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Abstract
According to TCGA database, mutations in PPP6C (encoding phosphatase PP6) are 
found in c. 10% of tumors from melanoma patients, in which they coexist with BRAF 
and NRAS mutations. To assess PP6 function in melanoma carcinogenesis, we gener-
ated mice in which we could specifically induce BRAF(V600E) expression and delete 
Ppp6c in melanocytes. In these mice, melanoma susceptibility following UVB irradia-
tion exhibited the following pattern: Ppp6c semi-deficient (heterozygous) > Ppp6c 
wild-type > Ppp6c-deficient (homozygous) tumor types. Next-generation sequencing 
of Ppp6c heterozygous and wild-type melanoma tumors revealed that all harbored 
Trp53 mutations. However, Ppp6c heterozygous tumors showed a higher Signature 1 
(mitotic/mitotic clock) mutation index compared with Ppp6c wild-type tumors, sug-
gesting increased cell division. Analysis of cell lines derived from either Ppp6c het-
erozygous or wild-type melanoma tissues showed that both formed tumors in nude 
mice, but Ppp6c heterozygous tumors grew faster compared with those from the 
wild-type line. Ppp6c knockdown via siRNA in the Ppp6c heterozygous line promoted 
the accumulation of genomic damage and enhanced apoptosis relative to siRNA con-
trols. We conclude that in the presence of BRAF(V600E) expression and UV-induced 
Trp53 mutation, Ppp6c haploinsufficiency promotes tumorigenesis.
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1  | INTRODUC TION

Melanoma is the most aggressive and, until recently, the most 
treatment-resistant form of skin cancer. Recent sequencing analy-
ses of melanoma tumors have also identified tumor-specific genes, 
further altering treatment approaches.1 For example, sequencing 
screens of melanoma cells have revealed several recurrently mu-
tated genes, including in Ppp6c, which encodes protein phospha-
tase 6 (PP6).2,3 Ppp6c somatic mutations are reported in 12% of 
sun-exposed malignant melanoma cases, exclusively in tumors 
with BRAF or NRAS mutations. Moreover, Ppp6c mutations often 
occur in genomic hot spots associated with protein function or 
stability,3,4 suggesting that Ppp6c loss is associated with tumor 
formation.

PP6 associates with 3 regulatory proteins, PP6R1, PP6R2, and 
PP6R3, which regulate its localization and substrate specificity.5-7 
In mammalian cell lines, diverse phenotypes seen following siRNA-
based Ppp6c depletion suggest that PP6 plays an important role in 
several cancer-relevant pathways, including DNA damage repair 
via activation of DNA-PK,8,9 mitosis regulation by Aurora A de-
phosphorylation,10 and anti-inflammation by suppression of NFκB 
signaling.11-13 Moreover, pathological data suggest that PP6 is down-
regulated in several cancers. For example, in human breast cancers, 
PP6, PP6R1, PP6R2, and PP6R3 protein levels decrease.14 MIR-373, 
a tumor-promoting microRNA that targets Ppp6c, is overexpressed 
in various tumor types, including esophageal squamous cell carci-
noma15 and hepatocellular carcinoma,16 potentially accounting for 
why mir-373 expression increases cell proliferation in both tumor 
types. Overall, these data suggest that Ppp6c functions as a tumor 
suppressor in some cancer contexts.

We previously examined Ppp6c function in vivo using a non-
melanoma skin carcinogenesis mouse model in which Ppp6c was 
deleted following Cre induction in cytokeratin 14-positive keratino-
cytes. Ppp6c-deficient keratinocytes were predisposed to DMBA-
induced papilloma formation17 and UV-induced squamous cell 
carcinoma formation.18 Recently, we observed that Ppp6c deficiency 
enhances K-rasG12D-dependent tumor promotion in keratinocytes.19 
These results indicate that, in these contexts, Ppp6c suppresses 
skin carcinogenesis. However, it remained unknown whether Ppp6c 
functioned similarly in the context of melanoma.

