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Summary

The objective of this study was to assess potential functional attenuation or inactivation of the 

intra-S checkpoint during melanoma development. Proliferating cultures of skin melanocytes, 

fibroblasts and melanoma cell lines were exposed to increasing fluences of UVC and intra-S 

checkpoint responses were quantified. Melanocytes displayed stereotypic intra-S checkpoint 

responses to UVC qualitatively and quantitatively equivalent to those previously demonstrated in 

skin fibroblasts. In comparison to fibroblasts, primary melanocytes displayed reduced UVC-

induced inhibition of DNA strand growth and enhanced degradation of p21Waf1 after UVC, 

suggestive of enhanced bypass of UVC-induced DNA photoproducts. All nine melanoma cell 

lines examined, including those with activating mutations in BRAF or and NRAS oncogenes, also 

displayed proficiency in activation of the intra-S checkpoint in response to UVC irradiation. The 

results indicate that bypass of oncogene-induced senescence during melanoma development was 

not associated with inactivation of the intra-S checkpoint response to UVC-induced DNA 

replication stress.
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INTRODUCTION

Intra-S checkpoint responses are thought to contribute to genetic stability by delaying 

initiation of DNA replication at chromatin domains not yet replicated, decreasing fork 

displacement rates, and protecting stalled replication forks from breakage (Kaufmann, 

2010). In cooperation with DNA repair pathways, these responses reduce the probability of 

replicating damaged DNA, which generates gene mutations and chromosomal aberrations 

(Kaufmann and Wilson, 1994; Konze-Thomas et al., 1982). It follows from these premises 

that attenuation or inactivation of the intra-S checkpoint would favor the accumulation of 

mutations induced by DNA damaging events, such as sunlight exposure, thus enhancing the 

risk for skin carcinogenesis. These considerations prompted the examination of the intra-S 

checkpoint in UVC-irradiated cultured cell lines to determine if defects in this signaling 

pathway might be common in melanoma. This study required the characterization of intra-S 

checkpoint responses in normal human melanocytes, the target cell type for 

melanomagenesis.

One of the major risk factors in the development of malignant melanoma is sunlight 

exposure (Gilchrest et al., 1999; Thomas et al., 2007), which produces two major types of 

DNA photolesions, cyclobutane pyrimidine dimers (CPDs) and 6–4 pyrimidine/pyrimidone 

photoproducts (6-4PP), as well as oxidative DNA base damage such as 8-oxo-deoxyguanine 

(8-oxo-dG). Nucleotide excision repair (NER) is the main line of defense against the 

genotoxicity of UV-induced DNA photolesions (Sancar et al., 2004). Cells that are not in S 

at the time of irradiation have more time to remove these lesions before engaging in DNA 

replication (Konze-Thomas et al., 1982) and the time for repair before replication is 

extended by the activation of cell cycle checkpoints (Kaufmann and Wilson, 1994). In 

addition to NER, cells entering the S phase with UV-induced DNA photolesions also rely on 

DNA damage tolerance pathways, such as translesion synthesis (TLS) and recombinational 

post-replication repair (PRR) to complete DNA replication and sustain viability (Kaufmann, 

2010). Stalled forks that collapse into DNA double strand breaks (DSB) are repaired by 

homologous recombination and non-homologous end-joining (Kaufmann, 2010). S phase 

cells respond to UV-induced DNA damage by activating an ATR- and Chk1-dependent 

intra-S checkpoint (Heffernan et al., 2002), which remarkably does not appear to protect 

against UVC-induced HPRT mutations (Sproul et al., 2013).

Human cells express two intra-S checkpoint signaling pathways that have different DNA 

damage sensors and downstream signaling pathways (Ciccia and Elledge, 2010). The intra-S 

checkpoint response to ionizing radiation (IR)-induced DNA DSB is activated by 

recruitment and activation of ATM by the Mre11-Rad50-Nbs1 (MRN) complex. ATM 

phosphorylates Chk1 and Chk2, which phosphorylate other substrates such as Cdc25A to 

inhibit replicon initiation and DNA chain elongation in active replicons. The intra-S 

checkpoint response to UVC does not require ATM nor the MRN complex (Heffernan et al., 

2002), but rather responds to the stalling of replication forks at UV-induced template 

damage with recruitment of ATR/ATRIP to RPA-coated single stranded DNA (Zou and 

Elledge, 2003). Rad17-dependent recruitment of the 9-1-1 complex further recruits the ATR 

cofactor TopBP1. ATR phosphorylates Chk1 and other substrates to stabilize stalled forks, 

inhibit replicon initiation and slow DNA chain elongation in active replicons. The biological 
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importance of the ATR/Chk1 signaling pathway is exemplified by its essential function in 

development; ATR- and Chk1-null mouse embryos are inviable and die in gestation (Brown 

and Baltimore, 2000; Liu et al., 2000). Both the ATM- and ATR-generated intra-S 

checkpoint signaling pathways may converge to evict Cdc45 from the replicative helicase 

complex on chromatin (Falck et al., 2002; Liu et al., 2006).

TLS across UV-induced CPDs relies upon Rad6/Rad18-mediated ubiquitylation of PCNA to 

switch replicative DNA polymerases with DNA pol eta (Durando et al., 2013). The p53-

inducible, cyclin-dependent kinase inhibitor p21Waf1 also interacts with PCNA and may 

influence TLS. Remarkably, while p21Waf1 is induced by p53 4–24 h after UV-induced 

DNA damage (Gaddameedhi et al., 2010), ubiquitin-mediated proteolysis of p21Waf1 can 

reduce its abundance 1–3 h after UV treatment (Nishitani et al., 2008). Proteolysis of 

p21Waf1 was found to enhance pol eta interaction with PCNA, but not PCNA ubiquitylation 

after high fluences of UV (Mansilla et al., 2013; Soria et al., 2008).

