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Abstract: Colorectal cancer (CRC) remains to present a high incidence and mortality rate, despite of the advances 
in current targeted theraputic approaches. Accumulating studies indicates that Patient-derived xenograft (PDX) 
is an important cancer research tool for more personalized precision medicine. In this study, eighty five CRC tu-
mors derived from Chinese patients were transplanted into BALB/c nude mice for PDX models establishment. 
Immunohistochemical and molecular investigations (such as, Sanger sequencing, AmpliSeq Cancer Hotspot Panel 
Version 2 and Proteomics) were performed to verify if the PDX retained both features from the patient. Then, PDX 
(the first generation) initiation engraftment rate and speed related pathologic and genetic factors were explored. We 
found that 50 out of 85 (58.5%) CRC tumors successfully engrafted. A high genetic concordance between patient 
donor tumor and PDX was confirmed by pathologic, genetic, and proteomics investigations. CRC tumor staging, tu-
mor location, somatic mutations were correlated with PDX initiation engraftment rate and speed. In conclusion, we 
established 50 CRC PDX models with a high histologic and genetic representativeness of the primary tumor. This 
platform will represent a reliable tool for CRC precision medicine and cancer translational research.
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Introduction

Colorectal cancer (CRC) is the fourth cause of 
cancer-related deaths worldwide. Early diagno-
sis and treatment have improved survival of 
colorectal cancer, but the 5-year survival of 
metastatic (i.e., Stage IV) CRC remains less 
than 10% (see http://globocan.iarc.fr/Pages/
fact_sheets_cancer.aspx) [1]. It is estimated 
that about 376,300 Chinese will be diagnosed 
of colorectal cancer in 2015 and 191,000 of 
whom will succumb to this disease, correspond-
ing to 51 colorectal cancer deaths on average 
per day [2]. Besides of the mainstay treatment 
surgery, chemotherapy and radiotherapy for 
patients with rectal cancer, substantial impro- 
vements have been made in the treatment of 
metastatic colorectal cancer during the past 
two decades, due to the introduction of target-
ed agents [3, 4]. However, in fact, not all pati- 

ents benefit from current therapies, thus more 
personalized medicine appoaches remain to be 
developed [5, 6]. 

Preclinical evaluation of cancer targeted agents 
highly depend on drug evaluation animal mod-
els [7]. However, the cell-line derived xenograft 
models, which have been commonly used for 
decades, no longer preserve the original genet-
ic characteristics and show tumor heterogene-
ity, as a result of prolonged in vitro artificial cul-
turing [8]. About 85% preclinical agents fail to 
demonstrate sufficient safety or efficacy for 
regulatory approval to enter clinical trials, due 
to lack of animal models well replicating the 
diversity of human cancer biology [9, 10]. 
Therefore, a more clinical-representative and 
more stable drug evaluation animal model will 
be urgently needed.

http://www.ijcem.com
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In recent years, patient-derived xenografts 
(PDXs), so-called Avatar models, have been 
widely used in various cancers for translational 
research [11]. PDXs are established by directly 
transplanting fresh patient tumor tissue into 
immune-compromised mice [12]. Accumulating 
evidences indicate that PDX models can main-
tain major pathological and molecular charac-
teristic of the original tumor [7], thus to be an 
important tool for cancer precision medicine 
and translational research, including drug 
screening, personalized medicine applications, 
biomarker development, understanding of 
mechanisms of drug resistance and prospec-
tively identification of clinical translation 
hypotheses [13]. 

In this study, we successfully established 50 
CRC PDXs. The initiation engraftment rate of 
the PDX models was 58.8%. These models 
maintained the patient pathological and molec-
ular characteristics and effectively reflected 
the patient tumor heterogeneity. In addition, we 
explored initiation engraftment rate and speed 
related clinicopathologic and molecular fac-
tors. Our established CRC PDX models platform 
is a superior tool for colorectal cancer precision 
medicine and translational research.

