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Patient-derived xenograft (PDX) mouse models are frequently used to test the drug efficacy 
in diverse types of cancer. They are known to recapitulate the patient characteristics faith-
fully, but a systematic survey with a large number of cases is yet missing in lung cancer. 
Here we report the comparison of genomic characters between mouse and patient tumor 
tissues in lung cancer based on exome sequencing data. We established PDX mouse models 
for 132 lung cancer patients and performed whole exome sequencing for trio samples of 
tumor-normal-xenograft tissues. Then we computed the somatic mutations and copy 
number variations, which were used to compare the PDX and patient tumor tissues. Ge-
nomic and histological conclusions for validity of PDX models agreed in most cases, but we 
observed eight (~7%) discordant cases. We further examined the changes in mutations 
and copy number alterations in PDX model production and passage processes, which high-
lighted the clonal evolution in PDX mouse models. Our study shows that the genomic 
characterization plays complementary roles to the histological examination in cancer stud-
ies utilizing PDX mouse models. 
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Introduction 

Lung cancer incidence and mortality rates are the highest worldwide, accounting for 
11.6% of the total cases and 18.4% of the total cancer deaths in 2018 [1]. Traditional 
treatment for lung cancer has been surgery and radiochemotherapy, but targeted thera-
pies are increasingly adopted for patients who have the druggable aberrations such as epi-
dermal growth factor receptor (EGFR) mutations or gene fusions involving ALK, ROS1, 
and NTRK genes [2-5]. Targeted therapies usually show fast response with minimal side 
effects, but tumor recurs within a few months in many cases, thus necessitating additional 
therapies. 

The main reasons for resistant and recurrent tumors are intrinsic heterogeneity and tu-
mor cell evolution. Tumors may consist of multiple clones where targeted therapies kill 
only subsets of clones leaving residual clones, whose proliferation leads to resistance or 
recurrence eventually. Alternatively, tumor cells may undergo evolution after treatment to 
acquire de novo mutations overcoming the treatment effect of cancer drugs. Understand-
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ing molecular mechanisms of resistance development is essential 
to identify follow-up treatment options in targeted therapy. 

Preclinical models are extremely useful in the course of drug de-
velopment, especially to test the drug efficacy in cost-effective ways. 
Animal models and organoids derived from patient tumors are two 
representative systems frequently adopted in cancer drug develop-
ment. Patient-derived xenograft (PDX) mouse models where the 
patient’s tumor tissue is transplanted into immunodeficient mice 
have demonstrated their usefulness to recapitulate patient’s re-
sponse to cancer agents in various types of cancers including breast, 
brain, colon, and lung tumors [6-10]. The banks of these ‘Avatar’ 
mice are valuable resources for preclinical tests. However, the fideli-
ty of PDX mouse models to substitute patient’s tumor tissues has 
not been thoroughly studied in lung cancer models. Here we com-
pare the genomic characteristics of PDX mouse, patient tumor, and 
patient normal tissues based on exome sequencing data to test the 
validity of PDX mouse models in lung cancer. 

Methods 

Producing whole exome sequencing data 
We acquired the tumor and matched normal tissues from 132 lung 
cancer patients at the Samsung Medical Center in Seoul. This 
study was approved by Samsung Medical Center institutional re-
view board (IRB 2018-03-110), and informed consent was ob-
tained from each patient. Tumor tissues were transplanted into the 
NSG mouse, NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ (Stock No. 005557) 
[11], purchased from the Jackson Laboratory to establish the PDX 
mouse models. All tumor tissues of the patient and PDX were pre-
pared for formalin-fixed paraffin-embedded, and a pathologist ex-
amined histopathology of tissue through hematoxylin and eosin 
staining. Whole exome sequencing (WES) was performed using 
the Illumina TruSeq Exome kit and HiSeq 2500 sequencing plat-
form (Illumina, San Diego, CA, USA). The WES data for patient tu-
mor, patient normal, and PDX tumor tissues were deposited at the 
Korean Bioinformation Center (KOBIC) (ID 10050154). 

Data processing and variant analysis 
Preprocessing steps consist of adapter trimming, quality control, 
and filtering mouse reads. First, adapter sequences were removed 
and sequence reads whose quality score <  33 in more than 50% of 
bases were discarded using fastx-toolkit (ver. 0.0.14). After the 
trimming process, we removed the single reads and kept the 
paired-end reads only using cmpfastq perl program (http://comp-
bio.brc.iop.kcl.ac.uk/software/cmpfastq.php). For WES data from 
PDX mouse tissues, we applied an additional step to filter out 
mouse-originated reads using Xenome software (ver. 1.0.1) [12] 

with the reference genomes of human (UCSC hg19 in https://ge-
nome.ucsc.edu/) and mouse (UCSC mm10). We kept the hu-
man-specific reads only for subsequent analyses. 

