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Abstract

:

Male Tsumura-Suzuki Obese Diabetes (TSOD) mice, a spontaneous metabolic syndrome model, develop non-alcoholic steatohepatitis and liver tumors by feeding on a standard mouse diet. Nearly 70% of liver tumors express glutamine synthetase (GS), a marker of hepatocellular carcinoma. In contrast, approximately 30% are GS-negative without prominent nuclear or structural atypia. In this study, we examined the characteristics of the GS-negative tumors of TSOD mice. Twenty male TSOD mice were sacrificed at 40 weeks and a total of 21 tumors were analyzed by HE staining and immunostaining of GS, liver fatty acid-binding protein (L-FABP), serum amyloid A (SAA), and beta-catenin. With immunostaining for GS, six (29%) tumors were negative. Based on the histological and immunohistological characteristics, six GS-negative tumors were classified into several subtypes of human hepatocellular adenoma (HCA). One large tumor showed generally similar findings to inflammatory HCA, but contained small atypical foci with GS staining and partial nuclear beta-catenin expression suggesting malignant transformation. GS-negative tumors of TSOD mice contained features similar to various subtypes of HCA. Different HCA subtypes occurring in the same liver have been reported in humans; however, the diversity of patient backgrounds limits the ability to conduct a detailed, multifaceted analysis. TSOD mice may share similar mechanisms of HCA development as in humans. It is timely to review the pathogenesis of HCA from both genetic and environmental perspectives, and it is expected that TSOD mice will make further contributions in this regard.
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1. Introduction


We previously reported that male Tsumura-Suzuki Obese Diabetes (TSOD) mice, a spontaneous metabolic syndrome model, developed non-alcoholic steatohepatitis and liver tumors at a high rate after 8 months of age by feeding on a standard mouse diet [1,2,3]. TSOD mice were inbred strains created from ddY mice by mating with obese and diabetic individuals for more than 30 generations. Meanwhile, inbred Tsumura-Suzuki non-Obese (TSNO) mice were inbred strains produced from ddY mice by mating with non-obese, non-diabetic individuals for more than 30 generations. TSNO mice were used as a normal control group in this experiment. We previously found that nearly 70% of liver tumors diffusely expressed glutamine synthetase (GS), a marker of hepatocellular carcinoma (HCC), regardless of size, and that these GS-positive tumors had characteristics of human dysplastic nodules of HCC. In contrast, about 30% of the liver tumors appearing in TSOD mice were GS-negative, most of which had weak nuclear and structural atypia, resembling human hepatocellular adenoma (HCA) [1].



Hepatocellular adenoma is a rare benign tumor of the non-cirrhotic liver that has been associated with oral contraceptive use in young women, steroid use, and type I and type III glycogenic disease [4]. According to reports from Europe and the United States, its incidence is 3–4 per 100,000 population, with 85% of cases occurring in women of childbearing age. It is rare in children, men, and those aged >65 years. In recent years, cases of HCA have also arisen due to obesity and metabolic syndrome, and it has been predicted that the number of such patients may increase in the future [5,6]. The diagnosis of HCA requires differentiation from focal nodular hyperplasia (FNH), which is a non-neoplastic lesion, as well as from HCC, which is often difficult to diagnose based on the histologic findings alone. However, it has become clear that the classification of subtypes based on genetic abnormalities is associated with phenotypes using immunostaining, which has greatly improved the accuracy of HCA diagnosis. In addition, it is now known that the risk of malignant transformation differs among subtypes of HCA, increasing the need for accurate subtyping.



Most cases of HCA show a benign course, but hemorrhage and malignant transformation have been reported in rare cases [7,8,9,10]. The pathogenesis of HCA remains unclear. The development of animal models useful for elucidating the pathogenesis is anticipated, but, with the exception of glycogenic disease models, there are few useful models yet available for such analysis [11,12,13,14,15].



