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Abstract
SOX2 is an embryonic neural crest stem-cell transcription factor recently shown to be expressed
in human melanoma and to correlate with experimental tumor growth. SOX2 binds to an enhancer
region of the gene that encodes for nestin, also a neural progenitor cell biomarker. To define
further the potential relationship between SOX2 and nestin, we examined co-expression patterns
in 135 melanomas and 37 melanocytic nevi. Immunohistochemical staining in 27 melanoma tissue
sections showed an association between SOX2 positivity, spindle cell shape and a peripheral
nestin distribution pattern. In contrast, SOX2-negative cells were predominantly epithelioid, and
exhibited a cytoplasmic pattern for nestin. In tissue microarrays, co-expression correlated with
tumor progression, with only 11% of nevi co-expressing SOX2 and nestin in contrast to 65% of
metastatic melanomas, and preliminarily, with clinical outcome. Human melanoma lines that
differentially expressed constitutive SOX2 revealed a positive correlation between SOX2 and
nestin expression. Experimental melanomas grown from these respective cell lines in murine
subcutis and dermis of xenografted human skin maintained the association between SOX2-
positivity, spindle cell shape, and peripheral nestin distribution. Moreover, the cytoplasmic pattern
of nestin distribution was observed in xenografts generated from SOX2-knockdown A2058
melanoma cells, in contrast to the periperhal nestin pattern seen in tumors grown from A2058
control cells transfected with non-target shRNA. In aggregate, these data further support a
biologically significant linkage between SOX2 and nestin expression in human melanoma.
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Introduction
Nestin is an intermediate filament protein expressed by migrating and proliferating neural
crest stem cells during embryogenesis (1). Terminal cell differentiation is associated with
loss of immunoreactivity for nestin, and in mature tissues, nestin expression is primarily
restricted to areas of regeneration (2,3). Although the precise physiological function and
regulation of nestin remain unclear, it is generally accepted that it is a biomarker of
multilineage progenitor cells, and its expression may indicate pluripotency and regenerative
potential (2). In human skin, nestin expression has been reported in hair follicle progenitor
cells and epidermal stem cells that may differentiate into adipocytes, fibrocytes and neurons
(4–6). However, one recent study documented nestin immunoreactivity and mRNA only in
the periappendageal mesenchyme, but not in the epithelium (including the bulge region of
hair follicles), and thus proposed a strictly intramesenchymal location of nestin expression in
human scalp (7).

In human neoplasia, nestin expression has positively correlated with histologic grade in
human gliomas, gastrointestinal stromal tumors (GIST), and angiosarcomas (8,9). Moreover,
nestin has been documented by immunohistochemistry in melanocytic tumors, where both
the frequency and intensity of expression positively correlate with tumor progression and
decreased survival (10–15). Flamminger et al. recently showed that SOX9 and SOX10 are
required for nestin expression in human melanoma (16). A follow-up study by the same
investigators demonstrated that expression of nestin with SOX9 and SOX10 by
immunohistochemistry in human melanomas correlated with advanced tumor stage and
ulceration (17). Thus, the co-expression of SOX-family transcription factors with nestin may
serve as an indicator of melanoma virulence.

We recently documented that SOX2, an embryonic stem-cell transcription factor also of
neural crest stem-cell lineage, is expressed in melanoma and relates to melanoma
tumorigenic growth in vivo (18). Of interest, an enhancer region on the nestin gene
dependent on the binding of SOX2 has been previously reported (19). Accordingly, the aim
of the present study was to investigate whether a relationship exists between SOX2 and
nestin expression in patient-derived and experimentally induced melanomas. The data
indicate that distinctive cytological characteristics and nestin distribution are associated with
SOX2 expression, and that these molecules may interact in a manner that relates to
melanoma growth and virulence.

