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Abstract: Genetically engineered mouse models (GEMM) are an elegant tool to study liver
carcinogenesis in vivo. Newly designed mouse models need detailed (histopathological) phenotyping
when described for the first time to avoid misinterpretation and misconclusions. Many chemically
induced models for hepatocarcinogenesis comprise a huge variety of histologically benign and
malignant neoplastic, as well as non-neoplastic, lesions. Such comprehensive categorization data
for GEMM are still missing. In this study, 874 microscopically categorized liver lesions from 369
macroscopically detected liver “tumors” from five different GEMM for liver tumorigenesis were
included. The histologic spectrum of diagnosis included a wide range of both benign and malignant
neoplastic (approx. 82%) and non-neoplastic (approx. 18%) lesions including hyperplasia, reactive
bile duct changes or oval cell proliferations with huge variations among the various models and
genetic backgrounds. Our study therefore critically demonstrates that models of liver tumorigenesis
can harbor a huge variety of histopathologically distinct diagnosis and, depending on the genotype,
notable variations are expectable. These findings are extremely important to warrant the correct
application of GEMM in liver cancer research and clearly emphasize the role of basic histopathology
as still being a crucial tool in modern biomedical research.
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1. Introduction

Genetically engineered mouse models (GEMM) are an elegant tool to study carcinogenesis
invivo. In the last few years, GEMM have become one of the most relevant mouse models in
biomedical research [1-8]. Usually GEMM are used to study the morphomolecular relationships
of human diseases after modelling genetic alterations associated with the human counterpart [9].
When newly designed GEMM are published for the first time, a detailed histopathological phenotyping
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is paramount to correctly classify macroscopic findings. Unfortunately, proper phenotyping is not
always provided, or the assessment of the respective phenotype is not always correct, due to a
lack of expertise or access to a histopathological (core) unit [10]. This is particularly problematic
for the scientific community, because the use of generally accepted pathology nomenclature for
unexpected and novel findings leads to publications that can be interpreted by readers, including
other pathologists [11]. Additionally, this is important, since histopathological phenotypes in GEMM
can be very tricky to diagnose, specifically in the liver “tumor” setting, mirroring the situation in
human liver pathology [12-18]. Additionally, although a histopathological classification of animal
proliferative (and non-proliferative) liver lesions exists [19], these definitions, provided by the
Society of (Veterinarian) Toxicopathology, are unknown to broad parts of the scientific community.
Both circumstances might cause or support a weak rate of reproducibility of histopathological
results published, even very frequently, in high ranking journals [11,20]. Chemically induced
rodent models for liver tumorigenesis (especially the so-called Diethylnitrosamine DEN-models) are
well characterized and present with a huge variety of proliferative liver lesions of both neoplastic
and non-neoplastic origin [21-23]. The most widely accepted classification of proliferative and
non-proliferative liver lesions originates from the INHAND consortium (International Harmonization
of Nomenclature and Diagnostic Criteria for Lesions in Rats and Mice) [19]. Hepatic lesions that might
be relevant for oncologic GEMM include alterations occurring as hepatocellular response (i.e., fatty
change, hepatocellular hypertrophy, glycogen accumulation, karyocytomegaly, and multinucleated
hepatocytes), inflammatory lesions (i.e., inflammatory cell infiltration of different types of inflammatory
cells and fibrosis), non-neoplastic proliferative alterations (i.e., foci of cellular alteration, hepatocellular
hyperplasia (regenerative/non-regenerative), Kupffer-cell and Ito cell hyperplasia, bile duct hyperplasia,
cholangiofibrosis, oval cell hyperplasia) and neoplasms (i.e., hepatocellular adenoma and carcinoma,
hepatoblastoma, cholangioma, cholangiocarcinoma, hepatocholangiocellular adenoma and carcinoma,
benign Ito cell tumor, histiocytic sarcoma, hemangioma, and hemangiosarcoma).

The sequence of liver tumorigenesis has been investigated thoroughly and described
morphologically in animal models of hepatic carcinogenesis [24,25]. In contrast, in GEMM, systematic
comparative morphomolecular investigations are lacking.

The most frequently used GEMM:s in hepatocellular carcinoma (HCC) research are based on liver
specific overexpression of oncogenes or conditional knock-out of tumor-suppressor genes involved in
hepatocarcinogenesis. Models using liver- specific overexpression of the transcription factor c-Myc are
widely used in liver cancer research. While some authors carefully characterize the neoplastic lesions in
these animals as “hepatocellular neoplasia with some features of HCC” [26], others describe HCC and
“dysplastic nodules” [27] and again others consider all macroscopically detectable lesions as HCC [28].
In a different model with a well-known oncogene (KRAS) expressed under a liver-specific promotor
(Albumin-Cre), one study describes HCC in all animals without mentioning potential precursor or
other lesions in the livers of these animals [29], while a different study revealed the occurrence of
dysplastic nodules and no HCCs [30]. The aim of this study was therefore to investigate if GEMM for
liver tumorigenesis do harbor a comparably wide spectrum of liver lesions as in chemically induced
mouse models and to apply a standardized classification scheme based on published criteria.