According to the 2019 WHO classification, HCA is divided into four categories: HNF1α-inactivated HCA (H-HCA), inflammatory HCA (IHCA), beta-catenin-activated HCA (b-HCA), and β-catenin-activated IHCA (b-IHCA) [4,16]. Other subtypes, such as sonic hedgehog HCA (shHCA) and ASS1-positive HCA due to overexpression of the ASS1 enzyme, have also been reported [17]. Of these, H-HCAs and IHCAs comprise the majority, with H-HCAs accounting for 30–35% of all HCAs.



1.1. HNF1α-Inactivated HCA (H-HCA)


Mutations in the HNFIA gene, which encodes HNF1α, a transcription factor involved in hepatocyte differentiation, result in the loss of protein expression in tumor cells. In immunostaining, antibodies against the liver fatty acid-binding protein (L-FABP), which is positively regulated by the HNF1A gene, are useful diagnostic markers. In this type of HCA, L-FABP is attenuated or shows as negative [18]. The tumor shows a lobular outline, typically with diffuse large or small fatty droplets, a ballooning and clear cell appearance, and, rarely, pseudoglandular structures [19].




1.2. Inflammatory HCA (IHCA)


Inflammatory HCAs account for 35–40% of all HCAs and are the most common subtype [20]. Mutations that activate the IL-6/JAK/STAT3 pathway may result in IHCA development. The expression of acute-phase inflammation-related proteins such as serum amyloid A (SAA) and C-reactive protein (CRP) is increased at the mRNA and protein levels. IHCA typically presents with dilated sinusoids, with congestion, inflammation, and clusters of wall-thickened small arteries surrounded by extracellular matrix, as well as pseudoportal areas with a bile ductular reaction. Partial fatty degeneration is often observed. The histologic features of IHCA are similar to those of FNH, and distinction between the two is often problematic. Although it is believed that patients with IHCA without β-catenin mutations do not develop malignant transformation, a case of malignant transformation has been reported in a patient with glycogenic disease without β-catenin mutation [8].




1.3. β-Catenin-Activated HCA (b-HCA)


Mutations or deletions in the CTNNB1 (cadherin-associated protein B1) gene encoding β-catenin have been reported to cause activated WNT signaling and tumorigenesis in b-HCA. It is reported that b-HCAs account for 10% of all HCAs and that b-IHCAs, described below, account for 10–15% [5,21]. Immunostaining for β-catenin antibodies shows positive findings at the cell membrane of both tumor and non-tumor cells, but this subtype shows ectopic expression in the nuclei of tumor cells [18].




1.4. β-Catenin-Activated IHCA (b-IHCA)


b-IHCA is considered to have features of both IHCA and b-HCA and is at risk for malignant transformation [4,22].



In this study, we examined in detail the characteristics of GS-negative tumors that spontaneously develop in TSOD mice against the background of metabolic syndrome. We aimed to clarify the dissimilarities between these tumors and human hepatocellular adenomas based on histopathological and immunohistological analyses. The purpose of this study is to propose the utility of the TSOD mouse as an animal model that can help elucidate the natural history of HCA and its pathogenesis, which is still largely unknown.





2. Results


2.1. Frequency of Liver Tumor


Grossly, there were no liver tumors in TSNO mice, while 19/20 (95%) of TSOD mice examined had one or more liver tumors. One section containing the largest tumor in each of the 19 grossly positive individuals and one largest section of the tumor-free individual were prepared for histopathological analyses. The 20 specimens from 20 individuals were observed microscopically, and all tumors of size ≥1 mm were evaluated. One to two tumors were identified in each section, and a total of 21 tumors were analyzed in detail. In immunostaining for GS, 15 (71%) tumors were GS-positive and six (29%) tumors were GS-negative.




