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Background: Mucinous appendiceal adenocarcinoma (MAA) is a rare, heterogeneous disease. Patients with unrespectable mucinous appendiceal adenocarcinoma presenting with peritoneal spread are treated by intraperitoneal chemotherapy, hyperthermic intraperitoneal chemotherapy, systemic chemotherapy, or targeted therapy. However, there are no guidelines for efficacious drugs against mucinous appendiceal adenocarcinoma. Therefore, relevant high-fidelity models should be investigated to identify effective drugs for individual therapy.

Methods: Surgical tumor specimens were obtained from a mucinous appendiceal adenocarcinoma patient. The tissue was digested and organoid culture was established. H&E and immunohistochemistry staining as well as DNA sequencing was performed on tissue and organoid. The pathological characteristics and gene mutations of the organoid were compared to those of the original tumor. Drug sensitivity tests were performed on organoid and the patient clinical responds to chemotherapy and targeted therapy was compared.

Results: Organoids were successfully established and stably passaged. Pathological characteristics of organoids including H&E staining and expression of protein markers (CK20, CDX-2, STAB2, CD7, PAX8) were consistent to those of the original tumor. Moreover, the organoids carried the same gene mutations as the primary tumor. Sensitivity of the organoids to chemotherapeutic drugs and tyrosine kinase inhibitors included: 5-FU (IC50 43.95 μM), Oxaliplatin (IC50 23.49 μM), SN38 (IC50 1.02 μM), Apatinib (IC50 0.10 μM), Dasatinib (IC50 2.27 μM), Docetaxel (IC50 5.26 μM), Regorafenib (IC50 18.90 μM), and Everolimus (IC50 9.20 μM). The sensitivities of organoid to these drugs were comparable to those of the patient's clinical responses.

Conclusion: The mucinous appendiceal adenocarcinoma organoid model which retained the characteristics of the primary tumor was successfully established. Combined organoid-based drug screening and high throughput sequencing provided a promising way for mucinous appendiceal adenocarcinoma treatment.
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INTRODUCTION

Primary cancers of the appendix are rare, with an age-adjusted incidence of 0.12 cases per 1 million individuals per year (1). Primary appendiceal cancers are histologically diverse and the classification is complex and controversial. According to tissue of origin and morphological features, primary appendiceal cancers are subcategorized as colonic-type adenocarcinoma, mucinous adenocarcinoma, goblet cell adenocarcinoma, and neuroendocrine carcinoma (2). Mucinous appendiceal adenocarcinoma (MAA) arises from an adenomatous polyp or serrated adenoma (3). Over 50% of MAA patients present with pseudomyxoma peritonei at diagnosis, indicating worse prognostic outcomes (4). The treatment for MAA includes resection of the primary site, intraperitoneal chemotherapy, hyperthermic intraperitoneal chemotherapy (HIPEC), systemic chemotherapy (SC) or targeted therapy (5). Systemic chemotherapy and targeted therapy are the only therapeutic option for stage IV patients with distant metastases (6). The current systemic therapy for MAA is based on the guideline for colorectal cancer (CRC) suggesting revisions are required in National Comprehensive Cancer Network (NCCN) guideline (7). Meanwhile, some retrospective studies also suggest that appropriate regimes for MAA treatment need to be further studied (6, 8, 9).

The genetic background of MAA and colorectal cancer are very different. CRC and MAA have been extensively studied by Next-generation sequencing (NGS) (10, 11). Compared to colorectal cancer, APC gene mutations are common in CRC but rare in MAA. Concurrent activation of the KRAS and GNAS mediated signaling pathways in MAA is more similar to pancreatic intraductal papillary mucinous neoplasm than CRC (10). Therefore, identification of optimal drugs for MAA treatment has been a challenge.

Patient-derived cell lines or xenografts have been widely used to predict the effectiveness of chemotherapies. However, long turn-around times, poor scalability, and low success rates limit their clinical applications (12, 13). Patient-derived tumor organoids (PDOs) are 3D culture of tumor cells that are derived from individual patients. Due to the high success rates, indefinite expansion, as well as morphological and genetic features that resemble those of the original tumor, PDOs have been extensively used in colorectal cancer studies (14). Recently a study reported MAA tumor cells can be cultured into organoids (15). However, more research is still needed. Firstly, consistency between primary tumors and organoids should be explored further. Secondly, as a preclinical model, combined MAA organoid-based drug screening and high throughput sequencing could be a feasible way for personalized therapy. In addition, a parallel analysis of drug sensitivities between MAA and clinical response of the corresponding patient is needed to demonstrate whether the MAA organoid could guide individual therapy. In this study, we describe a case of a 53-year-old Chinese woman with MAA, whose tumor organoids were established and used to evaluate drug sensitivity. To the best of our knowledge, this is the first extensive study of an MAA organoid which retained the morphology and genetic aberrations of the original tumors. In addition, this study combined MAA organoid-based drug screening and high throughput sequencing, which provides a promising way for MAA treatment.