Ppp6c loss-of-function mutations are reportedly present in 
UV-induced melanoma tissue, in which they coexist with acti-
vating mutations in BRAF or NRAS, but not with PTEN mutation, 
suggesting that, in melanoma development, PP6 is anti-oncogenic 
in the context of mutant BRAF or NRAS, as is PTEN. Here, to as-
sess the effects of PP6 loss on activated BRAF-induced mela-
nomagenesis, we used a system in which the Cre-Activated/CA 
allele of BRAF is converted to the oncogenic BRAFV600E/VE al-
lele20 following Cre-based recombination in melanocytes. Using 
this system in mice on either a Ppp6c-deficient or semi-deficient 
background, we assessed the effects of Ppp6c loss on UVB-
induced-, BRAF(V600E)-initiated melanomagenesis. We report 
that mice with 1 functional Ppp6c allele are more susceptible to 

UVB-induced BRAF(V600E)-initiated melanomagenesis than are 
comparable Ppp6c null or Ppp6c wild-type (WT) mice.

2  | MATERIAL S AND METHODS

2.1 | Generation of mice exhibiting melanocyte-
specific inducible BRAFV600E and Ppp6c deletion

Tyr-CreERT2:BRAFCA/CA:Ppp6cflox/+ mice were generated by breeding 
siblings obtained by crossing between Tyr-CreERT2:BRAFCA:Ptenloxp 
(Jackson Laboratory 013 590) with Ppp6c-floxed (Ppp6cflox/flox) mice, 
as reported previously.21 Tyr-CreERT2:BRAFCA/+:Ppp6cflox/flox, Tyr-
CreERT2:BRAFCA/+:Ppp6cflox/+, or Tyr-CreERT2:BRAFCA/+:Ppp6c+/+ mice 
used here were obtained by mating Tyr-CreERT2:BRAFCA/CA:Ppp6cflox/+ 
with Ppp6cflox/+ mice. All animal experiments were performed with 
the approval of the Miyagi Cancer Center Research Institute Animal 
Care and Use committee (MCCAE-2020-1).

2.2 | Reagents

4-Hydroxytamoxifen (4HT) was purchased from Toronto Research 
Chemicals (North York, Canada).

2.3 | UVB induction of melanomagenesis

The dorsal skin of 8-wk-old mice generated as described above was 
shaved and then treated daily for 3 d with 100 µL acetone containing 
4HT (25 mg/ml). At 2 wk after the first treatment, mice were anesthe-
tized with isoflurane and subjected to 1 min of 2 kJ/m2 UVB irradiation 
once a week for 6 mo using a Bio-Link BLX system (Vilber Lourmat, 
France). The spectral peak of the UVB source was 312 nm. The num-
ber of tumors exceeding 1 mm in diameter was evaluated weekly.

2.4 | Histopathology and immunohistochemistry

Mouse tissues exhibiting subcutaneous tumors were dissected, 
fixed overnight in buffered 10% neutral formalin at room tempera-
ture, transferred to sequential 70%, 80%, 90% and 100% methanol 
washes, and embedded in paraffin. Sections were stained with H&E 
and examined microscopically by 2 pathologists. Most tumors were 
histopathologically hypomelanotic, but melanoma-like. Therefore, 
histopathological diagnosis was conducted based on criteria de-
scribed for human malignant melanoma22-25 after immunohisto-
chemical analysis26 with the following antibodies: rabbit antibody 
against mouse Ki67 (#9449 Cell Signaling Technology Inc, Danvers, 
USA); rabbit antibody against mouse S100 (#ab183979, Abcam Inc, 
Cambridge UK); rabbit antibody against mouse SOX10 (#ab108408, 
Abcam Inc); and mouse antibody against mouse HMB45(#M0634 
DAKO, Glostrup, Denmark).
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2.5 | Tumorigenicity test

For allograft experiments, melanoma cells were injected subcutane-
ously into the dorsal flank of nude mice at 1 × 106 cells per injec-
tion site. Tumor length and width were measured using calipers, and 
tumor volume was calculated based on the standard formula (length 
× width2)/2.

2.6 | Isolation and culture of melanoma cells

Melanoma cells were isolated and cultured using the method of 
Soo.27 In brief, when tumor volume reached 2000 mm3, mice were 
euthanized and tumors were collected. After rinsing in PBS, tu-
mors were incubated in 1.5  ml PBS plus 1.5  ml trypsin-EDTA so-
lution (Sigma-Aldrich, St Louis, MO) at 37°C for 15  min, and then 
10 ml of RPMI growth medium containing 5% FCS was added. The 
cell suspension was passed through a cell strainer (100 µm: Falcon 
#354  360) and then plated onto mitomycin-treated XB2 keratino-
cytes and cultured in RPMI growth medium containing 5% FCS with 
200 nM TPA. After cells were maintained 1 mo, they were stocked 
for later use in transplantation experiments or for in vitro analysis.

