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Although melanoma is an aggressive cancer, the understanding of the virulence-conferring pathways
involved remains incomplete. We have demonstrated that loss of ten-eleven translocation methyl-
cytosine dioxygenase (TET2)-mediated 5-hydroxymethylcytosine (5-hmC) is an epigenetic driver of
melanoma growth and a biomarker of clinical virulence. We also have determined that the intermediate
filament protein nestin correlates with tumorigenic and invasive melanoma growth. Here we examine
the relationships between these two biomarkers. Immunohistochemistry staining of nestin and 5-hmC
in 53 clinically annotated primary and metastatic patient melanomas revealed a significant negative
correlation. Restoration of 5-hmC, as assessed in a human melanoma cell line by introducing full-length
TET2 and TET2-mutated constructs, decreased nestin gene and protein expression in vitro. Genome-wide
mapping using hydroxymethylated DNA immunoprecipitation sequencing disclosed significantly less 5-
hmC binding in the 3’ untranslated region of the nestin gene in melanoma compared to nevi, and 5-hmC
binding in this region was significantly increased after TET2 overexpression in human melanoma cells
in vitro. Our findings provide evidence suggesting that nestin requlation is negatively controlled
epigenetically by TET2 via 5-hmC binding at the 3’ untranslated region of the nestin gene, providing
one potential pathway for understanding melanoma growth characteristics. Studies are now indicated
to further define the interplay between 5-hmC, nestin expression, and melanoma virulence.
(Am J Pathol 2016, 186: 1427—1434; http://dx.doi.org/10.1016/j.ajpath.2016.01.020)

Although human melanoma is a paradigm for cancer
virulence, biomarkers that portend biological outcome are
scarce, and the understanding of the underlying pathogenic
mechanisms of tumorigenesis, invasion, and metastasis is
incomplete. Recently, we defined two potential pathways
and associated biomarkers that correlate with tumorigenic
potential in melanoma. The first is global loss of
5-hydroxymethylcytosine (5-hmC), an epigenetic mark
regulated by the ten-eleven translocation methylcytosine
dioxygenase (TET2) pathway. This event is associated with
increased tumorigenesis in experimental models' and is a
biomarker of melanocytic dysplasia’ and malignant trans-
formation.” Also associated with experimental tumorigenesis
in melanoma is the expression of nestin,” an intermediate
filament protein considered to correlate with stem-cell activity

and also to represent a biomarker of cell behavior that con-
tributes to melanoma virulence.” Although both observations
indicate participation of these two pathways in tumorigenic
melanoma growth, the possibility of a mechanistic interrela-
tionship between them has not, until now, been explored.
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There are reasons to posit that epigenetic pathways may
play regulatory roles in the expression of physiological and
cancer stem cell—associated proteins such as nestin. For
example, regulation of the nestin gene during embryonic
differentiation has been shown to relate to histone acetyla-
tion patterns.® Recently, adipose tissue—derived stem cells
with the potential to become neuronal elements have been
shown to be epigenetically prepatterned to differentiate
toward neuronal lineage, a process that is enhanced by
demethylation of nestin-enhancer elements.’ Several studies
have shown that miRNA regulates nestin expression via
progenitor-cell differentiation during development.” "' In
addition, miR-940 inhibits nestin expression and suppresses
tumorigenesis by binding nestin 3’ untranslated region
(UTR) in nasopharyngeal carcinoma.'? Accordingly, based
on the concordant effects of high nestin and low 5-hmC
levels in melanoma tumorigenesis, and the known role of
epigenetic programing in the regulation of nestin expression
during development, we hypothesized a possible mecha-
nistic link between these two virulence-conferring mediators
in human melanoma.

In this study, we initially examined patient melanomas
to determine whether relationships existed between nestin
and 5-hmC immunohistochemistry (IHC) staining pat-
terns. Our findings led to transfection approaches and
genomic sequencing that now provide the first evidence of
regulatory interactions between DNA hydroxymethylation
and nestin expression in melanoma. Because epigenetic
events are reversible, these data have potential trans-
lational as well as basic biological and biomarker
implications.

