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Nodal, a potent embryonic morphogen in the transforming growth factor-b family, is a proposed key regulator of

melanoma tumorigenicity. However, there has been no systematic study of Nodal expression in melanocytic

lesions. We investigated Nodal expression by immunohistochemistry in 269 melanocytic lesions, including

compound nevi, dysplastic nevi, congenital nevi, Spitz nevi, melanoma in situ, malignant melanoma including

the variant desmoplastic melanoma, and metastatic melanoma. We found that the Nodal expression was

significantly increased in malignant lesions (including melanoma in situ, malignant melanoma, and metastatic

melanoma) compared with compound nevi, Spitz nevi, and dysplastic nevi. Surprisingly, congenital nevi

expressed a level of Nodal comparable with malignant lesions, whereas desmoplastic melanoma showed

lower expression than nondesmoplastic malignant melanoma (Po0.05). Deep melanoma (Breslow depth

41mm) displayed a higher percentage of Nodal-positive tumor cells than did superficial melanoma (Breslow

depth r1mm), although there was no statistical difference in the overall staining intensity (P¼ 0.18).

Melanomas in situ showed a lower level of Nodal expression than did deep melanomas and metastatic

melanomas (Po0.05). The low expression of Nodal in normal and dysplastic nevi, and its increasing expression

with the progression of malignant lesions, are suggestive of a role for Nodal in melanoma progression.
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Malignant melanoma accounts for the majority of
fatalities from cutaneous cancer and has steadily
increased in incidence over the past 30 years.1

Melanoma presents challenges to pathologists
and clinicians, such as the reliable diagnosis of
early/developing lesions and effective treatment of
metastatic disease, respectively.2,3 A more complete
understanding of the molecular changes accompa-
nying melanoma tumorigenesis and progression
promises to identify novel diagnostic and therapeu-
tic targets for melanoma.

Nodal is a potent embryonic morphogen in the
transforming growth factor (TGF)-b superfamily of
signaling factors. The Nodal signaling pathway has

critical roles in vertebrate development, including
endoderm/mesoderm specification, anterior–poster-
ior axis positioning, neural patterning, and estab-
lishing left–right axis asymmetry.4 In vitro, Nodal/
activin signaling maintains the pluripotency of
human embryonic stem cells.5–7 Although the func-
tions of Nodal in embryogenesis are well known, its
potential roles in postnatal physiology and disease
are poorly understood. There is extensive evidence
that TGF-b family signaling has roles both in tumor
suppression and tumor progression in malignancies,
including melanoma.8,9 TGF-b has potent antiproli-
ferative effects in normal melanocytes, and this
antiproliferative activity is diminished with melano-
ma progression.10–12 It has also been found that
TGF-b signaling promotes the anchorage-independent
growth and metastatic capability of melanoma
cells.13,14 Consistent with a similar role for Nodal in
melanoma aggressiveness, blockade of Nodal signal-
ing in cultured melanoma cells resulted in decreased
invasiveness, anchorage-independent growth, and
xenograft tumor formation.15
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The initial study of Nodal expression in melano-
mas supported a role for Nodal signaling in
melanomas. Nodal was shown to be expressed in
6 of 10 metastatic melanomas, but only weakly
in primary melanomas, and not in the normal skin.15

However, the size of this study was limited, and the
expression of Nodal in benign and dysplastic nevi
was not addressed. The presence or absence of
Nodal expression in dysplastic and in situ melano-
cytic lesions has clear implications for the role
Nodal may have in melanoma tumorigenesis
and/or progression. In this study, we investigated
Nodal expression in a large spectrum of melanocytic
lesions.

Materials and methods

Case Selection

This research was approved by the Institutional
Review Board at the University of Michigan Medical
Center. A search of the surgical pathology database
was conducted at the Department of Pathology of
the University of Michigan to identify melanocytic
lesions. A total number of 269 lesions were included
in this study, including 29 compound nevi, 28 dys-
plastic nevi, 30 congenital nevi, 20 Spitz nevi, 24
melanomas in situ, 101 primary malignant melano-
mas, and 37 metastatic malignant melanomas.
Congenital nevi were defined by clinicopathological
criteria, including the presence of the lesion at birth.
The histological subtypes of malignant melanoma
were 23 desmoplastic melanomas, 19 superficial non-
desmoplastic malignant melanoma (Breslow depth
r1mm), and 59 deep nondesmoplastic malignant
melanoma (Breslow depth 41mm).