2. Materials and Methods

A total of 369 formalin-fixed paraffin embedded blocks (FFPE) from macroscopically detectable
tumor nodules were obtained from five GEMM with genetic alterations in various oncogenic pathways.
An AlbCre (Speer6-ps1T8(AIb-cre)21) Jine was used to allow for conditional genetic manipulation. Animals
were crossed in different combinations with animals with genetic modifications of the KRAS (Krast™4),
PTEN (Ptenf®¥), TGFBR2 (TGFBR2'™!) and/or IDH1 (IDH1"™?2)- allele. KRAS (1 = 130), KRAS/PTEN
(n =26), PTEN (n = 82), PTEN/TGFPR2 (1 = 111) and PTEN/IDH1 (n = 20) animals were analyzed, age
and sex distribution for the different models are depicted in Table S1. All samples were obtained from
the Comparative Experimental Pathology (CEP) at the Institute of Pathology, Technical University
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Munich (TUM), one of the largest core facilities in Europe for comparative pathology. An adequate
level of genetic modification/deletion of each mouse and model has been assured by the collaboration
partners [31,32]. Animals were initially provided to our collaboration partners by the Welcome
Trust Sanger Institute, Genome Campus, Hinxton, Cambridge, CB10 1SA, UK. Experiments were
approved by the local ethical committees in both the UK and Germany (TV 55.2-2532.Vet_02-16-143,
Reg. v. Oberbayern, year of approval included in number). Mice were all kept under standard
laboratory conditions (12 h day/night cycle, water and standard diet ad libitum, no special diet). Only
samples from animals originating from end-point studies were included. Samples from animals with
unclear/insufficient extent of genetic knockdown were excluded from this study. For histopathological
evaluation, H&E stainings were performed according to standard procedures and independently
evaluated by two experienced comparative pathologists, one veterinary pathologist (K.S.) and one
human surgical pathologist (C.M.), both with ample expertise in liver mouse pathology. Lesions were
classified according to the published INHAND criteria [19]. If more than one lesion was microscopically
detectable in one macroscopically described tumor, histological diagnoses were reported separately.
If a clear diagnosis could not be made due to insufficient tissue quality, inadequate sampling (e.g., only
tumor, no adjacent tissue) or if both pathologists were not able to agree on one diagnosis, lesions were
classified as “unclassifiable”. The classification criteria for proliferative liver lesions were (according to
Thoolen et al. [19] with slight modifications for clarification):

Focus of cellular alteration: no or only minimal compression of the surrounding liver tissue,
sharply demarcated from the adjacent normal hepatocytes by the appearance and staining reaction of
its cells, lobular architecture preserved.

Hepatocellular hyperplasia: comprised of slightly enlarged hepatocytes tinctorially seminal
to surrounding parenchyma, minimal to mild compression of adjacent parenchyma, lobular
architecture maintained

Bile duct hyperplasia: increased number of small, well-differentiated bile ducts arising in
portal region.

Cholangiofibrosis: consisting of dilated to cystic bile ducts filled with mucus and debris,
surrounded by inflammatory cell infiltrates and connective tissue, the epithelium was usually single
layered, epithelial cells sometimes showed a certain degree of cellular pleomorphism.

Oval cell hyperplasia: single or double row of oval to round cells along sinusoids often forming
small ductules streaming into the hepatic parenchyma

Hepatocellular adenoma: nodular lesion compressing (at least on two quadrants) the adjacent
normal hepatocytes, sharply demarcated; loss of the normal lobular architecture with irregular growth
pattern, liver plates often impinged obliquely on surrounding liver parenchyma.

Hepatocellular carcinoma: local infiltrating growth and/or lack of distinct demarcation, loss of
normal lobular architecture, trabeculae with 3 or more cell-layers.

Bile duct adenoma: uniform and well-circumscribed neoplasm with a single layer of cuboidal
cells, growing expansively with compression.

Cholangiocarcinoma: glandular structures lined by single or multilayered cuboidal or cylindrical
cells, invading into vascular or lymphatic structures and/or surrounding parenchyma

Undifferentiated carcinoma: carcinoma of hepatocellular or cholangiocellular origin where a clear
specification of the cell type of origin (based on H&E evaluation) was not possible.

Oval cell tumor: oval cell proliferation invading into the hepatic parenchyma with prominent
cellular atypia and increased nuclear:cytoplasm ratio, accompanied by prominent spindle cells.

It has to be mentioned that we did not use the term “dysplastic nodule”, which is often applied to
describe early changes in GEMM when they are compared to the human counterpart. These lesions
have been termed “foci of cellular alterations” according to the available and accepted classification for
murine lesions.
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3. Results

A total of 369 slides were evaluated, containing one macroscopically detectable tumor each.
Hereby, a total of 874 lesions (on average 2.37 lesions/slide) could be diagnosed histologically (range:
1-50 nodules/per slide). A complete list of histopathological diagnosis among the several models can
be found in Table 1.

