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ABSTRACT  

Liver metastasis is the major cause of death for patients with colorectal cancer. Despite treatment with surgery 

and chemotherapy, patient outcomes are quite unfavorable. Thus, there is an urgent need to develop new 

treatment strategies with the associated establishment of good animal models. Metastatic disease can be 

modeled using patient-derived orthotopic xenografts, which accurately replicate intra-tumoral heterogeneity, so 

that various chemotherapeutic agents can be tested on individual tumors to aid in clinical decision-making. The 

objective of this study was to develop metastatic colorectal tumors in athymic nude mice by implanting fresh 

tumor fragments into mouse liver parenchyma. Metastatic tumors were successfully propagated in mice 

following transplantation from human patients, then serially implanted in second and third-generation mice. 

Morphologic and immunohistochemical characteristics indicate that xenografts recreate the tumor architecture 

and mismatch repair gene expression for MLH1, MSH2, MSH1, and PMS2. After tumor implantation during 

first passage, the time of tumor growth decreased from 150 to 250 days to 30 to 100 days, without loss of tumor 

identity. Post-transplantation lymphoproliferative disease was observed in one case. This pilot study was 

successful in establishing the institutional PDX preclinical platform to study new therapeutic strategies, disease 

progression biomarkers, and treatment responsiveness. 

Keywords: orthotopic xenograft, colorectal cancer, metastasis, preclinical model 
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INTRODUCTION 

Colorectal cancer (CRC) is the third most common cancer and the fourth leading cause of cancer death 

worldwide. By 2030, CRC incidence is expected to increase by 60%; this increase will result in an estimated 2.2 

million new cases and 1.1 million deaths [1]. Approximately 25% of patients with CRC have evidence of 

metastasis at the time of diagnosis, and an additional 25% of all patients with CRC will develop metastases 

during the disease course [2]. CRC most commonly metastasizes to the liver; however, only 15% to 20% of 

affected patients are eligible for surgery to remove these metastases [3]. Although various chemotherapeutic 

regimens have been used to treat patients with non-resectable, metastatic CRC, global disease-free survival is 

poor. Investigation of the mechanisms by which liver metastasis occurs serves as the basis for strategies to 

control disease progression and improve patient survival [4].  

The use of preclinical models is essential to every aspect of translational research, from elucidating 

tumor biology to developing new diagnostic and treatment strategies [5]. The NCI-60 cancer cell line panel is 

the largest collection of tumor cell lines currently available and is the most frequently used resource for in vitro 

studies of new anti-cancer agents [6]. The cells in this panel are derived from human tumors that have been 

adapted to grow indefinitely in artificial culture media. Although these cell lines can be used readily, there are 

important shortcomings with respect to pre-clinical stage drug development. The most relevant limitation of cell 

line use is the inability to predict clinical activity for specific cancer types. Secondly, tumor cell lines are 

generally created from the most aggressive tumor components; thus, they do not reflect the complex tumor 

heterogeneity seen in clinical practice [7]. In contrast, the biologic process of metastasis may be better 

represented by in vivo murine models, which can then be used to study mechanisms of liver metastasis and 

develop new treatment strategies [8].  

The 1969 introduction of the athymic nude mouse to study human tumor implantation and growth 

changed the paradigm of basic cancer research [9]. Rygaard and Povlsen implanted a tumor sample from a 71-

year-old patient with CRC into the subcutaneous tissue of a nude mouse. That tumor grew into a well-

differentiated colon adenocarcinoma that resembled the source human tumor. This mouse tumor was the first 

patient-derived xenograft (PDX) [9]. However, repeated studies have shown that tumors planted subcutaneously 

in mice may exhibit benign behaviors that contrast markedly with the invasive and metastatic characteristics of 

human tumors in situ. Most human solid tumors do not metastasize when implanted subcutaneously into nude 

mice.  
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In 1984, Wang and Sordat were the first to implant human tumors orthotopically when they injected a 

CRC cell suspension into the descending colon of a nude mouse [10]. The tumor grew at the injection site and 

propagated metastatically. Thus, the researchers hypothesized that orthotopic implantation (ie, implantation at a 

site in the mouse corresponding to the original tumor site in the human patient) allowed the mouse tumor to 

behave similarly to the patient tumor [10]. The first patient-derived orthotopic xenograft model (PDOX) in nude 

mice by orthotopic surgical implantation of intact CRC tissue was developed by Hoffman et al [11]. Since that 

time, PDOX models have been used to preserve the tumor microenvironment to study the mechanics of tumor 

progression, including spontaneous metastasis formation [12]. Moreover, such strategies enabled researchers to 

study drug efficacy in avatar models, in which animals are treated with various chemotherapeutic regimens to 

anticipate patient clinical response [13]. These avatar models are also used to investigate new tumor marker 

resistance and susceptibility and to test new drug combinations to overcome resistance.  