2.7 | RNAi analyses

Cells were transfected with siRNA using Lipofectamine RNAiMAX 
Transfection Reagent (Thermo Fisher Scientific, Watham, MA). siR-
NAs used were: SMART pool siGENOME mouse Ppp6c siRNA and 
ON-TARTET plus Non-targeting siRNA#1 (Dharmacon, Lafayette, 
CO).

2.8 | Western blot analyses

Cells were lysed by sonication in RIPA buffer (50 mM Tris-Cl, 150 mM 
NaCl, 1 mM EDTA, 0.1% SDS, 1% Triton-X100 and 10% glycerol) sup-
plemented with protease and phosphatase inhibitor cocktails and 
cleared by centrifugation at 14 000 rpm for 10 min at 4°C. Protein 
concentrations were determined using a DC protein assay (Bio-
Rad, Hercules, CA), and then equal amounts of protein were sub-
jected to SDS-PAGE using a 4%-20% Mini Gel (Bio-Rad). Proteins 
were transferred onto PVDF membranes using the Trans-Blot Turbo 
Transfer System (Bio-Rad), and membranes were blocked at room 
temperature with skimmed milk in PBS/Tween buffer. Immunoblot 
staining was performed in accordance with standard procedures 
using Western Lightning Plus-ECL (PerkinElmer, Waltham, MA) as 
detection reagent. Antibodies used were: anti-PP6 polyclonal an-
tibody,17 anti-caspase-3 polyclonal antibody (#9662, Cell Signaling 
Technologies, Danvers, MA), anti-cleaved caspase-3 polyclonal an-
tibody (#9661, Cell Signaling Technologies), anti-γH2AX monoclonal 
antibody (#05-636, Merck, Kenilworth, NJ) and anti-β-actin HRP 
monoclonal antibody (PM053-7, MBL, Nagoya, Japan).

2.9 | Analysis of cell proliferation

An in vitro Toxicology Assay Kit, sulforhodamine B based  (Sigma-
Aldrich) was used to assess the effects of Ppp6c knockdown on cell 
proliferation, in accordance with the manufacturer’s protocol.

2.10 | Target selection and sequencing

We outsourced whole exome sequencing analyses to Riken Genesis 
(Kawasaki, Japan). Genomic DNA was extracted from formalin-fixed 
paraffin-embedded (FFPE) tissue using a GeneRead DNA FFPE kit 
(Promega, Madison, WI), sheared into c. 200  bp fragments, and 
used to construct a library for multiplexed paired-end sequenc-
ing with the SureSelectXT Reagent Kit (Agilent Technologies, Santa 
Clara, CA). The library was hybridized to biotinylated cRNA oligo-
nucleotide baits from the SureSelectXT Mouse All Exon Kit (cat no. 
5180-4641, Agilent Technologies) for target enrichment. Targeted 
sequences were purified by magnetic beads, amplified, and se-
quenced on an Illumina NovaSeq 6000 platform in a paired-end 
151 bp configuration.

2.11 | Mapping and SNV/InDel calling

Basic bioinformatics analyses from pre-processing to variant filtra-
tions were outsourced to Riken Genesis. Briefly, adapter sequences 
were removed using cutadapt (v.1.2.1). After quality control, reads 
were mapped to the reference mouse genome (mm10) using BWA 
(v.0.7.10). Mapping results were corrected using Picard (v.1.73) to 
remove duplicates and subjected to GATK analysis (v.1.6-13) for 
local alignment and quality score recalibration. SNV and InDel calls 
were performed with multi-sample calling using GATK, and filtered 
to coordinates with VQSR (Variant Quality Score Recalibration) 
passed and a variant call quality score ≥ 30. Annotations of SNVs and 
InDels were based on dbSNP150, CCDS (NCBI, Release 21), RefSeq 
(UCSC Genome Browser, Nov. 2018), and Gencode (UCSC Genome 
Browser, v.M18) analyses. Variants with following predicted func-
tions were selected for further analyses: frameshift, nonsense, read-
through, missense, deletion, insertion, or insertion-deletion.