MATERIALS AND METHODS


Specimen Collection and Clinical Data

This study was approved by the ethics committee of the Seventh Affiliated Hospital of Sun Yat-sen University. An informed consent from the patient was obtained before tissue collection. Patient information and associated clinical information was de-identified (Ethics approval document number: KY-2020-042-01). Tumor tissues were obtained from the abdominal wall stoma metastasis of a patient, who had been diagnosed with MAA. A normal tissue (5 cm away from the tumor margin) was also obtained. Some excised tissue was fixed with formalin for pathological analysis, while some tissue was snap frozen with liquid nitrogen and stored at −80°C for DNA sequencing. Clinical data of the patient were evaluated by an oncologist.



Establishment of the Organoid

The excised tissue was placed in antibiotic-containing Dulbecco's MEM (Gibco, CAT#61965-026) and transferred at 4°C within half an hour. The tissue was washed three times using antibiotic-supplemented-PBS. The tissue was cut into small pieces and digested with 5 mg/ml type IV collagenase (MP, CAT#219511080) and 0.25% Trypsin-EDTA (Gibco, CAT#25200-072) for 30 min. Whole blood red cell lysing reagent (Solarbio, CAT#R1010) was used to remove red blood cells. The resulting suspension was incubated at 37°C for 1 h, after which the isolated suspension was resuspended with DMEM supplemented with 10% fetal bovine serum (Gibco, CAT#C11995500BT) and centrifuged at 300 × g for 5 min. The obtained cells were mixed with the matrigel (Corning, CAT#356231) on ice at a ratio of 5 × 105 cells per 100 μl. Then, the mixture was seeded on a 96-well plate. After incubation at 37°C for 15 min, 500 μl Intesticult ™ Organoid Growth Medium (STEM CELL, CAT#06010) and 0.5 μl 10mM Y27632 (Tagertmol, CAT#T1870) were added to each well. Organoid cultures were maintained in a 5% CO2 atmosphere at 37°C. The medium was changed every 2 days and subcultured once a week.

For subculture, the organoid was passaged at a split ratio of 1:2 to 1:3 according the number of organoids. The culture medium was removed and organoid was washed with PBS. One ml of Tryple Express (Gibco, CAT#12604013) was added into the well and incubated for 30 min in a 5% CO2 atmosphere at 37°C. After more than 80 percent of the organoids were digested into single cells, DMEM with 10%FBS was added to neutralize the enzymes. Cells were centrifuged at 300 × g for 5 min. Then the precipitation cells were resuspended in cold DMEM and mixed with Matrigel, and then reseeded as described above.



Immunohistochemistry

Original tumor tissues were fixed in 10% Neutral buffer formalin and embedded in paraffin blocks using standard procedures. For immunohistochemistry of the organoids, cell recovery solution (Corning, CAT#354270) was added to the medium to dissolve the Matrigel for 1 h, centrifuged at 300 × g for 5 min at room temperature, fixed at 37°C in 10% formalin for 2 h, and embedded in paraffin. Then, 5 μm micron sections were used for hematoxylin and eosin (H&E) staining. Primary antibodies used in this study include: CDX2 (DAKO, CAT#M3636, 1/50), CK20 (DAKO, CAT#M7019, 1/100), PAX8(ORIGENE, CAT#TA327724, 1/100), STAB2(ORIGENE, CAT#CF806750, 1/150), KI67(Affinity Biosciences, CAT#AF5208, 1/100), CD44(Proteintech, CAT#15675, 1/200), CK7 (DAKO, CAT#M7018, 1/200), and PDL1 (DAKO, CAT#M3653, 1/100). The DAB system (Biyuntian Biotechnology, CAT#A0288) was used for immunohistochemistry. Imaging was performed by a Leica DMI8 microscope at a magnification of ×100 (×10 objective and ×10 eyepiece) and ×400(×40 objective and ×10 eyepiece). Images were scanned by K-Viewer (Jiang Feng company, China). Two pathologists, who were blinded, scored each tissue.



DNA Sequencing and Bioinformatics Analysis

Genomic DNA from normal and tumor tissues as well as organoids were extracted using Magnetic Universal Genomic DNA Kit (TIAN GEN, CAT#DP705). Sample integrity and purity were detected by agarose gel electrophoresis (concentration of agarose gel: 1%; voltage: 150 V and electrophoresis time: 40 min). Exome sequences were enriched using an Agilent liquid capture system based on the manufacturer's guidelines (Agilent Sure Select Human All Exon V6). DNA libraries were sequenced on a BGISEQ-500 platform. After sequencing, quality control, mapping and counting were done using R-project and maftools (16).



