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Abstract

Background: There is a high rate of positive surgical margins with resection of liver metastases 

in colorectal cancer (CRC). The present study reports using a fluorescent anti-mucin 4 (MUC4) 

antibodies to label primary CRC and liver metastases to better visualize tumor margins in mouse 

models.

Methods: Western blotting for MUC4 protein expression of normal colon and CRC tumor lysates 

was performed. Orthotopic primary and liver metastatic CRC mouse models received anti-MUC4 

antibody conjugated to IR800 (MUC4-IR800). Mice were sacrificed and imaged after 48 hours.

Results: Western blotting demonstrated increased MUC4 expression in a human CRC cell 

line and patient-derived primary and liver-metastatic CRCs. The LS174T orthotopic primary 

CRC model tumor to background ratio (TBR) was 2.04 (±0.35). The patient-derived orthotopic 

xenograft (PDOX) primary CRC model TBR was 2.17 (±0.35). The PDOX liver metastasis model 

TBR was 1.56 (±0.53).

Conclusion: MUC4-IR800 provided bright labeling of primary and liver tumors in CRC 

orthotopic mouse models, demonstrating their future clinical potential for margin visualization 

in fluorescence guided surgery.
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1. Introduction

Resection remains the most effective treatment for colorectal cancer (CRC). However 

incomplete resection (i.e. positive surgical margins) is a poor prognostic indicator for CRC.1 

The liver is often the first site of metastasis for CRC and colorectal liver metastasis (CRLM), 

a recalcitrant disease and leading cause of death in CRC patients, develops in 50% of cases.2 

As in primary CRC, surgical resection remains the best treatment of CRLM for long term 

survival.2 Positive margins on CRLM resection are associated with a decrease in overall 

survival.3 The rate of R0 resection for CRLM is ~84–87%.4,5

Mucins, a family of epithelial glycoproteins, play an important role in forming a protective 

barrier between gut epithelium and the microbial milieu6,7 as well as protecting against pH 

changes.8 Their dysregulation has been implicated in the progression of colorectal cancer.7 

Mucin 4 (MUC4), expressed normally on the epithelial cell surface in the GI and respiratory 

tract, is over-expressed in several epithelial malignancies including CRC.8,9 High expression 

of MUC4 has been associated with metastasis and as an independent indicator of worse 

prognosis in CRC.6,7,9

We have previously shown fluorescence guided surgery (FGS) is highly effective in CRLM 

resection with indocyanine green (ICG).10 This previous study suggests using FGS with 

fluorescent antibodies may improve R0 resection rate for CRLM. This present study 

reports the use of a fluorescent antibody to MUC4 which brightly labels primary and liver 

metastasis CRC from patient derived as well as human cell line tumors.

2. Materials and methods

2.1 Animals

Female and male athymic nude mice (nu/nu) aged 4–6 weeks were purchased from the 

Jackson Laboratory (Bar Harbor, ME). Mice were maintained in a barrier room and fed an 

autoclaved laboratory approved diet. Prior to surgical procedures, mice were anesthetized 

with intraperitoneal injection of xylazine and ketamine cocktail reconstituted in phosphate-

buffered saline (PBS). Post-procedure pain was treated with subcutaneous buprenorphine 

reconstituted in PBS. At the conclusion of the study, mice were euthanized with CO2 

inhalation, confirmed with cervical dislocation. All studies were approved by the San Diego 

Veterans Administration Medical Center Institutional Animal Care and Use Committee 

(IACUC, animal use protocol A17–020).

2.2 Antibody conjugation

Monoclonal MUC4 antibody (MUC4–8G7) was conjugated to IRDye800CW (LI-COR, 

Lincoln, NE) per manufacturer’s protocol to establish MUC4-IR800. The dye was added 

to the antibody according to the dye manufacturer’s protocol and incubated at room 

temperature on a shaker plate for 2 hours. Gel desalting columns (Thermo Fisher Scientific, 

Waltham, MA) were used for the purification process. After incubation, the antibody-dye 

combination was added to the gel desalting columns and centrifuged three times to remove 

unbound excess dye. The purified MUC4-IR800 antibody conjugate was then stored at 4 °C.
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2.3 Western blotting

Lysates were obtained from normal colon, colon cancer cell line LS174T (ATCC, Manassas, 

VA) xenografts, and patient-derived colon cancer xenografts. The protein lysates were 

quantified using Bio-Rad protein assay reagents and standards. The total proteins (50 and 

