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Occurrence of degenerative interactions is thought to serve as a mechanism underlying hybrid unfitness in most animal systems. 
However, the molecular mechanisms underpinning the genetic interaction and how they contribute to overall hybrid incompatibilities 
are limited to only a handful of examples. A vertebrate model organism, Xiphophorus, is used to study hybrid dysfunction, and it has 
been shown from this model that diseases, such as melanoma, can occur in certain interspecies hybrids. Melanoma development is 
due to hybrid inheritance of an oncogene, xmrk, and loss of a co-evolved tumor modifier. It was recently found that adgre5, a G pro
tein-coupled receptor involved in cell adhesion, is a tumor regulator gene in naturally hybridizing Xiphophorus species Xiphophorus 
birchmanni (X. birchmanni) and Xiphophorus malinche (X. malinche). We hypothesized that 1 of the 2 parental alleles of adgre5 is in
volved in regulation of cell growth, migration, and melanomagenesis. Accordingly, we assessed the function of adgre5 alleles from 
each parental species of the melanoma-bearing hybrids using in vitro cell growth and migration assays. In addition, we expressed 
each adgre5 allele with the xmrk oncogene in transgenic medaka. We found that cells transfected with the X. birchmanni adgre5 exhib
ited decreased growth and migration compared to those with the X. malinche allele. Moreover, X. birchmanni allele of adgre5 complete
ly inhibited melanoma development in xmrk-transgenic medaka, while X. malinche adgre5 expression did not exhibit melanoma 
suppressive activity in medaka. These findings provide evidence that adgre5 is a natural melanoma suppressor and provide new insight 
in melanoma etiology.
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Introduction
Almost a century ago, it was discovered that certain hybrids of the 
southern platyfish Xiphophorus maculatus (X. maculatus) and green 
swordtails Xiphophorus hellerii (X. hellerii) develop highly malignant 
melanoma (Koßwig 1928; Haussler 1928) due to the inheritance of 
an oncogene, and conditional loss of a hypothetical tumor modu
lator (for review, see Schartl and Walter (2016) and Schartl and Lu 
(2024)). From this hybrid crossing experiment, a possible genetic 
explanation to how hybrid melanoma is generated is that certain 
individuals of the platyfish carry an oncogene modulated by a tu
mor suppressor. In this case, the oncogene effect on the platyfish 
is only a local dysplasia of melanocytes visible as a black pigment 
spot of macromelanophores. The oncogene and the tumor sup
pressor are located in different linkage groups, thus, when a platy
fish is crossed with a swordtail that lacks both genes, some 
individuals will express the oncogene without the control of the 
tumor suppressor and therefore develop malignant melanoma.

It has been found that a mutant duplicate of Xiphophorus 
Epidermal Growth Factor Receptor (egfrb) named Xiphophorus mel
anoma receptor kinase (xmrk) is a bona fide oncogene driving the 
melanomagenesis observed in Xiphophorus hybrids, whose expres

sion is necessary and sufficient for tumor development in 

Xiphophorus (Schartl et al. 1999, 2010; Schartl and Lu, 2024). The 

xmrk-driven melanoma is thought to be a postzygotic mechanism 

for species isolation, and the xmrk gene is an example of the few 

speciation genes identified to date (Schartl 2008; Flachs et al. 

2012). However, other than tumor modifiers identified from la

boratory interspecies hybrids, there is no real-life example show

ing that xmrk is involved in species isolation until a study recently 

identified natural hybrid zones involving X. birchmanni and 

X. malinche (Kazianis et al. 1998; Lu et al. 2020; Powell et al. 2020). 

X. birchmanni has xmrk and is polymorphic for a black spot in their 

caudal fin, comprised of hyperplastic melanophores. X. malinche 

lacks xmrk as well as the caudal fin black spot. Interspecies 
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hybrids between the 2 can develop melanoma. Powell et al. (2020)
performed an admixture mapping study of these hybrids and re
vealed that hybrid malignant melanoma occurs when the hybrid 
individuals inherited xmrk from X. birchmanni and the X. malinche 
allele of adgre5 (Powell et al. 2020). The adgre5 gene encodes a G 
protein-coupled receptor, with varied roles in cell adhesion and 
signaling (Yona et al. 2008). The human ortholog plays a vital 
role in the adhesion and migration of healthy immune cells, how
ever, it is also a mediator of invasion in a variety of human cancers 
(reviewed in Safaee et al. (2013)). The X. birchmanni and X. malinche 
adgre5 alleles are different by 5 amino acids, including 1 in a con
served epidermal growth factor-like calcium binding site (Powell 
et al. 2020), These evidences suggested that X. birchmanni adgre5 
is a xmrk regulator while the X. malinche allele is insufficient for 
this function. adgre5 codes for protein CD97. It will be referred to 
as adgre5 because it is the HUGO Gene Nomenclature Committee 
approved name.

Despite the finding that adgre5 is associated to melanoma 
tumor suppression, there is no functional test to validate the 
activity of the adgre5. Therefore, this study aimed to test both in 
vitro and in vivo if the X. birchmanni adgre5 can inhibit melanoma 
development. We hypothesize that adgre5 affects melanocyte 
growth and migration. To test if adgre5 can act as a general tumor 
suppressor of pigment cells, we expressed the X. birchmanni and 
X. malinche adgre5 in mammalian melanocyte and assessed 
melanocyte growth and invasion. In addition, to test if adgre5 
can specifically suppress xmrk, we introduced both adgre5 alleles 
separately into xmrk-transgenic medaka that develop pigment 
cell lineage-specific tumors to evaluate if the 2 parental species al
leles are different in arresting xmrk oncogenicity.

