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Abstract

Telomerase activation is a crucial step in melanomagenesis, often occurring because of ultraviolet 

radiation (UVR)-induced mutations at the telomerase gene (TERT) promoter and rendering TERT 

transcription in response to the activated Raf-MAP kinase pathway by BRAFV600E mutation. Due 

to the excessively long telomeres in mice, this process does not occur during melanomagenesis in 

mouse models. To investigate the impact of telomere dysfunction on melanomagenesis, BrafV600E 

was induced in generation 1 and 4 (G1 & G4) of Tert−/− mice. Our findings revealed that, 

regardless of UVR exposure, melanoma development was delayed in G4 mice, which had shorter 

telomeres compared to G1 and wild-type C57BL/6J (G0) mice. Moreover, many G4 tumors 

displayed an accumulation of excessive DNA damage, as evidenced by increased γH2A.X 

staining. Tumors from UVR-exposed mice exhibited elevated p53 protein expression. Cultured 

tumor cells isolated from G4 mice displayed abundant chromosomal fusions and rearrangements, 

indicative of telomere dysfunction in these cells. Additionally, tumor cells derived from UVB-

exposed mice exhibited constitutively elevated expression of mutant p53 proteins, suggesting that 

p53 was a target of UVB-induced mutagenesis. Taken together, our findings suggest that telomere 

dysfunction hampers melanomagenesis, and targeting telomere crisis-mediated genomic instability 

may hold promise for the prevention and treatment of melanoma.
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Introduction:

Melanoma is an aggressive form of skin cancer, responsible for over 80% of skin cancer-

related deaths.1 Human melanomagenesis is a complex process, involving environmental 

and genetic factors.2 While cutaneous melanoma is epidemiologically linked to UVR 

exposure, the etiology involved in other forms of melanomas, such as acral lentiginous 

and mucosal melanoma, is less clear. The activation of Ras-Raf-MAPK pathway is 

important in melanoma initiation and development. The V600E substitution of BRAF 
gene is the most common somatic mutation in human melanoma with approximately 

50% of cutaneous melanomas containing mutant BRAF.3 Other genes of oncogenic 

pathways (NRAS and KIT), cell cycle regulation (CCND1 and CDK4), and NF1 are 

also among important targets of mutations during melanomagenesis.4 In addition, genes 

that regulate senescence, including CDKN2A, encoding p16INK4A, and genes involved in 

telomere maintenance, are defined as melanoma risk genes, suggesting that overcoming 

stress-induced and/or replicative senescence is pivotal for melanomagenesis. Indeed, highly 

recurrent mutations affecting the CDKN2A and TERT genes are found in both familial and 

sporadic melanomas.5,6

Telomere length serves as a mitotic clock for replicative senescence. Telomeres are 

specialized nucleoprotein complexes that function as protective caps of chromosomal 

ends. Telomeres are replenished by telomerase,7 a ribonucleoprotein containing a reverse 

transcriptase (TERT), an RNA template (TERC), and accessory proteins.8 Without 

telomerase, as in most human somatic cells, telomeres progressively shorten upon successive 

cell divisions, leading to senescence. High telomerase activity is found in over 90% of 

cancer and immortal cells.9,10 In melanoma, telomerase activation occurs via activating 

mutations at the TERT promoter, germline and somatic mutations at positions −69 nt 

(C250T) and −48 nt (C228T) relative to its transcription start site.11,12 These mutations 

generate new ETS consensus sites and recruited ETS family transcription factors. Germline 

mutations in other telomere maintenance genes, such as POT1, ACD, and TERF2IP, have 

also been reported in melanoma patients, indicating that telomere maintenance is a critical 

factor in melanoma susceptibility and development.13–15
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TERT promoter mutations (TPMs) are widely associated with BRAFV600E mutation.2 

Several melanoma mouse models with inducible BrafV600E expression have been 

reported.16,17 However, mice have telomeres of 50 kb or longer, as compared to 10–15 

kb in humans, and telomerase is expressed in most adult mouse tissues. Tert or Terc 
knockout (KO) mice live up to six generations without discernable phenotype in early 

generations.18–20 As a result, telomeres are never exhausted during melanomagenesis in 

mice. Telomere dysfunction and the ensuing telomerase activation do not occur during 

melanoma development in mice as they do in humans. Given the critical role of telomere 

functions in human melanomagenesis, we studied the role of telomeres in melanoma 

development, using a mouse melanoma model, in which BrafV600E was induced off a 

modified endogenous Braf gene, LSL-BrafV600E, in melanocytes16 in a setting that telomere 

length is limiting. In this model, developing melanoma cells are trapped in a state of 

perpetual telomere dysfunction. Our results showed that telomere deficiency, but not the lack 

of Tert protein expression, significantly delayed melanoma development with and without 

UVR exposure conditions.

