological 
similarities between LCOs and the initial lung cancer 
specimens, we employed HE and IF staining techniques. 
LELC, an uncommon variant of non-small cell lung can-
cer, is typically characterized by dense infiltration of 
lymphocytes (Fig.  3A). The LCO-48, which originated 
from LELC, preserved the expression of characteristic 
LELC markers encompassing thyroid transcription fac-
tor 1 (TTF-1), CK5/6, and P63 (Fig. 3A). TTF-1 is usually 

positively expressed in lung adenocarcinoma cells; how-
ever, TTF-1 is usually negative for LELC. P63, an epithe-
lial transcription factor, and CK5/6, a group of proteins 
that belong to the cytokeratin family, are expressed in a 
variety of epithelial tumors.

LCO-49 derived from lung large cell carcinoma showed 
large tumor cells with diverse morphology, large and 
irregular nuclei, prominent nucleoli, and sometimes mul-
tinucleated giant cells, similar to its parental cancer tissue 
(Fig.  3B). And maintained the expression of lung large 
cell carcinoma markers, including BRG1, CD56, CK18, 
and Synaptophysin (syn) (Fig. 3B). In LCO-59, the squa-
mous cells exhibited distinct cell margins and keratiniza-
tion within the cytoplasm, hallmarks of the histological 
presentation of lung squamous cell carcinoma. Further-
more, markers characteristic of squamous cell carcino-
mas, such as P63 and CK5/6, were found to be elevated, 
whereas TTF-1 was not detected (Fig. 3C).

Actin and integrin β1, highly conserved proteins pres-
ent in all eukaryotic cells, play a fundamental role in cell 

Fig. 1 Fibroblasts contribute to the formation of LCOs (A). LCCs were cultured with/without fibroblasts (F) and observed under bright-field microscopy 
after 2 weeks of culture. The scale bar represents 200 μm. (B-D) The number of viable cells in LCOs from three different patients was compared after a 
culture period of 7 days. The data are represented as the mean ± SD. Values with a p < 0.05 were considered statistically significant as per the Student’s 
t-test, ** p < 0.01, *** p < 0.001,**** p < 0.0001. LCCs: patient-derived lung cancer cells
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morphology. To visualize cellular structure, we assessed 
the expression of F-actin and integrin β1 as markers for 
cytoskeleton and basal membranes, respectively. Both 
actin and integrin β1 were found to be strongly expressed 
in lung cancer specimens and LCOs (Fig. S5), indicating 
that LCOs maintain the cell structural characteristics of 
their parent lung cancer (LC) specimens. Subsequently, 
we examined the distribution of proliferating cells within 
the organoids. Our findings revealed that proliferative 
cells were dispersed throughout the entire cellular mass 
of the organoid in LCOs. This observation is consistent 
with the diffuse staining pattern of Ki67 observed in pri-
mary tumors (Fig. S5). Collectively, these findings imply 
that the histological structure and marker expression 
have been accurately reproduced from the original lung 
cancer tissue in the LCOs.

LCOs maintain the genetic mutation profile of the source 
tumor
To evaluate if LCOs co-cultured with fibroblasts derived 
from the same patient maintain the original gene muta-
tions of their source tumors, WES was conducted on 
three matched sets of primary lung cancer specimens 
and their respective LCOs. The results showed that LCOs 
retained most of the variants in their original cancer tis-
sues, such as PRDM2, NFKBIA, BCLAF1, and PDE4DIP, 
which were largely conserved between the organoid cell 
line and the primary tumor (Fig.  4A). The scatter plot 
depicting the variant allele frequency (VAF) observed 
within these organoids typically mirrors that observed in 
the initial cancerous tissue (Fig. 4B). The somatic muta-
tions of cancer-associated genes in LCOs and matched 
lung cancer tissue encompassed various types, includ-
ing missense mutations, frameshift deletions, and splice 
site alterations. In the analyzed samples, most somatic 
mutations in LCOs consistently exhibited a high degree 
of concordance with the corresponding lung cancer 

Fig. 2 MSCs contribute to the formation of LCOs. (A) LCCs were incubated either alone or with MSCs (M). Images captured using bright-field microscopy 
show LCOs after a culture duration of 2 weeks. The scale bar represents 200 μm. (B-D) The number of live cells in LCOs from three individual patients was 
compared following a 7-day culture period. The data are presented as the mean ± standard deviation. The Student’s t-test was used to determine statisti-
cal significance, with p values less than 0.05 considered significant, *** p < 0.001, ****p < 0.0001
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tissues; while a minority of them displayed a variable 
pattern of alteration (Fig. 4C). By comparing the Ti and 
Tv of LCOs and matched lung tumor samples, simi-
lar tumor mutation profiles were reflected (Fig.  4D). To 
further investigate the fidelity with which LCO cell lines 
preserve mutational characteristics from their progenitor 
tumors, we examined patterns of somatic mutations in 
both tumor specimens and organoids cultured on various 
substrates. The proportion of base somatic mutation pat-
terns in lung cancer tissues was well maintained in cor-
responding LCOs (Fig. 4E).