Defects in NER and TLS sensitize humans to skin cancers, including melanoma, as 

evidenced by their higher incidence, and development at a much younger age, in patients 

with the genetic disease xeroderma pigmentosum (Kraemer et al., 1994). DNA damage 

checkpoint defects are common in many different types of cancer, especially for checkpoints 

operating in the G1 and G2 phases of the cell cycle (Carson et al., 2012; Kastan and Bartek, 

2004; Omolo et al., 2013). It is thought that checkpoint defects destabilize the genome, 

enhancing the accumulation of gene mutations that drive carcinogenesis (Kaufmann and 

Kaufman, 1993; Negrini et al., 2010). However, it is not known if inactivation of the intra-S 

checkpoint is a common event in cancer pathogenesis. ATM is a well-established tumor 

suppressor (Reddy et al., 2010) and inactivation of ATM is seen in several lymphoid 

malignancies (Stankovic et al., 2002). Heterozygotes with reduced expression of ATR and 

Chk1 display accelerated malignant progression (Gilad et al., 2010; Lam et al., 2004). 

Erythroblast transformation-specific (ETS) family of transcription factors can repress 

expression of Chk1 and might play a role in prostate cancer (Lunardi et al., 2015). If the 

intra-S checkpoint were a major component of the arsenal for protection of the human 

genome, its inactivation might be expected in a fraction of human cancers, including 

melanomas. Alternatively, replication of the cancer cell genome might be so essential for the 

maintenance of the malignant state that cancer cells retain an intact intra-S checkpoint. This 

study indicates that defects in the UVC-induced, intra-S checkpoint are uncommon among 

melanoma cell lines consistent with its essential functions.

RESULTS

Normal human melanocytes are proficient in the intra-S checkpoint responses to UVC

DNA damage responses in S phase cells include the active inhibition of replicon initiation 

and the active and passive inhibition of DNA strand growth in operating replicons (Unsal-

Kacmaz et al., 2007). The active intra-S checkpoint responses can be detected by various 

methods with different resolution powers. For instance, the overall rate of DNA synthesis 

within the first 30–60 min after exposure to low fluences of UVC (1–2 J/m2) is significantly 

reduced in human cells with an operational intra-S checkpoint (Heffernan et al., 2002; 

Unsal-Kacmaz et al., 2005). Using this parameter, three independently derived strains of 
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normal human melanocytes were compared to three different lines of diploid human 

fibroblasts immortalized by ectopic expression of the catalytic subunit of human telomerase 

(hTERT)(Heffernan et al., 2002). The melanocytes as a group displayed results similar to 

the fibroblasts (Supplementary Figure S1), suggesting that melanocytes were capable of 

activating the intra-S checkpoint, as previously demonstrated for fibroblasts (Heffernan et 

al., 2002).

Velocity sedimentation of DNA through alkaline sucrose gradients discloses the steady-state 

distribution of sizes of single stranded nascent DNA; UVC-induced alterations in this 

distribution can be used to deduce both active and passive effects of DNA damage on DNA 

replication (Painter and Young, 1980; Wang et al., 2004). A selective inhibition in the 

labeling of low molecular weight nascent DNA (<60 kb, sub-replicon size, origin-proximal 

molecules) in cultures exposed to a low fluence of UVC (1 J/m2 in Figure 1) is indicative of 

the inhibition of replicon initiation (Kaufmann and Cleaver, 1981; Kaufmann et al., 1980). 

By comparison, a high fluence (10 J/m2 in Figure 1) caused a reduction in labeled high 

molecular weight DNA, which coincided with the appearance of a new peak of very small 

labeled DNA molecules. This pattern reflects the passive blockage of DNA polymerases at 

template lesions and the accumulation of daughter strand gaps. Based on these pattern 

interpretations, the results in Figure 1 demonstrate that two of three melanocyte strains 

activated the intra-S checkpoint in response to exposure to 1 J/m2 UVC. Such a response 

was robust in NHM16 (Figure 1A) and NHM18 (Figure 1B), but it seemed to be absent in 

NHM28 (Figure 1C). The results shown in Figure 2A, however, demonstrate that such an 

interpretation would be premature; a pattern of response consistent with the active inhibition 

of replicon initiation was observed in NHM28 upon exposure to 2.5 (Supplementary Figure 

S2) or 3 J/m2 UVC (Figure 2A). The attenuated responses in NHM28 appear to be related to 

a higher level of pigmentation (see below).

The UVC fluence-dependent inhibition of DNA strand growth was quantified by measuring 

the average reduction in radiolabeled precursor incorporation into high molecular weight 

DNA intermediates (Figure 2A). All three melanocyte lines were more resistant to the 

inhibition of DNA strand growth by UVC than normal fibroblasts (Figure 2B) and statistical 

comparison of NHM16/NHM18 and NHF revealed a significant difference between the 

slopes (p=0.0023). NHM28 showed an apparent shoulder in the fluence-dependent 

inhibition of DNA strand growth (consistent with results shown above), but a similar slope 

to that observed for NHM16 and NHM18. For comparison, Figure 2B also shows how this 

assay differentiates NHF from xeroderma pigmentosum variant (XP-V) fibroblasts 

(p<0.0001), which are defective in DNA pol eta-dependent TLS of CPD (King et al., 2005).

