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Abstract

Background Patient-derived xenograft (PDX) is currently considered a preferred preclinical model to evaluate drug
sensitivity, explore drug resistance mechanisms, and select individualized treatment regimens.

Methods Histopathological examination, immunohistochemistry and whole-exome sequencing confirmed similarity
between our PDX tumors and primary tumors in terms of morphology and genetic characteristics. The drug reactiv-
ity of the PDX tumor was validated in vivo. The mechanisms of acquired resistance to Osimertinib PDX tumors were
investigated by WES and WB.

Results We successfully established 13 NSCLC-PDXs derived from 62 patients, including eight adenocarcinomas, four
squamous-cell carcinoma, and one large-cell neuroendocrine carcinoma. Histological subtype and clinical stage were
significant factors affecting the successful PDXs establishment. The treatment responses to conventional chemo-
therapy in PDXs were entirely consistent with that of their corresponding patients. According to the genetic status

of tumors, more appropriate targeted agents were selected in PDXs for their corresponding patients as alternative
treatment options. In addition, a PDX model with acquired resistance to osimertinib was induced, and the overactiva-
tion of RAS mitogen-activated protein kinase (MAPK)-extracellular signal-regulated kinase (ERK) signaling pathway
caused by the dual-specificity phosphatase 6 (DUSP6) M62I mutation was found to play a key role in the devel-
opment of osimertinib resistance. Trametinib, a specific inhibitor of the MAPK-ERK pathway significantly slowed

down the tumor growth in osimertinib-resistant PDX models, providing an alternative treatment in patients after osi-
mertinib failure.

Keywords Non-small-cell lung cancer, Patient-derived xenografts, Drug sensitivity, Osimertinib resistance,
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subtypes—adenocarcinoma (ADC), squamous cell carci-
noma (SCC), and large-cell carcinoma (LCC), with ADC
being the most prevalent(Nicholson et al. 2022). The tra-
ditional treatments, including surgery, radiotherapy, and
conventional chemotherapy, have shown limited efficacy
in improving the outcomes of patients with NSCLC. For-
tunately, identification of oncogenic driver mutations in
ADC patients, as well as the rapid development of tar-
geted therapeutic agents, such as epidermal growth fac-
tor receptor-tyrosine kinase inhibitors (EGFR-TKIs),
have greatly enriched the arsenal against NSCLC and
provided patients with better therapeutic outcomes and
milder side effects (Wang et al. 2021; Liu et al. 2023).
Nevertheless, only a minority of patients derive ben-
efit from targeted therapy, primarily due to the rela-
tively low frequency of known driver mutations in ADC
patients. Additionally, there are currently no molecular-
targeted agents proven effective against SCC and LCC
(Boumahdi and Sauvage 2020; Kuribayashi et al. 2016).
Even among responders, the drug resistance and cancer
recurrence are great challenges in clinical treatment, and
these patients need alternative treatment options, which
hinge upon the emergence of new therapeutic targets
(Meador and Hata 2020). During the past decade, tre-
mendous efforts have been devoted to identifying new
therapeutic targets and candidate treatment agents, but
their effectiveness need to be accurately evaluated in pre-
clinical models which can reflect the high diversity of his-
topathology and molecular genetics observed in NSCLC
tissues.

In recent years, patient-derived xenograft (PDX)
models have emerged as a powerful tool for the devel-
opment of novel therapies for early, advanced, and
drug-resistant tumors. These animal models are estab-
lished by transplanting fresh tumor tissues resected
from patients into immunodeficient mice. Therefore,
PDX model accurately recapitulates the morphologi-
cal, structural, and molecular characteristics of pri-
mary tumor, better reflecting the interaction from
host microenvironment, gene expression patterns,
and histological characteristics of the original patient
when compared to standard cell line-derived xeno-
graft (CDX) model(Zeng et al. 2023). To date, a series
of PDXs have been developed and used as preclini-
cal drug screening platforms, including for pancreatic
cancer, colorectal cancer, lung cancer, esophageal can-
cer, and other cancers(Huang et al. 2020; Sorokin et al.
2022; Zou et al. 2018; Karkampouna et al. 2021; Sereti
et al. 2018; Grunblatt et al. 2020). In addition to drug
screening assays, PDXs can also be applied to study
oncogenic signaling pathways, cancer progression
and evolution, as well as the molecular mechanisms
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involved (Dobrolecki et al. 2016; Pardo-Sanchez et al.
2021). Therefore, it is a reliable strategy to provide
guidance for optimizing personalized treatment in
cancer and suggests new treatment opportunities for
patients without other treatment options (Liu et al.
2023; Zeng et al. 2023).

Osimertinib is the first Food and Drug Administra-
tion (FDA)-approved third-generation EGFR-TKIs, and
has been used as the first-line therapy for advanced
EGFR-mutant NSCLC, regardless of T790M muta-
tion status (Soria et al. 2018). Despite excellent clinical
response, the majority of patients receiving osimertinib
eventually develop acquired resistance. The elucidated
molecular mechanisms of resistance are multiple and
can be classified into EGFR-dependent and independ-
ent. However, in up to 55% of patients the underlying
mechanisms remain unknown (Gomatou et al. 2023;
Liao et al. 2023). Therefore, in-depth exploration of
resistance mechanisms, development of alternative
therapeutic options, as well as the appropriate pre-
clinical tools to study the efficacy and toxicity of novel
therapeutic strategies are urgently needed. PDX mod-
els are currently becoming a preferred research tool
to optimize the development of anti-chemoresistance
agents at multiple steps, including target exploration
and validation, pharmacology, and translational studies
(Schueler et al. 2019).

Here, we established a panel of NSCLC-PDXs by
directly implanting tumor specimens collected from
patients into immunodeficient mice. These PDX tumors
preserved the histological and genetic characteristics
of the primary tumors. Three representative patients
and matched PDXs were selected to compare their
responses to the same conventional chemotherapy
regimens, and all PDXs closely recapitulated the clini-
cal courses of their corresponding patients. According
to the genetic status of tumors, we treated PDXs with
new molecular-targeted agents, sotorasib and anlotinib,
and found better efficacy and lower toxicity than that
of the conventional chemotherapeutic drugs, indicating
the more optimized treatments for their correspond-
ing patients. Finally, we induced acquired resistance to
osimertinib in PDXs derived from an ADC patient with
EGFR L858R mutation, who was sensitive towards osi-
mertinib treatment. Comparing the differences in gene
status between osimertinib -resistant PDXs and sensi-
tive PDXs, we found that the DUSP6 M621 mutation
may cause overactivation of the RAS mitogen-activated
protein kinase (MAPK)-extracellular signal-regulated
kinase (ERK) pathway, leading to osimertinib resist-
ance. Therefore, in cases where osimertinib is inef-
fective, alternative treatments such as trametinib, a
specific inhibitor of this pathway, should be considered.
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Materials and methods

Patients and tissue specimens

Sixty-two fresh tumor specimens were obtained from
patients diagnosed with NSCLC before surgery in
the Thoracic Surgery Department of the First Affili-
ated Hospital of Chongqing Medical University. Writ-
ten informed consent was obtained from each patient.
This study was approved by the ethics committee board
of the First Affiliated Hospital of Chongqing Medi-
cal University (Approval number: 2022-K432), and
was registered with the Chinese Clinical Trial Registry
(No. ChiCTR2200066004). Clinical features of studied
patients are summarized in Table S1. Immediately after
surgery (within an average of 1 h after resection), tumor
specimens were divided into 3 portions for implantation
into immunodeficient mice, DNA/RNA extraction, and
pathological assessment.