Materials and Methods

Experimental animals:

Braf+/LSL-V600E;Tyr::CreERT2+/o and Tert−/− mice, from Drs. Richard Marais and Yie 

Liu, respectively,16,21 were crossed to generate Tert+/−;Braf+/LSL-V600E;Tyr::CreERT2+/o 

mice, which were intercrossed to yield Tert−/−;Braf+/LSL-V600E;Tyr::CreERT2+/o (G1) 

mice (Figure 1A). G1 mice were bred three more times resulting in G4 

Tert−/−;Braf+/LSL-V600E;Tyr::CreERT2+/o mice with short telomeres. To induce melanoma, 

the back of mice of 8–12 weeks of age were shaved and the exposed skin treated with 10 mg 

Tamoxifen (Sigma-Aldrich, T5648) every other day for a total of 4 times (Figure 2A). Four 

weeks after the final application of tamoxifen, the mouse was shaved again; the exposed skin 

on the backs of half of these mice were exposed to weekly 160 mJ/cm2 of UVB radiation 

using a UVB lamp as previously described by us22 and this UVR exposure was repeated 

every week for 24 weeks.

Mouse melanoma cell cultures:

Tumors were excised and placed in DMEM supplemented with 2% FBS on ice, washed in 

75% ethanol for 10 s, rinsed with PBS, and minced to fragments about 2 mm in diameter 

with razor blades. Following centrifugation, tumor tissues were resuspended in DMEM 

medium containing collagenase type IV (1 mg/ml, Sigma-Aldrich, C5138), incubated for 20 

min at 37°C in a humidified incubator with agitation, washed once with PBS, and further 

dissociated with 0.25% Trypsin (Corning, 5–053-CI) for 15 min in the incubator at 37°C. 

Trypsin was neutralized with DMEM with 10% FBS and cells were plated onto 10 cm plates 

with DMEM with 10% FBS. All experiments were performed using early passage tumor 

cells (less than 10 passages). All experiments were performed with mycoplasma-free cells.

Telomerase activity and telomere length:

Telomerase activities were measured using telomeric repeat amplification protocol (TRAP) 

assay.23 Telomere length in mouse cells was examined by telomere restriction fragment 
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(TRF) analysis and visualized using North2South® Chemiluminescent Hybridization and 

Detection Kit.24 Independently, telomere signals were also quantified by Flow-FISH, 

fluorescent in situ hybridization to Cy3-(CCCTAA)3 oligonucleotide followed by flow 

cytometry analysis.25 The fluorescence signals were converted to arbitrary units of 

molecular equivalents of soluble fluorescence and normalized to that of wild-type C57BL/6J 

mice (1.0). Metaphases and telomere fluorescence in situ hybridization (FISH) was prepared 

and analyzed as described previously.24 Finally, telomere shortest length assay (TeSLA) was 

performed as previously described.26

Tumor Histology and Immunofluorescence staining:

Paraffin-embedded slides (5 μm) were stained with hematoxylin and eosin (H&E).27 For 

immunohistochemistry, 4 μm tumor slides were baked at 60°C for 1 h, deparaffinized with 

xylene, and hydrated through a series of graded alcohol washes. Antigen retrieval and 

antibody staining were performed as described previously.28 Antibodies used in this study 

are as follows: S100 (Proteintech, 15146–1-AP, 1:100); Sox10 (Proteintech, 66786–1-Ig, 

1:100); Ki67 (Cell Signaling Technology, 12202, 1:200); p53 (Leica, NCL-L-p53-CM5p, 

1:500); p21 (Santa Cruz, sc-6246, 1:200); γH2A.X (Ser139) (Cell Signaling Technology, 

2577S, 1:200); TRF2 (NOVUS, NB100–56506, 1:300). Numbers of positive cells were 

scored using HALO software (Indica Labs). Cultured tumor cells were seeded into 8-

well chamber slides (LabTek, 154534) that were pre-coated with collagen solution (Cell 

applications, 125–50) and stained as described.29 Cell images were captured with ZEISS M2 

microscope at ×400 magnification and analyzed using ImageJ software. Co-localized foci of 

γH2A.X and TRF2 staining were analyzed with ComDet V0.5.5 plugins in ImageJ.

PCR analyses:

qRT-PCR assays were performed as previously described.30 mRNA levels were normalized 

to 18S ribosomal RNA. p53 cDNA fragments containing exons 5–8 were amplified from 

total RNAs from tumor cells and sequenced by both Sanger and Nanopore methods. 

Identical mutations were detected in UVB-exposed melanoma cells using the two methods. 

The sequences of all PCR primers are provided in Supplementary Table 1.

C-circle assay:

C-circle assay was performed as described previously.31 Relative C-cycle amounts were 

obtained by subtracting global and specific background controls, without DNA and 

Φ29 polymerase, respectively, from hybridization signals with the TelC-Biotin probe and 

normalized to signals from the SINE probe.

Statistical analysis:

The statistical methods used within this study includes two-tailed Student’s t-test, one-way 

ANOVA with Dunnett’s multiple comparisons test, Log-rank test and Fisher’s exact test. 

