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Abstract

:

A better understanding of the process of melanoma metastasis is required to underpin the development of novel therapies that will improve patient outcomes. The use of appropriate animal models is indispensable for investigating the mechanisms of melanoma metastasis. However, reliable and practicable quantification of metastases in experimental mice remains a challenge, particularly if the metastatic burden is low. Here, we describe a qRT-PCR-based protocol that employs the melanocytic marker Trp-1 for the sensitive quantification of melanoma metastases in the murine lung. Using this protocol, we were able to detect the presence of as few as 100 disseminated melanoma cells in lung tissue. This allowed us to quantify metastatic burden in a spontaneous syngeneic B16-F10 metastasis model, even in the absence of visible metastases, as well as in the autochthonous Tg(Grm1)/Cyld−/− melanoma model. Importantly, we also observed an uneven distribution of disseminated melanoma cells amongst the five lobes of the murine lung, which varied considerably from animal to animal. Together, our findings demonstrate that the qRT-PCR-based detection of Trp-1 allows the quantification of low pulmonary metastatic burden in both transplantable and autochthonous murine melanoma models, and show that the analysis of lung metastasis in such models needs to take into account the stochastic distribution of metastatic lesions amongst the lung lobes.
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1. Introduction


Malignant cutaneous melanoma is characterized by early dissemination and subsequent metastatic colonization of multiple organs [1]. One of the most frequent sites of metastasis is the lung, with around 18% of melanoma patients developing metastatic pulmonary foci during follow-up [2,3], which is associated with a 1-year survival rate of 57% [4].



Experimentally, the process of melanoma metastasis is usually investigated using rodent models. However, accurate quantification of organ metastases in these models remains a significant challenge. Traditionally, visible superficial metastases are enumerated post mortem. However, metastases need to be relatively large to be quantified, and metastatic foci growing within the organ, that are not visible from the surface, will not contribute to the quantification. To circumvent these problems, organs are often also examined histologically. However, this is a laborious process, particularly if metastases are rare and entire organs must be sectioned to provide a systematic assessment of metastatic burden [5]. Immune cell infiltrates or perivascular areas may also be misidentified histologically as micrometastases [5]. Moreover, an unequal distribution of metastatic foci within a particular organ may lead to misleading quantification results with such histological methods. For example, the mouse lung has five lobes; if pulmonary metastasis is evaluated in only a single lobe, or if metastasis is quantified through multiple methods that each use a different lobe, then a skewed or misleading quantification may ensue if metastatic foci are not equally distributed throughout all of the lung lobes.



Several imaging technologies facilitate the evaluation of metastasis formation in specific organs, either longitudinally within living animals, or ex vivo post mortem. Photonic imaging methods based on fluorescence or bioluminescence have been widely employed, and while they offer a number of important advantages, they are also subject to a number of major limitations. Photon attenuation as a function of depth and of the heterogeneous optical properties of tissues can result in loss of signal and non-linear results, and signal scattering by tissues limits spatial resolution [6]. In addition, the luciferase proteins that catalyze the bioluminescence reaction, as well as fluorescent reporter proteins, such as GFP, can trigger immune responses in immunocompetent animals, leading to the elimination of luciferase- or GFP-expressing cells, and the suppression of metastasis formation [7,8,9]. Moreover, oxygen and ATP are required for the generation of a bioluminescence signal, and as tumor tissues are often hypoxic, this can significantly attenuate the signal generated [10]. Other imaging approaches, such as magnetic resonance imaging (MRI), X-ray computed tomography (CT), or positron emission tomography (PET) can be used for imaging and quantification of metastases, but are limited in their sensitivity and require specialized and costly equipment.



Therefore, there is a need for methods that allow reliable detection and quantification of overt metastases, micrometastases and disseminated tumor cells. PCR-based approaches have the potential to fulfil these requirements, if marker genes are expressed, specifically in metastatic cells and not in the tissues in which metastases develop [11,12,13,14,15,16,17,18]. Tyrosine-related proteins 1 and 2 (Trp-1 and Trp-2) are involved in the synthesis of melanin (reviewed in [19,20]), which is characteristic for cells of melanocytic origin. Accordingly, Trp-1 and Trp-2 transcripts are absent from most non-melanocytic tissues [21], but are expressed in melanocytes, in melanomas and their metastases, and by many different melanoma cell lines [17,22,23], including the well-established and widely used B16 cell line [22,24]. Therefore, Trp-1 and Trp-2 represent potentially useful markers for the detection of disseminated melanoma cells, over and above any endogenous expression from melanocytes in the tissue concerned [17].



Here, we describe the development of a protocol for the detection of melanoma cells in the lung of experimental mice, based on quantification of tyrosine-related protein 1 (Trp-1) expression by qRT-PCR, which can be used to quantify melanoma metastases in murine spontaneous metastasis and autochthonous models. In addition to allowing metastatic burden to be evaluated, even where overt metastases are not present, our results also show that pulmonary metastases are not equally distributed amongst the lobes of the murine lung in individual animals, indicating that the quantification of pulmonary metastasis in murine models must take this heterogeneous distribution into account.