Materials and methods
Human samples

Paraffin-embedded sections of 27 human melanomas and 21 non-dysplastic nevi were
obtained from the Department of Pathology, Brigham and Women’s Hospital according to
an approved Institutional Review Board (IRB) protocol. Two tissue microarrays (TMA)
representing 135 melanomas and 22 non-dysplastic nevi, both annotated according to
primary versus metastatic melanoma origin, and one annotated with survival outcomes (n =
59) were evaluated (Cat. No. ME1003, US Biomax Inc., Rockville, MD, USA and Cat. No.
IMH-369, Imgenex, San Diego, CA, USA). Tissue microarray cores are defined as 0.6–1.0
mm cylindrical tissue samples as provided by manufacturers. Cores not fully represented for
melanoma or nevus or not immunohistochemically evaluable due to artifact were excluded
from analysis.

Cell lines and cell growth in vitro
To better understand the potential relationship between SOX2 and nestin in an in vivo
system, human melanoma cells were cultured to subsequently generate xenograft tumors.
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Human melanoma cell lines A2058 and SK-MEL-5 were obtained from American Type
Culture Collection (Manassas, VA, USA) and grown in Dulbecco’s modified Eagle’s
medium (DMEM; Sigma-Aldrich Inc., St Louis, MO, USA) supplemented with 10%
inactivated fetal bovine serum (FBS; Hyclone laboratories Inc., Logan, UT, USA), 200 mM/l
L-glutamine, 100 IU/ml penicillin and 100 µg/ml streptomycin, and maintained at 37°C in a
humidified atmosphere containing 5% CO2. Briefly, subconfluent cultures were trypsinized
and seeded in 35-mm wells at 1 × 104 cells per well. Cells were re-fed twice weekly. At
given intervals, cells in quadruplicate wells were harvested and counted in a Coulter counter
(Coulter Electronics, Luton, UK).

Real time RT-PCR
Total RNA from human melanoma cell lines (listed above) was extracted using the
RNAeasy Mini Kit (Qiagen, Valencia, CA, USA). Total RNA was reverse-transcribed to
cDNA using the SuperScript III First-strand Synthesis System for RT-PCR. cDNA from all
four cell lines (detailed above) was surveyed for SOX2 and nestin expression using the
SOX2 (Cat. No. Hs01053049-s1) and nestin (Cat. No. Hs00707120-s1) assays for real time
RT-PCR (Applied Biosystems, Foster City, CA, USA). The glyceraldehyde-3-phosphate
dehydrogenase housekeeping gene was used for normalization and data were analysed using
the 2−ΔΔC

t method (20).

SOX2 knockdown in A2058 melanoma cells by lentiviral short hairpin RNA
Recombinant lentiviral vectors were generated by co-transfecting pLKO.1-shSOX2 (Sigma)
harboUring short hairpin RNA for human SOX2, or pLKO.1 scramble, containing non-
target control shRNA (Addgene) with psPAX2, pMD2. G into 293T cells using calcium
phosphate according to manufacturer’s instructions (Sigma). Culture supernatant containing
recombinant lentiviral particles was harvested 48 h post-transfection and used to infect
A2058 melanoma cells. Twenty-four hours after infection, cells were selected with 1 µg/ml
of puromycin for 3 days.

Western blotting
Subconfluent cell cultures were washed with PBS and extracted in lysis buffer (1% Triton
X-100, 1% deoxycholic acid, 2 mmol/l CaCl2, 1.8 mg/ml iodoacetamide and 1 mmol/l
phenylmethyl sulfonyl fluoride in PBS). Cell lysates were quantified with a bicinchinonic
acid protein assay kit (Pierce, Rockford, IL, USA). An equal amount of protein (50 µg) from
each sample was subjected to electrophoresis on NuPAGE 4% to 12% Bis–Tris gels
(Invitrogen, Carlsbad, CA, USA), transblotted onto nitrocellulose membranes (Pierce), and
probed with primary anti-SOX2 (Cell Signaling Techonology, Danvers, MA, USA), or anti-
nestin (Millipore, Billerica, MA, USA) antibodies, followed by a peroxidase-conjugated
secondary antibody (Pierce). Subsequent re-probing using anti β-actin (Abcam, Cambridge,
MA, USA) was performed as an internal loading control. Immunoreactive bands were
detected using super-Signal West Femto Chemiluminescent substrate (Pierce), captured by a
Syngene Chemi Genius Bio Imaging System (Syngene, Frederick, MD, USA), and
quantified by densitometry. Experiments were performed in duplicate with consistency.