Chemotherapy regimens are approved based on the median probability of tumor response to a specific 

treatment, as determined by testing the agent in a representative sample of patients during a clinical trial. Thus, 

it is not possible to anticipate whether a specific patient will benefit from a specific treatment. The premise of 

personalized oncology is that the best treatment can be identified for each patient through in vivo efficacy 

testing of various treatments for a specific tumor [13]. The aim of this study was to develop an orthotopic model 

of CRC liver metastasis in immunodeficient mice that reflects the pathologic and immunohistochemical 

characteristics of the primary tumor so as to create a preclinical platform for institutional translational studies. 

 

METHODS 

Patients and tumor sample collection. Eligible patients had a history of CRC cancer with resectable liver 

metastatic lesions confirmed by histopathologic examination of core biopsy needle specimens. Patients provided 

written informed consent and underwent surgical resection at A.C. Camargo Cancer Center (São Paulo, Brazil). 

Six patients were enrolled in the study. During surgery, tumor samples were collected in plastic tubes containing 

Dulbecco’s Modified Eagle Medium (Thermo Fisher Scientific, Waltham, MA, USA) and transported at 4ºC to 

the onsite animal facility for tumor sample processing. This study was approved by the Institutional Research 

Board of Fundação Antônio Prudente (process number, 1950/14). 

 

Animals. Forty-two athymic BALB/c nude mice (both sexes), aged 2 to 4 months, were used in this study. 

Animals were maintained in a Specific Pathogen Free animal facility at A.C. Camargo Cancer Center, in 
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accordance with international guidelines. Animal use was approved by the institutional animal ethics research 

committee (process number 065/14).  

 

Tumor inoculation. Tumor samples from metastatic lesions were minced into 1 to 2-mm
3
 fragments. Two 

fragments were implanted into each animal, one into each side of the liver parenchyma. Following the surgical 

sample implantation, animals received subcutaneous analgesia with tramadol 5 mg/kg, and were monitored 

under infrared light until complete recovery from anesthesia. Tumor growth was evaluated weekly. When signs 

of apathy, weight loss, dehydration, and increased abdominal volume occurred, animals were prepared for tumor 

burden assessment. Livers containing tumor xenografts were processed for histologic and immunohistochemical 

analysis, then serially reinoculated into a second batch of animals following the same procedures.  

  

Imaging. Animals were first anesthetized with a ketamine/xylazine solution (100 mg/kg and 10 mg/kg, respec-

tively) before receiving a retrobulbar injection of [18F]-fluorodeoxyglucose ([
18

F]FDG; 400 µCi in 0.15 ml). 

Animals were visualized using positron emission tomography equipment (CMR Naviscan Corporation, Carls-

bad, CA, USA) before animals were euthanized for tumor removal and analysis. 

 

Histologic analysis and immunohistochemistry. Tumors were processed for histopathologic evaluation and 

submitted for hematoxylin and eosin (H&E) staining and immunohistochemical analysis to assess for expression 

of mismatch repair proteins. Antibodies for immunohistochemical analysis were obtained from Ventana 

Medical Systems (Oro Valley, AZ, USA): MutL Homolog 1 (MLH1, clone M1), Postmeiotic Segregation 

Increased 2 (PMS2, clone EPR3947), MutS Homolog 2 (MSH2, clone G219-1129), and MutS Homolog 6 

(MSH6, clone 44). All histologic analyses were carried out by an experienced pathologist (MDB).  

 

RESULTS 

Clinical and pathologic characteristics for the six patients included in the study are shown in Table 1. 

Two patients had never received chemotherapy, and four patients had each received two or more chemotherapy 

regimens. 

The animal surgical procedure for orthotopic tumor inoculation was performed as shown in Figure 1. 

