Received: 25 December 2023 Revised: 15 May 2024 Accepted: 25 June 2024

W) Check for updates

DOI: 10.1002/cac2.12585

LETTER TO THE JOURNAL

ANCER
COMMUNICATIONS

Defining and tracing subtypes of patient-derived xenograft
models in pancreatic ductal adenocarcinoma

Patient-derived xenograft (PDX) models have been used
to explore therapeutic opportunities for pancreatic duc-
tal adenocarcinoma (PDAC) [1]. Although original tumor
characteristics are altered by cancer-stromal interactions
in a PDX-specific manner [2], the implications of clonal
evolution from PDAC tumors to PDX are largely unknown.

In this study, we have conducted a comprehensive
genomic analysis using 36 patient-matched PDAC tumor
and PDX samples (Figure 1A). The detailed methods
regarding this study are described in the Supplemen-
tary Materials. The clinical information is summarized
in Supplementary Table S1. To compare the somatic
mutation profiles of PDAC tumors and PDX, 33 whole
exome sequencing data were analyzed by using matched
patient blood as a normal control. The proportion of
PDX samples with Kirsten Rat Sarcoma Viral Oncogene
Homolog (KRAS), Tumor Protein P53 (TP53), Moth-
ers Against Decapentaplegic Homolog 4 (SMAD4), and
cyclin-dependent kinase inhibitor 2A (CDKN2A) muta-
tions increased compared to PDAC tumors, indicating that
cancerous clones evolved in PDX from primary tumors
(Supplementary Table S2-S5, Figure 1B) [3]. Specifically,
the frequency of the KRAS G12D mutation increased dur-
ing PDX establishment, suggesting that this mutation
could be responsible for driving clonal evolution in PDX
models (Supplementary Table S2). Next, we observed the
high correlation of the variant allele frequencies (VAFs) of
commonly mutated genes between matched PDAC tumors
and PDX in pairwise comparison (Figure 1C), indicat-
ing that the overall mutation rate was conserved during
PDX construction. When VAFs were compared at the
gene level, VAFs of driver genes significantly increased

Abbreviations: PDX, patient-derived xenograft; PDAC, pancreatic
ductal adenocarcinoma; TME, tumor microenvironment; KRAS, Kirsten
Rat Sarcoma Viral Oncogene Homolog; TP53, tumor protein p53;
SMAD4, Mothers Against Decapentaplegic Homolog 4; CDKN2A,
cyclin-dependent kinase inhibitor 2A; VAFs, variant allele frequencies;
CNV, copy number variation; ADEX, aberrantly differentiated
endocrine exocrine; RNA-seq, RNA sequencing; GSEA, gene set
enrichment analysis.

in PDX compared to primary tumors (Figure 1D). Copy
number variation (CNV) profiles of protein-coding genes
were also similar between the matched samples (Figure 1E,
Supplementary Figure S1), while the copy numbers of
driver genes became more evident in PDX compared to
primary tumors (Figure 1F). Clonality analysis showed
that subclones of primary tumors evolved as monoclonal
or polyclonal patterns in matched PDX (Supplementary
Figure S2). Despite the lack of investigations into clonal
evolution over passages, these results suggest that molec-
ular subtypes of PDX could deviate from PDAC tumors via
clonal evolution during PDX model construction.

To investigate whether conventional PDAC subtyping is
applicable to PDX, the molecular subtypes defined by Bai-
ley et al. [5] were assigned to PDAC tumors and PDX. PDAC
tumors were clearly clustered according to the Bailey gene
signatures, showing the worst prognosis of patients with
the squamous subtype as previously reported (Figure 1G).
However, PDX clustering based on the Bailey gene signa-
tures exhibited 61% (22/36) conflicting subtypes between
the matched PDAC tumor and PDX samples (Supplemen-
tary Table S6). In particular, the proportions of aberrantly
differentiated endocrine exocrine (ADEX) (n = 4) and
immunogenic (n = 2) subtypes were reduced, and gene
expression of these two subtypes were not clearly distin-
guished (Figure 1H), implicating the influence of stromal
transition in PDX. Also, no distinct survival group was
observed by subtype, suggesting that the application of
human subtypes for PDX may result in incorrect clinical
interpretations.