PDX model establishment

All animal studies were carried out in accordance with
the National Institutes of Health Guide for the Care and
Use of Laboratory Animals, and approved by the Animal
Ethics and Experimental Committee of the Chongqing
Medical University. Nonobese diabetic/severe com-
bined immune deficiency (NOD/SCID) female mice
(6—8-week-old) were obtained from Changzhou Cavens
Laboratory Animal Co., Ltd. (Changzhou, China). To
establish the PDX model, five fresh tumor specimens
(3-5 mm?® tumor specimens from different spatial
regions of the primary tumor) were mixed and subcu-
taneously implanted into the flank of NOD/SCID mice
under anesthesia, and collodion was applied around the
skin incision for wound healing. For LCNEC tissue, 15
tumor specimens from different spatial regions of the
primary tumor were implanted into three mice, with
each mouse receiving five tumor specimens. The tumor
size was measured with calipers once a week and tumor
volume were calculated by using the formula: Volume
(mm?) = (length X width?)/2. When the tumor size was> 1
cm?, the PDX mice were anesthetized with 3% pelltobar-
bitalum natricum and the tumors were further implanted
into another cohort of mice, frozen for molecular and
histological analysis. Engraftment success was defined as
completion of the transfer to the third generation.

Histological staining

Surgically resected tumors and PDX tissues were for-
malin fixed and embedded in paraffin, cut into 4 pm
thick sections. H&E staining was used for assessment
of pathology. For IHC, sections were treated with pri-
mary antibodies against human NapsinA (1:100, ZSGB-
Bio), human TTF1 (1:100, ZSGB-Bio), human p63
(1:100, ZSGB-Bio), human CD56 (1:400, CST), human
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chromogranin (1;300, HuaBio), and human synaptophy-
sin (1:400, Abcam), human ERK(1:100, ZEN-BIOSCI-
ENCE), human p-ERK(1:100, ZEN-BIOSCIENCE) at a
temperature of 4 °C overnight. After washing three times
with PBS, sections were incubated at room temperature
with biotinylated secondary antibody (Vectastain ABC
Kit, Vector Laboratories, CA) for 30 min. Pathological
examinations were performed under light microscopy
by two pathologists blinded to the clinical information of
patients. For immunohistochemistry analysis, light levels
were adjusted to preset values before image acquisition to
ensure data fidelity. Image ] software was utilized to ana-
lyze area and Integrated Optical Density of all detectable
positively labeled cells and calculate the Average Optical
Density (AOD) for quantitative analysis according to the
formula: AOD =Integrated Optical Density / Area. Each
group contains three tumors. From each tumor, five slices
are selected from different parts, and three representative
fields of view are taken from each slice.

WES analysis

Genomic DNA from NSCLC primary tumors and
PDX tumors was extracted using Gen Elute Mammali-
anGenomic DNA Miniprep kits (Sigma-Aldrich, USA),
and was used for WES library construction. Briefly,
approximately 3 pug genomic DNA was sheared to 150—
220 bp fragments using sonicator (Covaris, MA). The
sheared deoxyribonucleic acid (DNA) was purified using
the Agencourt AMPure XP kit (Beckman Coulter, USA).
Adapters from Agilent were ligated onto the polished
ends and the libraries were amplified by polymerase
chain reaction (PCR). The exome capture was performed
using the Agilent SureSelect Human All Exon V6 (Agilent
Technologies, Santa Clara, CA) according to the manu-
facturer’s instruction. The DNA fragments bound with
the probes were washed and eluted with the buffer pro-
vided in the kit. Then these libraries were sequenced on
the Illumina sequencing platform (HiSeq X-10, Illumina,
Inc., CA) and 150 bp paired-end reads were generated.
The target coverage of the captured region was 100x. The
initial raw data were in fastq format and underwent pre-
processing using fastp (Version: 0.19.5), which included
adapter trimming and quality control. For WES data
from PDX tumors, we applied an additional step to filter
out mouse-originated reads using DeconSeq (version.
0.4.3) with the reference genomes of human (GRCh37)
and mouse (GRCm38). We kept the human-specific
reads only for subsequent analyses. The resulting clean
reads were then aligned to the reference human genome
(GRCh37) using BWA (version 0.7.12). The mapped
reads were sorted and indexed by using SAMtools (Ver-
sion 1.4). GATK (Version 4.1.0.0) was utilized for recali-
brating the base quality score and for realigning single
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nucleotide polymorphisms (SNPs) and insertion/deletion
(INDELs), while Picard (Version 4.1.0.0) was employed
to mark duplicate reads, resulting in the generation of
analysis-ready BAM files. These final BAM files served as
input for variant calling. During SNP and INDEL calling,
numerous annotation databases, including RefSeq, 1000
Genomes, the Catalogue of Somatic Mutations in Cancer
(COSMIC), and OMIM, were consulted and annotated
using ANNOVAR.

Epstein-Barr virus (EBV) detection assay

The presence of EBV specific RNA transcripts was deter-
mined by in situ-hybridization (ISH). EBER oligonucleo-
tides were added to formalin-fixed paraffin-embedded
tissue sections and detected using Epstein-Barr Virus
(EBER) PNA Probe/Fluorescein and PNA-ISH Detection
Kit (Dako, Denmark) according to the manufacturer’s
instructions.

Preclinical efficacy of chemo- and targeted therapies

in PDXs

The PDXs derived from Patient #18, #21, and #19 were
used to test the response to the conventional and tar-
geted chemotherapeutic drugs. In brief, the con-
ventional chemotherapeutics paclitaxel (7.5 mg/kg),
carboplatin (25 mg/kg), etoposide (30 mg/kg), and neda-
platin (10 mg/kg) were administered intravenously into
PDX mice every 5 days with a total of 4 dose, respec-
tively. The molecularly targeted agents sotorasib (10 mg/
kg), anlotinib (3 mg/kg) and trametinib (0.3 mg/kg) were
administered to PDX mice via oral gavage every 2 days
with a total of 10 dose, respectively. Each treatment arm
contained a minimum of three PDX replicates. Mice in
the control group received an equivalent volume of phos-
phate buffered saline (PBS). The treatment response was
evaluated by measuring the tumor volume of mice. As
previous reported, we defined PDX response as>20%
tumor shrinkage after treatment, no response as>20%
growth after treatment, and stable disease otherwise
(Stewart et al. 2015). Response in patients was evaluated
based on RECIST version 1.1 (Eisenhauer et al. 2009).

Construction of PDX model with acquired resistance

to osimertinib

The PDXs derived from Patient#42 were used to establish
osimertinib-resistant model. Briefly, the P3 generation of
PDXs were passaged into six NOD/SCID mice at the age
of 6-8 weeks. When the tumor volume reached approxi-
mately 100 mm?®, PDX mice were randomly divided into
osimertinib group and control group, with three mice
in each group. Mice in the osimertinib group received
10 mg/kg per day orally by gavage, while control mice
received an equivalent amount of PBS. Tumors were
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measured twice a week, until the volume of three con-
secutive measurements increased by 10% compared to
the volume of the previous measurement, at which point
drug resistance induction was considered successful.

Establishment of patient-derived cells

Fresh PDX tumors were collected and subsequently con-
ditioned in ice-cold PBS with 10 mM HEPES and 100
U/mL penicillin—streptomycin (Thermo Fisher Scien-
tific). Necrotic regions and adipose tissue were excised
wherever feasible. The tissues were then minced into
small pieces and digested in 5 ml of PBS/EDTA (1 mM)
containing collagenase I (Thermo Fisher Scientific) at a
concentration of 200 U/mL of the enzyme for a period
of one hour. The dissociated cells were collected using
40 mm filters. Following a 10-min centrifugation at 300 g
and 4 °C, the cell pellets were re-suspended in medium
and seeded at a concentration of 10° cells/cm?. The cul-
tures were maintained in an incubator at 37 °C with 5%
CO, and the cell growth medium was refreshed every
2-3 days. Once the cells were confluent, they were
digested with 0.05% EDTA-trypsin for passage. Cells
were stained with a human EpCAM antibody (Miltenyi
Biotec, Bergisch Gladbach, Germany) according to the
manufacturer’s instructions. Flow cytometry was per-
formed using FACSVerse (BD Biosciences, California,
USA) and analyzed with FlowJo software. The isolation
of primary tumour cells is deemed successful when the
number of EpCAM-positive cells exceeds 80% (Figure
S1).