Among those 874 lesions, 714 lesions (approximately 81.7%) were classified as neoplastic.
The diagnosis list included benign neoplastic lesions (hepatocellular or bile duct adenoma, n = 3 each;
Figure 1A,B), potential premalignant lesions (foci of cellular alterations (FCA); n = 484; Figure 1C) as
well as a broad variety of malignant lesions. Malignant neoplastic lesions included the diagnosis of
hepatocellular carcinoma (HCC) (n = 94), among those 26 early HCCs with prominent vascular pattern
(Figure 1D,E); cholangiocarcinoma (CC) (n = 70, Figure 1F); undifferentiated tumors (most probably
poorly differentiated HCC or CC, n = 5; Figure 1G) and neoplastic/malignant tumors of non-hepatic
origin (lymphoma, n = 10; Figure 1H). Further, 33 lesions presented with a prominent tumorous oval
cell proliferation with prominent spindle cells and inflammatory background. These lesions were
also classified as neoplastic (Figure S1A,B). Twelve lesions showed histopathological signs indicating
neoplasia but had to be termed as unclassifiable due to lack of sufficient histopathological criteria to
achieve a final diagnosis. In summary, the vast majority of neoplastic lesions showed a hepatocellular
differentiation (n = 581), followed by cholangiocellular differentiation (1 = 73).

In contrast, 160 (=18.3%) of all lesions had to be classified as non-neoplastic. A wide spectrum
of non-neoplastic lesions was identified including hepatocellular hyperplasia (n = 11; Figure 2A)
and metabolic changes such as macro-/microvesicular steatosis (n = 32) or glycogen accumulation
(n = 25; Figure 2B). Necrosis and/or fibrosis were present in 10 cases (Figure 2C). Interestingly, one
fifth of non-neoplastic lesions (n = 32) presented with a wide range and spectrum of reactive changes
associated with the biliary tree: lesions included bile duct hyperplasia (n = 19; Figure 2D), inflammatory
bile duct changes, cystic bile duct dilation and cholangiofibrosis (n = 13; Figure 2E,F).
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Figure 1. Spectrum of neoplastic lesions identified in genetically engineered mouse models
(GEMM) models. (A) hepatocellular adenoma; (B) bile duct adenoma; (C) foci of cellular
alterations; (D,E) hepatocellular carcinoma, early (D) and advanced (E) stage, (F) cholangiocarcinoma;
(G) undifferentiated tumors (most probably poorly differentiated hepatocellular carcinoma (HCC));
(H) lymphoma. Scale bar: 100 um, >marks the lesions.
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Table 1. Diagnosis and distribution of lesions in GEMM [%].

6 of 13

Lesions FCA HCC cc Undifferentiated ~~ Oval Cell - Background 5 ifiapge  Bile Duct/Hepatocellular
GEMM Tumor Lesion Adenoma
PTEN/TGFBR2 13.8 48 29.3 0 0 1.6 3.7 0/0
PTEN 51.7 39 49 0.5 2.0 0 2.4 0/0.49
PTEN/IDH1 6.3 0 0 0 0 0 0 0/0
KRAS 53.4 245 1.1 1.5 7.6 1.9 0 1.1/0.8
KRAS/PTEN 89.4 2.5 0.8 0 5.5 0.9 0 0/0
Lesions . Oval Cell . . Reactive Bile Duct . Glycogen . - .
GEMM Hyperplasia Proliferation Bile Duct Hyperplasia Changes Steatosis Aceumulation Inflammation Necrosis/Fibrosis
PTEN/TGFBR2 32 6.9 8.5 3.7 4.8 6.4 8.0 37
PTEN 2.0 8.3 24 15 17.0 0 0 0
PTEN/IDH1 6.3 6.3 0 12,5 12.5 25.0 12.5 18.8
KRAS 0 0.4 0.8 0.4 4.6 0.8 0.4 0.8
KRAS/PTEN 2.0 8.3 24 1.5 17.0 6.8 3.9 1.0

Percentage of lesions according to specific genetic modification.
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Figure 2. Spectrum of non-neoplastic lesions. (A) hepatocellular hyperplasia; (B) metabolic changes

including macro-/microvesicular steatosis (<) and glycogen accumulation (*); (C) fibrosis; (D) bile
duct hyperplasia; (EF) inflammatory bile duct changes including cystic bile duct dilation (E) and
cholangiofibrosis (F). Scale bar: 100 pm.

Further, oval cell proliferations, which did not fully classify as true neoplasia, were found in
n = 23 lesions (Figure S1A,B) as well as inflammation and lobular hepatitis in 31 lesions (Figure S1C,D).
A comprehensive overview of neoplastic and non-neoplastic diagnosis of all models is shown in
Figure 3.

Models with KRAS mutation presented with a three times higher average number of histological
detectable lesions compared to PTEN mutated models (KRAS: nn = 5.62 (2.17-9.08) vs. PTEN: n = 1.66
(0.8-2.50); Figure 4A). Further, KRAS mutation led to a far lower percentage of non-neoplastic lesions
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(KRAS: 4.1% vs. PTEN: 57%, Figure 4B). However, all models independent of their genetic background
developed malignant or premalignant lesions (KRAS: 90.1% of all detectable lesions (81.91-98.31%),
PTEN: 39.55% (6.25-98.31%)). With regard to sex or age distribution, no specific correlation could

A

mm  0.8% benign Hm 81.4% hepatocellular origin mm 6.9% hyperplasia

M 64.8% premalignant [ 10.2% bile duct origin I 23.1% reactive bile duct changes
= 23.3% malignant = 4.6% oval cell tumors mm 45.0% metabolic changes

mm  8.8% oval cell proliferation or tumor mm  3.8% other or unclear origin =1 16.3% inflammation

™ 0.7% undifferentiated tumors M 8.8% necrosis ffibrosis

m  1.6% unclassifiable

Figure 3. Distribution of observed lesions. (A) Distribution of observed lesions; (B) histopathological
origin of observed neoplastic lesions; (C) distribution of non-neoplastic lesions.

