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Abstract

Purpose: Development of clinically-relevant mouse models which mimic 
natural tumor progression and metastatic dissemination of human colorectal 
cancer (CRC) is an essential requirement to better understand the mechanisms 
of cancer metastasis and to improve clinical therapeutics. A new era of modeling 
cancer metastasis involves the use of imaging technologies to monitor tumor 
growth and colonization after inoculation of cancer cells into the animals. This 
study reports on new experimental mouse models which mimics human CRC 
disease using noninvasive bioluminescent imaging (BLI).

Procedures: Luciferase-expressing HT-29 and HCT 116 cells were 
injected subcutaneously, orthotopically into the cecal wall, intrasplenically and 
intracardiacly into the left ventricle of nude mice. Tumor growth and metastatic 
dissemination patterns were monitored and quantified via in vivo and ex vivo BLI, 
and compared to tumor volume or histopathology. BLI results were validated 
using positron emission tomography (PET).

Results: Subcutaneous model validated BLI as a powerful tool for 
noninvasive monitoring and quantification of tumor growth and treatment efficacy, 
and for identifying new metastatic foci. Orthotopic colon model resembled the 
clinical pattern of CRC metastases that includes lymphatic, hematologic and 
coelomic dissemination. Furthermore, the intrasplenic and intracardiac models 
resulted in hepatic and bone-marrow metastases, respectively, sites with high 
clinical relevance in CRC. Importantly, in all models, BLI allowed the longitudinal 
follow-up of the CRC metastatic disease as it happens. 

Conclusions: We provide improved and biologically relevant CRC 
experimental mouse models monitorable by BLI. These models are a valuable 
aid for the investigation on molecular mechanisms driving metastatic human 
CRC as well as on novel therapeutic strategies.

Keywords: Bioluminescent imaging; Positron emission tomography; 
Subcutaneous; Intracecal; Intrasplenic and intracardiac mouse models; 
Metastasis; Colorectal cancer

common sites of metastasis in CRC patients are lymph nodes (55%), 
liver (45%) and lungs (22.5%) [3, 4]. Moreover, bone metastasis 
have previously been uncommonly reported [5], but its incidence 
has increased significantly in patients that have received multiple 
systemic treatments [6]. When such an event occurs, it is usually a 
late manifestation of the disease.

The biological processes that drive metastatic progression 
involve the success of cells in tissue invasion, intravasation, survival 
in the blood-stream and lymph, extravasation, and growth within 
a secondary organ [7]. It is therefore important to study tumor 
development and possible metastasis in biologically relevant 
environments, like the tissue from which they were derived or the 
tissue to which they metastasize. Thus, proper modeling of the early 
phases of spontaneous colorectal metastasis formation requires 

Abbreviations
BLI: Bioluminescent Imaging; CRC: Colorectal Cancer; FDG: 

2-deoxy-2-[18F]fluoro-D-glucose; Fluc: Firefly Luciferase; Fluc2: 
Firefly Luciferase 2; IC: Intracardiac; PET: Positron Emission 
Tomography; ph/s: Photons/second; SC: Subcutaneously; SEM: 
Standard Error of the Mean; SOI: Surgical Orthotopic Implantations

Introduction
Colorectal cancer (CRC) is one of the leading causes of cancer 

deaths in the western world. Metastatic dissemination of primary 
tumors is directly related to patient’s survival and accounts for about 
90% of all colon cancer deaths [1, 2]. Hence, the main problem in 
the treatment of CRC is not so much eradication of the primary 
tumor, but rather the formation of incurable metastases. The most 
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growing a metastatic tumor orthotopically in the intestine (e.g. cecum 
or rectum) [8]. Alternatively, in experimental metastasis models, 
early stages, including local invasion at the site of the primary tumor 
and gaining access to lymphatic or blood vessels, are bypassed by 
injection of tumor cells directly into systemic circulation. The site of 
injection in some cases defines which metastases will be developed. 
Thus, lateral tail-vein injection tends to mainly cause pulmonary 
metastases, whereas injection into the portal vein or spleen will 
usually elicit liver metastases [9], and intracardiac (i.c.) injection into 
the left ventricle of the heart introduces tumor cells to the arterial 
circulation leading to the colonization of cells to specific sites of the 
skeleton [10].

Traditionally, the follow-up over time of tumor burden and 
metastases development in orthotopic and experimental metastasis 
mouse models is limited to a specific endpoint which precludes 
longitudinal studies of metastases development in vivo. Observation 
of tumor growth kinetics as well as the determination of endpoints 
is therefore complex. The course of tumor devel opment in time is 
then assessed by comparing groups of animals that were euthanized 
at different time points. Because of substantial inter-individual 
variation, large numbers of animals and laborious efforts are required, 
rendering the use of orthotopic and experimental metastasis models 
highly impracticable [11]. Nevertheless, access to technologies able 
to noninvasively detect molecular and biological processes in small 
animals such as bioluminescent optical imaging offer a new approach 
to overcome these drawbacks [12, 13]. Bioluminescent imaging (BLI) 
refers to light produced by an enzymatic reaction, usually between 
Photinus pyralis firefly luciferase (Fluc) enzyme and its substrate 
D-luciferin, in a reaction that requires oxygen and ATP [14]. The 
BLI backgrounds are extremely low, due to the fact that rodents do 
not naturally produce light, resulting in an excellent signal-to-noise 
ratio, and representing an extremely sensitive mean of detecting 
labeled cells [15]. Moreover, bioluminescence technology is fast and 
easy to perform, done in high-throughput, relatively inexpensive and 
suited for small animals compared to other preclinical functional 
imaging modalities available such as positron emission tomography 
(PET), which is radioactive and require a high degree of operational 
expertise, can be labor-intensive and is often cost prohibitive [16].