After surgical removal of the tumor from the patient, the tumor sample (Fig. 1A) was processed for animal 

inoculation. Tumor fragments (Fig. 1B) were prepared in sterile conditions in fresh cell culture media. For the 
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xenograft surgical procedure, animals were first anaesthetized with an intra-peritoneal solution of 

ketamine/xylazine. Pre-surgical disinfection was then carried out with 2% iodine. Next, a 15-mm horizontal, 

midline incision was made in the abdominal cavity using ophthalmic scissors and forceps. A blepharostat was 

used to expose the liver, and sterile swabs were used to lift the lobes of the liver. A 1-mm
3
 tumor fragment was 

manually inserted using a coaxial needle for percutaneous biopsy. The liver parenchyma was perforated with the 

coaxial needle, and the fragment was introduced by pressing the mandrel inside the needle (Fig. 1C). This 

procedure was repeated in the right hepatic lobe (Fig. 1D). Lastly, the incision site was closed by simple 

standard suturing using Nylon 4-0 non-absorbable synthetic thread (Ethicon, Somerville, NJ, USA). Animals 

were monitored in SPF conditions and underwent 18-FDG imaging once they showed clinical signs of disease 

(Figs. 1E and 1F). Animals bearing tumors had evidence of 18-FDG uptake in the topographic region of the 

liver (upper abdominal region), as indicated in Figure 1F. After imaging, animals were euthanized to assess 

tumor burden (Figs. 1G and 1H).     

 Tumor growth occurred in animals implanted with samples obtained from three (50%) of the six 

patients studied. For the tumor from patient 1, one animal developed tumor growth after 252 days. Of the mice 

implanted with tumor from patient 2, 25% developed tumors by 281 days. Animals implanted with samples 

from patient 6 had a tumor implantation take rate of 50% (2 of 4) and developed tumors earlier (day 153) than 

mice implanted with tumors from patients 1 and 2. We did not observe tumor growth in animals implanted with 

tumors from patients 3, 4, or 5. Post-transplantation lymphoproliferative disease (PTLD) developed in one 

mouse recipient of a tumor sample from patient 3 (Figure 2). After inoculation of tumor samples from patients 4 

and 5, pathologic evaluation showed that recipient mice had extensive liver necrosis and fibrosis.  

In all three cases for which we observed tumor growth, we re-inoculated fragments from the first 

passage to second and third batches of animals. Tumor growth was observed in all cases; the tumor implantation 

take rates increased and the time to tumor development decreased with all re-inoculations. Tumor implantation 

results are summarized in Table 2. A subcutaneous tumor inoculation was performed after the first passage, but 

no tumor growth was observed (data not shown).   

 Pathologic analyses of original tumor samples and corresponding xenografts were carried out in 

parallel to compare morphologic and molecular characteristics (Figs. 2, 3, and 4). In all cases, 

immunohistochemistry was used to evaluate the lack of expression of DNA mismatch repair endonucleases 

MLH1, PMS2, MSH2 and MSH6. 
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 Patient 1, who had histologically confirmed liver metastasis secondary to CRC, died from post-surgical 

complications. As indicated in Figure 3, xenograft tumors maintained the same morphology observed in patient 

samples. Patient tumors expressed MLH1, PMS2, and MSH6, but not MSH2. Xenograft samples showed 

similar endonucleases content in their nuclei. 

 Patient 2 had a confirmed diagnosis of liver metastasis secondary to colorectal adenocarcinoma. He 

underwent chemotherapy followed by surgery; the microscopic evaluation of the surgical specimen showed a 

response to treatment: 20% of cells were viable, 40% necrotic, and 40% fibrotic (data not shown). The xenograft 

tumor had the same morphology as the source patient tumor, with preserved nuclear staining of all DNA repair 

proteins, including a weak but positive MSH2 staining. 

 Pathologic analysis of the tumor from patient 3 showed liver parenchyma with extensive fibrosis, 

several areas of necrosis, and moderate steatosis. After histopathologic review, a second malignant lesion 

(hepatocarcinoma) was identified in this sample from patient 3. As described previously, the xenograft implant 

from this sample gave rise to PTLD, which was associated with several splenic nodules but no distant 

metastasis. 

Histopathologic analysis for the tumor from patient 4 showed necrosis and fibrosis, whereas the tumor 

from patient 5 showed hemorrhagic necrosis, cystic degeneration, and steatosis. In both cases, tumor growth did 

not occur followed implantation to mice.  

 Patient 6 had a confirmed diagnosis of hepatic metastasis of colorectal adenocarcinoma and died 10 

days after surgery. Samples from this patient showed rapid tumor growth, and morphologic analysis indicated 

that xenografts in mice resulted in tumors that had preserved, source tumor architecture and DNA repair enzyme 

expression over three passages (Fig. 5).  