Both KRAS or PTEN mutated models showed background neoplastic lesions (lymphoma) (KRAS:
n =7 vs. PTEN: n = 3; Figure 4C) and undifferentiated tumors (KRAS: n = 4 vs. PTEN: n = 1 Figure 4C)
with a slight predominance of the KRAS models in both categories.

Depending on the genetic background of each model, a wide distribution and incidence of
malignant lesions was seen (Figure 4D,E). Cholangiocellular carcinoma (CC) was the most frequent
malignant tumor observed in the PTEN/TGF3R2 model (Figure 4C); however, in all other models, foci
of cellular alteration (FCA) was the most frequent lesion (Figure 4C,D) followed by hepatocellular
carcinoma (HCC).

Analyzing the distribution of non-neoplastic lesions, a huge variety among the different models
was detectable (Figure 4F). In the PTEN mutated background, a broad distribution of several lesions
throughout the models was present with detection of at least five different non-neoplastic lesions per
model. However, when looking at the KRAS mutated background, both models only showed few
non-neoplastic lesions in a very low percentage. No hyperplastic changes were observed.
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Figure 4. Distribution of diagnosis according to the genetic background. (A) Average number
of microscopically detectable lesions; (B) percentage of non-neoplastic and neoplastic lesions;
(C) distribution of background lesions and undifferentiated tumors in PTEN and KRAS models;
(D) distribution of malignant tumors in PTEN mutated subgroups; (E) distribution of malignant tumors
in KRAS mutated subgroups. (F) Distribution of non-neoplastic lesions in PTEN and KRAS subgroups.

4. Discussion

Genetically engineered mouse models (GEMM) are an important tool in modern biomedical
research [1,33-35]. However, a precise phenotyping of the newly designed models is often missing which
can lead to misinterpretation and misconclusions in the context of other highly relevant findings [11].
Chemically induced rodent models for liver tumors have been widely used for decades; thus these
models present with a profound histopathological classification of proliferative and non-proliferative
liver lesions [2]. In contrast, not much is known about the distribution of such lesions in GEMM and,
unfortunately, attempts to improve this situation are rare. Our data—drawn from a broad variety of
genetically engineered mouse models for liver tumorigenesis-identified a wide spectrum of neoplastic
and non-neoplastic, as well as benign and malignant, liver lesions comparable to the spectrum reported
in chemically induced models. All five evaluated models harbored mutations that are widely used in
published literature to study liver tumorigensis in vivo [29,36-39] reflecting only a small percentage of
genetic alterations causing liver tumors [40-46]. According to our findings, all models were suitable
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for tumorigenesis research as all reliably developed malignant tumors. KRAS mutated models in
direct comparison with all other models used in this study seemed to be more convenient for general
research purposes, presenting a robustly high percentage of malignant tumors but a low rate of benign
or non-neoplastic lesions. Combining KRAS with PTEN further enhanced the percentage of malignant
tumors but not the percentage of non-neoplastic lesions. Thus, overall, GEMM with a KRAS-mutated
background might also be appropriate for researchers with little experience in histopathology. However,
these models will probably not be able to sufficiently mimic the natural development of liver tumors in
diseased organs (e.g., cirrhotic liver, steatosis, fibrosis) which (depending on the biomedical hypothesis
these models are used for) warrants critical discussion and careful consideration in data interpretation.
In contrast, PTEN mutated models presented with a wide spectrum of neoplastic, both benign and
malignant, as well as non-neoplastic, lesions probably more closely mimicking the human situation.
Of note, these models may much better resemble the variety of human liver pathology but also
consequently request a higher number of mice included in tumor experiments to reliably reproduce
results and balance the wide spectrum of histopathological findings. Further, our data clearly show
that additional genetic alterations on a PTEN background might lead to extensive changes in the
distribution and appearance of histopathological diagnosis. Therefore, these models should only be
considered for tumor research purposes if sufficient histopathological knowledge is available in the
laboratory or in the collaborative network of the scientist. However, if applied for scientific questions on
liver pathologies other than tumorigenesis, these models might be very beneficial. With respect to the
non-neoplastic changes, one important finding in our study is that microscopic glycogen accumulation
in hepatocytes, a well-known background lesion in rodents with a daytime-dependent effect, can also
macroscopically be interpreted as a tumorous lesion.

We observed a high incidence of foci of cellular alterations (FCA) in all types of GEMM included
in this study. In carcinogen-induced models, these lesions have been investigated thoroughly
as morphological representation of metabolic aberrations associated with cellular changes [25].
Our findings show that comparable cellular alterations might also occur in genetically modified models
of liver carcinogenesis. In carcinogen-induced liver carcinogenesis in rats, different types of FCA have
been identified as precursor lesions of malignant hepatocellular neoplasms [24,25]. This has not been
proven in genetically modified mouse models.