Drug Screening

The organoid was dissected into single cells, which were re-suspended in Matrigel on ice and seeded into 96-well-plates with about 1×104 cells/well. Then, 100 μl Intesticult ™ Organoid Growth Medium (STEM CELL, CAT#06010) was added to each well. 2 days later, culture medium was replated containing different drugs (5-FU, oxaliplatin, SN38, apatinib, dasatinib, docetaxel, regorafenib, and everolimus) and dimethyl sulfoxide (DMSO) was used as the negative control. Each drug was tested in 6 serial diluted concentrations and three replicates. Images of living cultures were obtained daily. After 3 days, Cell counting kit-8 (Dojindo, CAT#CK04) was used to measure the cell viability following the manufacturer's instruction. IC50 values were calculated using GraphPad Prism 8. Drug tests were performed three times.




RESULTS


Case Report

The patient was a 53-year-old Chinese woman. She was admitted to the hospital with right lower abdominal pain. CT examination showed a tumor mass in the right lower abdomen (Figure 1A). Exploratory laparotomy confirmed the right lower abdomen tumor, which envelopes the appendix and right ovary, with a large amount of mucinous infiltration in the abdominal cavity (Figure 1B). Right hemicolectomy, oophorectomy, and ostomy were performed on the patient. During surgery, oxaliplatin HIPEC was administered. Post-operative pathology result reported moderately differentiated mucinous adenocarcinoma of the appendix, and mesenteric lymph node LN 0/14, the abdominal mucus contains tumor cells (AJCC TNM stage: PT4bN0M1b, IVb). After 2 years, a metastatic tumor was found in the abdominal wall stoma (Figure 1C). CT examination revealed heart diaphragm angle lymph node metastasis. Systemic chemotherapy was prescribed with seven courses of oxaliplatin and 5-FU (XELOX regime). After 5 months, CT scan revealed that the sum of the length and width of heart diaphragm angle lymph node had increased, evaluated progressive disease (PD) of the tumor according to RECIST (Response Evaluation Criteria in Solid Tumors) 1.1 criteria (17). The patient was prescribed with a new regime of chemotherapy. Four courses of irinotecan and 5-FU (FORFIRI regime) were administered, which led to a decrease in the lymph node, indicating stable disease (SD) of the tumor. To improve treatment outcomes, three courses of apatinib were administered. CT scans found that the lymph node had significantly reduced, implying PR (partial response).


[image: Figure 1]
FIGURE 1. Representative images of the clinical course of the MAA patient. (A) Abdominal CT scan showed right lower abdominal mass with ascites. (B) Intraoperative specimens suggested that the tumor had invaded the serous membrane with massive mucinous infiltrations. (C) Metastatic tumor in abdominal wall stoma. (D,E) Stably passaged organoids appear spherical with different sizes. Scale bar = 200 μm.




Establishment of the MAA Organoid

A tumor biopsy was performed on the abdominal wall metastasis of patient before chemotherapy. Biopsy was performed near the tumor center to avoid normal tissue contamination. The protocol for MAA organoid culture was similar to colon cancer organoid as described by Hans Clevers (11). Tumor tissue was digested and the isolated tumor cells were mixed with Matrigel and seeded onto a 96-well-plate. Cells were cultured in Intesticult™ Organoid Growth Medium, which could also support for long-term culture. MAA organoid was passaged once every week. The organoid exhibited loose spherical structures, with a doubling time of ~72 h. The organoid line was grown for over 14 months, with high proliferation rate and stable passaging. Stable passaging organoid was cryopreserved and stored in the biobank for future using (Figures 1D,E; Supplementary Figure S1A).



Pathological Characteristics of the Organoid and Tumor

Tumor pathology analyses was performed after tumor removal. Pathological analyses of organoids were conducted at passage eight. The H&E staining of tumor tissue showed the epithelium consists of tall columnar mucinous cells with a small amount of mucus and enlarged hyperchromatic nuclei. The nuclear membrane was irregular and the karyokinesis was increased. The organoid H&E result showed high cell density with varied cell sizes. The nuclei were large with deep dyeing, and the nucleoplasmic ratio was higher. The organoid retained pathological characteristics of the tumor tissue (Figure 2A). The organoid showed negative programmed cell death-Ligand-1 (PDL1) and strong positive Ki67 expression, which was consistent with that observed in the tumor (Figure 2B). The MAA organoid showed strong positive staining of CD44, indicating that it was stem cell derived (Figure 2C).