Materials and methods

Patients and tumor tissues

Eighty five tumor tissue specimens (labelled as 
C01-85) were obtained at initial surgery after 
primarily diagnosed during 2014-2015, from 
the First Affiliated Hospital, College of Medic- 
ine, Zhejiang University. The patients had not 
received chemotherapy or radiation therapy 
before surgery. The study was approved by the 
Scientific and Ethical Committee of the First 
Affiliated Hospital, College of Medicine, Zhe- 
jiang University. Fresh Surgical tumor specimen 
were separated into 3 parts. The first part of 
the tumors were immediately transported in 
nutrient solution to the laboratory animal cen-
ter of Zhejiang University for xenografts im- 
plantation within 1 hour. The second part of  
the tumors were immediately frozen in liquid 
nitrogen, and then frozen at -80°C for genetic 
and protein analyses. The third part of the 
tumors were embedded in paraffin for histo-
pathologic examination and immunohistoche- 
mical analysis.

Establishment of xenografts

Three-to-four-week-old female BALB/c nude 
mice were purchased from Slaccas (Shanghai 
Slaccas Laboratory Animal) and housed in SPF 
laboratory animal rooms at laboratory animal 
center of Zhejiang University. Mice were accli-
mated to new environments for at least 3 days 
before use. Surgical tumor tissues were cut in- 
to pieces of 3 to 4 mm and transplanted within 
30 min s.c. to 4 mice. Additional tissues were 
snap-frozen and stored at -80°C until use. 
Animals were monitored periodically for their 
weight with an electronic balance and tumor 
growth with a Vernier caliper twice every week. 
The tumor volume was calculated as formula V 
= LD × (SD) 2/2, where V represents the tumor 
volume, LD and SD are the longest and the 
shortest tumor diameter respectively. Tumors 
were then harvested, minced and re-implanted 
as described above for passaging. At each gen-
eration, tumors were harvested and stored in 
liquid nitrogen and used for further experi-
ments. The use of experimental animals 
adhered to the Principles of Laboratory Ani- 
mal Care (NIH publication #85-23, revised in 
1985). All animal studies were approved by the 
Institutional Animal Care and Use Committee  
of Zhejiang University (approval ID: SYXK(ZHE)- 
2005-0072). 

Histological and immunohistochemical analy-
sis

All of the slides were stained with Harris he- 
matoxylin after dewaxing the 5-µm sections 
with dimethylbenzene and were evaluated by 
two pathologists. Specimen were fixed in 10% 
neutral formalin, embedded in paraffin, sec-
tioned (5 μm thick) and placed on slides for 
marker analysis. After blocking nonspecific 
antibody binding, sections were incubated with 
the primary antibodies against CEA (CST), CK7 
(CST), ki67 (CST), VEGF (Epitomics Inc), FGFR2 
(Abcam), VEGFR2 (Abcam) overnight at 4°C. 
Immunohistochemistry was performed accord-
ing to the streptavidin-biotin peroxidase com-
plex method (Lab Vision). The slides were pho-
tographed using an Olympus BX60 (Olympus). 

DNA isolation and mutation analysis

DNA samples were isolated by DNeasy Blood & 
Tissue Kit (50) Qiagen 69504. Isolated DNA 
samples were amplified by PCR for 13 exons of 
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the 5 selected genes (APC exon15 religion B, 
P53 exon5-6, KRAS exon2, NRAS exon2, BRAF 
exon15, PIK3CA exon9, EGFR exon19) on an 
Applied Biosystems VeritiTM 96 well Thermal 
Cycler instrument (Applied Biosystems). The 
primers were designed to using the software 
Primer Premier 5.0. Primer sequences are 
shown in Supplementary Table 2. DNA extrac-
tion and Sanger sequencing were performed 
for all 85 original tumor samples. PCR was per-
formed in a 25 µl mixture as per the following 
procedure: denaturation at 95 C for 5 min; 35 
cycles of denaturation at 94°C for 30 s, ann- 
ealing at 55°C for 40 s, and extension at 72°C 
for 1 min; and a final extension at 72°C for  
5 min. All PCR products analysis, purification 
and Sanger sequencing was performed by 
TSINGKE Biological Technology (Beijing, China). 
The sequences were scrutinized for variations 
alongside reference sequences using SeqMan 
Pro module of DNAstar 7.0 software.

