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Abstract 

Rationale: Melanoma, the deadliest form of skin cancer characterized by high therapy resistance, has 
undergone extensive investigation through the utilization of BRAFV600E-driven melanoma animal models. 
However, there exists a paucity of animal models for the rare hereditary melanoma resulting from germline 
CDKN2A mutations.  
Methods: Here, employing CRISPR/Cas9 technology, we generated cdkn2b-/-/tp53-/- Xenopus tropicalis on a 
tp53 knockout background to model human CDKN2A germline mutation-induced hereditary melanoma.  
Results: The findings unveiled that cdkn2b-/-/tp53-/- frogs spontaneously developed melanoma, pancreatic 
cancer, and other tumors. Specifically, these frogs exhibited a high penetrance of spontaneous melanoma, 
sharing characteristics with melanomas in human hereditary melanoma caused by germline CDKN2A mutations. 
During melanoma development in cdkn2b-/-/tp53-/- frogs, the occurrences of epithelial-to-mesenchymal 
transition, the reactivation of pigment cell progenitor cell transcriptional states, and the activation in the MAPK, 
NF-kB, PI3K-Akt, and TGF-β signaling pathways were noted.  

Conclusions: Overall, cdkn2b-/-/tp53-/- Xenopus tropicalis provides a vertebrate model for investigating the 
development of CDKN2A germline mutation-induced hereditary melanoma, contributing to the exploration of 
the pathogenesis of hereditary melanoma in humans. 
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Background 
Hereditary melanoma, a rare variant of 

melanoma, arises from the malignant transformation 
of melanocytes, constituting approximately 10% of all 
melanomas, exhibiting distinctive traits such as 
formidable drug resistance, dismal prognostic 
outcomes, and high mortality rates [1-3]. CDKN2A 
germline mutations stand as the predominant genetic 
alterations associated with hereditary melanoma, 
accounting for approximately 40% of cases within this 
subtype [2]. However, the pathogenesis of CDKN2A 

germline mutation-induced hereditary melanoma 
(CDKN2A-HM) remains elusive, with a dearth of 
approved targeted therapies [3-5]. Alongside the 
constraints in clinical research due to ethical 
limitations on human experimentation, the scarcity of 
animal models recapitulating the disease's 
progression poses an additional obstacle [4-6]. 
Therefore, the development of animal models 
specifically tailored to CDKN2A-HM would be highly 
beneficial for elucidating the intricacies of disease 
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progression and underlying molecular mechanisms. 
CDKN2A encodes two proteins, p14ARF (p19ARF in 

mice) and p16INK4a [7]. p16INK4a inhibits CDK4/6- 
directed phosphorylation of retinoblastoma (RB) 
family proteins, allowing the hypophosphorylated RB 
binding E2F to govern a G1 cell-cycle arrest [8, 9]. 
p14ARF can execute tumor suppressor activity through 
inactivating the MDM2 protein to stabilize TP53 [8]. 
Currently available data indicate that germline 
CDKN2A loss of function alterations in hereditary 
melanoma patients mainly affect either p16INK4a alone 
or both p16INK4a and p14ARF, rarely affect p14ARF only 
[10-12]. Thus, the deactivation of the RB and TP53 
signaling pathways emerges as a fundamental 
determinant culminating in the genesis and 
progression of CDKN2A-HM [13]. Notably, some 
instances characterized by the homozygous deletion 
of large segments within the CDKN2A locus may 
concomitantly entail the excision of the contiguous 
CDKN2B locus, housing the coding sequence for 
p15INK4b [14-16]. Similarly, p15INK4b inhibits 
CDK4/6-mediated RB phosphorylation, thereby 
overseeing the cell cycle [14, 17]. Nonetheless, the 
mechanisms underpinning melanoma development 
in CDKN2A-HM remain elusive, as defects in cell 
cycle regulation, oxidative stress response, and 
senescence upon CDKN2A and CDKN2B inactivation 
could collectively contribute to melanoma 
susceptibility [10, 18, 19]. 

At present, there is an absence of validated 
mammalian models that intravitally recapitulate 
CDKN2A-HM development [6]. Within the 
mammalian genome, as illustrated by mice, the 
Cdkn2a locus encodes two discrete proteins, namely 
p16INK4a and p19ARF, while Cdkn2b encodes p15INK4b 

[20]. Cdkn2a knockout mice with either selective 
inactivation of p19ARF (Arf-/-) or inactivation of both 
p16INK4a and p19ARF (Ink4a-/-/Arf-/-) failed to develop 
melanomas [21, 22]. Intriguingly, mice lacking intact 
Ink4a but retaining one functional Arf allele developed 
melanomas with low penetrance [23]. Compound 
knockout of Cdkn2a and Cdkn2b (deficient for p15INK4b, 
p16INK4a and p19ARF) or Cdkn2a and Tp53 in mice did 
increase tumor predisposition in general, but did not 
promote melanoma development [20, 24]. In fish and 
amphibian species, the absence of the cdkn2a gene is 
counterbalanced by the presence of cdkn2ab in fish and 
cdkn2b in amphibians [25-27]. Both of these 
counterparts encode the p15Ink4b protein and 
demonstrate a marked degree of genetic conservation 
in contrast to mammalian p16INK4a or p15INK4b [27]. 
Consequently, a regulatory framework governed by 
p15Ink4b mediates the modulation of the Rb signaling 
pathway in these organisms. Nevertheless, cdkn2ab-/- 
medaka fail to undergo spontaneous tumorigenesis, 

while tp53-/- zebrafish exhibit an exceedingly scant 
occurrence of spontaneous melanoma (below 0.2%) 
[25, 28, 29]. No fish with simultaneous knockout of 
cdkn2ab and tp53 has been reported yet.  

Xenopus tropicalis, a representative diploid 
amphibian model, manifests a genomic homology of 
79% with the human genome [30]. Our previous 
investigations have revealed an approximate 20% 
penetrance of spontaneous melanoma in tp53-/- 
Xenopus tropicalis, effectively mirroring the trajectory 
of human cutaneous melanoma development [31]. 
Although in Xenopus tropicalis, it remains to be 
determined whether a compound homozygous 
deletion of rb1, rbl1, and tp53 can lead to melanoma 
development, highly penetrant excessive skin 
pigmentation was observed in rb1 and rbl1 double 
mosaic mutants with various tp53 targeting 
backgrounds [32]. Collectively, we hypothesized that 
engineering cdkn2b-/-/tp53-/- Xenopus tropicalis atop the 
tp53-/- foundation, thus inducing the disruption of Rb 
and Tp53 signaling, could model the intricate course 
of CDKN2A-HM development in this animal model. 
Here, leveraging the tp53-/- Xenopus tropicalis as a 
foundation, we generated cdkn2b-/-/tp53-/- Xenopus 
tropicalis lines via the CRISPR/Cas9 technique. 
Remarkably, at 18 months, cdkn2b-/-/tp53-/- Xenopus 
tropicalis shows a spontaneous melanoma penetrance 
of 58%, escalating to an 81% penetrance at 30 months. 
This study further elucidates the transcriptional state 
of melanocyte progenitor cells during spontaneous 
melanoma progression in cdkn2b-/-/tp53-/- Xenopus 
tropicalis. In conclusion, the cdkn2b-/-/tp53-/- Xenopus 
tropicalis serves as a vertebrate model that partially 
models the development of human CDKN2A-HM in 
vivo. Additionally, it provides a valuable platform for 
investigating the complex molecular mechanisms 
involved in melanoma initiation and progression. 