Resulting reads were mapped to the human reference genome 
(UCSC hg19) using Burrows-Wheeler Alignment (BWA)-MEM 
alignment tool [13] with default options. After mapping, reads 
were sorted by samtools version 1.8 [14]. We performed Genome 
Analysis Toolkit (GATK, v4.0.7.0) [15] AddOrReplaceRead-
Groups command for adding read group information, MarkDupli-
cates command for removing duplicated reads, BaseRecalibrator 
and ApplyBQSR commands for correcting realignment. Data pro-
cessing summary statistics are given in Supplementary Table 1. 
Then, somatic single nucleotide variations (SNVs) and insertions/
deletions were called using the GATK4-Mutect2 [16] pipeline. 
Filter-based annotation in ANNOVAR [17] was used for variant 
annotations. In addition, we calculated the copy number alter-
ations using EXCAVATOR2 (v1.1.2) [18]. All statistical analysis 
and visualizations were performed using R version 3.6.1 

Results 

Clinical and histopathological features of samples 
We analyzed 132 lung cancer patients whose tumor and matched 
normal tissues were available and the PDX tumor samples were 
successfully harvested. The pathophysiological information of pa-
tients is summarized in Table 1. Briefly, we had 54 adenocarcino-
ma cases (41%), 48 squamous cell carcinoma cases (36%), four 
large cell carcinoma cases (3%), and 26 unclassifiable adenocarci-
noma cases (20%). Our patient cohort was enriched with male 
(66%), smokers (64%), early stages (50%), non-recurrent (61%), 
and primary (62%) patients. In accordance with the previous re-
ports [19], the success rate of establishing PDX mouse models was 
higher in squamous cell carcinoma than in adenocarcinoma. His-
topathological examination of patient tumor and PDX tumor tis-
sues concluded that tumors were consistent between patient and 
PDX mouse in 97 cases (73.5%). The discrepancy in histology 
maybe presumably ascribed to the lymphomagenesis that had 
been reported to occur frequently in NSG or NOG mice trans-
planted with Epstein-Barr virus infected tumor tissues [20,21]. 
This concordance and discrepancy were further investigated by 
comparing the mutation and copy number profiles between pa-
tient and PDX mouse tumors. 

Statistics in mapping and variant calling procedure 
We performed WES on tumor, normal, and PDX samples of 132 
lung cancer patients, with a mean coverage of 30 × . In order to 
compare the somatic mutation profiles of patient and PDX mouse 
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would be replaced with the mouse stromal cells during engraft-
ment of the patient’s tumor tissue into immunodeficient mice 
[22]. As a result, tumor cells are enriched in the PDX mouse tu-
mors, which leads to more somatic mutations in variant calling. To 
test this hypothesis, we examined the variant allele frequencies 
(VAFs) of major cancer genes (TP53, KRAS, and PIK3CA) identi-
fied in both patient and PDX tumors (Fig. 1C). All three genes 
showed that the VAFs of PDX mouse tumors are larger than those 
of patient tumors, which supports our hypothesis of clonal enrich-
ment in PDX mouse tumors. However, the extent of clonal selec-
tion pressure varied for different genes. Interestingly, the VAFs of 
TP53 gene were close to 100% in PDX mouse tumors. The biolog-
ical meaning of this observation warrants further studies. 

Comparison of somatic mutations between patient and PDX 
mouse tumors 
Next, we examined how well the mutations identified in patients 
were reproduced in PDXs. In all 132 samples, it was found that 
63% of the exonic mutations in patients were also identified in 
PDXs on average (Fig. 2A). The portion of common mutations, 
however, varied tremendously from 0% to 98%. Low rates of com-
mon mutations were mostly observed in cases where patient and 
PDX tumors showed different pathology in histological analysis. 
Considering 92 cases with consistent histopathological result, 78% 
of the exonic mutations in patients were also identified in PDXs 
on average. 