Methods
Cell culture and generations of stable adgre5 
expression lines
Murine melanocyte Melan-A cells were cultured in DMEM with 
pyruvate (Gibco #11995073), supplemented with 10% fetal calf ser
um, 1% penicillin/streptomycin, and maintained at 37°C, 5% CO2 

with 100% humidity.
To generate doxycycline-inducible expression cell lines, 

the vector pSB-ET-iE (M. Gessler, Dept. of Developmental 
Biochemistry, University of Wurzburg) was used. It allows inte
gration of genes by sleeping beauty-mediated transposition. 
Dox-inducible promoters enable precise regulation of the ex
pression of the targeted gene, facilitating elegant experimental 
designs. Here, the responsive T6 promoter drives expression of 
adgre5 and EGFP, with an IRES site between them (Supplementary 
Fig. 1a). After transfection, these cells were selected with 1 μg/ml 
puromycin for 2 weeks.

X. malinche and X. birchmanni alleles of adgre5 were amplified 
using primers with XbaI and ClaI restriction enzyme sites (adgre5 
for: CGTCTAGAATGCCCTTCTCTAATCTACACC, adgre5 rev: 
GCGCATCGATTCACTTATCGTCGTCATCCTTGTAATC). PCR amp
lification was performed using cDNA from tissue samples of or
ganisms of X. birchmanni and X. malinche. The High Fidelity Q5 
polymerase (New England Bio Labs #M0491S) was used for PCR 
amplification. The respective restriction enzymes were used to 
clone the PCR product into the vector, and wild-type Melan-A cells 
were transfected using Fugene transfection reagent (Promega 
Catalog #E5911). As a result, pSB-ET-iE_X. malinche_adgre5 and 
pSB-ET-iE_X. birchmanni_adgre5 stable cell lines were generated. 
Unfortunately, there is no antibody available for Xiphophorus 
adgre5. Previous experience in the usage of cross-species reactive 

antibodies has shown us that cross-species antibodies are only use
ful when the target protein antigen is a highly conserved primary 
sequence. We used GFP as an indicator of overexpression 
(Supplementary Fig. 2). No significant differences were observed 
in the expression levels of adgre5 between Melan-A cell lines con
taining the different alleles (Supplementary Fig. 2, ANOVA P > 0.05 
for differences between X. birchmanni and X. malinche adgre5 alleles).

RNA extraction, cDNA synthesis, and qPCR
RNA extraction, cDNA synthesis, and qPCR were performed to 
measure the gene expression levels of adgre5 in the Melan-A cell 
lines transfected with different adgre5 alleles. Total RNA was ex
tracted from freshly harvested cells or cell pellets that were stored 
at −80°C, using TRIzol reagent according to the manufacturer’s 
protocol. DNase I digestion was carried out for 1 hour at 37°C to 
eliminate any contaminating DNA. RNA concentration was deter
mined using a NanoDrop spectrophotometer. RevertAid First 
Strand cDNA Synthesis Kit and random hexamer primers were 
used to reversely transcribe 100–4,000 ng of RNA according to the 
manufacturer’s instructions (Thermo Fisher Catalog #K1622). 
Fluorescence-based RT-qPCR was performed using SYBR Green re
agent and analyzed with a Mastercycler ep Realplex. Gene expres
sion levels were normalized to a housekeeping gene (Hprt fwd: 
ACTGGCAACACTAACAGGACT, Hprt rev: TGTTGTTGGATATGC 
CCTTG, adgre5 fwd: CATCCGGCCCCTTTACTTGT, adgre5 rev: 
GGGCCAAAGAAGCTCCAGAT) using the delta-delta Ct method, 
and the success of transfection and overexpression was confirmed 
by checking for GFP expression using an inverted fluorescence 
microscope with a 63× objective (Supplementary Fig. 1c). Three in
dependent replicates of cells were used for each treatment and 
each cell line.

Cell growth assay
In triplicate, cells were counted and seeded at equal density (1–2 ×  
103 cells/well) in 96-well plates. Cells were treated with either dox 
0 or dox 500 (500 mg/ml) by adding the respective dox concentra
tions to cell media. On days 2, 3, and 4 after treatment, 5 mg/ml 
of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
(MTT) was added to each well at a ratio of 1:5 (MTT:medium). 
The medium was aspirated after 2 hours of incubation at 37°C, 
and 150 µl of DMSO was added to each well. The plate was 
then incubated on a shaking device at room temperature for 
15 minutes. A microplate reader was used to measure formazan 
accumulation by reading the optical density at 590 nm with a ref
erence filter of 620 nm. Quintuples for each treatment, species, 
and duration of the experiments were performed. Cell growth 
was calculated by subtracting the optical density at 590 nm ob
served in dox 0 cells from the optical density at 590 nm observed 
in dox 500 induced cells. An ANOVA and a Tukey post hoc test 
were used to determine the statistical differences between adgre5 
X. birchmanni and X. malinche alleles in cell growth.