Fiber spreading and immunostaining permit visualization of replication tracks in individual 

DNA molecules and provide independent confirmation of inhibition of replicon initiation 

and DNA chain elongation (Chastain et al., 2006; Unsal-Kacmaz et al., 2007). Using this 

method, immortalized human melanocytes (NHM4-hTERT) exposed to low fluences of 

UVC (1–2.5 J/m2) displayed a reduction of 25–40% in the proportion of green-only 

replication tracks, i.e. those into which only the DNA precursor added to the cultures after 

irradiation was incorporated, thus reflecting the inhibition of replicon initiation (Figure 3A). 

Such inhibition is maintained at higher fluences of UVC (5–10 J/m2), an effect that could 
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not be evaluated by using the methods described above. Units of DNA replication that were 

activated before the UVC treatment and continued to replicate during the subsequent pulse 

generated replication tracks containing both IdU (pre-UVC label and stained red) and CldU 

(post-UVC label and stained green). By measuring the length of the green regions in the red-

green tracks, it was possible to determine the average inhibition of DNA chain elongation 

(Figure 3B). The sharp reduction in track length observed after 1 J/m2, relative to the sham-

irradiated control, is most consistent with an active checkpoint response that slows the rate 

of progression of DNA replication forks. As lesion density was increased at higher UVC 

fluences, there was a more gradual decrease in track length, reflecting the contribution of 

passive blockage of replication forks at template lesions.

Melanin and the molecular dosimetry of UVC-induced CPDs in melanocytes

The possibility of attenuation of DNA lesion densities induced by the incident UVC 

fluences, due to the variable melanin content in melanocyte strains and melanoma cell lines 

(Swope et al., 2014), required measurements of a marker of molecular dose to validate 

comparisons of DNA damage responses (e.g. Figures 1&2). CPDs are the most abundant 

lesions induced in DNA by UVC; they were measured by quantitative immunoblotting, 

using an internal standard curve constructed with calf thymus DNA for which the CPD 

density had been previously determined by radio-immunoassay (Sproul et al., 2014). Results 

illustrated in Figure 4 show that in NHM28 the CPD/Mb content was lower than in 

fibroblasts and NHM16 melanocytes at each of the UVC fluences used to irradiate the 

cultures. These results were correlated with melanin content. The concentration of melanin 

in NHM28 melanocytes was 39 µg/106 cells while the melanin concentration in NHM16 

melanocytes was 15 µg/106 cells. Fibroblasts had no detectable melanin. In the lightly 

pigmented NHM16, the CPD densities were indistinguishable from those detected in the 

non-pigmented fibroblasts. A second radio-immunoassay also showed similar UVC-induced 

CPD densities in lightly pigmented primary NHM4 cultures (6 µg melanin/106 cells) when 

compared directly with fibroblasts (results not shown).

Protein markers of DNA damage responses

Whole cell extracts from fibroblasts and melanocytes were probed for several molecular 

markers of the DNA damage response 45 min after treatment with low fluences of UVC 

(Figure 5). Fibroblasts and melanocytes displayed qualitatively and quantitatively similar 

responses to UVC with induction of P-ATM, P-Chk1, P-Chk2 and P-H2AX. Although 

melanocytes and fibroblasts expressed similar levels of ATM when equal amounts of protein 

were loaded onto gels, melanocytes displayed a higher basal level of P-ATM. The fold 

induction of P-ATM by UVC was, however, similar in fibroblasts and melanocytes. The 

NHM16 and NHM18 melanocyte strains displayed a substantial decrease in abundance of 

p21Waf1 after UVC with 80% reduction after 4 J/m2. This UVC-induced reduction of 

p21Waf1 was less pronounced in the fibroblasts. The NHM28 melanocyte strain displayed 

similar levels of activation of checkpoint kinases as seen in the other melanocytes but only a 

20% decrease in p21Waf1 after 4 J/m2 (Supplementary Figure S3), consistent with less UV-

induced DNA damage.
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Melanoma cells retain the intra-S checkpoint

Having established that normal human melanocytes displayed an effective intra-S 

checkpoint response to UVC, we then inspected melanoma cell lines by velocity 

sedimentation analysis. Nine cell lines were selected among those expressing oncogenic B-

Raf or N-Ras, or the wild-type alleles for these two signaling proteins (Supplementary Table 

S1). The intent was to determine whether potential deficiencies in intra-S checkpoint 

responses to UVC correlated with either of these two mutations that are common in 

melanomas (Daniotti et al., 2004; Thomas et al., 2007). The results illustrated in Figure 6 

show that all nine melanoma cell lines activated the intra-S checkpoint response of 

inhibition of replicon initiation after the low 1 J/m2 fluence of UVC. Note, however, that the 

degree of inhibition of DNA strand growth at 10 J/m2 UVC, as well as the relative 

accumulation of abnormally small nascent DNA, varied among the melanomas (see 

Supplementary Figure S4 for the results with intermediate fluences).

The nine melanoma cell lines used in this study displayed low to no pigmentation; 

accordingly, four of them were tested directly and displayed no variation in UVC-induced 

CPD density relative to human fibroblasts (Supplementary Figure S5). Therefore, their 

responses to UVC, reported on the basis of the incident UVC fluences, can be compared to 

those observed in the NHM16 and NHM18 melanocyte strains.

All nine melanoma cell lines showed induction of phosphorylation of Chk1 kinase (as a 

reporter of ATR activation) (Figure 7), as was expected based on their proficiency in the 

intra-S checkpoint response documented above. Note that in RPMI 8322 there was a strong 

signal for phospho-Chk1 even at the lowest UVC fluence.