2.2. Characteristic Histopathological and Immunohistochemical Findings of GS-Positive Liver Tumors


The histopathological characters of the GS-positive tumors were as previously reported [1,23,24]. Tumors comprised atypical hepatocytes in an irregular trabecular structure. Fibrous capsules were not observed. A substitutional growth pattern was observed in the border to background liver and portal invasion was frequently observed (Figure 1A–C). Immunohistochemically, no GS-positive tumor showed L-FABP attenuation (Figure 1D,E). Taken together, the GS-positive tumors were considered to include lesions in the sequence of progression from dysplastic nodule to well-differentiated HCC.




2.3. Characteristics of GS-Negative Liver Tumors


GS-negative tumors showed various histological findings mimicking human hepatocellular adenoma. Based on the histological and immunohistological characteristics, the six tumors examined in this study were classified into four types similar to those of human hepatocellular adenoma. The characteristics of each type are described below and listed in Table 1.



2.3.1. HNF1a-Inactivated HCA Tumor Mimics


Two tumors (tumors 3 and 5) showed similar pathological and immunohistochemical findings to human HNF1 a-inactivated HCA. Hepatocytes showed trabecular structure, and individual cellular atypia was unremarkable. Some tumor cells contained small lipid droplets in the cytoplasm. An invasive growth pattern was not observed (Figure 2 A,B,G,H). Immunohistochemically, these tumors showed reduced expression of L-FABP. Intense SAA expression was not observed. β-catenin was expressed only in the cell membrane (Figure 2C–F,I–L).




2.3.2. Inflammatory HCA Tumor Mimics


Two tumors (tumors 2 and 4) showed similar pathological and immunohistochemical findings to human inflammatory HCA. Hepatocytes showed trabecular structure with dilatation of sinusoids. Pseudoglandular hepatocellular arrangements were occasionally observed, in addition to thick-walled vessels and sparse aggregation of inflammatory cells. An invasive growth pattern was not observed (Figure 3A,B,G,H). Immunohistochemically, these tumors did not show reduced expression of L-FABP. Some intense SAA expression was observed in one case. Another case did not show intense SAA expression; however, the histopathological characteristics were quite similar to those of inflammatory HCA. β-catenin was expressed only in the cell membrane (Figure 3C–F,I–L).




2.3.3. Both HNF1 α-Inactivated HCA and Inflammatory HCA Tumor Mimic


One tumor (tumor 1) shared the pathological and immunohistochemical findings of human HNF-1 alpha-inactivated HCA and inflammatory HCA. Pathologically, hepatocytes showed trabecular structure, and individual cellular atypia was unremarkable. There were no clear lipid droplets in the cytoplasm. Sinusoidal dilatation and inflammatory cell aggregation was not observed. An invasive growth pattern was not seen (Figure 4A,B). Immunohistochemically, these tumors showed reduced expression of L-FABP with intense SAA expression. b-catenin was expressed only in the cell membrane (Figure 4C–F).




2.3.4. B-Catenin-Activated IHCA (B-IHCA) Tumor Mimic


One tumor (tumor 6) showed generally similar pathological and immunohistochemical findings to human inflammatory HCA (Figure 5A–D). However, small atypical foci (2 mm in size) showing nuclear atypia of hepatocytes with a partial thick trabecular pattern are included as characteristics of inflammatory HCA (Figure 5B,D). Immunohistochemically, most of the tumor did not show GS immunostaining or reduced expression of L-FABP. Intense SAA expression was observed, and b-catenin was expressed only in the cell membrane (Figure 5E–H). In contrast, small atypical foci showed intense and diffuse GS staining. Reduced expression of L-FABP and intense SAA expression was not observed (Figure 5I–K). As noted, b-catenin was expressed in the nucleus of almost half of the tumor cells with small atypical foci (Figure 5L). Although these atypical foci did not show an invasive growth pattern, the histopathological findings indicated that this tumor was in the process of malignant transformation.