The elucidation of the molecular mechanisms of tumorigenesis 
and the development of therapeutic strategies to treat metastasized 
colorectal carcinoma require biologically relevant and adequate 
animal models in which tumor and metastasis progression of cancer 
cells are generated under well-controlled conditions. Thus, the aim 
of this study was to develop and provide to the scientific community 
more relevant animal models that are suitable to study CRC disease.  In 
this study, the application of BLI to track and quantify tumor growth 
and therapeutic efficacy was first validated using subcutaneous mouse 
models, and then extended to orthotopic and experimental models. 
Orthotopic models were employed to reproduce the physiological 
colon environment and its spontaneous metastasis patterns, whereas 
experimental intrasplenic and intracardiac models were used to study 
colorectal liver and bone metastases, respectively. 

Materials and Methods
Cells

Human CRC cell line HT-29 and HCT 116 were obtained from 

the ATCC (Rockville, MD, USA), and cultured in RPMI 1640 medium 
supplemented with 10% heat-inactivated fetal bovine serum (Lonza, 
Verviers, Belgium) and antibiotic-antimycotic (Invitrogen, Carlsbad, 
CA, USA) at 37ºC in a humidified atmosphere containing 5% CO2.

Firefly luciferase and firefly luciferase 2 genes were cloned into 
the pcDNA3.1 vector (Invitrogen) and pGL4 (Promega Biotech 
Ibérica, Madrid, Spain), respectively. Cells were transfected using 
Lipofectamine 2000 (Invitrogen) and selected with 500 µg/mL of 
geneticin (Invitrogen). The HT-29.Fluc-C4 and HCT 116.Fluc2-C9 
cell variants with the highest bioluminescent light emission were 
selected (Supplementary Information 1). These cell variants did not 
show changes in either growth rate or morphology in comparison 
with the parental cells (data not shown). Regarding to the luciferase 
expression of Fluc or Fluc2, in our hands, both luciferase genes 
worked similarly.

Bioluminescent imaging 
BLI was performed using an IVIS® Spectrum imaging system 

(PerkinElmer, MA, USA) and the Living Image® 4.3 software 
(PerkinElmer) at the Molecular Imaging Platform of Vall d’Hebron 
Research Institute (VHIR) (Barcelona, Spain). For in vivo BLI, 
animals were given 150 mg/kg of D-luciferin (Promega) by 
intraperitoneal injection, and anesthetized using 1-3% isofluorane 
(Abbott Laboratories, IL, and USA). The light emitted from the 
bioluminescent cells was detected, digitalized and electronically 
displayed as a pseudocolor overlay onto a gray scale animal image. 
Regions of interest (ROI) from displayed images were drawn 
automatically around the bioluminescent signals and quantified 
as photons/second (ph/s). For ex vivo BLI, organs were removed 
5-10 min after D-luciferin administration, incubated in 300 µg/mL 
D-luciferin solution, and imaged. All techniques were performed 
following procedures previously described in the literature [17-21].

Mouse models
Female athymic nude mice (Harlan Interfauna Iberica, Barcelona, 

Spain) were kept in pathogen-free conditions and used at 5-12 weeks 
of age. Animal care was handled in accordance with the Guide for the 
Care and Use of Laboratory Animals of the Vall Hebron University 
Hospital Animal Facility, and the experimental procedures were 
approved by the Animal Experimentation Ethical Committee at the 
institution. All in vivo experiments were performed at the CIBER-
BBN’s In Vivo Experimental Platform of the Functional Validation & 
Preclinical Research (FVPR) area (Barcelona, Spain).

Subcutaneous: HT-29.Fluc-C4 or HCT 116.Fluc2-C9 cells 
(1×106) were injected subcutaneously (s.c.) on the rear flanks of the 
mice (5-6 weeks, n=12-15). Tumor growth was monitored twice a 
week for 4-7 weeks by conventional caliper measurements (D×d2/2, 
where D is the major diameter and d the minor diameter) and in vivo 
BLI of the dorsal or lateral mouse views. Primary tumors were excised 
and secondary metastases were followed by in vivo BLI. At the end 
of the experiment, selected tissues were analyzed by ex vivo BLI and 
processed for histopathology.

For the efficacy studies, HT-29 tumor-bearing mice were 
randomized based on tumor volume (median, 125 mm3) and tumor 
BLI (median, 4×108 ph/s) into 5-Fluorouracil (Sigma-Aldrich, 
Madrid, Spain) and PBS-control treatment groups (n=10/group). 
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The 5-Fluorouracil was given at 50 mg/kg twice a week for 4 weeks by 
intravenous administration. 

Orthotopic intracecum: The cecum of anesthetized mice (5-6 
weeks, n=6-21) was exteriorized through a laparotomy, and 5×105 
HT-29.Fluc-C4 or 2×106 HCT 116.Fluc2-C9 cells were injected 
under binocular lens into the cecal wall between the mucosa and the 
muscularis externa layers using a specially designed micropipette 
[22] or a 30-gauge needle attached to an insulin syringe. A proper 
implantation into the cecum was confirmed at day 0 by a localized 
and unique bioluminescent signal into the mice abdominal cavity. 
Mice successfully injected were imaged by BLI once a week from 
ventral and dorsal views. At termination, the gastrointestinal tract 
and the organs of interest were removed and examined by ex vivo BLI 
prior to the histological analyses. Moreover, two animals were imaged 
by PET (see section below).

