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Abstract

Background—The mechanisms whereby melanocytes populate the epidermis and developing hair
follicles during embryogenesis are incompletely understood. Recent evidence implicates an
intermediate mesenchymal stage in this evolutionary process in which HMB-45-positive melanocyte
precursors ("melanoblasts') exist both in intradermal as well as intraepithelial and intrafollicular
compartments. The melanocyte master transcriptional regulator, microphthalmia transcription factor
(MITF), identifies mature melanocytes as well as melanocyte precursor stem cells that reside in the
bulge region of the hair follicle.

Methods—To better define the use of MITF expression in the evaluation of melanocyte ontogeny,
human embryonic and fetal skin samples (n = 28) at 6-24 weeks gestation were studied
immunohistochemically for expression of MITF and Mart-1. Adjacent step sections were evaluated
to correlate staining patterns with cell localization in the intraepidermal, intrafollicular and
intradermal compartments.

Results—At 6-8 weeks, MITF and Mart-1-positive cells were primarily intradermal with only rare
positive cells in the epidermis. By 12-13 weeks, most of these cells had migrated into the epidermis,
predominantly the suprabasal layers. Between 15-17 weeks, these cells localized to the basal layer

and colonized developing hair follicles. Rare intradermal MITF and Mart-1 positive cells were found
as late as week 20. At 18-24 weeks, MITF and Mart-1 positive cells were identified in the outer root
sheath, bulge, and follicular bulge epithelium, in addition to the epidermis. Unexpectedly, weak but
diffuse nuclear MITF expression was also present in the keratinocytes of the bulge area.

Conclusions—The in situ migratory fate of MITF/Mart-1-expressing cells in fetal skin involves
a well-defined progression from intradermal to intraepidermal to intrafollicular localization.
Occasional intradermal melanocytes may persist after the intraepithelial stages are completed, a
finding of potential significance to melanocytic proliferations that may arise de novo within the
dermis. Because MITF may play a role in stem cell maintenance, the presence of MITF in bulge
epithelial cells suggests that it may be a novel marker for follicular stem cells of both epithelial and
melanocytic lineage.

Melanocytes are derived from neural crest cells, which acquire pigment-producing capabilities
upon migration to the skin.! The sequence of melanocyte precursor ("melanoblast’) migration
into the developing epidermis and hair follicles has been characterized in murine models,24
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but little is known about these pathways in human embryonic and fetal development. HMB45-
positive cells were recently identified within the human fetal dermis, potentially representing
an intermediate stage in melanoblast migration.5

In this study, we investigated the localization of melanoblasts at various time points in human
embryonic and fetal skin development, using microphthalmia transcription factor (MITF) in
conjunction with Mart-1 (Melanoma Antigen Recognized by T cells) immunohistochemistry.
MITF, a nuclear transcription factor best known as a master regulator of melanocyte
development, is also found in other cell types.® Functionally, MITF plays an anti-apoptotic
role,7 and in conjunction with BRAF, may serve as a melanoma oncogene.8 Mart-1, originally
identified as a melanoma antigen recognized by T cells in patients with metastatic melanoma,
9 is a melanocyte-specific protein whose gene expression is regulated by MITF.10 The use of
Mart-1 in addition to MITF provides enhanced specificity for detection of melanocytic
differentiation, and, as a cytoplasmic protein, Mart-1 also facilitates visualization of cell shape.

Materials and methods

Results

Discarded human fetal tissue was sampled during routine specimen processing of embryos and
fetuses in the Women's and Perinatal Division of Brigham and Women's Hospital between
2004 and 2006 with the approval of the Partners Human Research Committee. Twenty-eight
human embryonic and fetal skin specimens were obtained from conceptuses of 6-24 weeks
estimated gestational age (EGA) (Table 1). EGA was determined from maternal history (date
of last menstrual period), ultrasound measurements during pregnancy and/or fetal
measurements at the time of fetopsy (foot length).