Ion-torrent personal genome machine se-
quencing

AmpliSeq Cancer Hotspot Panel Version 2 (Life 
Technologies) specifically targets 50 cancer-
associated genes, most of which are tumor 
suppressor genes and oncogenes, and harbors 
2855 COSMIC hotspots [14]. In brief, 10 ng of 
DNA was extracted for the amplicon libraries 
using the Ion AmpliSeqTM 2.0 technology. The 
libraries were bar-coded (Ion XpressTM barcode 
adapters, Life Technologies), clonally amplified 
by emulsion PCR in vitro (Ion OneTouchTM 200 
Template Kit Version 2.0, Life Technologies), 
and sequenced on an Ion 318 Chip. Sequencing 
reads were first aligned to Human Genome  
version 19 (hg19) using Torrent Suite 4.2. 
Identification of variants was facilitated by 
using the IT Variant Caller software plugin (Life 
Technologies), and advanced annotation was 
performed by ANNOVAR software (openbioin-
formatics.org). Variants were selected by muta-
tion type if they belonged to nonsynonymous or 
frameshift or stopgain at the exonic region. 
Variants with amino acid changes were further 
examined for whether the changes were poten-
tially damaging alterations by well-known tools 
(SIFT, Polyphen2, LRT, MutationTaster). Variants 
were ranked as deleterious (labelled in black 
colour in figures) when simultaneously met all 
of the following conditions, SIFT (<0.05), pp2_
HDIV (D/P), pp2_HVAR (D/P), LRT (D), Mutation- 

Taster (A/D), and those simultaneously met 
more than 3 conditions were ranked as high 
risk SNV (labelled in red colour in figures). 
Synonymous SNV were labelled as green.

Proteomics

Subsequently 100 mg of tissues from xeno-
grafts and correponding patients tumors were 
finely chopped and homogenised in 500 μl of 
lysis solution (4% SDS + 100 mM Tris/HCl pH 
7.6 + 0.1 M DTT) and incubation at 95°C for 3 
min, centrifugation at 16,000 × g for 5 min. 
Total proteins from each sample were extract-
ed by the modified method of Filter-aided sam-
ple preparation, FASP. The samples were 
desalted with C18 spin tips and freeze-dried. 
All prepared samples were stored at -80°C until 
LC–MS/MS analysis. The label-free liquid chro-
matography mass spectrometric (LC-MS/MS) 
analysis of samples was performed using a 
Easy nanoLC 1000 coupled to a LTQ-Orbitrap 
Elite mass spectrometer (Thermo Fisher 
Scientific). Peptide mixtures (2 μg) were loaded 
by an auto-sampler. The peptide samples were 
subsequently eluted with a five-step linear gra-
dient of A/B mixture (A: ddH2O with 0.1% formic 
acid, B: ACN with 0.1% formic acid): 0-10 min, 
3-8% B; 10-120 min, 8-20% B; 120-137 min, 
20-30% B; 137-143 min, 30-90% B; 143-150 
min, 90% B. The column flow was maintained 
as 250 nl/min. The chromatographic system 
was composed of a trapping column (75 μm × 
2 cm, nanoviper, C18, 3 μM, 100 A) and an ana-
lytical column (50 μm × 15 cm, nanoviper, C18, 
2 μM, 100 A). Data were acquired with Xcalibur 
software (Thermo Fisher Scientific). The mass 
spectrometer was operated in the positive 
mode and Nanospray Flex ionization source 
and FTMS analyzer combined with Thermo LTQ-
Orbitrap Elite equipped Ion Trap analyzer. The 
parameters for FTMS were as follows: Data col-
lection were at 30 K for the full scan MS, posi-
tive as polarity, profile as data type, and then 
proceeded to isolate the top 20 ions for MS/ 
MS by CID (1.0 m/z isolation width, 35% colli-
sion energy, 0.25 activation Q, 10 ms activa- 
tion time). Scan Range was set as 300 m/z 
First Mass and 2000 m/z Last Mass. All sea- 
rches were performed using PEAKS v7.5 (Bio- 
informatics Solutions Inc) against a last vesion 
human uniprot protein database and common 
contaminant proteins (cRAP.fasta, 1/2015). 
Peptides were filtered with 0.5% FDR using a 
decoy database approach, and at least 1 
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unique peptide and 2 total peptides per protein 
were required for protein assignments. The sig-
nification protein were filtered with ≥20 (-10lgP). 
cRAP contaminant database identified dust/
contact proteins were removed from the table 
for clarity. Functional annotation and classifica-
tion of all identified proteins were determined 
by using the Blast2 GO program against a last 
vesion human uniprot protein database. 

