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ARTICLE INFO ABSTRACT

Keywords: Insufficient tumor tissue is a major barrier for cancer biology research in small-cell lung cancer (SCLC) and has
Transbronchoscopic patient biopsy-derived driven the development of patient-derived xenografts (PDXs) from biopsy tumor tissues. Here, we utilized
xenografts transbronchoscopic biopsy specimens from SCLC tumors to establish PDXs and evaluated the genomic profile
Chemorefractory

using next-generation sequencing and an RNA sequencing platform. The PDX establishment rate was 54.1% (40/
74). PDXs largely recapitulated the major characteristics of their corresponding primary tumors, such as his-
topathology, genetic profile, and chemo-responsiveness. Compared with chemosensitive (chemo-S) PDXs, che-
morefractory (chemo-R) PDXs demonstrated significant gene aberrances in the mitogen-activated protein kinase
(MAPK) pathway and a higher frequency of receptor tyrosine kinase (RTK)-related genes. Phosphorylated ERK
(pERK) was associated with chemo-R status. Patients with positive pERK expression demonstrated significantly
inferior progression-free survival after first-line chemotherapy compared with that of patients who were nega-
tive for pERK (p < 0.001). Collectively, transbronchoscopic biopsy SCLC PDXs can serve as a model for genomic
profiling and identifying biomarkers predictive of chemo-R status. Using PDXs, RTK-related gene aberrances and
PERK expression were found to be associated with chemo-R SCLC.

Small-cell lung cancer
Mitogen-activated protein kinase
Receptor tyrosine kinase

1. Introduction

Small-cell lung cancer (SCLC) accounts for approximately 15% of
lung carcinomas and is a highly aggressive malignancy associated with
early metastasis, rapid progression, and poor survival [1,2]. Most SCLC
patients are diagnosed at a late stage, and systemic drug-dependent
therapy is the typical therapeutic strategy. However, efforts to identify
and develop novel and effective drugs to treat SCLC have been dis-
appointing, and improvements in survival prognosis have been very

limited in recent decades [3,4]. Currently, the most effective strategy is
the standard therapy of etoposide plus platinum [5]. Therefore, novel
drugs and therapeutic regimens are needed to overcome SCLC. An
important challenge in addressing this need is the establishment of
suitable models to accurately assess the potential antitumor activity of
novel therapies.

At present, the most frequently used in vivo models for drug as-
sessment include mice bearing established stable cell lines however,
these models fail to mimic complex microenvironments and do not
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effectively reflect tumor heterogeneity [6]. Transgenic mice represent
another animal model, but this model is significantly limited by the
presence of driver gene aberrations. In response to these deficiencies,
patient-derived xenografts (PDXs) have been developed as a possible
alternative. To date, PDXs have been successfully established for several
cancer types [7], including breast [8-10], gastric [11], colorectal
[12,13], lung [14-20], glioma [21] and head and neck [22] cancers.
Notably, most PDX models are derived from fresh, surgically resected
specimens. Unfortunately, surgical specimen-based PDX models are not
suitable for SCLC, which has a low rate of surgical resection. The di-
agnosis and genetic analysis of SCLC typically rely on small biopsy
tumor specimens. This limitation is one of the major barriers that im-
pede a comprehensive understanding of SCLC biology and has moti-
vated the development of biopsied specimen-derived PDXs. These
biopsy-directed PDXs can provide a sufficient quantity of fresh tumor
tissue for genomic and transcriptomic analyses and create additional
opportunities for the assessment of drugs to treat SCLC [18,20].

Despite high response rates to initial chemotherapy, treatment fails
to induce a satisfactory improvement in the survival benefits of SCLC
patients. The primary potential reason for this phenomenon is the fre-
quent and rapid transition of cancer cells from chemosensitive to che-
moresistant phenotypes within 3 months of chemotherapy completion.
Moreover, approximately 30% of patients experience disease progres-
sion during the initial chemotherapy period. These patients are defined
as having chemorefractory (chemo-R) SCLC and frequently face multi-
drug resistance [23-25]. In this context, the identification of specific
biomarkers that are predictive of chemo-R status, which could therefore
be used to target biomarker-related signaling pathways beyond che-
motherapy, might be a useful strategy. However, no validated effective
biomarker has been well established.