Each skin sample was examined on hematoxylin and eosin (H&E)-stained sections, and the
stage of epidermal, dermal and hair follicle development was noted. Adjacent sections
separated by 6 microns were stained with antibodies to MITF (clone D511) and Mart-1 (Signet
Laboratories, Dedham, MA, USA; clone M2-7C10, dilution 1 : 200). Heat-induced epitope
retrieval was used for both antibodies. All antigens were localized using the avidinbiotin
complex method with a secondary incubation using the Envision Plus detection system (Dako,
Carpinteria, CA, USA) and 3,3'-diaminobenzidine as a chromogen. Slides were counterstained
with hematoxylin. Normal adult human skin and an epithelioid malignant melanoma was used
as positive controls for MITF and Mart-1, and negative controls were performed by substituting
phosphate-buffered saline for the primary antibody. Only nuclear staining for MITF was
considered positive. The number of MITF and Mart-1 positive cells was counted per high power
field (HPF) (epidermis and dermis) and per identifiable follicular structure (i.e., hair germ,
outer root sheath (ORS), hair matrix, bulge) for each case. Between 5 and 10 HPF or 5 and 10
follicular structures were counted in each section, depending on the amount of tissue and
number of evaluable hair follicles present. The mean was calculated for each case, and using
these values, the mean for each gestational age group was calculated for each site.

The distribution of melanocytes at each gestational age as determined by MITF and Mart-1
staining is summarized in Table 1. At 6-8 weeks EGA (n = 2), numerous MITF and Mart-1-
positive cells were present within the dermis (15.2 per single HPF and 17.2 per single HPF,
respectively; Fig. 1A). Based on cell number and distribution, these two populations appeared
to be coincident, although these cells could not be distinguished from other primitive
intradermal cells on routine H&E-stained sections. However, MART-1-positive cells
consistently equaled or slightly exceeded MITF-positive cells in number in all samples, an
observation that along with coincident spatial distribution, suggested that MITF-positive non-
melanocytic cells were not significantly represented. Because MITF and Mart-1-positive cell
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distribution and number was qualitatively identical and quantitatively similar (correlation
coefficient: r = 0.90076), the data is presented as the ratio of MITF/Mart-1 (Table 1), The
labeled intradermal cells had a dendritic appearance on the Mart-1 stain, which highlighted
cytoplasmic processes in addition to cell bodies (Fig. 1B). Only rare intraepidermal cells were
identified at this juncture (<1/10 HPF on both MITF and Mart-1 stains).

By 12-13 weeks EGA (n = 3), the majority of the MITF and Mart-1-positive cells were
intraepidermal, predominantly localized to the suprabasal layers (Fig. 1C,D). Persistent
intradermal MITF-and Mart-1-positive cells were identified in 2 of 3 cases, often in a
perivascular distribution, but, compared to the 6-8 week skin specimens, these were markedly
decreased in number (2 per 10 HPF in one case and less than 1 per 10 HPF in the other).

At 15-17 weeks (n = 4), the vast majority (approximately 90%) of the intraepidermal MITF
and Mart-1-positive cells had localized to the basal layer (Fig. 1E,F). These cells appeared to
be randomly distributed along the basal layer of the epidermis without evidence of clustering
or an identifiable relationship to the developing hair follicles. MITF and Mart-1 positive cells
were identified in small numbers (1-3 cells) in individual developing hair pegs at this stage.
Intradermal cells positive for MITF and Mart-1 were identified in only 1 of the 4 cases and
numbered less than 1 per 10 HPF. Similar to the 12-13 week specimens, these cells appeared
to be preferentially located in a perivascular distribution (Fig. 1F, inset). The relative numerical
trends of MITF and Mart-1-positive cells in intradermal and intraepidermal compartments over
time are summarized in Fig. 2.