Intrasplenic: To induce colorectal liver metastases the spleen 
of anesthetized mice (8-10 weeks, n=8-10) was exposed through a 

small left subcostal incision through the peritoneal wall, and 5×105 
HT-29.Fluc-C4 or 1×106 HCT 116.Fluc2-C9 cells were injected into 
the spleen parenchyma. After 10 min, the splenic hilum was ligated 
and the spleen was removed to avoid intrasplenic tumor growth. 
The incision was closed and mice imaged to identify those with a 
successful intrasplenic injection, which were identified by a localized 
bioluminescent signal in the anatomic position of the liver. Metastatic 
growth was monitored once a week from ventral and dorsal views. 
Upon necropsy, liver, and other organs of interest were removed and 
examined by ex vivo BLI prior to histopathology.

Intracardiac: Anesthetized mice (10-12 weeks, n=8) were 
injected with 3×106 HT-29.Fluc-C4 cells into the left ventricle of the 
heart by nonsurgical means. Mice were then imaged to identify those 
with a successful i.c. injection, which was detected by an immediate 
but transient systemic bioluminescent signal over the entire animal. 
Only mice with evidence of a proper injection were included. 
The development of metastases was monitored once a week from 
ventral and dorsal views until endpoint criteria were reached. Upon 

Figure 1: BLI to monitor and quantify subcutaneous tumor growth noninvasively. 
A) Measurements of in vivo subcutaneous tumor bioluminescence and tumor volume over time. The total photons per second (ph/s) of the tumor region, and 
external measurements of tumor volume were quantified at each corresponding time point. 
B) Data from one representative HT-29.Fluc-C4 subcutaneous bearing-tumor mouse is shown. Pseudocolor scale bars were consistent for all images from day 0 
to 20 in order to show relative changes along time. 
C) In vivo image of a representative HT-29.Fluc-C4 subcutaneous bearing-tumor mouse at day 27, and the corresponding histopathology of the excised tumor. 
Black asterisks indicate tumor cells, and yellow asterisks indicate necrotic tissue.
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necropsy, all organs were excised and prepared for ex vivo BLI and 
histopathology.

Positron emission tomography
For PET imaging, 2-deoxy-2-[18F]fluoro-D-glucose (FDG) was 

prepared using an IBA 18/9 cyclotron and a routine FDG synthesis 
module. Animals were fasted for 2 h and isofluorane anesthetized 
immediately before the intravenous injection of 10 MBq FDG. 
Animals were maintained awaken throughout the FDG uptake 
time (40 min) and anesthetized again to acquired static images for 
10 min within a microPET R4 scanner (Concorde Microsystems, 
Knoxville, TN, USA), using an energy window of 350-650 keV and a 
coincidence window of 6 ns. The resulting list-mode data was sorted 
into 3D sinograms and images reconstructed by an Ordered Subset 
Expectation Maximization – Maximum-a-posteriori (OSEM3D-
MAP) algorithm (18 iterations, 12 subsets) into a 128x128x63 
(0.85x0.85x1.21 mm) matrix. Imaging data was corrected for non-
uniformity response of the microPET, dead time count losses, and 
physical decay to the time of injection; no attenuation, scatter, or 
partial-volume averaging correction was applied. The same imaging 
procedure was applied for imaging ex vivo tissues. Parametric 
images based on standardized uptake value (activity concentration 
(MBq/ml) × body mass (g) / injected dose (MBq)) were generated 
for coronal, sagittal and transverse sections. For projected images, 
coronal sections covering the whole animal were fused using Amide 

software (Medical Image Data Examiner).

Histopathology
To confirm the presence of neoplastic cells, soft tissues samples 

were preserved in 4% formaldehyde solution and processed for 
histological analysis. Bones were fixed and decalcified using 
Decalcifier I (Surgipath Europe Ltd., Peterborough, UK). All tissues 
were paraffin embedded, sectioned, and stained with hematoxylin 
and eosin.

Results and Discussion
For many years, metastatic spread in experimental in vivo 

models could not be directly observed during the course of the 
disease. Tumor cells were injected at one site and metastatic 
dissemination determined post mortem. Advances in noninvasive 
imaging technologies have shed new light on the metastatic process, 
enabling now to watch metastasis as it develops. In this study, we 
have demonstrated that in vivo bioluminescent optical imaging 
allows the direct observation of cancer cells spreading from their site 
of origin and arriving at secondary sites longitudinally, offering early 
reads of disease progression and a rapid, sensitive and less invasive 
monitoring of neoplastic growth and metastases versus traditional 
cancer models. Specifically, we have provided novel mouse models 
to study metastatic CRC disease using the bioluminescent HT-29 and 
HCT 116 human colorectal cell lines. 

Figure 2: In vivo BLI monitoring of treatment efficacy of HT-29 subcutaneous tumors.
A) Measurements of in vivo subcutaneous tumor bioluminescence and tumor volume over time. Arrows indicate the time of treatment. 
B) Lateral images of representative vehicle-control (PBS) and 5-Fluorouracil-treated mice are shown from day 8 to 22 after treatment. All images were set at the 
same pseudocolor scale to show relative bioluminescent changes over time.
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Bioluminescent imaging as a reliable tool to monitor and 
quantify tumor progression and treatment efficacy, and to 
identify new metastatic sites noninvasively