Here, we reported the largest series of PDXs established from
transbronchial endoscopic biopsies of SCLC tumors to date. We com-
pared the histology, genetic profiles, and chemoresponsiveness of these
PDXs with those of their corresponding primary tumors. The disparity
in genomic signatures across chemo-R and chemosensitive (chemo-S)
SCLC, as well as the chemo-R-associated pathways and biomarkers,
were subsequently explored based on the genetic profiles of PDXs ex-
amined via targeted next-generation sequencing (NGS) gene panel and
RNA sequencing (Seq). The identified biomarker was confirmed in
clinical specimens.

2. Materials and methods
2.1. Patient selection and tumor specimen collection

From April 1, 2012, to February 28, 2014, 74 nontreated patients
consecutively diagnosed with histologically confirmed SCLC at the
Peking University Cancer Hospital were recruited for this study.
Patients infected with human immunodeficiency virus (HIV) or hepa-
titis B/C virus (HBV/HCV) were excluded. All patients underwent
transbronchoscopic biopsies and provided written informed consent to
donate biopsy tumor tissues for subsequent PDXs. Clinical data for the
included patients were collected. The patients with SCLC were sorted
into two clinical subtypes: (1) patients with failed first-line che-
motherapy < 3 months after platinum-based doublet discontinuation or
whose tumor progressed during first-line chemotherapy (chemo-R
subtype) and (2) patients who responded to first-line treatment and
progressed more than 3 months after the discontinuation of first-line
chemotherapy (chemo-S subtype) [24]. This study was approved by the
Medical Ethics Committee and Institutional Review Board of the Cancer
Hospital Chinese Academy of Medical Sciences & Peking Union Medical
College and Peking University Cancer Hospital and was performed in
accordance with approved guidelines. All enrolled patients provided
informed consent for study analyses.
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2.2. PDX establishment

At least two approximately 4-mm> fragments of fresh trans-
bronchoscopic biopsies of primary tumors were obtained from each
patient. All fragments from patients were transported in ice-cold
transport media (10% FBS, Gibco + 1/100 S/P, HyClone + RPMI
1640, HyClone™) at 4 °C and subcutaneously inoculated into the flank
of a 6-week-old nonobese diabetic severely combined immunodeficient
(NOD/SCID) mouse (Beijing HFK Biotechnology Co., LTD, Beijing,
China) within 4-6 h. Tumor volume was measured twice weekly using a
Vernier caliper. The tumor volume (v) was calculated according to the
formula v 0.5 X (a x b?), where a and b refer to the longest and
shortest diameters of the tumor, respectively. The established PDXs of
the initial parental tissue specimens were referred to as passage 1 (P1).
When the tumor volume of P1 reached approximately 700 mm?, the
tumor was excised and diced into small fragments (approximately 9
mm?>/fragment) and reimplanted into another mouse to establish sub-
sequent passages, which were referred to as P2, P3, P4, etc. An aliquot
of tumor tissue at every passage was frozen in standard cell freezing
medium and stored in liquid nitrogen for subsequent propagation, and
the remainder of the tumor tissue was preserved for further research.
PDXs were considered established if they could be propagated to at
least P3 in vivo. All procedures were performed under sterile conditions
at the SPF facility of BeiGene (Beijing) Co., Ltd. and in accordance with
the Guide for the Care and Use of Laboratory Animals of the National
Institutes of Health of the United States. These experiments were ap-
proved by the Ethics Committee of Animal Experiments of BeiGene Co.,
Ltd. (Beijing).

2.3. Histopathology assessment

Dried 4-um slides with formalin-fixed, paraffin-embedded (FFPE)
tissues from the parental patient tumors and the PDXs were prepared
for hematoxylin-eosin (H&E) and immunohistochemistry (IHC)
staining. H&E staining was performed using an H&E staining kit
(Applygen, Beijing, China) according to the manufacturer's instructions.
IHC staining was performed using specific antibodies, including those
targeting CD56 (Cell Signaling Technology, MA, USA), chromogranin A
(Santa Cruz Biotechnology, TX, USA), and synaptophysin (Santa Cruz
Biotechnology). The phosphorylation status of ERK (pERK) in PDXs and
in their corresponding primary tumors was evaluated via IHC staining
using an antibody against pERK (Cell Signaling Technology). No
staining was observed for the negative controls, which consisted of lung
tissue incubated with a nonimmune primary antibody. The H&E and
IHC staining assessments were performed by two independent pathol-
ogists who were blinded to the sample identity.

