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Abstract
Objectives: Patient-derived xenograft (PDX) models are widely acknowledged for their ability to reflect the
heterogeneity of human cancers and can be used to improve preclinical models. In this study, we
evaluated the factors affecting the tumor formation rate of the PDX colorectal cancer (CRC) model and
conducted preliminary drug sensitivity tests.

Methods: CRC patients who underwent elective surgery at Shaoxing People's Hospital from November 2019
to October 2020 were included. The tumor tissue obtained from surgery was transplanted to the back of NSG
mice, and the PDX model was established and subcultured to the F3 generation. Factors that affected
tumorigenicity were analyzed and compared histologically. Drug interventions included 5-fluorouracil,
oxaliplatin, and propofol.

Results: Sixty CRC patients were included in this study, and tumorigenesis was observed in CRC tissue
derived from 37 cases (62%). The primary tumor malignancy degree (tumor stage and degree of cell
differentiation), preoperative carcinoembryonic antigen level, and tumor location in CRC patients could
affect the tumorigenicity of the PDX model. Histopathological analysis of CRC-PDX transplanted tumor
tissue was highly consistent with the patient's tumor tissue. All four chemotherapy regimens could inhibit
tumor growth and cause tumor tissue damage. Propofol could inhibit diarrhea in mice and protect intestinal
mucosa.

Conclusions: The CRC-PDX model established in this study can maintain the biological characteristics of
primary tumors and can be used as a reference model for the individualized treatment of CRC patients. The
degree of malignancy of the primary tumor is the primary factor affecting the tumorigenesis rate of the PDX
model.

Categories: Gastroenterology, Anesthesiology, Oncology
Keywords: colorectal cancer, drug intervention, influencing factors, patient-derived xenograft (pdx), propofol

Introduction
Colorectal cancer (CRC) is one of the most common malignant tumors. In recent years, the incidence and
mortality of CRC have increased following changes in our dietary and lifestyle habits [1]. For most patients
with advanced CRC, surgery alone is not curative. Chemotherapy and targeted drug therapy are important
means to improve treatment efficacy. Indeed, it is well-established that understanding the heterogeneity of
CRC is essential to find an optimal therapeutic approach to reduce morbidity and mortality [2]. Genome-
wide analysis has shown that each CRC has a median of 76 non-silent gene mutations [3], and each CRC
case is unique. The high failure rate of clinical trials of chemotherapy drugs can be attributed to some extent
to the limitations of preclinical models [4] and the poor ability to predict the prognosis of patients treated
with candidate drugs. The traditional cell line-derived xenograft (CDX) model involves the culture of human
tumor cells in vitro, subcultured to establish a stable cell line, and then injected into immune-deficient
mice. However, during tumor cell culturing, the biological characteristics of the primary tumor and the
tumor heterogeneity are lost [5]. The patient-derived xenograft model (PDX) developed in recent years
involves transplanting fresh tumor tissue from patients to immunodeficient mice and the subsequent growth
of tumor tissue in the environment provided by mice [6]. The PDX model is the closest tumor model to
clinical research so far, which has important transformation significance for tumor preclinical evaluation,
treatment, and prognosis, and is expected to bring breakthroughs for individualized treatment of tumor
patients. The PDX model provides a valuable tool for understanding the potential mechanisms of
intercellular communication, drug response, and tumorigenesis and for drug discovery and individualized
treatment. Among various animal models of CRC, the PDX model retains the characteristics of tumor tissue
of patients, including histopathological structure, genomic characteristics, clonal heterogeneity in the
tumor, chromosome instability, and drug reactivity. Indeed, mutations of key driving genes remain
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consistent following several cell passages [7,8]. CRC-PDX has many limitations for large-scale clinical use,
among which PDX tumorigenesis rate and influencing factors are important limiting parameters.

Anesthetics may affect the occurrence and development of cancer through the activation of the immune
system, adrenergic inflammatory pathway, and tumor suppression signal pathways [9]. Propofol is a
commonly used anesthetic. Many studies have shown that propofol can inhibit tumor growth and improve
the prognosis of tumor patients [10,11].

NF- κB, HIF-1α, and Ki67 are key genes related to the occurrence and development of CRC. To explore the
morphological and genetic stability of the PDX model, this study established a CRC-PDX model, analyzed
each generation of tumor tissue, and identified the stability of this model, laying a foundation for future in
vivo drug research. This study was divided into two parts. First, CRC tumor tissue was inoculated in NSG
mice to construct the CRC-PDX model; the tumor formation rate and the factors influencing tumorigenesis
were analyzed. In the second part, PDX model mice were subcultured to F3 generation to explore the
stability of tumor morphology and biological activity after three generations and preliminary drug
experiments were carried out to explore the values of the PDX model for drug screening of clinical tumor
patients.

Materials And Methods
Experimental animal
Immune-deficient NSG male SPF mice, 7-8 w, weight 18-24 g, were purchased from Jiangsu Jicui Yaokang
Biotechnology Co., Ltd. (code of production certificate of experimental animals: SYXK (Su) 2018-0008). The
experiments were conducted at the Animal Laboratory of Shaoxing People's Hospital (license number is
SYXK (Zhe) 2017-0007). Animals were raised in an IVC environment for one week under controlled
conditions (room temperature of 26 ℃±1 ℃, 50%-60% humidity, 12hrs: 12hrs light/dark cycle, ventilation
rate of 8-15 times/h) and the growth of mice was observed every day. The present experiment was
performed according to an approved animal protocol approved by the Animal Ethics Committee of Shaoxing
People’s Hospital (No. 2020-114). The study is reported in accordance with the ARRIVE guidelines for
reporting experiments involving animals [12].