20 μg) were resolved in 2% sodium dodecyl sulfate (SDS) agarose gel for MUC4 because 

of its high molecular weight or 10% SDS-PAGE gel for GAPDH respectively. The resolved 

proteins were transferred onto a polyvinylidene difluoride (PVDF) membrane (Millipore; 

Billerica, MA, USA). The membranes were blocked for 1 hour with 5% non-fat dry milk 

diluted in phosphate buffered saline with tween 20 (PBST) at room temperature. The 

primary antibodies 8G7 for MUC4 or GAPDH were incubated with the membrane overnight 

at 4 °C. After three washes with PBST every 10 min, the membranes were incubated with 

respective horseradish peroxidase (HRP) conjugated secondary antibodies for 1 hour at room 

temperature. After incubation, membranes were washed with PBST three times, and signals 

visualized and developed using chemiluminescence reagent (Pierce ECL western blotting 

substrate, Ref #32106, Thermo scientific).

2.4 CRC orthotopic mouse model establishment

Human normal colon and patient-derived tumors were previously obtained under a 

University of California, San Diego-approved IRB protocol 140046 with written informed 

patient consent. The human colon cancer cell-line, LS174T (American Type Culture 

Collection, Manassas, VA), a patient-derived primary colon cancer (C4) and patient-derived 

liver metastasis colon cancer (Liver 2) were used for this study. To establish a LS174T 

cecal orthotopic model, previously grown subcutaneous LS174T tumors were grown in the 

cecum of nude mice using surgical orthotopic implantation.11 This was accomplished by 

first sterilizing the anesthetized mouse’s abdomen with 70% ethanol. Then a 1 cm incision 

was created on the lower abdomen, just left of midline.

Gentle pressure was then applied to deliver the cecum through the incision and the tumor 

fragment was sutured to the serosa of the lesser curve of the cecum with 8–0 nylon suture 

(Ethicon Inc., Somervile NJ). The cecum was then replaced to its anatomic position with 

care being taken to ensure the tumor fragment was not abutting the peritoneum. Peritoneum 

and skin were then closed with 6–0 nylon sutures (Ethicon Inc., Somerville, NJ). To 

establish a C4 cecal patient-derived orthotopic xenograft (PDOX) model, previously grown 

C4 subcutaneous tumors were used. The cecum was delivered through the mouse’s abdomen 

as described above. 8–0 nylon suture (Ethicon Inc., Somervile NJ) was used to suture the 

tumor fragment to the cecum’s serosa, and the cecum was returned to the body. To establish 

a Liver 2 liver implantation PDOX model, a 1.5 cm horizontal incision was made under the 

xyphoid of the anesthetized mouse. The liver was gently presented via this incision. Using 

a suture-less technique as described by Nishino et al.,12 a small cavity was created in the 

liver bed, and the tumor fragment was placed there. Gentle pressure was applied to the liver 

until hemostasis was achieved. 6–0 nylon suture (Ethicon Inc., Somerville, NJ) was used to 

close the peritoneum and skin of all PDOX models. Tumors were allowed to grow for three 

weeks.11,13,14
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2.5 Imaging

In vivo imaging was performed on the Pearl Trilogy Small Animal Imaging System (LI-

COR Biosciences, Lincoln, NE) with wavelength excitement at 800 nm. MUC4-IR800 was 

administered via tail vein injection. A dose of 50 μg was chosen based on prior studies.15,16 

The LS174T subcutaneous model was administered MUC4-IR800 (50 μg) and imaged 

at 48 and 72 hours. The subcutaneous C4 and Liver 2 models were administered MUC4-

IR800 (50 μg) and imaged at 24, 48, and 72 hours. The orthotopic models all received 

MUC4-IR800 (50 μg) and were euthanized 48 hours later. A laparotomy was performed 

to expose intra-abdominal organs. The mice were then imaged on the Pearl Trilogy Small 

Animal Imaging System (LI-COR Biosciences, Lincoln, NE). The Pearl Trilogy Small 

Animal Imaging System Software (LI-COR Biosciences, Lincoln, NE) was used to quantify 

the strength of the MUC4-IR800 signal. For the subcutaneous models, skin was used as 

background, and a tumor to background ratio (TBR) was derived by dividing the tumor 

signal by the background signal. For the LS174T and C4 primary tumor PDOX models, 

normal bowel was used as the background signal to calculate the TBR. For the Liver 2 liver 

PDOX model, the normal liver was used as the background signal to calculate the TBR.