Taken together, four main findings of this study highlight the importance of classic H&E-based
histology in biomedical research: (i) the number of histologically distinguishable lesions was on
average more than twice the number of macroscopically detectable tumorous lesions that were sent
for histopathological evaluation, (ii) all lesions—irrespective of their neoplastic or non-neoplastic
nature—appeared as a visible “tumor nodule”, (iii) roughly 20% (which means on average every fifth
visible tumor nodule) turned out to be of non-neoplastic/reactive origin and (iv) GEMM with different
genetic backgrounds may present with an extensive spectrum and distribution of histopathological
diagnoses and only slight alterations may change this distribution significantly.

Thus, these results clearly indicate that pure macroscopic descriptions of tumorous lesions or
imaging data without corresponding microscopic/histological correlation (or any other more detailed
characterization such as molecular characterization) might not be sufficient to fully and correctly
characterize (newly designed) mouse models for liver tumorigenesis.

It is widely discussed that biomedical research struggles with persistent problems in
reproducibility [47-49]. Our findings, based on simple H&E stains but evaluated by experienced
pathologists, fully support this discussion and identify one of the main reasons for reproducibility
problems in GEMM research. We believe that our findings are of great significance for all researchers
dealing with GEMM in the setting of liver tumorigenesis. We hope that this study might help
to create increasing awareness for histopathology-based research approaches as an indispensable,
simple and cost-efficient tool regardless of whether they are performed by pathologists (either human
or veterinary—both need a specific expertise in this field) or researchers with pathology expertise
potentially backed by an experimental pathology core unit [10]. Such an awareness, and continuous
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thorough characterizations of liver lesions, will further improve the results in GEMM-based liver
tumor research. Studies like this should, in general, further encourage scientific journals publishing
biomedical results including new GEMM to request (i) correct and comprehensive phenotyping of
GEMM and (ii) a histopathological classification of any macroscopically detected lesion/alterations.

5. Conclusions

GEMMs in biomedical research have become a widely used elegant tool to study tumorigenesis
in vivo. However, appropriate usage of these models and a clear (histological) phenotyping are
essential to correct interpretation of results and conclusions.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/8/2265/s1,
Figure S1: Additional lesions identified in GEMM, Table S1: Distribution of age and sex of GEMM.

Author Contributions: Conceptual design of the study: K.S., R.R., WW., C.M. Evaluation of slides, results: K.S.,
N.G., S.AW.,, CM. Critical discussion: K.S., N.G., R.R.,, WW., C.M. All authors have read and agreed to the
published version of the manuscript.

Funding: K.S. is supported by the German Research Foundation (Deutsche Forschungsgemeinschaft; DFG;
SFB1335-360372040), project Z01. R.R. is supported by the European Research Council (Consolidator Grant
PACA-MET and MSCA-ITN-ETN PRECODE), the German Research Foundation (DFG RA1629/2-1; SFB1321;
SFB1335), the German Cancer Consortium Joint Funding Program, and the Deutsche Krebshilfe (70112480). C.M.
is supported by the Deutsche Forschungsgemeinschaft (DFG) project Z02 within CRC1366 “Vascular Control of
Organ Function” [project number 39404578].

Acknowledgments: The authors thank Olga Seelbach and Maximilian Giinzl for excellent technical support.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Gengenbacher, N.; Singhal, M.; Augustin, H.G. Preclinical mouse solid tumour models: Status quo, challenges
and perspectives. Nat. Rev. Cancer 2017, 17, 751-765. [CrossRef]

2. Bakiri, L.; Wagner, E.F. Mouse models for liver cancer. Mol. Oncol. 2013, 7, 206-223. [CrossRef] [PubMed]
3. Brown, Z.].; Heinrich, B.; Greten, T.F. Mouse models of hepatocellular carcinoma: An overview and highlights
for immunotherapy research. Nat. Rev. Gastroenterol. Hepatol. 2018, 15, 536-554. [CrossRef] [PubMed]

4. Carlessi, R.; Kohn-Gaone, J.; Olynyk, J.K.; Tirnitz-Parker, J.E.E. Mouse Models of Hepatocellular Carcinoma.
In Hepatocellular Carcinoma; Tirnitz-Parker, J.E.E., Ed.; Codon Publications: Brisbane, Australia, 2019.
[CrossRef]

5. Chen, K.; Ma,]; Jia, X.; Ai, W.; Ma, Z.; Pan, Q. Advancing the understanding of NAFLD to hepatocellular
carcinoma development: From experimental models to humans. Biochim. Biophys. Acta Rev. Cancer 2019,
1871, 117-125. [CrossRef] [PubMed]

6. Cho, K, Ro,S.W,; Seo, S.H.; Jeon, Y.; Moon, H.; Kim, D.Y.; Kim, S.U. Genetically Engineered Mouse Models
for Liver Cancer. Cancers 2019, 12, 14. [CrossRef] [PubMed]

7. Fausto, N.; Campbell, ].S. Mouse models of hepatocellular carcinoma. Semin. Liver Dis. 2010, 30, 87-98.
[CrossRef]

8. He, L.; Tian, D.A ; Li, PY.;; He, X.X. Mouse models of liver cancer: Progress and recommendations. Oncotarget
2015, 6, 23306-23322. [CrossRef]