Methods 
Xenopus tropicalis maintenance and husbandry 

Adult Xenopus tropicalis frogs were purchased 
from Nasco (Fort Atkinson, WI, USA; 
http://www.enasco.com). Frog maintenance and 
husbandry followed the established method, and 
fertilized embryos of Xenopus tropicalis were obtained 
using the same approach [31]. All Xenopus tropicalis 
experiments were approved by the Institutional 
Animal Care and Use Committee at the Southern 
University of Science and Technology. 

In vitro transcription, embryo microinjection, 
genotyping and quantitative real-time PCR 
(qPCR) 

The pCS2-Sp9Cas9 plasmid underwent Not I 
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linearization and transcription based on the protocol 
outlined in the mMessage mMachine SP6 Kit 
(Ambion, Austin, TX, USA). The in vitro transcription 
of guide RNAs (gRNAs) followed the instructions 
provided by the Transcript Aid T7 High Yield 
Transcription Kit (Thermo Fisher Scientific, Rockford, 
IL, USA). The expression constructs for cdkn2b gRNA 
utilized the pUC57-T7-gRNA scaffold vector. The 
specific target sequence for the cdkn2b gRNA is 
5’-CCCTGTAAATGCCACAAACTCCC-3’. The 
gRNA template was generated by subjecting the 
pUC57-T7-gRNA scaffold to PCR amplification using 
the Trac-reverse primer and a gRNA forward primer 
that includes a T7 promoter and the target sequence 
for the cdkn2b gRNA. Please refer to Supplemental 
Table S1 for the primer sequences. The purification of 
Cas9 mRNA and gRNAs, as well as the microinjection 
of Xenopus tropicalis embryos, were conducted 
following the previously described method [33].  

To evaluate the efficiency of targeted cdkn2b 
disruption, a pool of five randomly selected healthy 
embryos was collected 24 h post-microinjection. 
Genomic DNA was extracted from these embryos, 
followed by PCR amplification of the targeted region. 
The amplified PCR products were purified and cloned 
into the pMD18-T vector (Takara, Katsu, Japan) using 
TA cloning. Sanger DNA sequencing was performed 
on randomly chosen single colonies to detect indel 
mutations. For genotyping, the nails of adult offspring 
were gently trimmed, and genomic DNA was 
extracted from the trimmed portion following the 
instructions provided by the TIANamp Genomic 
DNA Kit (Tiangen, Beijing, China). Subsequently, 
PCR amplification was conducted using genotyping 
primers, and the resulting PCR products were directly 
subjected to Sanger DNA sequencing. The primer 
sequences for genotyping PCR were available in 
Supplemental Table S1. For the qPCR experiments, 
total RNA was extracted using the TransZol Up Plus 
RNA Kit (ER501-01, Transgen Biotech). cDNA was 
synthesized in vitro using the TransScript® Uni 
One-Step gDNA Removal and cDNA Synthesis 
SuperMix (AU311-03, Transgen Biotech). TransTaq® 
DNA Polymerase High Fidelity (HiFi) (AP131-11, 
Transgen Biotech) was used for the qPCR analyses. 
The specific qPCR primer sequences used in this 
study are listed in Supplemental Table S1. 

Hematoxylin-Eosin staining, 
immunofluorescent staining, transmission 
electron microscopy (TEM) 

The samples underwent histological analysis, 
beginning with fixation in FAS eyeball fixative 
(Servicebio, Wuhan, China) at room temperature for 
24 h. Subsequently, the fixed samples underwent 

dehydration using graded ethanol (75%, 85%, 95%, 
and 100%), followed by replacement with xylene and 
embedding in paraffin wax. Slices with a thickness of 
6 μm were prepared from the embedded tissues and 
subsequently dewaxed in xylene. Rehydration was 
performed using graded ethanol concentrations 
(100%, 95%, and 70%) prior to staining with the 
hematoxylin-eosin staining kit (Baso, Zhuhai, China) 
and immunofluorescent staining. Hematoxylin-eosin 
staining and immunofluorescence experiments were 
carried out exactly according to our previous methods 
[34]. The following primary antibodies were 
employed: anti-Tyrosinase (ab180753, Abcam), 
anti-MiTF (ab3201, Abcam). Additionally, two 
secondary antibodies were utilized: Goat Anti-Mouse 
IgG H&L (Alexa Fluor® 488) (ab150113, Abcam) and 
Goat Anti-Rabbit IgG H&L (Alexa Fluor® 594) 
(ab150080, Abcam). Mounting Medium with DAPI – 
Aqueous & Fluoroshield (ab104139, Abcam) was 
employed to stain the cell nucleus. Hematoxylin- 
eosin-stained results were captured using an 
Olympus BX53 upright microscope (Olympus, Japan).  

The TEM sample preparation method was as 
follows: Xenopus tropicalis tissue samples, sized 1 mm 
× 1 mm, were fixed overnight at 4 °C in 2% 
glutaraldehyde. Following fixation, samples 
underwent four washes of 10 min each with a 10 mM 
PBS solution. Subsequently, 1% osmium tetroxide was 
applied to the samples for fixation at room 
temperature for 3 h. The samples were then subjected 
to two washes of 10 min each with a 10 mM PBS 
solution and two washes of 10 min each with ddH2O. 
After rinsing with ddH2O, the samples were treated 
with a 2% uranyl acetate solution at room 
temperature for 2 h or overnight at 4 °C. Following 
this, the samples were washed four or more times 
with ddH2O for 10 min each until the rinsed water 
became clear. Post-rinsing, the samples underwent 
dehydration with a gradient concentration of acetone: 
30% acetone once, 50% acetone once, 75% acetone 
once, and 100% acetone twice, each for 10 min. 
Simultaneously with the gradient dehydration, Epoxy 
resin (9.8 g), DDSA (5.6 g), NMH (4.6 g), and DMP-30 
(0.28 mL) were mixed thoroughly at room 
temperature using a rotary mixer for at least 4 h to 
prepare a 100% resin mixture. Then, at room 
temperature, the samples were treated with 25% 
resin-acetone once, 50% resin-acetone once, 75% 
resin-acetone once, and 100% resin once, each for 1.5-2 
h. Following these steps, new 100% resin was added, 
and the samples were left overnight at 4 °C. Unused 
100% resin was sealed with parafilm and stored at 4 
°C for later use. The next day, the samples were 
embedded in new 100% resin. Subsequently, the 
embedded samples were baked in a 60 °C oven for 2 
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days to complete the preparation of TEM samples for 
ultrathin sectioning. Finally, the prepared TEM 
samples were sent to Wuhan Servicebio Technology 
Co., Ltd. for ultrathin sectioning, TEM observation, 
and photography. 