GraphPad Prism 7.0 was used for the statistical analysis.

Zhang et al. Page 4

Int J Cancer. Author manuscript; available in PMC 2025 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Results:

Telomere shortening in Tert−/−;Braf+/LSL-V600E;Tyr::CreERT2+/o mice

To study the critical roles of telomeres in melanoma development, we created 

a unique mouse model by crossing Tert-KO mice20 into a previously published 

mouse melanoma model, in which the expression of BrafV600E was induced from 

a modified endogenous Braf locus, LSL-BrafV600E.32 In this model, a tamoxifen 

(TM)-inducible Cre recombinase expressed from Tyr::CreERT2+/o activated BrafV600E 

expression in melanocytes by recombining the LSL (LoxP-STOP-LoxP) cassette in the 

BrafLSL-V600E locus.16 To curtail excessive mouse telomeres, homozygous Tert−/− mice with 

Braf+/LSL-V600E;Tyr::CreERT2+/o transgenes were bred for multiple generations (Figure 

1A). The length of telomere restriction fragments (TRFs) and total telomere signals in 

splenocytes of Tert+/+ (G0), first and fourth generations of Tert−/− (G1 and G4) mice were 

determined by Southern blot and Flow-FISH analyses (Figures 1B and C). The average 

telomere lengths in splenocytes of G1 and G4 were 63% and 53% of those in G0 mice, 

or approximately 32 and 27 kb, respectively. Because shorter telomeres were more likely 

to become dysfunctional, shortest telomeres in splenocytes of these mice were detected by 

TeSLA. As shown in Figure 1D, splenocytes from G4 mice had more short telomeres below 

10 kb than those of G0 and G1 mice. Accordingly, compared to G0 and G1 mice, G4 mice 

showed slightly reduced body weight and litter sizes, which were typical but mild telomere 

dysfunction phenotypes.20,33

Melanoma development upon BrafV600E induction in Tert−/− mice

To induce BrafV600E expression, skin on the backs of 8-week-old mice was shaved and 

treated with TM (Figure 2A). As reported previously,16,34 treated skin darkened over a 

period of one to two months, indicating the formation of nevi. Tumors that emerged 

sporadically afterwards were recorded and monitored. As shown in Figure 2B, tumors 

started to appear at 9–11 weeks following TM treatment in all three non-UV groups of 

G0, G1, and G4 mice. Tumor appearance was significantly delayed in G4 mice, with 

median tumor-free survival of 48 weeks, compared to 23 and 32 weeks for G0 and 

G1 mice, respectively (Figure 2C). However, tumor numbers per mouse were similar 

in three groups (Figure 2D). Tumors were mainly amelanotic and restricted to the skin 

layer (Figure 2E). No invasion beyond fascia or metastasis was observed. Remnants of 

nevi were seen occasionally, and abundant pigmented cells were present throughout the 

lesions. The tumors showed evidence of recombination at the BrafLSL-V600E locus by PCR 

amplification and stained positive for both S100 and Sox10, which were commonly used 

immunohistochemical markers for melanoma (Figures 2E&F).

Starting 4 weeks after TM treatment, parallel groups of G0, G1, and G4 mice were 

exposed to sub erythemal dose of UVB once a week for 24 weeks, mimicking sunlight 

exposure in melanoma patients34 (Figure 2A). In these mice, tumors started to appear 7–9 

weeks following TM treatment in all three genotype groups (Figure 2B). UVB exposure 

dramatically decreased tumor latency period and increased tumor burden in all groups. The 

median tumor emergence times were about 14 weeks in G0 and G1 mice, and this time 

was delayed to 18 weeks in G4 mice, indicating that G4 mice displayed delayed tumor 
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development compared to G0 and G1 mice (Figure 2C). Although UVB treatment increased 

tumor numbers per mouse, total tumor numbers per mouse remained similar in all three 

UVB groups (Figure 2D).

Telomerase expression and the effect of short telomeres during melanoma development

In mice without UVB exposure, although tumor development in G1 mice appeared to be 

delayed compared to G0 mice (median tumor-free survival of 32 versus 23 weeks, Figure 

2C), the difference was not statistically significant. Over 80% of mice in both G0 and 

G1 groups developed tumors within 50 weeks of TM treatment. After UVB treatment, all 

G0 and G1 mice developed tumors within 28 weeks of TM treatment and there was no 

difference in the timing of tumor development in G0 and G1 groups. In tumors from G0 

mice, telomerase activity and Tert mRNA were readily detected, but not elevated compared 

to normal tissues, such as skin and liver (Figures 3A&B). As expected, no telomerase 

was detected in G1 mice (Tert−/−). These data suggested that long telomeres in mice were 

sufficient to support melanoma development and there was no need to activate endogenous 

Tert expression and telomerase activity as in humans.