Cell culture and transfection

The PC9 and H1975 NSCLC cell lines were acquired
from the American Type Tissue Collection (Manassas,
VA). They were cultured in RPMI 1640 medium supple-
mented with 10% FBS and 1X Antibiotic/Antimycotic.
All experiments were initiated during the logarithmic
growth phase. For transfection of cell plasmids, either
wild-type DUSP6 plasmids or mutated plasmids (Youbio
Biotechnology) were transiently transfected into PC9 or
H1975 cells using Lipofectamine 2000 reagent (Beyotime
Biotechnology) following the manufacturer’s protocol.
The protein expression level was determined by immuno-
blotting assay after culturing for 48 h.

Cell viability assay

According to the manufacturer’s instruction, cell viabil-
ity was determined using the Cell Counting Assay Kit-8
(CCK-8) (Beyotime Biotechnology). Briefly, differently
treated cells were seeded into 96-well plates at a den-
sity of 5000 cells/well. CCK-8 was added to the culture
medium at the indicated time points, and then the cells
were incubated for another 2 h. The optical densities at
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450 nm were detected, and the absorbance was used to
indicate cell survival. For the cytotoxicity assay, the cells
were pretreated with serial doses of osimertinib, and the
inhibition concentration (IC50) of this chemotherapeu-
tics was determined using probit analysis.

Western blot analysis

We extracted the total protein of the cells using RIPA
lysis buffer (Beyotime, China). Briefly, a total of 20 pg
of protein per sample was separated by 10% SDS/PAGE
and transferred to PVDF membranes. The membranes
were first incubated for 2 h at room temperature in
5% BSA and then overnight at 4 °C with primary anti-
bodies against ERK1/2 (1:1000; ZEN-BIOSCIENCE),
p-ERK1/2(1:1000; ZEN-BIOSCIENCE), DUSP6(1:1000;
Huabio), GAPDH(1:10000; ZEN-BIOSCIENCE), fol-
lowed by incubation with secondary antibodies (1:1000;
Beyotime) conjugated with horseradish peroxidase
at room temperature for 1 h. The protein bands were
detected by using an enhanced chemiluminescence plus
kit (Millipore, USA) as recommended by the manufac-
turer. The Western blot signals were quantitated by den-
sitometric analysis using Image].

Statistical analysis

All the graph, calculation, and statistical analyses were
generated using GraphPad Prism software version 8.0
for Windows (GraphPad Software, USA). To determine
clinical parameters that contributed to the establishment
of PDXs, the Fisher’s exact test was conducted to evalu-
ate the correlation between success rates and clinical
pathological parameters. For the therapeutics study, data
were analyzed by two-way ANOVA analysis of variance
for multiple comparisons, followed by Dunnett’s test for
comparisons between two groups. These data represent
at least three independent experiments and are expressed
as the means + SD. A value of P<0.05 was considered sta-
tistically significant.

Results

Histological subtype and clinical stage were affecting

the PDX establishment

In this study, we collected 62 tumor samples from 62 dif-
ferent patients with newly diagnosed NSCLC, who had
not been previously treated. The average age of patients
was 63.7 years, ranging from 44-79, 61% were females
(38 out of 62 cases), and 27% were smokers (17 out of 62
cases). Most of the patients (71%, 44 out of 62 cases) were
diagnosed in early stages of the disease (34 cases in stage
I, 10 cases in stage II); and 85% had ADC (53 out of 62
cases), with acinar, mucinous, and solid ADC being the
most prevalent subtypes. The primary tumors of these
patients originated from various lobes of the lung, among
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which the left upper lobe (LUL) was the most involved,
while the right middle lobe (RML) was the least (Fig. 1A).

The generation harboring the patient-derived tumor
tissue was termed PO, with subsequent generations num-
bered consecutively (P1, P2, P3 and so on). Engraftment
success was de-fined as completion of the transfer to the
third generation. Of the 62 engraftments, 13 led to the
successful establishment of PDXs, which included eight
ADC s, four SCCs, and one large-cell neuroendocrine car-
cinoma (LCNEC), representing a tumor take rate of 21%
(Table 1). Additionally, lymphoproliferations occurred in
3 (4.8%) xenografts, despite none of these patients hav-
ing a prior or subsequent clinical history of lymphopro-
liferative disease. As EBV-associated lymphoma occurs in
immunocompromised patients and transplant recipients,
we performed in situ hybridization for EBV-encoded
small RNAs (EBER) to assess the EBV status of these
lymphoproliferations (Shannon-Lowe et al. 2017). All
lymphoproliferations were positive for EBER and human
CD20 antigen, indicating these tumors were EBV-asso-
ciated human diffuse large B cell lymphoma which was
formed by clonal proliferation of human B-cell lympho-
cytes. In addition, the liver and spleen of these mice were
significantly larger than normal mice (Figure S2). Pre-
vious reports have shown that a small portion of PDXs
may undergo a transformation during passage processes,
resulting in the engraftments are of lymphocytic, rather
than tumor origin (Pearce et al. 2023; Williams et al.
2019). Therefore, they were excluded from subsequent
analysis. Next, we analyzed the relationship between
engraftment rate of specimens and clinicopathological
parameters in NSCLC patients, and found that histo-
logical subtype and clinical stage were significant factors
affecting the PDXs engraftment. The success rate of ADC
(8/53; 15%) was remarkably lower in comparison with
the other subtypes (SCC, 4/7, 57%; LCNEC, 1/1, 100%),
and the advanced stage (III/IV; 7/18, 39%) was linked to
higher chance of a successful engraftment compared with
the early stage (I/II; 6/44, 13.6%). However, other fac-
tors, including age, sex, smoking status, primary tumor
size, and lymphatic metastasis, did not correlate with
the engraftment rate (Table 2). Moreover, patients with
successful tumor engraftment had a significantly shorter
DFES and OS than those without establishment of PDX
(Fig. 1B). Additionally, we observed the growth char-
acteristics of the successfully implanted tumors, PDX
tumors were passaged three generations in mice (P1-3),
in addition to the original xenograft (P0). Our results
showed that the time required for grafts from differ-
ent patients to grow to 300 mm? fluctuated between 42
and 177 days in PO generation, with the average growth
time of 116 days. However, the latency time of the subse-
quent passages became shorter, and the average growth
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Fig. 1 Clinicopathological characteristics of NSCLC patients and PDX tumor growth characteristics. A Clinicopathological characteristics of NSCLC
patients. ADC, adenocarcinoma; SCC, squamous cell carcinoma; LCNEC, Large cell neuroendocrine carcinoma; LUL, left upper lobe; RLL, right
lower lobe; RML, right middle lobe; LLL, left lower lobe; RUL, right upper lobe. B Kaplan-Meier curves for DFS and OS of NSCLC patients according
to the engraftment status of their corresponding PDXs. Kaplan—Meier survival analysis and log-rank test were used to perform the survival analysis
(No-PDX: n=49; PDX: n=13). CThe scatter plot represents the time to reach 300 mm? tumor volume in mice; each point represents the time taken
for a tumor to reach 300mm?. D Growth curves of PDX engrafted tumors from 9 ADC patients. E Growth curves of PDX engrafted tumors from 4
SCC patients. F Growth curves of 3 PDX engrafted tumors from one LCNEC patient
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Table 1 Clinical and pathological characteristics of 13 NSCLC patients

PatientID Sex Age (years) Smoking Histology TNM Stage Site Tumorsize Metastasis Driver oncogene status
habits (cm3)