Human melanoma xenotransplantation
Subconfluent melanoma cells from melanoma cell lines, as well as A2058-SOX2-KD and
A2058-scramble (control) cells were suspended in serum-free medium at a concentration of
108 cells/ml in PBS. One hundred microlitres of cell suspension (107 cells) were injected
subcutaneously into dorsal skin of recipient nonobese diabetic/severe combined
immunodeficiency mice (C.B17; Taconic Laboratory, Germantown, NY, USA; five mice
per condition). Mice were maintained under defined conditions according to institutional
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guidelines and approved experimental protocol. Tumor formation and growth were assessed
throughout the duration of the experiment or until tumor burden or disease state required
euthanasia as defined by the approved protocol. Representative sections containing the
greatest tumor cross-sectional area and thus best approximating the size of the generally
spherical to ovoid tumor nodules were evaluated.

Human melanoma xenotransplantation to human skin chimeric mice
Human to chimeric mouse/human skin melanoma xenotransplantation was performed.
Single donor-derived split human skin was obtained after IRB approval by cutting discarded
abdominal skin with a 0.016-inch gauge dermatome and grafted onto immunodeficient
Rag2−/− mice according to a protocol approved by the institutional animal committee, as
previously described (21). Briefly, two 1.5 cm2 graft beds were established on the dorsum of
4- to 8-week-old Rag2−/− mice. Mice were prophylactically treated with one additional
tablet of food containing 3 mg of amoxicillin, 0.69 mg of metronidazole and 0.185 mg of
bismuth to prevent H. pylorii infection. Human skin was trimmed to fit to the graft-bed and
held in place by staples for 10 days after surgery. A2058 or SK-MEL-5 melanoma cells (2 ×
106) were injected intra-dermally into human skin grafts 6 weeks after xenotransplantation.
Skin grafts were harvested in entirety 3 weeks after tumor cell inoculation, fixed in formalin,
paraffin-embedded and serially sectioned and stained with H&E using standard methods.
Representative sections containing the greatest tumor cross-sectional area and thus best
approximating the size of the generally spherical to ovoid tumor nodules were evaluated.
The experiments were performed in triplicate and median estimated tumor volumes are
presented.

Immunohistochemistry
Five micrometre sections were deparaffinized in xylene, followed by treatment in 100%
ethanol, 95% and 75% ethanol, and by serial hydration using dH2O. Then, sections were
placed in 1× target retrieval solution (Dako, Carpenteria, CA, USA) and boiled in a Pascal
pressure chamber (Dako) at 125°C for 30 s, 90°C for 10 s, and then allowed to cool down to
room temperature. Immunohistochemistry was performed using a two-step horseradish
peroxidase method. Briefly, the sections were first incubated with primary antibodies at 4°C
overnight. The following primary antibodies were used: goat anti-human SOX2 (Neuromics,
Edina, MN, USA) and mouse anti-human nestin (Millipore). After washing out unbound
primary antibodies with tris-buffered saline-0.05% Tween 20 (TBST), the tissue sections
were incubated with peroxidase conjugated secondary antibody at room temperature for 30
min, and then washed with TBST 5 min three times. Immunoreactivity was detected using
NovaRed peroxidase substrate (Vector Laboratories, Burlingame, CA, USA).

