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Abstract

:

Colorectal cancer is a frequent cause of death worldwide. The detection and treatment of small nodules are crucial for improving survival of colorectal cancer patients. Submillimeter tumors are useful tools for developing novel methods to approach this issue. However, there are no suitable in vivo models that allow easy monitoring of the growth of these tumors. This study established a xenograft mouse model of subcutaneous submillimeter tumors with human colorectal cancer HT-29 cells. We transplanted a single spheroid formed by HT-29 cells expressing red fluorescent protein (RFP) (HT-29-RFP). Additionally, we adopted our newly developed radiation-crosslinked gelatin hydrogel microwells (rGHMs), which can be used as a culture base to form spheroids and as a transplantation scaffold with biocompatibility and biodegradability. Spheroids approximately 700 μm in size were uniformly created in seven days in the respective rGHMs. Every single spheroid was extracted either with or without rGHM and transplanted into the subcutis of severe combined immunodeficiency (SCID) mice (n = 4). After 21 days, the spheroids inoculated together with rGHM successfully formed uniform subcutaneous submillimeter tumor xenografts that were observable in vivo in a stereoscopic fluorescence microscope in all transplanted mice. In contrast, spheroids transplanted without rGHM also developed small tumors in all mice but showed higher variability in size than those transplanted with rGHM. During transplantation, the rGHM ensured easy handling and stabilization of the position of a single spheroid. Inoculation of spheroids with rGHM in the nude mice was similarly examined (n = 4), showing that only one out of four mice formed tumors. In conclusion, rGHM effectively formed spheroids and created uniformed xenografted submillimeter tumors of HT-29-RFP in SCID mice. Our model could provide a useful platform to develop medicines and methods for detection and treatment of small nodules of colorectal cancer.
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1. Introduction


Colorectal cancer is the second leading cause of cancer death in the world [1]. For the treatment of this disease, surgery with adjuvant chemotherapy is a standard treatment in clinical practice; however, small nodules that are not easily visible with the naked eye are reportedly a significant poor prognostic factor [2]. Therefore, detection and treatment of such small nodules are important for improving the survival of colorectal cancer patients [2]. Small submillimeter tumors are useful tools for developing novel medicines and methods for detecting or treating small cancer nodules [3]. However, the establishment of useful in vivo tumor xenograft models that are applicable to study submillimeter tumors is challenging [4]. In conventional studies, in vivo xenograft mouse models of subcutaneous tumors approximately 5 mm in size (65 mm3 in volume), made by subcutaneous injection of colorectal cancer cell suspension, have been generally used. Such models serve as powerful tools to investigate treatment efficacy and drug delivery to tumors because it is easy to observe tumor growth and dynamics in vivo using imaging technology [5,6]. Previous studies using these models have provided many drugs for treating primary solid tumors [5,6]. However, a conventional subcutaneous injection of cancer cell suspension makes it difficult to construct submillimeter tumors because cancer cells cannot localize in very small regions [7]. On the other hand, some in vivo mouse models, such as intraperitoneal disseminated models and metastatic models, have been used to study submillimeter tumors of colorectal cancer [8,9,10]. These models are constructed by intraperitoneal or intravenous injection of cancer cell suspension and are important for understanding behavior of submillimeter tumors in organs such as, the peritoneal cavity, liver, lung, etc. [8,9,10]. However, in these models, in vivo observation of the growth of each tumor, especially of submillimeter tumors, is difficult, and tumor growth regulation is challenging.



Thus far, various in vitro 3D culture systems have been reported as practical tools to generate uniform multicellular cancer spheroids [11,12,13,14,15]. Here, we hypothesized that transplantation of a single spheroid cultured using the in vitro 3D culture system would become a core to create a subcutaneous submillimeter tumor xenograft in vivo. For this purpose, we adopted our newly developed radiation-crosslinked gelatin hydrogel microwell (rGHM) arrays [16,17] which can be used as scaffolds for both spheroid culture and transplantation. The rGHM arrays are produced by applying a radiation-molding technique, which forms micropatterned radiation-crosslinked gelatin hydrogels [16,17]. In rGHM, gelatin is used as the base material because it is a hydrolyzed form of collagen, the extracellular matrix’s main constituent. The radiation-molding technique requires no additives or crosslinkers and, thus, does not alter the biocompatibility and biodegradability of gelatin. Although the sol–gel transition of native gelatin occurs around the mammalian body temperature, the rGHM arrays made of crosslinked gelatin hydrogel do not melt even at 50 °C and can be stably used for cell culture. Another advantage of rGHM arrays that distinguishes them from other similar technologies is their applicability as a transplantation scaffold. The rGHM arrays allow one to produce single spheroids in the respective rGHMs and transplant them together.