[image: Figure 2]
FIGURE 2. Representative images of the pathological staining of MAA. (A) H&E staining of the organoid (passage 8) and the original tumor. (B) Immunohistochemistry staining of the original tumor and the organoid (passage 8) for Ki67 and PDL-1. (C) Immunohistochemistry staining of the organoid (passage 8) for CD44.


Mucinous appendiceal adenocarcinoma and ovarian mucinous tumors are very similar morphologically. It may be difficult to distinguish ovarian involvement by a MAA and a primary ovarian mucinous tumor, particularly when the latter is associated with mucinous ascites. They are treated differently since a primary carcinoma confined to the ovary will not usually warrant chemotherapy, whereas patients with MAA involving the ovary have a poor prognosis and may need systemic treatment (18). Differentiating between these two tumor types is a challenge for pathologists (19). Thus, a series of immunohistochemical staining was performed to confirm the tumor origin. Positive staining of CK20, CDX-2, STAB2, and negative staining of CK7 and PAX-8 was observed for the tumor tissue, indicating that the tumor was of gastrointestinal adenocarcinoma origin, rather than ovarian origin. Consistently, the organoid also showed positive staining of CK20, CDX-2, STAB2, and negative staining of CK7 and PAX-8 (Figures 3A,B; Supplementary Figure S1B).


[image: Figure 3]
FIGURE 3. Representative immunohistochemistry staining of MAA. Representative images of CDX2, CK20, STAB2, PAX-8, and CK7 immunohistochemical staining of the original tumor (A) and organoid (passage 8) (B) Scale bar = 50 μm.




Gene Sequencing

To detect gene mutations of the tumor and to determine whether the organoid had the same gene mutations as the primary tumor, whole exome sequencing (WES) was performed. Circos plots of the original tissues and cancer organoids exhibited a similar distribution pattern (Supplementary Figure S2). Base substitution distribution in the original tissue and organoid is shown in Figure 4A. Compared to normal tissue, both tissues and organoid showed fewer base substitutions of T>C/A>G and C>T/G>A, and more base substitutions of C>G/G>C and C>A/G>T (Figure 4A). A total of 9,611 gene mutations were found in the tumor organoid, accounting for 97.31% of the 9,756 gene mutations in the original tissue (Figure 4B). Mutations in MAATP53, EGFR, FAT4, KMT2C, ARID1A, FAT1, and RNF213 were observed in the original cancer tissues, whereas KRAS and BRAF mutations were not identified (Figure 4C). In addition, the organoids carried the same mutations as the original tumor. Further analysis revealed that the organoids matched the tumor in the number of mutated genes while functional region alterations in the original tumor amino acids were preserved (Figure 4D).


[image: Figure 4]
FIGURE 4. Genetic characterization of MAA. (A) Distribution of base substitutions in the normal, original, and organoid tissue. (B) Venn diagram showing a 97.3% overlap of single nucleotide variants between the original tissue and cancer organoid. (C) Representative gene mutations in the organoid and original tissue. (D) Functionally altered regions of FAT4 and FAT1 genes encoding amino acids of the original tumor and the organoid.




Drug Sensitivity Tests Using the Organoid

After 2 months, MAA organoids can be stable passaged and the passage 8–10, was used for drug screening. Based on the CRC guideline, traditional chemo drugs, including 5FU, oxaliplatin, and SN38 were used. In addition, small molecular targeted agents approved for treatment of gastrointestinal malignancies including apatinib, dasatinib, docetaxel, regorafenib, and everolimus were evaluated (Figure 5A). Sensitivities of the organoids to chemotherapeutic drugs and tyrosine kinase inhibitors were: 5-FU (IC50 43.95 μM, 95%CI 34.52–55.97), oxaliplatin (IC50 23.49 μM, 95%CI 20.85–26.46), SN38 (IC50 1.02 μM, 95%CI 0.71–1.33), apatinib (IC50 0.10 μM, 95%CI 0.06–0.20), dasatinib (IC50 2.27 μM, 95%CI 2.04–2.50), docetaxel (IC50 5.26 μM, 95%CI 3.63–6.89), regorafenib (IC50 18.90 μM, 95%CI 10.84–26.97), and everolimus (IC50 9.20 μM, 95%CI 3.63–14.79) (Table 1). Of all drugs tested, apatinib (IC50 0.10μM, 95%CI 0.06–0.20) and SN38(1.02μM, 95%CI 0.71–1.33) showed the best anti-cancer effect (Figures 5B,C).


[image: Figure 5]
FIGURE 5. Representative images and drug tests of the organoids. (A) Dose-response curves of organoids treated with 5-FU, oxaliplatin, SN38, apatinib, dasatinib, docetaxel, regorafenib and everolimus. (B) Mean ± SD of results from three independent experiments is shown for each drug. (C) Representative images of the organoid after treatment with 1 μM SN38 and DMSO. Organoid treated with 1 μM apatinib and DMSO. Scale bar = 200 μm.