For double-labelled immunohistochemical staining, sections were deparaffinized and heat-
induced antigen retrieval with Target Retrieval Solution (Dako) was used. Sections were
incubated with SOX2 antibody (Neuromics) and nestin (Millipore) at room temperature for
1 h and then with peroxidase conjugated horse antigoat antibody (Vector) and Alkaline
phosphatase (AP)-conjugated horse anti-mouse antibody at room temperature for 30 min.
SOX2 was detected with NovaRed peroxidase substrate (Vector). Nestin staining was
detected with nitro blue tetrazolium chloride/5-bromo-4-chloro-3-indolyl phosphate,
toluidine salt alkaline phosphatase (NBT/BCIP AP) substrate (Hoffman-La Roche, Nutley,
NJ, USA). Immunoreactivity in patient tumor whole sections and tissue microarray cores
was designated positive when unequivocal nuclear or cytoplasmic labeling was detected in
>10% of the cells, for SOX2 and nestin, respectively. The pattern (localization) of staining
was also recorded for all cases. Two independent observers blinded to all clinical and
pathological data evaluated all cases.
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Statistical analysis
The chi-squared or Fisher’s exact test were used to determine significance in the difference
of immunopositivity frequency distributions, as appropriate. The Wilcoxon signed-rank test
was used to test for significance in the levels of SOX2 and nestin in melanoma cell lines.
Survival analysis was performed using the Kaplan–Meier method, and the log-rank test was
used for statistical significance. In all cases, the threshold for statistical significance was
considered as a P-value < 0.05.

Results
Nestin and SOX2 expression in patient melanomas

Three of 21 nevi (14%) were positive for SOX2, and none showed immunoreactivity for
nestin. As shown in Table 1, there were no melanomas positive only for SOX2 in this
cohort. Thirteen melanomas (48%) were positive for both SOX2 and nesitn, with no
significant difference between primary and metastatic tumors (10/21 primary and 3/5
metastatic), and 13 additional (48%) melanomas were immunoreactive for nestin only.
There were no primary or metastatic melanomas negative for both SOX2 and nestin in this
initial survey sample. Of interest, the pattern of nestin immunoreactivity was significantly
different in SOX2-positive melanomas from that in SOX2-negative melanomas. Of 13
melanomas with strong nuclear immunoreactivity for SOX2, 12 showed a peripheral pattern
of nestin immunoreactivity, whereas one case showed diffuse cytoplasmic reactivity. Of 13
SOX2-negative melanomas, nine showed diffuse cytoplasmic immunoreactivity for nestin,
whereas four demonstrated a peripheral pattern (Fig. 1, chi-squared test: P = 0.001). The
remaining case (n = 1) showed dichotomous spindle and epithelioid vertical growth phase
morphology, with the spindle cell component exhibiting strong nuclear SOX2-positivity and
a peripheral nestin pattern, and the epithelioid component being negative for SOX2, and
showing diffuse nestin cytoplasmic reactivity (Fig. 1a–j). SOX2-positive cells with a
peripheral pattern of nestin expression tended to be spindle-shaped, whereas SOX2-negative
cells with a diffuse pattern of nestin expression tended to have a rounded, epithelioid
morphology.

To further define nestin and SOX2 expression in a larger sample of biospecimens, two
additional TMAs containing collectively 16 evaluable cores of non-dysplastic melanocytic
nevi, 78 evaluable cores of primary melanoma and 30 evaluable cores of metastatic
melanoma were examined. Tissue microarray cores are defined as 0.6–1.0 mm cylindrical
tissue samples as provided by manufacturers. Cores not fully represented for melanoma or
nevus or not immunohistochemically evaluable because of artifact were excluded from
analysis. As shown in Table 1, only a minority of nevi (6%) were co-positive for both SOX2
and nestin, whereas 49% of primary melanomas and 70% of metastatic melanomas co-
expressed both biomarkers. Correlation of nestin immunoreactivity patterns with nuclear
SOX2 positivity or negativity was not possible in TMAs because of small size of sample
cores.