On the other hand, melanoma development in G4 mice was significant delayed compared to 

those of G0 and G1 mice both with and without UVB exposure (Figures 2B&C). Without 

UVB exposure, median tumor latency in G4 mice was delayed for 16 weeks from 32 weeks 

for G1 mice to nearly 48 weeks. One third of G4 mice never developed a tumor within 60 

weeks during the experiment. In UVB treated mice, all G1 and G4 mice developed tumors 

within 24 and 42 weeks of TM treatment. The median tumor emergence in G4 mice was also 

delayed 3.6 weeks compared to G1 mice, 17.9 versus 14.3 weeks. The delays in G4 mice of 

both UVB exposure and no exposure were statistically significant. In addition, the numbers 

of tumors per mouse were also similar in all G0, G1, and G4 mice with UVB exposure. 

Therefore, although long telomere and abundant telomerase expression in mice abrogated 

the need to activate Tert gene during cancer development, critically shortened telomeres in 

G4 mice impaired melanoma development.

Telomere dysfunction in melanoma cells.

To study telomere dysfunction and chromosomal stability in melanomas, tumor cells were 

isolated from melanomas. In order to obtain relatively pure tumor cells and minimize 

telomere shortening during in vitro proliferation, the cells were analyzed within their first 

ten passages. Cell cultures from at least three independent tumors were established from 

each experimental mouse group. First, telomere lengths of tumor cells were determined by 

TRF analysis (Figure 4A). Telomeres of tumor cells were more heterogenous and generally 

shorter than those in mouse splenocytes (Figure 1B). While telomere length varied from 

tumor to tumor, tumor cells from G4 mice had overall shorter telomeres than those from 

G1 mice, which were in turn shorter than G0 mice. The average telomere length in cells 

from several G4 tumors and at least one G1 tumor were about 25 kb, half of telomere 

length in normal tissues of G0 mice (wild-type C57BL/6J). However, it is most likely that a 

small fraction of very short telomeres, but not the average telomeres, became dysfunctional 

and delayed tumor formation. Thus, representative tumor cells were also examined for the 

presence of very short telomeres using TeSLA. As shown in Figure 4B, tumor cells from 
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G4 groups of both UVB-treated and non-treated mice contained more telomeres under 10 kb 

than those from G0 and G1 mice. G1 tumor cells from UVB-treated animals also had shorter 

telomeres than those from G0 mice. These data indicated that Tert−/− tumor cells, especially 

G4 cells, had shorter telomeres and were thus more likely subjected to telomere dysfunction.

Alternative-lengthening-of-telomeres (ALT) is an alternative telomere maintenance 

mechanism, involving recombination-dependent and telomerase-independent telomere 

elongation and producing partially single-stranded telomeric (CCCTAA)n DNA circles (C-

circles).31 Hence, C-Circle assay was performed to determine whether Tert−/− tumor cells 

could maintain their telomeres via ALT. As shown in Figure 4C, tumor cells from G1 and 

G4 mice of both UVB and no UV groups showed no increase of C-circle amount than tumor 

cells from G0 mice and several negative controls, including mouse embryo fibroblasts and 

splenocytes from wildtype C57BL/6J mice. The data indicated that telomeres in G1 and G4 

Tert−/− cells were not maintained by ALT mechanisms.

Chromosomal instability in Tert−/− tumor cells

Telomere dysfunction leads to chromosomal uncapping, end-to-end fusions, and 

chromosomal instability. Thus, tumor cell cultures from no UVB treated mice were 

also examined by fluorescence in situ hybridization (FISH) using both telomere- and 

centromere-specific probes. Two out of three G0 tumor cell cultures were mostly diploid 

with 40 chromosomes and many cells in the other G0 tumor cell culture had cells of 

49–50 and 66 chromosomes (Figure 4D). No chromosomal fusion was detected in any 

of 70 metaphases of G0 tumor cells that were examined (Table 1). On the other hand, 

chromosome numbers in Tert−/− tumor cells from G4 mice were much more heterogenous, 

ranging from 34 to 144. G4 tumor cells had abundant aberrant chromosomes (2.4–5.0 

per metaphase), including Robertsonian (p-arm to p-arm fusion), dicentric (p- to q-arm), 

ring (q- to q-arm) chromosomes, and more complex fusions (Table 1 and Figure 4E). In 

addition, chromosomal fragments, likely resulting from chromothripsis,35 were also found 

in G4 tumor cell cultures. G1 tumor cells also displayed similar aberrant karyotypes, but 

the numbers of chromosomal fusions were 0.04 to 2.2 per metaphase, not as high as 

those in G4 cultures (Figure 4D and Table 1). Finally, to detect damaged/dysfunctional 

telomeres, tumor cells were stained with antibodies against TRF2 and γH2A.X and 

telomere dysfunction-induced foci (TIFs) were identified by TRF2/γH2A.X colocalization 

(Figure 4F). The result showed that TIF numbers increased significantly in tumor cells 

derived from UVB-treated G4 mice, comparing to those from G0 mice. Thus, these 

results indicated that telomere dysfunction in these Tert−/− cells, especially cells from G4 

mice, led to extensive chromosomal fusion and impaired chromosomal segregation. Similar 

chromosomal instability was not observed in G0 tumor cells.