Table 1. IC50 values for each drug and confidence intervals (CIs) for the organoid.

[image: Table 1]



Consistency Between Organoid and Patient Responses to Chemotherapeutic Drugs

As shown in Figures 6A,B, significantly higher IC50 values for 5FU (IC50 43.95 μM, 95%CI 34.52–55.97) and oxaliplatin IC50 (IC50 23.49 μM, 95%CI 20.85–26.46) were observed for the organoid, indicating drug resistance. Similarly, the patient was evaluated as PD, as indicated by enlargement of heart diaphragm angle lymph node after oxaliplatin and 5-FU chemotherapy (XELOX), according to RECIST 1.1 criteria (Figures 6C,D). On the other hand, SN38, the primary bioactive metabolite of irinotecan, had a lower IC50 (1.02 μM, 95%CI 0.71–1.33) in the MAA organoid. This is consistent with the tumor regression after FOLFORI chemotherapy (Figures 6C,D). Of all drugs tested, apatinib (IC50 0.10μM, 95%CI 0.06–0.20), an inhibitor of angiogenesis, showed the lowest IC50 value. Consistently, after apatinib treatment, chest CT imaging showed that the tumor shrank further.


[image: Figure 6]
FIGURE 6. Consistency between organoid and patient responses to different drugs. (A) Timetable of disease progression. (B) Drug sensitivity data indicating low sensitivities to 5-fu and oxaliplatin and high sensitivities to apatinib and SN38. (C) Representative CT images of heart diaphragm angle lymph node after treatment. (D) Sum of the length and width of heart diaphragm angle lymph node after treatment with XELOX, FORFIRI, and FORFIRI and apatinib, red bars indicate volume of the target metastasis [according to RECIST 1.1].





DISCUSSION

Mucinous appendiceal adenocarcinoma is a rare tumor that originates from the adenomatous polyp or serrated adenoma. It frequently presents with the pseudomyxoma peritonei syndrome. It is common in middle-aged and older women (3). Early tumors are usually found in acute appendicitis surgical samples and at advanced stages, often in combination with ascites, which mainly presents as abdominal pain and abdominal distension (2). The patient was a 53-year-old Chinese female presenting with a right lower abdominal pain. A massive mucinous tissue was found in the abdominal cavity of the patient. H&E staining showed middle differentiated mucinous adenocarcinoma, consistent with MAA characteristics. Primary ovarian mucinous tumor was top on the differential diagnosis for MAA. Patients with MAA involving the ovary have a poor prognosis and may need systemic treatment. Several protein markers including CK20, CDX-2, STAB2, CK7, PAX-8 were usually used to differentiate these two tumors (19). Our result showed that the tumor tissue was positive in CK20, CDX-2, STAB2, and negative in CK7 and PAX8, which confirmed the appendix origin.

A few, mostly single-institution studies, have evaluated the treatment outcomes of MAA and suggested individualized therapy for MAA (6, 8, 9). MAA gene sequencing revealed tumor heterogeneities, as reflected by high number and variations of mutations. This explains for the same kind of tumor response to different drugs (20, 21). Further studies on gene mutations in MAA focusing on individualized treatment may improve future treatment outcomes (2, 9). The selection of an effective preclinical model for MAA is necessary. However, a limited number of preclinical studies on MAA tumors have been done (22, 23). Due to convenience and reliable growth, tumor cell lines have been widely used in preclinical research; however, 2D culture models do not mimic tumor microenvironments and homogenization significantly affects chemotherapeutic outcomes (12). In addition, MAA derived primary cells are not suitable for high-throughput experiments because of their slow growth rate and poor viability (22). Although PDX has been shown to have the potential for evaluating drug resistance mechanisms and identifying new therapies, it is limited by high costs and long culture cycles (13). PDOs have shown a bright future in the treatment of gastrointestinal cancer (24). Recently, research reported establishment of MAA organoids (15). However, this study did not report the long-term passaging ability of their models. In addition, the consistency between primary tumors and organoids was not explored in this study. In our study, the MAA organoid was successfully established and stably cultured for several months. We demonstrated the consistency between primary tumor and organoids in terms of pathological characteristics and gene mutations. On the other hand, as a preclinical model, it is necessary to test whether the drug sensitivity of organoid is consistent with clinical treatment. In this study, drug sensitivity analysis showed high IC50 values for 5-FU and oxaliplatin, consistent with progression of patient after XELOX treatment. This also implied traditional chemotherapy for colorectal cancer may not be appropriate for MAA (8). In addition, the patient benefited from apatinib chemotherapy, which was also consistent with sensitivity of the organoid. It is noted that Vascular inhibitors have also been shown to be effective against this type of tumor (25, 26).