Trans-well migration assay
To assess cell migration, cells previously starved in 1% dialyzed fe
tal calf serum (FCS) for 24 hours were seeded at 2 × 103 per well in 
the upper layer of uncoated trans-well inlays with 8 µm pore diam
eter in 24-well plates. The cells were treated with either dox 0 or dox 
500 (500 mg/ml) for 24 hours. To stimulate migration, medium con
taining 10% FCS and either dox 0 or dox 500 (500 mg/ml) was added 
to the lower layer of the trans-well, and the cells were allowed to 
migrate for 16 hours. Each assay was performed in triplicate per 
cell line and per dox treatment. Non-migrated cells were removed 
by cotton swabs, and the migrated cells were fixed with methanol, 
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stained with 0.2% crystal violet dye in 2% ethanol for 15 minutes, 
and washed with PBS. The membrane was cut out of the trans-well 
inlay, embedded with Mowiol (polyvinyl alcohol) on microscope 
slides, and images were captured. The migrated cells were counted 
under a microscope, and migration was calculated as the differ
ence in the number of cells that migrated in dox 500-induced cells 
minus the number of cells that migrated in dox 0 cells.

Isolation of the Xiphophorus adgre5 and construction 
of expression vectors with fugu tyrp promoter
The adgre5 was designed to be driven by a pigment cell specific 
promoter, Fugu rubripes Tyrosinase-related Protein 1 gene (tyrp) 
(del Marmol and Beermann 1996; Zou et al. 2006). To isolate the ad
gre5 gene from Xiphophorus, a high-fidelity PCR (using Q5 Taq en
zyme) was performed from cDNA extracted fin tissue from 
either X. birchmanni or X. malinche using overhang primers contain
ing the XbaI restriction enzyme cutting site (for: GCGTCTA 
GAATGCCCTTCTCTAATCTACACC, rev: GCGCTCTAGATCATATT 
TGGGATTCTCCTGTGATCT). Each cloning step was performed ac
cording to manufacturer’s protocols and plasmids were extracted 
using Qiagen Miniprep Kit. Plasmids were sequenced to verify that 
no mutations occurred during cloning.

mCerulean was cut out with its promoter and a bGH poly(A) site 
using KpnI restriction enzyme from the brainbow vector (Livet 
et al. 2007). The pIsceI-typr-pa 3 plasmid containing the tyrp fugu 
promoter was linearized with KpnI restriction enzyme and ligated 
to mCerulean. The resulting vector was subsequently digested 
with XbaI and ligated to the previously XbaI-digested adgre5 PCR 
products. Thus, specific plasmids were created containing either 
the X. malinche or X. birchmanni alleles of adgre5 under the expres
sion of the tyrp fugu promoter (Supplementary Fig. 3)

Generation of transgenic medaka
To generate stable transgenic lines, the meganuclease injection 
protocol was used since it was demonstrated to be more effective 
than injecting the plasmid alone, as it reduces mosaic expression, 
increases frequency of positive founder fish, and increases 
germline transmission rates (Thermes et al. 2002). One-cell stage 
tg(mitf:xmrk) medaka embryos (Oryzias latipes strain: Carbio, homo
zygous for xmrk) were injected into the cytoplasm with approxi
mately 15–20 pg of total DNA plasmid in a volume of 500 pl 
injection solution containing I-SceI meganuclease. Adult F0 fish 
were mated with each other and the offspring were tested for the 
presence of the transgene by screening of blue eyes under UV light 
(mCerulean effect).

All animal studies have been approved by the authors’ 
Institutional Review Board (Animal Welfare Officer of the 
University of Wurzburg). Adult fish were maintained under stand
ard conditions with an artificial photoperiod (10 hours of dark
ness, 14 hours of light) to induce reproductive activity. Clusters 
of fertilized eggs were collected 0.5–1 hour after the onset of light 
and kept in a rearing medium containing 0.1% NaCl, 0.003% KCl, 
0.004% CaCl2 × 2H2O, 0.016% MgSO4 × 7H2O, and 0.0001% methy
lene blue.

F1 fish (8 tg(mitf:xmrk) + tyrp:Xmal and 7 tg(mitf:xmrk) + tyrp:Xbir) 
were anesthetized in MS-222 and photographed with a Nikon 
D300 digital camera with a Tamron SP 90 mm F/2.8 1:1 Macro 
lenses. Individuals were quantified for hyperpigmented melanic 
areas from the images using ImageJ (Abramoff et al. 2004; 
Rasband 1997–2018; Schneider et al. 2012). Data fitted normality 
principles and therefore were analyzed with an ANOVA and a 
Tukey post hoc test.

Results
X. malinche but not X. birchmanni allele of adgre5 
promotes migration
To assess the potential role of adgre5 in promoting cell migration, 
we performed trans-well migration assay of Melan-A cells expres
sing X. birchmanni and X. malinche adgre5, respectively. Melan-A 
cells expressing the X. birchmanni allele of adgre5 did not show dif
ference in migration propensity compared to the control vector 
transfected cells. However, cells expressing the X. malinche allele 
of adgre5 exhibited enhanced migration compared to both control 
cells and cells expressing X. birchmanni adgre5 (Fig. 1a, t-test 
P-value = 0.00582. Control (pSB-ET-iE): mean= 27.7, relative 
migration SD = 4.04, Xbir_adgre5: mean = 24.6, relative migration 
SD = 6.11, Xmal_adre5: mean = 124.6, relative migration SD = 17.9. 
Tukey post hoc test < 0.05).