Post-replication repair capacity in melanocytes and melanoma cell lines

Post-replication repair (PRR) denotes a collection of pathways that remove DNA replication 

mistakes (mismatch repair) and promotes the completion of genome replication despite the 

presence of lesions on DNA templates (TLS and daughter strand gap repair). Differences in 

PRR capacity are reflected in the slopes of the UVC fluence-dependent inhibition of DNA 

strand growth (Table 1), as illustrated in Figure 2B when comparing melanocytes and 

fibroblasts. Similar analysis for melanoma cell lines (Figure 8) revealed a range of UVC 

fluence-dependent inhibition of DNA strand growth. There was modest variation among 

most of the melanoma cell lines with generally less than 2-fold variation in slopes (Table 1). 

Some melanoma lines were less sensitive than the melanocytes (SKMel-187, SKMel-23) 

and some were more sensitive (SKMel-103, SKMel-147 and A2058). Noteworthy was the 

enhanced sensitivity of RPMI 8322 by comparison to either normal melanocytes or the other 

melanoma cell lines (p<0.0001). The strong inhibition of [3H]thymidine in high molecular 

weight DNA in RPMI 8322 was also associated with an accumulation of abnormally small 

nascent DNA that peaked above the sham-treated control profile (Figure 6 and 

Supplementary Figure S4), resembling the behavior of TLS-defective XP-V fibroblasts 

(Kaufmann and Cleaver, 1981). This observation prompted the analysis of DNA polymerase 

eta in RPMI 8322.
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Western immunoblot analysis of unfractionated cell lysates demonstrated expression of pol 

eta in RPMI 8322 at a level similar to that seen in NHM16 melanocytes but lower than seen 

in four other melanoma cell lines (results not shown). To quantify pol eta and its response to 

UVC, chromatin was isolated 45 min after sham treatment or irradiation with 10 J/m2 UVC 

and equal masses of protein were evaluated by western immunoblotting (Figure 9). RPMI 

8322 showed a lower abundance of DNA pol eta on chromatin than the A375 melanoma cell 

line but similar abundance to that observed in NHM16 melanocytes. Pol eta association with 

chromatin did not change with UVC treatment. Expression of PCNA on chromatin was 

stimulated substantially by UVC, most noticeably in the XP-V and NHM16 samples. The 

NHF1-hTERT fibroblasts displayed a similar induction of PCNA binding to chromatin after 

UVC (not shown). The melanoma lines displayed a high basal level of expression of PCNA 

on chromatin with little additional binding after UVC. Contamination of the chromatin 

fraction with the cytoplasmic protein α-tubulin was highest in the XP-V fibroblast line but 

equivalent among the melanocyte and melanoma lines. Normalized to PCNA expression on 

chromatin, the level of pol eta in RPMI 8322 was substantially less than seen in A375.

Microarray analysis of mRNA expression (Carson et al., 2012) also revealed reduced 

expression of pol eta in RPMI 8322 in comparison to melanocytes and other melanoma cell 

lines, which was validated by quantitative PCR (Supplementary Figure S6). Sequence 

analysis using exon-capture and duplex consensus sequencing (Schmitt et al., 2012) did not 

detect any mutation in pol eta that could explain the observed responses of RPMI 8322 

(results not shown). Nonetheless, RPMI 8322 displayed enhanced UVC cytotoxicity in the 

presence of caffeine (Supplementary Figure S7), which is a phenomenon also observed in 

XPV cells with mutant, non-functional DNA pol eta (Kaufmann et al., 2003; Yamada et al., 

2000).

DISCUSSION

To our knowledge, this study reports the first demonstrations of UVC-induced intra-S 

checkpoint function and TLS in primary cultures of human melanocytes. Melanocytes have 

been shown to respond to UVC as well as UVB/UVA with activation of ATM, ATR and 

Chk1, induction of p53 and p21Waf1, and arrest in G1 and G2 (Gaddameedhi et al., 2010; 

Kowalczuk et al., 2006; Medrano et al., 1995 ; Swope et al., 2014). The intra-S checkpoint 

response to UVC was detected in normal human melanocytes at levels and with 

characteristics similar to those previously reported in normal human fibroblasts (Cistulli and 

Kaufmann, 1998; Cordeiro-Stone et al., 2002; Heffernan et al., 2002; Heffernan et al., 

2007). Low fluences of UVC activated Chk1 and significantly inhibited replicon initiation 

and DNA chain elongation in both cell types. Remarkably, even after consideration of 

potential differences in UVC-induced DNA photolesion density, melanocytes displayed 

reduced sensitivity to UVC-induced inhibition of DNA chain elongation in comparison to 

fibroblasts. As melanocytes displayed robust activation of Chk1, this reduced inhibition of 

DNA replication did not appear to be due to attenuation of checkpoint signaling that inhibits 

DNA chain elongation (Unsal-Kacmaz et al., 2007). Fiber spreading with immuno-staining 

demonstrated a 25% inhibition of DNA chain elongation at the low 1 J/m2 fluence of UVC 

consistent with active inhibition by the intra-S checkpoint. Irradiated melanocytes also 

displayed greater reduction in p21Waf1 abundance than fibroblasts. UVC-induced 
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degradation of p21Waf1 is mediated by ubiquitylation (Abbas et al., 2008) and may 

facilitate TLS by enhancing the interaction of DNA pol eta with PCNA (Mansilla et al., 

2013). These results suggest that melanocytes express significantly better TLS/PRR than 

fibroblasts. As skin melanocytes commonly receive damage by solar UVB they can be 

expected to display effective protections against UV-induced genotoxicity. Melanocytes 

expressed a p53-independent G2 checkpoint response to IR-induced DNA DSB equivalent 

to that seen in fibroblasts, but an attenuated p53-dependent G1 checkpoint response to DSB 

(about half of that seen in fibroblasts) (Carson et al., 2012; Omolo et al., 2013). Thus, 

human skin cells display highly stereotypic responses to DNA damage, but cell-type-

specific variations in the intensities of response.