Meanwhile, our research also indicated that combined MAA organoid based drug screening and high throughput sequencing could be a feasible way for personalized therapy. The combination of DNA sequencing with organoid high-throughput drug sensitivity tests has been widely used in individual chemotherapies of gastrointestinal tumors, such as colorectal and gastric cancers (27, 28). In our research, we found that the TP53 gene underwent mutations, whereas the APC, KRAS genes did not undergo mutation, which is similar to other sequencing studies of MAA (10, 21). These results also implied gene mutations in MAA differ from those of colorectal cancer. The FAT1 mutation is implicated in metastasis and drug resistance in various tumors, however, this mutation is sensitive to dasatinib (29). We found that dasatinib has a low IC50 value, implying that the organoid is sensitive to dasatinib. However, the efficacy of dasatinib in treatment of cancer of the appendix has never been reported before. Immunotherapies including check-points inhibitor are widely used for cancer therapy (30). However, its effectiveness against MAA has not been established. In this study, we found PDL1 staining on the organoid is negative, which imply the organoid may not be suitable for anti-programmed cell death-1 receptor (PD-1) therapy.

In addition, our research also provides a long-term culture MAA organoid line, which can be frozen cryopreserved for future research. As MAA cell lines shows slow growth rate and poor viability, it is necessary to develop new in vitro models to study the pathogenesis of MAA and for developing new treatment (22). The MAA organoid line retained the characteristics of the primary tumor. In addition, the MAA organoid had also been studied extensively in terms of pathological analysis, sequencing and drug screening, which could be a good alternative model of cell lines.

This study has several limitations. First, only one case was used, therefore, samples from different donors should be evaluated. Since HIPEC is an important treatment for MAA, a combination of organoids and PDX models may be explored to effectively select drugs for intraperitoneal therapy.



CONCLUSIONS

We successfully established an MAA organoid, which exhibited the pathological characteristics and genetic mutations of the original tumor. Combined MAA organoid based drug screening and high throughput sequencing highlight the usefulness of MAA organoid models, as their matched patient response to chemotherapy and targeted therapy.



DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found at: https://www.ncbi.nlm.nih.gov/ PRJNA808653.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by the Seventh Affiliated Hospital of Sun Yat-sen University. The patients/participants provided their written informed consent to participate in this study. Written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article.



AUTHOR CONTRIBUTIONS

YH, CZ, and WC conceived and designed the experiments. WH, JX, JW, MS, and XL contributed reagents, materials, and analysis tools. GL, XX, YX, SC, HL, and HW performed experiments and analysis and prepared the manuscript. All authors read and approved the final manuscript.



FUNDING

This study was supported by Sanming Project of Medicine in Shenzhen (SZSM201911010), Shenzhen Key Medical Discipline Construction Fund (SZXK016), Shenzhen Sustainable Project (KCXFZ202002011010593), Guangdong Provincial Key Laboratory of Digestive Cancer Research (No. 2021B1212040006), and Shenzhen Fundamental Research Program (JCYJ20200109142605909). Research start-up fund of part-time PI, SAHSYSU (ZSQYJZPI202001).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmed.2022.829033/full#supplementary-material

Supplementary Figure S1. (A) Overview of the design of this study. (B) Statistical analysis of immunohistochemical staining intensity of CDX-2, CK20, STAB2, PAX-8, and CK7 in organoid (passage 8) and tissue.

Supplementary Figure S2. Circos plots of the original tissue and cancer organoid.



REFERENCES

 1. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2020. CA Cancer J Clin. (2020) 70:7–30. doi: 10.3322/caac.21590

 2. Kelly KJ. Management of Appendix Cancer. Clin Colon Rectal Surg. (2015) 28:247–55. doi: 10.1055/s-0035-1564433

 3. Gundogar O, Kimiloglu E, Komut N, Cin M, Bektas S, Gonullu D, et al. Evaluation of appendiceal mucinous neoplasms with a new classification system and literature review. Turk J Gastroenterol. (2018) 29:533–42. doi: 10.5152/tjg.2018.17605

 4. Shaib WL, Goodman M, Chen Z, Kim S, Brutcher E, Bekaii-Saab T, et al. Incidence and survival of appendiceal mucinous neoplasms: a SEER analysis. Am J Clin Oncol. (2017) 40:569–73. doi: 10.1097/COC.0000000000000210

 5. Shaib WL, Assi R, Shamseddine A, Alese OB, Staley C, 3rd Memis B, et al. Appendiceal mucinous neoplasms: diagnosis and management. Oncologist. (2017) 22:1107–16.doi: 10.1634/theoncologist.2017-0081