X. birchmanni allele of adgre5 inhibits pigment cell 
growth
Melan-A cells transfected with the X. birchmanni allele of adgre5 
showed lower cell numbers than control cells transfected with 
empty vector after 3 and 4 days of expression induction. In com
parison, the cells expressing X. malinche adgre5 also exhibited low
er cell number than control cells, but its effect is less potent than 
the X. birchmanni allele (Fig. 1b, ANOVA P < 0.0001, Tukey post hoc 
P-values, day 2: X. birchmanni vs X. malinche P = 0.49; day 3: X. birch
manni vs X. malinche P = 0.0006; day 4: X. birchmanni–X. malinche day 
4 P = 0.0019. Mean and SD available in Supplementary Table 1).

X. birchmanni adgre5 eliminates xmrk-driven 
melanomagenesis in transgenic medaka
Xiphophorus is viviparous. Despite efforts are being put into devel
opment of producing transgenic Xiphophorus lines, there is cur
rently no established protocol for this task. Therefore, we 
utilized an egg-laying fish model organism that is closely related 
to the Xiphophorus. A transgenic medaka line has been developed 
with a homozygous knock-in of Xiphophorus xmrk expressed under 
control of the medaka mitf promoter (ref). This line develops pig
ment cell lineage-specific tumors with 100% genetic penetrance, 
and has been shown to be a valid model system to test gene func
tions for arresting the xmrk oncogenic activity (Elizabeth Patton 
and Nairn 2010; Schartl et al. 2010; Klotz et al. 2018; Sugiyama 
et al. 2019; Regneri et al. 2019; Abdulsahib et al. 2024). We expressed 
X. birchmanni and X. malinche alleles of adgre5 in xmrk-transgenic 
medaka generating the double transgenic medakas, respectively, 
tg(mift:xmrk) + tyrp:X.bir_adgre5, and tg(mift:xmrk) + tyrp:X.mal_adgre5 
(the tg(mift:xmrk)) indicates that the construct was injected into an 
already genetically modified medaka line carrying xmrk. The 
+tyrp:X.bir_adgre5 indicated the construct we injected to generate 
the double transgenic). The tg(mift:xmrk) + tyrp:X.bir_adgre5 
showed significant reductions of pigmentation compared to con
trol tg(mift:xmrk) fish (Fig. 2; P < 0.00001), or tg(mift:xmrk) + tyrp: 
X.mal_adgre5 medaka (Fig. 2; P < 0.00001), and devoid of pigment 
cell tumor. In comparison, the tg(mift:xmrk) + tyrp:X.mal_adgre5 
and tg(mitf:xmrk) medaka lines did not show significant differ
ences in pigmentation to xmrk control medaka (Tukey post 
hoc P-values, tg(mift:xmrk) + tyrp:X.mal_adgre5-tg(mitf:xmrk) = 0.85). 
While there is an effect of X. birchmanni adgre5 on the xmrk trans
formed macromelanophores, we noticed no effect on the medaka 
micromelanophores which are responsible for the normal body 
pigmentation.
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Discussion
This study focuses on functionally testing the role of the X. birch
manni and X. malinche adgre5 alleles by analyzing their effect on 
cell growth and migration and melanoma development. Melan-A 
cells are a well-established line of normal mouse melanocytes 
(Rossato et al. 2014) and provide an excellent non-tumorigenic 
line for studying the cellular and molecular basis of melanoma 
malignancy (Bennett et al. 1987), particularly for studies aimed at 
understanding the mechanisms triggering the change from benign 
pigmentation lesions to malignant melanoma. Two main charac
teristics of cancer are unlimited cell growth and potent metastatic 
properties (Warburg 1956). Therefore, it is expected that tumor 
suppressor genes cause a decrease of cell growth and lowered pro
pensity in migration. Even though melanoma modifying genes are 
easiest to investigate in cell culture models, animal models are im
perative to evaluate their importance in the context of the whole 
organism. Transgenic organisms isolate effects of the induced 
gene from other unknown possible genetic interactions. The trans
genic medaka melanoma perfectly mirror the situation described 
for the Xiphophorus tumors on the cell biological and molecular 
level (for cell biology, see Regneri et al. (2019) and for human com
parative transcriptomic, see Schartl et al. (2012) and Mishra et al. 
(2014)). The lack of differences in the areas covered by melanoma 
cells between the tg(mift:xmrk) + tyrp:X.mal_adgre5 and tg(mitf: 
xmrk), as well as the striking reduction of pigmentation of tg(mift: 
xmrk) + tyrp:X.bir_adgre5, suggests that adgre5 acts indeed as a tu
mor suppressor. The double transgenic medaka expressing xmrk 
and adgre5 in pigments cells shows only benign, premalignant pig
ment lesions (see Fig. 2a bottom) that are comparable to the nevi of 
mammals (for a characterization of these premalignant lesions, 
see Regneri et al. (2019)). Thus, we hypothesize that the tumor sup
pression phenotype occurs at very early stages of tumorigenesis 
rather than a later inhibition of migration. Due to transgene inte
gration site, methylation effects and other parameters known to 

modify expression of transgenes a larger number of adgre5 xmrk 
double transgenics would be useful in the future.