One of the two TMAs analysed was annotated with survival outcomes and was comprised of
59 melanomas, 49 of which were evaluable (33 primary and 16 metastatic). Ten melanomas
were excluded from analysis as a result of technically suboptimal (non-evaluable) cores. Of
the evaluable cores, six (12%) were positive for SOX2 only (Figure S1m) and six (12%)
were positive for nestin only (Figure S1l). Thirty-five cores (72%) were co-positive for
SOX2 and nestin (Figure S1n, e-suplement), and the remaining two cores (4%) were
negative for both SOX2 and nestin (Figure S1k). No significant relationship was found
between SOX2 or nestin-only positivity and survival. However, a statistically meaningful
association was observed when comparing tumors that co-expressed both SOX2 and nestin
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with tumors that did not (SOX2-only positive, nestin-only positive, and negative for both
SOX2 and nestin). Patients with co-positive tumors (n = 35) showed a significantly shorter
survival than patients without co-positivity (n = 14, log-rank test: P = 0.0001, Figure S1o).
To eliminate the possibility that the observed difference in survival between the two groups
may be driven by an imbalance in stage amongst patients with metastatic disease (e.g.
patients with more advanced metastatic disease in one group), we repeated the analysis only
in patients with primary melanoma. In this group, we also observed a statistically significant
difference in survival between patients with co-positive primary melanomas (n = 22) and
patients without co-positivity (n = 11, log-rank test: P < 0.0001).

Nestin and SOX2 expression in human melanoma cell lines
To further define the relationship between nestin and SOX2 expression in human
melanomas, we investigated mRNA and protein levels of both in two human melanoma cell
lines by real time RT-PCR and western blot. The A2058 and SK-MEL-5 cell lines were used
because of their differential expression of SOX2 (~250-fold difference). As shown in Fig. 2,
mRNA and protein levels of both SOX2 and nestin are significantly higher in A2058 cells
than in SK-MEL-5 cells (Wilcoxon, P < 0.001). These findings were consistent in both
cultured melanoma cells from the indicated lines, and in tumor xenografts generated from
them (data not shown).

Patterns of nestin and SOX2 expression in human melanoma xenograft tumors
We next utilized melanoma xenograft tumors generated in immunodeficient mice from the
A2058 and SK-MEL-5 melanoma cell lines. Tumors xenografted subcutaneously generated
with A2058 melanoma cells showed a predominantly spindle cell morphology, while tumors
derived from SK-MEL-5 cells displayed a predominantly epithelioid morphology (Fig. 3).
Both A2058 and SK-MEL-5-derived tumors grew as well-demarcated, non-infiltrative
tumor nodules. In keeping with in vitro data, A2058-derived xenografts showed strong
nuclear immunoreactivity for SOX2, whereas SK-MEL-5 tumors were negative. Nestin
immunoreactivity was observed in both cases (A2058 and SK-MEL-5 xenograft tumors),
although the pattern of reactivity was distinct for each, with A2058 (SOX2-positive) tumors
showing a peripheral pattern of reactivity, as compared with SK-MEL-5 (SOX2-negative)
tumors demonstrating a diffuse cytoplasmic pattern.

Because the host microenvironment and related epigenetic factors relevant to the murine
subcutis may potentially influence these results in an in vivo bioassay, we replicated these
experiments utilizing a human-skin mouse chimeric model. This approach involved the
grafting of normal adult human skin onto the backs of immunodeficient mice. Human skin 6
weeks after xenotransplantation retained a human cutaneous immunohistochemical profile.
A2058 and SK-MEL-5 cells generated viable intra-dermal tumors that were sampled and
evaluated after 4 weeks.

Tumors derived from A2058 cells were composed predominantly of plump fusiform cells
that expressed nuclear SOX2 and a peripheral nestin pattern (Fig. 4). Moreover, tumors
derived from A2058 melanoma cells had an infiltrative perimeter, in contrast to homologous
tumors grown in murine subcutis. By contrast, tumors formed from the SK-MEL-5 line were
comprised predominantly of rounded, epitheliod cells devoid of SOX2 and expressing nestin
in a diffuse cytoplasmic pattern. Additionally, tumors derived from SK-MEL-5 cells had
well-demarcated, non-infiltrative perimeters. Thus, tumor expression profiles of SOX2 and
nestin in the humanized skin xenografts confirmed observations in the subcutaneous model
and in patient melanomas, and further disclosed a tendency for infiltration of the human
dermis by tumors derived from A2058, but not SK-MEL-5, melanoma lines.
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Effect of SOX2 expression on in vivo nestin patterning
To investigate whether SOX2 expression contributes to nestin patterning, we generated
stable A2058-SOX2-KD clones with 90% efficiency. As shown in Fig. 5, SOX2-KD
melanoma cells and xenograft tumors generated from them showed an increase in nestin
mRNA and protein, in the order of 66% at the protein level. By immunohistochemistry,
tumor xenografts derived from SOX2-KD melanoma cells are negative for SOX2 and show
a strong cytoplasmic distribution of nestin. In contrast, A2058 control cells transfected with
non-target shRNA and corresponding xenograft tumors show strong nuclear positivity for
SOX2 and cytoplasmic positivity for nestin in a peripheral distribution pattern, similar to
that seen in wild type A2058 melanoma cells. Of interest, knockdown of nestin in A2058
melanoma cells did not change significantly the levels of SOX2 mRNA and protein (data
not shown).