Patient#1 Female 50 No ADC T2N3M1 IVA LLL 1350 Yes ALK*

Patient#3 Female 64 No SCC T1IbNOMO A2 RLL 1.52 No WT

Patient#9 Male 68 Yes ADC T1bN2MO  1IIA RUL 5.78 Yes WT

Patient#18 Female 69 No ADC T2aN2MO  1IIA LuL 1280 Yes KRAS G12C

Patient#19  Male 66 Yes LCNEC T2aNOMO 1B LLL 1350 No WT

Patient#21  Male 58 Yes SCC T2aNOMO 1B RLL  14.60 No WT

Patient#30 Female 56 No ADC TIcNOMO  |A3 LLL  19.60 No EGFR exon 21 L858R

Patient#42  Female 78 No ADC T1IcN2MO  1lIA RUL 2720 Yes EGFR exon 21 L858R

Patient#43  Female 56 No ADC TIcNOMO  |A3 LuL 2740 No WT

Patient#44  Female 44 No ADC T4NXM1a VA LUL 2780 Yes EGFR exon 19 del

Patient#46 ~ Male 63 Yes SCC T2aNTMO  1IB LLL 2930 Yes KRAS G13C

Patient#49  Male 63 Yes SCC T4NOMO A LUL 3034 No WT

Patient#50  Female 59 No ADC T2N2MO A LUL 3197 Yes EGFR exon 21 L858R

Driver oncogene: The American Society of Clinical Oncology (ASCO) advocates for routine mutation testing of driver genes, including EGFR, ALK, ROS1, and BRAF, in

patients with non-small cell lung cancer (NSCLC)

TNM tumor node metastasis, ADC adenocarcinoma, SCC squamous cell carcinoma, LCNEC Large cell neuroendocrine carcinoma, LUL left upper lobe, RLL right lower

lobe, RML right middle lobe, LLL left lower lobe, RUL right upper lobe

time decreased to 101, 61, and 39 days in P1, P2, and P3
generation, respectively (Fig. 1C). In addition, the growth
curves of xenografts from the same tumor tissue in spe-
cific passages were similar, but not entirely consistent,
which might be due to the heterogeneity of tumor cells
from a single tumor tissue and the interindividual dif-
ference in the immune reactivity of mice. However, the
growth curves of xenografts from different pathological
tissues in specific passages were significantly different.
Among them, LCNEC showed the fastest growth, fol-
lowed by SCC and ADC (Fig. 1D-F).

PDX tumors preserve morphologic and genetic features

of the primary tumors

To evaluate whether the established PDXs could retain
histological characteristics with the primary tumors
from patients, we performed histopathological and
immunohistochemical (IHC) examinations using all
successfully grafted PDX tumors and their correspond-
ing patient tissues. Tumor sections were stained with
hematoxylin and eosin (H&E), and immune-stained for
clinically relevant biomarkers, including the primary
markers for ADC (TTF1 and Napsina), SCC (P63), as
well as LCNEC (CD56, Synaptophysin, Chromogranin).
H&E staining revealed that the PDX tumors were typi-
cally poorly differentiated and lacked certain structural
features observed in the primary tumors, such as the aci-
nus and nipple formations seen in ADC, as well as the
keratinized structure present in SCC. This indicates that
the poorly differentiated components are more prone to
tumor formation in the PDX model. Nevertheless, tumor

cell morphology such as irregular cellular patterns and
heterogeneous nuclei remained similar to the primary
tumor, and the adenocarcinoma cytoplasm was similarly
heterogeneously stained. Additionally, the expression of
biomarkers was positive and coincident in patient and
mice tissues, which maintained over multiple passages
(Fig. 2A). The results showed that the morphology and
immunophenotype of PDX tumors were similar to pri-
mary tumors.

To further investigate whether the PDXs preserved the
genetic profiles of the primary tumors, we performed
whole exome sequencing (WES) analysis on tumors from
three representative patients (one ADC (Patient#18), one
SCC (Patient#21), and one LNENC (Patient#19)) and
their corresponding PDX tumors (P3 generation). The
number of different types of SNPs and InDels mutations
detected in primary tumors and PDX tumors is shown
in Fig. 2B. Compared to patient tumors, the detected
number of single nucleotide polymorphisms (SNPs),
insertions, and deletions (INDELs) in the matched PDX
tumors were dramatically increased. A total of 18,335,
18,449, and 24,731 SNPs were detected in the tumors
of Patient#18, Patient#21, and Patient#19, respec-
tively. However, 31,175, 30,122, and 30,739 SNPs were
detected in their matched PDX tumors. Similarly, 1,906,
1,945, and 4,285 INDELs were detected in the tumors
of Patient#18, Patient#21, and Patient#19, respectively,
while 6,015, 5,662, and 6,689 INDELs were detected
in their matched PDX tumors. Approximately 88—99%
of SNPs found in the patient tumors were retained in
their matched PDXs. Correlation analysis indicated the
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Table 2 Correlation between clinical characteristics of NSCLC
patients and establishment of PDXs

Variables Engrafting Non- Total Established Pvalue
engrafting rate (%)

Engraftment 13 49 62 21.0%

Age
<60 6 18 24 25% 0.541
>60 7 31 38 18.4%

Sex
Female 8 30 38 21.1% >0.999
Male 5 19 24 20.8%

Smoking status
Never 8 37 45 17.8% 0319
Former/ 5 12 17 29.4%
current

Histology
ADC 8 45 53 15.1% 0.042*
SCC 4 3 7 57.1%
LCNEC 1 0 1 100%
Others 0 1 1 0

Stage
1711 6 38 44 13.6% 0.040*
/v 7 M1 18 38.9%

Tumor size (cm?)
<1lem® 2 14 16 12.50% 0484
>11cm® 11 35 46 2391%

Metastasis
Negative 6 32 38 18.8% 0222
Positive 7 17 24 29.2%

Site
left lung 9 20 29 31.03% 0.116
Rightlung 4 29 33 12.12%

" Fisher's exact test

similarity of SNV mutation in each pair of PDX and their
corresponding primary tumor, with R-values all greater
than 0.91(Fig. 2C). Mutations in 40 cancer-associated
genes were generally preserved between PDX and patient
tumors (Chakravarty et al. 2017; Rhodes et al. 2007;
Ananda et al. 2015)(Fig. 2D). Together, these results show
that PDXs retain the genetic profiles of their primary
tumors.

PDX model guided the selection of potentially effective
therapy in NSCLC

We have shown the histological and genetic consistence
between PDX model and patient.

To further assess the value of our PDXs in clinical
individualized treatment for NSCLC patients, three
typical NSCLC patients (Patient#18, Patient#21, and
Patient#19) with established corresponding PDXs (P3
generation) were evaluated. Patient#18 was a 69-year-old
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non-smoking female, computed tomography (CT)
revealed a 3.4*1.8 cm mass in the left upper lobe, which
was pathologically diagnosed as low-differentiated ADC
(T2aN2MO, stage IIIA), accompanied by Kirsten RAS
(KRAS) G12C mutation. Patient#21 was a 58-year-old
smoking male, CT results showed a 3.1*2.6 cm mass in
the right lower lobe. Pathological examination showed
a moderately differentiated SCC (T2aNOMO, stage IB).
After surgery, both patients received 4 cycles of pacli-
taxel plus carboplatin treatment, and achieved clinical
complete response. Patient#19 was a 66-year-old smok-
ing male, CT scan demonstrated a mass of 2.6*2.2 cm in
the left lower lobe, and the pathological diagnosis was
LCNEC (T2aNOMO,IB stage). After surgery, this patient
received 6 cycles of etoposide plus nedaplatin treatment,
and achieved clinical complete response (Figure S3).

In PDXs, we first validated the therapeutic efficacies of
abovementioned conventional chemotherapy regimens,
and found that both treatments significantly inhibited the
growth of PDX tumors, with the responses were entirely
consistent with those of their corresponding patients.
However, the mice experienced significant weight loss,
especially in ADC and SCC groups, which indicated a
high toxicity of these conventional chemotherapeutic
drugs. Therefore, we simultaneously investigated the effi-
cacy and toxicity of sotorasib and anlotinib in the ADC
and SCC PDX, respectively, based on the genetic status of
tumors. Sotorasib is a novel KRAS-G12C inhibitor, and
approved for the treatment of adult patients with KRAS
G12C-mutated locally advanced or metastatic NSCLC
who have received at least one prior systemic therapy
(Blair 2021). Anlotinib is a multiple TKI and approved
for the treatment of patients with locally advanced or
metastatic NSCLC who have undergone progression
or recurrence after>2 lines of systemic chemother-
apy (Syed 2018). As expected, these two targeted drugs
showed dramatically better efficacy and lower toxic-
ity compared with the conventional chemotherapeutic
agents, and were the optimized treatments for these two
patients (Fig. 3). These results indicate that the treatment
response of PDXSs is similar to the clinical results. What’s
more, the application of sotorasib and anlotinib in PDX
model provided newly insight in the preclinical evidence
for NSCLC treatmen.