Differential expression of genes in LCOs and paracancerous 
organoids (POs)
To evaluate the variations in gene expression profiles 
between LCOs co-cultured with fibroblasts and POs, 
RNA sequencing was performed on 3 groups of LCOs 
and POs. The heatmap of gene expression groups genes 
together according to the resemblance of their expression 
patterns among the different samples, providing a visual 
representation of gene activity in different samples. This 
visualization reveals substantial disparities in the gene 
expression profiles between LCOs and POs (Fig.  5A). 

Fig. 3 LCOs mirror the properties of the source tissues. Organoids LCO-48 (A) originating from pulmonary lymphoepithelioma-like carcinoma, LCO-49 
(B) from lung large cell carcinoma, and LCO-59(C) from lung squamous cell carcinoma, along with their respective original tumor tissues, were subjected 
to H&E staining and immunofluorescence analysis. The nuclei were stained with DAPI (blue), and the immunofluorescence images displayed are repre-
sentative (red). The scale bar represents 50 μm
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Fig. 4 LCOs maintain the genetic profile of the original tumor tissues. (A) A heatmap illustrates the somatic mutations in cancer-related genes found 
in LC tissues and their corresponding LCOs. (B) The VAF of genetic changes in LCOs is compared with that in LC tissues. (C) A heatmap details the most 
prevalent 27 mutations in LCOs alongside their matching LC tissues. (D) The ratio of C > T/G > A transitions (Ti) to C > A/G > T transversions (Tv) is compared 
between organoids and their tumor counterparts. The data are represented as the mean ± standard deviation. The Wilcoxon test was used to determine 
statistical significance for p values less than 0.05. (E) The chart shows the distribution of exonic variants in LCOs versus the original tumors, with the six 
types of nucleotide substitutions detailed in the legend
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Fig. 5 Gene expression profiles in LCOs compared to POs (A). Heat maps display the gene expression differences between LCOs and their respective POs. 
(B) A volcano plot highlights genes with differential expression between LCOs and POs, with significant genes marked in blue (downregulated) and red 
(upregulated), while non-significant changes are in gray. (C) A bubble chart for Reactome pathway enrichment shows the rich factor, which is the pro-
portion of differentially expressed genes in a pathway relative to the pathway’s total gene count. The q value represents the adjusted p value. Dot colors 
and sizes indicate the q value range and the count of differentially expressed genes in the pathways, respectively. (D) Bar chart of the top 20 differentially 
expressed genes from Gene Ontology (GO) cellular component enrichment analysis in LCOs and POs. (E) Bar chart of Kyoto Encyclopedia of Genes and 
Genomes (KEGG) pathway analysis for differentially expressed genes in LCOs and POs
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The general landscape of differentially expressed genes 
can be grasped through volcano plot visualization. Fig-
ure  5B displays the top 20 genes that show the most 
significant differences in expression. The results of the 
reactome pathway enrichment analysis were visualized 
using a bubble chart. The bubble plot illustrates the 20 
pathways that exhibit the lowest Q values (Fig. 5C). Our 
results suggest that LCOs exhibit a higher enrichment of 
integrin-related signaling pathways and potential inter-
acting proteins compared to POs. After conducting an 
analysis using Gene Ontology, it was observed that nota-
bly altered genes in LCOs displayed significant enrich-
ment of the top 20 cellular components in extracellular 
regions, extracellular space, and collagen-related ECM, 
which are known to be regulated by integrin-mediated 
signaling pathways (Fig. 5D). Furthermore, KEGG analy-
sis of differentially expressed genes between LCOs and 
POs identified significant disparities in focal adhesion 
pathways as well as downstream-regulated TGF-β and 
Hippo signaling pathways (Fig. 5E), suggesting their piv-
otal role in shaping the microenvironment during LCO 
development.