Materials and Methods
Histopathologic Samples and Data

A total of 53 cases of primary cutaneous and metastatic
melanomas were selected from a tissue microarray previ-
ously constructed from the Archives of Pathology Depart-
ment, Clinical Hospital, State University of Campinas
(Campinas, Brazil). These cases were intentionally selected
to investigate the biomarker characteristics of both primary
and metastatic melanoma. The hematoxylin and eosin—
stained sections, prior diagnoses, and reported prognostic
attributes were independently reviewed and confirmed by
two dermatopathologists (R.S., C.G.L.). Clinical data
regarding each patient’s age, sex, tumor location, Breslow
thickness, ulceration, mitosis, tumor stage, tumor recur-
rence, and follow-up including overall survival were
retrieved from medical files. Specific survival time in each
case was determined by the time difference between the date
of diagnosis and the date of either death (92.3%) or last
follow-up (7.7%). The study protocol was approved by the
Committee of Ethics at the State University of Campinas
and the Institutional Review Board at Brigham and
Women’s Hospital (Boston, MA).
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IHC and Immunofluorescence Analysis

IHC and immunofluorescence staining was performed on
sections (5 um) of paraffin-embedded tissue. Sections were
treated with heat-induced antigen retrieval using target
retrieval solution (Dako, Carpinteria, CA) and heated in a
Pascal-pressurized heating chamber (Dako; 125°C for 30
seconds, 90°C for 10 seconds). After incubation at 4°C
overnight either with human nestin antibody (Millipore,
Billerica, MA; 1:200 dilution) or rabbit—anti-5-hmC
(Active Motif, Carlsbad, CA; 1:2000 dilution), sections
were incubated with horseradish peroxidase—conjugated
secondary antibodies for 30 minutes at room temperature,
and signals were visualized with NovaRED horseradish
peroxidase substrate (Vector Laboratories, Burlingame,
CA), followed by a hematoxylin counterstain. In addition,
dual-labeling immunofluorescence was performed to com-
plement IHC analysis as a means of two-channel identifi-
cation of epitopes, with cytoplasm staining for nestin and
nuclear staining for 5-hmC. Instead of incubation with the
secondary antibodies, these sections were incubated with a
mixture of goat anti-rabbit IgG (Alexa Fluor 594-red;
InvitroGen, Grand Island, NY) and goat anti-mouse IgG
(Alexa Fluor 488-green; InvitroGen). Appropriate isotype-
matched antibody controls and tissue controls were used for
all experiments. All specimens were evaluated separately
according to the 0-to-44 grading criteria based on the
percentage of positive cell counts. Intensity of staining was
determined on a semiquantitative scale of 0 to 3+: no
staining (0), weakly positive staining (1+), moderately
positive staining (2+), and strongly positive staining (3-+).
The entire area of two replicate 2-mm tissue microarray
cores (6.28 mm?) was assessed. An immunoreactive score
was derived by multiplying the percentage of positive cells
by the staining intensity.’

Cell Lines and Quantitative RT-PCR

Human melanoma cell lines A2058 and Meljuso were
originally obtained from ATCC (Manassas, VA). Cells were
recently confirmed to have no Mycoplasma contamination
by PCR. All cells were grown in Dulbecco’s modified
Eagle’s medium (Lonza, Hopkinton, MA). Culture media
were supplemented with 10% heat-inactivated fetal bovine
serum (HyClone, Logan, UT), 200 mmol/L. L-glutamine,
100 IU/mL penicillin, and 100 mg/mL streptomycin (Life
Technologies, Carlsbad, CA) and maintained at 37°C, 5%
CO,. If not otherwise stated, subconfluent cell culture was
treated with 0.25% trypsin/EDTA solution (HyClone) at
37°C for 1 to 2 minutes and then collected for RNA
extraction. Total RNA of melanoma cells was extracted
using the RNAeasy kit (Qiagen, Valencia, CA), and
the cDNAs were synthesized using the SuperScript III
First-Strand kit (InvitroGen). Relative gene expression
was normalized to hypoxanthine-guanine phosphoribosyl-
transferase. Melanoma stable cell lines with overexpressing
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Table 1  Clinicopathologic Characteristics of Primary Cutaneous