RNA-seq library preparation and RNA-seq 
analysis 

Samples were collected from 18-month-old 
tropical clawed frogs, including spontaneously 
formed abdominal benign nevi and their adjacent 
tissues, abdominal dysplastic nevi, and invasive 
melanoma on the back with corresponding adjacent 
tissues. Each group comprised two replicates. The 
purpose of collecting these samples was to extract 
total RNA for the subsequent preparation of RNA-seq 
libraries. Following the grinding of tissue samples in a 
mortar with liquid nitrogen, total RNA extraction was 
carried out according to the manufacturer’s 
instructions for TransZol Up lysis reagent (ET111-01, 
TransGen Biotech). Subsequently, the extracted total 
RNA samples were submitted to Wuhan Frasergen 
Information Co., Ltd. for RNA-seq library preparation 
and sequencing using the MGI high-throughput 
sequencer. Wuhan Frasergen Information Co., Ltd. 
also conducted the RNA-seq analysis. RNA-seq data 
analysis methods followed the protocol previously 
published by our group [35, 36]. Briefly, SOAPnuke 
software (v2.1.0) was employed for filtering raw reads 
to obtain clean reads. The essential parameters were 
configured as follows: –lowQual=20, –nRate=0.005, 
and –qualRate=0.5, while all other parameters 
retained their default values. The filtering process 
included excluding paired reads with adapter 
sequences, eliminating paired reads with an N 
(indicating indeterminate base information) 
proportion exceeding 0.5%, and removing low-quality 
paired reads, where bases with a Qphred value not 
exceeding 20 constituted over 50% of the entire read 
length. The clean reads underwent alignment to the 
Xenopus tropicalis reference genome UCB_Xtro_10.0 
via HISAT2. Subsequently, Bowtie2 software was 
employed to map the quality-controlled sequences to 
the reference transcriptome. RSEM analyzed the 
Bowtie2 alignment results, determining the number of 
reads mapped to each transcript for every sample and 
calculating FPKM (Fragments Per Kilobase per 
Million bases) values. Differential expression analysis 
employed DESeq2, considering genes with a P-value 
< 0.05 and an absolute log2(fold change) > 1 as 
differentially expressed. DESeq2 uses a negative 
binomial distribution model and Wald test or LRT test 
to calculate P-values. Gene Ontology (GO) and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) 
enrichment analyses utilized the R package 

clusterProfiler version 4.2.2, with P values guiding the 
identification of pertinent biological process terms 
and KEGG pathways. RNA-seq data has been 
publicly deposited to Genome Sequence Archive 
(https://ngdc.cncb.ac.cn/gsa/) with the accession 
number CRA015502. 

Statistics and reproducibility 
Data were analyzed using GraphPad Prism 

version 9 (GraphPad Prism Software, Inc., CA, USA) 
and expressed as means ± standard deviation (SD). 
Statistical analyses for multiple comparisons were 
performed using ordinary one-way ANOVA; "ns" 
indicates no significant difference, * denotes a P-value 
< 0.05, ** indicates a P-value < 0.01, *** indicates a 
P-value < 0.001, and **** indicates a P-value < 0.0001. 
Except for bulk RNA-seq studies, reproducibility was 
maintained through a minimum of three biological 
replicates. The accompanying figure legend provides 
detailed information on the data processing 
methodology. 

Results 
Feasibility of modeling human CDKN2A-HM 
in cdkn2b-/-/tp53-/- Xenopus tropicalis 

The targeted deletion of Cdkn2a in vertebrates 
presents an optimal melanoma model for 
recapitulating the progression of CDKN2A-HM. 
Nonetheless, the literature currently lacks 
descriptions of mice and zebrafish models capable of 
replicating the progression of CDKN2A-HM (Figure 
S1A). In Xenopus tropicalis, the sole identified 
homologous gene to human CDKN2A is cdkn2b, with 
the cdkn2b gene in Xenopus tropicalis encoding the 
p15Ink4b protein (Supplementary Figure 1B). Protein 
homology analysis reveals substantial similarity 
between Xenopus tropicalis p15Ink4b and human 
p16INK4a and p15INK4b, with slightly higher homology 
to human p16INK4a (Figure S1B and Figure S2). In 
humans, deletions in CDKN2A lead to the inactivation 
of the RB and P53 signaling pathways, driving the 
progression of CDKN2A-HM (Figure 1A-B) [13]. 
Therefore, we aimed to simultaneously inactivate the 
Rb and Tp53 signaling pathways in Xenopus tropicalis 
to model the disease progression of CDKN2A-HM 
(Figure 1A-B and Figure S1A). Although Xenopus 
tropicalis lacks the cdkn2a gene, its cdkn2b-encoded 
p15Ink4b shares highly conserved ANKYR functional 
domains with human p16INK4a (Figure 1C-D). Overall, 
the conserved amino acid sequences between Xenopus 
tropicalis p15Ink4b and human p16INK4a are 
predominantly located in α-helix structures, with a 
smaller portion found in β-sheet structures (Figure 2C 
and Figure S1B). This underscores the functional 
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conservation between Xenopus tropicalis' p15Ink4b and 
human p16INK4a, providing a foundation for 
potentially replicating the occurrence and progression 
of human CDKN2A-HM in Xenopus tropicalis. 
Furthermore, the Tp53 ortholog in Xenopus tropicalis 
shows high conservation with human TP53, as 
demonstrated in Supplementary Figure 3. In our 
previous research, we successfully established the 
tp53-/- Xenopus tropicalis line [31]. Therefore, we 
propose that generating a cdkn2b-/-/tp53-/- Xenopus 
tropicalis line could serve as a promising model for 
replicating the molecular mechanisms underlying the 
development and progression of human 
CDKN2A-HM in this species. 

To generate the cdkn2b-/-/tp53-/- Xenopus tropicalis 
line upon the existing tp53-/- foundation, initial efforts 
involved crossbreeding tp53-/- Xenopus tropicalis with 
wild-type counterparts, yielding fertilized eggs with a 
tp53+/- genotype. Following this, guide RNA targeting 
cdkn2b and Cas9 mRNA were microinjected into 
approximately 200 uncleaved tp53+/- fertilized eggs to 
effectuate cdkn2b knockout. The contemporary G0 
mosaic cdkn2b knockout exhibited an efficiency of 
93%, resulting in diverse indels, including those with 
the potential to induce frameshift mutations (Figure 
S4A). Six months later, 50 sexually mature G0 mosaic 
cdkn2b knockout Xenopus tropicalis were obtained. 
Three randomly selected pairs of G0 adults were bred 
to produce F1 offspring. As anticipated, the resulting 
F1 individuals exhibited diverse genotypes for cdkn2b 
and tp53 (Figure S4B). In CRISPR/Cas9-mediated 
gene knockout studies, frameshift-inducing indels 
often result in premature stop codons in the mRNA of 
the targeted gene. This leads to the production of 
truncated proteins or activates the nonsense-mediated 
mRNA decay pathway, causing target mRNA 
degradation and ultimately resulting in loss of protein 
function, achieving the goal of gene knockout [37, 38]. 
Our designed cdkn2b guide RNA targets the upstream 
ankyrin repeat domain of the Cdkn2b protein, where 
induced frameshift mutations lead to the loss of the 
conventional Cdkn2b protein core structure (Figure 
1C-E). Consequently, we label Xenopus tropicalis with 
frameshift-inducing indels mutations in both alleles of 
cdkn2b as cdkn2b-/- (Figure 1E and Figure S4B). The 
designation cdkn2b+/- indicates one allele of cdkn2b has 
been knocked out due to frameshift-inducing indels, 
while the other allele remains wild type. 

Thus, building on the tp53-/- Xenopus tropicalis 
line, we have developed the cdkn2b-/- and other 
Xenopus tropicalis lines. The cdkn2b-/-/tp53-/- Xenopus 
tropicalis line is anticipated to be a valuable model for 
studying the development and progression of human 
CDKN2A-HM. Subsequently, from the same cohort of 
F1 individuals, we randomly selected frogs 

representing nine different genotypes: cdkn2b-/-/tp53-/-, 
cdkn2b+/-/tp53-/-, cdkn2b+/+/tp53-/-, cdkn2b-/-/tp53+/-, 
cdkn2b+/-/tp53+/-, cdkn2b+/+/tp53+/-, cdkn2b-/-/tp53+/+, 
cdkn2b+/-/tp53+/+, and wild type (WT). These frogs are 
undergoing further husbandry for subsequent 
experiments. 