Kindlin-2 mediated fibroblasts/MSCs promote organoid 
formation
Through the above differential expression analysis of 
genes in LCOs and their corresponding POs, we have 
identified that the integrin-related signaling pathway and 
downstream focal adhesion proteins may have an impact 
on the regulation of the culture of LCOs. Subsequently, 
we examined the functional importance of kindlin-2 
within the culture of LCOs, given its pivotal role as a 
regulator protein in integrin signaling and ECM remod-
eling. We employed sh-Kindlin-2 lentiviruses to reduce 
the expression levels of kindlin-2 in fibroblasts (Fig. S6) 
and subsequently conducted a co-culture with patient-
derived LCCs. The number and volume of LCOs with 
kindlin-2 knockdown exhibited a significant decrease 
compared to those in the control group (Fig. 6A-B). After 
7 days of co-culture, organoid structures emerged within 
the system. The viability of the three LCOs with kindlin-2 
knockdown in fibroblasts was significantly diminished in 
comparison to the control group, according to the results 
of the CCK-8 assay (Fig. 6C).

We also made the same attempt in the LCO formation 
experiment of MSC co-culture. We employed sh-Kind-
lin-2 lentiviruses to reduce the expression levels of kind-
lin-2 in MSCs (Fig. S7A) and subsequently conducted a 
co-culture with patient-derived LCCs. The number and 
volume of LCOs with kindlin-2 knockdown exhibited a 
significant decrease compared to those in the control 
group (Fig.  7A-B and S7B). After 7 days of co-culture, 
organoid structures emerged within the system. The 
viability of the three LCOs with kindlin-2 knockdown 

in MSCs was significantly diminished in comparison to 
the control group, according to the results of the CCK-8 
assay (Fig. 7C).

To further analyze the regulatory effect of kindlin-2 on 
LCO formation, We employed 3f-Kindlin-2 lentiviruses 
to overexpression kindlin-2 in MSCs (Fig. S8) and sub-
sequently conducted a co-culture with patient-derived 
LCCs. Overexpression of kindlin-2 in MSCs significantly 
increased organoid size (Fig.  8A-B) and partially organ-
oid number (Fig. 8C). The findings suggest that kindlin-2 
mediated MSC plays a pivotal role in the development 
of lung tumor organoids, highlighting the significance 
of kindlin-2 as a key regulator within the TME of these 
organoids.

LCOs maintain drug sensitivity
We then assessed the practicality of three LCOs (LCO-48, 
LCO-49, and LCO-59) for conducting drug susceptibil-
ity testing. These organoids were subjected to co-culture 
with fibroblasts or MSCs, which were then exposed to 
various concentrations of commonly employed drugs for 
lung cancer treatment comprising 5-FU, cisplatin, and 
doxorubicin. The patient-derived lung cancer cells were 
cultured and allowed to grow for a week, after which they 
were exposed to the drugs for 3 days. The viability of the 
cells was assessed using the CCK-8 assay kit. The assess-
ment of drug sensitivity was conducted by measuring 
the relative viability of cells, and the corresponding IC50 
values were calculated. Consistent trends were observed 
between LCOs (co-culture with fibroblasts or MSCs) and 
corresponding sample tumor cells for each drug, indicat-
ing similar chemosensitivity of LCOs and lung cancer 
cells (Fig. 9A-C). Notably, the sensitivity to chemothera-
peutic agents may vary among different subtypes of non-
small cell lung cancer (NSCLC), such as LELC, lung large 
cell carcinoma, and lung squamous cell carcinoma, due 
to various factors including tumor molecular biology, 
patient-specific differences, and gene expression profiles. 
For instance, the sensitivity of LCO-48 and LCO-59 to 
doxorubicin and 5-FU was higher compared to that of 
LCO-49 (Fig. 9A-C), whereas LCO-59 exhibited low sen-
sitivity to cisplatin (Fig. 9C).