This study aimed to establish an in vivo xenograft mouse model of a subcutaneous submillimeter tumor of human colorectal cancer HT-29 cells expressing red fluorescent protein (RFP) (HT-29-RFP), using subcutaneous transplantation of a single spheroid made of cancer cells together with rGHM as a scaffold.




2. Materials and Methods


2.1. Preparation of rGHM Arrays


The rGHM arrays (shown in Figure 1) were prepared using a previously reported radiation-molding technique [16,17]. Briefly, gelatin (porcine skin, Type A, G1890; Sigma–Aldrich, St. Louis, MO, USA) was dissolved in deionized water at 10% w/w at 50 °C. After pouring the solution into cell culture dishes (60 mm, Iwaki 1010-060; AGC Techno Glass, Shizuoka, Japan), micropatterned flexible polydimethylsiloxane molds loaded onto a polyethylene-terephthalate film were placed on top of the solution. The samples were stored overnight at 20 °C to undergo physical gelation. The samples in sealed plastic bags were irradiated using 60Co γ-ray (60Co No. 2 Irradiation Facility of Takasaki Advanced Radiation Research Institute, QST) in the air at 15–20 °C at 15 J/g (J/g = kGy). This irradiation process altered the gelatin solution into sterilized rGHM arrays of 20 round-bottomed microwells (800 μm in diameter and 800 μm in depth).




2.2. Cell Cultivation and Culture of Spheroids


Human colorectal carcinoma HT-29 cells were obtained from the American Type Culture Collection, Manassas, VA, USA. HT-29 cells were stably transfected with red fluorescent protein (RFP) lentivirus (Lenti-Red, LG502, Biogenova, Rockville, MD, USA) following the manufacturer’s protocol. Then, a clone that strongly expressed the RFP was established by limiting dilution and denoted as HT-29-RFP, and these cells were used in this study. The HT-29-RFP cells were cultured in Dulbecco’s modified Eagle medium (DMEM) (Wako) supplemented with 10% fetal bovine serum (culture medium) in a humidified atmosphere with 5% CO2 at 37 °C. Exponentially growing cells were detached from the plates using trypsin, and the number of viable cells was determined using the Trypan blue dye-exclusion method.



For the pretreatment before seeding the cells, the rGHM arrays were preincubated with 5 mL of phosphate-buffered saline (PBS) at 50 °C for 2 h exchanging the solution twice to remove non-cross-linked components and to allow them to reach an equilibrium phase, and then incubated with 5 mL DMEM at 37 °C for 30 min exchanging the medium twice to replace the absorbed PBS with a medium.



After pretreatment, HT-29-RFP cells were seeded in 2.0 × 106 cells in 5 mL medium per 60 mm dish equipped with rGHM arrays and cultured for 7 days to obtain spheroids. The obtained spheroids were immediately subjected to transplantation into mice. During the incubation, the establishment of the spheroid morphology was monitored using an inverted microscope (Olympus BX43, Tokyo, Japan) equipped with a camera system (Olympus, DP21, Tokyo, Japan).




2.3. Xenograft Mouse Model of a Submillimeter Subcutaneous Tumor


All animal experimental procedures were approved by the Animal Ethics Committee of the National Institutes for Quantum and Radiological Science and Technology (QST, Chiba, Japan) on 2018 (approval no. 13-1022-7) and conducted in accordance with the institutional guidelines.