3. Materials and Methods


Twenty male TSOD mice and TSNO mice were fed on a standard mouse diet and sacrificed at 40 weeks of age. The livers were immediately removed and soaked in 10% neutral buffered formalin, cut surgically into 3-mm-wide whole sections, and the tumors were confirmed grossly. From each individual, one section containing the largest tumor was prepared and subjected to HE staining and immunohistochemical analysis of GS, L-FABP, SAA, and β-catenin. Tumors of size ≤ 1 mm microscopically were included for evaluation.



All institutional and national guidelines for the care and use of laboratory animals were followed. Furthermore, this study was performed following the animal experiment guidelines specified in the Institute for Animal Reproduction (Ibaraki, JAPAN), which strictly abides by the rules of guidance on animal research ethics from the International Association of Veterinary Editors’ Consensus Author Guidelines on Animal Ethics and Welfare. Approval code from the Experimental Animal Welfare Ethics Committee of Institute for Animal Reproduction is IAR-EAWEC-2021-2-61, which was approved on 18 January 2021. This article does not involve any studies with human subjects.




4. Conclusions


This study revealed that TSOD mice spontaneously develop tumors similar to human HCA, in addition to HCC. HCA is defined as occurring in the normal liver, but a number of tumors with features similar to those of HCA have been reported in the context of alcoholic liver injury and other conditions, and are referred to by various names, including “HCA-like tumor”. The difference between HCA and HCA-like tumor is still inconclusive, as they are considered by some as different disease entities, and by others as having the same characteristics. The background liver of the TSOD mice studied in this study showed various degrees of NASH. In this sense, the term “HCA-like tumor” may be accurate. However, the biological and histopathological characteristics of HCA-like tumors are still unknown, which is why we compared liver tumors of TSOD mice with various subtypes of HCAs in humans.



Interestingly, we observed the occurrence of liver tumors with various morphological and immunohistological features, including tumors that are similar to human HNF1 a -inactivated HCA, inflammatory HCA, and b-catenin-activated IHCA (b-IHCA). In humans, HCAs often appear as multiple tumors, and reports of different HCA subtypes occurring in the same liver have been observed. However, few human cases have been reported, and the diversity of patient backgrounds limits the ability to conduct a detailed, multifaceted analyses. TSOD mice are a spontaneous metabolic syndrome model with a background of obesity, hyperlipidemia, and diabetes mellitus under normal feeding conditions and without the need for special treatment, suggesting shared mechanisms with the development of HCA in humans.



There are several reports of mouse models that developed HCA. For example, HCA developed in a mouse model of glycogen storage disease [14,25] and liver tumors similar to inflammatory HCA developed in NF-κB/RelA double knockout mice [26]. Amano et al. reported a model in which both HCC and HCA occurred simultaneously in a NASH background by feeding a special diet to a genetically engineered model [27]. In this sense, the mouse model showing HCA is not novel. However, TSOD mice have the advantage of spontaneously developing a variety of HCAs in addition to HCC without the need for genetic modification or special diets. The following future examination should be expected to take advantage of this feature.



4.1. Investigation of the Molecular Biological Features and Microenvironmental Differences Underlying the Development of HCA Subtypes


The present analysis of 20 TSOD mice identified at least three subtypes of HCA sharing characteristics of multiple subtypes. Although the molecular basis for each HCA subtype in humans is well established and characteristic histological findings have been accumulated, the events that trigger the development of these tumors remain unclear. Unique to the TSOD mouse model, each subtype is represented by multifaced characteristics, including molecular biological information and immunological aspects with surrounding hepatocytes, that can be compared with each other. Formalin fixation was performed for all liver tumors in the present study. Simultaneous preparation of frozen specimens would enable additional molecular biological analysis and immune cell kinetics analysis.