Beginning at 18 weeks, when distinct components of the hair follicle were first recognizable
(Fig. 3), MITF and Mart-1 positive cells were identifiable in the ORS, the follicular bulge
region, and the follicular bulb epithelium, where they formed a cap over the follicular papilla
(not shown), similar to that seen in adult skin. The number of melanocytes in these 2
components of the hair follicle was maintained in stable numbers from 18 to 24 weeks (n =
19), as the follicle matured. Intradermal melanocytes were identified in only 2 of the 19 cases
at this stage: one 19-week fetus had scattered intradermal MITF and Mart-1 positive cells
(mean, 5 per 10 HPF) and one 20-week fetus had numerous intradermal MITF and Mart-1
positive cells (mean, 3 per HPF). In both cases, the intradermal melanocytes were found in the
lower half of the dermis, often adjacent to vessels.

The MITF and Mart-1 positive cells identified within the bulge region of the hair follicle
beginning at 18 weeks were relatively ovoid and non-dendritic (Fig. 3B), in contrast to the
melanocytes within the dermis, epidermis, ORS and follicular bulb (Fig. 3C), all of which
showed dendritic processes on the Mart-1 stain at all stages of development. Less intense but
diffuse nuclear positivity for MITF was identified in the keratinocytes of the bulge areas from
18 to 24 weeks (Fig. 3D-F). No other evidence of keratinocyte MITF expression was noted in
any other epithelial compartments at any of the evaluated gestational ages.

To exclude the possibility that fetal stress (e.g. because of stillbirths) versus elective abortion)
may have influenced the results, we compared these two groups for MITF and Mart-1 staining.
There were four stillbirths, all in the 18-24 months EGA interval; There was no significant
between these cases and the elective abortions with respect to qualitative observations or MITF
and Mart-1 counts (t-test p values 0.38 and 0.34 for MITF and Mart-1, respectively).

Discussion

Melanocytes of haired lower mammals, located principally in hair follicles and intradermally,
function to determine hair color, which may vary in response to melatonin levels regulated by
seasonal light cycles.12 In contrast, human melanocytes are more concentrated in the epidermal
layer where they provide photoprotection in response to the ultraviolet light regulated p53-
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melanocyte-stimulating hormone pathway.13 Accordingly, the ability of melanocytes to
migrate effectively to epidermal as well as follicular destinations during human embryogenesis
may be of importance in establishing normal post-natal photoprotective function.

Human hair follicle development can be classified into four stages.1# The first stage is marked
by formation of the hair germ, which is followed in the second stage by development of the
hair peg, a cord of epidermal cells growing from the basal layer of the epidermis into the dermis.
During the third stage, known as the bulbous hair peg stage, the ORS differentiates into the
primordial sebaceous gland, and the bulge area of the hair follicle can first be identified. The
final stage of hair follicle maturation is characterized by differentiated lanugo hair follicles,
which are formed late in the second trimester. Although the development of the follicular
epithelial component from the epidermal layer is well described, the sequence of melanocyte
colonization of the epidermis and developing human hair follicle has received little attention.

Studies of melanoblast migration during murine embryonic development reported a consistent
progression from intradermal to suprabasal intraepidermal to basal intraepidermal localization
followed by follicular colonization.3 While substantial structural and functional differences
exist between the murine and human integument, our data showed a similar pattern in human
cutaneous embryogenesis. Dendritic melanocyte precursors were intradermal at 6-8 weeks. At
12-13 weeks, these melanoblasts penetrated the epidermis and were localized primarily to the
suprabasal layers. By 15-17 weeks, however, these cells were predominantly basally located
within the epidermis. In this regard, a recent report implicated the matricellular protein CCN3
and its receptor DDRL as critical mediators of the basal localization of mature melanocytes.
15 Although expression of CCN3 and DDR1 has not been examined in immature melanocytes,
it is possible that one or both proteins are upregulated at 13-15 weeks, which then stabilizes
and anchors maturing melanocytes to the basal layer. No clustering of melanocyte precursors
within the basal layer was noted prior to the development of the hair germ. In addition, no
consistent pattern of melanocyte colonization of the follicle was identified: some hair germs
and hair pegs lacked melanocyte precursors entirely, whereas others contained between 1 and
3 melanocytic cells. The lack of association between melanocytes precursors and the
developing hair follicles suggests that melanocyte migration and epithelial hair follicle
development are independent events at this juncture. As seen in Fig. 2, at certain time-points
the overall number of intradermal MITF and Mart-1-positive cells tends to outnumber those
that ultimately localized within the epidermal layer. This raises possibilities that include cell
attrition during migration because of apoptosis, or loss of marker expression by a subset of the
intradermal melanoblasts. The numbers of cases available for evaluation was limited, however,
and additional confirmatory studies are therefore required to further elucidate and understand
the mechanism(s) responsible for these migratory events.