Melanomas and Metastatic Melanomas, Respectively Table 1  (continued)
Variable Category Value Variable Category Value
Primary cutaneous Follow-up status, n (%) Survivor 11 (40.7)
melanomas (n = 26) Nonsurvivor 13 (48.2)
Age, years Range 36—81 Lost to follow-up 3 (11.1)
Median 58.0 ALM, acral lentiginous melanoma; LMM, lentigo malign melanoma;
Mean (SD) 59.4 (11.9) NM, nodular melanoma; NSR, no sign of recurrence; SSM, superficial spread
Sex, n (%) Female 7 (26.9) melanoma.
Male 19 (73.1)
Histologic subtype, SSM 12 (46.2) .
n (%) LMM 3 (11.5) flag-tagged full-length wild-type TET2 (TET2-OE) or
ALM 3 (11.5) the iron-binding site (H;33,RD1334) disrupted catalytically
NM 8 (30.8) inactive TET2-mutant (TET2-M) control cell line was
Ulceration, n (%) Absent 4 (16.0) established as described.' The overexpression of full-length
Present 21 (84.0) TET2 and TET2-M control was verified by Western blot
Breslow’s thickness, mm Range 2—-16 and quantitative RT-PCR, according to a standard protocol
Median 3.9 described by Lian et al.'
Mean (SD) 4.6 (3.1)
Mitotic index, mm? Range 1-20
Median 5.0 Hydroxymethylated DNA Immunoprecipitation
Mean (SD) 6.4 (5.5) Sequencing
T stage, n (%) I 5(19.2)
111 16 (61.5) Hydroxymethylated DNA immunoprecipitation sequencing
v 5(19.2) (hMeDIP-seq) experiment was performed on human nevi,
Site, n (%) Head and neck 6 (23.1) melanomas, and cultured human melanoma cell lines as pre-
Upper limbs 6 (23.1) viously described by Lian et al." Barcode adapters (Illumina,
Lower {imbs 6 (23.1) San Diego, CA) were ligated before hMeDIP-seq. Genomic
Trunk 8 (30.7) . .
Follow-up time, months Range 4.0—188.5 DNA fr9m human rgelanomas and nevi (n = 5)'Was purified
Median 246 and sonicated. [llumina barcode adapters were ligated before
Mean (SD) 41.3 (43.9) hMeDIP-seq. Adaptor-ligated DNA (5 mg) was denatured and
Follow-up status, n (%) Survivor (NSR) 9 (34.6) incubated with 3 mL of 5-hmC antibody (Active Motif,
Survivor with melanoma 4 (15.4) Carlsbad, CA) at 4°C overnight. Antibody—DNA complexes
Nonsurvivor 6 (23.1) were captured by protein A/G beads. The immunoprecipitated
(melanoma) DNA was purified and sequenced followed by standard Illu-
Nonsurvivor (other 5(19.2) mina protocols. Read sequences were mapped to the human
causes) genome (hg) 19 using Eland software version 2 in the Sec-
Lost to follow-up 2(1.7) ondary Analysis Package Casava software package version
Relapse, n (%) No 15 (57.7) 1.6 (Illumina). Significantly enriched regions were determined
. Yes 11 (42.3) using the Model-Based Analysis of ChIP-Seq data software
Time to relapse, months Range 0.33—92.5 . . .
Median 22.7 package version 1.4.2 (MACS, http://liulab.dfci.harvard.
Mean (SD) 27.4 (29.0) edu/MACS, last accessed December 31, 2015). Gene
Metastatic melanomas Ontology term and Kyoto Encyclopedia of Genes and
(n = 27) Genomes pathway analyses were performed by the Data-
Age, years Range 30—88 base for Annotation, Visualization, and Integrated
Median 64.0 Discovery (Laboratory of Immunopathogenesis and Bio-
Mean (SD) 63.2 (17.1) informatics, Frederick, MD).
Sex, n (%) Female 16 (59.3)
Male 11 (40.7) L. .
Metastases site, n (%) Lymph node 14 (51.9) Statistical Analysis
S.c. 8 (29.6)
Brain 1(3.7) The U-test was used for verifying the association between
Bone 1(3.7) continuous data and categorical variables with two cate-
Other visceral 3 (11.1) gories, and for variables with three categories (T stage) the
Follow-up time, months Range 0.033—-109.2 Kruskal-Wallis test was adopted. To verify normal distribu-
Median 13.1 tion of continuous variables, the Shapiro-Wilk test was
Mean (SD) 24.4 (26.2) conducted. The Spearman correlation was applied to verify
(table continues) the correlation between continuous variables. The
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Kaplan-Meier curve was used for estimating the overall
survival probability, and the log-rank test was used for
comparing survival curves. The follow-up time was consid-
ered the period (in months) between the date of surgery or
treatment until the death date or the last date with information
for censored cases (survivors or those lost to follow-up). The
level of 5% was considered significant in all statistical tests.
The univariate Cox regression model was used for estimating
hazard ratios and respective 95% Cls. Statistical computer
Stata software version 10.0 (StataCorp, College Station, TX)
was used for conducting all statistical analysis.