Since Bailey subtyping was invalid for PDX, we defined
three PDX-specific molecular subtypes (Figure 11, Supple-
mentary Figure S3, Supplementary Table S7). Gene ontol-
ogy analysis showed that Cluster 1 signature was related
to extracellular matrix organization, whereas Clusters 2
and 3 were similar to squamous and pancreatic progenitor,
respectively, among the Bailey subtypes (Supplementary
Figure S4). Particularly, PDX Cluster 2 exhibited enrich-
ment of gene expression signatures, such as hypoxia,
glycolysis, and DNA replication, associated with rapid
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FIGURE 1 Integrative genomic analysis to demonstrate clonal evolution and subtype transition in PDX models of PDAC. (A) Blood and
primary tumors were collected from 36 patients diagnosed with PDAC. PDX models were established by engrafting obtained primary tumors
under mice skin. Samples collected from humans and mice (PO) were subjected to NGS for genomic and transcriptomic analyses. Somatic
mutations were analyzed using WES data of the 33 blood-matched tumor samples. (B) Clinical information and mutation profile of the
PDAC-associated genes were visualized in mutation landscapes of primary tumor and PDX. Each column corresponds to the patient-matched
primary/PDX tumor samples. (C) Pairwise Pearson’s correlation coefficients were calculated from VAFs of highly mutated genes. Diagonal
elements within the black-lined square in the heatmap indicate correlations between patient-matched samples. (D) VAFs of PDAC-associated
genes were compared between primary tumor and PDX. Statistical significance was determined using Student’s ¢-test (*P < 0.05, ****P <
0.0001). (E) Pearson correlation coefficients for all pairwise combinations were measured using the copy numbers of protein-coding genes. (F)
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clonal expansion (Supplementary Figure S5). Although
the survival difference based on the three PDX subtypes
was not statistically significant, the prognosis of patients
with Cluster 2 exhibited a more pronounced distinction
(Figure 1I) and early recurrence within six months after
surgery (Supplementary Table S8). To compare the similar-
ity of gene signatures between PDX subtypes and human
subtypes, we collected 12 different signatures of 3 human
lineages, including stroma, basal and classical from pre-
vious studies [5, 4, 6], and then conducted gene overlap
analysis (Figure 1J). The numbers in the heatmap rep-
resent the numbers of shared signature genes between
PDX subtypes and human subtypes, whereby Clusters 1,
2, and 3 corresponded to the stroma, basal, and classical
lineages, respectively. Based on these results, the nomen-
clature of PDX subtypes were assigned to three clusters:
PDX-stroma, PDX-basal, and PDX-classical, respectively.
Intriguingly, ADEX and immunogenic subtypes did not
have any overlapping gene signatures with the three PDX
subtypes. Deconvolution analysis of bulk RNA sequenc-
ing (RNA-seq) data in this study was performed using cell
type signatures [7], confirming a distinct microenviron-
ment in PDAC tumors and PDX (Figure 1K, Supplementary
Figures S6 and S7). Next, the subtypes of 36 PDX sam-
ples were compared according to widely used subtyping
methods for humans (Figure 1L). Notably, stromal lineages
were relatively inconsistent across the subtyping meth-
ods compared to the other lineages. These results indicate
that PDX-stroma requires their own novel gene signa-
tures owing to the unique stromal environment in mice.

Tracing the subtype transition between patient-matched
PDAC tumors and PDX revealed a lineage-crossing sub-
type transition in PDX (Figure 1M). The discordance
between subtype lineages were found in 55% (20/36) of
patient-matched samples (Supplementary Table S9). These
inconsistent patterns of subtype transition imply the PDAC
tumor heterogeneity underlying the molecular subtypes.
To understand the underlying properties of PDAC tumors,
we investigated changes in the gene expression between
subgroups that transitioned to different PDX subtypes from
the same Bailey subtypes (Figure 1N). Gene set enrichment
analysis (GSEA) was performed using gene signatures of
Bailey subtypes as pre-defined gene sets, as depicted in
Supplementary Figure S8. The GSEA results demonstrated
that regardless of the Bailey subtype of the primary tumor,
the squamous gene set was enriched in subgroups of PDAC
tumors transitioning to PDX-basal in the PDX model. Like-
wise, the pancreatic progenitor gene set was enriched in
all subgroups, of which the subtypes transitioned to PDX-
classical. These results show that the underlying tumor
cells with heterogeneity emerged as a lineage-crossing
evolution of PDX-adaptive subclones.