Statistical analysis

Calculation and statistics were performed with 
Excel 2010 (Microsoft, Redmond, WA) and 
GraphPad Prism 5 (GraphPad Software, San 
Diego, CA). Experimental values were reported 
as mean ± SD. Column analyses correlation in 
GraphPad Prism 5 was used for statistical anal-
ysis of the engraftment success rate and speed 
related factors. P<0.05 was considered statis-
tically significant. 

Results

Patient characteristics

From June 2014 to December 2014, CRC (colo- 
rectal cancer) tumor tissues obtained from a 

total of 85 operation patients (labelled as  
C01-85) were subcutaneously implanted into 
BALB/c nude mice for PDX models establish-
ment (Figure 1A). Clinical and pathologic char-
acteristics are described in Table 1. Totally 50 
tumors out of 85 (58.8%) were successfully 
engrafted. 

Growth of CRC xenografts in BALB/c mice

Primary tumors was engrafted in mice at the 
first generation after average 3 months; tumor 
was re-implanted in new mice after reaching a 
volume of 1000 mm3. PDXs were serially pas-
saged in animals 3-5 times. The engraftment 
rate rose above 80% from the second genera-
tion (Figure 1B). We set the time from tumor 
tissue transplantation until tumor volume 150 
mm3 as the endpoint of engraftment speed 
evaluation. The 50 first generation engrafted 
PDX models costed average 94.3 days to gen-
erate a 150 mm3 tumor. Then, starting from the 
second generation, the latency of engraftment 
decreased from 3 months to 1.5 month until 
the stabilization obtained at the fourth genera-
tion (Figure 1C).

Figure 1. Establishment of xenografts & statistical observation of xenografts growth in mice. A. Xenografts estab-
lished with BALB/c nude mice. B. PDX engraftment rate of each generation. C. Days cost for each generation en-
grafted PDX model to generate a 150 mm3 tumor.
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Comparison of the histology and immmunohis-
tochemistry between the xenografts and the 
patient tumors

In order to further evaluate the PDX xenografts, 
immunohistochemical and molecular test were 

performed to identify if both characteristics 
were retained in the PDX. Immunohistochemical 
expressions of CEA, CK7, ki67, VEGF, FGFR2 
and VEGFR2 as well as the HE staining show- 
ed that the pathological characteristics of the 
third passage xenografts were in accordance 
with the original patient samples (Figure 2A). 
Cancer related somatic mutations were identi-
fied in one primary patient tumor sample and 
corresponding PDX tumor tissue. The PDX 
tumor manifested the same somatic gene 
mutations with original patient, such as KRAS 
(A59T), TP53 (R175C), SMARCB1 (R374W) 
(Figure 2B, detailed data shown in Supp- 
lementary Table 1). The comparison between 
original patient tumor and its PDX revealed a 
high accordance in terms of proteomic analysis 
(Figure 2C). To gain insights into the biological 
changes in the PDX tumor compared with the 
original patient tumor, the differentially expre- 
ssed proteins were categorized as per the  
Gene Ontology (GO) classes, such as cellular 
component, molecular function and biological 
process. GO analysis of the differentially 
expressed proteins concentrated upon 18 GO 
terms, as follows, defense response, response 
to wounding, regulation of locomotion, regula-
tion of response to external stimulus, regula-
tion of cytokine production, inflammatory 
response, response to bacterium, regulation of 
inflammatory response, leukocyte migration, 
negative regulation of response to stimulus, 
defense response to bacterium, negative regu-
lation of defense response, regulation of cyto-
kine biosynthetic process, positive regulation 
of cytokine biosynthetic process, regulation of 
behavior, regulation of chemotaxis, regulation 
of chemokine production, and regulation of 
chemokine biosynthetic process (Figure 2D). 