2.12 | Bioinformatics

Variants were further filtered to remove less reliable and/or poten-
tial germline samples. To do so, we removed variants that genotyped 
fewer than 8 samples among the 15. We then removed variants 
found in multiple samples as potential polymorphisms. Remaining 
variants are summarized in Table 2.

For mutant signature analyses, we removed small InDels. 
Mutational signature analyses were conducted with deconstructSigs 
software.28 Relevant to Trp53 mutation depth, we obtained the 
number of reads from VCF files and checked data manually using 
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F I G U R E  1   Ppp6c haploinsufficiency accelerates melanocyte tumorigenesis in UVB-induced carcinogenesis. A, At 2 wk after 4HT 
treatment, Tyr-CreERT2:BRAFCA/+ mice that also harbor either WT (+/+) Ppp6c (top; n = 8), or heterozygous (F/+) (middle; n = 14), or 
homozygous (F/F) (bottom; n = 7) Ppp6c mutations were UVB-irradiated once a week at a dose of 2 KJ/m2. Shown is tumor growth rate in 
respective groups. B, Percent of mice surviving in indicated groups. **P < .01
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Integrative Genome Viewer.29 Comparison of human and mouse 
Trp53 mutations was undertaken as follows. First, we aligned mouse 
Trp53 mutations to human genome positions using command line 
LiftOver software.30 We then generated potential human TP53 mu-
tation patterns with single nucleotide replacement at those posi-
tions. Then, using annovar31 we annotated possible TP53 mutations 
with COSMIC database v.9032 and picked up the same amino acid 
changes corresponding to mouse Trp53 mutations identified in this 
study. Finally, we visualized the 8 TP53 mutations with mutation 
mapper at the cBioPortal.33,34

2.13 | Statistical analysis

Kaplan-Meier survival curves and corresponding statistical analysis, 
as well as log-rank (Mantel-Cox) tests, were performed using Prism 
v.8 (GraphPad Software Inc, San Diego, California, USA). Other sta-
tistical significance was determined using Student t test. P  < .05 
served as the cut-off for significance.

3  | RESULTS

3.1 | UVB-induced melanomas in Tyr-CreERT2:  
BRAFCA/+:Ppp6cflox/+ mice

To determine the effect of Ppp6c genotype on melanoma develop-
ment, we simultaneously induced BRAF(V600E) expression and 
changes in Ppp6c genotype in mouse melanocytes. To do so, we ap-
plied 4HT as inducer to various skin sites (back, abdomen, tail, and 
palm) of mice of 3 genotypes: Tyr-CreERT2:BRAFCA/+:Ppp6c+/+, Tyr-Cre
ERT2:BRAFCA/+:Ppp6cflox/+, or Tyr-CreERT2:BRAFCA/+:Ppp6cflox/flox. Over 
the next year, we observed no tumor development at any site in any 
genotype (data not shown). As previous publications indicate that 
Ppp6c mutations in human melanoma seen in tissues are likely to 
be sun-exposed,2,3 we next used these models to assess the effects 
of exposure to UV light in mice expressing BRAFV600E plus various 
Ppp6c mutations. To do so, we again applied 4HT to the back skin 
of mice harboring 1 of the 3 genotypes described above, but then 2 
wk later shaved these areas and subjected them to UVB irradiation 
once a week. We then monitored potential tumor formation for up 
to 180 d (Figure 1A). At a median of 102 d, 7 of 8 Tyr-CreERT2:BRA
FCA/+:Ppp6c+/+ (+/+) mice exhibited melanomas (10 tumors in total) 
(Figure 1A, top), while at a median of 75 d 14 of 14 Tyr-CreERT2:BR
AFCA/+:Ppp6cflox/+ (F/+) mice exhibited tumors (24 total) (Figure 1A, 
middle). Finally, in 7 Tyr-CreERT2:BRAFCA/+:Ppp6cflox/flox (F/F) mice, we 
detected no tumor development for up to 180 d. When we contin-
ued to UVB-irradiate Ppp6cflox/flox type mice weekly for up to 260 d, 
3 of 7 mice developed 1 tumor each (Figure 1A, bottom).

We monitored tumor size in each mouse and euthanized mice 
when tumors reached 2000 mm3. Figure  1B shows Kaplan-Meier 
survival curves up to 180 d for the 3 mouse groups genotypically Tyr-
CreERT2:BRAFCA/+ plus either WT Ppp6c (+/+), heterozygous Ppp6c 

(F/+), or Ppp6c null (F/F). Ppp6c heterozygotes (F/+) showed a statis-
tically significant shorter survival time relative to either Ppp6c WT 
(P = .006) or null (P = .0015) mice.