In order to validate the use of BLI for measuring tumor 
progression, HT-29.Fluc-C4 cells were implanted s.c. and tumor 
growth was monitored from the same day of inoculation by in vivo 
BLI and compared to external caliper measurements (Figure 1A, B). 
Bioluminescent signal at the injection site was visible on the inoculation 
day (day 0) while traditional caliper measurements could not begin 
until day 6. Tumor bioluminescence increased over time up to day 
20, and a strong correlation between mean tumor bioluminescence 
and mean tumor volume was observed from day 6 to 20 (r2=0.98, 
p=0.0015). These results indicate that the light emission from 
constitutively expressed Fluc is proportional to tumor cell burden, 
and changes of the bioluminescent signal over time accurately reflect 
tumor growth or regression. Moreover, the high sensitivity of BLI 
was effectively demonstrated in these subcutaneous tumor-bearing 
animals when tumors were immeasurable by means of a caliper, 
but quantification was feasible by photon emission calculation. 
Nonetheless, from day 20, tumor bioluminescence appears to plateau 
unlike the callipered tumor volume which continued to increase. 
Histopathological analyses of the HT-29 subcutaneous tumors 
further revealed that the bioluminescent plateau signal corresponds 
to tumors that have undergone central necrosis (Figure1C). Because 
bioluminescence is a function of the number of metabolically active 
tumor cells rather than a volumetric measure of the tumor mass, its 
ability to solely measure viable cells offers a great advantage and a 
more accurate value of tumor physiology over traditional volumetric-
based measurements, which also include the contribution of dead or 
necrotic regions within a tumor.

In this context, we further demonstrated that BLI can be used to 
assess the efficacy of thera peutic interventions over time (Figure 2A, 
B). In vivo tumor bioluminescence and tumor volume showed tumor 
growth delay induced by 5-Fluorouracil (a pyrimidine analog, which 
it has been the established form of chemotherapy in the treatment 
of CRC for decades, that results in DNA damage and finally induces 
cell cycle arrest and apoptosis) when compared with vehicle control 
(p=0.0198 and p=0.0012, respectively, using a non-parametric Mann-
Whitney U test). Statistically significant correlations were found 
between the mean tumor bioluminescence over time and the mean 

tumor volume of treated and control mice (r2=0.89, p=0.0004 and 
r2=0.98, p<0.0001, respectively). Thus far, our assessment confirms 
the ability of BLI to provide noninvasive, semi quantitative, and 
spatiotemporal information about tumor progression and response 
to therapy, as it has been shown for prostate [23], colon [19], brain 
[24], liver [25], and neuroblastoma [26] cancer, among others. 
Moreover, in drug evaluation, BLI can also serve as an accurate guide 
for timing the start or end of treatment in these therapeutic studies 
since one can immediately assess the tumor growth in each animal 
rather than depend upon data from animal cohorts euthanized at 
similar time points, thereby diminishing the dispersion introduced 
by interindividual variation in response to therapy and yielding to 
tremendous statistical benefit to the study [17, 27].

Spontaneous metastases from subcutaneous tumors are rare in 
animal models of cancer [28]. By means of in vivo BLI, as the whole 
animal was imaged, for the HT-29.Fluc-C4 model, we identified 
metastatic lesions growing into the axillary and inguinal lymph 
nodes regions (Figure 3). Ex vivo BLI and histopathology confirmed 
the presence of spontaneous metastases into lymph nodes and lungs 
(Figure 3 and Table 1) as Jenkins et al. [19] showed using SCID-beige 
mice. In fact, in vivo BLI is less suited for the identification of the 
exact location of tumors, because its spatial resolution is limited, by 
the attenuation due to the depth of the lesions and the cell number 
present in the bioluminescent sources. Spatial resolution can be 
obtained afterwards by macro- and microscopical inspection of 
relevant tissues through guidance with ex vivo BLI and histopathology. 
Thus, ex vivo BLI provides a very fast, reliable and sensitive method 
of screening for metastatic lesions, dictating which tissues should be 
further analyzed by histopathology to detect micro metastases, and 

Figure 3: BLI to identify new metastatic sites of HT-29 subcutaneous tumors.
In vivo images of a representative mouse (left panel) show axillary and inguinal lymph node metastases development, and ex vivo BLI and histopathology of 
excised tissues (right panel) confirming the presence of lymphatic and hematogenous dissemination. Black asterisks indicate tumor cells, and white asterisks 
indicate normal tissue.

Spontaneous  Metastasis  Incidence 
[Mice (%)]

HT-29.Fluc-C4 HCT 116.Fluc2-C9

Lymphatic dissemination:

Axillary lymph nodes 8/12 (67) 0/15 (0)

Inguinal lymph nodes 9/12 (75) 0/15 (0)

Hematologic dissemination:

Lungs 7/12 (58) 0/15 (0)

Table 1: Dissemination patterns from subcutaneous HT-29 and HCT 116 CRC 
bioluminescent cells.

http://en.wikipedia.org/wiki/Cell_cycle
http://en.wikipedia.org/wiki/Apoptosis
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consequently reducing the number of histology rounds required. 
Moreover, metastases were not detected in any other tissues by BLI, 
as confirmed through a serial histopathological analysis. In contrast, 
for the HCT 116.Fluc2-C9 tumor model, no spontaneous metastases 
from subcutaneous tumors were detected into lymph nodes and lung 
tissues, among others (Table 1), which might be associated with a 
less aggressive and invasive HCT 116 cell phenotype compared to 
HT-29 cells. As a result, we further characterize and identify two 
subcutaneous CRC models with different dissemination patterns to 
study advanced CRC disease. 