Analyses of DNA damage responses in cancer and its precursors suggest that DNA 

replication stress may be an early event contributing to genomic instability (Negrini et al., 

2010). Ectopic expression of oncogenic B-Raf or N-Ras induced P-H2AX in normal human 

melanocytes (Haferkamp et al., 2009; Suram et al., 2012) and oncogenic N-Ras induced a 

p53- and RB-dependent growth arrest in such cells (Haferkamp et al., 2009). DNA damage 

checkpoint responses to oncogene-induced replication stress appear to represent barriers to 

cancer development and the inactivation or attenuation of p53-dependent G1 checkpoint 

function in melanoma cell lines (Carson et al., 2012) may provide one mechanism for barrier 

bypass. B-Raf-induced senescence in human melanocytes was not reversed by inactivation 

of p53 (Kuilman et al., 2010), but was reversed by deletion of PTEN (Vredeveld et al., 

2012). A potential cooperation between oncogenic BRAF and deletion of PTEN is evident 

from analysis of melanomas and melanoma cell lines (Daniotti et al., 2004; Kaufmann et al., 

2014). Melanoma cell lines with activating mutations in BRAF or NRAS and lines with 

wildtype oncogenes displayed effective intra-S checkpoint responses to UVC. The central 

signaling molecules in the intra-S checkpoint response to UVC (ATR and Chk1) are 

essential for embryonic development (Brown and Baltimore, 2000; Liu et al., 2000); thus, it 

may be that melanoma cell lines retain effective ATR and Chk1 signaling pathways because 

they cannot live without them. This conclusion is supported by the demonstration that 

conditional inactivation of Chk1 in murine melanocytes blocked coat pigmentation and 

melanocyte presence in hair follicles (Smith et al., 2013). The essential nature of ATR and 

Chk1 favors the application of ATR and Chk1 inhibitors for melanoma therapy. We found 

that two-thirds of melanoma cell lines displayed a defective p53-dependent G1 checkpoint 

response to IR (Carson et al., 2012) and another study concluded that p53-signaling was 

defective in melanoma (Yu et al., 2009). As Chk1 inhibitors appear to be especially effective 

in cancer lines with defective p53 function (Origanti et al., 2013), a majority of melanomas 

may be effectively targeted by Chk1 inhibition.

The RPMI 8322 melanoma line represents an example of a cancer cell line with severe 

defects in many elements of DNA damage response. It displays high expression of mutant 

p53 protein (Gaddameedhi et al., 2010), no expression of p21Waf1, even after exposure to 

UVC (Gaddameedhi et al., 2010) or ionizing radiation (Kaufmann et al., 2008), high basal 

expression of P-Chk2 and P-H2AX (Nikolaishvilli-Feinberg et al., 2014), severely reduced 

excision repair of CPDs (Gaddameedhi et al., 2010), hypersensitivity to UVC-induced 

cytotoxicity in the absence (Gaddameedhi et al., 2010) and presence of caffeine 
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(Supplementary Figure S7), and hypersensitivity to UVC-induced inhibition of DNA strand 

growth (Figure 9) with overproduction of abnormally small nascent DNA (Figure 6 and 

Supplementary Figure S4). Although mutational inactivation of p53 was associated with 

reduced NER of CPDs in melanoma cell lines (Gaddameedhi et al., 2010), other p53-mutant 

melanoma lines displayed much greater repair of CPDs than RPMI 8322, suggesting a 

defect in NER beyond that associated with inactivation of p53. As RPMI 8322 did not 

express p21Waf1, the hypersensitivity to inhibition of strand growth could not be attributed 

to retention of p21Waf1 on PCNA to block pol eta-dependent TLS (Mansilla et al., 2013). 

Expression of pol eta mRNA and protein was very low in RPMI 8322, well below that 

measured in melanoma cell lines with apparently effective TLS and PRR (Figure 9, 

Supplementary Figure S6). Given the coincidence of reduced pol eta expression and 

hypersensitivities to UVC-induced inhibitions of strand growth, production of small nascent 

DNA, and caffeine-enhanced cytotoxicity, all attributes of XPV cells, we conclude that 

RPMI 8322 has an XPV-like defect in DNA damage response. As no exon mutation in 

POLH was detected, it would appear that some defect that affects synthesis and/or stability 

of the mRNA or the protein might be responsible for the low abundance of DNA pol eta and 

UVC hypersensitivity in RPMI 8322. Alternatively, reduced recruitment and/or access of 

DNA pol eta to replication sites blocked at a CPD on the template strand could possibly 

explain the XPV-like phenotype of RPMI 8322.

METHODS

Cell lines

Human foreskin fibroblast lines were grown as previously described (Cordeiro-Stone et al., 

2002; Heffernan et al., 2002). Melanocytes were derived from newborn human foreskin and 

cultured in medium 254 containing human melanocyte growth supplement 2 (HMGS-2; 

Invitrogen™, Life Technologies™) (Carson et al., 2012), with the exception of the NHM28 

strain, which was cultured in Dermalife® M medium (Lifeline Cell Technology®). 