4.2. Investigation of Carcinogenic Mechanism for HCA


Among the liver tumors identified in this study, one tumor (tumor 6) contained a localized atypical focus within inflammatory HCA. This tumor may be a very useful subject for analysis of the malignant transformation of HCA. We have recently developed a new liver biopsy technique that enables liver tissue to be obtained from the same individual up to four times over time. Tumor 6 was a large tumor, sized approximately 3–15 mm. Targeted liver biopsy of a large liver tumor such as this over time may allow the collection of histological samples of HCA that have a high probability of malignant transformation over time. Analysis of the properties of such tumors over time at the molecular level would be expected to help elucidate the mechanism of the malignant transformation of HCA.



As the pathogenesis of HCA becomes clearer, reports of unusual cases such as multiple occurrence or non-normal background liver are increasing. At this point it is timely to review the pathogenesis of HCA from both genetic and environmental perspectives, and it is expected the TSOD mice will make further contributions in such investigations.



In conclusion, TSOD mice are expected to be used to analyze how the metabolic syndrome is involved in the development of HCA. In addition, long-term observation will help to elucidate the mechanism of the malignant transformation of HCA.








Author Contributions


K.T.; T.O.; Y.K. and W.S. designed the research framework. M.I.-S.; S.T. and R.H. oversaw all animal experiments, including breeding and dissection. O.J.; M.S.; Q.C.; Y.M.; K.A.; M.T. and H.O. collected data and did routine histopathological analysis and immunostaining. W.S. contributed to the data analysis. K.T. and W.S. wrote the manuscript. T.O. and Y.K. provided comments during the writing. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by Koichi Tsuneyama, grant number JSPS KAKENHI as a Grant-in-Aid for Scientific Research (C) (No. 22K07024).




Institutional Review Board Statement


The animal study protocol was approved by Experimental Animal Welfare Ethics Committee of the Institute for Animal Reproduction (IAR-EAWEC-2021-2-61, which was approved on 18 January 2021).




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Takahashi, T.; Deuschle, U.; Taira, S.; Nishida, T.; Fujimoto, M.; Hijikata, T.; Tsuneyama, K. Tsumura-Suzuki obese diabetic mice-derived hepatic tumors closely resemble human hepatocellular carcinomas in metabolism-related genes expression and bile acid accumulation. Hepatol. Int. 2018, 12, 254–261. [Google Scholar] [CrossRef] [PubMed]

	



Takahashi, T.; Nishida, T.; Baba, H.; Hatta, H.; Imura, J.; Sutoh, M.; Toyohara, S.; Hokao, R.; Watanabe, S.; Ogawa, H.; et al. Histopathological characteristics of glutamine synthetase-positive hepatic tumor lesions in a mouse model of spontaneous metabolic syndrome (TSOD mouse). Mol. Clin. Oncol. 2016, 5, 267–270. [Google Scholar] [CrossRef] [PubMed]

	



Nishida, T.; Tsuneyama, K.; Fujimoto, M.; Nomoto, K.; Hayashi, S.; Miwa, S.; Nakajima, T.; Nakanishi, Y.; Sasaki, Y.; Suzuki, W.; et al. Spontaneous onset of nonalcoholic steatohepatitis and hepatocellular carcinoma in a mouse model of metabolic syndrome. Lab. Investig. 2013, 93, 230–241. [Google Scholar] [CrossRef] [PubMed]

	



Beaufrère, A.; Paradis, V. Hepatocellular adenomas: Review of pathological and molecular features. Hum. Pathol. 2021, 112, 128–137. [Google Scholar] [CrossRef]

	



Shafizadeh, N.; Genrich, G.; Ferrell, L.; Kakar, S. Hepatocellular adenomas in a large community population, 2000 to 2010: Reclassification per current World Health Organization classification and results of long-term follow-up. Hum. Pathol. 2014, 45, 976–983. [Google Scholar] [CrossRef]

	



Moors, G.; Poels, H.; Vandecaveye, V.; Roskams, T.; Verslype, C. Regression of multiple hepatocellular adenomas after cessation contraceptive pills: A case report and review of the current literature. Acta Gastro-Enterol. Belg. 2021, 84, 505–508. [Google Scholar] [CrossRef]

	