Clinical specimen
All methods were carried out in accordance with the Declaration of Helsinki. The research protocol was
reviewed and approved by the Ethics Committee of Shaoxing People's Hospital (Ethics No. 2017-145). The
patient and his family members were informed that the patient’s privacy would be protected when
participating in the study, and the specimens removed from surgery would be kept in the hospital and
possibly used for scientific research. This protocol was registered in the Chinese clinical trial registry
(registration number, ChiCTR1900026975). 60 patients with colorectal cancer who underwent elective
colorectal cancer surgery in the Anorectal Department of Shaoxing People's Hospital from November 1, 2019
to October 1, 2020, were recruited in this study. The inclusion criteria included: Pathological diagnosis of
colorectal cancer, tumor size of more than 4 cm, primary cancer or metastatic cancer. Patients with HIV
patients, hepatitis B patients, or hepatitis C were excluded from the study. During the surgery, fresh tissue
samples were harvested under sterile conditions. Three pairs of tumor tissues in situ and three pairs of
metastatic tumor tissues were taken as parents (P) with a sample volume of at least 6 mm×6mm×6 mm (>200

mm3). One pair was put into a tissue preservation solution for constructing the PDX model, and the other
two pairs were placed in 10% formalin fixative for morphological and immunohistochemical studies.

Main reagents
Sufentanil citrate injection (Yichang Renfu Pharmaceutical Co., Ltd.); Sevoflurane, oxaliplatin (Jiangsu
Hengrui Pharmaceutical Co., Ltd.); propofol (AstraZeneca UK); 5-Fluorouracil (Tianjin Jinyao Amino Acid
Co., Ltd.); magnetically activated cell sorting (MACS) tissue sample preservation solution (Germany
Meitianni Biotechnology Co., Ltd.); double antibody (penicillin, streptomycin), 4% paraformaldehyde,
diluent of first antibody and HE staining kit (Shanghai Biyuntian Co., Ltd.); Ki67 antibody, HIF-1 α
antibodies, and NF- κB antibody (American Affinity Co., Ltd.) were used.

Establishment and passage of the PDX model of CRC
The tumor tissues of 65 CRC patients were harvested and termed parental generation (P). They were
inoculated subcutaneously in the right lumbar back of 65 NSG mice to construct a CRC-PDX mouse model

(P0 generation). When the tumor volume reached 1 cm3, rapid decapitation was used to sacrifice the mice,
then the tumor tissues were harvested. Some tissues were used for passage, and some were placed in 4%
paraformaldehyde. The P0 generation tumor tissues were inoculated into 3-5 NSG mice to construct the F1

generation CRC-PDX model. When the tumor volume reached 1 cm3, the mice were killed by rapid
decapitation and the tumor tissues were retained for passage or further research. The volume was calculated
as follows: tumor volume=(maximum tumor diameter × minimum tumor diameter^2)/2. By analogy, it was
passed down to the F3 generation. The definition of tumor formation time (d): the time from the tumor
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tissue inoculation of P0 generation NSG mice to the tumor volume of 1 cm3. The observation time was set to
60 days in this study [13].

Immunohistochemical staining
5 μm of paraffin-embedded tissue block was baked at 60℃ overnight. After dewaxing with xylene,
dehydration with tap water, and dehydration over a gradient of alcohols, tissues were incubated with 3%
H2O2 for 10 min to eliminate endogenous peroxidase activity, antigen was repaired by microwave irradiation

for 10 min and incubated in 1:100 mouse anti-HIF-1α, NF-κB, Ki67 polyclonal antibody (Invitrogen),
overnight at 4 ℃. After washing with 0.1 mo1/L phosphate buffer solution (PBS) and they were subjected to
immunohistochemical staining, 3',3'- diaminobenzidine (DAB) coloration, hematoxylin counterstaining, and
blocking. Under the microscope, the nucleus was stained blue, and the gene expression positive area was
brown or brown-yellow. The expression of HIF-1α, NF-κB, ki67 in the F3 generation of CRC-PDX
transplanted tumor and the primary (parent) tumor tissue was compared and analyzed to determine whether
CRC-PDX could replicate the biological characteristics of the parent tumor. The immunohistochemical score
(IRS) was used for semi-quantitative determination (formula: IRS=SIPP) based on the staining intensity (SI)
(0, no color development; 1 point, light yellow; 2 points, brown yellow; 3 points, dark brown) and percentage
of stained cells (PP) (0, no color; 1 point, stained cells<10%; 2 points, stained cells 11%-50%; Grade 3, 51%-
80% of stained cells; Grade 4, staining cells>81%).

Hematoxylin-eosin (HE) staining
HE staining was used to detect the morphological changes of intestinal mucosa in rats: the morphological
changes of intestinal mucosa were observed under light microscopy with conventional HE staining, and the
morphological characteristics of P versus F3 tumors were compared.

Study on drug sensitivity of the CRC-PDX model
Thirty F3 generation PDX model mice (from the same patient) were divided into five groups (n=6) according
to the medication scheme: Control (Ctrl) group: 0.9% sodium chloride 100 µL; Propofol (Prop) group:
Propofol 40 mg/kg; 5-fluorouracil (5-Fu) group: 5-fluorouracil 23 mg/kg; 5-fluorouracil combined with
oxaliplatin (5-Fu+OX) group: 5-Fu 23 mg/kg combined with oxaliplatin 5 mg/kg; 5-Fu+Prop group: 5-Fu 23
mg/kg combined with Prop 40 mg/kg. All drugs were diluted to 100 µL with 0.9% sodium chloride and
injected intraperitoneally once every other day, the tumor volume of mice was measured every three days,
and activity, mental status, emaciation, and diarrhea of mice were observed. After two weeks of
administration, the mice were killed by rapid decapitation, and the tumor tissues were harvested to measure
the volume and mass. The tumor tissue was fixed in 4% paraformaldehyde for morphological or
immunohistochemical detection.