2.4. PDX treatment

P4 and subsequent PDX passages were used to evaluate chemor-
esponsiveness (etoposide plus carboplatin). When the tumor volume
reached approximately 200-250 mm?®, the mice were randomized by
sequential assignment to either the etoposide plus carboplatin group or
the vehicle group. The animals were treated with etoposide and car-
boplatin as follows:60 mg kg ™' carboplatin (Sigma) dissolved in 0.9%
saline solution on day 1 and 12 mg kg ™! etoposide (Sigma) dissolved in
a 12.5:1 0.9% saline:0.1% citric acid solution in 1-methyl-2-pyrrolidi-
none on days 1-3, or the corresponding vehicle only, each week for a
total of 3 weeks. Treatments were administered via oral gavage (p.o.)
for vehicle, via intraperitoneal (i.p.) injection for etoposide, or via in-
travenous injection for carboplatin in a total injection volume of 10 ml/
kg body weight. Individual body weight and tumor volume were re-
corded twice weekly, and the mice were monitored daily for clinical
signs of toxicity throughout the duration of the study. When the tumor
volume reached 2000 mm? or when the tumor was ulcerated, the mice
were sacrificed using carbon dioxide.
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2.5. Targeted genomics NGS analysis

2.5.1. Genomic DNA extraction, library construction, and sequencing

Genomic DNA was extracted from FFPE or fresh tumor tissues using
the QIAamp DNA Mini Kit (Qiagen, Hilden, Germany) according to
previously reported methods [26,27]. DNA libraries were prepared
using the NEB Next DNA Library Prep Reagent Set (New England Bio-
Labs, MA, USA), followed by Agilent SureSelect®” preps (Agilent, CA,
USA). The libraries were sequenced using paired-end 150 bp reads on a
HiSeq2500 instrument (Illumina, CA, USA).

2.5.2. Quality control and alignment

Quality control (QC) procedures were performed by cutting adapter
sequences, removing low quality reads, and rejecting the reads with a
high ratio of ‘N’ bases. The retained reads were mapped to a human
reference (hgl9) genome using BWA-MEM, with the following para-
meters: “-t 10 -k 32” [28]. Duplications were marked with Picard
(http://picard.sourceforge.net/index.html).

2.5.3. Variant calling

Somatic single-nucleotide variants (SNVs) and somatic InDels were
called using Mutect [29] and Strelka [30], respectively. To improve
accuracy, the variant results were filtered using the following proce-
dures: lymphocyte samples were retained if they had mutations in
which both allele reads numbered no more than 3 and mutant allele
frequencies (MAFs) less than 1%, and tumor samples were retained if
the mutations had allele reads numbering greater than 10, MAFs more
than 5% and total reads numbering no less than 50 and if the MAF of
tumor samples was 10% more than that of matched lymphocyte sam-
ples. The genetic annotations were performed with ANNOVAR software
[31] and the COSMIC [32] and ClinVar databases.

2.6. Statistical analyses

Statistical analysis was performed using SPSS 23.0 software (SPSS,
Chicago, USA). The relationships between clinicopathological char-
acteristics and engraftment rates were analyzed using chi-square tests,
unpaired Student's two-tailed t-tests, or one-way analysis of variance
(ANOVA). Survival analysis of the PDXs and patients after etoposide
plus platinum chemotherapy was performed with Kaplan-Meier curves
via log-rank tests. The multivariable Cox proportional hazards model
was used for multivariate analysis p < 0.05 was considered to indicate
significance.

