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Abstract

Germline mutations in CDKNZA (p16) are commonly found in patients with family history of
melanoma or personal history of multiple primary melanomas. The p16 tumor suppressor gene
regulates cell cycle progression and senescence through binding of cyclin-dependent kinases
(CDK) and also regulates cellular oxidative stress independently of cell cycle control. We
identified a germline missense (¢.350T>C, p.Leull7Pro) CDKNZA mutation in a patient who had
history of four primary melanomas, numerous nevi, and self-reported family history of melanoma.
This particular COKNZA mutation has not been previously reported in prior large studies of
melanoma kindreds or patients with multiple primary melanomas. Compared with wild-type p16,
the p16-117P mutant largely retained binding capacity for CDK4 and CDKG6 but exhibited
impaired capacity for repressing cell cycle progression and inducing senescence, while retaining
its ability to reduce mitochondrial reactive oxygen species. Structural modeling predicted that the
Leul17Pro mutation disrupts a putative adenosine monophosphate (AMP) binding pocket
involving residue 117 in the fourth ankyrin domain. Identification of this new likely pathogenic
variant extends our understanding of CDKNZ2A in melanoma susceptibility and implicates AMP as
a potential regulator of p16.
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Germline mutations in CDKNZA (p16) have been reported in 20%-57% of melanoma
patients with positive family history of melanoma (Goldstein et al., 2007) and in 11%-19%
of those with multiple primary melanomas (Bruno et al., 2016; Hashemi et al., 2000). The
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pl16 tumor suppressor gene regulates cell cycle progression and senescence through binding
cyclin-dependent kinases (CDK) 4 and 6 and inhibition of the retinoblastoma pathway
(Sharpless & DePinho, 1999). We have previously reported that p16 regulates cellular
oxidative stress independently of cell cycle control (Jenkins et al., 2011) and that these
activities were dissociated in various p16 mutants inherited in melanoma families (Jenkins et
al., 2013). More recently, we showed that elevated reactive oxygen species (ROS) in p16-
deficient cells are a consequence of aberrant mitochondrial biogenesis that is independent of
CDK function (Tyagi et al., 2017). We encountered a male patient with history of four
primary melanomas (first diagnosis at age 33), who had >50 nevi and self-reported family
history of melanoma in his father and a sister. Germline determination of his melanocortin-1
receptor (MCIR) genotype (Cassidy et al., 2017) revealed homozygosity for a V60L
mutation (not shown), considered to increase melanoma risk (Demenais et al., 2010).
Sequencing of CDKNZ2A revealed a germline missense (¢.350T>C, p.Leul17Pro) mutation
(Figure 1a).

To assess the potential pathogenicity of this p16-117P variant, we initially characterized
CDK-binding activity by immunoprecipitation. As shown in Figure 1b, p16-117P Jargely
retained the capacity to bind CDK4 and CDKG® (as reflected by the ratios of their
immunoblot intensities to the respective FLAG tag which served as an internal control) in
293T cells. Next, lentiviruses were used to express wild-type p16 and p16-117P in p16-
deficient fibroblasts (Figure 1c) to assess potential differential effects on cell cycle and
oxidative control (Jenkins et al., 2013). While wild-type p16 slowed cell cycle progression,
as reflected by increase in the G1 fraction and decrease in the G2M fraction, this activity for
the p16-117P mutant was significantly diminished (Figure 1d). Consistent with this result,
the p16-117P mutant did not slow cell growth when expressed in p16-deficient fibroblasts
compared to the wild-type p16 (Figure 1e). Similarly, the capacity of the wild-type p16 to
induce senescence, as indicated by staining for B-galactosidase (Cotter, Florell, Leachman,
& Grossman, 2007), was significantly reduced for the p16-117P mutant (Figure 1f). On the
other hand, the ability of wild-type p16 to reduce mitochondrial ROS levels was preserved in
the p16-117P mutant (Figure 1g). Thus, the Leu117Pro mutation in p16 impaired capacity
for cell cycle control and senescence induction, but did not compromise oxidative regulation.
We obtained similar results in these functional assays using human WM793 melanoma cells
(Figure S1).