Statistical analysis
 IBM SPSS Statistics for Windows, Version 18 (Released 2009; IBM Corp., Armonk, New York, United States).
and GraphPad Prism 7 (GraphPad Software, California, USA) were used for statistical analysis. Dose data
conforming to the normal distribution were expressed as mean (SD), and a student’s t-test was used to
compare data between groups. The categorical variables were expressed by rate, and a χ2 Test or Fisher exact
test was used to compare the difference of clinical and pathological factors between the tumor-formation
group and non-tumor formation group, and multivariate logistic regression analysis was conducted for
variables with P<0.05 to analyze the independent risk factors affecting tumor formation.

Results
CRC-PDX model construction and generation
In this study, 65 patients with CRC were enrolled. Tumor tissues from patients were collected and inoculated
into NSG mice to construct 65 P0 generation PDX model mice. Among them, five animals died, with a
mortality of about 8%. Finally, 60 PDX model mice were included in the data analysis. The mean tumor
formation time was 34(11) days, ranging from 10 to 58 days. Tumorigenesis was observed in 37 (62%) of the
P0 generation PDX model mice (Figure 1).
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FIGURE 1: Tumorigenesis in CRC-PDX model mice
CRC: colorectal tumor; PDX: xenotransplantation of tumor tissue from patients; A-C: represent the tumor tissue of
P0, F1 and F2 PDX model mice respectively; D: F2 generation CRC-PDX model mice.

Biological characteristics of tumor tissue and original tumor tissue of
the CRC-PDX model
HE staining was performed on P and F3 generation tumor tissues. The results showed that the tissues of
PDX model mice (F3) were highly consistent with the primary tumor tissues (P) in terms of cell tissue
structure, and there were no significant changes in cell density, karyotype, and mesenchymal cell
morphology, which preserved the histological characteristics of the primary tumor (Figure 2).
Immunohistochemical staining was used to assess Ki67, NF-κB, and HIF-1α expression P versus F3
generation tumor tissues. A high expression (>80%) was observed, suggesting that during the passage of the
PDX model, the histomorphology and tumor molecular phenotype of P versus F3 generation tumors
remained genetically stable and the biological characteristics of primary tumors were well preserved (Figure
2).
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FIGURE 2: Comparison of HE staining morphology and expression of
characteristic proteins between PDX model tumor tissue (F3) and
patient's original tumor tissue (P)(×200)
CRC: colorectal tumor; PDX: xenotransplantation of tumor tissue from patients; HE: hematoxylin and eosin
staining

Analysis of factors influencing the tumor formation rate
Our PDX models were derived from 60 CRC patients, mostly males (n=40, 66.7%), with a mean age of 63 (10)
yrs, mean weight of 62 (10) kg, and mean height of 164 (8) cm. According to the tumor stage, the 60 CRC
patients had stage I (n=10, 16.7%), stage II (n=15, 25.0%), stage III (n=16, 26.7%) and stage IV (n=19, 31.7%).
Stratification based on cell differentiation showed that the PDX models were derived from highly
differentiated (n=23,38.3%), moderately differentiated (n=22,36.7%), and poorly differentiated (n=15,25.0%)
CRC. The most common metastatic sites in the CRC patients included liver (n=22,36.7%), lymph node
(n=25,41.7%), and hematogenous (n=23,38.3%) metastasis. The tumorigenesis rate of models based on
tumor tissues from patients with late-stage CRC was significantly higher (P=0.002), with 18 cases (94.7%)
associated with stage IV tumors compared to 4 (40.0%), 7 (46.7%), and 8 (50.0%) in stage I, II, and III tumors,
respectively. The degree of cell differentiation also significantly affected the tumorigenesis rate (P<0.001).
Higher tumorigenesis rates were associated with moderately to poorly differentiated tissues. The
tumorigenesis rates of highly, moderately, and poorly differentiated tissues were 21.5% (5/23), 77.3%

 

2024 Zhang et al. Cureus 16(10): e71116. DOI 10.7759/cureus.71116 5 of 11

https://assets.cureus.com/uploads/figure/file/994568/lightbox_1f3c1080fd5d11eeadd8d5eaf31ad7a4-Fig2.png


(17/22), and 100% (15/5), respectively. Patients could also be stratified according to the preoperative CEA
levels into <10 ng/mL (n=35, 58%) and ≥10 ng/mL (n=25, 42%) groups. A significantly higher tumorigenesis
rate was observed in the <10 ng/mL groups (14/35, 40%) than in the ≥10 ng/mL group (n=23/25, 92.0%)
(P<0.001). Besides, a significant difference was observed based on tumor site, with 19 (19/24, 79.2%), 9
(9/12, 75.0%), and 9 (9/24, 37.5%) cases of tumorigenesis in left colon cancer, right colon cancer, and rectal
cancer, respectively (P=0.008). Factors including warm ischemia time, tumor metastasis, age, body weight
and height did not affect the tumor formation rate (all P>0.05). Multivariate analysis was conducted to
identify influential factors from significant parameters from univariate analysis. In view of the large error,
the multivariate analysis was abandoned (Table 1).

 
Patients

Tumorigenicity

Yes NO
P-value

(n = 60) (n=37) (n=23)

Age, n (%)    

0.402<60 years 20 (33.3%) 14 (70.0%) 6 (30.0%)

≥60 years 40 (66.7%) 22 (55.0%) 18 (45.0%)

Gender, n (%)    

0.511Male 40 (66.7%) 23 (57.5%) 17 (42.5%)

Female 20 (33.3%) 14 (70.0%) 6 (30.0%)

Body weight (kg) 62 (10) 63.3 ( 8.1) 59.9 (8.0) 0.114

Height (cm) 164 (8) 164.0 (8.5) 163.0 (8.2) 0.399

Preoperative CEA level    

<0.001<10 ng/mL 35 (58.3%) 14 (40.0%) 21 (60.0%)

≥10 ng/mL 25 (41.7%) 23 (92.0%) 2 (8.0%)