High penetrance of spontaneous melanoma 
formation in cdkn2b-/-/tp53-/- Xenopus tropicalis 

During frog husbandry, spontaneous nevi and 
melanoma was observed in various genotypes of 
Xenopus tropicalis at 18 months of age, including 
cdkn2b-/-/tp53-/-, cdkn2b+/-/tp53-/-, cdkn2b+/+/tp53-/-, 
cdkn2b-/-/tp53+/-, cdkn2b+/-/tp53+/-, cdkn2b+/+/tp53+/-, and 
cdkn2b-/-/tp53+/+ individuals. The penetrance of nevi 
and melanoma varied among these genotypes, with 
cdkn2b-/-/tp53-/- frogs exhibiting the highest penetrance 
at 58%, significantly surpassing the tp53-/- cohort 
(Figure 2, Table 1, and Figure S5). Furthermore, 
melanoma lesions in cdkn2b-/-/tp53-/- frogs were 
notably larger and irregularly shaped (Figure 2 and 
Figure S5), consistent with features observed in 
human CDKN2A-HM [39]. The occurrence of 
melanoma in these frogs showed no gender 
differences or dorsal-ventral preferences, similar to 
tp53-/- frogs' melanoma [31]. Histopathological 
examination revealed that the development process of 
melanoma in cdkn2b-/-/tp53-/- frogs paralleled that in 
tp53-/- frogs [31], characterized by four stages: benign 
nevi, dysplastic nevi, non-invasive melanoma, and 
invasive melanoma (Figure 2B-D and Figure 3A), 
mirroring the progression of human cutaneous 
melanoma [40]. Additionally, we attempted to 
characterize benign nevi, dysplastic nevi, 
non-invasive melanoma, and invasive melanoma in 
cdkn2b-/-/tp53-/- Xenopus tropicalis using a variety of 
commercial antibodies that target human melanoma 
markers (Zeb1, Gpnmb, Vim, Sox10, S100beta, Tyr, 
Mitf). The results indicated that, except for the Tyr 
and Mitf antibodies, all other antibodies were 
ineffective. While the immunofluorescence signals 
from Tyr and Mitf could identify melanocytes in 
various melanocytic neoplasms, they could not 
differentiate between benign nevi, dysplastic nevi, 
non-invasive melanoma, and invasive melanoma 
(Figure 3B-C). Ultimately, we characterized the 
cdkn2b-/-/tp53-/- Xenopus tropicalis melanocytic 
neoplasms using qPCR. The results showed that as 
the melanoma progressed, the expression of 
malignant progression marker genes (pmel, mlana, 
sox10, cdk4, zeb1, and vim) significantly increased, with 
notable expression differences observed among 
benign nevi, dysplastic nevi, and invasive melanoma 
(Figure 3D). This supports the applicability of our 
previous classification criteria to cdkn2b-/-/tp53-/- 
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Xenopus tropicalis melanoma. Furthermore, the high 
expression of sox10, cdk4, zeb1, and vim suggests that 
the invasive melanoma in cdkn2b-/-/tp53-/- Xenopus 

tropicalis may have undergone dedifferentiation and 
completed the epithelial-to-mesenchymal transition 
(EMT). 

 

 
Figure 1. The strategy for modeling human CDKN2A-HM in Xenopus tropicalis. (A) Inactivating mutations of CDKN2A lead to the disruption of the RB and TP53 signaling pathways, 
which contributes to the onset and progression of CDKN2A-HM. However, the molecular mechanisms that regulate the onset and progression of CDKN2A-HM are still not fully 
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understood. (B) The proteins encoded by the Xenopus tropicalis cdkn2b gene (p15Ink4b) and the tp53 gene (Tp53) govern signaling pathways that are evolutionarily conserved with 
those regulated by the human CDKN2A-CDKN2B locus, which encodes the proteins P14ARF, P15INK4b, and P16INK4a. (C) Structural analysis reveals conserved sequences in Xenopus 
tropicalis p15Ink4b and human P16INK4a proteins, with helical structures numbered H1-H9. The conserved domains are highlighted with thick yellow lines. Additionally, spatial 
information for guide RNA targeting the cdkn2b gene is illustrated in this panel. (D) A comparative analysis was performed between the p15Ink4b (Cdkn2b) encoded by Xenopus 
tropicalis cdkn2b and the human CDKN2B-encoded p15INK4b (p15), as well as the human CDKN2A-encoded p16INK4a (p16). The diagram illustrates the locations of the ankyrin repeat 
domain and gRNA target sites. The amino acid sequence data for these proteins were sourced from the UniProt database (https://www.uniprot.org/). (E) The prediction of 
Xenopus tropicalis Cdkn2b protein for non-triplet mutant Indels. The figure indicates the gRNA knockout sites.  

 
Figure 2. Development of cdkn2b-/-/tp53-/- Xenopus tropicalis melanoma. (A) Representative images of benign nevus, dysplastic nevus, non-invasive melanoma, and invasive 
melanoma spontaneously generated in 18-month-old cdkn2b-/-/tp53-/- Xenopus tropicalis, with a total of 14 frogs observed. For specific lesion details, please refer to Supplementary 
Table 2. Red arrows indicate the lesion locations. (B) Enlarged images of the corresponding lesions in Panel (A). Red arrows indicate the lesion locations. Please refer to the scale 
bar in Panel A for the size of Panel (B). (C) and (D), H&E staining results of dorsal skin samples from the same batch of wild type Xenopus tropicalis and corresponding lesion 
samples shown in Panel (B). The images display representative staining results from 10 tissue sections. Scale bars: 5 mm for (A), 50 μm for (C) and (D). 
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Figure 3. Pathological and molecular characteristics at various melanocytic neoplasms of cdkn2b-/-/tp53-/- Xenopus tropicalis. (A) Schematic representation illustrating the 
progression of melanoma in Xenopus tropicalis. The designations BN, DN, NIM, and IM correspond to benign nevi, dysplastic nevi, non-invasive melanoma, and invasive melanoma, 
respectively. Der and epi refer to the dermis and epidermis, while SSp and SCo denote the stratum spinosum and stratum corneum, respectively. BM, Gr, and Mu indicate the 
basement membrane, granular gland, and mucous gland. For clarity, the schematic presents only select tissue structures within the skin of Xenopus tropicalis. (B) Hematoxylin and 
eosin staining results for a 22-month-old cdkn2b-/-/tp53-/- Xenopus tropicalis exhibiting dysplastic nevi. (C) The DN (dysplastic nevi) samples show immunofluorescence staining 
results adjacent to the paraffin sections presented in B, while WT denotes the immunofluorescence results for the dorsal skin of a 22-month-old wild-type Xenopus tropicalis. The 
primary antibodies utilized for immunofluorescence were Tyr and Mitf. "Merge" indicates the merged immunofluorescence results. Scale bars in B and C represent 50 μm, with 
the images displaying representative staining results from ten tissue sections. (D) qPCR results for marker genes associated with the malignant progression of melanoma (pmel, 
mlana, sox10, cdk4, zeb1, and vim) in the dorsal skin of a 22-month-old wild-type Xenopus tropicalis and age-matched cdkn2b-/-/tp53-/- Xenopus tropicalis with benign nevi, 
non-invasive melanoma, and invasive melanoma (n=3). In the statistical analysis, multiple comparisons were conducted using ordinary one-way ANOVA; "ns" indicates no 
significant difference, * denotes a P-value < 0.05, ** indicates a P-value < 0.01, *** indicates a P-value < 0.001, and **** indicates a P-value < 0.0001. 
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Table 1. Penetrance of spontaneous melanoma in Xenopus 
tropicalis under different knockout backgrounds of cdkn2b and tp53 