Immunohistochemistry

For deep melanomas, metastatic melanomas, and
desmoplastic melanomas, tissue microarrays were
constructed by acquiring 0.6-mm punches (in the
case of deep nondesmoplastic malignant melanoma
and metastatic malignant melanoma) or 1.0-mm
punches (in the case of desmoplastic melanomas)
from each formalin-fixed paraffin-embedded archi-
val specimen block. Compound nevi, Spitz nevi,
congenital nevi, dysplastic nevi, melanomas in situ,
and superficial melanomas were evaluated as
individual slides.

For all lesions, formalin-fixed paraffin-embedded
5-mm tissue sections were deparaffinized and pre-
treated with 3% H2O2 and Tris-buffered saline. After
antigen retrieval, the sections were incubated with
mouse monoclonal anti-Nodal antibody (1:100 dilu-
tion; ab55676; Abcam, Cambridge, MA, USA) at
room temperature for 30min, followed by EnVision
þ System horseradish peroxidase (HRP)-conjugated
goat anti-mouse (Dako, Carpinteria, CA, USA) for
30min. Sections were then treated with peroxidase

substrate solution containing 0.01% hydrogen per-
oxide and 0.05% DAB (diaminobenzidine tetra-
hydrochloride, Dako) and counterstained with
Harris hematoxylin. Tissue from human endometrial
cancer was used as positive control.

Cytoplasmic staining was considered positive for
Nodal. Two pathologists (LY and DRF) indepen-
dently recorded the staining results. The intensity
and percentage of positive lesional cells were graded
on a scale of 0–3 (0, no staining; 1, o10% or weak
stain; 2, 10–50% or moderate stain; 3, 450% or
strong stain). The staining index (SI) was calculated
as the product of the grades for staining intensity
and percentage of Nodal-positive lesional cells.

Statistical Analysis

Statistical analysis was carried out using StatsDirect
software (Version 2.7.2, StatsDirect, Cheshire, UK).
The Mann–Whitney U-test was used to assess diff-
erences in Nodal expression between various mel-
anocytic lesions. Desmoplastic malignant melanoma
was excluded from primary malignant melanoma
and was analyzed as a separate entity. A P-value
o0.05 was considered statistically significant.

Results

Results of Nodal immunostaining in melanocytic
lesions are summarized in Tables 1 and 2. Epidermal
keratinocytes displayed mild nonspecific nuclear
staining, which was easily distinguishable from true
cytoplasmic staining in melanocytes. Nodal was
expressed at low levels in compound nevi, dysplas-
tic nevi, and Spitz nevi (Figure 1a–c), with no
significant difference in Nodal expression between
these lesions. In nevi with a dermal component,
melanocytes in the superficial dermis tended
to show stronger Nodal expression (both in terms

Table 1 The expression of Nodal in melanocytic lesions

n %a Intensity Staining index

CN 29 51 1.17 2.93
DN 28 43 1.36 3.21
CgN 30 65 1.9 5.27
SN 20 41 1.1 2.65
MIS 24 58 1.7 4.71
MM-S 19 48 2.36 5.74
DMMb 23 46 1.52 3.78
MM-D 59 71 2.25 6.49
MMM 37 72 2.32 6.62

CN, compound nevus; DN, dysplastic nevus; SN, Spitz nevus;
CgN, congenital nevus; MIS, melanoma in situ; MM-S, superficial
malignant melanoma, Breslow depth r1mm; DMM, desmoplastic
melanoma; MM-D, deep malignant melanoma, Breslow depth
41mm; MMM, metastatic malignant melanoma.
a
Percentage refers to the average percentage of Nodal-positive lesional
cells.
b
Excluded from primary malignant melanomas.
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of signal intensity and percentage of positive
lesional cells) relative to more deeply situated
melanocytes. Junctional melanocytes displayed
Nodal expression comparable with superficial der-

mal melanocytes in the same lesion. Occasional
isolated epidermal melanocytes expressed Nodal at
an intensity similar to that of junctional melano-
cytes (not shown).

Table 2 Statistical analysis of Nodal expression (staining index) using the Mann–Whitney U-test (P-value)

CN DN CgN SN MIS MM-S DMM a MM-D MMM

CN — 0.6445 o0.0001 0.591 0.0025 o0.0001 0.4234 o0.0001 o0.0001
DN 0.6445 — 0.0008 0.3839 0.0266 0.0006 0.5912 o0.0001 o0.0001
CgN o0.0001 0.0008 — 0.0003 0.3289 0.5026 0.009 0.0273 0.0197
SN 0.591 0.3839 0.0003 — 0.008 0.0003 0.2011 o0.0001 o0.0001
MIS 0.0025 0.0266 0.3289 0.008 — 0.1808 0.1019 0.006 0.0038
MM-S o0.0001 0.0006 0.5026 0.0003 0.1808 — 0.0091 0.1757 0.1448
DMMa 0.4234 0.5912 0.009 0.2011 0.1019 0.0091 — 0.0001 o0.0001
MM-D o0.0001 o0.0001 0.0273 o0.0001 0.006 0.1757 0.0001 — 0.9324
MMM o0.0001 o0.0001 0.0197 o0.0001 0.0038 0.1448 o0.0001 0.9324 —