The initiation PDX engraftment rate related 
factors

Column analyses correlation was used for sta-
tistical analysis of the engraftment success 
rate related factors. We found that higher 
Dukes staging and TNM staging were positive 
correlated with successful engraftment (P< 
0.05, Figure 3A, 3B). Colon cancer demonstrat-
ed a higher PDX engraftment success rate 
(65.1%, 28/43) than rectum cancer (52.4%, 
22/42) (Figure 3E). Then, 85 original patient 
tumor were detected for mutations of APC 
exon15 religion B, TP53 exon5-6, KRAS exon2, 
NRAS exon2, BRAF exon15, PIK3CA exon9 and 
EGFR exon19. We compared the mutations fre-

Table 1. Clinical-pathological characteristics of 
CRC patients (N=85)
Characteristics Patients, n (%)
Gender  
    Male 53 (62.4)
    Female 32 (37.6)
Age, y  
    Median (range) 63.1 (36-84)
Primary site  
    Right hemicolon 12 (14.1)
    Colon transversum 4 (4.7)
    Left hemicolon 2 (2.4)
    Sigmoideum 25 (29.4)
    Rectum 42 (49.4)
Dukes staging  
    A1 1 (1.2)
    A2 1 (1.2)
    A3 12 (14.1)
    B 35 (41.2)
    C1 31 (36.5)
    C2 2 (2.3)
    D 3 (3.5)
Macroscopic type  
    Infiltrative 1 (1.2)
    Protuberant 18 (21.2)
    Ulcerated 66 (77.6)
Pathologic type  
    Adenocarcinoma 76 (89.4)
    Mucinous adenocarcinoma 9 (10.6)
Tumor differentiation  
    Moderate 63 (74.1)
    Moderate-poor 20 (23.5)
    Poor 2 (2.4)
Gene mutation status  
    KRAS 17 (20)
    NRAS 1 (1.2)
    BRAF 4 (4.7)
    PIK3CA 6 (7.1)
    EGFR 19 (22.4)
    APC 38 (44.7)
    P53 36 (42.4)
Engrafted mode  
    Yes 50 (58.8)
    No 35 (41.2)
Days before tumor volume 150 mm3  
    Median (range) 94.3 (32-195)
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Figure 2. Comparison of the histology and immmunohistochemistry between the xenografts and the patient tumors. 
A. Immunohistochemical expressions of CEA, CK7, ki67, VEGF, FGFR2 and VEGFR2 as well as the HE staining 
showed that the pathological characteristics of the third passage xenografts were in accordance with the original 
patient samples. B. The PDX tumor manifested the same somatic gene mutations with original patient. C. The com-
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quency between 50 successful engraftment 
patient tumor (namely, transplantable tumor) 
and 35 untransplantable tumors. Among the 
detected genes, KRAS (P<0.01) and PIK3CA 
(P<0.05) mutation were positive correlated 
with successful engraftment (Figure 3C, 3D). 
To further explore the engraftment rate related 
molecular factors of the first generation PDX 

engraftment, 3 original patient tumors with the 
highest engraftment success rate (all 4 trans-
planted mice successfully engrafted) were 
compared with another 3 with the lowest 
engraftment success rate (none of 4 trans-
planted mice engrafted) in terms of tumor 
associated hot spot mutation, to find that the 
former appeared to have more deleterious 

parison between original patient tumor and its PDX revealed a high accordance in terms of proteomic analysis. D. 
GO analysis of the differentially expressed proteins concentrated upon 18 GO terms.