Beginning at 18 weeks, dendritic melanocytes colonized the ORS and the matrical epithelium
of the hair bulb. In addition, to their expected MITF and Mart-1 positivity, scattered round to
ovoid cells positive for both markers were identified in the follicular bulge area beginning at
18 weeks. This pattern of MITF expression is consistent with that previously documented in
murine melanocyte stem cells and their putative human counterparts.16:17 Similar putative
melanocyte precursors have been documented in the bulge areas of developing murine follicles
by high-resolution light microscopy and c-kit immunohistochemistry.2 The consistent absence
of dendritic contours of the MITF-positive cells in the bulge area, as opposed to those in the
dermis, epidermis, hair matrix and ORS raises questions regarding the origin of the bulge
melanocyte precursors, for which two hypotheses may be postulated. First, the bulge
melanocyte precursors may originate from the same dendritic melanoblasts that migrate from
dermis to epidermis, but they take on an ovoid shape when reaching the bulge region because
of as yet unknown factors in the niche microenvironment. Second, the bulge melanoblasts may
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arise from a separate and currently unrecognized population of MITF- and Mart-1-negative
precursor cells in the developing hair follicle.

An unexpected and provocative finding in this study was the consistent, diffuse intranuclear
immunoreactivity for MITF in bulge keratinocytes. The bulge region of the hair follicle has
been established to be a niche for stem cells in which epithelial progenitors predominate.18
Bulge epithelial stem cells are believed to be important for normal hair cycling?®:20 as well as
for epidermal regeneration.?! The primitive keratinocytes that form the bulge have been shown
to express distinctive and occasionally unexpected biomarkers, including cytokeratin 1522 and
CD34,23 the latter associated predominantly with cells of hematopoietic lineage. MITF
expression is not confined to melanocytes, but is also found in osteoclasts and mast cells, where
itis required for normal development. A subset of normal smooth muscle cells, Schwann cells,
and fibroblasts may also stain for MITF, but normal epithelial cells, to our knowledge, have
heretofore been considered to be negative for this marker.2’” While in melanocytes, MITF
regulates both melanogenesis-related differentiation and cell survival pathways, in other
nonpigmented cell types, its dominant effect appears to be direct regulation of expression of
Bcl-2,7:24a protein that plays a key role in protection from apoptosis.25:28730 Bcl-2 also is
required for the survival and maintenance of melanocyte precursors in the stem cell niche (the
bulge area of the hair follicle)1’ and has been hypothesized to be a marker of follicular epithelial
stem cells.31:32 It is therefore conceivable that MITF may be involved in the maintenance of
the epithelial stem cells within the bulge area via induction of Bcl-2 expression; further studies
will be required to investigate this possibility.

Although MITF plays a functional role other cells in addition to melanocytes, Mart-1 is a
transmembrane protein-specific for melanocyte lineage. In most instances in our study, the
number of Mart-1-positive cells either equaled or slightly exceeded the number of MITF-
positive cells. MITF also drives melanocytic differentiation, and the MITF pathway and Mart-1
expression are probably to be linked. Accordingly, the apparent slight increased sensitivity of
Mart-1 in detecting and enumerating melanocytes may be related to spatial factors, namely
that Mart-1 defines a greater volume of an individual melanocyte in a 6 micron thick section
than does MITF, and accordingly, Mart-1-positive cells may be slightly better represented due
to this technical consideration.