Kakar, S.; Grenert, J.P.; Paradis, V.; Pote, N.; Jakate, S.; Ferrell, L.D. Hepatocellular carcinoma arising in adenoma: Similar immunohistochemical and cytogenetic features in adenoma and hepatocellular carcinoma portions of the tumor. Mod. Pathol. 2014, 27, 1499–1509. [Google Scholar] [CrossRef]

	



Ridder, D.A.; Duret, D.; Wörns, M.A.; Schotten, S.; Heinrich, S.; Kloth, M.; Springer, E.; Roth, W.; Straub, B.K. Hepatocellular carcinoma in an inflammatory adenoma with β-catenin mutation in a patient with hepatocellular adenomatosis due to germline mutation in HNF1α. Z. Fur Gastroenterol. 2019, 57, 46–51. [Google Scholar]

	



Julien, C.; le Bail, B.; Chiche, L.; Balabaud, C.; Bioulac-Sage, P. Malignant transformation of hepatocellular adenoma. JHEP Rep. 2022, 4, 100430. [Google Scholar] [CrossRef]

	



Kang, H.J.; Jeong, H.J.; Kim, S.W.; Yu, E.; Lee, Y.J.; Kim, S.Y.; Kim, J. Hepatocellular carcinoma arising in a huge hepatocellular adenoma with bone marrow metaplasia. J. Pathol. Transl. Med. 2018, 52, 226–231. [Google Scholar] [CrossRef]

	



Zucman-Rossi, J. Human and mouse hepatocellular adenoma and carcinoma display similar tumorigenesis pathway alterations. J. Hepatol. 2008, 48, 884–886. [Google Scholar] [CrossRef] [PubMed]

	



Li, X.; Liu, C.; Ip, B.C.; Hu, K.-Q.; Smith, D.E.; Greenberg, A.S.; Wang, X.-D. Tumor progression locus 2 ablation suppressed hepatocellular carcinoma development by inhibiting hepatic inflammation and steatosis in mice. J. Exp. Clin. Cancer Res. 2015, 34, 138. [Google Scholar] [CrossRef] [PubMed]

	



Fan, Y.; Fang, X.; Tajima, A.; Geng, X.; Ranganathan, S.; Dong, H.; Trucco, M.; Sperling, M.A. Evolution of hepatic steatosis to fibrosis and adenoma formation in liver-specific growth hormone receptor knockout mice. Front. Endocrinol. 2014, 5, 218. [Google Scholar] [CrossRef] [PubMed]

	



Kim, G.Y.; Kwon, J.H.; Cho, J.H.; Zhang, L.; Mansfield, B.C.; Chou, J.Y. Downregulation of pathways implicated in liver inflammation and tumorigenesis of glycogen storage disease type Ia mice receiving gene therapy. Hum. Mol. Genet. 2017, 26, 1890–1899. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.; Davis, C.; Shah, S.; Hughes, D.; Ryan, J.C.; Altomare, D.; Peña, M.M.O. IL-33 promotes growth and liver metastasis of colorectal cancer in mice by remodeling the tumor microenvironment and inducing angiogenesis. Mol. Carcinog. 2017, 56, 272–287. [Google Scholar] [CrossRef] [PubMed]

	



Nault, J.C.; Paradis, V.; Cherqui, D.; Vilgrain, V.; Zucman-Rossi, J. Molecular classification of hepatocellular adenoma in clinical practice. J. Hepatol. 2017, 67, 1074–1083. [Google Scholar] [CrossRef] [PubMed]

	



Dhingra, S.; Fiel, M.I. Update on the new classification of hepatic adenomas: Clinical, molecular, and pathologic characteristics. Arch. Pathol. Lab. Med. 2014, 138, 1090–1097. [Google Scholar] [CrossRef]

	



Bioulac-Sage, P.; Sempoux, C.; Balabaud, C. Hepatocellular adenoma: Classification, variants and clinical relevance. Semin. Diagn. Pathol. 2017, 34, 112–125. [Google Scholar] [CrossRef]