Figure 3. The initiation PDX engraftment success rate related factors. A, B. Higher Dukes staging and TNM staging 
were positive correlated with successful engraftment (P<0.05). C, D. KRAS (P<0.01) and PIK3CA (P<0.05) muta-
tion were positive correlated with successful engraftment. E. Colon cancer demonstrated a higher PDX engraftment 
success rate (65.1%, 28/43) than rectum cancerv (52.4%, 22/42). F, G. Statistical analysis of deleterious mutated 
genes, high risk and low risk genes between 3 original patient tumors with the highest engraftment success rate 
and another 3 with the lowest engraftment success rate in terms of tumor associated hot spot mutation. 
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mutated genes (shown in black colour) and 
high risk SNV genes (shown in red colour) 
(Figure 3F, 3G).

cine programmes in recent years [15, 16]. 
Novel cancer targeted agents research requires 
a more clinical-representative drug evaluation 

Figure 4. The initiation PDX engraftment speed related factors. A. Tumors 
from left hemi-colon appeared to have a faster engraftment speed than tu-
mors from other locations. B. KRAS (P<0.05) mutation were positive corre-
lated with engraftment speed. C, D. The 3 original patient tumors (C74, C05, 
C11) with the fastest engraftment speed appeared to have more deleterious 
mutated genes (shown in black colour) and high risk SNV genes (shown in 
red colour) than another 3 (C06, C54, C04) with the slowest engraftment 
speed.

The initiation PDX engraft-
ment speed related factors

The latencies of engraftment 
and growth rates of PDXs  
varied significantly among  
different models (Table 1). 
Among the 50 transplantable 
PDX models, we compared  
15 rapid-growth models which 
showed earliest tumor growth 
after transplantion (average 
54.1 days) with 15 slow-gro- 
wth models (average 142.3 
days). Similar with engraft-
ment rate related factors, we 
found that tumor location 
were correlated with PDX en- 
graftment speed. Tumors fr- 
om left hemi-colon appeared 
to have a faster engraftment 
speed than tumors from other 
locations (Figure 4A), while 
tumor staging factor had no 
statistical significance. KRAS 
(P<0.05) mutation were posi-
tive correlated with engraft-
ment speed (Figure 4B). To 
further explore engraftment 
speed related molecular fac-
tors of the first generation 
PDX engraftment, 3 original 
patient tumors (C74, C05, 
C11) with the fastest engraft-
ment speed were compared 
with another 3 (C06, C54, 
C04) with the slowest engraft-
ment speed (Supplemental 
Figure 1) in terms of tumor 
associated hot spot muta- 
tion, to find that the former 
appeared to have more dele-
terious mutated genes (sh- 
own in black colour) and high 
risk SNV genes (shown in red 
colour) (Figure 4C, 4D).

Discussion

There has been a notable 
expansion of precision-medi-
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animal models which well replicates the diver-
sity of patient cancer biology [9]. PDX models 
represent enhanced preclinical tools with more 
imitation of human cancer biology and patient 
response to treatments [17].