Increased γH2AX and p53 expression in UV-induced melanomas with short telomeres

Excessive cell proliferation during melanoma development likely leads to telomere attrition, 

which could either impair tumor development or facilitate tumorigenesis depending upon 

the status of p53 and p16Ink4a tumor suppressors.36,37 Indeed, p16Ink4a expression increased 

dramatically in all tumors even in G0 mice (Figure 3C). Telomere shortening may lead to 

its uncapping and chromosomal destabilization, resulting in increased DNA damage and p53 
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induction. To determine how short telomeres affected p53 activity and overall DNA damage 

during tumor development, melanoma samples were examined by immunostaining using 

antibodies against p53, p21, and γH2AX. As shown in Figures 5A–C, most tumors from 

G0 and G1 mice, without and with UVB exposure, showed negative staining for p53 and 

γH2AX. In G4 mice that were exposed to UVB, most tumors displayed increased staining 

of p53 and some also had elevated γH2AX staining. In G4 mice without UVB exposure, 

p53 and γH2AX staining remained low. In these mice, many tumors also had increased 

p21 expression, which might have contributed to delayed melanoma development (Figure 

5A). In addition, tumor cell proliferation, as determined by Ki-67 staining, was similar in 

all experimental groups except for G4 mice treated with UVB, which showed increased 

Ki-67 staining and thus cell proliferation (Figures 5D&E). These data suggested that tumors 

with telomere dysfunction and UVB exposure had accumulated double-strand DNA breaks 

(DSBs), elevated p53 activity, and increased tumor cell proliferation.

Expression of p53 tumor suppressor protein in melanoma cells

Genomic instability induced by telomere dysfunction also impacts melanoma development 

and treatment in mouse models.38 Telomere dysfunction is expected to induce p53 

expression. In spite of that, p53 pathway expression is typically lost in melanoma, and it 

only rarely occurs through mutation.39,40 We therefore explored its expression in melanoma 

cells from different genetic backgrounds. Immunofluorescence staining of p53 in cultured 

tumor cells was performed with or without the addition of doxorubicin, which inhibited 

topoisomerase II and induced DNA damage. As shown in Figures 5F and G, p53 expression 

was low in all tumor cell cultures derived from non-UVB treated animals, regardless of their 

genetic background, except one G0 culture. The level of p53 expression in these cells were 

like that in mouse embryonic fibroblasts (MEFs), which served as a normal cell control. 

Upon doxorubicin treatment, p53 expression was elevated in these cells, indicating that these 

cells retained normal p53 regulation and likely had p53 function following induction. In 

contrast, most tumor cell cultures derived from mice that had been exposed to UVB, 1 out 

of 3 for G0, 2 out of 3 for G1, and 3 out of 3 cultures for G4 mice, exhibited increased 

p53 expression in the absence of doxorubicin treatment, suggesting that the p53 gene was 

mutated in these tumor cells. To verify this observation, exons 5–8 of p53 cDNAs were 

amplified from tumor cells and sequenced by both Sanger and Nanopore methods. The data 

showed that all three tumor cells from UVB-treated G4 mice contained point mutations in 

this region, whereas none of the tumor cells from mice without UVB exposure (Table 2). 

Therefore, our results indicated the p53 gene is a target of UVB-induced mutagenesis.

Discussion

This study was designed to investigate how telomere dysfunction impacts melanoma 

development in a mouse model with an engineered LSL-BrafV600E locus. The 

expression of BrafV600E, the most commonly occurring somatic mutation in 

melanoma patients, was induced in melanocytes from a modified Braf locus via Cre-

mediated recombination, simulating the tumorigenic process in humans.16 By breeding 

Tert−/−;Braf+/LSL-V600E;Tyr::CreERT2+/o mice for multiple generations, the average 

telomere lengths in G1 and G4 mice were shortened to 32 and 27 kb, respectively, 
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compared to 50 kb in wild-type C57BL/6J (G0) mice. Although such average telomere 

lengths were still longer than 10–15 kb telomeres in humans, these Tert−/− mice had 

elevated numbers of very short telomeres of below 10 kb, especially in G4 mice, in both 

normal and tumor tissues (Figures 1D and 4B). It is likely that these very short telomeres 

became dysfunctional and impacted melanomagenesis. Our results showed that melanoma 

development was delayed by 6 and 4 months in G4 mice, comparing to those in G0 and 

G1 mice, respectively. Telomerase deficiency had no effect on average numbers of tumors 

per mouse, suggesting that telomere dysfunction impeded tumor progression but did not 

affect tumor initiation. Tumor cells from G1 and G4 mice contained extensive chromosomal 

fusions and rearrangements, consistent with telomere uncapping induced chromosomal 

instability during tumor development.