We performed structural modeling based on the published crystal structure of p16 (Russo,
Tong, Lee, Jeffrey, & Pavletich, 1998). The 3D structures of p16 (Uniprot: P42771) and the
Leul17Pro mutant were predicted using full homology modeling (Roy, Kucukural, &
Zhang, 2010) and analyzed using Chimera visualization software (Pettersen et al., 2004).
Analysis of the structures revealed overall agreement of predicted structure with the wild-
type structure and that the overall structure of the Leu117Pro mutant was very similar to that
of the wild type (Figure S2) with corresponding average root-mean-square deviation
(RMSD) of atomic positions from the five best predicted superimposed structures of 1.12
and 1.06 and A, respectively. The average RMSD between any two structures in the
predicted sets was only 0.912 A. Thus, any physiological effect of the mutation is likely
related to changes in the local structure of a binding site in physical proximity to the
mutation site. Modeling of potential binding pockets (Kallberg et al., 2012) revealed in both

Pigment Cell Melanoma Res. Author manuscript; available in PMC 2020 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal.

Page 3

the wild-type and mutant proteins predicted an adenosine monophosphate (AMP) binding
pocket involving residue 117 in the fourth ankyrin domain (Figure 2). This AMP binding
pocket was found to be the most likely predicted binding pocket to exist in vivo through its
multiplicity score. As depicted in Figure 2, there are significant structural differences
between this pocket in the wild-type and Leul17Pro variant, showing that the orientation of
the AMP ligand and the interacting residues in p16 are qualitatively different, possibly due
to its loss of the two outlying binding residues. Because cyclic AMP (c-AMP) has been
recognized as an important second messenger molecule (Berman et al., 2005) and c-AMP
signaling is critical for differentiation and pigmentation in melanocytes (Rodriguez &
Setaluri, 2014), we also investigated the probability of c-AMP binding to this site. However,
negative results were obtained using the COACH (Yang, Roy, & Zhang, 2013) predictor tool
(not shown). AMP is rapidly converted to adenosine, which binds to receptors that are highly
conserved and broadly expressed (Holien et al., 2018), and is important in the regulation of
cell proliferation via the AMP-activated protein kinase (Liu, Hu, Shan, Chen, & Tang,
2019). It is conceivable that AMP binding by p16 could contribute to the regulation of
intracellular AMP levels and the maintenance of ATP balance during energy metabolism
(Ke, Xu, Li, Luo, & Huang, 2018). Our findings thus provide impetus for further studies to
elucidate the role of AMP binding to p16 in melanoma predisposition as well as treatment
resistance. Our future studies will use molecular dynamics to assess the change in binding
energies of this potential binding pocket attempting to further elucidate molecular
mechanisms of pathogenicity of the mutation reported here as well as other p16 mutations
we have previously characterized with loss of oxidative and/or cell cycle regulatory control
(Jenkins et al., 2013).

We assessed the pathogenicity of the Leul17Pro mutation using common mutation effect
predictor tools such as PolyPhen2 (Adzhubei, Jordan, & Sunyaev, 2013), FATHMM (Shihab
etal., 2013), MutPred2 (Pejaver, Mooney, & Radivojac, 2017), and PANTHER (Mi,
Muruganujan, & Thomas, 2013), which all predict that the mutation will have severe
pathogenic effects. The results of PANTHER, which is an evolutionary/functional
classification, are quite indicative of the seriousness of this variant. Because the mutation
location is highly conserved in evolutionary times, it may be concluded that AMP binding in
this location is very important for biological function and that any disruption of this binding
may have serious biological impact that could be pathogenic. Moreover, MutPred2 predicts
five statistically significant (p < 0.05) functional changes due to the Leu117Pro mutation,
which are in order of significance: altered metal binding, loss of relative solvent
accessibility, altered stability, altered transmembrane protein, and loss of helix (not shown).
Germline mutations altering residues Arg47, Asp108, Trp110, Arg112, and Glu120
predicted to be adjacent to Leul17 (Figure 2) have been described in melanoma-prone
families (McKenzie et al., 2010; Ruas & Peters, 1998). Mutations in these residues in
cancers have been reported in both melanomas and squamous cell carcinomas in the Catalog
of Somatic Mutations in Cancer (COSMIC, https://cancer.sanger.ac.uk/cosmic).

In summary, we have employed both experimental and modeling approaches to characterize
a novel germline p16-117P mutation in a subject with both family history of melanoma and a
personal history of multiple primary melanomas. To our knowledge, this mutation has not

been previously reported in prior germline sequencing studies of patients with family history
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of melanoma or personal history of multiple primary melanomas (Hashemi et al., 2000;
McKenzie et al., 2010; Orlow et al., 2007; Ruas & Peters, 1998). Although it was not
possible to sequence CODKNZA in this subject’s family members to show co-segregation of
the mutation with disease, we demonstrate that this p16-117P mutation compromises cell
cycle regulatory function and is also likely to be pathogenic given structural modeling
predictions. Given the conservation of oxidative regulatory function, this mutant appears to
segregate with a group of previously characterized melanoma-predisposing p16 mutants
(R99P, V126D, R24Q) in which we have demonstrated loss of cell cycle but retention of
oxidative regulatory functions (Jenkins et al., 2013). Predicted effect on the AMP binding
pocket by the Leul17Pro mutation suggests a role for p16 in AMP-mediated signaling in
melanocytic cells, worthy of future investigation. Identification of this new pathogenic
variant thus extends our understanding of COKNZA in melanoma susceptibility.