Improved orthotopic colorectal cancer mouse models to 
study noninvasively primary tumor growth and clinically-
relevant metastases

The major limitations of subcutaneous CRC mouse models 
are that they do not recapit ulate many of the essential features 
of tumor growth in patients, rarely metastasize, and the ectopic 
microenvironment greatly differs from that in the colon. Interactions 
between the host environment and the tumor graft determine tumor 
cell expression profiles, the levels of growth factors and nutrients, 
as well as tumor angiogenesis and metastatic behavior [29, 30]. In 

Figure 4: In vivo BLI of orthotopic HT-29 colorectal tumor progression and metastatic dissemination. 
A) Selected ventral and dorsal view images from a representative mouse over time are shown. To check for metastasis development into the upper part of the 
mouse, animals were imaged with the primary tumor shielded. Images from each corresponding view were set at the same pseudocolor scale to show relative 
bioluminescent changes along time. 
B) Primary tumors and regional metastases growth rate from the ventral abdominal region was quantified weekly by means of bioluminescent intensity (ph/s). A 
region of interest (ROI) for each animal (n=21) was defined at every time point (inset). 
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addition, ectopic and orthotopic organ environments differentially 
influence the sensitivity of tumor cells to chemotherapeutics [31]. 
Likely, the most relevant application of imaging in preclinical models 
is the use of whole-body BLI to longitudinally track both primary 
and metastatic tumor burden in orthotopic and deep-tissue models, 
because in many cases they are neither visible nor palpable at the 
tissue surface. Previously, Céspedes et al. [22] have improved the 
orthotopic injection of human CRC cell lines by direct orthotopic 
cell microinjection, generating a model in which the dissemination 
pattern closely replicates all relevant metastatic sites observed in 
humans. Then, bioluminescent colorectal HT-29 and HCT 116 cells 
were directly injected into the cecal wall of mice, and tumor growth 
and metastatic dissemination monitored in real time by in vivo BLI. 
Inappropriately implanted mice were discarded at the inoculation 
day based on BLI determinations, something that could not have 
been done without BLI (Supporting Information 2A). In vivo BLI 
of orthotopic tumors identify bioluminescent lesions developing in 
the abdominal (primary tumor and locoregional dissemination) and 

thoracic (distant dissemination) cavities for HT-29.Fluc-C4 tumors 
(Figure 4A), and only in the abdominal cavity for HCT 116.Fluc2-C9 
tumors (Figure 5A) as early as days 49 and 28 after implantation, 
respectively. Hence, HT-29.Fluc-C4 tumors induce a preferred 
distant metastasis dissemination pattern compared to HCT 116.
Fluc2-C9 tumors which favored a more locoregional invasion pattern 
near the primary tumor site. Bioluminescent signals were quantified 
over time to determine the HT-29.Fluc-C4 (Figure 4B) and HCT 
116.Fluc2-C9 (Figure 5B) orthotopic colon tumor growth into the 
abdominal cavity. A steady increase of bioluminescent signals, which 
corresponds with local colonic tumor and locoregional lymphatic 
dissemination of implanted colon tumor cells, was observed a long 
time.

When either intestinal obstructions (15 out of 21 (71%) for HT-
29, and 0 out of 10 (0%) for HCT 116 tumors) or tumor growing 
towards the peritoneal cavity (6 out of 21 (29%) for HT-29, and 8 out 
of 9 (89%) for HCT 116 tumors) appeared, animals were euthanized 
and a complete necropsy procedure performed. The median survival 

Figure 5: In vivo BLI of orthotopic HCT 116 colorectal tumor progression and metastatic dissemination. 
A) Selected ventral and dorsal view images from a representative mouse over time are shown. Images from each corresponding view were set at the same 
pseudocolor scale to show relative bioluminescent changes along time. 
B) Primary tumors and regional metastases growth rate from the ventral abdominal region was quantified weekly by means of bioluminescent intensity (ph/s). 
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time of animals was 77 (ranged from 49 to 96) and 65 (ranged 
from 59 to 87) days for the HT-29.Fluc-C4 and HCT 116.Fluc2-C9 
tumors, respectively. Ex vivo BLI and histopathological analyses of 
the isolated tissues confirmed the induction of lymphatic, coelomic 
and hematogenous dissemination patterns at different incidence rates 
based on the tumor model (Table 2). Besides lymphatic dissemination, 
hematological dissemination and coelomic invasion were the most 
preferred dissemination patterns on the HT-29.Fluc-C4 and HCT 
116.Fluc2-C9 orthotopic tumors, respectively. Thus, in HT-29.
Fluc-C4 (Figure 6) and HCT 116.Fluc2-C9 (Figure 7) tumor-bearing 
animals, local orthotopic tumor growth and mesenteric lymphatic 
tumor foci were detected. Further, tumor foci were also frequent 
in peripancreatic, inguinal and axillary lymphatics. Liver or lung 
metastases, the most common sites for blood-borne metastases in 
human CRC, were mainly detected on HT-29.Fluc-C4 tumors (Table 
2). Finally, tumors growing towards the peritoneal cavity inducing 
peritoneal carcinomatosis and invasion of the mesenteric lymphatic, 
among other organs were the preferentially occurring on HCT 116.
Fluc2-C9 orthotopic tumors. Ex vivo BLI negative organs such as 
spleen, kidneys, adrenal glands, brain and bones, were also found 
histologically negative for tumor cells.