CN, compound nevus; DN, dysplastic nevus; SN, Spitz nevus; CgN, congenital nevus; MIS, melanoma in situ; MM-S, superficial malignant
melanoma, Breslow depth r1mm; DMM, desmoplastic melanoma; MM-D, deep malignant melanoma, Breslow depth 41mm; MMM, metastatic
melanoma.
Staining indices for each lesion type were statistically compared using the Mann–Whitney U-test (P-value).
a
Excluded from primary malignant melanomas.
Bold values indicate statistically significant values (Po0.05).

Figure 1 Nodal expression in melanocytic lesions. (a) Nodal expression is weak in compound nevi. (b) Nodal is not overexpressed in
dysplastic nevi. (c) Spitz nevi do not express high levels of Nodal. (d) Nodal expression is elevated in melanomas in situ. (e) Nodal is
overexpressed in superficial malignant melanomas (Breslow depthr1mm). (f) Tumor cells of deep malignant melanoma (Breslow depth
41mm) express high levels of Nodal. (g) Nodal is strongly expressed in metastatic malignant melanomas. (h) Desmoplastic melanomas
do not display Nodal overexpression. (i) Nodal is highly expressed in congenital nevi.
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Nodal expression was significantly increased in
melanomas in situ and primary malignant melano-
mas compared with compound or dysplastic nevi
(Figure 1d–f). In particular, the overall SI for Nodal
expression was significantly higher in melanomas
in situ relative to dysplastic nevi (4.71 and 3.21
respectively, Po0.03), although there was no
significant difference in the average percentage of
Nodal-expressing cells (58 and 43%, respectively,
P¼ 0.07) or staining intensity (1.70 and 1.36,
respectively, P¼ 0.21). In melanomas in situ, malig-
nant cells expressed higher levels of Nodal than did
adjacent nevi (Figure 1d). The stratified expression
of Nodal observed in benign nevi was not present in
superficial malignant melanomas.

To further characterize Nodal expression in mela-
noma, we compared malignant lesions at different
stages of progression. Deep malignant melanomas
displayed a higher percentage of Nodal-positive
lesional cells than did superficial malignant
melanomas (71 and 48%, respectively, Po0.003),
although the overall SI was comparable (5.74 and
6.49, respectively, P¼ 0.18). Nodal expression was
increased in deep malignant melanomas and meta-
static malignant melanomas (Figure 1g) relative
to melanomas in situ (staining indices of 6.49,
6.62, and 4.71, respectively). Desmoplastic malignant
melanomas showed no increase in Nodal expression
relative to compound nevi (staining indices of 3.78
and 2.93, respectively, P¼ 0.40) (Figure 1h).

Interestingly, congenital nevi (Figure 1i) showed
levels of Nodal that were similar to superficial
malignant melanomas (staining indices of 5.27 and
5.74, respectively, P¼ 0.50), and significantly higher
than acquired compound nevi (Po0.001). However,
Nodal expression in congenital nevi was lower than
in deep malignant melanomas (staining indices of
5.27 and 6.49, respectively, Po0.03). In common
with other types of nevus, a top-heavy stratified
pattern of Nodal expression was observed in the
dermal component of congenital nevi. There was no
significant association between Nodal SI and nevus
size or patient age (data not shown).

Discussion

Extracellular signaling factors in the TGF-b super-
family have diverse roles in embryogenesis and
disease. In melanoma and many other malignancies,
TGF-b signaling inhibits proliferation at early stages,
but in late-stage disease promotes tumor progression
by increased tumor invasiveness, angiogenesis, and
metastasis.9,16 Numerous studies have addressed the
activities of TGF-b in melanoma progression, but
less is known regarding the roles of other TGF-b
family members in melanocytic lesions. Recently,
the TGF-b family member Nodal emerged as an
important signaling molecule in melanoma tumor-
igenesis and/or progression.15 In our large series, we
found that Nodal expression was significantly

increased in deep malignant melanomas and meta-
static melanomas, whereas its expression was low in
benign nevi, dysplastic nevi, congenital nevi, Spitz
nevi, melanomas in situ, and superficial malignant
melanomas. This is the first study to investigate the
expression of Nodal in a wide spectrum of melano-
cytic lesions.