In humans, the TERT gene is silenced in most adult tissues. TERT activation, via either 

promoter mutation or chromosomal rearrangement,6,41,42 is an important step during 

tumorigenesis. On the other hand, as mouse somatic cells possess long telomeres and 

express significant levels of telomerase activity, Tert activation was not required for 

tumorigenesis. As expected, Tert transcription was not elevated in melanomas derived from 

G0 mice (Figure 3). In G1 and G4 mice, melanomagenesis occurred in the absence of Tert 
gene and telomerase could not be reactivated. Our data showed that the ALT mechanism 

was not activated in tumor cells, indicating that telomere maintenance was not required for 

melanoma development. Still, telomere dysfunction likely led to cellular senescence/crisis 

and trapped tumor cells in a perpetual state of chromosomal instability, thereby inhibiting 

tumorigenic processes. In addition to telomere dysfunction, G1-S checkpoint activation via 

p21 induction might have also contributed to the impairment of tumor development. Finally, 

short telomeres in normal somatic tissues of Tert−/− mice could also delay tumor progression 

by impacting other processes required for tumor development, such as angiogenesis.43,44

Chromosomal instability induced by telomere dysfunction and replicative immortality 

resulting from telomerase activation were both enabling features of cancer.45 Early studies 

showed that short telomeres in late generations of Terc−/− mice impaired tumorigenesis,37 

consistent with the requirement of telomere maintenance for cancer cell survival. The loss 

of p53 reduced telomere dysfunction-induced cell death, leading to continued telomere 

shortening and accumulating chromosomal aberrations and cellular aneuploidy.46 As a 

result, telomere dysfunction promoted chromosomal translocation and accelerated epithelial 

cancer development in p53-deficient mice.47 In the current BrafV600E melanoma model, p53 

overexpression was found only in melanomas of G4 mice that had been exposed to UVB 

(Figure 5). Indeed, compared to those in G0 and G1 mice, melanoma development in G4 

mice was delayed by 16 weeks without UVB treatment, but only 4 weeks after these mice 

upon UV exposure. Further analysis of tumor cell cultures showed that constitutive p53 

overexpression was found more frequently in UVB-exposed tumor cells, suggesting that the 

p53 tumor suppressor pathway was a target of UVB induced mutagenesis.48 UVB-induced 

mutations, including p53 mutations, might promote melanoma development by accelerating 

the acquisition of additional oncogenic mutations and chromosomal rearrangements.45 

Indeed, tumor cells derived from UVB-exposed G4 mice, but not non-UV-treated mice, 

contained point mutations in the hotspot region of the p53 exons (Table 2). The result 

suggested that UV-induced p53 mutations helped tumor cells to overcome telomere 
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dysfunction-induced chromosomal instability. The process of telomere-mediated crisis likely 

also occurs in human melanoma but is apparently missing in mouse cancer models with 

long telomere lengths. The Tert−/− mice used in the current study could not reactivate its 

telomerase gene, and thus lacked this important step in cancer progression. Therefore, a 

mouse model with humanized telomere homeostasis may be needed to study the roles of 

telomere crisis and TERT activation in cancer development.

There have been reports that telomere-independent function of the Tert protein play a role 

in oncogenesis.49 For example, Koh et al. reported that Tert protein regulated MYC-driven 

lymphomagenesis by stabilizing c-Myc protein.50 In our experiments, tumor development in 

G1 mice without UVB treatment was delayed compared to that of G0 (P=0.01) (Figure 2). 

Although it appeared that telomere length in splenocytes of G1 mice was still long (Figure 

1), the overall telomere length was reduced in several G1 tumors relative to normal tissues 

like spleens and the numbers of short telomeres under 10 kb also increased compared to 

G0 tumors (Figure 4). The long latency of G1 tumors might have exhausted telomeres in 

the absence of telomerase. Therefore, we cannot conclude whether the delay of melanoma 

development in G1 mice in the absence of UVB treatment was due to telomere maintenance-

independent activity of the Tert protein.

In conclusion, our study showed that telomere dysfunction had a considerable effect 

on melanomagenesis, consistent with many previous studies on telomere maintenance in 

other mouse cancer models.17 Telomerase deficiency in the context of critically shortened 

telomeres could dramatically delay tumor progression in both absence and presence of UVR 

exposure. However, with longer telomeres, Tert deficiency also increased tumor latency, but 

this effect was alleviated following UVR exposure. Our data suggested that the interplay 

between telomere dysfunction and UVR-induced mutations, including those in the p53 

tumor suppressor pathway, had a profound impact on the outcome of melanoma progression.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgement

This work was supported in part by a Team Science Award (#579152) from Melanoma Research Alliances to 
JZ, GPR, & SG, a Team Science Award (ME20261) from DoD/Melanoma Research Program to JZ & GPR, NIH 
Grants R35GM149529 and R01AG073423 to JZ, R01ES030113 to SG and Health Sciences & Services Authority 
(HSSA) of Spokane County.

We also thank the Program of Laboratory Animal Resources (PLAR) and Histology Core of Washington State 
University (WSU) Spokane and Genomics Core at WSU Pullman.