As for the orthotopic colon tumor mouse models monitored 
noninvasively available in the literature, characterization of 
human CRC cells in a surgical orthotopic implantations (SOI) or 
cell implantation models using fluorescent proteins as tumor cell 
markers has been described and employed to further characterize 
novel colonoscopic imaging agents [32-34]. Related to the use of 
these fluorescent proteins as genetic reporters in vivo, green or 
red fluorescent proteins require an excitation at wavelengths that 
penetrate tissue layers with difficulty, and are limited by the presence 
of significant tissue auto fluorescence, which consequently decreases 
the sensitivity of this technique when compared to BLI [16]. In fact, 
HCT 116 and HT-29 CRC bioluminescent orthotopic cecal wall 
models in SCID and NSG mice, respectively, has been successfully 
used to evaluate the role of chemokines in the inhibition of orthotopic 
primary tumor and locoregional lymph node metastases formation 
[35], and the role of anti-metastatic effect of immune effectors in the 
inhibition of the primary tumor growth and the emerging secondary 

Spontaneous Metastasis  Incidence 
[Mice (%)]

HT-29.Fluc-C4 HCT 116.Fluc2-C9

Lymphatic dissemination:

Mesenteric lymph nodes 20/21 (95) 6/6 (100)

Peripancreatic lymph nodes 15/21 (71) 3/6 (50)

Inguinal lymph nodes 9/21 (43) 2/6 (33)

Axillary lymph nodes 6/21 (29) 1/6 (17)

Hematologic dissemination:

Liver 17/21 (81) 0/6 (0)

Lungs 19/21 (90) 4/6 (67)

Coelomic dissemination:

Diaphragm 6/21 (29) 5/6 (83)

Carcinomatosis 6/21 (29) 5/6 (83)

Table 2: Dissemination patterns from orthotopic HT-29 and HCT HCT 116 CRC 
bioluminescent cells.

Figure 6: Ex vivo BLI and histological analysis from orthotopic HT-29 
colorectal tumor-bearing mice. 
Ex vivo images and histopathology of excised tissues from a representative 
mouse show local primary tumor growth (poorly differentiated adenocarcinoma, 
invading the submucosa, the hyperplastic mucosa and the cecal muscularis), 
and coelomic dissemination (tumoral cells infiltrating muscular tissue of the 
diaphragm), lymphatic dissemination (total effacement of a peripancreatic 
lymph node, tumor cells infiltrating an inguinal lymph node, and tumoral 
foci leaving a rim of normal axillary lymphoid tissue) and hematologic 
dissemination (liver parenchyma and sinusoids infiltrated by neoplastic cells 
with a mixed inflammatory reaction, and isolated micrometastasis in the 
interstitium of the lung and tumoral embolus occluding peribronchial blood 
vessels). Black asterisks or arrows indicate tumor cells, and white asterisks 
indicate normal tissue.

tumor foci in the lungs and liver [36]. Moreover, we previously 
demonstrated the ability to use BLI to validate antitumor and 
antimetastatic treatment strategies using a luciferase-expressing HT-
29 CRC cells forming tumors in the cecum wall of nude mice and 
metastasizing to lymphatic, hematological and coelomic tissues [21]. 
In our case, bioluminescent HT-29 and HCT 116 orthotopic colon 
models resemble the clinical spreading patterns of CRC metastases 
reproducing lymphatic, hematologic and coelomic dissemination 
patterns, and favoring different outcomes depending on both the 
intrinsic metastatic capacity of the tumor cells and the influence of 
the implantation organ environment. These models drive tumor 
cells to infiltrate the lymphatics of the intestinal wall, disseminating 
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first into the mesenteric lymph nodes, and after spreading through 
the blood-stream into the liver and lung, and/or to the peritoneum, 
at significantly higher rates compared with SOI of tumor fragments 
[37]. Moreover, the orthotopic cell microinjection procedure does 
not produce significant tissue damage and avoids cell reflux, which 
eventually could mask carcinomatosis spread. Thus, we provided 
noninvasive bioluminescent orthotopic CRC mouse models with 
different metastatic dissemination patterns that replicate human 
disease with high fidelity, and therefore, the clinical setting. 
Accordingly, longitudinal studies allow the assessment of the course 
of tumor progression and metastases development in asymptomatic 
animals which contributes to generate more informative and 
predictive animal models of cancer and an attractive alternative to 
test the efficacy of treatments, in particular at early phases when 

Figure 7: Ex vivo BLI and histological analysis from orthotopic HCT 116 colorectal tumor-bearing mice. 
Ex vivo images and histopathology of excised tissues from a representative mouse show local primary tumor growth (poorly differentiated adenocarcinoma, 
invading one side of the cecal lamina and submucosas while the opposite one remains normal (left picture), metastatic embolus inside a mesenteric lymphatic 
vessel (middle picture) and tumoral invasion of a lymphatic from the glandular stomach wall (right picture), and coelomic dissemination (multiple carcinomatous 
foci infiltrating diaphragm muscular fibers and muscular layers of the abdominal wall from its peritoneal side), lymphatic dissemination (peripancreatic, inguinal and 
axillary lymph nodes invaded by metastatic cells) and hematologic dissemination (distant micrometastases in the lung parenchyma and inside blood vessels). Black 
asterisks or arrows indicate tumor cells, and white asterisks indicate normal tissue.

therapeutical options should be most effective. Furthermore, as the 
whole animal is imaged, unpredictable sites of metastasis are evident 
and can be rapidly identified.