Genotype 18 months♠ 30 months♣ 
cdkn2b+/+/tp53+/+ 0/24 (0%) 0/37 (0%) 
cdkn2b+/-/tp53+/+ 0/27 (0%) 0/25 (0%) 
cdkn2b-/-/tp53+/+ 2/32 (6%) 4/39 (10%) 
cdkn2b+/+/tp53+/- 5/46 (11%) 6/27 (22%) 
cdkn2b+/-/tp53+/- 7/49 (14%) 8/31 (26%) 
cdkn2b-/-/tp53+/- 6/28 (21%) 6/11 (55%) 
cdkn2b+/+/tp53-/- 3/12 (25%) 13/34 (38%) 
cdkn2b+/-/tp53-/- 5/13 (38%) 19/45 (42%) 
cdkn2b-/-/tp53-/- 14/24 (58%) 13/16 (81%) 

Note: ♣ denotes the penetrance of spontaneous melanoma in the first batch of 
various genotypes of Xenopus tropicalis. At this stage, benign nevi and dysplastic 
nevi are rare, with the majority being in situ melanomas and metastatic melanomas. 
♠ represents the penetrance of spontaneous melanoma in the second batch of F2 
generation with various genotypes of Xenopus tropicalis. At this stage, the 
proportions of benign nevi, dysplastic nevi, non-invasive melanomas, and invasive 
melanomas are detailed in Supplementary Table 2. 

 
At 18 months of age, aside from cdkn2b-/-/tp53-/- 

frogs with spontaneous invasive melanoma at 57%, 
the majority of other genotypes primarily exhibited 
spontaneous benign nevi and dysplastic nevi, with 
only a minority displaying non-invasive melanoma, 
and no spontaneous occurrence of invasive melanoma 
(Table S2). The incidence of spontaneous melanoma in 
this batch of 18-month-old tp53-/- Xenopus tropicalis 
was 25% (Table 1), higher than the previously 
reported incidence in 14-month-old tp53-/- Xenopus 
tropicalis [31]. This clearly illustrates an increasing 
incidence of melanoma in tp53-/- Xenopus tropicalis 
with prolonged age. The incidence of spontaneous 
melanoma in cdkn2b-/-/tp53-/- and other genotypes of 
Xenopus tropicalis also increases with prolonged time 
(Table 1).  

Dysplastic nevi from 14-month-old 
cdkn2b-/-/tp53-/- Xenopus tropicalis were grafted onto the 
dorsal region of colorless and immunodeficient 
Xenopus tropicalis (mitf−/−/prkdc−/−/il2rg−/−) [34]. After a 
135-day transplantation period, observation revealed 
that dysplastic nevi on the colorless and 
immunodeficient Xenopus tropicalis showed no 
evidence of melanoma cell metastasis and maintained 
robust survival. Conversely, those transplanted onto 
colorless Xenopus tropicalis (mitf−/−) underwent 
complete regression due to immune rejection (Figure 
S6). This finding underscores the resemblance of 
cdkn2b-/-/tp53-/- Xenopus tropicalis dysplastic nevi to 
their human counterparts, highlighting their limited 
metastatic potential. 

In another batch comprising these nine 
genotypes of Xenopus tropicalis, the incidence of 
spontaneous melanoma reached 81% in 30-month-old 
cdkn2b-/-/tp53-/- frogs, and 38% in tp53-/- Xenopus 
tropicalis (Table 1). In these cdkn2b-/-/tp53-/- Xenopus 

tropicalis, we observed a melanoma exhibiting distant 
metastasis to the dorsal fat tissue (Figure 4A-C and 
4G). Additionally, invasive melanoma was detected in 
this frog's lung, as depicted in histological sections 
showing melanoma cells invading the lung tissue 
(Figure 4D and 4F). At 30 months of age, spontaneous 
melanocytic neoplasms in cdkn2b and tp53 knockout 
Xenopus tropicalis mainly appear as dysplastic nevi 
and non-invasive melanoma. Melanomas in 
cdkn2b-/-/tp53-/- frogs show larger lesion areas, more 
lesion sites, and irregular growth patterns (Figure 4E). 
These pathological features resemble some symptoms 
of familial atypical multiple mole melanoma 
syndrome (FAMM) resulting from mutations in the 
human CDKN2A gene [41, 42]. Interestingly, cdkn2b-/- 
Xenopus tropicalis also exhibit a propensity for 
spontaneous melanomas, with the incidence rising 
from 6% at 18 months to 10% at 30 months (Table 1 
and Figure S5). This contrasts with the absence of 
spontaneous melanomas observed in Cdkn2b-/- mice 
and cdkn2ab-/- medaka [6, 20, 24, 25]. There have been 
no spontaneous melanomas observed in cdkn2b+/- 
Xenopus tropicalis, despite the heterozygous loss of 
CDKN2A found in human CDKN2A-HM [43]. Hence, 
the spontaneous onset of melanomas in cdkn2b+/- 
Xenopus tropicalis and the carcinogenic capacity of 
cdkn2b+/- remain to be further investigation in 
forthcoming studies. Although cdkn2b-/-/tp53+/+ 
Xenopus tropicalis can spontaneously develop 
melanoma, it may not effectively model the 
progression of CDKN2A-HM. First, cdkn2b-/-/tp53+/+ 
Xenopus tropicalis regulates the malignant 
transformation of melanocytes theoretically through 
inactivation of the Rb signaling pathway, whereas 
CDKN2A-HM involves both the RB and TP53 
pathways. Second, the low incidence of spontaneous 
melanoma in cdkn2b-/-/tp53+/+ Xenopus tropicalis 
complicates the acquisition of melanoma samples for 
subsequent studies, hindering research efforts. 
Therefore, our data not only indicate a higher 
incidence of spontaneous melanoma in cdkn2b-/-/tp53-/- 
Xenopus tropicalis, but also suggest that this model can 
partially replicate the progression of human 
CDKN2A-HM, making it a valuable resource for 
melanoma research. 

In addition to spontaneous melanomas, a variety 
of tumors arise spontaneously in cdkn2b and tp53 
knockout Xenopus tropicalis. These encompass 
pancreatic cancer, lung cancer, liver cancer, sarcoma, 
splenic tumors, gastric cancer, and ovarian cancer, 
with spontaneous pancreatic cancer and sarcoma 
exhibiting a notably higher penetrance rate (Figure S7 
and Table S3).  
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Figure 4. cdkn2b-/-/tp53-/- Xenopus tropicalis melanoma demonstrates distant metastasis. (A) A 30-month-old cdkn2b-/-/tp53-/- Xenopus tropicalis spontaneously developed invasive 
melanoma, which has exhibited distal metastasis. (B) An internal representation of this invasive melanoma, indicated by the red arrow on the right side of Panel (A), reveals 
melanoma cells proliferating extensively, forming darkly pigmented tissue surrounded by non-pigmented growths. (C) The presence of distant metastasis of the invasive 
melanoma is highlighted by the red arrow on the left side of Panel (A), with the cancer spreading to the corresponding subcutaneous dorsal fat tissue. (D) Two distinct sites of 
pulmonary melanoma lesions have been identified in the lungs of Xenopus tropicalis, as depicted in Panel A. (E) The characteristic pathological features of 30-month-old 
cdkn2b-/-/tp53-/- Xenopus tropicalis melanoma include large lesion areas, irregular shapes, and multiple lesion sites. Four out of 13 spontaneously generated melanomas in 
cdkn2b-/-/tp53-/- Xenopus tropicalis exhibit these traits. (F) and (G), Representative hematoxylin and eosin staining results from paraffin-embedded tissue sections of pulmonary 
melanoma samples (Panel D) and melanoma samples metastasized to subcutaneous dorsal fat tissue (Panel C) are shown, respectively. The images display representative staining 
results from 10 tissue sections. The red arrow indicates the location of the melanoma lesion. Scale bars: 5 mm for (A) and (E), 1 mm for (B-D), 50 μm for (F) and (G). 