Primary tumor location, n (%)    

0.008
Right colon 12 (20.0%) 9 (75.0%) 3 (25.0%)

Left colon 24 (40.0%) 19 (79.2%) 5 (20.8%)

Rectum 24 (40.0%) 9 (37.5%) 15 (62.5%)

Tumor stage, n (%)    

0.002

I 10 (16.7%) 4 (40.0%) 6 (60.0%)

II 15 (25.0%) 7 (46.7%) 8 (53.3%)

III 16 (26.7%) 8 (50.0%) 8 (50.0%)

IV 19 (31.7%) 18 (94.7%) 1 (5.3%)

Cell type, n (%)    

<0.001
WD 23 (38.3%) 5 (21.7%) 18 (78.3%)

MD 22 (36.7%) 17 (77.3%) 5 (22.7%)

PD 15 (25.0%) 15 (100.0%) 0 (0.0%)

WIT, n (%)    

0.787<10 min 37 (61.2%) 14 (37.8%) 23 (62.2%)

≥10 min 23 (38.3%) 10 (43.5%) 13 (56.5%)

Lymphatic invasion, n (%)    

1.000Negative 35 (58.3%) 22 (59.5%) 13 (56.5%)

Positive 25 (41.7%) 15 (40.5%) 10 (43.5%)
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Liver invasion, n (%)    

0.607Negative 38 (58.3%) 22 (57.8%) 16 (42.1%)

Positive 22 (36.7%) 15 (68.1%) 7 (31.8%)

Vascular invasion, n (%)    

0.472Negative 37 (61.7%) 21 (56.8%) 16 (43.2%)

Positive 23 (38.3%) 16 (69.6%) 7 (30.4%)

Xenograft number    

0.073

1 15 (25.0%) 9 (60.0%) 6 (40.0%)

2 15 (25.0%) 9 (60.0%) 6 (40.0%)

3 15 (25.5%) 13 (86.7%) 2 (13.3%)

4 15 (25.5%) 6 (40.0%) 9 (60.0%)

TABLE 1: Patient characteristics and tumorigenicity of primary tumor in PDX models
Data are expressed as the mean (SD), number of patients or median (Q1, Q3); PDX, patient-derived xenograft; CEA, carcinoembryonic antigen; WD, well
differentiated; MD, moderately differentiated; PD, poorly differentiated; WIT, warm ischemia time.

Chemotherapy drug in sensitivity testing in CRC-PDX model mice
After two weeks of chemotherapy, the animals were killed by rapid decapitation (Figure 3C). Diarrhea
occurred in mice in the 5-Fu group and 5-Fu+Ox group during chemotherapy; while no diarrhea occurred in
the Ctrl group, Prop group, and 5-Fu+Prop group. The tumor volume and mass after four chemotherapy
regimens were smaller than the Ctrl group (P<0.05). The 5-Fu+Prop group experienced a stronger anti-tumor
effect than the Prop group (P<0.05). The 5-Fu group experienced a stronger anti-tumor effect than the Prop
group (P<0.05). Importantly, the 5-Fu+Ox group sustained a stronger anti-tumor effect than the 5-Fu group
(P<0.05) (Figures 3A, 3B). After treatment with four different chemotherapy schemes, tumor tissue exhibited
varying degrees of damage during histopathological analysis (Figure 4). Immunohistochemical staining
analysis of the expression of tumor-specific proteins such as HIF-1α, NF-κB, and Ki67 showed that Prop
could significantly inhibit the expression of three proteins (P<0.05). A significantly stronger inhibitory effect
was observed in the 5-Fu+Prop combination group on Ki67 than in the Prop monotherapy group (P<0.05).
Compared with the Ctrl group, the 5-Fu+Prop combination group experienced a more significant inhibitory
effect on HIF-1α and NF-κB (P<0.05). The four chemotherapy schemes yielded a significant inhibitory effect
on Ki67 (P<0.05), and combination therapy generated a more pronounced inhibitory effect than
monotherapy. Compared with the Ctrl group, the intestinal mucosa in the 5-Fu group and 5-Fu+Ox group
exhibited a disordered arrangement and destroyed architecture. Intestinal mucosa damage in the Prop group
and the 5-F+Prop combination group was reduced (Figure 4).

FIGURE 3: Changes in tumor volume and mass in F3 generation mice of
the CRC-PDX model after different drug interventions
Data are expressed as the mean (SD); CRC: colorectal tumor; PDX: xenotransplantation of tumor tissue from
patients; A: tumor volume; B: tumor weight; C: PDX mice killed after drug intervention using rapid
decapitation. aP<0.05 compared with Ctrl; bP<0.05 compared with Prop; cP<0.05 compared with 5-Fu. 
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FIGURE 4: Pathological morphology of tumor tissue (HE1) and intestinal
mucosa (HE2) and expression of tumor tissue characteristic proteins in
F3 generation mice of the CRC-PDX model after different drug
intervention (×200)
Data are expressed as the mean (SD); CRC: colorectal tumor; PDX: xenotransplantation of tumor tissue from
patients; HE1: HE: Hematoxylin and eosin staining of tumor tissue; HE1: Hematoxylin and eosin staining of the
intestinal mucosa. aP<0.05 compared with Ctrl; bP<0.05 compared with Prop; cP<0.05 compared with 5-Fu;
dP<0.05 compared with 5-Fu+Ox.

Discussion
The occurrence and development of CRC result from the complex interplay between sequential gene
mutation and epigenetic change [14,15]. Mutations in genes and their respective signal transduction
pathways lead to changes in the cell cycle and ultimately affect different cell behaviors. Indeed, timely
diagnosis and effective precise treatment are the key to improving the success rate of tumor treatment and
the prognosis of patients [16]. After radical resection of CRC, systematic treatment, including
chemotherapy, is an effective method to improve the survival rate. The heterogeneity of tumors and the
complex microenvironment account for the different responses to chemotherapy schemes. Accordingly,
some insensitive patients may progress rapidly after surgery after treatment with traditional adjuvant
chemotherapy. In this study, we analyzed the main factors affecting tumorigenesis in the CRC-PDX model,
the time to tumorigenesis, and the feasibility of adjuvant therapy after surgery, compared the biological
characteristics between tumorigenesis and PDX model, conducted drug sensitivity experiments using the
PDX model.