Next, we investigated whether LCOs retained their sen-
sitivity to therapy compared to parental tumor cells, thus 
making them a valuable tool for ascertaining individual-
ized chemotherapy regimens. When LCCs derived from 
patient 49#, who received postoperative adjuvant therapy 
with etoposide and cisplatin in the clinic, were co-cul-
tured with fibroblasts or MSCs and subsequently treated 
with 10 μm of either etoposide or cisplatin alone, or their 
combination respectively, we observed that these organ-
oids exhibited similar drug sensitivity as patient-derived 
LCCs (Fig. 9D). Furthermore, this drug combination also 
demonstrated a comparable effect in clinical treatment. 
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Fig. 6 Downregulation of Kindlin-2 in fibroblasts reduces organoid formation. (A-C) Primary cells derived from lung cancer were cultured with sh-con 
(control shRNA) fibroblasts or sh-K2 (sh-kindlin-2) fibroblasts. Fibroblasts were transduced with lentiviral vectors carrying sh-K2 or sh-con and then cul-
tured for 5 days. Bright-field images illustrate the LCOs produced by the co-culture of these fibroblasts with LCCs (A) and provide quantification of the size 
of the LCOs (B). The scale bar represents 200 μm. (C) The viability of cells in LCOs from three patients after a 7-day culture period was compared. The data 
are expressed as the mean ± SD. The Mann-Whitney test was used to assess statistical significance for p values less than 0.05, **** p < 0.0001
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Fig. 7 Downregulation of Kindlin-2 in MSCs reduces organoid formation. (A-C) Primary cells derived from lung cancer were cultured with sh-con (control 
shRNA) MSCs or sh-K2 (sh-kindlin-2) MSCs. MSCs were transduced with lentiviral vectors carrying sh-K2 or sh-con and then cultured for 5 days. Bright-field 
images illustrate the LCOs produced by the co-culture of these MSCs with LCCs (A) and provide quantification of the size of the LCOs (B). The scale bar rep-
resents 200 μm. (C) The viability of cells in LCOs from three patients after a 7-day culture period was compared. The data are expressed as the mean ± SD. 
The Mann-Whitney test was used to assess statistical significance for p values less than 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001
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Fig. 8 Kindlin-2 mediated MSCs promote organoid formation. (A-C) Primary cells derived from lung cancer were cultured with 3f MSCs or 3f-K2 (3f-
kindlin-2) MSCs. MSCs were transduced with lentiviral vectors carrying 3f-K2 or 3f and then cultured for 5 days. Bright-field images illustrate the LCOs 
produced by the co-culture of these MSCs with LCCs (A) and provide quantification of the size of the LCOs (B). The scale bar represents 200 μm. (C) The 
viability of cells in LCOs from three patients after a 7-day culture period was compared. The data are expressed as the mean ± SD. The Mann-Whitney test 
was used to assess statistical significance for p values less than 0.05, * p < 0.05, **** p < 0.0001
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Fig. 9 (See legend on next page.)
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Therefore, the susceptibility of this in vitro co-culturing 
model can be effectively utilized for determining person-
alized chemotherapy treatments.

Discussion
Tumor organoids are in vitro cultured three-dimensional 
cellular constructs that replicate the microenvironment 
and cell diversity of real tumors. The efficiency of culti-
vating tumor organoids is influenced by factors such as 
the type of tumor, the methods of sample collection and 
handling, and the conditions of the culture environ-
ment, among others. Specifically, the culture success rate 
for organoids derived from patients with hepatocellular 
carcinoma is below 30% [44, 45], which constrains their 
utility in the field of precision oncology. Several studies 
have shown that the success rate of LCOs can be up to 
more than 80%, and there is a marked difference in the 
composition of the medium [46, 47]. Although in our cul-
ture system, the success rate of LCOs culture was already 
high, exceeding 90%. However, some patient-derived lung 
cancer cells still fail to form organoids in vitro. Therefore, 
exploring the molecular underpinnings of tumor organ-
oid generation and innovating novel culture techniques 
hold substantial scientific and clinical significance.

The complexity of TME is diverse, posing difficulties 
in fully mimicking the interplay between tumor cells 
and other cellular constituents like MSCs, immune cells, 
fibroblasts, and vascular cells. Therefore, our study has 
focused on MSCs and fibroblasts, crucial constituents 
of TME that engage in various interactions with tumor 
cells. Therefore, by adding a certain proportion (30–60%) 
of MSCs or patient-derived fibroblasts, we can effec-
tively make the tumor cells that cannot form organoids 
successfully form LCOs, and the results were verified in 
more than one culture method (Figs. 1 and 2 and S1-3). 
At the same time, our method can effectively promote 
cell aggregation and the expansion and growth of LCOs. 
The LCOs closely matched the original clinical samples 
regarding both genetic and phenotypic characteristics, 
effectively encapsulating the distinct genetic and molec-
ular attributes of the tumors from individual patients 
(Figs. 3 and 4). Moreover, the LCOs preserved a level of 
drug responsiveness akin to that of the primary lung can-
cer cells (Fig. 9). In the tumor organoid model, the addi-
tion of fibroblasts can not only increase the survival rate 

of LCOs but also increase the complexity of the model 
and make it closer to the actual TME.