We have also examined the overlap of functional mutations, in-
cluding non-synonymous SNVs, stop-gain mutations, stop-loss 
mutations, frameshift insertions, and frameshift deletions, between 
patient and PDX mouse tumors using 517 cancer-related genes cu-
rated from OncoKB and other literatures (Fig. 2B) [23-25]. The 
most commonly mutated gene was TP53. For cases with consistent 
histology, major portion of driver gene mutations were observed 
commonly in both patient and PDX tumors. Concordant driver 
genes included many mutations targeted by cancer drugs, including 
PIK3CA, EGFR, BRAF, and ALK. Thus, our bank of PDX mouse 
models can be a useful resource for testing drug efficacy in a pre-
clinical setup. 

Then we investigated how the histological analysis results are as-
sociated with the rate of common mutations. Out of 119 cases 
with the histological result available, we had 97 consistent and 22 
inconsistent cases (Fig. 2B). The common mutation rates were 
over 20% in most consistent cases, whereas they were below 3% in 
most inconsistent cases. Thus, we were able to find 10%–20% of 
common mutation rate as a general threshold for determining 
whether the PDX mutations recapitulate the patient’s somatic mu-
tations faithfully (Fig. 2A). 

Table 1. Clinical information of 132 lung cancer patients

Characteristic No. (%) (n=132)
Sex
 Female 44 (34)
 Male 88 (66)
Age (yr), median 65
Smoking status
 Nonsmoker 48 (36)
 Smoker 84 (64)
Clinical stage
 Early stage (I–II) 66 (50)
 Late stage (III–IV) 25 (19)
 N/A 41 (31)
Subtype
 Adenocarcinoma 54 (41)
 Squamous cell carcinoma 48 (36)
 Large cell carcinoma 4 (3)
 Unclassified 26 (20)
Recurrent
 Yes 52 (39)
 No 80 (61)
Metastasis
 Yes 50 (38)
 No 82 (62)
Death
 Yes 33 (25)
 No 99 (75)

N/A, not available.

tumors, it is essential to test the reliability of mutation calls in the 
PDX mouse tumors because human stromal cells are replaced 
with the mouse stromal cells during engraftment. Thus, we 
checked the portion of mouse-originated reads from the WES data 
of PDX tumors using the Xenome software to separate the human 
and mouse reads specifically. A summary of the Xenome align-
ment results is provided in Supplementary Table 2. The median 
portion of human reads was 95.1% and that of mouse reads was 
below 5% except a few cases (Fig. 1A). This implied that the PDX 
mouse tumors contained a sufficient amount of human cells. Thus 
we used the well-known MuTect2 algorithm after BWA-MEM 
mapping to call somatic mutations in PDX mouse tumors. 

The mutation rates were significantly higher in PDX mouse tu-
mors than in patient tumors (p =  7.36e-06). The median values 
of exonic mutations in PDX and patient tumors were 136 and 102, 
respectively (Fig. 1B). Since we removed the mouse-originated 
reads before calling somatic mutations, the difference can be at-
tributed to clonal selection and evolutionary processes in estab-
lishing PDX mouse tumors. For example, human stromal cells 
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However, there existed several exceptional cases from this guide-
line. We found only one case where the mutation profiles were 
concordant, but the histological examination result was different 
tumors in patient and PDX (Fig. 2B). In contrast, we found nine 
cases in the opposite direction where the histological examination 
concluded concordant tumors, but the mutation profiles were 
vastly different between patient and PDX (Fig. 2B). Reasons for 
this discrepancy are not clear, but it is difficult to imagine that no 
common mutation was found if the patient and PDX tumors were 
truly of the same histology. Histological examination is not a per-
fect, but error-prone procedure. In conclusion, it is not necessary 
to compare the mutation profiles if the histological examination 
result is inconsistent, but when the histological examination gave a 
good result, comparing mutation profiles can be useful in deter-
mining if the PDX tumor is truly identical to the patient tumor. 
Thus, the mutation profile plays complementary roles to histologi-
cal examination. 

Mutation and copy number profiles over passages of PDX 
mouse tumors 
The main advantage of PDX tumor model is that it is possible to 
amplify the amount of tumor cells by engrafting tumor tissue into 

other immunodeficient mice. Molecular characteristics are usually 
expected to be preserved in the passage process, but detailed ex-
amination at the genome scale is quite rare. 

We examined the mutation and copy number profiles for six cas-
es where PDX tumor samples were available over several passages/
generations (Fig. 3). We had four histologically consistent cases and 
two inconsistent cases. Both the mutation and copy number pro-
files were well reproduced throughout many generations in four 
good cases. Interestingly, the copy numbers showed much larger 
changes than somatic mutations especially between patient tumor 
and the first generation of xenograft tumor (Fig. 3B). It seems that 
PDX tumors harbor a number of new copy number losses that 
were maintained over many passages, which again implied that the 
clonal selection occurred in establishing the PDX mouse tumors. 