2.3.1. Experiment 1


In this experiment, transplantation of spheroids either with or without rGHM was tested using severe combined immunodeficiency (SCID) (CB17.Cg-PrkdcscidLystbg-J/CrlCrlj) mice. Six-week-old female SCID mice were obtained from the Japan Charles River (Kanagawa, Japan). Mice were acclimatized for at least one week before the experiments and were fed and watered ad libitum. A purified diet (AIN-93M, TestDiet, St. Louis, MO, USA) was used during the experiments to avoid the effect of diet on abdominal autofluorescence detected by in vivo fluorescence microscopic imaging. Transplantation of spheroids either with or without rGHM was tested on the subcutis of the right or left flank in each mouse (n = 4). Before transplantation, mice were anesthetized with isoflurane, shaved, and disinfected in the surgery area. For the transplantation of spheroids together with rGHM, an rGHM with a single spheroid located in the center was cut using a surgical scalpel blade to make approximately a 5 mm square, and subcutaneously transplanted using a spatula onto the mouse’s right flank through the incision. For comparison, the transplantation of spheroids without rGHM was also tested; every single spheroid was isolated from the rGHM using aspiration with a micropipette and transplanted onto the mouse’s left flank through the incision. The skin incision was closed using sutures.




2.3.2. Experiment 2


In the next experiment, transplantation of spheroids together with rGHM was investigated using nude (BALB/cSlc-nu/nu) mice. Six-week-old female nude mice were obtained from Japan SLC (Shizuoka, Japan) and used in this study. Mice were acclimatized for at least one week before the experiments, fed a purified diet (AIN-93M) to reduce the background autofluorescence, and watered ad libitum. Transplantation of spheroids together with rGHM was conducted on the subcutis of the right flank of each nude mouse (n = 4), similar to that in experiment 1.





2.4. In Vivo Observation of Tumor Growth


After the spheroid transplantation, in vivo observation was performed over time using a stereoscopic fluorescence microscope (MZ16F, Leica, Wetzlar, Germany) equipped with a camera system (DFC310FX, Leica). During the in vivo observation, mice were anesthetized with isoflurane. Bright-field and red fluorescent images were obtained at regions of spheroid transplantation and tumor size was measured using the fluorescent images, since tumors could not be clearly detected in the bright-field images. Tumor volume was calculated using the following equation: tumor volume = length × width2 × π/6. In experiment 1, mice were sacrificed at day 42, and tumors were isolated and weighed.




2.5. Statistical Analysis


Data were expressed as mean and standard deviation. p-values were calculated using a 2-tailed t-test for comparison between two groups. Tumor growth curves were analyzed using two-way analysis of variance. p-values < 0.05 were considered statistically significant. Data analyses were conducted using JMP 13.2.0 (SAS Institute, Cary, NA, USA).





3. Results


3.1. Formation of HT-29-RFP Spheroids on the rGHM Array


In this study, HT-29-RFP cells were seeded at 2.0 × 106 cells in a 5 mL culture medium per 60 mm dish with rGHM arrays for seven days. Figure 2 shows representative images of microscopic observation of the morphological changes in a HT-29-RFP spheroid cultured on rGHM array over time. On day 0, cell aggregation was observed at the bottom of the well after the HT-29-RFP cells were seeded on the rGHM arrays (Figure 2, left column). On day 4, growth of the cell aggregates was observed (Figure 2, middle column). On day 7, spheroids of approximately 700 μm in diameter were formed (Figure 2, right column). We observed that this system allowed the simultaneous formation of spheroids of uniform size and shape in different wells on day 7. From the inverted fluorescence microscope observation, the HT-29-RFP cells in the spheroids uniformly emitted high-intensity RFP fluorescent signals.




3.2. Observation of an In Vivo Model of a Subcutaneous Submillimeter Xenograft Tumor


3.2.1. Experiment 1


In this experiment, transplantation of spheroids either with or without rGHM in SCID mice was successfully performed (n = 4). No body weight loss caused by the surgical procedures was observed in any of the examined mice. For the transplantation of a single spheroid, rGHM was helpful for easy handling and position stabilization of the spheroid, which was more difficult to achieve without rGHMs. We observed that the appearance of the gel under the skin completely disappeared by day 7 after transplantation. Figure 3 and Figure 4 show the in vivo observation of tumor growth after transplantation of HT-29-RFP spheroids either with or without rGHM in SCID mice. The in vivo observation was performed using a stereoscopic fluorescence microscope. From the images acquired at day 0 (just after spheroid transplantation) and day 14, no tumor RFP signals were detected at any spheroid transplantation sites either with or without rGHM (Figure 3). From the images acquired at day 21, RFP signals of small tumors from all spheroid transplantation sites were observed in the examined mice; the tumor major axis was 0.55 ± 0.20 mm (coefficient of variation (CV) = 0.37) and 1.48 ± 1.33 mm (CV = 0.90) and tumor volume was 0.08 ± 0.06 mm3 (CV = 0.70) and 3.94 ± 5.80 mm3 (CV = 1.47), for the spheroids transplanted with or without rGHM, respectively; the spheroids transplanted together with rGHM formed subcutaneous submillimeter xenograft tumors at day 21 that showed lower variability in tumor major axis and volume (with a smaller CV) than those formed from spheroids transplanted without the rGHM (0.41-fold in tumor major axis and 0.48-fold in tumor volume). The tumors were actively grown thereafter, as shown in Figure 3 and Figure 4. There was no significant difference in the tumor growth curve between the groups with or without rGHM (Figure 4). From the measurements of isolated tumor weight at day 42, there was no significant difference in tumor weight, but the CV in the group with rGHM was 0.47-fold smaller than that in the group without rGHM (Figure 4). These results indicated that the use of rGHM in the transplantation of spheroids helped construct uniform subcutaneous submillimeter xenograft tumors growing uniformly in vivo.