9. Knoblaugh, S.E.; Hohl, T.M.; La Perle, KM.D. Pathology Principles and Practices for Analysis of Animal
Models. ILAR J. 2018, 59, 40-50. [CrossRef]

10. Steiger, K.; Ballke, S.; Yen, H.Y,; Seelbach, O.; Alkhamas, A.; Boxberg, M.; Schwamborn, K.; Knolle, PA.;
Weichert, W.; Mogler, C. Histopathological research laboratories in translational research: Conception and
integration into the infrastructure of pathological institutes. Der Pathol. 2019, 40, 172-178. [CrossRef]

11.  Ward, J.M.; Schofield, P.N.; Sundberg, J.P. Reproducibility of histopathological findings in experimental
pathology of the mouse: A sorry tail. Lab. Anim. 2017, 46, 146-151. [CrossRef]

12.  Kubota, T. Metastatic models of human cancer xenografted in the nude mouse: The importance of orthotopic
transplantation. J. Cell. Biochem. 1994, 56, 4-8. [CrossRef] [PubMed]

13. Leenders, M.W.; Nijkamp, M.W.; Borel Rinkes, .H. Mouse models in liver cancer research: A review of
current literature. World J. Gastroenterol. 2008, 14, 6915-6923. [CrossRef] [PubMed]


http://www.mdpi.com/2072-6694/12/8/2265/s1
http://dx.doi.org/10.1038/nrc.2017.92
http://dx.doi.org/10.1016/j.molonc.2013.01.005
http://www.ncbi.nlm.nih.gov/pubmed/23428636
http://dx.doi.org/10.1038/s41575-018-0033-6
http://www.ncbi.nlm.nih.gov/pubmed/29904153
http://dx.doi.org/10.15586/hepatocellularcarcinoma.2019.ch4
http://dx.doi.org/10.1016/j.bbcan.2018.11.005
http://www.ncbi.nlm.nih.gov/pubmed/30528647
http://dx.doi.org/10.3390/cancers12010014
http://www.ncbi.nlm.nih.gov/pubmed/31861541
http://dx.doi.org/10.1055/s-0030-1247135
http://dx.doi.org/10.18632/oncotarget.4202
http://dx.doi.org/10.1093/ilar/ilz001
http://dx.doi.org/10.1007/s00292-018-0458-2
http://dx.doi.org/10.1038/laban.1214
http://dx.doi.org/10.1002/jcb.240560103
http://www.ncbi.nlm.nih.gov/pubmed/7806591
http://dx.doi.org/10.3748/wjg.14.6915
http://www.ncbi.nlm.nih.gov/pubmed/19058325

Cancers 2020, 12, 2265 12 of 13

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Molina-Sanchez, P.; Lujambio, A. Experimental Models for Preclinical Research in Hepatocellular Carcinoma.
In Hepatocellular Carcinoma: Translational Precision Medicine Approaches; Hoshida, Y., Ed.; Springer: Cham,
Switzerland, 2019. [CrossRef]

Pascale, R.M.; Simile, M.M.; Peitta, G.; Seddaiu, M.A.; Feo, F,; Calvisi, D.F. Experimental Models to Define
the Genetic Predisposition to Liver Cancer. Cancers 2019, 11, 1450. [CrossRef]

Sanchez, A.; Fabregat, I. Genetically modified animal models recapitulating molecular events altered in
human hepatocarcinogenesis. Clin. Transl. Oncol. 2009, 11, 208-214. [CrossRef] [PubMed]

Tennant, B.C. Animal models of hepadnavirus-associated hepatocellular carcinoma. Clin. Liver Dis. 2001, 5,
43-68. [CrossRef]

Whitlock, R.S.; Yang, T.; Vasudevan, S.A.; Woodfield, S.E. Animal Modeling of Pediatric Liver Cancer. Cancers
2020, 12, 273. [CrossRef] [PubMed]

Thoolen, B.; Maronpot, R.R.; Harada, T.; Nyska, A.; Rousseaux, C.; Nolte, T.; Malarkey, D.E.; Kaufmann, W.;
Kuttler, K.; Deschl, U.; et al. Proliferative and nonproliferative lesions of the rat and mouse hepatobiliary
system. Toxicol. Pathol. 2010, 38, 55-81S. [CrossRef]

Mazer, B.L.; Homer, R.J.; Rimm, D.L. False-positive pathology: Improving reproducibility with the next
generation of pathologists. Lab. Investig. 2019, 99, 1260-1265. [CrossRef]

Pisani, G.B.; Valenti, J.L.; Quintana, A.B. Hepatic preneoplasia induction in male Wistar rats: Histological
studies up to five months post treatment. Rev. Esp. De Enferm. Dig.: Organo Of. De La Soc. Esp. De Patol. Dig.
2016, 108, 457-463. [CrossRef]

Ruebner, B.H.; Gershwin, M.E.; Hsieh, L.; Dunn, P. Ultrastructure of spontaneous neoplasms induced by
diethylnitrosamine and dieldrin in the C3H mouse. J. Environ. Pathol. Toxicol. 1980, 4, 237-254.