Typically, PDX initiation engraftment rates vary 
between 25 and 60% with different tumor ty- 
pes [18]. In our study, we successfully estab-
lished 50 CRC PDXs, with engraftment rate of 
58.8%, using BALB/c nude mice as hosts  
and CRC tumor tissues only obtained from pri-
mary colorectal cancer. It was reported the 
engraftment rate of colorectal cancer PDXs 
reached 70% or so [19-21]. We attributed th- 
ese different results mainly to the usage of dif-
ferent types of hosts and tumor origin [22]. 
PDXs were serially passaged in animals 3-5 
times. In our study, the engraftment rate rose 
above 80% from the second generation (Figure 
1B). As the human stromal tissue in the PDX 
models gradually replaced by murine stromal 
tissue during tumor passaging, associated 
immune response will be blunted, facilitating 
the engraftment rate [23]. In our study, 50 first 
generation engrafted PDX models costed aver-
age 94.3 days to generate a 150 mm3 tumor. 
Then, starting from the second generation, the 
latency of growth decreased from 3 months to 
1.5 month until obtaining a stabilization at the 
fourth generation. The gradually rise of engraft-
ment rate and speed indicate that, once 
engrafted, PDXs can be easily transplanted 
from mouse to mouse, which will make it feasi-
ble to conduct several experimental replicates 
[24].

Animal models which better recapitulate the 
heterogeneity of tumours in patients will there-
fore be more predictive [7]. An important ques-
tion regarding PDX model stability is whether 
the engraftment or expansion changes the 
molecular features of the tumours. In our study, 
The PDX tumor not only showed the basically 
same immunohistochemical expression of CEA, 
CK7, ki67, VEGF, FGFR2 and VEGFR2 by as well 
as the Hematoxillin & Eosin staining, but also 
somatic mutations with the original patient. In 
order to further validate and explore the PDX 
model stability, we compared the PDX with cor-
responding donor patient tumor by proteomic 
analysis, revealing a high correlation of majority 
proteins. Therefore, we demonstrated that the 
PDX retained most of primary tumor genetic 
characteristics in terms of pathological, genetic 

and protomic characteristics. All these results 
above indicate that we successfully established 
a CRC PDX models platform, which retained the 
patient molecular characteristics and reflected 
the patient tumor heterogeneity.

Another question is whether the different char-
acteristics are generated by tumor evolution 
and whether these differences influence the 
stability of the model clinico-representative-
ness. In our study, IT-PGM sequencing of one 
model showed that PDX tumor retained the 
same deleterious somatic mutations from the 
donor patient, while heterogenicity were pres-
ent for genes with high risk SNV (shown in red 
colour) or synonymous SNV (shown in green 
colour) (Figure 2B). These high risk nonsynony-
mous SNV and synonymous SNV are usually 
considered to have no contribution to disease, 
and mechanisms might be more likely due to 
selection of pre-existing clones, rather than the 
evolutional generation of new clones [25-27]. 
Further, we utilized proteomics assay to take a 
sight into the different expressed proteins 
between the PDX tumors and patient tumors. In 
our study, GO analysis of the differentially 
expressed proteins in the PDX tumor compared 
with the original patient tumor concentrated 
upon 18 GO terms, the majority of which were 
related to immunologic and inflammatory func-
tion. In each of the 18 GO terms, proteins in 
PDX tumor were wholly fewer than those in the 
primary tumor, which reflected the lack of an 
immune system and were likely to have a sub-
stantial role in forming the selection pressures 
for engrafted tumour tissues (Figure 2D) [13]. 
The results above indicate that the differences 
between PDX and origin tumor mainly reflect 
the interreaction between transplants and 
hosts, demonstrating the stable clinical-repre-
sentativeness of PDX models.