Discussion 

With the recent advances in anti-cancer drugs from unspecified cy-
totoxic agents to targeted therapy or immunotherapy, a better pre-
clinical model that reflects the characteristics of each patient is re-
quired to realize the precision medicine in cancer. The PDX mouse 
model has emerged as a valuable preclinical model to overcome the 

Fig. 1. Mapping and somatic mutations of patient-derived xenograft (PDX) mouse models. (A) The percentage of reads mapped to human 
and mouse respectively in PDX. (B) Box plot comparison of the number of exonic mutations called in patient and PDX tumors. (C) Variant 
allele frequencies (VAF) of major mutations identified in both patient and PDX tumors.

A

B C

Human mapped reads

100

80

60

40

20

0

Tumor

p = 7.4e-06
1200

1000

800

600

400

200

0

Tumor
PDX

Data

PDX

Re
la

tiv
e 

pe
rc

en
t o

f r
ea

ds

N
o.

 o
f e

xo
ni

c 
va

ria
nt

s

0.0 0.2 0.4 0.6 0.8 1.0

0.0

0.2

0.4

0.6

0.8

1.0

VAF of Tumor

VA
F 

of
 P

D
X

TP53  
KRAS  
PIK3CA  

1.0

0.8

0.6

0.4

0.2

0.0

TP53 
KRAS 
PIK3CA 

VA
F 

of
 P

DX
0.0 0.2 0.4 0.6 0.8 1.0

VAF of tumor

Mouse mapped reads

https://doi.org/10.5808/GI.2020.18.1.e34 / 8

Kim J et al. • Genetic profile of PDX mice in lung cancer



TP53 ●● ●● ●●●● ●● ●●●●● ●●●● ● ● ●●● ● ●●●●● ●●● ● ●●● ●● ● ●●● ● ● ●● ●●● ●● ●● ● ●● ● ● ● ●●

CSMD3 ●● ●● ●● ● ● ● ● ● ● ● ●● ● ●● ● ● ● ●

LRP1B ● ● ● ● ●●● ● ● ● ● ● ● ●● ●

SYNE1 ● ● ●● ●●●● ● ● ● ● ● ● ● ● ● ● ● ●

KRAS ● ●● ● ● ● ● ● ●● ● ● ●●● ● ● ●● ●

APC ● ● ● ● ● ● ● ● ● ●●● ●● ● ●● ●

PKHD1 ●● ● ● ● ● ● ● ● ● ● ●

KMT2D ● ● ● ● ● ● ●●

ADAMTS20 ● ●● ● ● ● ● ● ●

PIK3CA ● ● ● ● ● ● ● ● ● ●

ADGRL3 ● ● ● ● ● ● ●

PTEN ● ● ● ● ● ● ● ● ●

EP400 ● ● ● ●

ARID1A ● ● ●

NF1 ●● ● ● ● ● ● ● ● ● ● ● ●

EPHA5 ● ●● ● ● ●

TET1 ● ● ●

KMT2C ● ● ● ● ● ● ● ●

EGFR ●

GRM8 ●● ● ● ● ● ●

TPR ● ● ● ●

FLT4 ● ●● ● ● ●●

SPEN ● ● ● ● ● ● ●

GNAS ● ● ● ● ●

NSD1 ● ●

CTNNB1 ● ● ●

KEAP1 ● ● ● ● ● ●

BRAF ● ● ● ●

ALK ● ● ●

D
P_

08
5

SP
_2

97
SP

_2
31

SP
_4

18
SP

_2
16

SP
_3

83
D

P_
09

1
SP

_3
66

SP
_0

82
D

P_
04

0
SP

_4
54

D
P_

09
4

SP
_4

20
SP

_2
12

SP
_0

08
SP

_4
09

SP
_1

93
SP

_3
64

SP
_1

84
SP

_3
69

D
P_

08
1

SP
_2

99
SP

_4
28

SP
_2

23
SP

_0
73

SP
_2

07
SP

_2
20

SP
_4

51
SP

_0
36

SP
_0

61
SP

_3
18

SP
_4

64
SP

_2
76

SP
_1

00
SP

_3
72

SP
_4

36
D

P_
08

8
D

P_
07

8
SP

_4
02

SP
_4

16
D

P_
04

8
SP

_0
55

SP
_0

13
SP

_2
15

SP
_4

35
SP

_1
73

SP
_2

71
SP

_2
38

D
P_

01
4

SP
_4

19
SP

_1
86

D
P_

02
4

SP
_0

29
SP

_3
77

SP
_1

82
SP

_2
18

D
P_

07
5

SP
_1

15
SP

_2
17

SP
_4

73
SP

_2
14

SP
_2

22
SP

_2
06

SP
_1

97
SP

_3
65

D
P_

02
9

SP
_4

82
SP

_2
90

SP
_2

69
D

P_
03

2
D

P_
04

4
SP

_4
15

SP
_2

92
SP

_0
71

SP
_4

10
SP

_4
17

D
P_

05
6

SP
_1

91
SP

_3
41

D
P_

08
9

D
P_

03
9

SP
_2

44
SP

_0
95

SP
_2

81
D

P_
01

3
SP

_3
63

SP
_2

01
SP

_3
53

SP
_4

34
D

P_
08

4
SP

_2
95

SP
_0

60
SP

_2
65

D
P_

03
1

D
P_

05
7

SP
_2

35
SP

_4
67

SP
_0

79
SP

_4
80

SP
_0

56
SP

_4
41

SP
_2

41
SP

_3
02

SP
_0

44
SP

_1
85

SP
_2

52
SP

_3
47

D
P_

04
1

SP
_0

23
SP

_2
11

D
P_

06
0

SP
_2

13
SP

_2
62

SP
_1

98
SP

_2
89

SP
_2

93
SP