2.6 Statistical analysis

Statistical descriptive analysis was performed using R software (Free Software Foundation, 

Boston, MA).

3. Results

Western blotting demonstrated mild expression of MUC4 in normal human colon lysates and 

no-expression in normal mouse colon lysates (Fig. 1). Varying levels of increased expression 

of MUC4 were demonstrated in human cancer cell line tumor tissue (LS174T) as well as 

patient derived primary colon cancer (C4) and patient derived liver metastasis colon cancer 

tissues (Liver 2) (Fig. 1).

All the subcutaneous CRC models demonstrated specific tumor labeling with MUC4-IR800 

at 48 hours (data not shown). The mean TBR for the LS174T subcutaneous models (n = 

2) was 2.09 (±0.06) and 2.62 (±0.11) at 48 and 72 hours, respectively. The mean TBR for 

the C4 subcutaneous models (n = 3) was 2.42 (±0.69) and 2.85 (±0.99) at 48 and 72 hours, 

respectively. The mean TBR for the Liver 2 subcutaneous model (n = 3) was 1.90 (±0.51) 

and 2.24 (±0.59) at 48 and 72 hours respectively.

The LS174T primary cancer orthotopic model (n = 2) had a mean TBR of 2.04 (±0.35) at 48 

hours (Fig. 2). At 48 hours, the mean TBR for the primary C4 PDOX models (n = 3) was 

higher with a TBR of 2.17 (±0.35) (Fig. 3). Three Liver 2 PDOX models were established. 

However, 1 failed to grow a tumor and was therefore excluded from the analysis. For the 

remaining Liver 2 liver metastatic PDOX models (n = 2), the mean TBR was 1.56 (±0.53) at 

48 hours (Fig. 4).

After in vivo imaging of the LS174T primary tumor orthotopic model, the tumor was 

resected and imaged on the LI-COR Odyssey to determine the depth of MUC4-IR800 

penetration (Fig. 5). Imaging of a 1 cm diameter resected tumor demonstrated depth 
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of penetration of MUC4-IR800 throughout the tumor (Fig. 5a). Heat mapping imaging 

demonstrated the highest fluorescence signal intensity at the periphery of the tumor with 

moderate intensity throughout the rest of the tumor (Fig. 5b). The resected tumor was then 

processed for H&E staining of paraffin-embedded slides. H&E imaging on the Keyence 

FluorescenceMicroscope at 10x magnification confirmed the presence of LS174T CRC cells 

(Fig. 5c).

4. Discussion

We have previously shown FGS with ICG is effective in the resection of CRLM.10 However, 

ICG is not tumor specific unlike the antibody-dye conjugate utilize in this present study. 

The previous study also addresses the potential of FGS to improve the resected tumor 

margins including the circumferential radial margin.10 The present study demonstrated 

MUC4-IR800 provided distinct, specific, and bright labeling of colon cancer in cell line 

and PDOX primary tumor models. It also demonstrated MUC4-IR800 could successfully 

label a CRLM tumor in the liver bed with the Liver 2 PDOX liver metastasis model. This 

study serves as a proof of concept that intravenous administration of MUC4-IR800 leads 

to fluorescence visualization of colon cancer in orthotopic mouse models. Further studies 

that include imaging of additional PDOX models can confirm the use of MUC4-IR800 in 

a heterogeneous population of colon cancers, which can aid in translatability to clinical 

studies. Eventually large animal toxicity trials will need to be completed as a precursor to 

clinical trials.

Carcinomas are able to take advantage of MUC4’s myriad functions to proliferate and 

avoid detection by the human immune system.6,8 MUC4 has been implicated in the 

pathogenesis of pancreatic cancer17 and dysregulation of MUC4 have been reported in 

several cancers including ovarian,18 breast,19 prostate,20 gallbladder,21 and biliary tract.22 

There are conflicting reports regarding MUC4 expression in CRC.23 Dysregulation of 

several mucins, including MUC4, has been reported in CRC progression.24 Ogata et al. 

examined mucin expression in surgical specimens and cancer cell lines, including LS174T 

which was used in the present study.25 Myerscough et al. evaluated mucin expression in 

three tissue types, ulcerative colitis (UC), UC with dysplasia, and UC with carcinoma.26 

MUC4 expression was elevated in all 3 tissue types compared to normal colonic tissue, 

with the highest levels noted in UC with dysplasia and UC with carcinoma group. However, 

some studies reported decreased MUC4 in colonic dysplasia and cancer.24 Shanmugam et 

al. reviewed 132 CRC patient samples from a single institution.6 Normal colonic tissue had 

MUC4 staining in the lower 2/3rd of the normal crypt, but in CRC, MUC4 staining was 

strongest in the cytoplasm. In addition, most CRC cases had decreased MUC4 expression, 

although 25% of cases had increased expression. High-expressing MUC4 CRC cases were 

associated with significantly shorter disease-free survival times.