3.2.2. Experiment 2


Next, the transplantation of spheroids together with rGHM was tested using nude mice (n = 4). Figure 5A,B show representative images of the in vivo observation over time after the transplantation of HT-29-RFP spheroids in nude mice. Similar to that in experiment 1, the transplantation of spheroids together with rGHM was successfully performed without any obvious adverse signs caused by the surgical procedures in all the examined mice. However, xenograft tumor formation was not observed in three out of four mice (75%; Figure 5A). Only one in four mice (25%) showed a xenograft tumor formation of 1 mm in size at day 14, and it continued to grow thereafter (Figure 5B). These results indicated that SCID mice rather than nude mice were appropriate to make an in vivo model of a subcutaneous submillimeter xenograft tumor by transplantation of HT-29-RFP spheroids, since the failure of forming xenografts makes the experiment difficult.






4. Discussion


We established a xenograft mouse model of a subcutaneous submillimeter tumor of HT-29-RFP cells by transplanting a single spheroid cultured in biocompatible and biodegradable rGHM in a SCID mouse. By using a stereoscopic fluorescence microscope, submillimeter subcutaneous tumors were easily observed, and tumor growth could be monitored in vivo using this model. Considering that the model established in this study showed uniformity in the tumor shape and timing of the formation of submillimeter xenografts, this model would be a useful tool to develop novel methods and screen drugs for diagnosis and treatment of submillimeter tumors of colorectal cancer. Our subcutaneous submillimeter tumor xenografts were uniformly developed in SCID mice, but not in nude mice. The success rate of transplantation of human tumor cells in these mice has been reported to be higher than that in the nude mice due to the mutations present in SCID mice [18,19]; therefore, our findings are in agreement with the expectations. This study used a well-characterized human colorectal cancer cell line HT-29 [20], which would be an advantage to use HT-29 in this model.



To date, in vivo subcutaneous xenograft mouse models made by subcutaneous injection of cancer cell suspension have been widely used in many studies on colorectal cancer because of the convenience of such model creation and an easy observation in vivo [5,6]. However, the traditional subcutaneous injection of cancer cell suspension is not possible in forming submillimeter tumors in mouse models. In this study, we found that the goal of forming uniform submillimeter tumors in vivo can be successfully achieved by the transplantation of a single spheroid together with rGHM into SCID mice. In this method, the subcutaneous transplantation of a single spheroid was easily performed using rGHM as a scaffold for both spheroid culture and transplantation. We observed that the gel under the skin disappeared a few days after transplantation, suggesting that rGHM underwent enzyme-mediated degradation in vivo, which facilitated nutrition and blood supply from the mouse body to the transplanted spheroids and activated tumor formation. Given these advantages, rGHMs would be useful not only for generating multicellular cancer spheroids but also for developing mouse models with uniform subcutaneous submillimeter tumors. Although rGHM transplantation is more invasive than the subcutaneous injection of cancer cell suspension, the model established in this study has the advantage of producing submillimeter tumors.



As in other conventional models, mouse models constructed by intraperitoneal or intravenous injection of cancer cell suspension have been widely used to study disseminated metastatic small nodules of colorectal cancer [8,9,10]. These dissemination models are useful tools because they can accurately imitate the disease condition when small tumors are disseminated to organs. However, in vivo identification and observation of each tumor lesion are quite difficult when using these models. The model established in this study achieved in making easily observable and uniformly growing submillimeter tumors by subcutaneous transplantation of a single spheroid cultured in rGHM. From this point of view, this model could compensate for the dissemination model’s weakness, and the combined use of these two models would be beneficial for future studies on disseminated metastatic small tumors. For the future perspectives, using patient-derived cells and organoids for this model is promising in order to make more clinically relevant models. Additionally, this model could be applicable to other types of cancers, and future studies would be warranted.