3. Results

3.1. SCLC PDXs preserve the major histological characteristics of the
corresponding primary tumors

A total of 74 freshly transbronchoscopic biopsy tumor tissues from
SCLC patients were subcutaneously implanted into NOD-SCID mice for
PDX establishment. The median age of the 74 patients was 60 years,
and the majority of patients were male (53/74, 71.6%). The detailed
clinical characteristics of the patients are provided in Table 1. A total of
40 engraftments were passaged beyond P3 (40/74, 54.1%). The success
rate of PDX establishment did not significantly correlate with sex,
smoking status, disease stage, or clinical subtype (i.e., chemo-S or
chemo-R) (Table 1). A total of 33 out of the 74 patients had clinical
survival data of first-line chemotherapy (etoposide plus platinum re-
gimen) among these patients, 25 of their associated tumor xenografts
were successful with 3 or more passages. The PDX establishment rate
was not associated with the progression-free survival (PFS) after first-
line chemotherapy [6.6 months (engrafted) vs. 6.2 months (un-
engrafted), p = 0.87].

The median duration from initial implantation to P3 establishment
(the maximal tumor diameter of the 3rd passage reached 1.5 cm) was
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Table 1
Baseline patient characteristics and associations with the establishment rate of
transbronchoscopic biopsy PDXs.

Patient characteristics Patients (N)  Established Nonestablished p value
(n, %) (n, %)

To 74 40 (54) 34 (46)

Age (median, range) 58 (43-86) 59 (43-81)

Sex
Male 53 27 (51) 26 (49) 0.394
Female 21 13 (62) 8(38)

Smoking status
Current/former 47 24 (60) 23 (68) 0.496
Never/light* 27 16 (40) 11 (32)

Disease stageb
Limited 27 15 (43) 12 (44) 0.901
Extensive 35 20 (57) 15 (56)

Clinical subtype®
Chemosensitive 11 8 (32) 3(38) 0.774
Chemorefractory 22 17 (68) 5 (62)

Note: ? Light smoking was defined as smoking < 100 cigarettes in one's life-
time.

b ¢ A total of 62 patients completed disease staging, and only 33 patients un-
derwent first-line chemotherapy with complete clinical response and survival
data.

Abbreviations: PDXs, patient-derived xenografts.

307 days (range, 130-585 days). The median latency periods (from
implantation to palpable tumor formation) from initial implantation of
the primary tumor fragment to P1, from P1 to P2, and from P2 to P3
were 151 days (range, 81-309 days), 78 days (range, 17-194 days), and
77 days (range, 26-172 days), respectively.

Histopathological comparison between primary tumors and the
corresponding xenografts revealed a high degree of similarity (Fig. 1A).
Almost all xenografts expressed typical neuroendocrine markers (Syn,
CgA, and CD56) in accordance with primary tumors (Fig. 1B) an ex-
ception was case Bclu-77, with negative CgA expression in the primary
tumor but weak positive expression in the xenograft tissue.

3.2. Responses to chemotherapy of PDXs and their matched primary tumors
are concordant

The mice bearing P4 engraftments were used to investigate the
concordance of the response to chemotherapy between the primary
tumors and the corresponding xenografts (Fig. 1C and D and
Supplementary Fig. S1). For example, the representative xenograft
(Bclu-04, Fig. 1C) from chemo-S patients exhibited dramatic and per-
sistent tumor regression after treatment with the etoposide plus car-
boplatin regimen (E/C) and did not demonstrate tumor enlargement
until the mice were sacrificed. In contrast, the representative chemo-R
xenograft (Bclu-44, Fig. 1D) showed immediate relapse post initial
tumor shrinkage after 21 days of chemotherapy treatment. Similarly,
the PFS times after first-line E/C chemotherapy of the chemo-R patients
were very short (PFS: Bclu-44, 1.5 months Bclu-77, 2.8 months and
Bclu-080, 4.9 months) compared with those of the chemo-S patients
(PFS: Bclu-04, 9 months Bclu-53, 27.1 months and Bclu-124, 43.5
months.).