Consistent with these in vivo results on melanoma growth, pig
ment cells transfected with the X. birchmanni allele of adgre5 
caused cells in culture to grow slower. Moreover, the X. birchmanni 
allele of adgre5 did neither enhance nor inhibit cell migration, 
however, the X. malinche allele enhanced migration; a typical qual
ity of invasive cancerous cells. These results are also consistent 
with the results found in natural hybrids of X. birchmanni and X. 
malinche where homozygous X. malinche adgre5 showed the most 
malignant phenotypes (Powell et al. 2021)

ADGRE5 is a prototypic member of the adhesion class of G 
protein-coupled receptors (adhesion GPCRs), which plays vital 
roles in numerous developmental processes as well as in tumori
genesis. Although it has been demonstrated that adgre5, under 
apoptotic conditions, can increase tumor cell viability by inhib
ition of caspase activation and modulation of anti- and 
pro-apoptotic members of the BCL-2 superfamily (Hsiao et al. 
2015), it has also been demonstrated that G protein-coupled re
ceptors inhibit melanoma tumor growth and metastasis (Xu 
et al. 2006). In fact, a recent review (Langenhan 2020) proposes ad
hesion G protein-coupled receptors as candidate metabotropic 
mechanosensors and novel drug targets for numerous cancer 
types because they are surface molecules that act as mechano
sensors. Information about adgre5 function could also be expected 
from loss of function studies. Recently, it was demonstrated that 
xmrk effect can be suppressed when co-expressed with a known 
potent tumor suppressor in medaka double transgenic lines: 
cdkn2ab (Regneri et al. 2019). Future studies to further characterize 
the role of adgre5 as a tumor suppressor are needed. For example, 
a tissue-specific knockout of medaka adgre5 could cause even 
more malignant melanoma phenotypes, in analogy to the knock
out of cdkn2ab which resulted in strongly enhanced tumor growth 
(Regneri et al. 2019).

Fig. 1. a) Migration assay of cells expressing different adgre5 alleles. Y-axis indicates the relative migration calculated as the difference between number 
of cells that migrated in dox 500 induced cells minus the number of cells that migrated in dox 0 cells. Xmal = stable cell line transfected with the X. 
malinche allele of adgre5. Xbir = stable cell line transfected with the X. birchmanni allele of adgre5. pSB-ET-iE is the control vector. Each assay was performed 
in triplicate per cell line. b) Growth of cells expressing different adgre5 alleles. Y-axis indicates relative growth calculated as the difference in optical 
density at 590 nm observed in dox 500 induced cells minus the optical density at 590 nm observed in dox 0 cells in the MTT assay for each cell line and for 
each duration of the growth experiment. Quintuples for each treatment, species, and duration of the experiments were performed.  The plots show the 
mean, and whiskers indicate 2 SEM.
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The study by Powell et al. (2020) was the first to propose a can
didate hybrid incompatibility identified to the single-gene level in 
naturally occurring hybrids. Almost simultaneously, another im
portant example of hybrid incompatibility single-gene-level iden
tification came from the closely related artificial hybrids between 
X. maculatus and X. hellerii (Powell et al. 2020). Lu et al. (2020) suc
cessfully identified rab3d as a tumor suppressor candidate gene. 
Future studies should focus on experimentally testing the role 
of rabd3 (Lu et al. 2020) in a similar approach as taken here for ad
gre5 using transgenic studies with the medaka tg(mitf:xmrk) line 
as well as cell culture experiments.

The results of both studies are interesting because they pro
pose that alleles of different genes, 7 Mb apart on the same 
chromosome, which interact with xmrk, are responsible for hybrid 
incompatibility in 2 different pairs of species from the same genus 
Xiphophorus. This suggests that a melanoma incompatibility in
volving xmrk originated independently in 2 distinct lineages. 
Schartl (2008) proposed that R (as it was called the then unknown 
tumor regulator gene) “could have preexisted before xmrk arose 
and would have suppressed the melanoma from the moment 
when the oncogene arose”. The most parsimonious hypothesis is 
that xmrk originated in a common ancestor to all Xiphophorus 
and that it has been repeatedly lost in several branches of the 
tree. In contrast, it appears that all species have R, but different al
leles, because different hybrid crosses have different levels of 
xmrk suppression (Atz 1962; Anders 1967). Indeed, the recent find
ings suggest that R “different alleles” are actually different genes.

There has been renewed interest in the search for Bateson– 
Dobzhansky–Muller hybrid incompatibilities since we realized 
that hybridization is more common than previously thought 
(Jhonson 2002; Schumer et al. 2014). However, few studies have 
been able to precisely identify the interacting genes responsible 
for the incompatibility (Presgraves 2010). Of those that have, 
most identify candidate genes by using hybrids between crosses 
of model species that no longer hybridize naturally (Lee et al. 
2008; Bikard et al. 2009; Yu et al. 2018; Zuellig and Sweigart 2018). 
The list of studies that have been able to pinpoint single gene ef
fects grows significantly when considering which ones are actual
ly able to experimentally test them and effectively assign a causal 
relationship between the gene interaction and the hybrid incom
patibility (Mihola et al. 2009; Trachtulec et al. 2008).