_0
41

SP
_2

03
SP

_2
78

D
P_

00
5

SP
_0

91
SP

_0
12

SP
_2

08
SP

_2
84

SP
_1

63
SP

_3
10

SP
_2

05
SP

_2
60

SP
_3

07
SP

_2
85

SP
_3

67
SP

_1
90

Cancer Subtype
Histology

Passage plot ① ② ③ ④ ⑤ ⑥

100%

50%

0%

Patient mut.
PDX mut.●

ADC
LCNC

SCC
Others

Consistent
Not consistent

Not available
Functional mutation Cancer subtype Patient-PDX Histology

Patient specific mutations Common mutations in patient & PDX

limitations of in vitro cell lines. Drug development and targeted 
therapy studies using PDX models reported that their responses to 
treatments are consistent with the clinical outcomes of actual pa-
tients. However, co-clinical studies are extremely rare and the fideli-
ty of PDX mouse to patient tumors is not well defined. 

In this study, we have found that PDX mouse models recapitulate 
the genetic characteristics of patients quite well. Although it is diffi-
cult to assume that PDX models perfectly represent patients’ genetic 
profiles due to the effects of clonal selection or evolution, much of 
the alterations identified in the patient were identified in PDX tu-
mors as well. In addition, these alterations have been maintained for 
generations. Importantly, several PDX models have actionable alter-
ations that can help drug development targeting those aberrations.  

Although we confirmed that major portion of somatic mutations 
and copy number alterations were maintained in PDX establish-
ment, we also observed many novel mutations and copy number al-
terations in PDX mouse tumors. The clonal selection and evolution 

are the main causes, resulting in different VAFs for several driver mu-
tations and novel copy number losses. We also observed many addi-
tional somatic mutations emerge as a result of clonal enrichment. 
Understanding the details of clonal evolution should be important 
in interpretation of treatment response using PDX mouse models. 

To the best of our knowledge, this is the largest scale of PDX study 
in lung cancer with matching trio samples. Over 100 cases of PDX 
biobank data were produced, even though there are cases where 
the histopathology of the patient and matched PDX are not con-
sistent. By comparing the mutation and copy number profiles of 
patient and PDX tumors, we were able to show that the molecular 
characteristics are mostly in agreement with the histological re-
sults. But several cases were identified that molecular characteris-
tics did not agree even though the histological examination results 
were identical in patient and PDX tumors. This highlights the 
complementary roles of molecular profiling in evaluating the PDX 
mice as a surrogate model in preclinical tests. 

Fig. 2. Landscape of somatic mutations in lung cancer patients and patient-derived xenograft (PDX) mouse models. (A) Relative ratio 
of exonic mutations identified in patients. Somatic mutations in patients were divided into patient-specific ones and common ones in 
PDX tumors. (B) Mutational landscape of somatic mutations in important cancer-related genes. The vertical red dotted line indicates the 
boundary of good and bad PDX models according to molecular characteristics. N/A, not available.
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