Genetic discrepancies between primary tumors and
model systems may be caused not only by clonal evolution
but also by differences in tumor cellularity [8, 9]. High
tumor cellularities in matched PDX can explain the
increase in VAFs and CNVs of the PDAC-associated genes
(Supplementary Figure S9). Our PDX model, by implant-
ing a partial primary tumor, might have lesion-derived
bias during clonal evolution in PDX due to intra-tumor

Copy number changes were compared between primary tumors and PDX using gene-specific CNV values calculated using GISTIC analysis.
Dots connected with lines within the boxplots indicate the patient-matched samples. Statistical significance was determined through ¢-test (*P
<0.05, ¥*P < 0.01, **P < 0.001, ****P < 0.0001). Using RNA sequencing (RNA-seq) data of (G) primary tumors (n = 36) and (H) PDX (n = 36),
consensus clustering based on normalized expression levels for Bailey gene signatures was conducted. Survival analysis of patients according
to Bailey subtypes was performed for primary tumors and PDX, respectively. Results were visualized with Kaplan-Meier plot. (I) Gene
signatures of three clusters and the candidates for PDX subtypes were defined based on the gene expression profile of PDX (log, fold change
> 1or < -1, P-value < 0.01). Consensus clustering based on the expression level of gene signatures was conducted and visualized as a heatmap.
Survival analysis of patients according to three candidates for PDX subtypes was performed. (J) Gene signatures of PDAC PDX subtypes defined
in this study were compared to those of PDAC subtypes previously reported by Moffitt et al. [4], Bailey et al. [5], and Chan-Seng-Yue et al.

[6]. The number of overlapping genes and statistical significance were calculated. (K) Proportion of acinar cells and fibroblasts identified by
deconvolution analysis using PDAC single-cell RNA sequencing (scRNA-seq) data (*P < 0.05, **P < 0.01, ****P < 0.0001). (L) Subtypes of 36 PDX
samples by classification methods were visualized as a Circos plot. Gene signatures from Hyun et al. (present study), Moffitt et al. [4], and Bailey
et al. [5] were applied for PDX subtyping. Patient IDs were indicated for PDX samples with lineage discrepancies between subtyping methods.
(M) Primary tumors were classified in Bailey subtypes and PDX were classified into three novel subtypes. Changes in subtypes between patient-
matched primary tumors and PDX were visualized as a riverplot. Width of the river stem between the tumor and PDX subtypes was proportional
to the number of samples. (N) Representative results of GSEA using Bailey gene signatures were shown. Primary tumors were divided into
subgroups as subtype transitions. ES for each gene set was computed from the gene ranking list of the subgroups. The gene set used is indicated
at the top of the result plots. Among the primary tumors (n = 36), squamous subtypes (n = 4) were excluded in GSEA because these small
numbers of subtypes diverged into PDX subtypes, resulting in too few samples to conduct a statistical test. Abbreviations: ADEX, aberrantly
differentiated endocrine exocrine; CNV, copy number variation; ES, enrichment score; GISTIC, genomic identification of significant targets in
cancer; GSEA, gene set enrichment analysis; Imm, Immunogenic; N, no; NES, normalized enrichment score; NGS, next-generation sequencing;
PDAC, pancreatic ductal adenocarcinoma; PDX, patient-derived xenograft; PP, pancreatic progenitor; Recur, recurrence; RNA-seq, RNA
sequencing; scRNA-seq, single-cell RNA sequencing; Squ, Squamous; VAFs, variant allele frequencies; WES, whole-exome sequencing; Y, yes.
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heterogeneity. To trace spatial bias in clonal evolution
within a tissue, multiple PDX construction from a tissue
will be an ideal approach. Although ADEX is considered
a subtype with acinar cell contamination [10], our results
reveal that basal and classical cancer cells resided within
ADEX tissues and expanded during PDX construction,
leading to subtype transition. PDXs and organoids tend
to better preserve the characteristics of original tumors
than cell lines. Nevertheless, organoids undergo subtype
changes in response to culture media, and PDXs may
exhibit changes in an in vivo microenvironment compared
to patient tissues.

To improve the accuracy of interpreting PDX genomics,
itis crucial for further studies to incorporate factors such as
the time required for PDX establishment and clinical infor-
mation such as neoadjuvant chemotherapy. Therefore,
clonal change and oncogenetic inconsistencies in PDX
models should be investigated in a PDAC-PDX-matched
manner, and the use of PDX as a preclinical model system
requires careful consideration to accurately predict clinical
data and drug responsiveness.
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