Hypomelanotic subcutaneous tumors from 4HT-induced Tyr-
CreERT2:BRAFCA/+ mice harboring WT Ppp6c resembled melanoma 
variants based on histopathological and immunohistochemical find-
ings. Similarities included epithelioid, spindle cell, and pleomorphic 
types. However, tumors from comparable Ppp6c heterozygotes 
were spindle cell, desmoplastic, neurotropic, and pleomorphic types 
(Table 1). Moreover, tumors from Ppp6c null mice were spindle cell 
and desmoplastic types (data not shown).

We then confirmed recombination of BRAFCA and Ppp6cflox al-
leles in tumors from all 3 genotypes. Figure 2B shows representa-
tive PCR analysis of tumor #10 shown in Table 1. Recombination of 
the BRAFCA allele to BRAFVE initiated BRAF(V600E) expression from 
that allele, while recombination of the Ppp6cflox allele indicated loss 
of Ppp6c expression. We observed recombination of both in all 15 
melanoma samples described in Table 1.

We next performed analysis of representative tumors. Figure 2A 
shows images of representative Tyr-CreERT2:BRAFCA/+:Ppp6cflox/+ mice 
bearing tumors #10 or #14 (see Table 1). Tumor #10 was histopatho-
logically diagnosed as an epithelioid type of melanoma-like tumor, ex-
hibiting histologic properties similar to human pigmented epithelioid 
melanoma.35 Immunohistochemically, neoplastic cells in tumor #10 
were strongly S100-positive (Figure 2C), although a few cells from this 
tumor were weakly positive for SOX10 and HMB45 (data not shown). 
Similarly, most cells in tumor #14, which was diagnosed as a desmoplas-
tic type melanoma-like tumor,36 were S100-positive (Figure 2C), as was 

TA B L E  1   Genotype, histopathology, and immunohistochemistry 
of melanoma-like tumors

# tumor Ppp6c Histologic type Ki67 S100

1 +/+ epithelioid type + +++

2 +/+ spindle cell type + ++

3 +/+ desmoplastic type + ++

4 +/+ spindle cell type + ++

5 F/+ neurotropic type + +

6 F/+ neurotropic type + +

7 F/+ neurotropic type + +

8 F/+ spindle cell type + ++

9 F/+ spindle cell type + ++

10 F/+ epithelioid type + +++

11 F/+ neurotropic type + +

12 F/+ neurotropic type + +

13 F/+ pleomorphic type ++ +

14 F/+ desmoplastic type + ++

15 F/+ neurotropic type + +

Note: Tumor cell immunopositivity was assigned 3 positive scores 
based on anti-Ki67 and anti-S100 staining. +, ++, or +++ indicated 
that respectively, 5%-20%, 20%-60%, or > 60% were positive for the 
indicated staining.
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F I G U R E  2   UV-induced melanoma tumors in Tyr-CreERT2:BRAFCA/+mice heterozygous for Ppp6c (Ppp6cflox/+ ), and recombination of 
BRAF and Ppp6c-floxed alleles. A, Macroscopic appearance of representative (#10 and #14 in Table 1) tumors. Red brackets indicate 
areas exhibiting tumors. Both #10 and #14 are Ppp6c heterozygotes. B, PCR analysis of genomic DNA prepared from both tumors 
and corresponding tail tissue of Tyr-CreERT2:BRAFCA/+:Ppp6cflox/+ mice. (Left) Fragments of 185, 308, and 335 bp correspond to the 
BRAF WT allele, unrearranged BRAFCA, and BRAFVE alleles, respectively. (Middle) Fragments of 768 and 113 bp correspond to floxed 
and exon 4-deleted Ppp6c alleles, respectively. (Right) Fragments of 715 and 615 bp correspond to floxed and WT Ppp6c alleles, 
respectively. C, Histopathological examination of UV-induced tumors (#10 and #14 in Table 1) showing H&E staining plus Ki67 and S100 
immunohistochemistry. Scale bar: 100 μm. D, H&E staining of UV-induced tumors #10 and #14. Scale bar: 50 μm. Arrowheads indicate 
tumor cells containing melanin granules