3.3. Disparity in gene alteration signatures between chemo-R and chemo-S
SCLC

Targeted NGS using a 483-gene panel (Supplementary Table S1)
was performed in archival FFPE samples from 8 primary tumors and
fresh frozen tumor tissue samples from 20 PDXs, including 9 chemo-S
xenografts and 11 chemo-R xenografts according to their corresponding
patient primary tumors (Fig. 2). A total of 582 nonsynonymous somatic
mutations (362 nonsynonymous SNVs, 22 stop-gain, 11 splice sites, 64
frameshift in/dels and 123 in-frameshift in/dels), 64 gains, and 9 losses
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Fig. 1. Comparisons of histology and chemo-response between primary tumors and the corresponding PDXs. PDXs maintained a high degree of similarity in (A)
histopathology and (B) immunohistochemistry with the corresponding primary tumors as indicated in representative chemo-R and chemo-S SCLCs. Comparisons of
changing of tumor volumes were compared in PDXs treated by vehicle with chemotherapy in (C) chemo-S and (D) chemo-R SCLCs. Scale bars, 200 pm. SCLC, small-
cell lung cancer PDXs, patient-derived xenografts chemo-R, chemorefractory chemo-S, chemosensitive.

were identified based on PDXs. Almost all the gene mutations present in
the primary tumors were detected in the corresponding PDXs (median,
85% range, 73-90%). Given the total protein-coding territory of the
483-gene panel of approximately 2.3 Mb, the estimated mean rate of
nonsynonymous mutations in chemo-R tumors was 10.2/Mb, which
was comparable to that in chemo-S tumors (9.2/Mb). Based on The
Cancer Genome Atlas (TCGA) database of SCLC [33,34], the tumor
mutational burden (TMB) estimated by the 483-gene panel demon-
strated high correlations with whole genome sequencing (WES) data
(Supplementary Fig. S2A). According to these data, the estimated TMB
values of chemo-S and chemo-R SCLC were comparable
(Supplementary Fig. S2B). Additionally, due to the potential effects of
DNA damage response (DDR) pathways on TMB, we analyzed the dis-
tributions of DDR-related gene mutations and identified similarities
between chemo-R and chemo-S SCLC (Supplementary Fig. S2C).
Commonly altered genes (nonsynonymous somatic mutations and/
or loss/gain) in SCLC PDXs included TP53 (80%), RB1 (70%), ARIDIA
(70%), KMT2B (70%), KMT2D (35%), CREBBP (30%), KMT2C (30%)
and CARDI11 (30%). None of these gene aberrances exhibited a sig-
nificantly different distribution between chemo-R and chemo-S SCLC
(Fig. 2). C > T/G > A transitions were the most frequent SNVs across
chemo-R and chemo-S subtypes (37.4% vs. 36.9%, p = 0.44
Supplementary Fig. S3A). Generally, similar mutational signatures were
observed between these two subtypes. We further compared the dis-
tributions of C > T at XpCpG and found that the ratio of Cp(A/C/
T) > T was significantly higher in the chemo-R subtype than in the
chemo-S subtype (21.3% vs. 17.5%, p = 0.04 Supplementary Fig. S3B).
To further explore the genetic disparity between chemo-S and
chemo-R SCLC, we defined 4 molecular subsets based on the distribu-
tions of altered genes (Fig. 2). On the basis of the TCGA database
showing that TP53 and RBI aberrances are the invariable signature
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events in SCLC, we classified TP53 and RBI as “classical SCLC” gene
clusters. Gene aberrances whose distributions were similar between
chemo-S and chemo-R xenografts were classified as “chemo-S/R
shared” gene clusters. Those only observed in chemo-S or chemo-R
xenografts were classified as “chemo-S-specific” or “chemo-R-specific”
gene clusters, respectively. The most striking finding was that nearly all
the cases in the chemo-R group harbored aberrances in receptor tyr-
osine kinase (RTK)-related genes, which were very limited in the
chemo-S group (Fig. 3A and B). However, aberrances in several po-
tentially druggable DDR pathway genes, such as PARP1, PARP2 and
BRCA1, appeared to be more common in the chemo-S subtype than in
the chemo-R subtype. Generally, no differences were observed in drug
resistance-related gene aberrances (Fig. 3A, Supplementary Fig. S4),
including ATP-binding cassette subfamily C member (ABCC) and low-
density lipoprotein-related protein (LRP), and tumor suppressor genes,
such as KMT2 family genes (KMT2B, KMT2D, KMT2C and KMT2A),
across chemo-R and chemo-S SCLC, all of which belonged to the
“chemo-S/R shared” gene cluster.