For the clinical application of the CRC-PDX model, the success rate of tumor tissue transplantation in
mice is essential. Transplantation failure is another limiting factor for the clinical application of the tumor
PDX model. The tumorigenicity rate of PDX transplanted tumors was 25% to 60% [5]. In this study, the fresh
tissues obtained from patient surgery were inoculated into immunodeficient NSG mice: one of the most
suitable models for human tissue transplantation, to establish a CRC-PDX model, yielding a tumorigenicity
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rate of 62%. In previous studies, the average tumorigenesis rate of CRC-PDX was about 70% [17]. The
tumorigenicity rate is determined by the animal host used and the source of tumor tissue [5]. This study
showed that the tumorigenesis rate was related to the degree of malignancy of the primary tumor, such as
tumor stage and cell differentiation.

Indeed, in the PDX tumor model, the patient-derived primary tumor tissue is grown in the tissue
environment of the mouse [18,19]. It has been established that the PDX tumor transplantation model can
reproduce tumor heterogeneity of patients at a high level and has good predictability of clinical
chemotherapy effect [5,20]. The biological stability of the PDX tumor model is an important feature; it has
been reported that the CRC-PDX model exhibits good performance in replicating the biological
characteristics of the original tumor [21-23] in terms of histopathology, oncogene expression, and
sensitivity to chemotherapy drugs, emphasizing that it is an ideal and reliable biological transformation
model. PDX technology makes up for the shortcomings of cell line-derived xenograft (CDX) and it is
important for early clinical evaluation, treatment, and prognosis of tumors. It is expected to
bring significant breakthroughs for the individualized treatment of tumor patients. This study used NSG
mice to establish a CRC-PDX model and grow to the F3 generation. The histological structure and
immunohistochemical expression of HIF-1α, NF-κB, and ki67 shown in HE staining were consistent with the
patient’s primary tumors. It is suggested that in the PDX model and passage process, the histomorphology
and molecular phenotype of tumors in P and F3 generation remain stable in genetics and exhibit good
performance in retaining characteristics of primary tumors.

Interestingly, the PDX model achieved completely different results than the traditional CDX model in
predicting the efficacy of anti-tumor drugs. Drugs with good efficacy on the CDX model in the past often
exhibited decreased efficacy after being applied to the human body, and the conversion success rate from
preclinical to clinical trials was less than 10% [19]. Microfluidic models reflect the situation of human tumors
and promote the development of chip-on-chip, a type of in vitro platform that can accurately simulate
various characteristics of the cancer microenvironment, such as microvascular structure, but its consistency
with cancer patients has not been rigorously tested [24]. In contrast, using PEX models based on samples
from cancer patients is still the most reasonable and feasible choice in reflecting the true structure of cancer.
Patient-derived organoids are cultured from cancer cells in the patient and are a cost-effective tool for
preserving cancer information. However, in vitro models are not ideal for testing new therapies because they
cannot reflect many in vivo characteristics, such as pharmacokinetic performance, in preclinical drug testing
[25]. In contrast, the PDX model can better reflect the characteristics of cancer and stimulate the progression
and evolution of tumors in human patients. The PDX model has produced the most convincing preclinical
results and is considered one of the most promising models to address the challenges that clinical physicians
face, including identifying prognostic biomarkers, exploring the impact of tumor heterogeneity on tumor
progression, and evaluating new drugs [26].

Importantly, the PDX-CRC model can be used as a "surrogate" model for individualized anticancer drug
screening. The predicted sensitivity and specificity rates of CRC chemotherapy verified by the PDX model
were higher than 90% [27]. In one prospective study, the surrogate mouse PDX model of 14 patients was used
to study and screen the effective treatment plans among 232 treatment plans containing 63 drugs, and then
17 of the most effective treatment plans for PDX models were used to treat 11 patients, of which 15
treatment plans yielded lasting partial remission effect [28]. A recent multicenter study showed that PDX
transplanted tumors of advanced gastrointestinal tumors retain the nature of primary tumors, and PDX
model prediction is consistent with clinical drug response, which is suitable for personalized drug treatment
of advanced gastrointestinal tumors [29]. In this study, four chemotherapy regimens yielded anticancer
effects on a rat model of advanced malignant CRC-PDX, and their combination was more effective than the
monotherapy. Propofol is an anesthetic that has an anticancer effect and can enhance the effect of other
anticancer drugs. In addition, propofol can relieve diarrhea caused by chemotherapy and protect intestinal
mucosa. Interestingly, it has been shown that Propofol has anti-inflammatory characteristics and
immunomodulatory effects, which may have beneficial effects on inhibiting cancer recurrence [30,31].
Propofol may inhibit tumor cells by binding to the GABA receptor on the surface of tumor cells to increase
the intensity of chloride current [32]. Propofol can downregulate HIF-1α in tumor cells and inhibit tumor
angiogenesis [33] and tumor growth in mice [34,35]. Intriguingly, we found that propofol alone could
downregulate the expression of HIF-1α in tumor tissue of the CRC-PDX mouse model, which was enhanced
after combination with 5-Fu, although the specific mechanism is unclear, warranting further study.

Given that the number of patients in this study was small and the variation was significant during
multivariate analysis, only univariate analysis was used. The homology between tumor tissue and primary
tumor tissue of the PDX model was assessed only by tissue morphology and CRC tumor-related protein
expression. A research team previously found that the HIF-1α activator yielded a protective effect against
sepsis-induced intestinal mucosal damage [36]. In this study, propofol downregulated HIF-1α in tumor
tissue. However, whether HIF-1α mediates the protective effect of propofol on intestinal mucosa remains
obscure.