To the best of our knowledge, the work presented here is the 
only study so far that has experimentally validated a candidate 
gene involved in a hybrid incompatibility in species that currently 
hybridize naturally. Further studies of this kind could shed 
important light on how incompatibilities affect speciation, specif
ically whether mapped incompatibilities trigger divergence be
tween species or arise after gene flow has ceased. The results of 
this study provide strong evidence that adgre5 acts as a tumor 
modifier and highlight the importance of following population 
genetic mapping studies with functional cell culture and in vivo 
studies. Future research focused on characterizing the specific 
mechanism by which adgre5 suppresses xmrk holds great promise 
for biomedical research. In 2024, about 100,640 new melanomas 
are expected to be diagnosed (about 59,170 in men and 41,470 in 
women), and about 8,290 people are expected to die of melanoma 
(about 5,430 men and 2,860 women) in the United States due to 
melanoma, which accounts for the vast majority of skin cancer 
deaths (American Cancer Society, 2024). Insights into how a tumor 
suppressor gene can counteract an oncogene will be of tremen
dous value in the development of melanoma treatments.
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Flachs P, Mihola O, Šimeček P, Gregorová S, Schimenti JC, Matsui Y, 

Baudat F, De Massy B, Pialek J, Forejt J. 2012. Interallelic and inter

genic incompatibilities of the Prdm9 (Hst1) gene in mouse hybrid 

sterility. PLoS Genet. 8(11):E1003044. doi:10.1371/journal.pgen. 

1003044.
Haussler G. 1928. Uber Melanombildungen bei Bastarden von 

Xiphophorus maculatus var. rubra. Klin Wochenschr. 7(33): 

1561–1562. doi:10.1007/BF01748470.
Hsiao CC, Keysselt K, Chen H, Sittig D, Hamann J, Lin H, Aust G. 2015. 

The adhesion Gpcr Cd97/Adgre5 inhibits apoptosis. Int J Biochem 

Cell Biol. 65:197–208. doi:10.1016/j.biocel.2015.06.007.
Jhonson NA. 2002. Sixty years after “Isolating Mechanisms, Evolution 

And Temperature”: Muller’s legacy. Genetics. 161(3):939–944. doi:

10.1093/genetics/161.3.939.
Kazianis S, Gutbrod H, Nairn RS, Mcentire BB, Coletta LD, Walter RB, 

Borowsky RL, Woodhead AD, Setlow RB, Schartl M. 1998. 

Localization of a CDKN2 gene in linkage group V of 

Xiphophorus fishes defines it as a candidate for the diff tumor 

suppressor. Genes Chromosomes Cancer. 22(3):210–220. doi: 10. 

1002/(SICI)1098-2264(199807)22:3<210::AID-GCC6>3.0.CO;2-Z.
Klotz B, Kneitz S, Regensburger M, Hahn L, Dannemann M, Kelso J, 

Nickel B, Lu Y, Boswell W, Postlethwait J. 2018. Expression signa

tures of early-stage and advanced medaka melanomas. Comp 

Biochem Physiol C Toxicol Pharmacol. 208:20–28. doi: 10.1016/j. 

cbpc.2017.11.005.

Koßwig C. 1928. Über Kreuzungen zwischen den Teleostiern 

Xiphophorus helleri und Platypoecilus maculatus. ZVer- 
erbungslehre. 47:150–158. doi: 10.1007/BF01956394.

Langenhan T. 2020. Adhesion G protein-coupled receptors—candi
date metabotropic mechanosensors and novel drug targets. 
Basic Clin Pharmacol Toxicol. 126(S6):5–16. doi:10.1111/bcpt. 
13223.

Lee H, Chou J, Cheong L, Chang N, Yang S, Leu J. 2008. Incompatibility 
of nuclear and mitochondrial genomes causes hybrid sterility be
tween two yeast species. Cell. 135(6):1065–1073. doi:10.1016/j. 
cell.2008.10.047.

Livet J, Weissman TA, Kang H, Draft RW, Lu J, Bennis RA, Sanes JR, 

Lichtman JW. 2007. Transgenic strategies for combinatorial ex
pression of fluorescent proteins in the nervous system. Nature. 
450(7166):56–62. doi:10.1038/nature06293.

Lu Y, Sandoval A, Voss S, Lai Z, Kneitz S, Boswell W, Boswell M, 
Savage M, Walter C, Warren W, et al. 2020. Oncogenic allelic inter
action in Xiphophorus highlights hybrid incompatibility. Proc 
Natl Acad Sci U S A. 47(47):29786–29794. doi:10.1073/pnas. 
2010133117.

Mihola O, Trachtulec Z, Vlcek C, Schimenti J, Forejt J. 2009. A mouse 
speciation gene encodes a meiotic histone H3 methyltransferase. 

Science. 323(5912):373–375. doi:10.1126/science.1163601.
Mishra RR, Kneitz S, Schartl M. 2014. Comparative analysis of melan

oma deregulated miRNAS in the medaka and Xiphophorus pig
ment cell cancer models. Comp Biochem Physiol C Toxicol 
Pharmacol. 163:64–76. doi: 10.1016/j.cbpc.2014.01.002.

Powell DL, García-Olazábal M, Keegan M, Reilly P, Du K, Díaz-Loyo A, 
Banerjee S, Blakkan D, Reich D, Andolfatto P, et al. 2020. Natural 
hybridization reveals incompatible alleles that cause melanoma 
in swordtail fish. Science. 368(6492):731–736. doi:10.1126/science. 
aba5216.