Results

5-hmC Levels and Nestin Expression in Human Primary
Melanomas

Fifty-three representative cases from primary cutaneous
(n = 26) and metastatic (n = 27) melanomas were included
in this study. The relevant clinical and pathologic parame-
ters, including follow-up data, are summarized in Table 1
for primary cutaneous melanoma and metastatic melanoma.
Nestin and 5-hmC immunostaining was scored semi-
quantitatively and assigned by percentage and intensity,""'”
with nestin reactivity typically identified as diffuse or pe-
ripheral cytoplasmic staining, and 5-hmC reactivity identi-
fied as nuclear staining. Immunoreactivity for nestin scored
between 3 and 12 (mean, 8); 5-hmC, between 0.25 and
4.5 (mean, 1.25) (Supplemental Table S1). Notably, in
individual tumors, nestin scores exceeded 5-hmC scores in
90.6% of samples; the remaining five samples showed either
similar scores (n = 2) or reciprocal scores (higher 5-hmC
and lower nestin; n = 3). Figure 1A provides plots of the
relationship of nestin expression to 5-hmC levels using this
approach, as well as examples of high nestin/low 5-hmC,
and high 5-hmC/low nestin patient tumors (Figure 1B).
Dual labeling confirmed the reciprocal relationship of nestin
expression to 5-hmC levels that was evident in the majority
of the tumors studied (Figure 1C). Spearman correlation
of the immunoreactivity of nestin expression with 5-hmC
levels indicated a statistically significant negative correla-
tion between nestin and 5-hmC levels in PCM cases (P =
0.037) (Figure 1D), suggesting a possible regulatory inter-
action [a nonsignificant negative correlation was also noted
in metastatic melanoma (P = 0.234)].

Nestin expression in primary cutaneous melanoma failed
to correlate with the respective annotated prognostic attri-
butes (Breslow depth, mitoses, ulceration, tumor stage);
5-hmC staining showed statistically significant inverse
correlation with Breslow depth (P = 0.042) (Supplemental
Figure S1; Supplemental Tables S2 and S3). We further
analyzed by Kaplan-Meier the association between nestin
and 5-hmC scores and overall survival. 5-hmC scores
greater than the mean (2.5) for metastatic melanoma, but not
for primary cutaneous melanoma, showed significantly
greater survival (P = 0.032) (Supplemental Figure S2;
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Supplemental Tables S4—S6). These results suggest that the
biological effects of low levels of DNA-hydroxymethylated
5-hmC, as assessed by significant correlation with prog-
nostic and outcome attributes, may have a broader impact
on melanoma virulence than does nestin expression itself, in
keeping with previous findings that the extent of nestin
expression alternatively regulates both virulence-conferring
attributes of tumorigenic growth and invasion.”