Conclusions
To sum up, as the closest tumor animal model to clinical research, the CRC-PDX model is highly consistent
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with the primary tumor in terms of pathological characteristics and biological characteristics, which is of
great significance for the evaluation of chemotherapeutic drug sensitivity. The malignant degree of the CRC
primary tumor and the preoperative CEA level of patients are influencing factors of PDX tumorigenesis rate.
The anesthetic propofol can inhibit the growth of CRC and reduce intestinal mucosal damage caused by
chemotherapy and diarrhea. Further studies are required to explore the underlying mechanisms.

Additional Information
Author Contributions
All authors have reviewed the final version to be published and agreed to be accountable for all aspects of the
work.

Concept and design:  Yuhong Li, Li Zhang, Jianqiang Wu

Critical review of the manuscript for important intellectual content:  Yuhong Li, Jianqiang Wu

Supervision:  Yuhong Li, Jianqiang Wu

Drafting of the manuscript:  Li Zhang, Liuxu Yao, Rui He

Acquisition, analysis, or interpretation of data:  Liuxu Yao, Rui He

Disclosures
Human subjects: Consent was obtained or waived by all participants in this study. The Ethics Committee of
Shaoxing People's Hospital issued approval 2017-145. Animal subjects: Animal Ethics Committee of
Shaoxing People’s Hospital Issued protocol number 2020-114. Conflicts of interest: In compliance with the
ICMJE uniform disclosure form, all authors declare the following: Payment/services info: All authors have
declared that no financial support was received from any organization for the submitted work. Financial
relationships: All authors have declared that they have no financial relationships at present or within the
previous three years with any organizations that might have an interest in the submitted work. Other
relationships: All authors have declared that there are no other relationships or activities that could appear
to have influenced the submitted work.

References
1. Siegel RL, Miller KD, Fuchs HE, Jemal A: Cancer statistics, 2022. CA Cancer J Clin. 2022, 72:7-33.

10.3322/caac.21708
2. Wang W, Kandimalla R, Huang H, et al.: Molecular subtyping of colorectal cancer: recent progress, new

challenges and emerging opportunities. Semin Cancer Biol. 2019, 55:37-52.
10.1016/j.semcancer.2018.05.002

3. Thanki K, Nicholls ME, Gajjar A, et al.: Consensus molecular subtypes of colorectal cancer and their clinical
implications. Int Biol Biomed J. 2017, 3:105-11.

4. Inoue A, Deem AK, Kopetz S, Heffernan TP, Draetta GF, Carugo A: Current and future horizons of patient-
derived xenograft models in colorectal cancer translational research. Cancers (Basel). 2019,
11:10.3390/cancers11091321

5. Abdolahi S, Ghazvinian Z, Muhammadnejad S, Saleh M, Asadzadeh Aghdaei H, Baghaei K: Patient-derived
xenograft (PDX) models, applications and challenges in cancer research. J Transl Med. 2022, 20:206.
10.1186/s12967-022-03405-8

6. Wang W, Zhao X, Yi R: Establishment of an epithelioid sarcoma PDCs and PDX to evaluate drug sensitivity .
Biochem Biophys Res Commun. 2022, 625:140-6. 10.1016/j.bbrc.2022.07.052

7. De Angelis ML, Francescangeli F, Nicolazzo C, et al.: An orthotopic patient-derived xenograft (PDX) model
allows the analysis of metastasis-associated features in colorectal cancer. Front Oncol. 2022, 12:869485.
10.3389/fonc.2022.869485

8. Karkampouna S, La Manna F, Benjak A, et al.: Patient-derived xenografts and organoids model therapy
response in prostate cancer. Nat Commun. 2021, 12:1117. 10.1038/s41467-021-21300-6

9. Yap A, Lopez-Olivo MA, Dubowitz J, Hiller J, Riedel B: Anesthetic technique and cancer outcomes: a meta-
analysis of total intravenous versus volatile anesthesia. Can J Anaesth. 2019, 66:546-61. 10.1007/s12630-
019-01330-x

10. Xu Y, Pan S, Jiang W, Xue F, Zhu X: Effects of propofol on the development of cancer in humans . Cell Prolif.
2020, 53:e12867. 10.1111/cpr.12867

11. Wong SS, Chan WS, Irwin MG, Cheung CW: Total intravenous anesthesia (TIVA) with propofol for acute
postoperative pain: a scoping review of randomized controlled trials. Asian J Anesthesiol. 2020, 58:79-93.

12. ARRIVE Guidelines. (2020). Accessed: June 2, 2020: http://www.nc3rs.org.uk/arrive-guidelines.
13. Li WG, Chen W, Ren H, et al.: Establishment of colorectal cancer patient-derived xenograft (PDX) models

and its characterization with 18F-FDGPET/CT live imaging. J Dig Oncol. 2017, 9:264-9. 10.3969/j.issn.1674-
7402.2017.04.010

14. Peixoto E, Khan A, Lewis ZA, Contreras-Galindo R, Czaja W: The Chromatin Remodeler HELLS: a new
regulator in DNA repair, genome maintenance, and cancer. Int J Mol Sci. 2022, 23: 10.3390/ijms23169313

15. Ahmad R, Singh JK, Wunnava A, Al-Obeed O, Abdulla M, Srivastava SK: Emerging trends in colorectal

 