The field of FGS has grown in the last several years. We have recently published reviews of 

FGS including clinical studies using FGS.27–29 Another review lists all the contrast agents 

currently undergoing FDA clinical trials.30 The present study demonstrates fluorescently-

label MUC4 antibody has clinical potential to improve R0 resection of CRC cancer, 

especially CRLM, which would be an important development in the field of FGS.
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Limitations of the study include a small sample size which did not allow the authors to 

compare patient samples or cell lines and the use of immunocompromised mice. Another 

concern in fluorescence imaging is “off-labeling,” where the fluorescent-antibody conjugate 

binds to non- cancer tissue which normally expresses the molecular target (i.e. MUC 4). 

While signal was observed in the mouse bladder and liver to a lesser extent, there was still 

adequate distinct labeling of CRC tumors from normal surrounding tissue in all orthotopic 

models. Another limitation of using a mouse model is the inherit anatomical difference in 

liver size compared to humans. However the patient-derived orthotopic xenograft models 

have been shown to be more patient like31 and a useful model for the development of 

tumor labeling for FGS.27,29 Fluorescence labelling would also be a helpful guide for the 

superficial tumors on the liver, which is often the case with CRLM, and these liver tumors 

have been resected using indocyanine green and fluorescence guided surgery (FGS) in a 

clinical trial.10

In conclusion, MUC4-IR800 provides distinct and bright labeling of colon cancer cell-line 

and PDOX tumors in mouse models, including a liver metastasis PDOX model, with 

minimal background fluorescence. MUC4-IR800 also has potential for fluorescence guided 

surgery in colon cancer and malignant CRLM tumors.

Funding

This study was funded by VA Merit Review grant numbers 1 I01 BX003856-01A1 and 1 I01 BX004494-01 (MB) 
and NIH/NCI T32CA121938 (HH, MT).

Abbreviations:

FGS Fluorescence guided surgery

CRC Colorectal cancer

MUC4 Mucin 4

PDOX Patient derived orthotopic xenograft

TBR Tumor to background ratio

CRLM Colorectal liver metastasis

ICG Indocyanine green

PBS Phosphate-buffered saline

SDS sodium dodecyl sulfate

PBST phosphate-buffered saline with tween 20

UC Ulcerative colitis

HRP horseradish peroxidase
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Fig. 1. 
MUC4 Western blotting of normal human colon, human colon cancer cell line (LS174T), 

and cancer lysates of patient-derived primary tumors (C4) and patient-derived metastatic 

tumors (Liver 2).
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Fig. 2. 
Orthotopic model of human cell line colon cancer tumor, LS174T, growing on the cecum 

(yellow arrow). (A) Bright light imaging demonstrating colonic tumor of approximately 6 

mm in diameter (red bar represents 1 cm). (b) Fluorescence imaging after targeting with 50 

μg of MUC4-IR800, 48 hours after administration.
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Fig. 3. 
Orthotopic PDOX model of C4 patient-derived primary colon cancer growing on the cecum 

(blue arrow). (A) Bright light imaging demonstrating colonic tumor approximately 3 mm in 

diameter (red bar represents 1 cm). (b) Fluorescence imaging after targeting with 50 μg of 

MUC4-IR800, 48 hours after administration.

Turner et al. Page 11

Am J Surg. Author manuscript; available in PMC 2023 March 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. 
Orthotopic PDOX model of Liver 2 patient-derived colon cancer liver metastasis growing in 

the liver (blue arrow). (A) Bright light imaging demonstrating liver tumor. (b) Fluorescence 

imaging after targeting with 50 μg of MUC4-IR800, 48 hours after administration.
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Fig. 5. 
Cross-sectional imaging of LS174T tumor (1 cm) 48 h after administration of 50 μg of 

MUC4-IR800. (a) Fluorescence imaging on LI-COR Odyssey of the transected tumor 

demonstrated the depth of penetration throughout the tumor. (b) Heat map imaging of 

fluorescence demonstrating the highest fluorescence signal at the periphery of the tumor 

with moderate signal throughout. (c) H&E imaging confirms the presence of colon cancer 

cells histologically (10x magnification).
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