Solt, D.B.; Medline, A.; Farber, E. Rapid emergence of carcinogen-induced hyperplastic lesions in a new
model for the sequential analysis of liver carcinogenesis. Am. J. Pathol. 1977, 88, 595-618. [PubMed]

Popp, J.A.; Goldsworthy, T.L. Defining foci of cellular alteration in short-term and medium-term rat liver
tumor models. Toxicol. Pathol. 1989, 17, 561-568. [CrossRef]

Bannasch, P.; Enzmann, H.; Klimek, F.; Weber, E.; Zerban, H. Significance of sequential cellular changes
inside and outside foci of altered hepatocytes during hepatocarcinogenesis. Toxicol. Pathol. 1989, 17, 617-628.
[CrossRef] [PubMed]

Freimuth, ]J.; Gassler, N.; Moro, N.; Gunther, R.W.; Trautwein, C.; Liedtke, C.; Krombach, G.A. Application
of magnetic resonance imaging in transgenic and chemical mouse models of hepatocellular carcinoma.
Mol. Cancer 2010, 9, 94. [CrossRef] [PubMed]

Friemel, J.; Frick, L.; Unger, K.; Egger, M.; Parrotta, R.; Boge, Y.T.; Adili, A.; Karin, M.; Luedde, T,
Heikenwalder, M.; et al. Characterization of HCC Mouse Models: Towards an Etiology-Oriented Subtyping
Approach. Mol. Cancer Res. 2019, 17, 1493-1502. [CrossRef]

Lee, ].S.; Chu, 1.S.; Mikaelyan, A.; Calvisi, D.E; Heo, J.; Reddy, J.K.; Thorgeirsson, S.S. Application of
comparative functional genomics to identify best-fit mouse models to study human cancer. Nat. Genet. 2004,
36, 1306-1311. [CrossRef]

Ye, H.; Zhang, C.; Wang, BJ.; Tan, X.H.; Zhang, W.P; Teng, Y.; Yang, X. Synergistic function of Kras mutation
and HBx in initiation and progression of hepatocellular carcinoma in mice. Oncogene 2014, 33, 5133-5138.
[CrossRef]

Ikenoue, T.; Terakado, Y.; Nakagawa, H.; Hikiba, Y.; Fujii, T.; Matsubara, D.; Noguchi, R.; Zhu, C;
Yamamoto, K.; Kudo, Y.; et al. A novel mouse model of intrahepatic cholangiocarcinoma induced by
liver-specific Kras activation and Pten deletion. Sci. Rep. 2016, 6, 23899. [CrossRef]

Rad, R.; Rad, L.; Wang, W.; Strong, A.; Ponstingl, H.; Bronner, L.F; Mayho, M.; Steiger, K.; Weber, J.;
Hieber, M.; et al. A conditional piggyBac transposition system for genetic screening in mice identifies
oncogenic networks in pancreatic cancer. Nat. Genet. 2015, 47, 47-56. [CrossRef]

Weber, J.; de la Rosa, J.; Grove, C.S.; Schick, M.; Rad, L.; Baranov, O.; Strong, A.; Pfaus, A.; Friedrich, M.].;
Engleitner, T.; et al. PiggyBac transposon tools for recessive screening identify B-cell lymphoma drivers in
mice. Nat. Commun. 2019, 10, 1415. [CrossRef]

Das Thakur, M.; Pryer, N.K.; Singh, M. Mouse tumour models to guide drug development and identify
resistance mechanisms. J. Pathol. 2014, 232, 103-111. [CrossRef] [PubMed]

Huijbers, 1.]. Generating Genetically Modified Mice: A Decision Guide. Methods Mol. Biol. 2017, 1642, 1-19.
[CrossRef] [PubMed]


http://dx.doi.org/10.1007/978-3-030-21540-8_16
http://dx.doi.org/10.3390/cancers11101450
http://dx.doi.org/10.1007/s12094-009-0342-x
http://www.ncbi.nlm.nih.gov/pubmed/19380297
http://dx.doi.org/10.1016/S1089-3261(05)70153-7
http://dx.doi.org/10.3390/cancers12020273
http://www.ncbi.nlm.nih.gov/pubmed/31979130
http://dx.doi.org/10.1177/0192623310386499
http://dx.doi.org/10.1038/s41374-019-0257-2
http://dx.doi.org/10.17235/reed.2016.4183/2015
http://www.ncbi.nlm.nih.gov/pubmed/18937
http://dx.doi.org/10.1177/0192623389017004102
http://dx.doi.org/10.1177/0192623389017004107
http://www.ncbi.nlm.nih.gov/pubmed/2697940
http://dx.doi.org/10.1186/1476-4598-9-94
http://www.ncbi.nlm.nih.gov/pubmed/20429921
http://dx.doi.org/10.1158/1541-7786.MCR-18-1045
http://dx.doi.org/10.1038/ng1481
http://dx.doi.org/10.1038/onc.2013.468
http://dx.doi.org/10.1038/srep23899
http://dx.doi.org/10.1038/ng.3164
http://dx.doi.org/10.1038/s41467-019-09180-3
http://dx.doi.org/10.1002/path.4285
http://www.ncbi.nlm.nih.gov/pubmed/24122209
http://dx.doi.org/10.1007/978-1-4939-7169-5_1
http://www.ncbi.nlm.nih.gov/pubmed/28815490

Cancers 2020, 12, 2265 13 of 13

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.
49.