Secondary cultures of NHM4 melanocytes were transduced with the catalytic subunit of 

human telomerase, as previously described (Heffernan et al., 2002). Melanoma cell lines 

were cultured in Dulbecco’s Modified Eagle Medium (DMEM, Gibco®, Life 

Technologies™) or in RPMI-1640 medium (Gibco®) supplemented with 10% fetal calf 

serum and 1 mM glutamine (Carson et al., 2012). Memorial Sloan Kettering Cancer Center 

provided the SK-Mel cell lines. All cultures were incubated at 37°C in an atmosphere of 

95% ambient air and 5% CO2. Stock cultures were maintained in antibiotic-free medium and 

confirmed to lack mycoplasma contamination as previously described (Carson et al., 2012). 

Melanin content of melanocyte and melanoma cell cultures was determined as described in 

Watts et al. (Watts et al., 1981).

UV Irradiation

Medium was removed from exponentially growing cultures and reserved. Cells were washed 

once with pre-warmed phosphate-buffered saline (PBS); after removing the PBS, the 

uncovered plates were placed under a germicidal lamp emitting primarily 254 nm UVC. The 

incident UVC fluence rate was about 0.5 J/m2/sec and it was measured periodically with a 

UVX-25 sensor and a digital radiometer (UVP, Inc., Upland, CA) to ensure reproducibility. 
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After irradiation (or sham-treatment) reserved medium was replaced and the cultures 

returned to the incubator.

Determination of cyclobutane pyrimidine dimer (CPD) density

The methodologies for DNA immunoblotting with anti-CPD antibodies, the use of standard 

curves and the radio-immuno assays (RIA) performed in David Mitchell’s laboratory were 

described previously (Sproul et al., 2014).

Quantitative analysis of DNA replication

The velocity sedimentation method, for quantifying UVC-induced alterations in the 

incorporation of [3H]thymidine into DNA and the distribution of sizes of nascent DNA 

molecules, was done as previously described in detail (Heffernan et al., 2002; Kaufmann et 

al., 1980). For analysis of radioresistant DNA synthesis, cell cultures were incubated with 

[14C]thymidine, exposed to increasing fluences of UVC and 30 min later pulse-labeled for 

15 min with [3H]thymidine; the specific activity of radiolabeled precursor incorporation 

(3H/14C) was measured by scintillation spectrometry after acid-precipitation of 

macromolecules from cell lysates (Chastain et al., 2006; Heffernan et al., 2002). The 

methods used to label NHM4-hTERT melanocytes with thymidine analogs IdU and CldU, to 

spread the DNA fibers, and to immunostain them were as published (Chastain et al., 2015; 

Chastain et al., 2006), except that the lengths of the pulses before (with IdU) and after (with 

CldU) UVC irradiation were 15 and 30 min, respectively.

Protein Immunoblotting

Immunoblot analysis of protein expression was done as previously described (Bower et al., 

2010; Heffernan et al., 2007). To quantify the ratios of phosphorylated to total protein, the 

membranes were stripped after probing for the phosphorylated form, and re-probed for the 

total protein. Protein content in chromatin was determined as described (Liu et al., 2006). 

Sources of antibodies used in this study were: Chk1 (Santa Cruz Biotechnology), Phospho-

ser345-Chk1 (Cell Signaling), Chk2 (BD Biosciences), Phospho-thr68-Chk2 (Cell 

Signaling), DNA polymerase eta (Abcam), H2A.X (Millipore), P-ser139-H2A.X (Santa 

Cruz Biotechnology), ATM (Santa Cruz Biotechnology), P-ser-1981-ATM (Epitomics), β-

Actin (Santa Cruz Biotechnology), α-tubulin (Cell Signaling) and PCNA (Santa Cruz 

Biotechnology). HRP-conjugated, secondary antibodies used were goat anti-rabbit IgG 

(Santa Cruz Biotechnology), donkey anti-rabbit IgG (GE Healthcare), bovine anti-goat IgG 

(Santa Cruz Biotechnology), and sheep anti-mouse IgG (GE Healthcare).

Statistical Analysis

Mean rates of DNA synthesis in UVC-treated melanocytes and fibroblasts were compared 

for statistically significant differences using a two-sided T test with unequal variances. The 

SAS/STAT9.2 biostatistics software package was used to compare the UVC-fluence-

dependent inhibitions of DNA strand growth in fibroblasts, melanocytes and melanoma cell 

lines. The variable for the main analysis was the log10 transformation of the percent 

inhibition of DNA strand growth with increasing UVC fluences, relative to the non-

irradiated (sham-treated) control. To determine if the slopes of the inhibition of DNA strand 

Cordeiro-Stone et al. Page 10

Pigment Cell Melanoma Res. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



growth differed for different melanoma cell lines and in comparison to normal melanocytes 

a linear model was used with PROC GLM, which tested the slope differences using 

CONTRAST statements in GLM.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance

Transformation of melanocytes to melanomas frequently involves mutational activation 

of BRAF or and NRAS oncogenes. As these oncogenes cause melanocytes to undergo 

senescence, melanoma development requires bypass of this barrier. Oncogenes are 

known to induce replication stress that may trigger intra-S checkpoint responses to 

enforce senescence. It was, therefore, important to determine whether the intra-S 

checkpoint responses to UVC-induced replication stress were attenuated or inactivated in 

melanoma cell lines. Melanoma cell lines were found to retain intra-S checkpoint 

responses to UVC-induced DNA damage. This might be because some of the proteins 

that are required for checkpoint function (e.g., ATR and Chk1) are also essential for cell 

viability.
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Figure 1. 
Velocity sedimentation analysis discloses both active and passive responses to UVC-

induced DNA damage. Normal human melanocytes with nuclear DNA homogeneously 

labeled with [14C]thymidine were exposed to increasing fluences of UVC, incubated for 30 

min, pulse-labeled for 15 min with [3H]thymidine, and lysed on top of 5–20% alkaline 

sucrose gradients. After sedimentation and fractionation, acid-insoluble radioactivity was 

quantified. The graphs illustrate the size distributions of radiolabeled single-stranded DNA 

in NHM16 (A), NHM18 (B) and NHM28 (C) melanocyte cultures exposed to zero (sham; 
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white-filled circles), 1 J/m2 (black-filled triangles), or 10 J/m2 (gray-filled squares) of 254 

nm UVC radiation (see Supplementary Figure S2 for results with other UVC fluences). 