2. Materials and Methods


2.1. Cell Lines


The RheoSwitch inducible expression system [25] was introduced into B16-F10 cells. The resulting B16-RheoSwitch (B16-RS) cells were cultivated in DMEM containing 4.5 g/L glucose (Gibco/Thermo Fisher Scientific, Dreieich, Germany), 10% fetal bovine serum (Sigma Aldrich, Taufkirchen, Germany), and 1% penicillin/streptomycin (Gibco/Thermo Fisher Scientific). The cells were confirmed to be mycoplasma negative.




2.2. Ex Vivo Admixture Experiments


Murine lung tissue was admixed with 1 × 102–1 × 106 B16-RS cells transfected with RheoSwitch constructs, which enable the induced expression of the immediate early gene Ier2, and was dissociated mechanically in TRIzol, using metal beads with a TissueLyser II (QIAGEN, Hilden, Germany) for 5 min at 30 Hz, with the holder pre-cooled to −20 °C. In some experiments, individual lung lobes were admixed with 1 × 102–1 × 105 B16-RS cells. All samples were immediately processed for qRT-PCR analysis.




2.3. Quantitative Real Time PCR (qRT-PCR)


Total RNA was isolated using TRIzol reagent (Thermo Fisher Scientific), following the manufacturer’s instructions. RNA (1–2 μg) was treated with RNase-free DNase I (Thermo Fisher), followed by EDTA deactivation for 10 min at 65 °C. First strand cDNA was synthesized with random hexamer primers, using dNTP mix and RevertAid H Minus Reverse transcriptase (Thermo Fisher Scientific, Dreieich, Germany). qRT-PCR was performed in a Stratagene Mx3500P qPCR machine (Agilent, Waldbronn, Germany), using SYBR Select Master Mix, containing SYBR Green dye (Applied Biosystems/Thermo Fisher Scientific, Dreieich, Germany) or GoTaq qPCR Master Mix (Promega, Walldorf, Germany). The relative quantity of cDNA was estimated using the ΔΔCT method, and data were normalized to ribosomal protein 60S acidic ribosomal protein P0 (RPLP0). For the experiments in which Trp-1 levels in spontaneous metastases were quantified (Figures 2C and 3C), the data were additionally normalized to the mean Trp-1 signal in lungs of non-tumor-bearing mice, which was set at 1. The PCR program parameters were: 1 cycle of initial denaturation (95 °C, 2 min), followed by 40 cycles consisting of 95 °C for 15 s and 60 °C for 1 min, and a final cycle consisting of 95 °C for 1 min, 55 °C for 30 s, and 95 °C for 30 s.



The following forward and reverse primers, purchased from metabion (Steinkirchen, Germany), were used for qRT-PCR: RPLP0: 5′-GGA CCC GAG AAG ACC TCC TT-3′, 5′-GCA CAT CAC TCA GAA TTT CAA TGG-3′; Trp-1: 5′-GCT GGA GAG AGA CAT GCA GGA-3′, 5′-AGT GCA GAC ATC GCA GAC GTT-3′. Trp-2: 5′- TTA CGC CGT TGA TCT GTC AGA G-3′, 5′-TTG CGA AGC CTT CTG TAT TGA A-3′; RheoActivator element (RA): 5′-ACG CGC TAG ACG ATT TCG AT-3′, 5′- TCA AAC CCC TCA CCT CTG GA-3′.




2.4. Animals


C57Bl/6J mice were obtained from Charles Rivers Laboratories (Sulzfeld, Germany) and C57Bl/6JOlaHsd (C57BL/6J) mice were purchased from Envigo (Horst, Netherlands). C57Bl/6J;Tg(Grm1)/Cyld−/− mice [26] were used with the permission of Prof. Suzie Chen, who originally established the Tg(Grm1) line [27].



Mice were kept in groups of 4 in type III Makrolon filtertop cages (Tecniplast, Hohenpeißenberg, Germany) containing SAFE fs14 bedding (J. Rettenmaier & Söhne, Rosenberg, Germany). Rat/mouse extruded food (ssniff, Soest, Germany) and sterilized water acidified with HCl (pH: 2.8–3.1) was provided ad libitum. The specific-pathogen-free area was kept at 20 °C and 30–60% humidity on a 7:00–20:00 light cycle. The health status of the animals in the facility was routinely assessed by a commercial veterinarian laboratory (mfd Diagnostics, Wendelsheim, Germany) with serological examinations every three months (epizootic diarrhea of infant mice, mouse hepatitis virus, murine norovirus, minute virus of mice, Theiler´s encephalomyelitis virus, and Pasteurella pneumotropica) or annually (Clostridium piliforme, Mousepox, lymphocytic choriomeningitis virus, mouse adenovirus type 1 and type 2, Mycoplasma pulmonis, pneumonia virus of mice, Reovirus type 3, and Sendai virus).