Webster, ].D.; Santagostino, S.F.; Foreman, O. Applications and considerations for the use of genetically
engineered mouse models in drug development. Cell Tissue Res. 2019, 380, 325-340. [CrossRef] [PubMed]
Cao, H.; Xu, Z.; Wang, ].; Cigliano, A.; Pilo, M.G.; Ribback, S.; Zhang, S.; Qiao, Y.; Che, L.; Pascale, RM.; et al.
Functional role of SGK3 in PI3K/Pten driven liver tumor development. BMC Cancer 2019, 19, 343. [CrossRef]
Hill, M.A.; Alexander, W.B.; Guo, B.; Kato, Y.; Patra, K.; O'Dell, M.R.; McCall, M.N.; Whitney-Miller, C.L.;
Bardeesy, N.; Hezel, A.F. Kras and Tp53 Mutations Cause Cholangiocyte And Hepatocyte-Derived
Cholangiocarcinoma. Cancer Res. 2018, 78, 4445-4451. [CrossRef]

Kachaylo, E.; Tschuor, C.; Calo, N.; Borgeaud, N.; Ungethum, U.; Limani, P; Piguet, A.C.; Dufour, ].E,; Foti, M.;
Graf, R.; et al. PTEN Down-Regulation Promotes beta-Oxidation to Fuel Hypertrophic Liver Growth After
Hepatectomy in Mice. Hepatology 2017, 66, 908-921. [CrossRef]

Lin, YK,; Fang, Z.; Jiang, T.Y.; Wan, Z.H.; Pan, Y.F; Ma, YH.; Shi, Y.Y,; Tan, Y.X,; Dong, L.W.; Zhang, Y].; et al.
Combination of Kras activation and PTEN deletion contributes to murine hepatopancreatic ductal malignancy.
Cancer Lett. 2018, 421, 161-169. [CrossRef]

Calderaro, J.; Ziol, M.; Paradis, V.; Zucman-Rossi, J. Molecular and histological correlations in liver cancer.
J. Hepatol. 2019, 71, 616-630. [CrossRef]

Craig, A.J.; von Felden, J.; Garcia-Lezana, T.; Sarcognato, S.; Villanueva, A. Tumour evolution in hepatocellular
carcinoma. Nat. Rev. Gastroenterol. Hepatol. 2020, 17, 139-152. [CrossRef]

Huang, W.; Skanderup, A.].; Lee, C.G. Advances in genomic hepatocellular carcinoma research. Gigascience
2018, 7, 7. [CrossRef]

Kutly, O.; Kaleli, H.N.; Ozer, E. Molecular Pathogenesis of Nonalcoholic Steatohepatitis-(NASH-) Related
Hepatocellular Carcinoma. Can. J. Gastroenterol. Hepatol. 2018, 2018, 1-9. [CrossRef]

Lombardi, A.; Grimaldi, A.; Zappavigna, S.; Misso, G.; Caraglia, M. Hepatocarcinoma: Genetic and epigenetic
features. Minerva Gastroenterol. Dietol. 2018, 64, 14-27. [CrossRef] [PubMed]

Singh, A K.; Kumar, R.; Pandey, A K. Hepatocellular Carcinoma: Causes, Mechanism of Progression and
Biomarkers. Curr. Chem. Genom. Transl. Med. 2018, 12, 9-26. [CrossRef] [PubMed]

Umeda, S.; Kanda, M.; Kodera, Y. Emerging evidence of molecular biomarkers in hepatocellular carcinoma.
Histol. Histopathol. 2018, 33, 343-355. [CrossRef] [PubMed]

Begley, C.G.; Ioannidis, J.P. Reproducibility in science: Improving the standard for basic and preclinical
research. Circ. Res. 2015, 116, 116-126. [CrossRef]

Pulverer, B. Reproducibility blues. EMBO ]. 2015, 34, 2721-2724. [CrossRef]

Pusztai, L.; Hatzis, C.; Andre, F. Reproducibility of research and preclinical validation: Problems and
solutions. Nat. Rev. Clin. Oncol. 2013, 10, 720-724. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1007/s00441-019-03101-y
http://www.ncbi.nlm.nih.gov/pubmed/31486957
http://dx.doi.org/10.1186/s12885-019-5551-2
http://dx.doi.org/10.1158/0008-5472.CAN-17-1123
http://dx.doi.org/10.1002/hep.29226
http://dx.doi.org/10.1016/j.canlet.2018.02.017
http://dx.doi.org/10.1016/j.jhep.2019.06.001
http://dx.doi.org/10.1038/s41575-019-0229-4
http://dx.doi.org/10.1093/gigascience/giy135
http://dx.doi.org/10.1155/2018/8543763
http://dx.doi.org/10.23736/S1121-421X.17.02408-4
http://www.ncbi.nlm.nih.gov/pubmed/28398025
http://dx.doi.org/10.2174/2213988501812010009
http://www.ncbi.nlm.nih.gov/pubmed/30069430
http://dx.doi.org/10.14670/HH-11-936
http://www.ncbi.nlm.nih.gov/pubmed/28959824
http://dx.doi.org/10.1161/CIRCRESAHA.114.303819
http://dx.doi.org/10.15252/embj.201570090
http://dx.doi.org/10.1038/nrclinonc.2013.171
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Results 
	Discussion 
	Conclusions 
	References

