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Abstract. Background/Aim: Patient-derived orthotopic
xenograft (PDOX) models have patient-like clinical features
and may be imaged, in case of some cancers, by passaging
of the tumors through transgenic nude mice expressing red-
fluorescent protein (RFP) where they stably acquire RFP
expressing stroma. The aim of the present study was to
quantify red fluorescent area and intensity in colon-cancer
peritoneal metastases in PDOX models in non-transgenic
nude mice after passage in RFP transgenic nude mice by
non-invasive external fluorescence imaging. Materials and
Methods: Tumor fragments originating from a colon cancer
patient with peritoneal metastases were implanted in
transgenic RFP nude mice. Resultant tumors were harvested,
and fragments were implanted in the same strain a second
time. Passaged tumors stably acquired RFP-expressing
stroma from their transgenic hosts. The tumor with RFP-
expressing stromal cells were harvested and implanted
orthotopically in non-transgenic nude mice. At eight weeks
post-implantation, non-invasive external RFP images were
obtained. RFP area and intensity were measured and
correlated with tumor weight and volume. Results:
Metastatic patient colon cancer can be stably and brightly
labeled by passage in transgenic RFP-expressing nude mice
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such that tumor growth could be non-invasively imaged.
Tumor growing could be non-invasively imaged when
passaged to non-transgenic nude mice. A strong correlation
between fluorescence intensity and area values with tumor
weight and volume were established by external fluorescence
imaging. Conclusion: This new tumor model of metastatic
colon cancer can be used to evaluate novel therapeutics in
real time for this recalcitrant disease.

Peritoneal metastasis is one of the major causes of death due
to colon cancer relapse and is generally difficult to treat (1,
2). Approximately 5-10% of patients with colon cancer
develop peritoneal metastasis (2). Despite recent
developments in diagnosis and therapy, the prognosis for this
disease is poor (2, 3). Cytoreductive surgery together with
hyperthermic intraperitoneal chemotherapy have shown
promise for this disease (4-7). However, it was effective only
in selected patients (3), which suggests that targeted therapy
and non-invasive imaging methods are needed to detect and
treat peritoneal metastasis of colon cancer. Peritoneal
metastasis in colon cancer has been detected using various
detection techniques including fluorescence (8-10). However,
non-invasive imaging of peritoneal metastasis is still
challenging.

Orthotopic xenografts of intact patient-derived tumor
tissue in appropriate mouse strains can result in metastases
to clinically relevant locations, unlike subcutaneous
transplantation. We have established patient-derived
orthotopic xenograft (PDOX) models in nude mice by
surgical implantation for various cancers (11-14). PDOX
models are much more patient-like than subcutaneous
ectopic models (13) but make visualization of tumor growth
and metastasis difficult. To address this problem, a method
to introduce fluorescent-protein-expressing stroma into
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tumors has been developed by passaging patient tumor
grafts through transgenic nude mice expressing a fluorescent
protein (15). After passaging, these orthotopic xenografts
with their acquired red-fluorescent protein (RFP) expressing
stroma were orthotopically implanted into non-transgenic
nude mice, enabling non-invasive imaging of tumor
progression (15-18). Non-invasive methods present the
obvious advantage of eliminating mortality and morbidity
of mice, thus permitting serial imaging. Non-invasive
imaging of cancer cells expressing fluorescent proteins
could be helpful in real-time determination of efficacy of
specific anticancer drugs.

In the present study, a strong correlation between measured
fluorescence intensity and area, and weight and volume of
metastatic tumors with RFP expressing stroma is shown.

Materials and Methods

Mice. 4-6 week old athymic nu/nu nude mice and transgenic RFP
expressing athymic nu/nu mice were obtained from AntiCancer Inc.
(San Diego, CA, USA). All surgical procedures and imaging were
performed in accordance with an AntiCancer Institutional Animal
Care and Use Committee (IACUC)-protocol specifically approved
for this study, and in accordance with the principles and procedures
outlined in the National Institute of Health Guide for the Care and
Use of Animals under Assurance Number A3873-1. Mouse housing,
feeding, surgical process, and imaging were conducted, and mice
were humanely sacrificed as previously described (14).

Patient-derived tumor. The primary tumor was resected from a patient
diagnosed with colon cancer. Peritoneal metastasis occurred a few
months later, and the patient was treated with surgical resection and
chemotherapy at the Division of Surgical Oncology, University of
California, San Diego, USA (UCSD). A fresh sample of metastatic
colon cancer was obtained immediately after patient surgery with
informed patient consent and IRB approval. The tumor was cut into
fragments and initially implanted subcutaneously in nude mice. We
have previously reported the establishment of an orthotopic model of
patient derived metastatic colon cancer with the method of surgical
orthotopic implantation (SOI) used in the present study (11).