The involvement of MAPK-ERK signaling pathway

in acquired resistance to osimertinib in NSCLC
Osimertinib is the first-line therapy for EGFR-mutated
NSCLC patients. To investigate the mechanisms under-
lying acquired resistance to osimertinib, we constructed
an osimertinib-resistant PDX model as detailed in the
methods section, which was derived from a 78-year-old
non-smoking female with L858R mutation in exon 21
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Fig. 2 Morphologic and Genetic characteristics of the primary tumors and corresponding PDX tumors. A Representative images of the primary

tumors and corresponding PDX tumors. Scale bar, 50 um. B The total number of mutated genes detected in three pairs of tumors, the left

graph illustrates the count of SNPs, while the right graph illustrates the count of InDels, all mutations on a single gene are counted only once.

C Comparison of gene mutation similarity between the primary tumors and paired P3 generation PDX tumors, variant allele frequencies

(VAF) of major mutations identified in both patient and PDX tumors were analyzed. Sites exhibiting no mutation or multiple mutated bases
in both samples were excluded from further analysis. Additionally, sites with a Total Depth (DP) below 30 in either sample were also excluded. D
Mutation status of 40 cancer-associated genes were compared between the primary tumors and corresponding PDXs
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Fig. 3 Efficacy validation of conventional and targeted chemotherapeutic agents in PDXs. A The curves for tumor volume and mice body weight
of PDXs derived from Patient#18 after treatment with paclitaxel + carboplatin or sotorasib. B The curves for tumor volume and mice body weight
of PDXs derived from Patient#21 after treatment with paclitaxel + carboplatin or anlotinib. CThe curves for tumor volume and mice body weight
of PDXs derived from Patient#19 after treatment with etoposide + nedaplatin. Differences in tumor growth between treatment groups were
evaluated using two-way ANOVA, followed by Dunnett’s test for comparisons between two groups. Each group contains three mice, *P<0.05,

**P<0.01,***P<0.001

of EGFR (Patient#42). CT scan demonstrated a mass of
4.3*3.3 cm in the right upper lobe, and the pathological
diagnosis was ADC (T1cN2MO, IIIA stage). After sur-
gery, started taking osimertinib 80 mg/day. There were
no significant side effects, and the patient had a clinical
complete response (Figure S3). Osimertinib has been
effective for 18 months to date. Following osimertinib
treatment, the PDX model exhibited a slower growth rate
for tumors compared to the control group. Additionally,

a reduction in tumor size was observed after four weeks.
However, after about 15 weeks of continuous osimertinib
treatment, tumors increased exponentially, confirming
the development of acquired resistance to osimertinib
(Fig. 4A). In order to explore the resistance mechanisms
and alternative therapies, tumors from osimertinib-
resistant and -sensitive PDXs were subjected to WES
analysis. Results showed that the detected number of
mutations in osimertinib-resistant PDX tumors was
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Fig. 4 Induction of acquired resistance to osimertinib in NSCLC PDX model. A PDX tumor growth curves under continued treatment
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before and after osimertinib resistance in PDX tumors. C, D GO Biological process terms and KEGG enrichment analyses of mutant genes involved

in osimertinib resistance in PDX tumors

dramatically increased, which was about 10 times more
frequent than sensitive tumors. Many wild-type genes in
sensitive tumors underwent mutation during the devel-
opment of osimertinib resistance, such as dual-specific-
ity phosphatase 6 (DUSP6), Ras p21 protein activator 1
(RASA1), ATRX, SETDS, etc. However, the common
genetic alterations involved in osimertinib resistance,
such as EGFR C797S, MET amplification, and BRAF
mutation(Cooper et al. 2022), were not detected in osi-
mertinib-resistant PDXs (Fig. 4B). Then we performed
Gene Ontology (GO) Biological process terms and Kyoto
Encyclopedia of Genes and Genomes (KEGG) path-
way enrichment analyses for the variant genes occurred
within osimertinib-resistant PDX tumors. The results
suggest that these genes were significantly clustered in
the protein phosphorylation term and MAPK-ERK sign-
aling pathway. Interestingly, both DUSP6 and RASA1
can decrease the protein phosphorylation and activity of
MAPK-ERK pathway (Chen et al. 2019, 2020), and their
genetic mutations might abolish their functions (Vo et al.

2019; Hayashi et al. 2018). M621 mutation of DUSP6 was
identified in all three osimertinib-resistant PDX tumors,
while T846A, N850S, or 1931T mutation of RASAI was
detected in at least one osimertinib-resistant PDX tumor.
Therefore, the overactivation of MAPK-ERK signaling
pathway might play a pivotal role in the development
of osimertinib resistance in Patient#42, and the specific
inhibitors for this pathway could be considered as an
alternative treatment after osimertinib failure.

DUSP6 M62] mutation reduces osimertinib sensitivity

in NSCLC

It is well known that MAPK-ERK signaling pathway plays
a pivotal role in various biological events, including meta-
bolic reprogramming, cell proliferation, survival, and dif-
ferentiation (Asl et al. 2021). DUSP6, a broadly expressed
dual-specificity phosphatase protein, has been assumed
to bind and dephosphorylate ERK, leading to decreased
ERK activity (Vo et al. 2019). In our osimertinib-resistant
PDX tumors, we found a consensus missense variant,
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M62I, located within the ERK-binding domain of DUSP6.
Previous research has suggested that M62I mutation
could reduce the interaction between DUSP6 and ERK,
resulting in increased ERK phosphorylation and ERK
activity (Vo et al. 2019). However, it has not been evalu-
ated so far whether the DUSP6 M62I mutation could
influence the sensitivity of osimertinib. To further elu-
cidate the activation status of the MAPK-ERK signaling
pathway and the expression level of DUSP6 in osimerti-
nib-sensitive and -resistant PDX tumors, we conducted
WB analysis on PDX tumors and primary tumor cells
isolated from PDX tumors. As anticipated, we observed
no significant difference in DUSP6 levels between the
two groups, while p-ERK levels were elevated in resistant
tumors in comparison to sensitive tumors (Fig. 5A-D).
IHC analysis results also showed the level of p-ERK was
increased in the resistant tumors compared to the sensi-
tive tumors (Fig. 5E-F). To further investigate the effect of
the DUSP6 M62I mutation on the sensitivity of NSCLC
to Osimertinib, we overexpressed wild-type (WT)
DUSP6 and M621 mutant DUSP6 in PC9 and H1975 cell
lines, and evaluated DUSP6 protein level using Western
blot. The data showed a significant increase in DUSP6
expression after transfection, with no significant differ-
ence between the WT and M62I mutant groups (Figure
S4). The results demonstrate successful overexpression
of DUSP6 and suggest that the M62I mutation has no
effect on DUSP6 protein expression. However, we found
that the effect of osimertinib on p-ERK1/2 inactivation
was dramatically enhanced after DUSP6 overexpres-
sion, while it was attenuated by M62I DUSP6 mutation
(Fig. 5G-H). Moreover, we found that overexpression of
DUSP6 showed a synergistic anti-viability effect with
osimertinib in NSCLC cells, but DUSP6 M62I mutation
significantly decreased the cellular osimertinib sensitiv-
ity. (Fig. 5I). Finally, we selected trametinib, a specific
inhibitor of the MAPK-ERK signaling pathway (Han
et al. 2021), to treat osimertinib-resistant PDX mice and
primary tumor cells isolated from osimertinib-resistant
PDX tumors, and the results showed that the tumor
growth was significantly slowed down and the cell viabil-
ity was statistically significant reduction after combined
application of osimertinib and trametinib (Fig. 5J-K).
Collectively, these data demonstrate that the DUSP6
M62I mutation-induced MAPK-ERK pathway overacti-
vation is an important mechanism and therapeutic target
of osimertinib resistance in NSCLC.