  

DISCUSSION 

In this study, we established a preclinical PDX model to study metastatic colorectal tumors using hepatic lesion 

fragments implanted into the liver of athymic nude mice. Animals developed tumors that resembled source 

tumors, both morphologically and with respect to DNA mismatch repair enzyme expression. 

 PDX animal models have been used for more than four decades in cancer research [9]. Until recently, 

these models had been referred to as patient avatars in experimental personalized therapy [7,12,13]. Although 

these models provide real research value, PDX models have limitations as well [14]. The major criticism of 

PDX is that an immunodeficient mouse is needed to allow human tumor cell growth [15]. Various 
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immunodeficient mouse lines are available for PDX models, from less immunocompromised athymic nude mice 

(which lack only mature T cells) [16] to highly immunocompromised NOD scid Gamma mice, which lack 

mature T, B, and NK cells and have defective macrophage and dendritic cell activity [17]. Although partial or 

complete lack of immune host defenses to tumor cells allows for engraftment of human cells, it also eliminates a 

major mechanism of tumor growth control in which tumor molecules can alter immune host anti-tumor 

responses [18]. Humanized NOD scid Gamma mouse strains, which can overcome part of this limitation, are 

being used in several cancer centers to study patient immunity to tumors [19]. 

 In this study, orthotopic implantation of fresh metastatic tumor fragments into nude mice was 

characterized by preservation of morphologic and molecular characteristics from the source tumor in the 

xenograft. Our finding is consistent with those of Fu et al, who noted greater morphologic and molecular 

similarity between source tumors and orthotopic tumors from transplantation of intact tumor fragments 

compared to transplantation using cell suspension [20]. Our results are also consistent with those of Kuo et al, 

who also affixed colorectal tumor fragments into a nude mouse liver [21], but who used an ectopic tumor 

xenograft as the fragment source (versus our use of a patient-derived metastatic fragment). 

According to Hoffman, preservation of the tumor microenvironment during tumor implantation into a 

mouse model increases the likelihood that morphologic and molecular characteristics of the original tumor will 

be preserved through many passages [22]. Interestingly, implantation of tumor grafts from orthotopic sites into 

the subcutaneous space in a second group of animals resulted in no tumor growth; thus, growth capacity seems 

to be restricted to the anatomical site corresponding to that of the source metastatic lesion. PDOX characteristics 

make for an attractive platform from which to test various antineoplastic drugs. Recently, a PDOX model was 

developed from metastatic uveal melanoma samples from human patients using a similar approach; this model 

will be useful for developing new therapeutic strategies to treat this aggressive and rare disease [23].  

 Our model reproduced the morphologic characteristics and repair protein expression involved in CRC 

carcinogenesis for three out of six patients. This success rate is consistent with the hypothesis that PDOXs 

developed using tumor fragments are superior to subcutaneous PDXs because of preservation of original tumor 

characteristics for modeling and drug testing [20,22,24]. Chemotherapy can modify the tumor milieu and alter 

the proportion of tumoral cells, fibroblasts, inflammatory cells, and blood vessel cells [25]. Consequently, post-

chemotherapeutic xenograft models can be difficult to develop. In our study, tumor growth was observed with 

samples obtained from both treatment-experienced and treatment-naïve patients. 
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 The lymphoproliferative disorder that developed in one mouse recipient of a tumor xenograft from 

patient 3 was similar to that occurring in some human solid organ transplant recipients [26]. These lesions 

emerge due to unopposed proliferation of tumor-derived T-cells that are infected by Epstein-Barr virus [27,28]. 

Once transplanted into the immunocompromised mouse, these infected cells can spontaneously acquire a 

malignant phenotype that results in lymphoma-like lesions [29]. The hallmarks of post-transplant 

lymphoproliferative disorder are splenomegaly, liver microlesions, and pleomorphic tumor cells [28]. 

The absence of fibrosis and necrosis are necessary for achieving a high tumor take rate. For this study, 

we microscopically analyzed the two out of four samples that failed to implant tumor in mice. We found 

extensive fibrosis (indicative of nodule formation), with frequent areas of necrosis and moderate steatosis; these 

findings were expected, given that the source patient had received neoadjuvant chemotherapy. For future 

studies, sample collection using tomography-guided percutaneous biopsy may improve selection of regions with 

higher cell viability. 

