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Deregulation of signaling pathways that control differentiation, expansion and migration of neural crest-derived melanoblasts

during normal development contributes also to melanoma progression and metastasis. Although several epithelial-to-

mesenchymal (EMT) transcription factors, such as zinc finger E-box binding protein 1 (ZEB1) and ZEB2, have been implicated in

neural crest cell biology, little is known about their role in melanocyte homeostasis and melanoma. Here we show that mice

lacking Zeb2 in the melanocyte lineage exhibit a melanoblast migration defect and, unexpectedly, a severe melanocyte

differentiation defect. Loss of Zeb2 in the melanocyte lineage results in a downregulation of the Microphthalmia-associated

transcription factor (Mitf) and melanocyte differentiation markers concomitant with an upregulation of Zeb1. We identify

a transcriptional signaling network in which the EMT transcription factor ZEB2 regulates MITF levels to control melanocyte

differentiation. Moreover, our data are also relevant for human melanomagenesis as loss of ZEB2 expression is associated with

reduced patient survival.
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Melanocytes are specialized cells in the skin that produce

melanin, a pigment that is responsible for skin and hair color

and that provides protection against ultraviolet (UV) radiation.

During mouse embryogenesis, melanoblasts originate from

the neural crest and migrate along a dorsolateral pathway

from the neural tube to the developing dermis.1 Around

embryonic day (E) E11 they move into the epidermis and

eventually populate the developing hair follicle.2 Here they

separate into two distinct populations: the differentiated

pigmented melanocytes, which reside in the hair matrix, and

the non-pigmentedmelanocyte stem cells (MSC) in the bulge.

The latter cells are responsible for replenishing the hair follicle

with new melanocytes during each hair cycle. Genetic studies

in mice demonstrated the importance of several key players

(such as sex-determining region Y (SRY)-box 10 (Sox10),

paired-box 3 (Pax3), microphthalmia-associated transcription

factor (Mitf), endothelin 3/endothelin receptor B (Edn3/

Ednrb), Kitl/Kit, Slug, cellular myelocytomatosis oncogene

cellular homolog (cMyc) and b-Catenin (b-Cat)) for melano-

blast cell fate specification, proliferation, migration and

survival.2–4 The master regulator of the melanocyte develop-

ment is MITF, which is spatio-temporally controlled by several

key transcription factors such as SOX10, PAX3 and

b-catenin.5–7 Fundamentally, MITF induces gene expression

patterns that prompt a melanocyte to differentiate and initiate

pigment production by activating genes important for melanin

biosynthesis (such as Tyrosinase (Tyr), Dopachrome

tautomerase (Dct), Tyrosinase-related protein 1 (Tyrp1) and
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melanocortin 1 receptor (Mc1r)) and melanosome formation

(such as the premelanosome protein (Pmel)).8,9 Maintenance

of the melanocyte stem cell compartment is mainly determined

by transforming growth factor b (TGF-b), NOTCH signaling and

MITF-dependent BCL-2 activity.10,11 Deficiency in melanoblast

development and migration generally result in white spotting

phenotypes, whereas defects in melanocyte stem cell

maintenance result in progressive hair graying phenomena.3

Melanoma is amalignant tumor arising from themelanocyte

lineage and is the most therapy-resistant and deadly form of

skin cancer. Several pathways have been identified to have a

major role in the development of malignant melanoma, among

which the RAS/RAF/MEK/ERK pathway is probably the most

studied and has recently become the target for anti-melanoma

therapy.12 Activating mutations in RAS (Q61K), with NRAS

being the most frequent, occur in 15% of cases of human

melanoma.12 Melanocyte-specific expression of NRASQ61K

together with cyclin-dependent kinase inhibitor 2A (Cdkn2a)