2024 Zhang et al. Cureus 16(10): e71116. DOI 10.7759/cureus.71116 10 of 11

https://dx.doi.org/10.3322/caac.21708
https://dx.doi.org/10.3322/caac.21708
https://dx.doi.org/10.1016/j.semcancer.2018.05.002
https://dx.doi.org/10.1016/j.semcancer.2018.05.002
https://pubmed.ncbi.nlm.nih.gov/28825047/
https://dx.doi.org/10.3390/cancers11091321
https://dx.doi.org/10.3390/cancers11091321
https://dx.doi.org/10.1186/s12967-022-03405-8
https://dx.doi.org/10.1186/s12967-022-03405-8
https://dx.doi.org/10.1016/j.bbrc.2022.07.052
https://dx.doi.org/10.1016/j.bbrc.2022.07.052
https://dx.doi.org/10.3389/fonc.2022.869485
https://dx.doi.org/10.3389/fonc.2022.869485
https://dx.doi.org/10.1038/s41467-021-21300-6
https://dx.doi.org/10.1038/s41467-021-21300-6
https://dx.doi.org/10.1007/s12630-019-01330-x
https://dx.doi.org/10.1007/s12630-019-01330-x
https://dx.doi.org/10.1111/cpr.12867
https://dx.doi.org/10.1111/cpr.12867
https://pubmed.ncbi.nlm.nih.gov/33176410/
file:////tmp/ http://www.nc3rs.org.uk/arrive-guidelines
file:////tmp/ http://www.nc3rs.org.uk/arrive-guidelines
https://dx.doi.org/10.3969/j.issn.1674-7402.2017.04.010
https://dx.doi.org/10.3969/j.issn.1674-7402.2017.04.010
https://dx.doi.org/10.3390/ijms23169313
https://dx.doi.org/10.3390/ijms23169313
https://dx.doi.org/10.3892/ijmm.2021.4847


cancer: dysregulated signaling pathways (review). Int J Mol Med. 2021, 47: 10.3892/ijmm.2021.4847
16. Hoadley KA, Yau C, Hinoue T, et al.: Cell-of-origin patterns dominate the molecular classification of 10,000

tumors from 33 types of cancer. Cell. 2018, 173:291-304.e6. 10.1016/j.cell.2018.03.022
17. Ji X, Chen S, Guo Y, et al.: Establishment and evaluation of four different types of patient-derived xenograft

models. Cancer Cell Int. 2017, 17:122. 10.1186/s12935-017-0497-4
18. Voulgarelis D, Bulusu KC, Yates JW: Comparison of classical tumour growth models for patient derived and

cell-line derived xenografts using the nonlinear mixed-effects framework. J Biol Dyn. 2022, 16:160-85.
10.1080/17513758.2022.2061615

19. Rosfjord E, Lucas J, Li G, Gerber HP: Advances in patient-derived tumor xenografts: from target
identification to predicting clinical response rates in oncology. Biochem Pharmacol. 2014, 91:135-43.
10.1016/j.bcp.2014.06.008

20. Chou J, Fitzgibbon MP, Mortales CL, et al.: Phenotypic and transcriptional fidelity of patient-derived colon
cancer xenografts in immune-deficient mice. PLoS One. 2013, 8:e79874. 10.1371/journal.pone.0079874

21. Huang L, Wang J, Fang B, Meric-Bernstam F, Roth JA, Ha MJ: CombPDX: a unified statistical framework for
evaluating drug synergism in patient-derived xenografts. Sci Rep. 2022, 12:12984. 10.1038/s41598-022-
16933-6

22. Cai EY, Garcia J, Liu Y, et al.: A bladder cancer patient-derived xenograft displays aggressive growth
dynamics in vivo and in organoid culture. Sci Rep. 2021, 11:4609. 10.1038/s41598-021-83662-7

23. Di Franco G, Usai A, Piccardi M, et al.: Zebrafish patient-derived xenograft model to predict treatment
outcomes of colorectal cancer patients. Biomedicines. 2022, 10:1474. 10.3390/biomedicines10071474

24. Dsouza VL, Kuthethur R, Kabekkodu SP, Chakrabarty S: Organ-on-chip platforms to study tumor evolution
and chemosensitivity. Biochim Biophys Acta Rev Cancer. 2022, 1877:188717. 10.1016/j.bbcan.2022.188717

25. Xu R, Zhou X, Wang S, Trinkle C: Tumor organoid models in precision medicine and investigating cancer-
stromal interactions. Pharmacol Ther. 2021, 218:107668. 10.1016/j.pharmthera.2020.107668

26. Mayoh C, Mao J, Xie J, et al.: High-throughput drug screening of primary tumor cells identifies therapeutic
strategies for treating children with high-risk cancer. Cancer Res. 2023, 83:2716-32. 10.1158/0008-
5472.CAN-22-3702

27. Zhang H, Yuan L, Liu L, et al.: Dynamic alterations of genome and transcriptome in KRAS G13D mutant
CRC PDX model treated with cetuximab. BMC Cancer. 2020, 20:416. 10.1186/s12885-020-06909-y

28. Hidalgo M, Bruckheimer E, Rajeshkumar NV, et al.: A pilot clinical study of treatment guided by
personalized tumorgrafts in patients with advanced cancer. Mol Cancer Ther. 2011, 10:1311-6.
10.1158/1535-7163.MCT-11-0233

29. Cheng Y, Qin SK, Li J, et al.: A multicenter clinical study: personalized medication for advanced
gastrointestinal carcinomas with the guidance of patient-derived tumor xenograft (PDTX). J Cancer Res Clin
Oncol. 2022, 148:673-84. 10.1007/s00432-021-03639-x

30. Yan R, Song T, Wang W, Tian J, Ma X: Immunomodulatory roles of propofol and sevoflurane in murine
models of breast cancer. Immunopharmacol Immunotoxicol. 2023, 45:153-9.
10.1080/08923973.2022.2122501

31. Lee S, Pyo DH, Sim WS, Lee WY, Park M: Early and long-term outcomes after propofol-and sevoflurane-
based anesthesia in colorectal cancer surgery: a retrospective study. J Clin Med. 2022,
11:10.3390/jcm11092648