By mapping “chemo-R specific” genes to the Kyoto Encyclopedia of
Genes & Genomes (KEGG) pathway database, the MAPK signaling
pathway was found to be highly enriched this finding was not observed
in the “chemo-S specific” gene cluster. However, other pathways, such
as PI3K-AKT-mTOR, ErbB, FoxO and Jak-STAT signaling pathways,
were enriched both in chemo-R and chemo-S SCLC (Fig. 3 and
Supplementary Fig. S4).

3.4. Distinct profiles of RNA expression in signaling pathway and
immunoregulatory genes between chemo-R and chemo-S subtypes

To further identify the key signaling pathways in the chemo-R
subtype, RNA Seq was performed to analyze differences in global gene
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Fig. 2. Classification of nonsynonymous somatic mutations based on PDXs. Four genetic clusters were identified when PDXs were stratified by chemo-R or chemo-S
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expression between chemo-R and chemo-S PDXs. A total of 17 PDXs
were used for further gene expression analysis (Supplementary Fig. S5).
The genes with distinct expression (with at least 2-fold changes and
p < 0.05) were extracted and mapped to the KEGG pathway database.
Gene enrichments were found in PI3K-AKT-mTOR and MAPK path-
ways. These pathway-related genes were extracted, and only distinct
MAPK pathway-related genes were demonstrated to have a greater
tendency toward upregulation in the chemo-R PDXs (Supplementary
Fig. S6A) than that of other signaling pathways, such as cell cycle and
PI3K-AKT-mTOR pathways.

Previous studies have reported an association of the MAPK pathway
with the major histocompatibility complex (MHC) [35,36]. To further
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investigate the potential influence of the MAPK pathway on the dis-
parity, the differential expression of immune-regulatory genes between
these two subtypes was explored (Supplementary Fig. S6B). Human
lymphocyte antigen (HLA) class I genes, including HLA-A, HLA-B, HLA-
C, HLA-E, HLA-F, and HLA-G, as well as 2 microglobulin (2M), a
component of the MHC class I molecule, were expressed at a lower level
in chemo-R PDXs than in chemo-S PDXs. Genes involved in effector T
cell function (GNLY, IRF1 and PRF1), Thl cell activation (IL2, IL6,
IL12A and IL12RB1), T cell migration (CXCL-5, CXCL-13, CXCR3 and
CCL2) and costimulating signals (CD3G, CD28 and CD276) were upre-
gulated in the chemo-S subtype. Although CD8B and CD4 were highly
expressed in the chemo-R subtype, some T cell inhibitors, such as
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Fig. 3. Diagram of integrated lung cancer pathways. (A) Proposed diagram of somatic alterations involving key pathway components for RTK, MAPK and PI3K
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PI3K, phosphatidylinositol 3' -kinase. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

FOXP3, CD69, TGFB3 and IL10, were also upregulated in the chemo-R
subtype. The ligand PD-L1, a negative regulator of T cell function, was
more highly expressed in the chemo-R group, while the PD-L2, LAG3,
and PD-L1 regulatory pathway-related genes STAT3 and STAT5A
showed relatively elevated levels in the chemo-S group.

3.5. ERK phosphorylation may be a predictive biomarker of chemo-R SCLC

Given the high enrichment of MAPK pathway-related genes in the
chemo-R PDXs, a marker that can indicate the activation of the MAPK
signaling pathway (e.g., phosphorylated ERK, pERK) was used as a
candidate predictor for chemo-R SCLC (Fig. 4A). Ten PDX tumor tissue
samples were randomly extracted for pERK IHC staining. All xenografts
derived from chemo-R SCLC patients showed positive pERK expression
(5/5, 100%), but only 1 of the 5 xenografts derived from the chemo-S
SCLC patients was positive for pERK (1/5, 20%, p = 0.048, Fig. 4B). To
confirm the reproducibility of pERK status as a biomarker in patient
samples, the 104 independent cohorts not associated with the initial 10
xenografts underwent IHC staining for pERK. In these 104 clinical
samples, chemo-R patients (41/52, 79%) exhibited a higher positive
rate for pERK than did chemo-S patients (19/52, 37%, p < 0.001,
Fig. 4C). Additionally, the PFS of patients positive for pERK after first-
line chemotherapy was significantly inferior to that of patients negative
for pERK [6 months, 95% confidential interval (CI), 5.2-6.8 months vs.
10 months, 95% CI, 7.7-12.3 months, p < 0.001, Fig. 4D]. Multi-
variable Cox proportional hazards model analysis was performed for