Discussion

As one of the most lethal malignancies worldwide,
NSCLC has become a paradigm of precision medi-
cine, with the discovery of numerous subtypes defined
by specific oncogenic driver mutations leading to the
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development of a range of molecular targeted therapies
(Otano et al. 2023). During the past 20 years, more than
30 drugs have been approved by the FDA as treatments
for NSCLC, including 28 targeted therapeutic drugs
(Wu and Lin 2022). However, due to the continual dis-
covery of novel driver oncogenes and the emergence of
drug resistance, there is an urgent need to develop new
drugs to meet clinical demands. Exploring new treat-
ment targets and testing new treatment strategies using
appropriate in vivo models should be prioritized. For
traditional animal models, it is impossible to simulate all
subtypes of NSCLC, but PDXs can overcome this limi-
tation, which recapitulate faithfully many aspects of the
primary tumors histology, karyotype, and genomics, as
well as expected sensitivity and resistance patterns to
various treatment regimens observed in patients (Woo
etal. 2022).

In this study, we successfully established 13 PDXs from
62 NSCLC surgery patients, including eight ADC, four
SCC, and 1 LCNEC. Consistent to previous studies, the
grafting efficiency positively correlated with the histo-
logical subtype and clinical stage of the primary tumors.
ADC was found to have a lower grafting efficiency com-
pared to SCC and LCNEC, which is likely due to the
inherent properties of these histologic subtypes (Pardo-
Sanchez et al. 2021; Kanaki et al. 2021). Additionally, we
reported here that the ability to establish PDXs was a
strong marker of poor prognosis for both OS and PSF in
NSCLC, which is consistent with the results from EGFR-
mutant NSCLC PDXs (Stewart et al. 2015). This could
be attributed to the survival period of patients and the
chance of tumor formation in mice are both negatively
correlated with the degree of tumor malignancy.

A large number of studies have confirmed that PDXs
can preserve well the morphological and genetic charac-
teristics of the primary tumors (Liao et al. 2023; Jung et al.
2020; Chen et al. 2021). In this study, we also analyzed
the histological characteristics of the tumors by using a
combination of markers that serve as diagnostic tools for
the NSCLC subtype. We found that the gross morpho-
logic and histologic features of the primary tumors were
preserved in PDX tumors. But the PDX tumors were
usually poorly differentiated and did not have some his-
tology-specific structures, which is consistent with pre-
vious finding (Wu et al. 2018). This might be due to the
fact that the poorly differentiated parts of patient tumors
tend to be preserved and form tumors in mice, but these
poorly differentiated parts can reflect drug efficacy and
prognosis of the patients more accurately (Yamazaki et al.
2012; Tajima et al. 2017). In the genetic aspect, most of
SNPs found in the primary tumors were retained in their
matched PDXs. However, dramatically increased num-
ber of genetic alterations were detected in PDX tumors
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Fig. 5 DUSP6 M62I mutation reduces drug osimertinib sensitivity in NSCLC. A-D, E-F Expression of ERK1/2 and p-ERK1/2 in osimertinib-sensitive
and -resistant PDX tumors. Scale bar, 50 um. AOD: Average Optical Density. Each group contains three tumors. From each tumor, five slices were
selected from different parts, and three representative fields of view were taken from each slice. G-H The effects of osimertinib-induced ERK
inhibition were examined in NSCLC cells transfected with WT DUSP6 or M62| mutant DUSP6, or a negative control (NC) plasmid. G, Representative
western blot showing p-ERK and ERK expression in PC9 and H1975 cell. H, Quantification of p-ERK expression levels normalized to ERK. 1 The
impacts of WT DUSP and M62I mutant DUSP on the osimertinib-induced cell viability decrease in NSCLC cells. J Trametinib increased osimertinib
sensitivity in osimertinib-resistant PDXs mice. K CCK8 assays were performed to assess the primary tumor cells isolated from osimertinib-resistant
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compared to their primary tumors, which might be due
to the fact that when the primary tumor is growing in
mice, the tumor cells need to adapt to the new host envi-
ronment, leading to enhanced genomic instability and
increased mutation rate. Furthermore, the discrepancy
may be attributed to the higher tumor purity observed

in the PDX tumors. The higher tumor purity observed in
PDX tumors following the removal of mouse read con-
tamination will facilitate the detection of genetic altera-
tions which are at a low frequency in the primary tumor.
Next, we selected three patients (one ADC, one SCC,
and one LCNEC) and their corresponding PDXs to carry



Wang et al. Molecular Medicine (2024) 30:209

out the drug experiments. The clinical responses of
patients were also observed in their paired PDX models,
but two targeted drugs, sotoasib and anlotinib, showed
better efficacy and lower toxicity than conventional
chemotherapy in the ADC and SCC PDX, respectively. In
other words, the conventional chemotherapy in the clinic
is not the best treatment for these two patients. However,
there are limitations to the use of PDX models in cancer
research. The implantation rate of PDX models for slow-
growing tumors remains limited, which can make their
application in personalized medicine time-consuming.

As we know, the establishment of PDX model needs
a considerably long time for initial tumor engraftment,
which would limit its usefulness as a director to select
the first-line regimens for patients. However, success-
fully engrafted PDXs could be used as a co-clinical
study model for patients to choose appropriate second-
or third-line regimens. According to our results, these
two NSCLC patients might be benefited from sotora-
sib or anlotinib treatments after failure of conventional
chemotherapy.

In the application of PDX model, we probed into
the mechanisms of acquired resistance to osimertinib.
Based on the WES analysis, we identified that the variant
genes in osimertinib-resistant PDX tumors were mostly
enriched in protein phosphorylation term and MAPK-
ERK pathway, and two mutant genes, DUSP6 and RASA1I,
are simultaneously involved in the phosphorylation and
activation of MAPK-ERK pathway. Therefore, DUSP6 is
considered as a potential tumor suppressor (Kidger and
Keyse 2016). Previous studies have confirmed that in
NSCLC cells, knocking down DUSP6 results in enhanced
ERK activation, whereas overexpressing DUSP6 leads to
a decreased ERK activation and enhanced cell apoptosis
(Zhang et al. 2010). In addition, DUSP6 has a synergis-
tic effect with EGFR-TKI, and was found to be down-
regulated after EGFR-TKI resistance (Howell et al. 2023).
We could conclude that mutations in DUSP6 could be a
potential effective target for clinical treatment. Consist-
ent with previous research, we also found that DUSP6
attenuated ERK activation and had a synergistic anti-
proliferation effect with osimertinib in NSCLC cells,
which was abolished by M621 mutation. Therefore, we
combined trametinib, the first FDA-approved MEK
inhibitor for the treatment of BRAF V600E-mutant
melanoma, to treat tumors with acquired resistance to
osimertinib. Both previous investigations (Jeanson et al.
2019) and our findings in this study have shown that tar-
geting MAPK-ERK pathway with MEK inhibitors can
overcome acquired resistance to osimertinib, indicating
that trametinib might be an optimal choice for NSCLC
patients with osimertinib resistance (Li et al. 2020; Della
Corte et al. 2018; Tricker et al. 2015).
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In summary, we established 13 serially transplantable
PDXs for NSCLC. These PDXs recapitulated the features of
the primary tumors, and the treatment responses for con-
ventional chemotherapeutic agents in them were consistent
with their corresponding patients in the clinic. Moreover,
based on PDXs were excellent models, we select the opti-
mized treatments, as well as to characterize the chemore-
sistance mechanisms for individual NSCLC patient, which
is promising to be applied to the clinical in the future.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/510020-024-00934-4.

[ Additional file 1. }

Acknowledgements

We would like to thank all the patients for participating in the study. We
would also like to extend our gratitude to all the medical staff implicated in
this project.

Author contributions

Study conception and design: LX.W. and D.C,; acquisition of data: X.QW.,, J.Z,
LLL and QL.Z; analysis and interpretation of data: Y.TH. and CJW, writing—
original draft preparation: X.QW. and L.L.L; writing—review and editing: LXW.
and D.C, funding acquisition: LX.W. All authors have read and agreed to the
published version of the manuscript.