One aim of our study was to document presence and migratory fate of melanocyte precursors
within the fetal dermis. Although previous studies have documented the existence of epidermal
melanocytes beginning at approximately 40-50 days of gestation,26:33:34 to our knowledge
only three studies have previously described melanocyte precursors within the human fetal
dermis. Zimmerman and Becker3® identified melanocyte-like cells in the mesenchymal tissue
of a 10-week fetus using a silver impregnation method, and Hashimoto3® documented
melanoblasts in the perifollicular mesenchyme of a 12-week fetus by electron microscopy.
Recently, Suder etal.> found HMB45 positive cells in the fetal dermis at unspecified gestational
ages. In our study, MITF and Mart-1 positive cells were identified predominantly in the dermis
at 6-8 weeks and persisted, albeit in lower numbers, up to 20 weeks. While we cannot rule out
that some of the MITF-positive cells were mast cells, which are known to express MITF37 and
have been reported in the fetal dermis,38 the correspondence of these cells to Mart-1-positive
cells on serial sections, the roughly equal number of MITF- and Mart-1 positive cells in each
case, and the lack of cytoplasmic granules on sections prepared using histochemical reagents
conducive to granule visualization support a melanocytic lineage.

The finding of intradermal melanocytic cells that persist into the second trimester may be of
potential significance to melanocytic proliferations that may arise de novo within the prenatal
and postnatal dermis, such as predominantly intradermal congenital nevi and blue nevi and
their variants, respectively. Some have questioned Unna's concept of Abtropfung (cells
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dropping into the dermis from the epidermis)3? as the universal mechanism for the formation
of common acquired nevocellular nevi. Cramer, in particular, has proposed the opposite
(Hochsteigerung): that acquired melanocytic nevi derive from pluripotential melanocytic cells
during their migration from the neural crest.40:41 In this model, the variable appearances of
common acquired nevi (junctional, compound and intradermal, with A, B and C subtypes of
dermal morphology) are a reflection of different stages of migration and/or differentiation
induced by the particular cutaneous microenvironment in which the migrating melanocytes are
arrested. While our study does not directly address this debate, it does suggest that human skin,
like that of lower mammals, may harbor dermal melanocytes, and these cells are potentially
capable of giving rise to de novo intradermal melanocyte neoplasia.

In summary, we have described the redistribution of melanocyte precursors during the stages
of cutaneous development in the human fetus and have confirmed and expanded prior reports
of melanocytic precursors in the fetal dermis. Our unanticipated finding of nuclear MITF
positivity in bulge keratinocytes suggests that MITF may represent a novel and functionally
relevant marker for follicular stem cells of both epithelial as well as melanocytic lineage.
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Fig. 1.

Immunohistochemical evaluation of microphthalmia transcription factor (MITF)/Mart-1
reactivity in developing fetal skin. Numerous intradermal melanoblasts are seen on MITF (A)
and Mart-1 (B) stains in skin of a 6-8 week fetus; the Mart-1 stain highlights the dendritic
cytoplasmic processes. Positively-labeled cells are primarily suprabasal at 12-13 weeks (MITF,
C; Mart-1, D); a single intradermal melanocyte (encircled) is seen on the Mart-1 stain. By 15
weeks, MITF-positive (E) and Mart-1-positive (F) cells are primarily basally located within
the epidermis and also are randomly detected in developing hair pegs. Persistent intradermal
melanocytes are often clustered around blood vessels at this stage (F, inset: Mart-1 stain).
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Fig. 2.
Distribution of the microphthalmia transcription factor-positive cells (top) and Mart-1-positive
cells (bottom) by gestational age.
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Fig. 3.

Microphthalmia transcription factor (MITF) and Mart-1 staining patterns in maturing hair
follicles. Beginning at 18 weeks, the bulge area was first identified (a, arrow). The Mart-1 stain
(a) showed ovoid, non-dendritic melanocyte precursors in the bulge area (b, higher
magnification), in addition to dendritic melanocytes in the epidermis, outer root sheath and
hair matrix (c). MITF staining showed 2 patterns (d-f): strong nuclear reactivity in epidermal
and follicular melanocytes and bulge melanocyte precursors (arrows, e and f), and weaker
nuclear staining in bulge keratinocytes (B). (S, developing sebaceous lobule).
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