Data Availability Statement

Raw data related to any experiments presented in this article are available from the 

corresponding author upon request.

Zhang et al. Page 10

Int J Cancer. Author manuscript; available in PMC 2025 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Abbreviations:

ALT Alternative-lengthening-of-telomeres

DSB double-strand DNA breaks

FISH fluorescence in situ hybridization

G0, G1, & G4 generations 0, 1, and 4

γH2A.X gamma H2A.X

H&E hematoxylin and eosin

LSL LoxP-STOP-LoxP

MEF mouse embryonic fibroblast

SINE short interspersed nuclear elements

TERC telomerase RNA component

TERT/Tert telomerase reverse transcriptase

TeSLA telomere shortest length assay

TM tamoxifen

TMP TERT promoter mutation

TRAP telomeric repeat amplification protocol

TRF telomere restriction fragment

UVB ultraviolet B

UVR ultraviolet radiation
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Novelty and Impact:

Critically shortened telomeres in telomerase-deficient mice drove chromosomal 

destabilization and impaired BrafV600E-initiated melanoma development, suggesting that 

replicative telomere shortening and resulting genomic instability are an unexplored 

targetable point in human melanomagenesis.
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Figure 1. 
Telomere length in Tert−/− mice. (A) Breeding scheme. (B) Telomere restriction fragments 

of splenocytes. Splenocyte genomic DNAs were digested with HinfI and RsaI, followed by 

pulsed-field gel electrophoresis, Southern blotting, and hybridization to a telomere-specific 

probe. Each lane represents a mouse from the indicated genotype/generation group. Size 

markers are shown on the left (kb). (C) Telomere Flow-FISH. Telomere signals were 

detected by hybridization to Cy3-(CCCTAA)3 oligonucleotide. Fluorescence signals were 

normalized to those of wildtype C57BL/6J mice (1.0, G0). (D) Detection of shortest 

telomeres (TeSLA). The shortest telomeres that were less than 10 kb (horizontal dashed 

line) were detected by TeSLA. The Student’s t-tests were used to compare mean numbers 

of bands among genotype/generation groups. Each Band represents an amplified telomere 
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signal and each sample has 8 lanes of technical replicates. Average numbers of bands per 

lane are shown below.
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Figure 2. 
BrafV600E-driven tumor development. (A) A schematic illustration of melanoma induction. 

(B) Kaplan-Meier curves showing melanoma-free survival. No UV treatment groups (No 

UV): G0, n=37; G1, n=30; G4, n=39. UV treatment group (UV): G0, n=37; G1, n=29; 

G4, n=33. (C) Comparisons of melanoma development in different experimental groups in 

(B). (D) Violin plots showing tumor numbers per animal across all experimental groups. 

(E) Immunohistochemistry images of representative tumors. Top panels are H&E staining 

and lower panels show immunohistochemistry staining with S100 (middle panel) and Sox10 

(bottom panel) antibodies. The remnants of nevi (arrow) and pigmented cells (arrowhead). 

Scale bars represent 500 μm and 50 μm in H&E panels and S100/Sox10 panels, respectively. 

(F) Verification of recombination at the BrafLSL-V600E locus by PCR. Skin of wild-type 

(WT) and untreated Braf+/LSL-V600E/CreERT2+/o (BC) mice was used as controls. Three 
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representative tumors are shown. The positions of bands from wild-type Braf gene, the 

unrecombined LSL-BrafV600E, and recombined Lox-BrafV600E loci are indicated.
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Figure 3. 
Characterization of BrafV600E-driven tumors. (A) Telomerase activities in tumors. 

Telomerase activities in representative tumors from G0 (Tert+/+) and G1 (Tert−/−) mice were 

determined by TRAP assays, one tumor per lane. HI, heat-inactivated wild-type mouse liver 

lysate. LB, lysis buffer. *, Bands in G1 lanes are primer dimers, which also appeared in 

control lanes. (B & C) Expression of mTert (B) and p16Ink4a (C) mRNAs in tumors from G0 

mice, as compared to skin samples from the same mice. mRNA levels were determined by 

qRT-PCR assays and normalized to 18S rRNA.
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Figure 4. 
Telomere and chromosomal stability in cultured melanoma cells. (A) Telomere restriction 

fragments in tumor cells. Genomic DNAs were prepared from early passages of cultured 

tumor cells (<10 passages). (B) Short telomere distribution. The shortest telomeres that were 

less than 10 kb (horizontal dashed line) were detected by TeSLA. The Student’s t-tests were 

used to compare mean numbers of bands among genotype/generation groups. (C) C-circle 

assays. Genomic DNAs were prepared from cultured tumor cells. Human GM847 ALT+ 

cells and 3C167b ALT− cells served as positive and negative controls, respectively. MEF 

cells and mouse splenocytes were normal mouse cell controls. All C-circle signals were 

normalized to MEF samples. (D) Violin plot showing chromosome numbers of cultured 

tumor cells. At least 3 independently cultured cells from each experimental group were 
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examined. (E) Chromosomal fusions observed in tumor cells. Representative metaphases 

of G0 and G4 tumor cells were hybridized to probes specific for telomere (red) and 

centromere (green). Tail-tail, head-tail, and head-head fusions are indicated by yellow 

arrowheads. TelC: TelC-Cy3 telomere probe. CENPB: CENPB-FAM pan-centromere probe. 