 
For cdkn2b-/-/tp53-/- Xenopus tropicalis, we 

hypothesize that the incidence of tumors in this 
genotype will be significantly higher than that in 
other genotypes of Xenopus tropicalis. This hypothesis 
requires further examination involving a larger 
sample size of frogs to provide supporting evidence 
(Table S3). The pathological features of spontaneous 
pancreatic cancer in these Xenopus tropicalis 
correspond to those of human pancreatic ductal 
adenocarcinoma [44]. Severe desmoplastic reactions 

result in the embedding of tumor ducts within fibrous 
tissue. The orderly distribution of ducts and acinar 
structures within lobules observed in the wild-type 
pancreas is entirely disrupted in pancreatic cancer of 
Xenopus tropicalis (Figure S7I). Human germline 
mutations in CDKN2B predispose individuals to renal 
cell carcinoma [45]. However, renal cell carcinoma 
lesions have not been detected in Xenopus tropicalis 
with cdkn2b knockout. The significant incidence of 
spontaneous melanomas, pancreatic cancer, and 
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sarcoma observed in cdkn2b and tp53 knockout 
Xenopus tropicalis corresponds with certain 
manifestations of the FAMM syndrome [15, 31, 42, 
46]. 

Hence, cdkn2b and tp53 knockout Xenopus 
tropicalis provide an animal model to partially 
recapitulate human FAMM Syndrome. Specifically, 
cdkn2b-/-/tp53-/- Xenopus tropicalis represents a 
vertebrate model for the high penetrance melanoma 
associated with human CDKN2A-HM. This 
cdkn2b-/-/tp53-/- Xenopus tropicalis melanoma model 
holds potential for elucidating the processes and 
molecular mechanisms involved in the progression of 
human CDKN2A-HM. 

Melanoma dedifferentiation amidst the 
progression of cdkn2b-/-/tp53-/- Xenopus 
tropicalis melanoma 

To elucidate the molecular underpinnings of 
cdkn2b-/-/tp53-/- Xenopus tropicalis melanoma 
development, we systematically collected samples 
including cdkn2b-/-/tp53-/- Xenopus tropicalis benign nevi 
adjacent tissues (BNC), benign nevi (BN), dysplastic 
nevi (DN), invasive melanoma (IM), and adjacent 
invasive melanoma tissues (IMC) for Bulk RNA-seq 
analysis (Figure 5A). The transcriptomes of the dorsal 
and ventral skin of Xenopus tropicalis exhibit 
significant differences, primarily due to the 
distribution patterns of pigment cells and glands. 
Consequently, during sampling and data analysis, we 
compared ventral-derived benign nevi (BN) with 
peri-nevi (BNC), as well as dorsal-derived invasive 
melanoma (IM) with adjacent tissues (IMC). 
Additionally, since primary abnormal proliferation 
occurs in melanocytes within both nevus and 
melanoma samples (Figure 2 and Figure 3), we 
compared ventral-derived dysplastic nevi (DN) with 
dorsal-derived invasive melanoma (IM). Principal 
component analysis revealed notable transcriptional 
disparities among benign nevi, dysplastic nevi, and 
invasive melanoma; benign nevi exhibited a 
transcriptional profile akin to benign nevi adjacent 
tissues, while a more pronounced divergence was 
observed in the transcriptional profiles of invasive 
melanoma and its adjacent tissues (Figure 5B). These 
findings indicate the reproducibility of our 
sequencing approach and highlight substantial 
transcriptional alterations occurring during the 
progression of melanoma. 

Further analysis indicated a significant increase 
in the expression levels of melanocyte marker genes 
and melanoma-associated genes during the 
progression of cdkn2b-/-/tp53-/- Xenopus tropicalis 
melanoma (Figure 5C-D and Figure S8A-B). This 
heightened expression of specific matrix 

metalloproteinases (MMPs) correlates with the 
phenotype exhibiting a gradually augmented 
metastatic potential in cdkn2b-/-/tp53-/- Xenopus 
tropicalis melanoma (Figure 5D and Figure S8B). The 
heightened expression of MMPs underscores the 
imperative to scrutinize the expression profiles of 
epithelial-to-mesenchymal transition (EMT) marker 
genes throughout the progression of cdkn2b-/-/tp53-/- 
Xenopus tropicalis melanoma [47-49]. Consistent with 
expectations, the expression levels of epithelial state 
marker genes, including cdh1 and epcam, exhibited 
marked diminution alongside the progression of 
cdkn2b-/-/tp53-/- Xenopus tropicalis melanoma (Figure 5E 
and Figure S8C). Conversely, the expression levels of 
mesenchymal state marker genes, such as cdh2 and 
vim, demonstrated significant elevation during this 
developmental trajectory (Figure 5F and Figure S8D). 
Moreover, the upregulation of core EMT transcription 
factors, notably zeb2, zeb1, and snail2, alongside 
transcription factors associated with EMT, including 
ets1, sox10, and foxc2, was conspicuous (Figure 5F and 
Figure S8D). The noted expression patterns of these 
aforementioned EMT marker genes collectively 
signify the occurrence of EMT during the 
development of cdkn2b-/-/tp53-/- Xenopus tropicalis 
melanoma. 

Next, to unveil the activation patterns of signal-
ing pathways during the progression of cdkn2b-/-/tp53-/- 
Xenopus tropicalis melanoma, we performed KEGG 
enrichment analysis on the RNA-seq dataset. This 
analysis revealed a significant enrichment of the 
MAPK, NF-kB, PI3K-Akt, and TGF-β signaling 
pathways throughout the development of 
cdkn2b-/-/tp53-/- Xenopus tropicalis melanoma (Figure 6A 
and Table S4). These pathways displayed a 
downregulation in benign nevi and an upregulation 
in dysplastic nevi and invasive melanoma (Figure 
6B-E). Notably, the cell cycle signaling pathway 
displayed a similar pattern, with downregulation in 
benign nevi and upregulation in dysplastic nevi and 
invasive melanoma (Figure 6B-E). This pattern aligns 
with the characteristic melanocyte cell cycle arrest 
observed in benign nevi, and malignant proliferation 
of melanocytes seen in dysplastic nevi and invasive 
melanoma [40]. In human CDKN2A-mutant 
melanomas, the disrupted binding of inactive p16INK4a 
to p65 leads to NF-kB transcriptional activation [50]. 
Concurrently, the inactivation of p14INK4b impedes 
TP53 function, resulting in heightened IKKα 
expression and subsequent NF-kB transcriptional 
activity [50]. These suggest a parallel activation of the 
NF-kB signaling pathway in cdkn2b-/-/tp53-/- Xenopus 
tropicalis melanoma, mirroring the molecular features 
observed in CDKN2A-mutant melanomas in humans. 
Furthermore, the MAPK, PI3K-Akt, and TGF-β 



Theranostics 2024, Vol. 14, Issue 19 
 

 
https://www.thno.org 

7481 

signaling pathways are also implicated in human 
melanoma progression, exerting pivotal regulatory 
roles [3, 51]. These findings illustrate the activation of 
the MAPK, NF-kB, PI3K-Akt, and TGF-β signaling 
pathways in cdkn2b-/-/tp53-/- Xenopus tropicalis mela-
noma development. Regarding the underlying causes 
of melanoma development in cdkn2b-/-/tp53-/- Xenopus 
tropicalis, although our preliminary whole-genome 

sequencing study ruled out mutations in braf, nras, 
kras, nf1, kit, and pten genes, there must be other key 
driver mutations awaiting discovery. However, 
elucidating the precise triggers for their activation, 
their interplay, and their specific regulatory functions 
in the pathogenesis of cdkn2b-/-/tp53-/- Xenopus tropicalis 
melanoma necessitates further investigation in 
forthcoming studies. 