2.5. Spontaneous Metastasis Assay


C57Bl/6 mice (9 weeks old) were injected with 1 × 105 OPN-deficient B16-RS cells transfected with RheoSwitch constructs that enable the induced expression of the immediate early gene Ier2. The cells were resuspended in 100 μL PBS and injected s.c. into the flank. The data presented in this study are part of an experiment where 50 mg/kg of pharmacologically inert diacylhydrazine RheoSwitch ligand (Exclusive Chemistry Ltd., Obninsk, Russia) was administered i.p. daily to induce the expression of Ier2, starting from day 5 following cell transplantation. Control mice received an equivalent volume of DMSO vehicle. Tumor size was measured regularly in three dimensions using a caliper. The animals were sacrificed when the tumor size reached 2 cm in one dimension or if they became moribund. Lungs were explanted post mortem, inspected for visible metastases, photographed, and then flash frozen in liquid nitrogen. The frozen lungs were kept at −80 °C until RNA isolation. For RNA isolation, the frozen lungs were transferred into TRIzol, and further processed as described above.




2.6. Autochthonous Metastasis Model


C57Bl/6J;Tg(Grm1)/Cyld−/− transgenic animals were monitored once a week for the development of melanocytic lesions and melanoma growth. Mice aged 1 year were euthanized, lungs were explanted post mortem, inspected for visible metastases, photographed, and flash frozen in liquid nitrogen. The frozen lungs were kept at −80 °C until RNA isolation. For RNA isolation, the frozen lungs were transferred into TRIzol, and further processed as described above. For qRT-PCR analysis, half of each lung lobe was pooled into one sample. C57BL/6J mice aged 6 months and 1 year were used as controls.




2.7. Hematoxylin-Eosin Staining


Paraffin sections on glass slides were deparaffinized with three 5 min changes of RotiHistol and a descending series of 100%-96%-80%-70% ethanol. The slides were immersed for 30 s in Mayer′s hemalum solution (Merck) and washed for 10 min in running tap water for bluing. Staining with a 0.5% alcoholic eosin-Y solution (Merck, Darmstadt, Germany) was followed by a short wash in tap water, dehydration in an ascending series of 70%-80%-96%-100%-100% ethanol, three 5 min changes of Roti-Histol, and embedding in Eukitt mounting medium (Merck).




2.8. Statistical Analysis


Results are represented as the mean +SEM. Graphs for qRT-PCR experiments represent data from a minimum of 3 biological replicates, with each biological replicate being executed in 2 technical replicates. For multiple group analysis, one-way ANOVA was used in Prism 7 (GraphPad Software, San Diego, CA, USA).





3. Results


3.1. Trp-1 and Trp-2 Transcript Levels Correlate with Melanoma Cell Numbers Admixed with Lung Tissue Ex Vivo


To allow easy and unambiguous quantification of melanoma metastatic burden, we determined the utility of Trp-1 and Trp-2 as melanoma cell markers, using the murine lung as a model organ. To this end, we first tested if the expression of Trp-1 and Trp-2 transcripts detected by qRT-PCR correlated with the number of B16-RS melanoma cells admixed with lung tissue. The presence of the RheoSwitch construct in the B16-RS cells enabled us to amplify and detect the RheoActivator element, which served as a tumor cell-specific marker, and was normalized to the expression of the 60S acidic ribosomal protein P0 (RPLP0), used as a house-keeping gene. We found that the level of RheoActivator signal detected by qPCR correlated with the number of admixed B16-RS cells in a linear manner, with a coefficient of determination of 0.92 (Figure 1). Similarly, Trp-1 and Trp-2 transcript levels also correlated with the number of admixed B16-RS cells, with comparable coefficients of determination for a linear correlation (Figure 1). The sensitivities of detection for both Trp-1 and Trp-2 were similarly high, since as few as 100 cells could be clearly detected by both markers (Figure 1). As the expression of Trp-1 was found to be higher than the expression of Trp-2, in further experiments, we focused on Trp-1 in order to optimize the detection of small numbers of tumor cells.



Murine lungs consist of five individual lung lobes (right cranial lobe, right middle lobe, right caudal lobe, accessory lobe, and left lobe [28]) that differ in size (Figure 2A). To our knowledge, the incidence and distribution of metastases in each lobe has not been investigated so far. In order to determine whether Trp-1 expression might be useful to address this question for melanoma cells, we next assessed if the correlation between Trp-1 levels and melanoma cell number is maintained between the different lung lobes. To this end, different numbers of melanoma cells were admixed with individual lung lobes, and Trp-1 levels were then quantified and normalized to RPLP0. We observed a linear correlation with nearly identical coefficients of determination (0.84–0.86) for all lung lobes (Figure 2B). Together, these data show that Trp-1 transcription can be used as a quantifiable measure of the number of melanoma cells in all lung lobes.




3.2. B16-RS Lung Metastases Are Distributed Stochastically between the Lobes of the Mouse Lung


Next, we performed a spontaneous metastasis experiment with B16-RS cells in vivo, and investigated the utility of the qRT-PCR-based quantification of Trp-1 to determine metastatic burden in lung lobes where no visible overt metastases were present, as well as whether lung metastases were distributed equally amongst the lung lobes. To this end, B16-RS cells were subcutaneously injected into the flank of syngeneic mice. The animals were sacrificed once the primary tumors reached a diameter of 2 cm in one dimension. The lungs were then isolated, dissected, and the individual lobes were analyzed, first by eye for macroscopically visible metastases, and then via qRT-PCR for Trp-1 expression. We found that Trp-1 expression was highest in those lobes that showed overt macroscopically visible metastases (Figure 2C). Furthermore, a significant metastatic burden could be detected in specific lung lobes, even when no visible surface metastases were present (Figure 2C). Moreover, metastases were randomly distributed amongst the different lung lobes, and varied considerably from animal to animal, with some lobes being free of detectable tumor cells, while other lobes in the same animal had a high metastatic burden 3.3. Trp-1 Quantification Is a Sensitive Method for Detecting Pulmonary Metastases in Mice That Develop Autochthonous Melanoma.