BLI also has limitations (low tissue penetration, low spatial 
resolution, requirement of an exogenous substrate, etc.) [38]. 
Therefore, in order to validate our model with imaging techniques 
routinely used in the clinics, few animals were also imaged by means 
of small animal devoted PET. This would further evaluate the potential 
of small animal BLI versus PET using FDG, the most commonly 
used radiotracer in the clinical practice (Figure 8A). Tumors have 
high rates of aerobic glycolysis, and therefore take up relatively 
large amounts of the glucose analogue FDG by glucose transporters 
[39, 40]. Bioluminescent signals indicate primary tumor growth 
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Figure 8: Comparison of BLI and PET in vivo imaging of HT-29 orthotopic CRC mouse model. 
A) At day 87 after cell implantation, mice were imaged by BLI and one day after by PET using FDG as a tracer. For BLI (left panel), ventral and dorsal view images 
with and without the abdominal body region shield are shown, and for PET (right panel) projected images, coronal, sagittal, transverse thoracic and abdominal 
representative sections are also shown for each mouse. Dotted lines in the projected image indicate the localization of sagittal and transverse sections. Animal 
#1 shows a clear uptake in axillary lymph nodes (LN) and a lower signal in the primary tumor (T); and animal #2 has a higher uptake in the primary tumor, which 
extends considerably in the abdominal region. Heart and brain, and kidney and bladder showed high glucose uptake due to intrinsic high metabolic activity and 
FDG clearance, respectively. 
B) Ex vivo PET analyses of excised tissues further confirmed the localization of in vivo signals. Localization of colorectal primary tumors is indicated. 

and locoregional metastases growing in the abdominal cavities and 
disseminated lesions developing in the thoracic cavities. Even though 
PET could provide more accurate tomographic information than 
BLI, the high background uptake of FDG in heart, muscle, brown 
fat, kidney, bladder and brain interfered with the primary tumor and 
metastatic lesions detection. However, with greater difficulty than 
BLI, PET imaging detected the primary tumor growing within the 
abdominal cavity and metastatic lesions developing in axillary lymph 
nodes. Ex vivo PET of the gastrointestinal tract helped to identify 
the increased FDG uptake of the primary tumor (Figure 8B). Novel 
molecules with better imaging quality characteristics such as 3’-
[18F]fluoro-3’-deoxythymidine [41] or reporter specific tracers [42, 
43] would increase the signal-to-noise ratio and might improve the 
detection of metastasis since they show higher absolute uptakes and 
lower gastrointestinal activities than FDG. Therefore, each technology 
represents a valuable tool to study tumor-bearing animals, but the 
careful selection of the most appropriate method will be critical 
to maximize the benefit of their use. Here, BLI provides a higher 
sensitivity compared to PET imaging when using FDG, and being a 
very convenient modality for the preclinical oncology research. 

Novel noninvasive bioluminescent liver and bone 
metastasis models of colorectal cancer

The use of experimental metastasis models is an excellent option 
to study the late steps of metastasis formation such as extravasation, 
colonization and growth in secondary tissues. Importantly, due to its 
high sensitivity, BLI is very useful for early detection of micrometastases 
and minimal residual disease states in animal models [44-46] such as 
in the intrasplenic and intracardiac models that we have characterized 
to further study liver and bone metastasis. In general, orthotopic 
mouse models do not permit the study of the progression of hepatic 
and bone metastases because the life of the animals is compromised 
before they progress or appear. Thus, the capacity of HT-29.Fluc-C4 
and HCT 116.Fluc2-C9 cells to produce metastatic growth in the 
liver was monitored by BLI subsequent to injection of cells into the 
spleen. Mice with no or very low bioluminescent signal were excluded 
from the study on the injection day (Supporting Information 2B). 
Bioluminescent lesions developing in the abdominal cavity localized 
with the anatomic position of the liver were identified for HT-29.
Fluc-C4 (Figure 9A) and HCT 116.Fluc2-C9 tumors. A progressive 
growth increase of the hepatic bioluminescent signal was quantified 
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along time; inducing HT-29.Fluc-C4 tumors a faster growth than 
the HCT 116.Fluc2-C9 (Figure 9B). The median overall survival of 
animals was 61 (ranged from 35 to 85) and 83 (ranged from 81 to 
83) days for the HT-29.Fluc-C4 and HCT 116.Fluc2-C9 tumors, 
respectively. Ex vivo BLI and histopathology of the isolated tissues 
confirmed the induction of the liver, lung and carcinomatoses 
metastases at different incidence rates based on the tumor cell model 
(Figure 9C and Table 3). As a result, we describe two mouse models 
of CRC liver metastases with different patterns of dissemination 
by BLI, providing longitudinal data on tumor growth in vivo, and 

Figure 9: Hepatic metastases detected in vivo and ex vivo following intrasplenic injection of HT-29 and HCT 116 bioluminescent cells. 
A) Ventral images taken longitudinally of a representative mouse are shown. Images were set at the same pseudocolor scale to show relative bioluminescent 
changes along time.  
B) Bioluminescent metastatic growth rate was quantified along time in the liver region (ph/s). 
C) Liver photographs, ex vivo BLI and histopathology confirmed the localization of in vivo BLI signals into liver parenchyma. Multiple neoplastic foci infiltrating the 
liver parenchyma mixed with mononuclear inflammatory, hemorrhagic and necrotic areas. Black asterisks indicate tumor cells, and white asterisks indicate normal 
tissue.

Metastasis  Incidence [Mice (%)]

HT-29.Fluc-C4 HCT 116.Fluc2-C9

Hematologic metastases:

Liver 6/8 (75) 6/10 (60)

Lungs 6/6 (100) 6/6 (100)

Coelomic metastases:

Carcinomatosis 0/6 (0) 4/6 (67)

Table 3: Metastatic lesions after intrasplenic injection of HT-29 and HCT 116 
CRC bioluminescet cells.
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offering a more accurate representation of the intrahepatic clinical 
disease. Accordingly, the use of BLI for measuring experimental CRC 
growth in the liver has already been proof as a reliable and superior 
method (simplicity, reduced laboriousness, possibility to randomize, 
possibility to perform consecutive measurements) for other CRC cells 
[20, 47].