 

 
Figure 5. cdkn2b-/-/tp53-/- Xenopus tropicalis melanoma undergoes epithelial-to-mesenchymal transition (EMT) during its progression. (A) Bulk RNA-seq sampling details during 
the evolution of melanoma in 18-month-old cdkn2b-/-/tp53-/- Xenopus tropicalis. Due to the limited availability of cdkn2b-/-/tp53-/- Xenopus tropicalis melanoma samples, the bulk 
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RNA-seq analysis was performed on benign nevi, dysplastic nevi, and invasive melanoma samples, with two replicates per sample type, each derived from lesions on a single frog. 
BNC, benign nevi adjacent tissues; BN, benign nevi; DN, dysplastic nevi; IM, invasive melanoma; IMC, adjacent invasive melanoma tissues. "n" represents the number of frogs used 
for sampling. (B) Principal component analysis results of the Bulk RNA-seq data from A, where BeNeVS-Ctr is BNC and MeMeDS-Ctr is IMC. BeVS is BN. DyNeVS is DN. 
MeMeDS is IM. (C-F) Expression profiles of selected marker genes throughout the melanoma progression. BN vs BNC, BN vs DN, DN vs IM, IM vs IMC indicate comparative 
analyses between benign nevi adjacent tissues and benign nevi, benign nevi and dysplastic nevi, dysplastic nevi and invasive melanoma samples, adjacent invasive melanoma tissues 
and invasive melanoma, respectively. 

 
Figure 6. Changes in signaling pathways during the progression of cdkn2b-/-/tp53-/- Xenopus tropicalis. (A) KEGG analysis results of Bulk RNA-seq during the progression of 
cdkn2b-/-/tp53-/- Xenopus tropicalis, with the red arrow pointing to the focused key signaling pathways. (B-E) In the development of benign nevi in cdkn2b-/-/tp53-/- Xenopus tropicalis, 
the MAPK, NF-kB, Cell cycle, PI3K-Akt, and TGF-β signaling pathways are downregulated. However, during the progression of benign nevi to malignant melanoma in 
cdkn2b-/-/tp53-/- Xenopus tropicalis, the MAPK, NF-kB, Cell cycle, PI3K-Akt, and TGF-β signaling pathways are upregulated. BN vs BNC, BN vs DN, DN vs IM, IM vs IMC indicate 
comparative analyses between benign nevi adjacent tissues and benign nevi, benign nevi and dysplastic nevi, dysplastic nevi and invasive melanoma samples, adjacent invasive 
melanoma tissues and invasive melanoma, respectively. 

 
The dedifferentiation of melanoma cells is 

crucial in the initiation, progression, resistance 
development, and recurrence of BRAFV600E-driven 

melanoma [3]. Thus, does the dedifferentiation of 
melanoma cells also take place during the progression 
of melanoma in cdkn2b-/-/tp53-/- Xenopus tropicalis? To 
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address this inquiry, we scrutinized the expression of 
marker genes associated with pigment cells in 
cdkn2b-/-/tp53-/- Xenopus tropicalis melanomas. Amphi-
bians present a broader range of pigment cell types 
compared to mammals, including melanophores, 
xanthophores, and iridophores [52, 53]. Notably, the 
developmental trajectory of pigment cell maturation 
in Xenopus tropicalis exhibits evolutionary 
conservation akin to zebrafish (Figure S9) [3, 52-54].  

In Xenopus tropicalis, neural crest cells (NCCs) 
develop into MIX progenitor cells, which are pigment 
progenitors capable of differentiating into 
melanophores, iridophores, and xanthophores. These 
MIX progenitors express specific cellular markers 
(Figure S9) [54, 55]. Further differentiation of MIX 
progenitors results in three distinct progenitor types: 
MI (which give rise to melanophores and 
iridophores), MX (which give rise to melanophores 
and xanthophores), and IX (which give rise to 
iridophores and xanthophores). Each of these 
progenitor types expresses new marker genes while 
retaining some of the original markers from the MIX 
progenitors. Consequently, NCCs and MIX, MI, MX, 
and IX progenitor cells share certain cellular markers. 
Upon differentiation into mature pigment cells— 
melanophores, iridophores, and xanthophores—each 
expresses unique, cell type-specific markers. 
Consequently, we investigated the expression profiles 
of marker genes related to NCCs, MIX progenitor 
cells, MI progenitor cells, and other pigment cells in 
cdkn2b-/-/tp53-/- Xenopus tropicalis melanomas (Figure 
S9). The results demonstrate a significant upregula-
tion in the expression levels of the examined marker 
genes, excluding sox9, as melanoma develops (Figure 
7A-C). Particularly noteworthy is the marked increase 
in expression levels observed for melanoblast marker 
genes (sox10, mitf, kit, ednrb2, and dct) and iridoblast 
marker genes (tfec, tfap2b, sox10, pax7, ltk, hlf, gbx2.1, 
and alx4) during melanoma progression (Figure 
7D-E). There is a substantial rise in the expression 
levels of iridophores and melanocytes marker genes 
throughout the development of cdkn2b-/-/tp53-/- 
Xenopus tropicalis melanoma, whereas the 
upregulation of xanthophores marker genes shows 
variability during melanoma progression (Figure 
7F-G and Figure 5C). These data prompted us to 
utilize TEM to examine pigment cell alterations, 
focusing specifically on melanophores, in 
cdkn2b-/-/tp53-/- Xenopus tropicalis melanoma samples. 
TEM analysis revealed a significant proliferation of 
melanoma cells and a substantial increase in 
melanosomes during cdkn2b-/-/tp53-/- Xenopus tropicalis 
melanoma development (Figure S10). Additionally, 
by calculating the percentage of the area occupied by 
proliferating melanocytes, a significant increase in 

melanocyte proliferation can be observed (Figure 
S11). Given the conserved developmental pattern of 
pigment cells in Xenopus tropicalis and zebrafish 
(Figure 7I and Figure S9), it is conceivable that some 
Xenopus tropicalis melanophores and iridophores may 
derive from MI progenitor cells, which are themselves 
derived from MIX progenitor cells originating from 
neural crest cells [3, 52, 53]. Hence, in conjunction 
with the dedifferentiation of melanoma cells into a 
progenitor cell state as evidenced by the RNA-seq, 
these results propose that during the progression of 
cdkn2b-/-/tp53-/- Xenopus tropicalis melanoma, 
melanoma cells may transit into pigment cell 
precursor cells (neural crest cells, MIX progenitor 
cells, MI progenitor cells, melanoblasts, and 
iridoblasts), undergo EMT, and subsequently 
progress into malignant tumor cells exhibiting 
heightened expression of melanophores and 
iridophores marker genes. 

In conclusion, the progression of cdkn2b-/-/tp53-/- 
Xenopus tropicalis melanoma is characterized by the 
presence of EMT, reactivation of pigment cell 
precursor cell transcriptional states, and activation of 
the MAPK, NF-kB, PI3K-Akt, and TGF-β signaling 
pathways (Figure 7I). Unfortunately, the precise 
cellular trajectories and molecular mechanisms 
driving the initiation and progression of 
cdkn2b-/-/tp53-/- Xenopus tropicalis melanoma necessitate 
further investigation in future research endeavors. 