Tg(Grm1)/Cyld−/− mice autochthonously developed melanoma mainly on the tail and ears (Figure 3A), due to an increased expression of the metabotropic glutamate receptor 1 (GRM1) under the control of the melanocyte specific Dct (Trp-2) promoter, and a lack of the tumor suppressor cylindromatosis (CYLD) [26]. The mice developed metastases in lymph nodes [26] and lung (Figure 3B,C). To assess the sensitivity of Trp-1 as a marker for quantifying pulmonary metastases in this context, we isolated lungs of Tg(Grm1)/Cyld−/− mice, documented macroscopically visible metastases, and tested their correlation with the expression levels of Trp-1 transcripts. Trp-1 expression in the lungs of C57Bl/6 wild type mice served as a baseline control. High Trp-1 expression in the lungs of Tg(Grm1)/Cyld−/− mice corresponded with the occurrence of visible metastases (Figure 3C). Lower levels of Trp-1 were also detected in lung lobes in which no visible metastases were present (Figure 3C), indicating that our protocol is sufficiently sensitive to detect disseminated tumor cells and micrometastases before they become macroscopically visible.





4. Discussion


Here, we described a protocol for the detection and quantification of melanoma metastases in the murine lung, based on quantification of Trp-1, a glycoprotein involved in melanin synthesis that is expressed in melanoma cells. This method allowed for the detection and quantification of low metastatic burden in both transplantable and autochthonous models of melanoma pulmonary metastasis, even in the absence of overt superficial metastases. Furthermore, our data showed that pulmonary metastases were stochastically distributed amongst the different lobes of the murine lung, an observation that has important ramifications for the accurate quantification of metastatic burden in experimental animal models.



A number of qRT-PCR-based approaches for the detection and quantification of metastases in rodent models have been described. After xenografting of human tumor cells into immunocompromised mice, quantification based on the amplification of DNA sequences that are specific to humans has been employed [11,12,14]. In systems where tumor cells have been genetically modified, qRT-PCR-based quantification of the transgene can be used for the evaluation of metastatic burden, as exemplified by transfected genes that encode for neomycin resistance [13], mCherry [17], and luciferase [18]. Comparatively few endogenous tumor-cell markers offer sufficient specificity and sensitivity for qRT-PCR-based quantification. Examples include GP-100 [15], Trp-1 [17], Trp-2 [15,17], Grm1 [29], and Her-2 [16]. These qRT--based protocols have been validated after either intravenous injection of tumor cells [14,15,18], or after orthotopic or subcutaneous implantation of tumor cells [11,12,13,14,16,17,18]. Here, we show that qRT-PCR-based analysis of Trp-1 transcription can also be used to quantify low pulmonary metastatic burden in the Tg(Grm1)/Cyld−/− autochthonous melanoma model, extending the range of metastasis models for which qRT-PCR-based strategies can be used.



Compared to other methods for the quantification of pulmonary melanoma metastases, the qRT-PCR-based approaches we described here offer a number of important advantages. The method facilitates a rapid, sensitive and accurate assessment of metastatic burden that is not possible with conventional visual inspection or histology-based methods. Furthermore, much lower levels of metastatic burden can be detected, compared to photonic imaging methods, as qRT-PCR is up to 10 times more sensitive than bioluminescence imaging [18,30]. Moreover, primary tumors often grow rapidly in spontaneous metastasis assays, which can require the termination of experiments before metastases have had time to develop fully, and can severely limit the utility of specific animal models for studying the process of metastasis. The sensitivity of the qRT-PCR-based quantification of Trp-1 means that metastatic burden can still be assessed at early stages of metastasis formation, extending the utility of these animal models. In addition, the sensitivity of the qRT-PCR method means that metastatic burden can be quantified when primary tumors are relatively small, reducing animal suffering. Similarly, the utility of Trp-1 quantification for the sensitive detection of metastasis in autochthonous melanoma models that we reported here means that metastasis formation can be assessed at an earlier stage, accelerating the time to endpoint analysis, thereby increasing experimental throughput. The method also facilitates assessment of metastasis formation in models in which rapid primary tumor growth necessitates termination of the experiment before overt visible metastases can be detected.