these factors that included sex (male vs. female), age (< 65 years
vs. = 65 years), smoking status (yes vs. no), ECOG performance score
(=1 vs. > 1), disease stage (extensive vs. limited), and pERK status
(positive vs. negative). Only pERK level could independently predict
poor PFS (hazard ratio = 2.0, 95% CI, 1.3-3.1, p = 0.003).

4. Discussion

The results of this study demonstrate that PDXs can be successfully
established at a satisfactory rate through the transbronchoscopic biopsy
of SCLC tumors and can largely recapitulate the histology, genetic
profile, and chemoresponse characteristics of the primary tumor, un-
derlying the feasibility of utilizing these PDXs for preclinical drug as-
sessment. Using a targeted NGS gene panel based on PDXs, chemo-R
SCLCs were found to harbor RTK-related gene aberrances more fre-
quently than chemo-S SCLCs, which might be associated with MAPK
pathway activation. pERK, as a key member of the MAPK pathway, was
found to be a promising biomarker for the prediction of chemore-
fractory status before initial chemotherapy.

Given the importance of histopathology on guiding subsequent
clinical strategy determination and uncommon utilization of surgery to
SCLC patients, pathological diagnoses usually rely on transbroncho-
scopic biopsy, by which, the obtained small tissue samples cannot often
be utilized for further molecular analyses and subsequent exploratory
research. However, these purposes can be realized through PDX models
based on small transbronchoscopic biopsy samples, which can provide
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clinical specimens (C). (D) Kaplan-Meier curves of PFS after first-line chemotherapy comparing patients positive and negative for pERK. SCLC, small-cell lung cancer

PDXs, patient-derived xenografts PFS, progression-free survival.

sufficient tissues and be extensively used as an available tool for
translational research and drug development and assessment. Using
small transbronchoscopic biopsy samples, our establishment rate of
SCLC PDXs was 54.1%, which was higher than that of most surgery-
based PDXs [37-39], although lower than that reported in some pre-
vious studies, for example that reported by Leong et al. (10/12 gener-
ated first-generation engraftment) [18]. However, not all first-genera-
tion engraftments could be passaged further. In our 34 nonestablished
SCLC models, 5 cases generated first-generation engrafted tumors but
failed in further passages. Moreover, the bias produced by a limited
sample size may also have contributed to the observed difference in
establishment rates. Generally, NSCLC exhibits a large range of en-
graftment rates, from 25% to 90% based on surgical specimens
[8,14-17]. These results suggest that the establishment rate of PDXs
varies in different cancer centers, implying that standard operation
procedures need to be built into future protocols. The present study
demonstrated that the median latency period from implantation to P1
engraftment was 114 days, similar to that of previously reported PDXs
prepared from SCLC biopsy specimens [18] or circulating tumor cells
(CTCs) [40]. The shortest latency period from implantation to P3 es-
tablishment was 130 days (almost equal to the time course of 4 cycles of
initial chemotherapy), indicating that PDXs can potentially be utilized
for the effective assessment of drugs beyond first-line platinum-based
chemotherapy.

The study reported by Leong et al. demonstrated similar morpho-
logical and identical gene mutation profiles between P1 engraftments
and patient primary tumors [18]. However, the assessment of heredity
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from primary tumors to engraftments should be built on the con-
cordance of the primary tumors with not only P1 tumors but also
subsequent generations (passages) of engraftments. In the present
study, we observed high morphological fidelity during serial passaging
(from primary tumor to P1, P2, and P3). Nearly 85% of the gene mu-
tations present in the patient tumors were retained in > P3 engraft-
ments, suggesting the feasibility of using PDXs as the meaningful tools
in phenotyping and genotyping assessments. Moreover, our established
PDXs recapitulated patient responses to chemotherapy, demonstrating
the suitability of these PDXs for use in clinical studies of SCLC biology
and as models for drug assessment.