The ultimate goal of Avatar models utilization 
should be guiding clinical decisions. However, 
about 30% of patients cannot generate an 
Avatar model. Another attention-getting ques-
tion considering that some patients would not 
benefit from the experimental findings before 
disease progression and death, particularly for 
more aggressive cancer patients [13]. In fact, 
PDX engraftment rate and speed can be quite 
variable and unpredictable, especially in less 
aggressive tumors [7, 12]. In order to better 
optimize the strategy of PDX-based personal-
ized precision medicine research, more individ-
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ualized PDX model establishment methodo- 
logy should be considered in practice, that is to 
say, different animal host type, implantation 
location, tumor tissue management should be 
utilized for different type of patient tumor. 
Therefore, in this study, we compared engraft-
ment rate and speed among different patients 
in terms of demographic characteristics. We 
showed that tumor location, KRAS mutation, 
PIK3CA mutation, as well as cancer hotspot 
mutated genes number are correlated with PDX 
engraftment rate (Figure 3). Few studies have 
evaluated the relationship between the PDX 
engraftment speed, namely tumor-take time. In 
our study, we showed that tumors location, 
KRAS (P<0.05) mutation and cancer hotspot 
mutated genes number are correlated with 
engraftment speed (Figure 4). The KRAS muta-
tion has been reported to be positive correlat-
ed with engraftment rate in colorectal cancer 
PDX models [28, 29], while we showed PIK3CA 
mutation positive correlated with PDX engraft-
ment rate and KRAS mutation is also positive 
correlated with PDX engraftment speed. In our 
study, we first showed that more deleterious 
mutated genes number indicates higher PDX 
engraftment rate and speed by AmpliSeq 
Cancer Hotspot Panel Version 2. Logically 
speaking, the more progressive and metastatic 
colorectal cancer tends to be, the more need 
for precision medicine there will be. In our 
study, we found that CRC tumor staging, tumor 
location, somatic mutaions were correlated 
with engraftment success rate and speed. 
More malignant and invasive CRC tended to 
have a higher engraftment success rate and 
speed, which seem to be a positive indication 
[30, 31]. For less advanced cancers, the clini-
cal utility of CRC xenograft engraftment may  
be limited by low engraftment rates and speed 
[7]. Therefore, in order to enhance PDX engraft-
ment rates and speed for the less advanced 
cancers, more researches will be needed for a 
comprehensive comparison among different 
hosts, different implantation locations and 
tumor tissue management, with regards to 
engraftment rate, engraftment speed, thus to 
provide an optimum selection for different type 
of tumors [22]. Further, the standard operating 
procedures for different type of tumors are 
needed [24].

In conclusion, we successfully established 50 
CRC PDXs. The success rate of the PDX models 

was 58.8%. These PDX models retained the 
patient pathological and molecular characteris-
tics and reflected the patient tumor heteroge-
neity. We suggest that more individualized PDX 
model establishment methodology should be 
established for colorectal cancer precision 
medicine.
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Supplementary Table 1. The deleterious mutations of PDX model by AmpliSeq Cancer Hotspot Panel 
Version 2

Gene Exon cDNA 
change AAChange COSMIC Already 

reported
Mutation 

type SIFT pp2_HDIV pp2_HVAR LRT MutationTaster

KRAS 3 c.G175A p.A59T COSM546 no missense 0.01 P P D D

TP53 5 c.C523T p.R175C COSM43680 no missense 0 D D D D

SMARCB1 9 c.C1120T p.R374W COSM1226778 no missense 0 D D D D
Abbreviations: D: damaging; P: probably damaging; B: benign. All mutations are Heterozygous.

Supplementary Table 2. The primers sequences designed by the 
software Primer Premier 5.0
KRAS exon2 Forward TGTGTGACATGTTCTAATATAGTCACAT

Reverse GGTCCTGCACCAGTAATATGC
NRAS exon2 Forward GTGAAATGACTGAGTACAAA

Reverse TATGGTGGGATCATATTC
IK3CA exon9 Forward AGTAACAGACTAGCTAGAGA

Reverse ATTTTAGCACTTACCTGTGAC
BRAF exon15 Forward TCATAATGCTTGCTCTGATAGGA

Reverse GGCCAAAAATTTAATCAGTGGA
EGFR exon19 Forward CACAATTGCCAGTTAACGTCT

Reverse CCCACACAGCAAAGCAGA
APC exon15 religion B Forward AGGGTTCTAGTTTATCTTCA

Reverse TCTGCTTGGTGGCATGGTTT
P53 exon5-6 Forward GGGTTGCAGGAGGTGCTT

Reverse TAAGCAGCAGGAGAAAGC

Supplementary Figure 1. Growth curve of 3 models with the fastest engraftment speed and another 3 models with 
the slowest engraftment speed.