Establishment of PDOX model of colon cancer with RFP expressing
peritoneal metastases. Patient colon cancer peritoneal metastases
growing in nude mice were harvested, cut into 5 mm fragments, and
implanted subcutaneously in transgenic RFP-expressing nude mice.
After two passages, tumors stably containing RFP-expressing
stromal cells were obtained and cut into fragments (Figure 1A).
After non-transgenic nude mice were anesthetized with ketamine,
1-2 cm skin incisions were made at the midline of the abdomen.
Surgical sutures (8-0 nylon) were used to implant tumor fragments
onto the peritoneum. Wounds were closed using 6-0 nylon sutures.

Fluorescence imaging of peritoneal tumors and measurement of
tumor weight and volume. Eight weeks after RFP-expressing tumors
were implanted, mice were anesthetized for non-invasive external
red fluorescence imaging. Fluorescence intensity and area were
measured and calculated using the UVP ibox® (Analytik Jena, Jena,
Germany). Mice were then sacrificed for direct measurements of
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tumor weight and volume. Frozen tissue sections were observed for
fluorescence with an FV1000 confocal laser microscope (Olympus
co). Excitation wavelength for RFP fluorescence was 559 nm.
Tissues were viewed under 4x and 20x objective lenses.

Statistical analysis. SPSS statistics 22.0 (SPSS Inc.) was used for
statistical analyses. Pearson correlation coefficient and linear
regression were used to assess the various possible relationships
among different variables. A p-value of < 0.05 was considered
statistically significant for all comparisons.

Results and Discussion

Orthotopically implanted tumors grew in the peritoneum of
non-transgenic nude mice. These tumors had sufficient RFP
to permit non-invasive imaging through the abdominal wall
(Figure 1B-D). FV1000 confocal laser microscopy showed
persistence of RFP-expressing tumor stroma acquired from
passaging through RFP-expressing nude mice prior to
implantation into non-transgenic nude mice (Figure 1E, F).

Tumor fluorescence area and intensity were quantitated
weekly from week 2 to week 6 post implantation (Figure
1G). RFP area and intensity strongly correlated with tumor
weight and volume measured upon autopsy (Figure 2). The
strongest correlation was between fluorescence area and
tumor weight (r=0.869, p<0.001, Figure 2A). Fluorescence
area correlated with tumor volume (r=0.771, Figure 2B).
Fluorescence intensity correlated with tumor weight
(r=0.867, Figure 2C) and tumor volume (r=0.815, Figure
2D). All correlations were statistically significant.

Implantation of human tumors into nude mice changed the
paradigm in preclinical cancer research (19). Orthotopic
implantation of tumors in nude mice enabled patient-like
models to be established to investigate individualized patient
therapies (12, 14). One shortcoming of this approach was
that the orthotopic tumors had no fluorescence. Previously,
we have developed imageable PDOX models for various
cancers growing the tumor in transgenic RFP expressing
nude mice (15-17, 20). This is the first report of non-invasive
external fluorescent imaging of orthotopically-xenografted
peritoneal tumors derived from a colon-cancer patient’s
peritoneal metastasis that had been passaged through RFP-
expressing transgenic nude mice.

The present report demonstrates a strong correlation
between fluorescence intensity and area by non-invasive
fluorescent imaging of PDOX tumors with RFP-expressing
stroma from double passage through RFP-expressing
transgenic nude mice, and their weight and volume measured
upon autopsy. We had previously made such correlation with
RFP-labeled stroma in a pancreatic cancer PDOX (21) and
also with labeled cancer cells growing orthotopically (22).
The present report is the first observation of correlation
between tumor stromal cell fluorescence and tumor volume
and weight in a colon cancer PDOX.
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Figure 1. Development of non-invasive imageable orthotopic xenografts of peritoneal metastatic human colon cancer. (A) Experimental schema
used to develop imageable orthotopic xenografts of peritoneal metastatic human colon cancer with RFP-expressing stroma (UVP iBOX imaging).
(B-D) Non-invasive images of a colon cancer peritoneal metastatic tumor. (B) Bright field image. (C) Red fluorescence image. (D) Merged image.
FV1000® confocal laser microscopy images from frozen sections of the colon cancer peritoneal metastatic PDOX tumor with RFP expressing stroma.
(E) Red fluorescence image. (F) Merged image. (G) Tumor fluorescence area and intensity. Average fluorescence intensity and area values obtained

weekly from week 2 to week 6 post-implantation.

Therefore, serially acquired fluorescence intensity and
area values can be used to assess the antitumor effects of
different therapeutics over time in PDOX models. This
model will allow approved and experimental drugs to be
rapidly screened to evaluate efficacy for individual patients,
which should help to tailor patient therapies. This model will
also improve our ability to discover novel effective agents
for treating metastatic colon cancer and other cancer types.
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Figure 2. Correction between RFP area and intensity with tumor weight and volume. Correlation of tumor fluorescent area (A, B) and fluorescence
intensity (C, D) with tumor weight and volume.
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