Discussion 
Here, we found that Xenopus tropicalis with 

knockout of cdkn2b and tp53 spontaneously develop 
melanoma, pancreatic cancer, and other tumors, 
thereby establishing a valuable vertebrate model that 
partially recapitulates features of human FAMM 
syndrome. Notably, cdkn2b-/-/tp53-/- Xenopus tropicalis 
exhibit a significantly increased incidence of 
spontaneous melanoma, with lesions resembling 
those seen in human CDKN2A-HM associated with 
FAMM syndrome. Consequently, this model may 
serve as a unique platform for investigating the 
initiation and progression of human CDKN2A-HM. 
However, further research is needed to determine the 
extent to which cdkn2b-/-/tp53-/- Xenopus tropicalis 
melanoma mimics human CDKN2A-HM. 
Additionally, during melanoma progression in these 
frogs, we observed epithelial-to-mesenchymal 
transition (EMT), accompanied by the reactivation of 
pigment cell precursor transcriptional states and 
activation of key signaling pathways, including 
MAPK, NF-κB, PI3K-Akt, and TGF-β. Overall, the 
cdkn2b-/-/tp53-/- Xenopus tropicalis melanoma model 
offers a unique platform to delve into the cellular and 
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molecular mechanisms underpinning melanoma 
dedifferentiation in the context of disrupted Rb and 
Tp53 signaling pathways. This model holds promise 

for advancing our understanding of the pathogenesis 
and therapeutic strategies for human CDKN2A-HM. 

 

 
Figure 7. The expression of pigment cell precursor marker genes increases progressively during the development of cdkn2b-/-/tp53-/- Xenopus tropicalis melanoma. (A-G) Figures 
present the expression profiles of neural crest cell (NCC), MIX progenitor cell (progenitor cells capable of differentiating into melanophores, xanthophores, and iridophores), 
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MI progenitor cell (progenitor cells capable of differentiating into melanophores and iridophores), melanoblast (Mb), iridoblast (Ib), iridophore (I), and xanthophore (X) marker 
genes during the progression of cdkn2b-/-/tp53-/- Xenopus tropicalis melanoma. (I) The schematic diagram provides a graphical summary depicting the establishment of a 
cdkn2b-/-/tp53-/- Xenopus tropicalis melanoma model to recapitulate the progression of human CDKN2A-HM. The illustration also outlines potential developmental pathways of 
melanophores and iridophores in Xenopus tropicalis, with Path1, Path2, and Path3 indicating potential dedifferentiation routes of cdkn2b-/-/tp53-/- Xenopus tropicalis melanoma. TM 
indicates melanoma cells. BN vs BNC, BN vs DN, DN vs IM, IM vs IMC indicate comparative analyses between benign nevi adjacent tissues and benign nevi, benign nevi and 
dysplastic nevi, dysplastic nevi and invasive melanoma samples, adjacent invasive melanoma tissues and invasive melanoma, respectively. 

 
CDKN2A germline mutations associated with 

FAMM syndrome have been examined in mouse, 
zebrafish, and medaka animal models, yet a model 
directly recapitulating FAMM syndrome remains 
absent [6, 20-25, 28]. Xenopus tropicalis lacking cdkn2b 
and tp53 display a heightened incidence of 
spontaneous melanoma and pancreatic cancer, 
echoing the pathological traits observed in human 
FAMM syndrome. Despite the absence of the 
cdkn2a-cdkn2b locus in Xenopus tropicalis, the presence 
of the cdkn2b locus suggests that concurrent knockout 
of cdkn2b and tp53 in Xenopus tropicalis is akin to triple 
knockout of Cdkn2a, Cdkn2b, and Trp53 in mice, 
potentially explaining species-specific phenotypic 
variations [26, 27]. In fish, while the cdkn2a-cdkn2b 
locus is absent, the cdkn2ab locus is present. 
Nevertheless, knockout of medaka's cdkn2ab does not 
induce spontaneous tumor formation [25]. 
Conversely, the incidence of spontaneous melanoma 
in 30-month-old cdkn2b-/- Xenopus tropicalis stands at 
10% (Table 1), suggesting that species-specific factors 
may contribute to observed phenotypic variations 
among related mouse, fish, and frog models. In 
Xenopus tropicalis, previous studies have noted that 
CRISPR/Cas9-mediated knockout of rb1 and rbl1 in 
founder generation crispants with varying tp53 
mutation backgrounds exhibits excessive skin 
pigmentation [32]. However, documentation on the 
occurrence of spontaneous melanoma in these 
crispants and their offspring is lacking. Our previous 
research reveals a notably higher incidence of 
spontaneous melanoma in tp53 knockout Xenopus 
tropicalis compared to tp53 knockout zebrafish, while 
Trp53 knockout mice do not develop spontaneous 
melanoma [31]. Hence, these findings imply that the 
disruption of Rb and Tp53 signaling pathways in 
Xenopus tropicalis predisposes to spontaneous 
melanoma formation. Unfortunately, the molecular 
mechanisms underlying this phenomenon warrant 
further elucidation in future studies. 

Following melanoma dedifferentiation, the 
recurrence of transcriptional states in melanocyte 
progenitor cells significantly influences melanoma 
onset, progression, and resistance to treatments [3]. It 
is currently unclear whether melanoma 
dedifferentiation also occurs during the development 
of CDKN2A-HM [4]. In the cdkn2b-/-/tp53-/- Xenopus 
tropicalis melanoma model, we observed EMT and 
heightened expression of pigment cell progenitor cell 
markers. This suggests that akin to BRAFV600E-driven 

melanoma, during the development of cdkn2b-/-/tp53-/- 
Xenopus tropicalis melanoma, melanoma cells undergo 
dedifferentiation, adopting the transcriptional state of 
pigment cell progenitors, undergo EMT, culminating 
in invasive melanoma (Figure 7I). Nevertheless, 
further investigation is warranted into the melanocyte 
and melanoma cell heterogeneity, the trajectory of 
melanocyte malignant transformation, and the under-
lying molecular mechanisms during cdkn2b-/-/tp53-/- 
Xenopus tropicalis melanoma development. The use of 
single-cell and spatial high-throughput sequencing 
technologies in cdkn2b-/-/tp53-/- Xenopus tropicalis 
melanoma would be highly beneficial in uncovering 
the mechanisms underlying the malignant 
progression of melanoma cells [56, 57]. Concurrently, 
pivotal signaling pathways such as MAPK, NF-kB, 
PI3K-Akt, TGF-β, and the cell cycle are activated in 
the development of cdkn2b-/-/tp53-/- Xenopus tropicalis 
melanoma. Interestingly, these pathways are 
generally inhibited during benign nevi formation. The 
reasons behind this inhibition during benign nevi 
formation, contrasted with their activation and 
enhancement during benign nevi progression to 
invasive melanoma, warrant exploration.  

In summary, based on the tp53-/- Xenopus 
tropicalis, we utilized CRISPR/Cas9 technology to 
construct cdkn2b and tp53 knockout Xenopus tropicalis. 
The results revealed that cdkn2b and tp53 knockout 
Xenopus tropicalis spontaneously develop melanoma, 
pancreatic cancer, and other tumors, making them a 
valuable vertebrate model that can partially 
recapitulate features of human FAMM syndrome. The 
incidence of spontaneously developing melanoma in 
2-year-old cdkn2b-/-/tp53-/- Xenopus tropicalis reaches as 
high as 81%, and the pathological features of 
cdkn2b-/-/tp53-/- Xenopus tropicalis melanoma are similar 
to those of human CDKN2A-HM. Therefore, the 
cdkn2b-/-/tp53-/- Xenopus tropicalis melanoma model 
provides a platform for in vivo investigations into the 
development of CDKN2A-HM. This model lays a 
groundwork for the exploration of therapeutic 
strategies aimed at hereditary melanoma. 
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