F I G U R E  3   Comparison of mutational 
signatures in UV-induced tumors from 
Ppp6c WT and heterozygous tumors, and 
identification of Trp53 mutations. A, Pie 
chart showing proportion of mutational 
signatures seen in tumor #3 (in Table 1), 
which is Ppp6c+/+ (+/+), and in tumor 
#13 (in Table 1), which is heterozygous 
for Ppp6c (F/+). Unknown indicates an 
unidentifiable signature. B, Categorical 
scatter plot of mutational signatures. 
Horizontal axis shows each signature with 
WT (+/+) Ppp6c on left and heterozygous 
Ppp6c (F/+) on right. Vertical axis 
indicates the proportion of signatures 
in each sample. *P < .05, Student t test. 
C, 3-D bar graph of Trp53 mutations in 
samples analyzed here. Longitudinal axis 
indicates samples analyzed. Horizontal 
axis indicates Trp53 mutations. To portray 
the syntenic relationship between mouse 
Trp53 mutations observed here and 
human TP53 protein domain structure, 
a schematic of human TP53 protein is 
shown with lollipops corresponding to 
Trp53 mutations observed here
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the case with other variants of melanoma-like tumors listed in Table 1 
(data not shown). All tumors listed in Table  1 were Ki-67-positive. 
These findings indicate that susceptibility to BRAF(V600E)- and UVB-
induced melanoma-like tumors is greater in Ppp6c heterozygous rela-
tive to WT mice, and that susceptibility is greater in Ppp6c WT relative 
to homozygous mice. These findings were unanticipated, as our previ-
ous studies17-19 of mouse non-melanoma skin carcinogenesis indicated 
carcinogenesis susceptibility descending as follows: Ppp6c null > Ppp6c 
heterozygous > Ppp6c WT mice.

3.2 | Exome analysis of melanoma-like tumors using 
next-generation sequencing

Next, we undertook exome analysis of melanoma-like tumors to com-
pare genomic variation between tumors in Ppp6c WT vs heterozy-
gous mice (Figure 3). Of 15 samples listed in Table 1, we performed 
total exome analysis of those whose tumor size was c. 2000 mm3, 
specifically, 4 samples from Tyr-CreERT2:BRAFCA/+:Ppp6c+/+ mice and 
11 from Tyr-CreERT2:BRAFCA/+:Ppp6cflox/+ mice. Relevant histopatho-
logical analyses are summarized in Table 1, and the relationship be-
tween variant frequencies and unique variants in Figure S1. Unique 
variant numbers and the ratio of variant reads that reflect the tumor 
tissue ratio in samples showed a linear relationship, suggesting that 
the increase in total number of variants may be due to an increase in 
subclonal variants among tumors in a sample. This idea is supported 
by data summarized in Table  2 relevant to unique mutations. The 
average variant frequency was  <  0.5 in both Ppp6c heterozygous 
and WT genotypes, suggesting that variant calls in this study detect 
somatic mutations in Ppp6c+/+ (4 samples) and Ppp6cflox/+ (11 sam-
ples) type tumors.

Considering variations in tumor ratio in our samples (Figure S1), 
we then compared quality rather than quantity of variants, namely, 
tumor mutation burdens, between samples. We observed a strik-
ing difference in the transition-to-transversion ratio (Ts/Tv) among 
genotypes. Ppp6c+/+ tumors showed a higher Ts/Tv (5.33) than did 

Ppp6c heterozygous tumors (3.60) (Table  2). We then compared 
mutational signatures37 of tumor samples #3 and #13, which repre-
sent respective Ppp6c WT and heterozygous genotypes (Table S1). 
In both, Signature 7 (indicative of UV irradiation) was predominant 
(Figure  3A, B). Importantly, Ppp6c heterozygous tumors showed a 
significantly higher Signature 1 (mitotic clock/accumulation of DNA 
replication errors) (P = .0378) than did Ppp6c WT tumors (Figure 3B), 
suggestive of a shorter cell cycle in Ppp6c heterozygous relative to 
WT tumor cells.