Powell DL, Payne C, Banerjee S, Keegan M, Bashkirova E, Cui R, 

Andolfatto P, Rosenthal G, Schumer M. 2021. The genetic archi
tecture of variation in the sexually selected sword ornament 
and its evolution in hybrid populations. Curr Biol. 31(5):923–935. 
doi:10.1016/j.cub.2020.12.049.

Presgraves DC. 2010. The molecular evolutionary basis of species for
mation. Nature Review Genetics. 11(3):175–180. doi:10.1038/ 
nrg2718.

Rasband WS. 1997–2018. ImageJ. U. S. National Institutes of Health. 
https://imagej.net/ij/.

Regneri KB, Wilde B, Kottler V, Hausmann M, Kneitz S, Regensburger 
M, Maurus K, Götz R, Lu Y, Walter R, et al. 2019. Analysis of the pu

tative tumor suppressor gene cdkn2ab in pigment cells and mel
anoma of Xiphophorus and medaka. Pigment Cell & Melanoma. 
32(2):248–258. doi:10.1111/pcmr.12729.

Rossato ZK, La-Guardia P, Ortega R, Alberici L, Costa R, Catharino R, 
Graner E, Castilho R, Vercesi A. 2014. Fatty acid synthase inhibi
tors induce apoptosis in non-tumorigenic Melan-A cells asso
ciated with inhibition of mitochondrial respiration. PLoS One. 
9(6):E101060. doi:10.1371/journal.pone.0101060.

Safaee M, Clark AJ, Ivan M, Oh M, Bloch O, Sun M, Oh T, Parsa A. 2013. 
CD97 is a multifunctional leukocyte receptor with distinct roles 

in human cancers. Int J Oncol. 43(5):1343–1350. doi:10.3892/ijo. 
2013.2075.

Schartl M. 2008. Evolution of XMRK: an oncogene, but also a speci
ation gene? Bioessays. 30(9):822–832. doi:10.1002/bies.20807.

Schartl M, Hornung U, Gutbrod H, Volff J, Wittbrodt J. 1999. 
Melanoma loss-of-function mutants in Xiphophorus caused by 
XMRK-oncogene deletion and gene disruption by a transposable 
element. Genetics. 153(3):1385–1394. doi:10.1093/genetics/153.3. 
1385.

6 | M. Garcia-Olazabal et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/g3journal/advance-article/doi/10.1093/g3journal/jkae298/7959362 by guest on 19 January 2025

https://doi.org/10.1002/jez.b.23224
https://doi.org/10.1007/BF02142235
https://doi.org/10.1007/BF02142235
https://doi.org/10.5962/p.203330
https://doi.org/10.1002/ijc.2910390324
https://doi.org/10.1126/science.1165917
https://doi.org/10.1016/0014-5793(96)00109-3
https://doi.org/10.1016/0014-5793(96)00109-3
https://doi.org/10.1038/jid.2009.293
https://doi.org/10.1038/jid.2009.293
https://doi.org/10.1371/journal.pgen.1003044
https://doi.org/10.1371/journal.pgen.1003044
https://doi.org/10.1007/BF01748470
https://doi.org/10.1016/j.biocel.2015.06.007
https://doi.org/10.1093/genetics/161.3.939
https://doi.org/10.1002/(SICI)1098-2264(199807)22:3%3C210::AID-GCC6%3E3.0.CO;2-Z
https://doi.org/10.1002/(SICI)1098-2264(199807)22:3%3C210::AID-GCC6%3E3.0.CO;2-Z
https://doi.org/10.1016/j.cbpc.2017.11.005
https://doi.org/10.1016/j.cbpc.2017.11.005
https://doi.org/10.1007/BF01956394
https://doi.org/10.1111/bcpt.13223
https://doi.org/10.1111/bcpt.13223
https://doi.org/10.1016/j.cell.2008.10.047
https://doi.org/10.1016/j.cell.2008.10.047
https://doi.org/10.1038/nature06293
https://doi.org/10.1073/pnas.2010133117
https://doi.org/10.1073/pnas.2010133117
https://doi.org/10.1126/science.1163601
https://doi.org/10.1016/j.cbpc.2014.01.002
https://doi.org/10.1126/science.aba5216
https://doi.org/10.1126/science.aba5216
https://doi.org/10.1016/j.cub.2020.12.049
https://doi.org/10.1038/nrg2718
https://doi.org/10.1038/nrg2718
https://imagej.net/ij/
https://doi.org/10.1111/pcmr.12729
https://doi.org/10.1371/journal.pone.0101060
https://doi.org/10.3892/ijo.2013.2075
https://doi.org/10.3892/ijo.2013.2075
https://doi.org/10.1002/bies.20807
https://doi.org/10.1093/genetics/153.3.1385
https://doi.org/10.1093/genetics/153.3.1385


Schartl M, Kneitz S, Wilde B, Wagner T, Henkel CV, Spaink HP, 

Meierjohann S. 2012. Conserved expression signatures between 
medaka and human pigment cell tumors. PLoS One. 7(5): 
E37880. doi:10.1371/journal.pone.0037880.

Schartl M, Lu Y. 2024. Validity of Xiphophorus fish as models for hu
man disease. Dis Model Mech. 17(1):dmm050382. doi:10.1242/ 
dmm.050382.