Although quantification of Trp-1 expression offers important advantages compared to other methods for quantifying metastatic burden, there are also a number of limitations. In contrast to live imaging techniques, qRT-PCR-based approaches allow only end-point analysis and no longitudinal assessment of metastasis in the same animal over time. Compared to quantification of superficial metastases or histology-based techniques, spatial information is lost, and it is not possible to determine whether a qRT-PCR signal is derived from a few large metastases or multiple small ones. Trp-1 expression may also be reduced in amelanotic melanoma metastases. Although amelanotic lesions can retain Trp-1 and Trp-2 expression [22,31], we have observed only very low Trp-1 expression in amelanotic lesions derived from YUMM melanoma cells ([32]). It has been shown that the expression of Trp-1 can be downregulated in invasive melanoma cells and in some melanoma metastases [20,33], and similar findings have been reported for Trp-2 [34]. Thus, reduced Trp-1 (or Trp-2) expression may limit the sensitivity of detection that can be achieved with our approach in some contexts. Nevertheless, Trp-1 protein expression has been demonstrated in the majority of melanoma metastases [35] and higher Trp-1 mRNA levels in skin and lymph node metastases have been correlated with worse clinical outcome for melanoma patients [36]. Furthermore, it was shown that in many cases Trp-1 protein cannot be detected in melanoma metastases even when its mRNA is expressed [36], which has been attributed to inhibition of Trp-1 translation by miR-155 [37]. Thus, the use of Trp-1 mRNA as a marker of disseminated melanoma cells could be possible even in metastases that are amelanotic or negative for Trp-1 by immunostaining.



Although we have focused on pulmonary metastasis in this study, the PCR-based quantification of Trp-1 can potentially also be used to quantify metastatic burden in other organs. Endogenous expression of Trp-1 in some organs may, however, limit the efficacy or sensitivity of such an approach. For example, Trp-1 and Trp-2 are expressed in the brain, but at much lower levels than those found in melanoma cells [38,39]. In addition, expression of Trp-1 in non-cutaneous melanocytes can generate some background signal in organs colonized by them, including the lung [40]. However, the endogenous Trp-1 levels in these organs are typically also much lower than those observed in melanoma cells, as demonstrated by our own results (Figure 2B,C and Figure 3C) and public datasets [40]). On the other hand, the approach we describe is likely to have limited utility for the detection of cutaneous dissemination of melanoma, due to the high numbers of Trp-1-expresing melanocytes in the skin.



Here, we report a dramatic animal-to-animal variation in the distribution of metastatic burden amongst the different lobes in the murine lung. This will have a pronounced impact on the reliability and accuracy of methods that assess pulmonary metastasis formation based on tissue sampling procedures, such as those that analyze metastasis formation in only a single lung lobe. The stochastic distribution of metastatic burden amongst the different lung lobes we observed strongly increases the risk that inappropriately high or low values for metastatic burden will be obtained for a given animal using these sampling methods, particularly in experimental settings in which few metastatic lesions develop. In turn, this will significantly increase variance in the experimental data, requiring the use of larger numbers of animals if statistically significant differences between experimental groups are to be obtained. Furthermore, non-concordant data may be obtained when, for example, one lobe is used for histology and another lobe is used for RNA-based analysis. Thus, analysis of pulmonary metastasis needs to take into account the distribution of metastatic lesions amongst the lung lobes, for which the qRT-PCR-based quantification we present here offers significant advantages.







Author Contributions


Conceptualization: J.P.S. and L.K.; Methodology: L.K. and R.S.; Investigation: L.K., R.S., M.R., A.S. and T.W.; Data curation: L.K. and B.K.G.; Resources: A.B.; Writing: L.K., B.K.G., W.T. and J.P.S.; Visualization: L.K., B.K.G. and W.T.; Project administration: W.T.; Supervision: J.P.S.; Funding Acquisition: J.P.S. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by grants to J.P.S. from the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation)–Project number 259332240/RTG 2099, and from the European Union (HEALTH-F2-2008-201662), under the auspices of the FP7 collaborative project TuMIC.




Institutional Review Board Statement


Animal experiments were performed according to German legal requirements and were approved by the local regulatory authorities (approval numbers AZ35-9185.81/G-134/17 and AZ 35-9185.81/G-155/18).




Data Availability Statement


The primary data presented in this study are available on request from the corresponding author(s).




Acknowledgments


We are very thankful to Selma Huber, Sabine Müller, and Amra Noa for their assistance with the animal experiments. We thank Annette Gruber and Sven Roßwag for their excellent technical support.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Braeuer, R.R.; Watson, I.R.; Wu, C.J.; Mobley, A.K.; Kamiya, T.; Shoshan, E.; Bar-Eli, M. Why is melanoma so metastatic? Pigment Cell Melanoma Res. 2014, 27, 19–36. [Google Scholar] [CrossRef] [PubMed]

	



Younes, R.; Abrao, F.C.; Gross, J. Pulmonary metastasectomy for malignant melanoma: Prognostic factors for long-term survival. Melanoma Res. 2013, 23, 307–311. [Google Scholar] [CrossRef]

	



Soliman, M.; Petrella, T.; Tyrrell, P.; Wright, F.; Look Hong, N.J.; Lu, H.; Zezos, P.; Jimenez-Juan, L.; Oikonomou, A. The clinical significance of indeterminate pulmonary nodules in melanoma patients at baseline and during follow-up chest CT. Eur. J. Radiol. Open 2019, 6, 85–90. [Google Scholar] [CrossRef]

	



Borghesi, A.; Tironi, A.; Michelini, S.; Scrimieri, A.; Benetti, D.; Maroldi, R. Two synchronous lung metastases from malignant melanoma: The same patient but different morphological patterns. Eur. J. Radiol. Open 2019, 6, 287–290. [Google Scholar] [CrossRef] [PubMed]