TP53 mutations are frequent in human melanoma.1 We found 
10 different Trp53 mutations in tumors analyzed here (Table 3 and 
Figure 3C), and 8 corresponded to human TP53 mutations listed in 
the COSMIC database (https://doi.org/10.1093/nar/gky1015) of 
human somatic mutations. The most frequent was R270C, corre-
sponding to human R273C, which is the most frequently mutated 
in human cancers among the 8 described above. All 10 mouse 
mutations identified localized to TP53 domains are known to be 
important for function of human TP53, such as DNA binding and 
tetramerization domains, suggesting that these mutations transform 
TP53 into a driver of mouse melanoma-like tumors.

3.3 | Tumor formation by Ppp6c heterozygous 
vs null melanocyte lines, and effects of Ppp6c 
knockdown in Ppp6c heterozygous cells

To determine why Ppp6c haploinsufficiency enhances the progres-
sion of melanoma-like tumors to a greater extent than either com-
plete loss of Ppp6c or the presence of WT Ppp6c, we undertook 
analysis similar to that reported in Figure 1 to establish cell lines from 
tumors generated in Tyr-CreERT2:BRAFCA/+:Ppp6c+/+ and Tyr-CreERT2:B
RAFCA/+:Ppp6cflox/+ mice. We established 1 line each, UV1 (Ppp6cflox/+) 
and UV37 (Ppp6c+/+) (Figure  S2) and confirmed their respective 
genotypes by PCR analysis (data not shown). We then transplanted 
respective lines into nude mice and monitored tumor growth. Both 
lines gave rise to tumors but those arising from UV1 grew faster than 
did those from UV37 (Figure 4A). This observation was in agreement 
with results of our carcinogenesis experiment (Figure 1A, B) showing 
that tumor development is faster in Δ/+ relative to +/+ groups. Next, 
we observed that when cultured in vitro on feeder layers and grown 
in RPMI containing 5% FCS and 200 nM TPA, UV37 cells proliferated 
more rapidly than did UV1 cells (Figure 4B right).

Next, we assessed proliferation in vitro of Ppp6c knock-
down UV1 and UV37 lines, using cells transfected with Ppp6c- 
or control-siRNAs. Western blot analysis conducted 3  d after 
transfection indicated successful PP6 knockdown in both lines 
(Figure  4C). PP6 knockdown essentially blocked proliferation of 
both UV1 and UV37 lines by day 3 (Figure 4B left and middle), at 
which time cells from both lines began to detach. We then ana-
lyzed both remaining adherent and detached cells for apoptosis 
using a caspase-3 antibody and for potential DNA damage using 
γH2AX antibody (Figure 4C). Both knockdown lines were positive 
for cleaved caspase 3 and γH2AX and, in both cases positivity was 

TA B L E  2   Summary of unique variants in exome data

+/+ 
total (std)

F/+ 
total (std) p-value

Average VF 0.157 (0.0876) 0.181 (0.0666) 0.676

Total unique 573 (765) 620 (576) 0.926

INDEL 1.00 (1.22) 1.18 (1.75) 0.845

SNV 572 (764) 618 (575) 0.927

Splicing related 26.8 (40.6) 31.5 (28.7) 0.861

missense 517 (684) 553 (520) 0.935

Nonsense 27.3 (38.60) 32.2 (26.1) 0.846

Ts 470 (620) 474 (439) 0.991

Tv 101 (142) 143 (136) 0.671

Ts/Tv 5.329 (0.928) 3.60 (0.828) 0.0383

https://doi.org/10.1093/nar/gky1015
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greater in detached cells. These data suggest that PP6 activity is 
indispensable for proliferation of these melanoma cells, and when 
its expression drops below levels expressed in heterozygous cells, 
apoptosis occurs.

4  | DISCUSSION

One aim of this study was to determine whether Ppp6c acts as 
a melanoma suppressor in vivo in mice. To this end, we generated 
doubly mutant mice harboring Braf(V600E) plus heterozygous or 
homozygous mutations in Ppp6c triggered by tamoxifen-dependent 
Cre induction in melanocytes. Following UV irradiation, tumors ap-
peared first in Ppp6c heterozygotes, then in Ppp6c WT mice, and 
finally in Ppp6c homozygotes. We confirmed recombination at the 
BrafCA allele and Ppp6cflox alleles in all tumors. Based on pathological 
findings and positivity for the melanoma markers S100, SOX10, and 
HMB45, we determined that mice developed a melanoma-like tumor. 
We then performed next-generation sequencing exome analysis of 
melanoma tissues: 11 heterozygous for Ppp6c and 4 Ppp6c WT. All 
exhibited Trp53 mutations. Analyses of mutation signatures also 
showed that most mutations seen in all tissues were associated with 
UV irradiation (Signature 7 mutations). Therefore, we concluded that 
melanocytes become tumorigenic due to combined effects of BRAF 
mutations and UV irradiation (which induces Trp53 mutation), and 
that Ppp6c haploinsufficiency is likely to enhance this process rela-
tive to Ppp6c WT cells.