5. Conclusions


We established an in vivo xenograft mouse model of a subcutaneous submillimeter tumor with human colorectal cancer HT-29-RFP cells by transplanting a single spheroid with biocompatible and biodegradable rGHM. This model developed easily observable and uniformly growing submillimeter tumors in vivo. This model would provide a useful platform for developing of medicines and methods for the detection and treatment of small nodules of colorectal cancer.
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Figure 1. rGHM array and in vivo xenograft mouse model of a subcutaneous submillimeter tumor made by transplantation of a single spheroid together with rGHM. (A) Photograph of rGHM array (upper). The top and side view of rGHM array formed in a 60 mm dish (lower left and right). Please see the main text for details. Red rectangle indicates the part transplanted into mice. (B) The enlarged top and side view of the part transplanted into mice, which includes a single spheroid cultured in rGHM. (C) Subcutaneous transplantation of a single spheroid with rGHM shown in (B), to make the xenograft mouse model of a subcutaneous submillimeter tumor. The submillimeter xenograft tumor can be observed using fluorescence in vivo imaging in a stereoscopic fluorescence microscope. 
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Figure 2. Observation of the HT-29-RFP spheroids formed in rGHM array. Representative images of spheroid formation by the HT-29-RFP cells in rGHM over time (day 0, day 4, and day 7). Images obtained in an inverted fluorescence microscope are shown. Bright-field and red fluorescence views are shown in the upper and lower parts of the image, respectively. 






Figure 2. Observation of the HT-29-RFP spheroids formed in rGHM array. Representative images of spheroid formation by the HT-29-RFP cells in rGHM over time (day 0, day 4, and day 7). Images obtained in an inverted fluorescence microscope are shown. Bright-field and red fluorescence views are shown in the upper and lower parts of the image, respectively.



[image: Applsci 11 07031 g002]







[image: Applsci 11 07031 g003 550] 





Figure 3. Observation of in vivo xenograft mouse model of a subcutaneous submillimeter HT-29-RFP tumor in SCID mice. (A,B) Representative images of a mouse transplanted with HT-29-RFP spheroids either with or without rGHM, respectively, on day 0, 14, 21, 28, 35, and 42. Bright-field and red fluorescence views are shown in left and right rows, respectively. 
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Figure 4. Measurement of tumor parameters in in vivo xenograft mouse model of a subcutaneous submillimeter HT-29-RFP tumor in SCID mice. (A,B) Tumor major axis and volume (left and right) at day 21 with or without rGHM, respectively (n = 4/group). CV = coefficient of variation. There are no significant differences between the two groups in tumor major axis and volume (a 2-tailed t-test), while the values of CV in the group with rGHM are smaller than those in the group without rGHM (0.41-fold in tumor major axis and 0.48-fold in tumor volume). (C) Changes of tumor volume over time. The Y axis is scaled to focus on tumor growth at the time point after day 21. There is no significant difference in the tumor growth curve between the two groups (two-way analysis of variance). Weight measurement in isolated tumors at day 42 after transplantation of HT-29-RFP spheroids in SCID mice. (D) Values of the tumor weight in the group with or without rGHM at the transplantation of spheroids. CV = coefficient of variation. There is no significant difference in tumor weight between the two groups (a 2-tailed t-test), while the CV in the group with rGHM is 0.47-fold smaller than in the group without rGHM. 
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Figure 5. Observation of mice transplanted with HT-29-RFP spheroids cultured on rGHM in nude mice. (A) Representative images of a mouse transplanted with HT-29-RFP spheroids with rGHM, which showed no tumor formation on day 0, 14, and 21, respectively (nude mouse 1). This pattern was observed in three out of four mice (75%). (B) Representative images of a mouse transplanted with HT-29-RFP spheroids with rGHM, which showed tumor formation on day 0, 14, 21, 28, 30, and 35, respectively (nude mouse 2). This pattern was observed in one out of four mice (25%). Bright-field and red fluorescence channels are shown in left and right rows, respectively. 
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