 6. Blackham AU, Swett K, Eng C, Sirintrapun J, Bergman S, Geisinger KR, et al. Perioperative systemic chemotherapy for appendiceal mucinous carcinoma peritonei treated with cytoreductive surgery and hyperthermic intraperitoneal chemotherapy. J Surg Oncol. (2014) 109:740–5. doi: 10.1002/jso.23547

 7. Benson AB, Venook AP, Al-Hawary MM, Arain MA, Chen YJ, Ciombor KK, et al. Colon cancer, Version 2.2021, NCCN clinical practice guidelines in oncology. J Natl Compr Canc Netw. (2021) 19:329–59. doi: 10.6004/jnccn.2021.0012

 8. Lu P, Fields AC, Meyerhardt JA, Davids JS, Shabat G, Bleday R, et al. Systemic chemotherapy and survival in patients with metastatic low-grade appendiceal mucinous adenocarcinoma. J Surg Oncol. (2019) 120:446–51. doi: 10.1002/jso.25599

 9. Shapiro JF, Chase JL, Wolff RA, Lambert LA, Mansfield PF, Overman MJ, et al. Modern systemic chemotherapy in surgically unresectable neoplasms of appendiceal origin: a single-institution experience. Cancer. (2010) 116:316–22. doi: 10.1002/cncr.24715

 10. Alakus H, Babicky ML, Ghosh P, Yost S, Jepsen K, Dai Y, et al. Genome-wide mutational landscape of mucinous carcinomatosis peritonei of appendiceal origin. Genome Medicine. (2014) 6:43. doi: 10.1186/gm559

 11. van de Wetering M, Francies HE, Francis JM, Bounova G, Iorio F, Pronk A, et al. Prospective derivation of a living organoid biobank of colorectal cancer patients. Cell. (2015) 161:933–45. doi: 10.1016/j.cell.2015.03.053

 12. Barretina J, Caponigro G, Stransky N, Venkatesan K, Margolin AA, Kim S, et al. The cancer cell line encyclopedia enables predictive modelling of anticancer drug sensitivity. Nature. (2012) 483:603–7. doi: 10.1038/nature11003

 13. Crystal AS, Shaw AT, Sequist LV, Friboulet L, Niederst MJ, Lockerman EL, et al. Patient-derived models of acquired resistance can identify effective drug combinations for cancer. Science. (2014) 346:1480–6. doi: 10.1126/science.1254721

 14. Ooft SN, Weeber F, McLean CM, Kaing S, van Werkhoven E, Dijkstra KK. Patient-derived organoids can predict response to Chemotherapy in metastatic colorectal cancer patients. Sci Transl Med. (2019) 11:eaay2574. doi: 10.1126/scitranslmed.aay2574

 15. Votanopoulos KI, Mazzocchi A, Sivakumar H, Forsythe S, Aleman J, Levine EA, et al. Appendiceal cancer patient-specific tumor organoid model for predicting chemotherapy efficacy prior to initiation of treatment: a feasibility study. Ann Surg Oncol. (2019) 26:139–47. doi: 10.1245/s10434-018-7008-2

 16. Mayakonda A, Lin DC, Assenov Y, Plass C, Koeffler HP. Maftools: efficient and comprehensive analysis of somatic variants in cancer. Genome Res. (2018) 28:1747–56. doi: 10.1101/gr.239244.118

 17. Eisenhauer EA, Therasse P, Bogaerts J, Schwartz LH, Sargent D, Ford R, et al. New response evaluation criteria in solid tumours: revised RECIST guideline (version 1.1). Eu J Cancer. (2009) 45:228–47. doi: 10.1016/j.ejca.2008.10.026

 18. Heatley MK. Mucinous tumours of the ovary–primary and metastatic. J Clin Pathol. (2012) 65:577–9.doi: 10.1136/jclinpath-2011-200407

 19. Aldaoud N, Erashdi M, AlKhatib S, Abdo N, Al-Mohtaseb A, Graboski-Bauer A. The utility of PAX8 and SATB2 immunohistochemical stains in distinguishing ovarian mucinous neoplasms from colonic and appendiceal mucinous neoplasm. BMC Res Notes. (2019) 12:770. doi: 10.1186/s13104-019-4816-9

 20. Su J, Jin G, Votanopoulos KI, Craddock L, Shen P, Chou JW, et al. Prognostic molecular classification of appendiceal mucinous neoplasms treated with cytoreductive surgery and hyperthermic intraperitoneal chemotherapy. Ann Surg Oncol. (2020) 27:1439–47.doi: 10.1245/s10434-020-08210-5