TET2-Mediated 5-hmC Regulates Melanoma Nestin
Gene and Protein Expression

Because 5-hmC and nestin exhibited significant inversion in
expression patterns, we next investigated the possible mech-
anistic link between these two pathways. To determine
whether restoration of the 5-hmC landscape can modify
nestin in human melanoma, we reintroduced TET2, the
most dramatically decreased TET-family gene in human
melanomas,' !> to A2058 stable cell lines that constitutively
express low 5-hmC. The selected cells were further serially
diluted, and the expression of full-length TET2 (TET2-OE), or
an enzymatically inactive TET2-mutant control (Figure 2A),
was verified by quantitative RT-PCR. Increase in 5-hmC level
by full-length TET2 was confirmed by Western blot, as pre-
viously described.' Restoration of the 5-hmC landscape via
TET?2 transfection, but not by control, resulted in significantly
decreased nestin mRNA expression, consistent with 5-
hmC—mediated nestin regulation (Figure 2B). Nestin gene
expression was significantly decreased in Meljuso TET2-OE
cell lines compared to the control cells (Figure 2C).

5-hmC Binding Is Associated with the Nestin 3’ UTR

We employed genome-wide mapping of 5-hmC in human
melanomas and nevi with specific reference to the nestin
gene. hMeDIP-seq of pooled DNA from patient melanomas
(n = 5) and melanocytic nevi (n = 5) indicated signifi-
cantly less 5-hmC binding specifically at the 3’ UTR of the
nestin gene of melanomas as compared to nevi (Figure 3).
There was a significant increase in 5-hmC binding in nestin
3’ UTR in TET2-OE A2058 as compared to the TET2-M
control melanoma cell line (Figure 3). These findings are
suggestive of the potential association of DNA hydrox-
ymethylation with nestin gene expression.

Discussion

In this study, we show that there is a significant negative
relationship between the expression of the intermediate-
filament protein nestin and the epigenetic mark 5-hmC in
human melanoma. Because high nestin expression and
low 5-hmC levels are both known to be associated with
tumorigenic growth and clinical virulence,"*'® a negative
relationship may be anticipated and need not imply mech-
anistic linkage. However, the negative correlation reached
statistical significance in primary cutaneous melanoma
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Nestin 5-hmC Merge

samples. Recent availability of MeDIP-seq and hMeDIP-seq
has made the global mapping of DNA methylation and
hydroxymethylation possible. Such studies show that the
binding of 5-mC and 5-hmC are important for gene regu-
lation not only when they bind to the promoter region, but
also when they bind to the gene body as well as at 3’ UTR.
In our study, we did not observe a significant difference in
5-hmC binding patterns on the promoter region of the nestin
gene between nevi and melanomas. Interestingly, in the
course of genomic sequencing studies, we found 5-hmC
binding to be in significant abundance in the nestin 3’
UTR in benign nevi but not in melanoma. This finding
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Metastatic melanoma

Figure 1  Relationship of 5-hydroxymethyl-
NG cytosine (5-hmC) and nestin reactivity in pri-
=5-hmC mary and metastatic human melanomas. A: Line