Our previous analysis of non-melanoma skin cancer carcinogen-
esis17-19 and our recent data relevant to oral cancer (unpublished) 
indicate that Ppp6c null status, rather than heterozygosity, signifi-
cantly accelerates tumorigenesis. Therefore, our observation here 
that heterozygous but not homozygous Ppp6c loss leads to earlier 
melanoma development than on a Ppp6c WT background is unantic-
ipated. We also observed a greater number of Signature 1 mutations 
(accumulation of cell clock mutations/accumulation of DNA repli-
cation errors) in Ppp6c heterozygous relative to Ppp6c WT tumors. 
Specifically, Ppp6c heterozygous tumor cells underwent a greater 

number of divisions per unit time than did cells from Ppp6c WT tu-
mors. Therefore, as shown in Figure 1A, Ppp6c heterozygous tumors 
are likely to emerge more rapidly due to their shorter cell cycle. In 
addition, the presence of unique mutations in Ppp6c heterozygous 
tumors indicates a higher transition-to-transversion ratio than that 
seen in Ppp6c WT tumors (Table 2), possibly due to the higher C to G 
transversion replication errors occurring during cell division.

In 2 independent analyses, we observed only 3 Ppp6c null tu-
mors in 7 mice evaluated (Figure 1A bottom) and 3 Ppp6c null tu-
mors in 8 mice evaluated (Figure S2A bottom), and in both cases, 
tumors emerged only after prolonged irradiation. Of those, we 
performed exome sequencing in the 2 largest Ppp6c null tumors 
(one derived from analysis shown in Figure  1A (bottom) and the 
other from Figure  S2A (bottom)). Neither exhibited Trp53 muta-
tions, and both had a lower Ts/Tv ratio than did Ppp6c heterozy-
gous or WT tumors (data not shown). We concluded that, in these 
2 tumors, accumulation of mutations in the presence of WT Trp53 
enabled tumor cells to remain viable even in the absence of Ppp6c 
expression.

We also asked why Ppp6c homozygous mutant melanoma tu-
mors showed reduced tumor-forming capacity relative to heterozy-
gous tumors by establishing Ppp6c heterozygous mutant melanoma 
lines. When we transfected Ppp6c heterozygous melanoma cells 
with Ppp6c siRNA we observed greater levels of γH2AX and cleaved 
caspase-3 than those seen in Ppp6c heterozygous melanoma cells 
transfected with control siRNA. We propose that the BRAF(V600E) 
plus Trp53 mutation may increase the frequency of DNA dam-
age, leading to increased frequency of error-prone repair of DNA 
double-strand breaks (DSBs) via nonhomologous end-joining. Given 
reports that PP6 functions in homology directed repair via a DNA-
PK-dependent mechanism,14 it is possible that DSBs are not fully 
repaired in PP6-deficient conditions and that their accumulation 
causes cells to undergo apoptosis.

In conclusion, we found that Ppp6c, which has been identified as 
a tumor suppressor in the context of a mouse non-melanoma skin 
cancer model, when mutated functions in vivo as a driver of mela-
noma carcinogenesis.

Mouse Trp53
No. of 
samples

Human 
TP53 Concordance* COSMIC90 ID

COSMIC90 
cases

p.V170 M 2 p.V173 M YES COSV52677795 65

p.L191F 3 p.L194I YES COSV53623808 1

p.L191R 1 p.L194R YES COSV52679257 64

p.T208I 1 p.T211I YES COSV52665474 14

p.R210C 7 p.R213C NO NA NA

p.Y231N 1 p.Y234N YES COSV52730114 18

p.S238F 1 p.S241F YES COSV52661688 128

p.R246X 3 p.R249X NO NA NA

p.R270C 10 p.R273C YES COSV52662066 699

p.A344V 1 p.A347V YES COSV99037318 1

*Both mouse and human mutations are single nucleotide changes.

TA B L E  3   Clinical analysis of Trp53 
mutations in this study
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