Schartl M, Walter RB. 2016. Xiphophorus and medaka cancer models. 
Adv Exp Med Biol. 916:531–552. doi: 10.1007/978-3-319-30654-4_23.

Schartl M, Wilde B, Laisney J, Taniguchi Y, Takeda S, Meierjohann S. 
2010. A mutated EGFR is sufficient to induce malignant melanoma 
with genetic background-dependent histopathologies. J Invest 
Dermatol. 130(1):249–258. doi:10.1038/jid.2009.213.

Schneider CA, Rasband WS, Eliceiri KW. 2012. NIH Image to ImageJ: 
25 years of image analysis. Nat Methods. 9:671–675. doi:10.1038/ 
nmeth.2089.

Schumer CR, Powell D, Dresner R, Rosenthal G, Andolfatto P. 
2014. High-resolution mapping reveals hundreds of genetic in
compatibilities in hybridizing fish species. Elife. 3:e02535. doi: 
10.7554/eLife.02535.

Sugiyama A, Schartl M, Naruse K. 2019. Histopathologic features of 
melanocytic tumors in Xiphophorus melanoma receptor kinase 
(xmrk)-transgenic medaka (Oryzias latipes). J Toxicol Pathol. 
32(2):111–117. doi:10.1293/tox.2018-0058.

Thermes V, Grabher C, Ristoratore F, Bourrat F, Choulika A, 
Wittbrodt J, Joly J-S. 2002. I-SceI meganuclease mediates highly 
efficient transgenesis in fish. Mech Dev. 118(1-2):91–98. doi:10. 
1016/S0925-4773(02)00218-6.

Trachtulec Z, Vlcek C, Mihola O, Gregorova S, Fotopulosova V, Forejt 

J. 2008. Fine haplotype structure of a chromosome 17 region in 

the laboratory and wild mouse. Genetics. 178(3):1777–1784. doi:

10.1534/genetics.107.082404.
Warburg O. 1956. On the origin of cancer cells. Science. 123(3191): 

309–314. doi:10.1126/science.123.3191.309.
Xu L, Begum S, Hearn J, Hynes R. 2006. GPR56, an atypical G protein- 

coupled receptor, binds tissue transglutaminase, Tg2, and inhi

bits melanoma tumor growth and metastasis. Proc Natl Acad 

Sci U S A. 103(24):9023–9028. doi:10.1073/pnas.0602681103.
Yona S, Lin H, Siu W, Gordon S, Stacey M. 2008. Adhesion-GPCRS: 

emerging roles for novel receptors. Trends Biochem Sci. 33(10): 

491–500. doi:10.1016/j.tibs.2008.07.005.
Yu X, Zhao Z, Zheng X, Zhou J, Kong W, Wang P, Bai W, Zheng H, 

Zhang H, Li J, et al. 2018. A selfish genetic element confers 

non-Mendelian inheritance in rice. Science. 360(6393):1130–1132. 

doi:10.1126/science.aar4279.
Zou J, Beermann F, Wang J, Kawakami K, Wei X. 2006. The Fugu Tyrp1 

promoter directs specific GFP expression in zebrafish: tools to study 

the RPE and the neural crest-derived melanophores. Pigment Cell 

Res. 19(6):615–627. doi:10.1111/j.1600-0749.2006.00349.x.
Zuellig MP, Sweigart AL. 2018. Gene duplicates cause hybrid lethality 

between sympatric species of Mimulus. PLoS Genet. 14(4):E1007130. 

doi:10.1371/journal.pgen.1007130.

Editor: R. Reyes

Naturally occurred tumor modifier gene | 7
D

ow
nloaded from

 https://academ
ic.oup.com

/g3journal/advance-article/doi/10.1093/g3journal/jkae298/7959362 by guest on 19 January 2025

https://doi.org/10.1371/journal.pone.0037880
https://doi.org/10.1242/dmm.050382
https://doi.org/10.1242/dmm.050382
https://doi.org/10.1007/978-3-319-30654-4_23
https://doi.org/10.1038/jid.2009.213
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.7554/eLife.02535
https://doi.org/10.1293/tox.2018-0058
https://doi.org/10.1016/S0925-4773(02)00218-6
https://doi.org/10.1016/S0925-4773(02)00218-6
https://doi.org/10.1534/genetics.107.082404
https://doi.org/10.1126/science.123.3191.309
https://doi.org/10.1073/pnas.0602681103
https://doi.org/10.1016/j.tibs.2008.07.005
https://doi.org/10.1126/science.aar4279
https://doi.org/10.1111/j.1600-0749.2006.00349.x
https://doi.org/10.1371/journal.pgen.1007130

	Functional test of a naturally occurred tumor modifier gene provides insights to melanoma development
	Introduction
	Methods
	Cell culture and generations of stable adgre5 expression lines
	RNA extraction, cDNA synthesis, and qPCR
	Cell growth assay
	Trans-well migration assay
	Isolation of the Xiphophorus adgre5 and construction of expression vectors with fugu tyrp promoter
	Generation of transgenic medaka

	Results
	X. malinche but not X. birchmanni allele of adgre5 promotes migration
	X. birchmanni allele of adgre5 inhibits pigment cell growth
	X. birchmanni adgre5 eliminates xmrk-driven melanomagenesis in transgenic medaka

	Discussion
	Data availability
	Funding
	Conflicts of interest
	Author contributions
	Literature cited