32. Liu Q, Sheng Z, Cheng C, et al.: Anesthetic propofol promotes tumor metastasis in lungs via GABAA R-
dependent TRIM21 modulation of Src expression. Adv Sci (Weinh). 2021, 8:e2102079.
10.1002/advs.202102079

33. Huang H, Benzonana LL, Zhao H, et al.: Prostate cancer cell malignancy via modulation of HIF-1α pathway
with isoflurane and propofol alone and in combination. Br J Cancer. 2014, 111:1338-49.
10.1038/bjc.2014.426

34. Chen X, Wu Q, You L, Chen S, Zhu M, Miao C: Propofol attenuates pancreatic cancer malignant potential via
inhibition of NMDA receptor. Eur J Pharmacol. 2017, 795:150-9. 10.1016/j.ejphar.2016.12.017

35. Zhang Y, Ding X, Miao C, Chen J: Propofol attenuated TNF-α-modulated occludin expression by inhibiting
Hif-1α/ VEGF/ VEGFR-2/ ERK signaling pathway in hCMEC/D3 cells. BMC Anesthesiol. 2019, 19:127.
10.1186/s12871-019-0788-5

36. Lei X, Teng W, Fan Y, Zhu Y, Yao L, Li Y, Zhu S: The protective effects of HIF-1α activation on sepsis
induced intestinal mucosal barrier injury in rats model of sepsis. PLoS One. 2022, 17:e0268445.
10.1371/journal.pone.0268445

 

2024 Zhang et al. Cureus 16(10): e71116. DOI 10.7759/cureus.71116 11 of 11

https://dx.doi.org/10.3892/ijmm.2021.4847
https://dx.doi.org/10.1016/j.cell.2018.03.022
https://dx.doi.org/10.1016/j.cell.2018.03.022
https://dx.doi.org/10.1186/s12935-017-0497-4
https://dx.doi.org/10.1186/s12935-017-0497-4
https://dx.doi.org/10.1080/17513758.2022.2061615
https://dx.doi.org/10.1080/17513758.2022.2061615
https://dx.doi.org/10.1016/j.bcp.2014.06.008
https://dx.doi.org/10.1016/j.bcp.2014.06.008
https://dx.doi.org/10.1371/journal.pone.0079874
https://dx.doi.org/10.1371/journal.pone.0079874
https://dx.doi.org/10.1038/s41598-022-16933-6
https://dx.doi.org/10.1038/s41598-022-16933-6
https://dx.doi.org/10.1038/s41598-021-83662-7
https://dx.doi.org/10.1038/s41598-021-83662-7
https://dx.doi.org/10.3390/biomedicines10071474
https://dx.doi.org/10.3390/biomedicines10071474
https://dx.doi.org/10.1016/j.bbcan.2022.188717
https://dx.doi.org/10.1016/j.bbcan.2022.188717
https://dx.doi.org/10.1016/j.pharmthera.2020.107668
https://dx.doi.org/10.1016/j.pharmthera.2020.107668
https://dx.doi.org/10.1158/0008-5472.CAN-22-3702
https://dx.doi.org/10.1158/0008-5472.CAN-22-3702
https://dx.doi.org/10.1186/s12885-020-06909-y
https://dx.doi.org/10.1186/s12885-020-06909-y
https://dx.doi.org/10.1158/1535-7163.MCT-11-0233
https://dx.doi.org/10.1158/1535-7163.MCT-11-0233
https://dx.doi.org/10.1007/s00432-021-03639-x
https://dx.doi.org/10.1007/s00432-021-03639-x
https://dx.doi.org/10.1080/08923973.2022.2122501
https://dx.doi.org/10.1080/08923973.2022.2122501
https://dx.doi.org/10.3390/jcm11092648
https://dx.doi.org/10.3390/jcm11092648
https://dx.doi.org/10.1002/advs.202102079
https://dx.doi.org/10.1002/advs.202102079
https://dx.doi.org/10.1038/bjc.2014.426
https://dx.doi.org/10.1038/bjc.2014.426
https://dx.doi.org/10.1016/j.ejphar.2016.12.017
https://dx.doi.org/10.1016/j.ejphar.2016.12.017
https://dx.doi.org/10.1186/s12871-019-0788-5
https://dx.doi.org/10.1186/s12871-019-0788-5
https://dx.doi.org/10.1371/journal.pone.0268445
https://dx.doi.org/10.1371/journal.pone.0268445

	Establishment and Clinical Significance of the Patient-Derived Xenograft Model of Colorectal Cancer
	Abstract
	Introduction
	Materials And Methods
	Experimental animal
	Clinical specimen
	Main reagents
	Establishment and passage of the PDX model of CRC
	Immunohistochemical staining
	Hematoxylin-eosin (HE) staining
	Study on drug sensitivity of the CRC-PDX model
	Statistical analysis

	Results
	CRC-PDX model construction and generation
	FIGURE 1: Tumorigenesis in CRC-PDX model mice

	Biological characteristics of tumor tissue and original tumor tissue of the CRC-PDX model
	FIGURE 2: Comparison of HE staining morphology and expression of characteristic proteins between PDX model tumor tissue (F3) and patient's original tumor tissue (P)(×200)

	Analysis of factors influencing the tumor formation rate
	TABLE 1: Patient characteristics and tumorigenicity of primary tumor in PDX models

	Chemotherapy drug in sensitivity testing in CRC-PDX model mice
	FIGURE 3: Changes in tumor volume and mass in F3 generation mice of the CRC-PDX model after different drug interventions
	FIGURE 4: Pathological morphology of tumor tissue (HE1) and intestinal mucosa (HE2) and expression of tumor tissue characteristic proteins in F3 generation mice of the CRC-PDX model after different drug intervention (×200)


	Discussion
	Conclusions
	Additional Information
	Author Contributions
	Disclosures

	References