	



Yasir, S.; Chen, Z.E.; Jain, D.; Kakar, S.; Wu, T.T.; Yeh, M.M.; Torbenson, M.S. Hepatic denomas in Patients 60 and Older Are Enriched for HNF1A Inactivation and alignant Transformation. Am. J. Surg. Pathol. 2022, 46, 786–792. [Google Scholar] [CrossRef]

	



Izu, A.; Sugitani, M.; Kinukawa, N.; Matsumura, H.; Ogawa, M.; Moriyama, M.; Yamazaki, S.; Takayama, T.; Hano, H.; Yao, T.; et al. Hepatocellular adenoma, approximately half and predominantly inflammatory subtype, in 38 Japanese patients with several differences in age, gender, and clinical background factors from Western populations. Hepatol. Res. 2021, 51, 336–342. [Google Scholar] [CrossRef]

	



Brunt, E.M.; Sempoux, C.; Bioulac-Sage, P. Hepatocellular adenomas: The expanding pidemiology. Histopathology 2021, 79, 20–22. [Google Scholar] [CrossRef] [PubMed]

	



Bioulac-Sage, P.; Gouw, A.S.H.; Balabaud, C.; Sempoux, C. Hepatocellular adenoma: What we know, what we do not know, and why it matters. Histopathology 2022, 80, 878–897. [Google Scholar] [CrossRef] [PubMed]

	



Tsuneyama, K.; Nishitsuji, K.; Matsumoto, M.; Kobayashi, T.; Morimoto, Y.; Tsunematsu, T.; Ogawa, H. Animal models for analyzing metabolic syndrome-associated liver diseases. Pathol. Int. 2017, 67, 539–546. [Google Scholar] [CrossRef] [PubMed]

	



Nishida, T.; Tsuneyama, K.; Fujimoto, M.; Nomoto, K.; Hayashi, S.; Miwa, S.; Nakajima, T.; Nakanishi, Y.; Hatta, H.; Imura, J. Aberrant iron metabolism might have an impact on progression of diseases in Tsumura Suzuki obese diabetes mice, a model of spontaneous metabolic syndrome. Pathol. Int. 2016, 66, 622–628. [Google Scholar] [CrossRef]

	



Resaz, R.; Rosa, F.; Grillo, F.; Basso, L.; Segalerba, D.; Puglisi, A.; Bosco, M.C.; Mastracci, L.; Neumaier, C.E.; Varesio, L. Characterization of high- and low-risk hepatocellular adenomas by magnetic resonance imaging in an animal model of glycogen storage disease type 1A. Dis. Model Mech. 2019, 12, dmm038026. [Google Scholar] [CrossRef]

	



Köhler, U.A.; Böhm, F.; Rolfs, F.; Egger, M.; Hornemann, T.; Pasparakis, M.; Weber, A.; Werner, S. NF-κB/RelA and Nrf2 cooperate to maintain hepatocyte integrity and to prevent development of hepatocellular adenoma. J. Hepatol. 2016, 64, 94–102. [Google Scholar] [CrossRef]

	



Amano, Y.; Shimizu, F.; Yasuno, H.; Harada, A.; Tsuchiya, S.; Isono, O.; Nagabukuro, H.; Tozawa, R. Non-alcoholic steatohepatitis-associated hepatic fibrosis and hepatocellular carcinoma in a combined mouse model of genetic modification and dietary challenge. Hepatol. Res. 2017, 47, 103–115. [Google Scholar] [CrossRef]








[image: Ijms 23 11923 g001 550] 