 Individualized cancer treatment, especially for advanced disease, is the goal toward which researchers 

and clinicians continue to make progress. Metastatic CRC has a poor prognosis, and patients could benefit from 

the knowledge gained by testing individualized mouse models using patient-derived tumor cells. Thus, the 

establishment of a preclinical, patient-derived, xenograft model is essential to advance the science of 

personalized cancer treatment and research to develop new biomarkers, prognostic and diagnostic tests, imaging 

techniques, and therapeutic strategies.   
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Table 1. Patient clinical and pathologic characteristics  

Patient 

number 
Gender 

Age at 

surgery, 

years 

Primary diagnosis  Previous treatment(s) 
Current     

status 

1 Female 50 
Colorectal adenocarcinoma 

with mutated KRAS 

1
st
 - FOLFOX                                   

2
nd

 - FOLFOX + bevacizumab             

3
rd

 - FOLFIRI + bevacizumab 

Deceased -  
post operative 

complications 

2 Male 67 
Colorectal adenocarcinoma 

wild-type KRAS 

1
st
 - FOLFIRI + cetuximab           

2
nd

 - DEBIRI                                      

3
rd

 - FOLFIRI + bevacizumab 

Alive, without 

progression 

3 Male 68 
Colorectal adenocarcinoma 

and hepatocarcinoma 
no previous treatment 

Alive, without 

progression 

4 Male 41 
Colorectal adenocarcinoma 

wild-type KRAS 

1st - FLOX + bevacizumab                

2nd – FOLFIRI 

Hepatic and 

lymph node 

recurrence 

5 Female 51 Colorectal adenocarcinoma 
1st - FOLFOX + percutaneous RFA                                               

2nd - FOLFIRI + bevacizumab 

Alive, without 

progression 

6 Male 74 Colorectal adenocarcinoma no previous treatment 

Deceased -  
post operative 

complications 

DEBIRI, chemoembolization with irinotecan; FLOX, leucovorin + 5-fluoracil + oxaliplatin; FOLFIRI, 5-

fluoracil + irinotecan; FOLFOX, 5-fluoracil + oxaliplatin; RFA, radiofrequency ablation 
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Table 2. Characteristics of orthotopic tumor xenografts  

Patient 

number 

Tumor growth 

in mouse 

Tumor take 

rate P1 

Days 

to P1 

Tumor take 

rate P2 

Days 

to P2 

Tumor take 

rate P3 

Days 

to P3 

1 Yes 1 of 2 252 2 of 4 27 3 of 4 51 

2 Yes 1 of 4 281 1 of 4 73 - - 

3 PTLD 2 of 4 294 - - - - 

4 No - - - - - - 

5 No - - - - - - 

6 Yes 1 of 4 153 2 of 4 99 3 of 4 87 

PTLD, post-transplantation lymphoproliferative disease   

 

 

 

 

FIGURE LEGENDS 

 

Figure 1. Process of tumor inoculation in athymic nude mice. Liver metastasis specimens (A) were surgically 

removed and minced into 1-mm
3
 fragments (B). Two fragments were inoculated into the liver (one per lobe) 

using a coaxial needle (C-D). Tumor burden was monitored by positron emission tomography with 18-FDG 

uptake (E). The arrow indicates the presence of tumor in the abdomen of the mouse. Arrowheads indicate 

physiologic 18-FDG uptake in the bladder, heart, and brain. (F) Representative picture of mouse-patient-derived 

orthotopic xenografts with tumor growth. (G) Representative picture of a liver with an orthotopic tumor lesion. 

 

Figure 2. Post-transplantation lymphoproliferative disease images. (A) Representative picture of a liver 

containing multiple lesions and an enlarged spleen. Low magnification (B) and high magnification (C) of liver 

section showing PTLD (H&E). Calibration bars: B, 400 µm; C, 100 µm. 

 

Figure 3. Morphologic analysis and immunohistochemical characterization of mismatch repair proteins in 

PDOX from patient number 1. The upper panels show the morphologic comparison between patient tumors and 

PDOXs (H&E). The left panels represent patient tumor sections, and the right panels represent first passage 

PDOX sections. Calibration bars: 100 µm. 

 

Figure 4. Immunohistochemical characterization of mismatch repair proteins in PDOX from patient number 2. 

The left panels represent patient tumor sections, and the right panels represent first passage PDOX sections. 

Calibration bars: 100 µm. 

 

Acc
ep

te
d 

M
an

us
cr

ipt



 

 

Figure 5. Immunohistochemical characterization of mismatch repair proteins in PDOX from patient number 6. 

The first top panel shows patient tumor sections, and the lower  panels show PDOX sections.passages. 

Calibration bars: 100 µm. 
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