 21. Stein A, Strong E, Clark Gamblin T, Clarke C, Tsai S, Thomas J, et al. Molecular and genetic markers in appendiceal mucinous tumors: a systematic review. ann Surg Oncol. (2020) 27:85–97.doi: 10.1245/s10434-019-07879-7

 22. Roberts DL, O'Dwyer ST, Stern PL, Renehan AG. Global gene expression in pseudomyxoma peritonei, with parallel development of two immortalized cell lines. Oncotarget. (2015) 6:10786. doi: 10.18632/oncotarget.3198

 23. Dilly AK, Honick BD, Frederick R, Elapavaluru A, Velankar S, Makala H, et al. Improved chemosensitivity following mucolytic therapy in patient-derived models of mucinous appendix cancer. Translat Res. (2021) 229:100–14.doi: 10.1016/j.trsl.2020.10.005

 24. Lau HCH, Kranenburg O, Xiao H, Yu J. Organoid models of gastrointestinal cancers in basic and translational research. Nat Rev Gastroenterol Hepatol. (2020) 17:203–22. doi: 10.1038/s41575-019-0255-2

 25. Logan-Collins JM, Lowy AM, Robinson-Smith TM, Kumar S, Sussman JJ, James LE, et al. VEGF expression predicts survival in patients with peritoneal surface metastases from mucinous adenocarcinoma of the appendix and colon. Ann Surg Oncol. (2008) 15:738–44. doi: 10.1245/s10434-007-9699-7

 26. Borazanci E, Millis SZ, Kimbrough J, Doll N, Von Hoff D, Ramanathan RK. Potential actionable targets in appendiceal cancer detected by immunohistochemistry, fluorescent in situ hybridization, and mutational analysis. J Gastrointest Oncol. (2017) 8:164–2. doi: 10.21037/jgo.2017.01.14

 27. Li J, Xu H, Zhang L, Song L, Feng D, Peng X, et al. Malignant ascites-derived organoid (MADO) cultures for gastric cancer in vitro modelling and drug screening. J Cancer Res Clin Oncol. (2019) 145:2637–47. doi: 10.1007/s00432-019-03004-z

 28. De Mattia E, Cecchin E, Toffoli G. Pharmacogenomics of intrinsic and acquired pharmacoresistance in colorectal cancer: toward targeted personalized therapy. Drug Resist Updat. (2015) 20:39–70. doi: 10.1016/j.drup.2015.05.003

 29. Pastushenko I, Mauri F, Song Y, de Cock F, Meeusen B, Swedlund B, et al. Fat1 deletion promotes hybrid EMT state, tumour stemness and metastasis. Nature. (2021) 589:448–55.doi: 10.1038/s41586-020-03046-1

 30. Scognamiglio G, De Chiara A, Parafioriti A, Armiraglio E, Fazioli F, Gallo M, et al. Patient-derived organoids as a potential model to predict response to PD-1/PD-L1 checkpoint inhibitors. Br J Cancer. (2019) 121:979–82. doi: 10.1038/s41416-019-0616-1

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Liu, Xiao, Xia, Huang, Chen, Xu, Chen, Wang, Wei, Li, Shu, Lu, Zhang and He. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fmed-09-829033-g005.gif
D
BB B

m -






OPS/images/fmed-09-829033-g006.gif





OPS/images/fmed-09-829033-g003.gif





OPS/images/fmed-09-829033-g004.gif
.

=

L
i






OPS/images/fmed-09-829033-t001.jpg
Drug 1Cso (kM) 95%Cl(1tM)

5-FU 43.95 34.52-65.97
Oxaliplatin 23.49 20.85-26.46
Apatinib 0.10 0.06-0.20
SN38 1.02 0.71-1.33
Dasatinib 227 2.04-2.50
Docetaxel 5.26 3.63-6.89
Regorafenib 18.90 10.84-26.97

Everolimus 9.20 3.63-14.79






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Organoids From Mucinous Appendiceal Adenocarcinomas as High-Fidelity Models for Individual Therapy



		Introduction



		Materials and Methods



		Specimen Collection and Clinical Data



		Establishment of the Organoid



		Immunohistochemistry



		DNA Sequencing and Bioinformatics Analysis



		Drug Screening







		Results



		Case Report



		Establishment of the MAA Organoid



		Pathological Characteristics of the Organoid and Tumor



		Gene Sequencing



		Drug Sensitivity Tests Using the Organoid



		Consistency Between Organoid and Patient Responses to Chemotherapeutic Drugs







		Discussion



		Conclusions



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Supplementary Material



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Medicine

Organoids From Mucinous
Appendiceal Adenocarcinomas as
High-Fidelity Models for Individual

Therapy





OPS/images/fmed-09-829033-g001.gif





OPS/images/fmed-09-829033-g002.gif









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
& frontiers | Frontiers in Medicine