Funding

This work was supported by the Natural Science Foundation of China (No.
82073938, 82274023, 82373135), Youth Innovation in Future Medicine,
Chongging Medical University (No. W0093), and the Scientific and Technologi-
cal Research Program of Chongging Municipal Education Commission (No.
KJQN202200432).

Availability of data and materials
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate

This study was approved by the ethics committee board of the First Affiliated
Hospital of Chongging Medical University (Approval number: 2022-K432), and
was registered with the Chinese Clinical Trial Registry (No. ChiCTR2200066004).
All animal studies were carried out in accordance with the National Institutes
of Health Guide for the Care and Use of Laboratory Animals, and approved by
the Animal Ethics and Experimental Committee of the Chongging Medical
University. Informed consent was obtained from all subjects involved in the
study.

Consent for publication
Consent for publication was obtained from the participants.

Competing interests
The authors declare no competing interests.

Received: 25 June 2024 Accepted: 11 September 2024
Published online: 11 November 2024

References
Ananda G, Mockus S, Lundquist M, Spotlow V, Simons A, Mitchell T, et al.
Development and validation of the JAX cancer treatment profile™ for


https://doi.org/10.1186/s10020-024-00934-4
https://doi.org/10.1186/s10020-024-00934-4

Wang et al. Molecular Medicine (2024) 30:209

detection of clinically actionable mutations in solid tumors. Exp Mol
Pathol. 2015;98(1):106-12.

Asl ER, Amini M, Najafi S, Mansoori B, Mokhtarzadeh A, Mohammadi A, et al.
Interplay between MAPK/ERK signaling pathway and MicroRNAs: a crucial
mechanism regulating cancer cell metabolism and tumor progression.
Life Sci. 2021;278: 119499.

Blair HA. Sotorasib: first approval. Drugs. 2021;81(13):1573-9.

Boumahdi S, de Sauvage FJ. The great escape: tumour cell plasticity in resist-
ance to targeted therapy. Nat Rev Drug Discov. 2020;19(1):39-56.

Chakravarty D, Gao J, Phillips S, Kundra R, Zhang H, Wang J, et al. OncoKB: a
precision oncology knowledge base. JCO Precis Oncol. 2017;1:1-16.

Chen HF, Chuang HC, Tan TH. Regulation of dual-specificity phosphatase
(DUSP) ubiquitination and protein stability. Int J Mol Sci. 2019. https://doi.
0rg/10.3390/ijms20112668.

Chen D, Geng X, Lapinski PE, Davis MJ, Srinivasan RS, King PD. RASA1-driven
cellular export of collagen IV is required for the development of lym-
phovenous and venous valves in mice. Development. 2020. https://doi.
0rg/10.1242/dev.192351.

Chen X, Shen C,Wei Z, Zhang R, Wang Y, Jiang L, et al. Patient-derived non-
small cell lung cancer xenograft mirrors complex tumor heterogeneity.
Cancer Biol Med. 2021;18(1):184-98.

Cooper AJ, Sequist LV, Lin JJ. Third-generation EGFR and ALK inhibitors:
mechanisms of resistance and management. Nat Rev Clin Oncol.
2022;19(8):499-514.

Della Corte CM, Ciaramella V, Cardone C, La Monica S, Alfieri R, Petronini PG,
et al. Antitumor efficacy of dual blockade of EGFR signaling by osimer-
tinib in combination with selumetinib or cetuximab in activated EGFR
human NCLC tumor models. J Thorac Oncol. 2018;13(6):810-20.

Dobrolecki LE, Airhart SD, Alferez DG, Aparicio S, Behbod F, Bentires-Alj M, et al.
Patient-derived xenograft (PDX) models in basic and translational breast
cancer research. Cancer Metastasis Rev. 2016;35(4):547-73.

Eisenhauer EA, Therasse P, Bogaerts J, Schwartz LH, Sargent D, Ford R, et al.
New response evaluation criteria in solid tumours: revised RECIST guide-
line (version 1.1). Eur J Cancer. 2009;45(2):228-47.

Gomatou G, Syrigos N, Kotteas E. Osimertinib resistance: molecular mecha-
nisms and emerging treatment options. Cancers. 2023. https://doi.org/
10.3390/cancers15030841.

Grunblatt E, Wu N, Zhang H, Liu X, Norton JP, Ohol Y, et al. MYCN drives chem-
oresistance in small cell lung cancer while USP7 inhibition can restore
chemosensitivity. Genes Dev. 2020;34(17-18):1210-26.

Han J, LiuY, Yang S, Wu X, Li H, Wang Q. MEK inhibitors for the treatment of
non-small cell lung cancer. J Hematol Oncol. 2021;14(1):1.

Hayashi T, Desmeules P, Smith RS, Drilon A, Somwar R, Ladanyi M. RASAT and
NF1 are preferentially co-mutated and define a distinct genetic subset
of smoking-associated non-small cell lung carcinomas sensitive to MEK
inhibition. Clin Cancer Res. 2018;24(6):1436-47.

Howell MC Jr, Green R, Cianne J, Dayhoff GW, Uversky VN, Mohapatra S, et al.
EGFR TKI resistance in lung cancer cells using RNA sequencing and ana-
lytical bioinformatics tools. J Biomol Struct Dyn. 2023;41(19):9808-27.

Huang L, Bockorny B, Paul I, Akshinthala D, Frappart PO, Gandarilla O, et al.
PDX-derived organoids model in vivo drug response and secrete bio-
markers. JCI Insight. 2020. https://doi.org/10.1172/jci.insight.135544.

Jeanson A, Boyer A, Greillier L, Tomasini P, Barlesi F. Therapeutic potential of
trametinib to inhibit the mutagenesis by inactivating the protein kinase
pathway in non-small cell lung cancer. Expert Rev Anticancer Ther.
2019;19(1):11-7.

Jung HY, Kim TH, Lee JE, Kim HK, Cho JH, Choi YS, et al. PDX models of human
lung squamous cell carcinoma: consideration of factors in preclinical and
co-clinical applications. J Transl Med. 2020;18(1):307.

Kanaki Z, Voutsina A, Markou A, Pateras IS, Potaris K, Avgeris M, et al. Genera-
tion of non-small cell lung cancer patient-derived xenografts to study
intratumor heterogeneity. Cancers (Basel). 2021. https://doi.org/10.3390/
cancers13102446.

Karkampouna S, La Manna F, Benjak A, Kiener M, De Menna M, Zoni E, et al.
Patient-derived xenografts and organoids model therapy response in
prostate cancer. Nat Commun. 2021;12(1):1117.

Kidger AM, Keyse SM. The regulation of oncogenic Ras/ERK signalling by dual-
specificity mitogen activated protein kinase phosphatases (MKPs). Semin
Cell Dev Biol. 2016;50:125-32.

Page 150f 16

Kuribayashi K, Funaguchi N, Nakano T. Chemotherapy for advanced non-small
cell lung cancer with a focus on squamous cell carcinoma. J Cancer Res
Ther. 2016;12(2):528-34.

LiY, Zang H, Qian G, Owonikoko TK, Ramalingam SR, Sun SY. ERK inhibition
effectively overcomes acquired resistance of epidermal growth factor
receptor-mutant non-small cell lung cancer cells to osimertinib. Cancer.
2020;126(6):1339-50.

Liao H, Zhou S, Chen S, Li J, Zhang Z, Meng L, et al. Establishment and char-
acterization of patient-derived xenograft model of non-small-cell lung
cancer derived from malignant pleural effusions. Cancer Manag Res.
2023;15:165-74.

LiuY, Wu W, Cai C, Zhang H, Shen H, Han Y. Patient-derived xenograft models
in cancer therapy: technologies and applications. Signal Transduct Target
Ther. 2023;8(1):160.

Meador CB, Hata AN. Acquired resistance to targeted therapies in NSCLC:
updates and evolving insights. Pharmacol Ther. 2020;210: 107522.

Nicholson AG, Tsao MS, Beasley MB, Borczuk AC, Brambilla E, Cooper WA, et al.
The 2021 WHO classification of lung tumors: impact of advances since
2015. JThorac Oncol. 2022;17(3):362-87.