Discussion
The expression of nestin in melanocytic tumors, with incremental frequency of
immunoreactivity in melanomas compared with nevi, has been previously documented (10–
15). Tanaka and coworkers showed that synergistic interactions between group B1
(SOX1/2/3)/group C (SOX11) SOX and class III POU transcription factors within the
nucleus determine nestin expression and may play a regulatory role in neural primordial
stem cells. Accordingly, in the present study we investigated in melanocytic tumors the
relationship of the expression of nestin and SOX2, a SOX-family member recently
implicated in melanoma virulence (18). Nestin and SOX2 were expressed only in a minority
of nevi, but they are expressed in the majority of melanomas. Overall, 48% of primary
melanoma samples and 69% of metastatic melanoma samples analysed in this study co-
expressed both biomarkers, and an exploratory analysis of the potential clinical significance
indicates a significantly shorter survival for patients with melanomas co-expressing nestin
and SOX2. It should be emphasized however, that these findings will need confirmation in a
larger dataset, as our analysis was limited by lack of clinical–pathological information
relevant to melanoma prognosis other than melanoma-specific survival times (22). Although
no melanomas negative for both nestin and SOX2 were evident in whole tissue sections, we
observed a decreasing trend for co-negative tumors with disease progression, with no co-
negative metastatic tumors in the two TMAs analysed. The discrepancy between whole
sections and TMA cores may be explained in part by the error incurred when single cores
are sampled for a TMA to represent the entire tumor block, and by selection bias inherent to
convenience samples.

Melanoma whole sections showed a distinct pattern of nestin immunoreactivity in SOX2-
positive melanoma cells as compared to SOX2-negative cells. SOX2-positive cells generally
showed peripheral nestin immunoreactivity, while SOX2-negative cells showed a diffuse
cytoplasmic pattern. Although we could not explore this observation with rigor in the TMAs
because of the small sample core size, we were able to replicate this finding in two
experimental murine models using human melanoma cell lines. SOX2-positive tumors
generated from the A2058 melanoma cell line had higher levels of nestin and SOX2 mRNA
and protein, and a peripheral pattern of nestin immunoreactivity. Tumors generated from
SK-MEL-5 cells had significantly lower levels of SOX2 and nestin mRNA and protein, but
showed a diffuse cytoplasmic nestin pattern. Importantly, the difference in nestin
immunoreactivity pattern observed in a subset of patient melanomas and xenograft tumors
generated from two different cell lines, could be induced in A2058 melanoma cells by
knockdown of SOX2 (Fig. 5). Moreover, in this experimental setting, SOX2 knockdown
was associated with increased levels of nestin by real time RT-PCR and western blot (Fig.
2).
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Although the function of nestin remains poorly understood, nestin expression is enriched in
a variety of cancers including melanoma, particularly in advanced and metastatic tumors,
arguing for a role in cancer progression (8–15). A recent study showed that nestin is
expressed in androgen-independent human prostatic carcinoma, and nestin gene knockdown
in human prostate cancer cell lines inhibited in vitro migration and invasion without
affecting cell growth. Moreover, the same study documented that nestin knockdown
diminished metastasis fivefold compared with controls, while not affecting tumorigenicity at
the inoculation site in a murine model (23). These findings are not surprising given that
nestin is an intermediate filament, and tumor metastasis requires that a non-motile, quiescent
cell transforms into a fibroblastoid phenotype capable of invasion, dissemination and growth
at a distant site (24). This process resembles the epithelial-mesenchymal transition (EMT)
that occurs physiologically during embryogenesis, regeneration and wound healing, and is
accompanied by global cellular changes including replacement and redistribution of
intermediate filament types (24). Although EMT is thought to be a major determinant of
melanoma metastasis (25–27), whether nestin and/or SOX2 participate in such phenomena
remains to be determined. However, it is intriguing to speculate that the different patterns
observed reflect a change in nestin distribution, with the peripheral pattern, which is also
associated with increased nestin mRNA and protein expression, conferring a more motile
(mesenchymal) phenotype, and the diffuse cytoplasmic pattern associated with a more ‘non-
motile (epithelioid) phenotype’ (28–30).