(F) Co-localization of TRF2 and γH2A.X staining in tumor cells. The left graph contains 

representative immunofluorescence images for TRF2 (Green), γH2A.X (Red), and DAPI 

(blue) staining in cultured tumor cells from UVB-exposed G0 and G4 mice. Arrowheads 

indicate the co-localized foci in a G4 tumor cell. The area containing three representative 

co-localized foci is enlarged. The right chart shows the quantification of co-localized 

TRF2/γH2A.X foci. For every tumor cell culture, 100 individual cells were captured with 

Z-stack, and co-localized foci in each cell were counted. *, P<0.05, one-way ANOVA 

analysis.
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Figure 5. 
Expression of tumor suppressors and cell proliferation of BrafV600E-induced melanomas. 

(A & B) Percentages of p53, p21, and γH2A.X positive cells in tumor sections from 

mice without (A) and with (B) UV treatment. (C) Representative immunohistochemistry 

staining images of tumors 3861 and 4282 in (B). (D) Representative images of Ki-67 

immunohistochemistry staining of tumor sections from mice with UV treatment. (E) 

Percentages of Ki-67 positive cells in tumors. Each data point represents the percentage 

of Ki-67 positive cells in 3–5 randomly selected microscopic fields of a specific tumor. Data 

are presented as mean ± SD. *, p<0.05, one-way ANOVA. (F) p53 expression in cultured 

melanoma cells. Cells were treated without or with 1 μM doxorubicin for 8 h and stained 

with an antibody against the p53 protein. p53-positive cells were detected and quantified 

by ImageJ software. The mean fluorescence values (in arbitrary units) represent p53 signals 
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across at least three different views. MEFs were used as control cells with wild-type p53. 

The horizontal dashed line indicates the mean fluorescence values of p53 signal from MEFs 

without doxorubicin treatment. (G) Representative images of p53 immunofluorescence 

staining of MEFs and cultured tumor cells derived from G4 mice, as indicated in (F). Scale 

bars, 50 μm.
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Table 1.

Chromosomal fusions observed in cultured melanoma cells.

Genotype
Numbers of 
metaphase 
analyzed

Chromosomesa Fused 
chromosomesa

Fused chromosomesb Chromosomal 
Fragmentsa

RLC Dic/Tric Rings Others

G0 26 40.2 ± 0.5 0 0.88

24 56.0 ± 8.4 0 0.25

20 40.6 ± 2.5 0 0

G1 23 74.6 ± 4.6 0.04 0 0 0 100% 0.09

29 46.8 ± 17.7 0.1 100% 0 0 0 0.03

25 63.6 ± 18.6 2.2 76% 6% 8% 10% 0.04

G4 29 85.8 ± 28.8 2.5 41% 1% 27% 31% 0.59

29 86.7 ± 29.0 2.4 53% 21% 13% 13% 0.70

29 38.1 ± 11.1 3.9 63% 6% 9% 21% 0.10

21 57.7 ± 19.3 3.5 67% 14% 8% 11% 0.43

21 84.1 ± 24.7 5.0 21% 7% 22% 50% 1.10

a
Average numbers per metaphase.

b
Percentages of total fusions observed. RLC: Robertsonian like fusion (p-arm to p-arm fusion); Dic/Tric, dicentrics/tricentrics like p-arm to p-arm 

fusion; Rings, q-arm to q-arm or self fusion; Others, p-arm to q-arm fusion or more complex fusion. Fragments, broken chromosomes with only 
p-arm or q-arm.
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Table 2.

Detection of mutations in the p53 gene in tumor cells.

Cell line Sample type Mutation(s) Nucleotide 
position(s) Amino acid change(s) Notes

4131 G4/No UV None

4176–1 G4/No UV None

4177–2 G4/No UV None

4284 G4/No UV None

4202 G4/UV C -> T 965 Arg270 -> Cys in Exon 8

4213 G4/UV C -> G C -> G 975, 992 Ala273 -> Gly
Arg279 -> Gly in Exon 8

4219–2 G4/UV C/T 729 Leu191 -> Pro
Exon 6, roughly 50/50 in Nanopore 
sequencing; a double peak at position 729 
in Sanger sequencing

CD8+ T cells #1 G0 None
Controls: mouse spleen T cells

CD8+ T cells #2 G0 None

cDNAs were isolated from cells and PCR fragments containing exons 5–8 were amplified. The PCR fragments were sequenced by both Sanger and 
Nanopore methods. Identical mutations were detected in UV exposed melanoma cells using the two methods.
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