diagrams represent relative biomarker scores; the
majority cases show patterns of higher nestin and
lower 5-hmC. Three cases show inversion of these
patterns (dashed boxes). B: Representative IHC
staining for 5-hmC and nestin in primary and
metastatic human melanomas; the patients in A
and C show the dominant pattern of disparity
between high nestin and low 5-hmC, and the
patients in B and D represent the reciprocal
pattern. C: Representative immunofluorescence
staining demonstrating the trend for higher nes-
tin and lower 5-hmC levels in primary and meta-
static human melanomas. Red indicates nuclear
5-hmC; green, cytoplasmic nestin in green; blue
nuclear stain, DAPL. D: Spearman correlation of
the immunoreactivity of 5-hmC and nestin
expression. P = 0.037; p = —0.411 in primary
melanoma cases (D). Original magnification,
x40. H&E, hematoxylin and eosin.
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prompted us to determine the effects of 5-hmC rescue on
nestin expression in a relevant human melanoma line in
which 5-hmC was restored by the overexpression of TET2.
We found that 5-hmC restoration indeed increased 5-hmC
binding in the nestin 3’ UTR region and depressed the
expression of nestin mRNA, providing additional evidence
that nestin expression in melanoma is under some degree of
potentially reversible epigenetic control.” '* Given that
miRNAs are known to regulate gene expression by binding
at the 3’ UTR region, the association of 5-hmC with the
nestin 3’ UTR raises the possibility of miRNA involvement
in this potentially complex epigenetic regulatory process.

1431


http://ajp.amjpathol.org

Gomes et al

Control @ Cys-rich
Y1382RA1384
TET2-OE - Dioxygenase
H1382RD1384
B & &
S S 2.0 7
SN
s - N
2™ @ e 3
= 151 T
“ &
® O o5 ;
g 7 101 [] Control
= =
e @, : e
5 S 051
z &
5 osue
0 R
A2058 melanoma cells
c & &
SN 15
S
E kk
@) 1 o—
- e 2
£ it g [
[Te} a- 1.0 1
& | 05ug ¢
g 2 [] Control
= =
s ® ng 205 [l TET2-OE
5 kS
> )
0.0
Meljuso melanoma cells
Figure 2  Effects of ten-eleven translocation methylcytosine dioxyge-

nase (TET2)-mediated 5-hydroxymethylcytosine (5-hmC) on nestin gene and
protein expression in cultured melanoma cells (A2058 and Meljuso).
A: Schematic diagram of melanoma cell line transfected with full-length TET2
or enzymatically inactive TET2 mutant control. B: Up-regulation of 5-hmC by
full-length TET2 in A2058 cells but not by mutant TET2 control was confirmed
by immune dot blot. The methylene blue staining was used as a total
genomic DNA loading control. RT-PCR shows a significant decrease in nestin
mRNA expression as a result of TET2 overexpression. C: Significant decrease
in nestin gene expression is also observed in Meljuso TET2 overexpression
(OE) cell lines compared to the control cells by RT-PCR. Data are expressed as
means & SEM. n = 3 (B and C). *P < 0.05, **P < 0.01.