Nestin has been associated with clinical aggressiveness. In this study, SOX2 knockdown
enhances nestin expression, and yet decreased survival is only associated with SOX2 and
nestin expression. Although increased nestin expression has been previously shown to be
associated with melanoma virulence (8–17), these studies did not control for concomitant
expression of SOX2. In this study, we do not identify nestin alone as a virulence marker,
raising the possibility that the previous studies may have been confounded by not including
relevant cofactors that may be required to fully assess the independent biological effect of
nestin expression. The fact that experimentally, SOX2 knockdown is associated with
upregulation of nestin does not contradict the prospect that cellular aberrations whereby both
are increased promote enhanced virulence. In previous work (18), the expression of SOX2
correlated with tumor growth in xenografts. Because knockdown of SOX2 inhibited growth,
it is plausible that upregulation of nestin, an intermediate filament protein implicated in cell
migration and metastasis (23), could be a compensatory mechanism to maintain tumor
virulence despite diminution in SOX2 transcription. In such a model, those cells
overexpressing both SOX2 and nestin would be anticipated to be most aggressive. Further
studies to better identify these complex interrelationships in clinical context are therefore
indicated.

Cell migration is a complex process that involves the formation of lamellopodia through
polymerization of actin and sequential formation and disassembly of focal adhesion
complexes (31,32). Studies indicate that intermediate filament proteins are involved in cell
migration. It has been shown that increasing vimentin levels promote motility and metastatic
potential (33,34). Moreover, intermediate filament proteins such as synemin, which is
structurally similar to nestin, can bind to vinculin and actinin and in turn participate in cell
movement through interactions with focal adhesions and actin (35). Accordingly, the
association of a peripheral nestin pattern with a SOX2-positive, more spindle-shaped
melanoma cell with increased potential for stromal infiltration could relate to functional
participation of nestin in the migratory process.

In the study by Tanaka et al. (19), two groups of nestin-positive neural primordial cells
within the embryonic nervous system were characterized: those expressing SOX2 and class
III POU (e.g. Brn2) transcription factors and those expressing SOX11 and class III POU

Laga et al. Page 8

Exp Dermatol. Author manuscript; available in PMC 2012 September 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



transcription factors. The former cell subpopulation localized to the ventricular zone and
characterized cells in a proliferative state, whereas the latter localized to the subventricular
region and characterized a non-proliferative compartment, suggesting a major change in
transcriptional regulation as cells shift from one compartment to the other. We have
previously shown that SOX2 is expressed in human melanomas and it relates to tumorigenic
growth in vivo (18). Recent studies have shown that SOX2 is an amplified gene in lung,
esophageal and oral squamous cell carcinomas that functions as a lineage-survival oncogene
(36–39). Whether nestin and SOX2 interact or synergize in melanoma cells is now open to
question, and further studies including single and double gene ‘knock-down’ approaches, are
required to investigate this hypothesis.

In conclusion, we show that nestin and SOX2 are co-expressed in a major subset of human
melanomas, and that SOX2 expression correlates with distinctive patterns of nestin
distribution. The preliminary data presented here raise the possibility that the SOX2/nestin-
positive phenotype may confer greater clinical virulence. Whether this relates to local
factors (cell proliferation, migration and invasion) or tendency for metastatic dissemination
requires further study. The recognition, however, of a possible regulatory interaction
between these two molecules that may define functional or prognostic parameters of
melanoma behavior, paves the way for future investigations linking embryonic neural crest
transcription factors and intermediate filaments with clinical course and outcome.