A previous study using immunohistochemistry on
formalin-fixed, paraffin-embedded tissues found
that Nodal was expressed in metastatic and vertical
growth-phase melanoma, but not in normal mela-
nocytes and rarely in radial growth-phase melano-
ma.15 Furthermore, Nodal expression was detected
by western blot in aggressive melanoma cell lines
but not in cultured benign melanocytes.15,17 Similar
to the previous report, we detected high levels of
Nodal expression in deep malignant melanomas and
metastatic malignant melanomas. However, we also
observed low levels of Nodal expression in some
benign and dysplastic nevi, as well as isolated
benign epidermal melanocytes. Our results suggest
that the role of Nodal signaling in melanocytic
malignancy may be more complex than previously
believed. The discrepancy between our observations
and those of previous investigators might be due
to differences in antibody sensitivity and/or the
larger sample size of this study. In addition,
Nodal expression has been shown to be sensitive
to microenvironmental cues;17 hence, Nodal expres-
sion patterns in cultured melanocytic cells may
differ from in vivo expression. However, our results
agree with the impression that Nodal expression
increases with melanoma progression.

Interestingly, the level of Nodal expression in
congenital nevi was similar to that seen in super-
ficial malignant melanomas. It has been hypothe-
sized that the pathogenesis of congenital nevi may
be linked to dysregulation of melanocyte migration,
proliferation, or differentiation.18,19 Although other
members of the TGF-b family have been shown
to influence melanocyte development/differentia-
tion,20–22 a role for Nodal in this process has not
been reported. The high expression of Nodal in
congenital nevi suggests that Nodal signaling
may have as-yet undescribed roles in melanocyte
specification, proliferation, migration, and/or
differentiation. As Nodal signaling maintains the
dedifferentiated phenotype of cultured melanoma
cells,15 it is possible that Nodal has a physiological
role in regulating melanocyte differentiation.
Further studies are required to define the specific
functions for Nodal in melanocyte development. We
did not observe an age-related decline in Nodal
expression in congenital nevi; however, as the
number of congenital nevi from adult patients was
small (4 of 30), a larger sample size may be required
to show a difference if it exists.

Desmoplastic melanoma, a rare variant of mela-
noma consisting of spindled melanocytes within a
sclerotic stroma, differs from nondesmoplastic
melanoma in morphology, immunohistochemical
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profile, gene expression pattern, and clinical beha-
vior.23,24 Tumors are usually positive for S100, but
often fail to express other melanocytic markers.
In keeping with their distinct molecular profile,
desmoplastic melanomas did not display significant
Nodal overexpression relative to benign nevi.

The observation that Nodal expression is in-
creased in melanomas raises questions regarding
the mechanism(s) by which Nodal signals to
melanoma cells and the surrounding stroma. TGF-
b family members, including Nodal, bind and
activate type I and type II transmembrane serine/
threonine kinase receptors, which in turn phosphor-
ylate Smad proteins for signal transduction to
the nucleus.25 In addition, Nodal requires the cell-
surface coreceptor Cripto to form a functional
signaling complex with the type I receptor ALK4
in most cases.8,26–29 Nodal also displays Cripto-
independent signaling activities. Nodal signaling
through the type I receptor ALK7 is potentiated
by, but does not require, the presence of Cripto.27

In certain contexts, Nodal-ALK4 signaling might
also proceed in the absence of Cripto.30,31 In addi-
tion, Nodal may block bone morphogenetic protein
(BMP) signaling by direct dimerization with the
BMP ligand in a Cripto-independent manner.29

Nodal signaling in melanomas may be Cripto inde-
pendent, because only a small sub-population of
cultured C8161 melanoma cells express Cripto.32,33

Furthermore, melanoma cell lines express
TMEFF1,32 which has been shown to inhibit Nodal
signaling by binding and sequestering Cripto.34

Conversely, Lefty and Cerberus, which do not
require Cripto to mediate inhibition of Nodal
signaling, are not expressed in melanoma cell
lines.17,32,35,36 Further studies are required to corre-
late these in vitro findings with patterns of Cripto
expression in melanocytic lesions.

In summary, Nodal expression was low in benign
and dysplastic melanocytic nevi. Furthermore,
Nodal displayed increasing overexpression with
melanoma progression. Desmoplastic melanoma
did not exhibit Nodal overexpression. Congenital
nevi displayed levels of Nodal expression similar to
superficial melanoma. Although the precise me-
chanism(s) by which Nodal signaling in melanoma
occurs is yet to be determined, our results strongly
support an association between increasing Nodal
expression and melanoma progression.
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