To establish a model of bone metastases in vivo, the CRC HT-29.
Fluc-C4 cells, which showed enhanced hematological dissemination 
patterns, were injected into the left ventricle of the heart to allow the 
dispersion of cells into the blood-stream without first passing through 
the lungs. The properly injected mice (Supporting Information 2C) 

Figure 10: Multiple metastases detected in vivo following intracardiac injection of HT-29 bioluminescent cells.
A) Ventral and dorsal images taken longitudinally of a representative mouse are shown. Images from each corresponding view were set at the same pseudocolor 
scale to show relative bioluminescent changes along time.
B) Metastatic growth rate was quantified longitudinally in the craniofacial (ROI 1) and hindlimbs (ROI 2) regions.

were imaged in vivo along time (Figure 10A). Metastatic growth 
became evident as early as day 7 after cell injection, mimicking 
micrometastatic spread (Figure 10B, inset). Patterns of metastasis 
indicating lesions developing in the craniofacial, thoracic and 
abdominal regions and hindlimbs were observed (Figure 10A). 
None of these tumors were macroscopically visible. Quantification 
of the bioluminescence intensity of the craniofacial and hindlimbs 
lesions confirmed that the metastatic sites showed an exponential 
increase in bioluminescence over time (Figure 10B), indicating 
that bioluminescent measurements can be used to monitor the 
metastatic growth noninvasively along time. Ex vivo BLI confirmed 
that the metastatic spread of HT-29.Fluc-C4 colorectal cells after i.c. 
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injection was primarily to bone sites including craniofacial region, 
ribs, hindlimbs and spine (Figure 11 and Table 4). While bone is the 
predominant metastatic site, a high frequency of micrometastases 
into soft tissues such as lungs and adrenal glands were also identified. 
Moreover, in terms of morphology, bone-invading cells differ from 
those detected in soft tissues. Neoplastic cells growing in bone-
marrow had polygonal shape probably as an adaptation to bone 
microenvironment; in contrast to cells found in soft tissues that 
showed round to oval shape. Apart from this, and despite the poor 
cell differentiation, their epithelial origins were evident because in 

Figure 11: Ex vivo BLI and histological analysis of the intracardiac metastatic lesions. 
Ex vivo BLI and histopathology of excised tissues confirmed the presence of bone metastatic growth into the craniofacial region (micrometastases in the 
ethmoturbinates of the nasal cavity, maxilla and the retrobulbar space), ribs (metastasis in the bone-marrow of ribs), hindlimbs (metastatic lesions identified in bone-
marrow of distal femur, proximal tibia, periostium, and adjacent to epiphyseal growth plate) and spine (presence of metastatic cells from bone-marrow of vertebrae 
and its invasion to the nerve roots of cauda equina), and associated tissues such as lungs and adrenal glands. In terms of morphology, bone-invading cells differ 
from those detected in soft tissues. Green asterisks or arrows indicate bone-invading tumor cells, and yellow asterisks indicate soft tissue-invading tumor cells.

both cases cells showed the capability to form acini-like structures. 
Therefore, microenvironmental differences between bone-marrow 
and other tissues suggest that metastases to bone-marrow may require 
very different cellular characteristics than those to soft-tissues [44]. 
Metastases in bone are found invariably in sites adjacent to red bone-
marrow, indicating that the hematopoietic marrow, rather than the 
bone tissue, is the initial site of cancer cell seeding [48]. This suggests 
that the injected tumor cells lodge, survive in the hematopoietic 
bone-marrow environment, and grow to destroy adjacent bone. This 
novel model of CRC bioluminescent bone metastases will provide 
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the opportunity for exploring factors involved in tumor growth in 
bone, and for appropriate testing of new therapeutic strategies for life 
threatening bone and bone-marrow metastasis. 

Conclusion
BLI allowed broadening the range of animal models to study 

CRC advanced disease. By means of subcutaneous models, we 
have demonstrated that BLI is an appropriate and reliable tool to 
noninvasively evaluate tumor burden and anticancer treatment 
efficacy. Moreover, BLI has allowed the discovery of unexpected 
metastatic sites for an ectopic model, such as lymphatic and 
hematogenous metastases. Importantly, the orthotopic implantation 
of tumor cells into the cecum allows the study in the proper 
microenviroment and provides two CRC models with different 
patterns of spontaneous dissemination that includes all the steps 
of the metastatic progression, thereby resembling the clinical 
setting most closely. Last, liver and bone metastasis models permit 
longitudinal studies of its development with high sensitivity, 
providing novel models to assess specific new therapeutic strategies 
against CRC hepatic and bone metastasis. In all animal models, 
the use of in vivo BLI has permitted the tracking over time of the 
CRC disease, and ex vivo BLI confirmed the location of in vivo 
BLI metastases and helped to identify new tissue micrometastases. 
Depending on the implantation site used to generate the model, 
the HT-29 and HCT 116 bioluminescent cells induce a different 
pattern and yield of metastases. Thus, the researcher can choose to 
use a particular cell line and implantation route to potentiate the 
generation of metastasis at specific sites (e.g. orthotopic for coelomic 
dissemination or intracardiac for skeletal metastasis). Both academic 
and pharmaceutical preclinical research could benefit of using the 
BLI technology and applications described above since they provide 
valuable molecular information to bridge between preclinical and 
early clinical studies. 
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