Thus, our observation raises the possibility that 5-hmC may
regulate nestin gene expression via miRNAs, and studies are
currently underway in our laboratory to elucidate this possi-
bility. Others studies are now indicated to explore further this
theory. The regulation of nestin by epigenetic pathways has not
heretofore been identified in human cancers, although it is well-
known to play a key role in embryogenesis during cellular
specification.””” Compared to adult tissue, embryonic cells are
enriched for 5-hmC, where, at the zygote stage, genome-wide
5-mC is hydroxylated to 5-hmC, the levels of which correlate
with the pluripotent cell state.'” In contrast, whereas 5-hmC is
enriched in the central nervous system of adult mammals,
levels are significantly lower in stem cell—rich areas.'® This
finding is potentially relevant to the negative correlation
between 5-hmC and the expression of nestin, itself a putative
marker of neural stem cells, found in our study.
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Regarding nestin expression as a biomarker, a study has
revealed that nestin expression, as assessed by IHC, is
associated with decreased survival time in melanoma
patients with advanced disease.'” Moreover, higher nestin
expression has been noted in biopsy samples of metastatic
melanomas compared to primary melanomas and benign
nevi.”’ In contrast, The Cancer Genome Atlas analysis of a
large-scale melanoma cohort (n = 478 samples from 470
patients)”'** failed to relate nestin expression to overall
survival (Supplemental Figure S3). Herein we also did not
identify the clinical implications of nestin expression,
although experimental melanoma models of nestin regula-
tion indicate that this intermediate filament protein may play
a role in the reciprocal expression of two virulence-
conferring attributes, namely tumorigenic versus invasive
growth.” Specifically, experimental nestin overexpression in
human melanoma cell lines enhances spherogenic growth,
whereas knockdown results in up-regulation of multiple
matrix metalloproteinases fundamental to tumor cell inva-
sion of stroma necessary for metastasis beyond the primary
site. This coordination between tumorigenic and invasive
subpopulations of melanoma cells is crucial to behavior that
mimics epithelial—mesenchymal transition and that com-
bines to mediate clinical virulence.”** Thus, the epigenetic
regulation of nestin expression may have implications as to
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Figure 3  Genome-wide mapping of the nestin gene using hMeDIP-seq
for 5-hydroxymethylcytosine (5-hmC) in human benign nevi and mela-
nomas, as well as human melanoma cell lines with ten-eleven translocation
methylcytosine dioxygenase (TET2) overexpression (A2058 TET2-OE) and
A2058 control cells. The distribution of 5-hmC revealed more abundant
binding in the nestin 3’ untranslated region (red box) in nevi and A2058
TET2-OE melanoma cells compared to those of melanomas and control
A2058 melanoma cells, respectively. CCDS, consensus CDS; hg, human
genome; NES, nestin gene; UCSC, University of California at Santa Cruz.
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how individual melanoma cells at given time points behave
within tumors, while not correlating with overall clinical
virulence over more prolonged periods. Of interest, a recent
study showed that factors in the immediate peritumoral
microenvironment of squamous cell carcinoma may mediate
epigenetic modifications in DNA methylation relevant to
tumor cell invasion and metastasis.”> Whether similar
factors at the interface between tumorigenic, nestin-rich
melanoma nodules may affect 5-hmC levels to favor a
low nestin/high metalloproteinase phenotype at the tumor
periphery is an area of active interest and investigation. In
addition, studies have shown that melanin pigmentation
correlates with melanocyte biology.”>*” Although we did
not observe a significant relationship between melanin
pigmentation and nestin expression/5-hmC levels in the
cohort of this study, future investigation in a larger-scale
sample will be required to exclude a link between these
biomarkers.

More than 2000 genes appear to be affected by a loss of
5-hmC," and accordingly it is likely that the loss of 5-hmC
in melanoma drives numerous other pathways, in addition to
nestin, that mediate tumor virulence. This concept is
consistent with the ability to correlate low 5-hmC levels, but
not nestin expression, with several parameters of clinical
aggressiveness in this study. The ability to regulate 5-hmC
expression therapeutically via epigenetic reprogramming is
an intriguing prospect for the design of novel therapies to
influence melanoma. Epigenetic agents, such as the DNA
methyltransferase inhibitor 5-azacitidine, have been shown
to block proliferation, impede invasion, and enhance che-
mosensitivity in solid tumors and have provided promising
results in clinical trials.”® " In addition, other compounds
(eg, ascorbic acid) have been shown to inhibit proliferation,
prevent invasiveness, and enhance chemosensitivity in
melanoma.’'** These findings implicate the reestablishment
of the TET2-mediated 5-hmC landscape via epigenetic
modulators as a novel therapeutic approach to melanoma
management by regulating tumor virulence—associated
target genes. Future studies designed to address the bio-
logical effects of nestin-regulated loss of 5-hmC expression
in normal and sun-damaged melanocytes and nevus cells,
as well as experimental approaches to achieving complete
loss of 5-hmC in melanoma cell lines through triple-
knockdown approaches (eg, TET1, -2, and -3) would be
expected to provide additional insight into this epigenetic
pathway in melanomagenesis. In summary, this study
documents a relationship between two biomarkers recently
shown to be of biological significance in melanoma.
Because nestin plays a biological role in a variety of
human neoplasms, the documentation of the epigenetic
regulation of nestin in melanoma through the TET2/5-hmC
pathway may have implications that transcend this tumor
type. Moreover, it is now possible to consider epigenetic
strategies to influence nestin-mediated tumorigenic and
invasive properties that may synergize to enhance mela-
noma virulence.
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