In SCLC, the chemorefractory response to a first-line etoposide plus
platinum regimen often indicates multidrug resistance, underscoring
the importance of identifying this subtype and exploring novel thera-
pies. However, to date, differentiating chemo-R and chemo-S SCLCs
before initial chemotherapy remains difficult. Recently, genomic ana-
lyses by Hodgkinson et al. based on CTC-derived xenografts (CDXs)
demonstrated that copy number aberration (CNA) gains of several
genes, such as MYCL1, SOX2, BCL2, and CCNE1, were associated with
inherent chemotherapy sensitivity [40]. However, only 4 CDXs were
used for analysis, and no chemo-R biomarkers were identified, limiting
the broad translation of Hodgkinson et al.'s conclusions into clinical
practice. By utilizing both PDXs and primary tumor specimens, we
found that mutant genes present in chemo-R SCLC were enriched in the
MAPK pathway compared with those in chemo-S SCLC. Two further
pieces of evidence suggested the activation of the MAPK pathway in
chemo-R SCLC. First, the chemorefractory-associated genes were
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mainly present in the molecular functions involved in transmembrane
RTK and ATP binding, suggesting the tyrosine kinase-directed activa-
tion of intracellular signaling pathways and the abnormality of mem-
brane protein drug pumps [41,42]. Second, MAPK pathway activation
was indicated by the phosphorylation status of ERK, which was high in
chemorefractory SCLC in our study. Our results not only identified
PERK as a predictive biomarker of the chemo-R subtype before initial
chemotherapy that is convenient for clinical practice but also provided
a potential target biomolecule for the development of therapies to re-
verse chemorefractory status. Obviously, further in vitro and in vivo
experiments are needed to pursue these topics.

One of the problems in SCLC studies is the limited number of tumor
specimens available due to biopsy being the primary method of ob-
taining tumor tissue, thus impeding the launch of further genomic
analyses and scientific research. Among our 74 patients, only 8 patients
had sufficient tumor tissue for further genetic analyses after the initial
H&E and IHC evaluations. However, by establishing PDXs, we obtained
sufficient tumor tissue quantities from more than half of the patients.
With the exception of TP53 and RB1 mutations, we identified several
genes primarily found in PDXs but not in the corresponding primary
tumors. These results illustrated the advantages of PDXs for genetic
analysis compared with those of primary tumors with limited biopsy
tissues. In addition, our experiments had several novel and interesting
results. RTK-related gene aberrances were more common in chemo-R
SCLC than in chemo-S SCLC, suggesting that this SCLC type should be
managed distinctly and treated similarly to non-SCLC, and targeted
therapies specific to RTKs should be considered. Additionally, chemo-S
SCLC appeared to have more significant immunogenicity than chemo-R
SCLC, such as an elevated expression of HLA I and effector T cell ac-
tivation-related genes, as has been previously reported [35,36]. These
preliminary results suggested that chemo-S SCLC might be an appro-
priate candidate for immune therapy. However, future in vivo research
and clinical studies should be conducted to confirm these results.

Several limitations should be recognized in the present study. The
cancer-related gene panel utilized for NGS analyses might raise con-
cerns regarding bias in considering the classification of gene signatures
and the corresponding clinical relevance. Thus, alternative theories
may explain our findings. Small sample sizes for genetic analyses limit
the statistical validity. In this regard, some conclusions from this study
should be taken as preliminary evidence and used for the purpose of
generating hypotheses that can then be validated in larger basic and
clinical studies. However, our findings have some translational re-
levance and meaningful implications for future potential clinical ap-
plications. Further preclinical and clinical interference studies are
warranted.

In conclusion, transbronchoscopic biopsy SCLC PDXs can serve as a
model for exploring the mechanism underlying chemorefractory re-
sponses and depicting the genomic profiling of SCLCs. RTK-related gene
aberrances and pERK could potentially predict chemo-R SCLCs, which
would facilitate clinical decisions regarding treatment. This finding
warrants future prospective studies.
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