Normalized 3H-CPM represents the radioactivity incorporated into nascent DNA of various 

sizes during the 15-min pulse with [3H]thymidine, relative to the total number of cells added 

to each gradient (as measured by the total 14C-CPM) and to the highest value in the 

experimental group. This normalization also illustrates the extent of DNA synthesis 

inhibition by each of the UVC fluences. The profile observed in the cultures exposed to 1 

J/m2 UVC, compared to the sham control, revealed (as illustrated in A and B) a selective 

inhibition in molecules with sizes less than 60 kb (marked by the arrow), consistent with the 

intra-S checkpoint response of inhibition of replicon initiation (see also Fig. 2A). A larger 

and cytotoxic fluence of UVC (10 J/m2) produced a strong inhibition of DNA synthesis in 

active replicons (gradient fractions 5–17), due to blockage of DNA polymerases at template 

lesions (passive inhibition) and active checkpoint signaling, with a concomitant appearance 

of a peak of abnormally small DNA (in fractions 21–25) that heralds the presence of 

daughter-strand gaps. The smaller size of nascent DNA seen in NHM28 may be the result of 

enhanced fluorescent-light-induced fragmentation of DNA during cell lysis due to high 

melanin content of the cells.
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Figure 2. 
UVC-induced inhibition of DNA strand growth in diploid human cells. (A) Results of a 

second velocity sedimentation experiment with NHM28 using higher fluences of UVC 

(Sham, white-filled circles; 3.0 J/m2, black-filled diamonds; 5 J/m2, black-filled circles; 10 

J/m2, gray-filled squares; 15 J/m2, white-filled triangles). Note the evidence for selective 

inhibition of low molecular weight nascent DNA (fractions 20–24) upon irradiation with 3 

J/m2 UVC (inhibition of replicon initiation). As the incident UVC fluence was increased, 

radiolabeled precursor incorporation in large molecular weight DNA intermediates (range 
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between the two arrows) decreased. The equivalent ranges of fractions from all gradients 

with the same cell type were used to quantify the UVC-dependent inhibition of DNA strand 

growth. (B) The decrease in radiolabel incorporation in high molecular weight intermediates 

of DNA replication, relative to the non-irradiated (sham) controls (average of duplicate 

experiments) was plotted against UVC fluence. Results with normal melanocytes (filled 

symbols: gray circle, NHM16; gray diamond, NHM18; and black triangles, NHM28) were 

compared to those previously published for two NHF lines (squares) and an XP-V cell line 

(circles) (King et al., 2005). The slopes determined for the NHF and XP-V lines were 

equivalent to slopes quantified in different NHF and XP-V strains in an earlier study 

(Kaufmann and Cleaver, 1981).
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Figure 3. 
UVC-induced inhibition of replicon initiation and DNA chain elongation in an immortalized 

normal human melanocyte line. NHM4-hTERT in log phase growth were pulse labeled with 

IdU for 15 min, exposed to the indicated fluences of UVC, then incubated in CldU-

containing medium for 30 min. Individual DNA fibers were spread and immuno-stained as 

previously described (Chastain et al., 2006). Replication tracts containing IdU (pre-label) 

were stained red and those containing CldU (post-label) were stained green. (A) Frequency 

of green-only tracks (replicons initiated after UVC exposure) in irradiated samples, relative 
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to the sham control. The reduction in this class of labeled fibers indicates the degree of 

inhibition of replicon initiation by UVC. Results represent the average of two independent 

experiments in which 345 to 1036 individual fibers were counted in each sample. (B) UVC-

dependent inhibition of DNA chain elongation. Labeled fibers with a green portion (CldU 

label) attached to a red portion (IdU) indicated replication units that were active before UVC 

exposure and continued to synthesize DNA after irradiation (green portion). The average 

length of the green portion of red-green tracks was measured in 39–71 individual fibers in 

each sample of two independent experiments. The inhibition curves show two distinct 

components: the sharp decrease in track length after 1 J/m2 UVC appears to reflect the intra-

S checkpoint-dependent, active slowing of DNA chain elongation; as the UVC fluence was 

increased further, the subsequent reduction in relative track length seems to include the 

contribution of passive inhibition of chain elongation at DNA template lesions.
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Figure 4. 
CPD dosimetry in melanocytes and fibroblasts. Monolayer cultures of NHF1 fibroblasts 

(white squares), NHM16 melanocytes (gray-filled circles) and NHM28 melanocytes (black-

filled triangles) were irradiated with the indicated fluences of UVC, and harvested 

immediately afterwards for DNA purification and CPD quantification by immunoblotting 

(Sproul et al., 2014). Illustrated results represent the averages of two independent 

experiments for each of the identified cultured cells. Quantification of melanin content 

(Watts et al., 1981) yielded the following values: NHM16, 15 µg/106 cells; NHM28, 39 

µg/106 cells.
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Figure 5. 
DNA damage response markers in normal fibroblasts and melanocytes. Whole cell extracts 

were prepared from NHM16 and NHM18 melanocytes 45 min after exposure to the 

indicated fluences of UVC. Parallel experiments were also done with NHF1-hTERT and 

NHF10-hTERT fibroblasts. After gel electrophoresis and transfer to nitrocellulose, the 

membranes were probed with the indicated antibodies (see METHODS for details). 