	



Chang, J.; Erler, J.T. Quantification of Lung Metastases from In Vivo Mouse Models. Adv. Exp. Med. Biol. 2016, 899, 245–251. [Google Scholar] [CrossRef]

	



Ntziachristos, V.; Ripoll, J.; Wang, L.V.; Weissleder, R. Looking and listening to light: The evolution of whole-body photonic imaging. Nat. Biotechnol. 2005, 23, 313–320. [Google Scholar] [CrossRef]

	



Steinbauer, M.; Guba, M.; Cernaianu, G.; Kohl, G.; Cetto, M.; Kunz-Schughart, L.A.; Geissler, E.K.; Falk, W.; Jauch, K.W. GFP-transfected tumor cells are useful in examining early metastasis in vivo, but immune reaction precludes long-term tumor development studies in immunocompetent mice. Clin. Exp. Metastasis 2003, 20, 135–141. [Google Scholar] [CrossRef]

	



Baklaushev, V.P.; Kilpelainen, A.; Petkov, S.; Abakumov, M.A.; Grinenko, N.F.; Yusubalieva, G.M.; Latanova, A.A.; Gubskiy, I.L.; Zabozlaev, F.G.; Starodubova, E.S.; et al. Luciferase Expression Allows Bioluminescence Imaging But Imposes Limitations on the Orthotopic Mouse (4T1) Model of Breast Cancer. Sci. Rep. 2017, 7, 7715. [Google Scholar] [CrossRef] [PubMed]

	



Banan, B.; Beckstead, J.A.; Dunavant, L.E.; Sohn, Y.; Adcock, J.M.; Nomura, S.; Abumrad, N.; Goldenring, J.R.; Fingleton, B. Development of a novel murine model of lymphatic metastasis. Clin. Exp. Metastasis 2020, 37, 247–255. [Google Scholar] [CrossRef]

	



Moriyama, E.H.; Niedre, M.J.; Jarvi, M.T.; Mocanu, J.D.; Moriyama, Y.; Subarsky, P.; Li, B.; Lilge, L.D.; Wilson, B.C. The influence of hypoxia on bioluminescence in luciferase-transfected gliosarcoma tumor cells in vitro. Photochem. Photobiol. Sci. 2008, 7, 675–680. [Google Scholar] [CrossRef]

	



Becker, M.; Nitsche, A.; Neumann, C.; Aumann, J.; Junghahn, I.; Fichtner, I. Sensitive PCR method for the detection and real-time quantification of human cells in xenotransplantation systems. Br. J. Cancer 2002, 87, 1328–1335. [Google Scholar] [CrossRef]

	



Schneider, T.; Osl, F.; Friess, T.; Stockinger, H.; Scheuer, W.V. Quantification of human Alu sequences by real-time PCR--an improved method to measure therapeutic efficacy of anti-metastatic drugs in human xenotransplants. Clin. Exp. Metastasis 2002, 19, 571–582. [Google Scholar] [CrossRef] [PubMed]

	



Eckhardt, B.L.; Parker, B.S.; van Laar, R.K.; Restall, C.M.; Natoli, A.L.; Tavaria, M.D.; Stanley, K.L.; Sloan, E.K.; Moseley, J.M.; Anderson, R.L. Genomic analysis of a spontaneous model of breast cancer metastasis to bone reveals a role for the extracellular matrix. Mol. Cancer Res. 2005, 3, 1–13. [Google Scholar] [PubMed]

	



Malek, A.; Catapano, C.V.; Czubayko, F.; Aigner, A. A sensitive polymerase chain reaction-based method for detection and quantification of metastasis in human xenograft mouse models. Clin. Exp. Metastasis 2010, 27, 261–271. [Google Scholar] [CrossRef]

	



Sorensen, M.R.; Pedersen, S.R.; Lindkvist, A.; Christensen, J.P.; Thomsen, A.R. Quantification of B16 melanoma cells in lungs using triplex Q-PCR--a new approach to evaluate melanoma cell metastasis and tumor control. PLoS ONE 2014, 9, e87831. [Google Scholar] [CrossRef]

	



Abt, M.A.; Grek, C.L.; Ghatnekar, G.S.; Yeh, E.S. Evaluation of Lung Metastasis in Mouse Mammary Tumor Models by Quantitative Real-time PCR. J. Vis. Exp. 2016, e53329. [Google Scholar] [CrossRef]

	



Schwartz, H.; Blacher, E.; Amer, M.; Livneh, N.; Abramovitz, L.; Klein, A.; Ben-Shushan, D.; Soffer, S.; Blazquez, R.; Barrantes-Freer, A.; et al. Incipient Melanoma Brain Metastases Instigate Astrogliosis and Neuroinflammation. Cancer Res. 2016, 76, 4359–4371. [Google Scholar] [CrossRef] [PubMed]

	



Deng, W.; McLaughlin, S.L.; Klinke, D.J. Quantifying spontaneous metastasis in a syngeneic mouse melanoma model using real time PCR. Analyst 2017, 142, 2945–2953. [Google Scholar] [CrossRef]

	



del Marmol, V.; Beermann, F. Tyrosinase and related proteins in mammalian pigmentation. FEBS Lett. 1996, 381, 165–168. [Google Scholar] [CrossRef]