MSCs and fibroblasts coexist within TME, with MSCs 
possessing the capacity to evolve into fibroblasts. Evi-
dence from studies conducted in vitro [25]as well as in 
vivo [48] suggests that CAFs may arise from MSCs. 
MSCs and CAFs exhibit numerous commonalities [49]. 
In an appropriate environment, efficient chemotaxis of 
MSCs can be driven, and induce stable differentiation of 
MSC-derived CAFs through a TGFβ (TGFB1) and con-
tractility-driven mechanism [50]. Furthermore, a hypoth-
esis suggests that fibroblasts are dormant mesenchymal 
cells capable of undergoing a transition into MSCs given 
certain circumstances [51]. In this study, we found that 
LCOs could be formed in all three samples that had 
previously failed to form organoids after co-culturing 
patient-derived lung cancer cells with MSCs in vitro 
(Fig. 2 and S3). These results suggest that MSCs have the 
potential to support organoid development with intrin-
sic properties consistent with CAFs and promote cellular 
interactions required for organoid formation by actively 
secreting factors that regulate the TME. Co-culturing 
tumor cells with MSCs allows for the replication of cell-
to-cell interactions within the TME, which is important 
for studying tumor biology and drug screening. Given 
that MSCs can replace patient-derived fibroblasts as a 
crucial component in tumor organoid culture, the inte-
gration of MSCs into tumor organoid co-culture models 
would represent a valuable preclinical tool for investigat-
ing clonal evolution and advancing precision medicine.

Subsequently, we delve into the mechanism through 
which MSCs facilitate lung cancer organoid devel-
opment. Our research has pinpointed genes that are 
expressed differently between LCOs and POs, uncov-
ering the significant influence of the integrin-linked 
signaling pathway in the progression of LCOs (Fig.  5). 
Kindlin-2, as a member of the kindlin protein family, can 
interact with integrinβ protein to activate integrin mol-
ecules, thereby allowing cell adhesion and extension and 
initiating the transmission of integrin signaling pathway 
[52, 53]. More importantly, our recent investigation has 
revealed that kindlin-2 links the ECM mechano-environ-
ment with proline biosynthesis, thereby playing a pivotal 
role in macromolecular synthesis, redox homeostasis 
maintenance, and ECM remodeling [26]. In this research, 
we confirmed the significant contribution of kindlin-2 

(See figure on previous page.)
Fig. 9 Drug testing of LCOs. (A) Dose-response curves after 3 days of treatment with indicated drug concentrations of 5-FU, cisplatin and doxorubicin 
in LCO-48 with fibroblasts (F) or MSCs) and paired LCCs derived from patients. (B) Dose-response curves after 3 days of treatment with indicated drug 
concentrations of 5-FU, cisplatin and doxorubicin in LCO-49 with fibroblasts (F) or MSCs) and paired LCCs derived from patients. (C) Dose-response curves 
after 3 days of treatment with indicated drug concentrations of 5-FU, cisplatin, and doxorubicin in LCO-59 with fibroblasts (F) or MSCs) and paired LCCs 
derived from patients. The cell viability was measured by cell number. (D) The drug sensitivity of these organoids was similar to that of patient-derived 
LCCs. When LCCs and LCOs (LCO-49) co-cultured with fibroblasts or MSCs were treated with 10 μm etoposide or cisplatin, respectively, or their combina-
tion for 3 days. The viability of cells was compared. The data are expressed as the mean ± SD. The one-way ANOVA was used to assess statistical signifi-
cance for p values less than 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001
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in facilitating the development of LCOs by employing a 
co-culture model with MSCs. When kindlin-2 expression 
was down-regulated in fibroblasts or MSCs, the number 
and size of LCOs formed were significantly reduced, and 
cell proliferation was also significantly affected (Figs.  6 
and 7). Overexpression of kindlin-2 in MSCs increased 
the LCO size and number in co-culture (Fig.  8). Thus, 
kindlin-2 high expression may contribute to LCOs for-
mation and maintenance. Future studies in LCOs culture 
models may provide an entirely new window to elucidate 
the role of the kindlin-2 pathway, as well as other signals, 
in cancer progression.

Conclusion
In summary, our innovative approach of co-culturing 
patient-derived lung cancer cells with either MSCs or 
fibroblasts effectively overcomes the constraint of patient-
derived lung cancer cells in forming in vitro organoids, 
at least in part. The LCOs developed in this model suc-
cessfully recapitulated the histological and genetic pro-
file of their parental lung cancer subtypes. Furthermore, 
they preserved the genomic diversity observed in the 
original tumor tissue, as confirmed by WES compari-
sons with matched parental tumors. Importantly, LCOs 
also retained sensitivity to therapy compared to parental 
tumor cells, making them a valuable tool for personalized 
chemotherapy treatments. Notably, we identified differ-
entially expressed genes between LCOs and POs, reveal-
ing kindlin-2 mediated signaling that may contribute to 
both the formation of organoids and the pathogenesis/
progression of lung cancer.
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