Supplementary Material
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Figure 1.
SOX2 and nestin immunoreactivity in human melanoma. (a) Spindle cell morphology in part
of a biphasic (spindle and epithelioid) melanoma [haematoxilin and eosin (H&E), ×40]. (b)
The spindle cell component is immunoreactive for nestin (nestin, ×40). (c, d) The pattern of
nestin immunoreactivity is predominantly peripheral (c: H&E, ×200; d: nestin, ×400; inset:
×1000). (e) Cells with peripheral immunoreactivity for nestin show nuclear SOX2 positivity
(SOX2, ×200; inset: ×400). (f, g) Epithelioid cell morphology in part of a biphasic (spindle
and epithelioid) melanoma (f: H&E, ×40; g: nestin, ×40). (h, i) The epitheliod cell
component is also immunoreactive for nestin, but the pattern of immunoreactivity is diffuse
cytoplasmic (h: H&E, ×200; i: nestin, ×200; inset: ×1000). (j) Cells with diffuse cytoplasmic
immunoreactivity for nestin are negative for SOX2 (SOX2, ×200).

Laga et al. Page 11

Exp Dermatol. Author manuscript; available in PMC 2012 September 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Comparison of mRNA and protein levels of SOX2 and nestin in A2058 and SK-MEL-5
melanoma cell lines. A2058 melanoma cells have significantly higher mRNA (a) and protein
(b) levels of SOX2 (black bars) and nestin (grey bars), relative to SK-MEL-5 melanoma
cells (P < 0.001).
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Figure 3.
Nestin and SOX2 immunoreactivity in cell line-derived subcutaneous human melanoma
xenografts. (a) A2058-derived melanomas grow predominantly as spindle cell tumors
(H&E, ×400). (b, c) A2058 melanoma xenograft tumors show strong nuclear
immunoreactivity for SOX2 (b: ×200; c: ×400), with peripheral nestin immunoreactivity (d:
×200; e: ×400). (f) SK-MEL-5-derived melanoma xenografts grow predominantly as formed
by rounded epitheliod cells (H&E, ×400). (g, h) In contrast, SK-MEL-5 melanomas are
negative for SOX2, and show diffuse cytoplasmic immunoreactivity for nestin (i: ×200; j:
×400).
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Figure 4.
SOX2 and nestin immunoreactivity in tumor xenografts grown within human dermal
microenvironment of skin grafted onto immunodeficient mice. (a, b) A2058-derived tumor
shows an infiltrative growth pattern (arrows) with spindle-shaped cells at the advancing
edge (H&E, a: ×100; b: ×400). (c, d) The tumor is positive for SOX2 and nestin, the latter
showing a peripheral pattern of immunoreactivity (c: SOX2, ×400; d: nestin, ×400). (e, f)
SK-MEL-5-derived tumor showing a well-demarcated dermal tumor nodule (arrowhead =
edge), which is SOX2 negative (g, ×400), with diffuse cytoplasmic nestin immunoreactivity
(h, ×400).
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Figure 5.
SOX2 and nestin expression in A2058-SOX2-knockdown (KD) melanoma cells and
correlative xenograft tumors. (a, b) A2058-SOX2-KD melanoma cells and respective
xenograft tumors show decreased SOX2 and increased nestin, at both mRNA and protein
levels, as compared to control A2058 cells (scramble). (c–e) Xenograft tumors derived from
A2058 melanoma cells transfected with non-target shRNA (control) show strong nuclear
positivity for SOX2 (c, ×100), and a peripheral distribution pattern of nestin (d, ×200; e,
×400), whereas tumors generated with A2058-SOX2-KD melanoma cells are negative for
SOX2 (f, ×100), and show a diffuse cytoplasmic pattern of nestin distribution (g, ×200; h,
×400).
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