Otano |, Ucero AC, Zugazagoitia J, Paz-Ares L. At the crossroads of immuno-
therapy for oncogene-addicted subsets of NSCLC. Nat Rev Clin Oncol.
2023;20(3):143-59.

Pardo-Sanchez JM, Mancheno N, Ceron J, Jorda C, Ansotegui E, Juan O, et al.
Increased tumor growth rate and mesenchymal properties of NSCLC-
patient-derived xenograft models during serial transplantation. Cancers.
2021. https://doi.org/10.3390/cancers13122980.

Pearce DR, Akarca AU, De Maeyer RPH, Kostina E, Huebner A, Sivakumar M,
et al. Phenotyping of lymphoproliferative tumours generated in xeno-
grafts of non-small cell lung cancer. Front Oncol. 2023;13:1156743.

Rhodes DR, Kalyana-Sundaram S, Mahavisno V, Varambally R, Yu J, Briggs BB,
et al. Oncomine 30: genes, pathways, and networks in a collection of
18,000 cancer gene expression profiles. Neoplasia. 2007;9(2):166-80.

Schueler J, Tschuch C, Klingner K, Bug D, Peille AL, de Koning L, et al. Induction
of acquired resistance towards egfr inhibitor gefitinib in a patient-derived
xenograft model of non-small cell lung cancer and subsequent molecu-
lar characterization. Cells. 2019. https://doi.org/10.3390/cells8070740.

Sereti E, Karagianellou T, Kotsoni |, Magouliotis D, Kamposioras K, Ulukaya
E, et al. Patient derived xenografts (PDX) for personalized treatment of
pancreatic cancer: emerging allies in the war on a devastating cancer? J
Proteomics. 2018;188:107-18.

Shannon-Lowe C, Rickinson AB, Bell Al. Epstein-Barr virus-associated lympho-
mas. Phil Trans R Soc: Biol Sci. 2017;372(1732):20160271.

Soria JC, Ohe Y, Vansteenkiste J, Reungwetwattana T, Chewaskulyong B, Lee
KH, et al. Osimertinib in untreated EGFR-mutated advanced non-small-
cell lung cancer. N EnglJ Med. 2018;378(2):113-25.

Sorokin AV, Kanikarla Marie P, Bitner L, Syed M, Woods M, Manyam G, et al.
Targeting RAS mutant colorectal cancer with dual inhibition of MEK and
CDK4/6. Cancer Res. 2022;82(18):3335-44.

Stewart EL, Mascaux C, Pham NA, Sakashita S, Sykes J, Kim L, et al. Clinical util-
ity of patient-derived xenografts to determine biomarkers of prognosis
and map resistance pathways in EGFR-mutant lung adenocarcinoma. J
Clin Oncol. 2015;33(22):2472-80.

Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram |, Jemal A, et al.
Global cancer statistics 2020: GLOBOCAN estimates of incidence and
mortality worldwide for 36 cancers in 185 countries. CA Cancer J Clin.
2021;71(3):209-49.

Syed YY. Anlotinib: first global approval. Drugs. 2018;78(10):1057-62.

Tajima Y, Shimada Y, Kameyama H, Yagi R, Okamura T, KobayashiT, et al. Asso-
ciation between poorly differentiated clusters and efficacy of 5-fluoroura-
cil-based adjuvant chemotherapy in stage Ill colorectal cancer. Jon J Clin
Oncol. 2017;47(4):313-20.

Tricker EM, Xu C, Uddin S, Capelletti M, Ercan D, Ogino A, et al. Combined
EGFR/MEK inhibition prevents the emergence of resistance in EGFR-
mutant lung cancer. Cancer Discov. 2015;5(9):960-71.

Vo AH, Swaggart KA, Woo A, Gao QQ, Demonbreun AR, Fallon KS, et al. Dusp6
is a genetic modifier of growth through enhanced ERK activity. Hum Mol
Genet. 2019;28(2):279-89.

Wang M, Herbst RS, Boshoff C. Toward personalized treatment approaches for
non-small-cell lung cancer. Nat Med. 2021;27(8):1345-56.


https://doi.org/10.3390/ijms20112668
https://doi.org/10.3390/ijms20112668
https://doi.org/10.1242/dev.192351
https://doi.org/10.1242/dev.192351
https://doi.org/10.3390/cancers15030841
https://doi.org/10.3390/cancers15030841
https://doi.org/10.1172/jci.insight.135544
https://doi.org/10.3390/cancers13102446
https://doi.org/10.3390/cancers13102446
https://doi.org/10.3390/cancers13122980
https://doi.org/10.3390/cells8070740

Wang et al. Molecular Medicine (2024) 30:209

Williams AP, Stewart JE, Stafman LL, Aye JM, Mroczek-Musulman E, Ren C, et al.
Corruption of neuroblastoma patient derived xenografts with human T
cell lymphoma. J Pediatr Surg. 2019;54(10):2117-9.

Woo XY, Srivastava A, Mack PC, Graber JH, Sanderson BJ, Lioyd MW, et al. A
genomically and clinically annotated patient-derived xenograft resource
for preclinical research in non-small cell lung cancer. Cancer Res.
2022;82(22):4126-38.

Wu J, Lin Z. Non-small cell lung cancer targeted therapy: drugs and mecha-
nisms of drug resistance. Int J Mol Sci. 2022. https://doi.org/10.3390/ijms2
32315056.

Wu J, Zhang J, Jiang M, Zhang T, Wang Y, Wang Z, et al. Comparison
between NOD/SCID mice and BALB/c mice for patient-derived tumor
xenografts model of non-small-cell lung cancer. Cancer Manag Res.
2018;10:6695-703.

Yamazaki S, Vicini P, Shen Z, Zou HY, Lee J, Li Q, et al. Pharmacokinetic/pharma-
codynamic modeling of crizotinib for anaplastic lymphoma kinase inhibi-
tion and antitumor efficacy in human tumor xenograft mouse models. J
Pharmacol Exp Ther. 2012;340(3):549-57.

Zeng M, Ruan Z, Tang J, Liu M, Hu C, Fan P, et al. Generation, evolution, interfer-
ing factors, applications, and challenges of patient-derived xenograft
models in immunodeficient mice. Cancer Cell Int. 2023;23(1):120.

Zhang Z, Kobayashi S, Borczuk AC, Leidner RS, LaFramboise T, Levine AD, et al.
Dual specificity phosphatase 6 (DUSP6) is an ETS-regulated negative
feedback mediator of oncogenic ERK signaling in lung cancer cells.
Carcinogenesis. 2010;31(4):577-86.

Zou J, LiuY,Wang J, Liu Z, Lu Z, Chen Z, et al. Establishment and genomic char-
acterizations of patient-derived esophageal squamous cell carcinoma
xenograft models using biopsies for treatment optimization. J Trans| Med.
2018;16(1):15.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 16 of 16


https://doi.org/10.3390/ijms232315056
https://doi.org/10.3390/ijms232315056

	Utility of patient-derived xenografts to evaluate drug sensitivity and select optimal treatments for individual non-small-cell lung cancer patients
	Abstract 
	Background 
	Methods 
	Results 

	Introduction
	Materials and methods
	Patients and tissue specimens
	PDX model establishment
	Histological staining
	WES analysis
	Epstein-Barr virus (EBV) detection assay
	Preclinical efficacy of chemo- and targeted therapies in PDXs
	Construction of PDX model with acquired resistance to osimertinib
	Establishment of patient-derived cells
	Cell culture and transfection
	Cell viability assay
	Western blot analysis
	Statistical analysis

	Results
	Histological subtype and clinical stage were affecting the PDX establishment
	PDX tumors preserve morphologic and genetic features of the primary tumors
	PDX model guided the selection of potentially effective therapy in NSCLC
	The involvement of MAPK-ERK signaling pathway in acquired resistance to osimertinib in NSCLC
	DUSP6 M62I mutation reduces osimertinib sensitivity in NSCLC

	Discussion
	Acknowledgements
	References