Phospho-proteins were probed before the same membranes were stripped and then re-probed 

with the antibodies recognizing the modified and unmodified forms of the same proteins. 

Short (s) and long (l) exposures were used to detect the P-ATM signals. Image J was used to 

quantify the immunoblot signals from unsaturated X-ray films and the ratios of the 
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phosphorylated form over the total for each protein were determined and expressed relative 

to the same parameter determined in the sham-treated control (set as 1.0).
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Figure 6. 
Velocity sedimentation analysis of DNA replication in melanoma cell lines. Three cell lines 

were chosen (without previous knowledge of their response to UVC at the level of DNA 

replication) from each of three melanoma groups, based on the mutation status at the BRAF 

and NRAS loci: (A) Expressing wild type B-Raf and N-Ras; (B) Expressing a mutant N-Ras; 

(C) Expressing a mutant B-Raf. The experimental procedure was the same as described in 

the legend to Figure 1. The illustrated profiles are those for the sham-treated sample (white 

circles), and for the cells irradiated with 1 J m2 UVC (black-filled triangles) or 10 J/m2 UVC 

(gray-filled squares). Supplementary Figure S4 includes the results with 2.5 and 5 J/m2 

UVC. Note that after 1 J/m2 UVC, all cell lines inhibited incorporation into nascent DNA of 

low molecular weight (inhibition of replicon initiation), albeit to different degrees. The 

pattern seen with RPMI 8322 was distinct from the other cell lines in that a minor peak of 

abnormally small DNA was already apparent at 1 J/m2 and when the UVC fluence was 

increased to 10 J/m2 the peak of abnormally small DNA rose above the control profile. 

SKMel-23 was first scored as wild-type for BRAF and NRAS. After subsequent studies 
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revealed behavior similar to B-Raf-mutant lines (Sambade et al., 2011), reanalysis identified 

a rare BRAF mutation (G466A).
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Figure 7. 
UVC induction of Chk1 phosphorylation in melanoma cell lines. The experimental details 

were as described in the legend to Figure 5.
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Figure 8. 
Inhibition of DNA strand growth by UVC in melanoma cell lines. The average results of 

inhibition of incorporation of radiolabeled [3H]thymidine in high molecular weight nascent 

DNA species (see Figure 2) from 2–3 independent experiments for each cell line were 

plotted against UVC fluences (no significant differences in CPD densities were expected 

among the different melanomas and NHM16 and NHM18 – see text). The slopes determined 

for each line are reported in Table 1. Only RPMI 8322 displayed results that were clearly 

distinct from the normal melanocytes and the other melanoma cell lines (p<0.0001).
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Figure 9. 
Relative abundance of DNA polymerase eta. Chromatin was isolated from the indicated 

cultured cells 45 min after sham treatment (−) or irradiation with 10 J/m2 UVC (+). Twenty 

five micrograms of chromatin protein from each sample were loaded onto polyacrylamide 

gels. Following gel electrophoresis and transfer to a nitrocellulose membrane, the 

chromatin-associated proteins were probed with antibodies against DNA pol eta, PCNA and 

α-tubulin. XP-V fibroblasts were included as a negative control for DNA pol eta expression. 

Pixel intensity values in unsaturated X-ray films were quantified for each protein. The levels 

of DNA pol eta were expressed relative to PCNA and α-tubulin.
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Table 1

Slopes of Inhibition of DNA Strand Growth

Melanocytes Slope Intercept Correlation
Coefficient

NHM16 −0.052 2.007 −0.969

NHM18 −0.053 1.962 −0.992

  NHM16&18 Combined −0.053 1.984 −0.972

NHM28 −0.051 2.153 −1.000

  Fibroblasts

NHF −0.105 2.023 −0.967

XPV −0.272 1.992 −0.990

Melanomas Slope Intercept Correlation
Coefficient P value1

WT BRAF and NRAS

SKMel-187 −0.031 2.029 −0.974 0.0004

RPMI-8322 −0.125 2.029 −0.993 <0.0001

Mutant NRAS, WT BRAF

VMM39 −0.058 2.032 −0.994 0.5517

SKMel-103 −0.075 2.014 −0.998 <0.0001

SKMel-147 −0.077 2.004 −0.995 <0.0001

Mutant BRAF, WT NRAS

SKMel-28 −0.058 1.976 −0.984 0.0335

A375 −0.063 2.000 −0.997 0.0115

A2058 −0.080 2.015 −0.999 <0.0001

SKMel-232 −0.042 2.045 −0.978 0.0119

1
Statistical difference between the slopes determined for each melanoma cell line, compared to that defined by the combined NHM16 and NHM18 

data points.

The RPMI-8322 slope was also significantly different from those determined for all the other melanoma cell lines (p<0.0001). Within the mutant 
NRAS group, the slopes for SKMel-103 and SKMel-147 were the same, but statistically different from that of VMM39 (p=0.0002 and p<0.0001, 
respectively). In the mutant BRAF group, A2058 is the cell line with the most statistically different slope (p=0.0028 by comparison with A375, and 
p=0.0009 by comparison with SKMel-28.

2
SKMel-23, first scored as wild-type for BRAF and NRAS, was later found to carry a rare BRAF mutation G466A (Sambade et al., 2011).
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