Supplementary Material

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

CDKNZA (p16) is a major melanoma predisposition gene. We identified a previously
unreported germline mutation in p16 (p16-117P) in a patient with history of multiple
primary melanomas and showed that this mutation impairs capacity for cell cycle control
and senescence induction but does not compromise oxidative regulation. The Leul17Pro
mutation is predicted to compromise an AMP binding site by structural modeling.
Identification of this new pathogenic variant thus extends our understanding of CDKNZ2A
in melanoma susceptibility.
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FIGURE 1.
Identification and characterization of the p16-117P mutant. Saliva was collected and genetic

testing was performed under protocol 96762, approved by the University of Utah
Institutional Review Board. Genomic DNA was isolated using an OGR-500 kit (DNA
Genotek), and exons 1 and 2 of CDKNZ2A (Hashemi et al., 2000) were sequenced as
described. (a) Chromatogram showing T — C substitution at residue 350 in CDKNZA. (b)
A FLAG-tagged p16-117P construct was prepared by primer-directed site-directed
mutagenesis (QuikChange 11 XL Kit, Agilent Technologies) using a wild-type human
CDKNZA cDNA cloned into a Gateway (Thermo Fisher Scientific) vector with an N-
terminal FLAG tag as a template. Both wild-type and p16-117P FLAG constructs were
confirmed by DNA sequencing. Western blotting of anti-FLAG immunoprecipitates (1 mg
eluates, Pierce Co-Immunoprecipitation Kit) from 293T cells (American Type Culture
Collection) transfected with GFP (control vector), wild-type p16, or the p16-117P mutant
using antibodies against CDK4 (Santa Cruz Biotechnology), CDK6 (Santa Cruz), or FLAG
(Sigma). Numbers indicate densitometry values, normalized to FLAG signal for each
construct. Representative of three experiments performed. (c) Western blotting of lysates of
pl16-deficient fibroblasts derived from p16~~Arf*/* mice (Jenkins et al., 2011) and obtained
48 h following lentiviral infection (Jenkins et al., 2011) with empty construct (GFP control)
or constructs expressing wild-type p16 or the p16-117P mutant (site-directed mutagenesis as
above, confirmed by sequencing). Representative of three experiments performed. (d) Cell
cycle analysis by flow cytometry of propidium iodide-stained cells in (c). Error bars
correspond to SEM of triplicate determinations. ***p < 0.001, 2-sided #tests. Representative
of three experiments performed. (e) p16-deficient fibroblasts were infected with lentiviruses
as in (c) for 2 days and then were plated into 6-well dishes (10° cells/well). Cell counts
performed after 4 days. Error bars correspond to SEM of triplicate determinations. **p <
0.01, 2-sided ttest. Representative of two experiments performed. (f) B-galactosidase
staining of cells in (c). Error bars correspond to SEM of triplicate determinations. ***p <
0.001, 2-sided ftests. Representative photographs are shown. Representative of three
experiments performed. (g) Detection of mitochondrial ROS by flow cytometry of cells in
(c) stained with Mitosox Red (Life Technologies). Error bars correspond to SEM of
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triplicate determinations. ***p < 0.001, **p < 0.01, 2-sided ftests. Representative of three
experiments performed
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FIGURE 2.
Structural modeling of the AMP binding site in the proximity of the L117P mutation in p16.

Predicted structural elements of wild-type p16 (left panel) and p16-117P mutant (right
panel). Structures of the wild-type and mutant were predicted using I-TASSER (Roy et al.,
2010). Side chain of residue 117 is shown in red and AMP in blue. The other residues are
depicted using a conventional color scheme (carbon in brown, nitrogen in blue, oxygen in
red). The binding pocket for AMP was identified using RaptorX (Kallberg et al., 2012). The
AMP binding site predictions were both found to be statistically significant (p < 0.05), and
both the uSeqID/SeqlID (unnormalized/normalized sequence identity) and uGDT/GDT
(unnormalized/normalized global distance test) scores indicated high model and prediction
quality, respectively (http://raptorx.uchicago.edu/documentation/#goto2)
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