	



Ghanem, G.; Fabrice, J. Tyrosinase related protein 1 (TYRP1/gp75) in human cutaneous melanoma. Mol. Oncol. 2011, 5, 150–155. [Google Scholar] [CrossRef]

	



Wang, R.F.; Robbins, P.F.; Kawakami, Y.; Kang, X.Q.; Rosenberg, S.A. Identification of a gene encoding a melanoma tumor antigen recognized by HLA-A31-restricted tumor-infiltrating lymphocytes. J. Exp. Med. 1995, 181, 799–804. [Google Scholar] [CrossRef]

	



Orlow, S.J.; Hearing, V.J.; Sakai, C.; Urabe, K.; Zhou, B.K.; Silvers, W.K.; Mintz, B. Changes in expression of putative antigens encoded by pigment genes in mouse melanomas at different stages of malignant progression. Proc. Natl. Acad. Sci. USA 1995, 92, 10152–10156. [Google Scholar] [CrossRef]

	



Chu, W.; Pak, B.J.; Bani, M.R.; Kapoor, M.; Lu, S.J.; Tamir, A.; Kerbel, R.S.; Ben-David, Y. Tyrosinase-related protein 2 as a mediator of melanoma specific resistance to cis-diamminedichloroplatinum(II): Therapeutic implications. Oncogene 2000, 19, 395–402. [Google Scholar] [CrossRef]

	



Bloom, M.B.; Perry-Lalley, D.; Robbins, P.F.; Li, Y.; el-Gamil, M.; Rosenberg, S.A.; Yang, J.C. Identification of tyrosinase-related protein 2 as a tumor rejection antigen for the B16 melanoma. J. Exp. Med. 1997, 185, 453–459. [Google Scholar] [CrossRef] [PubMed]

	



Wallbaum, S.; Grau, N.; Schmid, A.; Frick, K.; Neeb, A.; Sleeman, J.P. Cell cycle quiescence can suppress transcription from an ecdysone receptor-based inducible promoter in mammalian cells. Biotechniques 2009, 46, 433–440. [Google Scholar] [CrossRef] [PubMed]

	



de Jel, M.M.; Schott, M.; Lamm, S.; Neuhuber, W.; Kuphal, S.; Bosserhoff, A.K. Loss of CYLD accelerates melanoma development and progression in the Tg(Grm1) melanoma mouse model. Oncogenesis 2019, 8, 56. [Google Scholar] [CrossRef]

	



Pollock, P.M.; Cohen-Solal, K.; Sood, R.; Namkoong, J.; Martino, J.J.; Koganti, A.; Zhu, H.; Robbins, C.; Makalowska, I.; Shin, S.S.; et al. Melanoma mouse model implicates metabotropic glutamate signaling in melanocytic neoplasia. Nat. Genet. 2003, 34, 108–112. [Google Scholar] [CrossRef]

	



Meyerholz, D.K.; Suarez, C.J.; Dintzis, S.M.; Frevert, C.W. 9-Respiratory System. In Comparative Anatomy and Histology, 2nd ed.; Treuting, P.M., Dintzis, S.M., Montine, K.S., Eds.; Academic Press: San Diego, CA, USA, 2018; pp. 147–162. [Google Scholar]

	



Schiffner, S.; Chen, S.; Becker, J.C.; Bosserhoff, A.K. Highly pigmented Tg(Grm1) mouse melanoma develops non-pigmented melanoma cells in distant metastases. Exp. Dermatol. 2012, 21, 786–788. [Google Scholar] [CrossRef]

	



Taus, L.J.; Flores, R.E.; Seyfried, T.N. Quantification of metastatic load in a syngeneic murine model of metastasis. Cancer Lett. 2017, 405, 56–62. [Google Scholar] [CrossRef]

	



Orlow, S.J.; Silvers, W.K.; Zhou, B.K.; Mintz, B. Comparative decreases in tyrosinase, TRP-1, TRP-2, and Pmel 17/silver antigenic proteins from melanotic to amelanotic stages of syngeneic mouse cutaneous melanomas and metastases. Cancer Res. 1998, 58, 1521–1523. [Google Scholar] [PubMed]

	



Meeth, K.; Wang, J.X.; Micevic, G.; Damsky, W.; Bosenberg, M.W. The YUMM lines: A series of congenic mouse melanoma cell lines with defined genetic alterations. Pigment. Cell Melanoma Res. 2016, 29, 590–597. [Google Scholar] [CrossRef]

	



Fang, D.; Hallman, J.; Sangha, N.; Kute, T.E.; Hammarback, J.A.; White, W.L.; Setaluri, V. Expression of microtubule-associated protein 2 in benign and malignant melanocytes: Implications for differentiation and progression of cutaneous melanoma. Am. J. Pathol. 2001, 158, 2107–2115. [Google Scholar] [CrossRef]

	



Lenggenhager, D.; Curioni-Fontecedro, A.; Storz, M.; Shakhova, O.; Sommer, L.; Widmer, D.S.; Seifert, B.; Moch, H.; Dummer, R.; Mihic-Probst, D. An Aggressive Hypoxia Related Subpopulation of Melanoma Cells is TRP-2 Negative. Transl. Oncol. 2014, 7, 206–212. [Google Scholar] [CrossRef]