Figure 1. Representative images of GS-positive tumors. HE staining (A–C), immunostaining of GS (D) and L-FABP (E). Tumor shows a thick trabecular pattern of atypical hepatocytes with no capsule. Remnant bile ducts due to portal invasion are seen (C: arrow). Tissue is positive for GS (D) and for L-FABP (E) (scale: A,D,E: 500 μm; B,C: 100 μm). 
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Figure 2. GS-negative tumor mimics of HNF1 a-inactivated HCA. Tumor 3, (A–F) and Tumor 5, (G–L). HE staining (A,B,G,H); immunostaining of GS (C,I), L-FABP (D,J), SAA (E,K), and b-catenin (F,L). Tumor shows a trabecular pattern of hepatocytes showing mild vacuolation. No capsule is observed. GS: negative, L-FABP: attenuated, SAA: no strong staining, b-catenin: membranous staining. Tumor diameter is 6 mm in tumor 3 (A), and 3 mm in tumor 5 (G) (scale: C–F,I–L, 500 μm; B,H, 100 μm). 
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Figure 3. GS-negative tumor mimics of inflammatory HCA. Tumor 2, (A–F); and (G–L): tumor 4. HE staining (A,B,G,H). Immunostaining of GS (C,I), L-FABP (D,J), SAA (E,K), and b-catenin (F,L). Tumor shows a trabecular pattern of hepatocytes with mild vacuolation. Occasional sinusoidal dilatation was observed with sparse aggregation of inflammatory cells. No capsule is observed. GS: negative, L-FABP: positive, SAA: strong positive staining is observed in parts of (E) and no strong staining was seen in (K), b-catenin: membranous staining. Tumor diameter is 14 mm in tumor 2 (A) and 7 mm in tumor 4 (G) (scale: C–F,I–L, 500 μm; B,H, 100 μm). 
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Figure 4. GS-negative tumor mimic of both HNF1 a-inactivated HCA and inflammatory HCA (tumor 1). HE staining (A,B). Immunostaining of GS (C), L-FABP (D), SAA (E), and b-catenin (F). Tumor shows a trabecular pattern of hepatocytes with mild vacuolation. Sinusoidal dilatation is observed. There is sparse aggregation of inflammatory cells. No capsule is observed. GS: negative, L-FABP: attenuated, SAA: strong positive staining was observed in parts, b-catenin: membranous staining. Tumor diameter is 7 mm in (A) (scale: B–F, 20 μm). 
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Figure 5. GS-negative tumor mimics of b-catenin-activated IHCA (b-IHCA) (tumor 6). HE staining (A–D). Immunostaining of lesions seen in C (E–H) and D (I–L), which are indicated by the colored boxes in (B). Immunostaining of GS (E,I), L-FABP (F,J), SAA (G,K), and b-catenin (H,L). (A,B): Tumor diameter is 15 mm and various histological patterns are seen. Most of the tumor has a trabecular pattern of hepatocytes with minimal atypia and sinusoidal dilatation, with some small atypical foci of diameter 2 mm. (C): Representative image of the main part of the tumor (higher magnification of the red box in (B)). (D): Representative image of atypical foci (higher magnification of the green box in (B)). Immunostaining of GS: negative in (E) and diffuse positive in (I); L-FABP: positive in (F,J); SAA: no strong staining in (G,K); b-catenin: membranous staining in (H), nuclear staining in (L). Tumor diameter is 15 mm (A) (scale: B, 500 μm; C–L, 100 μm). 
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Table 1. Characteristics of GS-negative tumors.
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	No
	Diameter
	GS
	L-FABP
	SAA
	β-Catenin





	1
	7 mm
	Negative
	Reduced
	Positive
	Membrane



	2
	14 mm
	Negative
	Positive
	Positive
	Membrane



	3
	6 mm
	Negative
	Reduced
	Negative
	Membrane



	4
	7 mm
	Negative
	Positive
	Negative
	Membrane



	5
	3 mm
	Negative
	Reduced
	Negative
	Membrane



	6: Major
	15 mm
	Negative
	Positive
	Positive
	Membrane



	6: focal
	2 mm × 2
	Positive
	Positive
	Negative
	Nucleus
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