	



Bolander, A.; Agnarsdottir, M.; Stromberg, S.; Ponten, F.; Hesselius, P.; Uhlen, M.; Bergqvist, M. The protein expression of TRP-1 and galectin-1 in cutaneous malignant melanomas. Cancer Genom. Proteom. 2008, 5, 293–300. [Google Scholar]

	



Journe, F.; Id Boufker, H.; Van Kempen, L.; Galibert, M.D.; Wiedig, M.; Sales, F.; Theunis, A.; Nonclercq, D.; Frau, A.; Laurent, G.; et al. TYRP1 mRNA expression in melanoma metastases correlates with clinical outcome. Br. J. Cancer. 2011, 105, 1726–1732. [Google Scholar] [CrossRef]

	



El Hajj, P.; Gilot, D.; Migault, M.; Theunis, A.; van Kempen, L.C.; Sales, F.; Fayyad-Kazan, H.; Badran, B.; Larsimont, D.; Awada, A.; et al. SNPs at miR-155 binding sites of TYRP1 explain discrepancy between mRNA and protein and refine TYRP1 prognostic value in melanoma. Br. J. Cancer. 2015, 113, 91–98. [Google Scholar] [CrossRef] [PubMed]

	



Tief, K.; Hahne, M.; Schmidt, A.; Beermann, F. Tyrosinase, the key enzyme in melanin synthesis, is expressed in murine brain. Eur. J. Biochem. 1996, 241, 12–16. [Google Scholar] [CrossRef] [PubMed]

	



Chi, D.D.; Merchant, R.E.; Rand, R.; Conrad, A.J.; Garrison, D.; Turner, R.; Morton, D.L.; Hoon, D.S. Molecular detection of tumor-associated antigens shared by human cutaneous melanomas and gliomas. Am. J. Pathol. 1997, 150, 2143–2152. [Google Scholar]

	



Gautron, A.; Migault, M.; Bachelot, L.; Corre, S.; Galibert, M.D.; Gilot, D. Human TYRP1: Two functions for a single gene? Pigment Cell Melanoma Res. 2021, 34, 836–852. [Google Scholar] [CrossRef] [PubMed]








[image: Jcm 10 05459 g001 550] 





Figure 1. Trp-1 expression correlates with melanoma cell numbers admixed with lung tissue ex vivo. Metastatic load detection ex vivo. qRT-PCR analysis of RheoActivator (RA), Trp-1, and Trp-2 in murine lung tissue (1:1) admixed with 1 × 102–1 × 106 B16-RS cells. Data were normalized to RPLP0 and to the signal of 103 cells (RS) or 102 cells (Trp-1 and Trp-2) and represent mean + SEM, n = 3. R2: coefficient of determination. n.d.: not detected. 
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Figure 2. Trp-1 transcript levels correlated with metastatic burden in the lungs of experimental mice in a syngeneic mouse B16 model. (A) Representative image of a murine lung with isolated lung lobes: left lobe (L1), right caudal lobe (L2), right cranial lobe (L3), right middle lobe (L4), and accessory lobe (L5). Note that the arrangement of the lobes reflects the anatomical position, whereas the numbering corresponds to the size of the lobes, from largest to smallest. (B) qRT-PCR analysis of Trp-1 in samples containing 1 × 102–1 × 104 B16-RS cells admixed with individual lobes (L1–L5). Data were normalized to RPLP0 and to the mean Trp-1 signal in lobes without B16-RS cells. The graph shows mean Trp-1 expression + SEM, n = 3. R2: coefficient of determination. (C) B16-RS cells (1 × 105) were injected subcutaneously into syngeneic mice (n = 6), and treated with either DMSO as a vehicle control (3 animals; top row) or RSL (3 animals; bottom row). The mice were sacrificed once the tumors reached a diameter of 2 cm in one dimension. Lungs were explanted and inspected for visible metastases. Trp-1 expression in the individual lobes was determined by qRT-PCR. Lung lobes with visible metastases (black arrows) are shown together with the corresponding Trp-1 expression in each of the five individual lung lobes (labelled L1 to L5, as in panel A), detected by qRT-PCR. Data were normalized to RPLP0 and to the mean Trp-1 signal in lobes of non-tumor-bearing mice. 
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Figure 3. Quantitative detection of melanoma micrometastases in Tg(Grm1)/Cyld−/− transgenic mice. (A) Representative picture of melanomas detected on the tail and ear of 1-year-old C57Bl/6;Tg(Grm1)/Cyld−/− transgenic mice compared to C57Bl/6 control. (B) Hematoxylin/eosin (HE) staining of lung tissue from a C57Bl/6;Tg(Grm1)/Cyld−/− mouse containing a melanotic micrometastatic nodule. Scale bar, 500 µm. (C) qRT-PCR analysis of Trp-1 expression in lungs from C57Bl/6;Tg(Grm1)/Cyld−/− mice in comparison to C57Bl/6 controls. Data were normalized to RPLP0 and to the mean Trp1-1 signal in the C57Bl/6 controls; n = 6. The images show lung lobe L1 for the indicated data points. 
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