or p53 deficiency leads to accelerated melanoma formation in

mice.13,14 BRAF activating mutations (V600E) occur at

high frequencies (50–60%) in human melanoma. Specific

inhibitors of BRAFV600E are being successfully used in

melanoma therapy.15 However, patients become rapidly

resistant to this therapy, and combination therapies with

MEK inhibitors are being investigated.16,17 Drug resistance of

malignant melanoma cells has been associated with the

expression of the drug transporter P-glycoprotein (PGP) and

increasedmigratory and invasive behavior.18 EMT (Epithelial-

to-mesenchymal transition) has a key role in the collective

movement of normal cells during different stages of embryo-

nic development, whereas in adults it has been associated

with several pathologies, including fibrosis and cancer

progression.19,20 EMT is a process in which epithelial cells

lose their epithelial characteristics, gain mesenchymal

features and becomemigratory. Several pathways have been

shown to induce EMT, all of which function through the

induction of three families of transcription factors, the Snail

(SNAIL, SLUG), Zeb (ZEB1, ZEB2) and basic Helix Loop

Helix (bHLH) (E47, TWIST and others) families.21 Melano-

blasts undergo a migration process during embryogenesis

andmaturemelanocytes are periodically replenished from the

stem cells and undergo a constant cycling and migration

process. TheEMT transcription factor SLUG, has been shown

to have an important role in the melanocyte lineage, as

Slug-deficient mice have pigmentation abnormalities due to

melanoblast migration defects andSLUGmutations have also

been found in some cases of human piebaldism.22–24

Furthermore, homozygous deletions of the SLUG gene were

found in patients with type 2D of Waardenburg syndrome, an

auditory-pigmentary syndrome caused by a migration defi-

ciency of melanocytes and other neural crest-derived

cells.25,26 However, although it has been shown that siRNA-

mediated inhibition of Slug leads to the suppression of

metastasis in an orthotopic mouse model of melanoma,

SLUG expression has not been correlated with melanoma

metastasis.27 Recently, it became clear that in vitro activation

of the MEK-ERK signaling drives the reversion of the EMT

transcription factor expression pattern inmelanocytes with the

downregulation of SLUG and ZEB2 and the induction of

TWIST1 and ZEB1.28

ZEB2 is a transcription factor required for neural crest cell

development. It belongs to the Zeb family of zinc-finger-

homeodomain transcription factors and binds the E-box

sequences CACCT(G).29,30 We previously showed that condi-

tional Zeb2 expression in epithelial cells results in specific

downregulation of E-cadherin and gain of malignant features

characterized by amesenchymal gene expression profile, such

as N-cadherin and Vimentin.29,31 Furthermore, it has recently

become clear that during EMT not only epithelial characteristics

are abolished, but that cells are reprogrammed to different

extents.32 Mouse embryos deficient in Zeb2 exhibit defects

from E8.5 onwards, with early arrest of cranial neural crest cell

migration and absence of neural crest cells at the postotic vagal

level.33 Tissue specific disruption of Zeb2 very early in neural

crest cell development using a Wnt1-Cre-based approach,

results in abnormalities in craniofacial and heart development,

as well as defects in the peripheral nervous system.34

On the basis of these observations we hypothesized that

ZEB2 may have a key role in the process of melanogenesis.

To test this possibility we used a melanocyte-specific loss of

function approach in mice. Unexpectedly we find that in

addition to a role in proper melanoblast development, ZEB2 is

required for the correct differentiation of melanocytes through

its ability to act as an upstream regulator of Mitf. Our results

propose a model whereby in melanocytes ZEB2 is necessary

for Mitf expression and activity which in its turn is responsible

for Zeb1 repression. Measurement of nuclear ZEB2 levels

shows a significantly shorter melanoma-specific survival in

those patients with low ZEB2 expression.

Results

Melanocyte-specific ZEB2 deficiency causes congenital

loss of hair pigmentation. We show for the first time that

ZEB2 is expressed in the melanocytes of human skin

epidermis, as well as in the differentiated melanocytes of

mouse hair follicles (Figure 1a). ZEB2 is also expressed in

migrating melanoblasts of the mouse embryo and their

precursors, the neural crest cells.33,35 As both complete

knockout and Wnt1-Cre-mediated neural-crest-specific dele-

tion of Zeb2 are embryonic lethal (E9.5 and E12.5-postnatal

(P) 0, respectively),33,34 we conditionally deleted Zeb2 in the

melanocyte lineage by using the tyrosinase(Tyr)::Cre mouse

line, which allows CRE-mediated Zeb2 deletion under the

control of the Tyrosinase promoter starting at E10.5

(Supplementary Figure S1a).34,36 Homozygous melanocyte-

specific deletion of Zeb2 (ZEB2MCKO) caused a severe loss

of hair pigmentation compared with wild-type littermates

(ZEB2MCWT). This hair pigmentation loss was present from

the first hair cycle and continued through adulthood

(Supplementary Figure S1b and Figure 1b). The melanin

content of the dorsal and ventral hair were reduced by 93 and

91%, respectively (Figure 1c). Light microscopic analysis

confirmed the disappearance of melanin pigment from the

hair shafts (Supplementary Figure S1c), but hair with mixed

pigmentation were also observed (data not shown).

The absence of ZEB2 impairs melanoblast development.

Congenital loss of hair pigmentation indicates a disturbance

of melanoblast migration or proliferation due to the absence
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of ZEB2. To further analyze this phenotype in-depth, we

crossed conditional melanocyte-specific Zeb2 knockout mice

with Dct::LacZ melanoblast reporter mice37 and analyzed

the LacZ-positive melanoblast population in ZEB2MCWT and

ZEB2MCKO embryos at E15.5. Absence of Zeb2 severely

impaired melanoblast development (Figure 1d) and

quantification of the LacZ-positive melanoblasts on the back

and belly of embryos further confirmed a significant reduction

of melanoblast numbers in both areas (Supplementary

Figure S1d). In agreement with an expected defect in

migration, melanoblast numbers decreased more on the

belly (95%) than on the back (70%) of the ZEB2-deficient
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embryos. To visualize the distribution of melanoblasts in the

dermis and their subsequent migration to the epidermis,

we made transversal sections of E15.5 LacZ embryos

and quantified the melanoblasts in both areas. There was

no difference in the number of melanoblasts present in the

dermis between ZEB2MCKO compared with control embryos

(Figure 1e). However, in the epidermis of both the belly and

back there was a significant reduction of melanoblasts in the

ZEB2MCKO embryos, suggesting an important role for ZEB2

in this process. In addition, melanoblast of ZEB2MCKO

embryos had fewer cell protrusions, compatible with their

altered characteristics (Supplementary Figure S1e).

ZEB2 is necessary for proper melanocyte differentiation.

Although melanoblast development was severely affected,

30% of them reached the dorsal area at E15.5. This raised

the question whether the remaining melanoblasts could still

populate the hair follicles of ZEB2MCKO mice. Histological

analysis of ZEB2MCWT;Dct-LacZ and ZEB2MCKO;Dct-LacZ

skin from 5.5-day-old (P5) mice showed that some hair

follicles in ZEB2MCKO mice are still LacZ positive and/or

(hypo-)pigmented, indicating that ZEB2-deficient melano-

blasts can migrate and populate the bulb area of the hair

follicles (Figure 1f). However, quantitative analysis of the hair

follicles showed that there were significantly fewer pigmented

or LacZ-positive hair follicles present in ZEB2MCKO mice

(Figure 1g). Furthermore, ZEB2MCKO skin contained some

completely undifferentiated hair follicles that were neither

pigmented nor LacZ positive, which was not the case for

ZEB2MCWT skin (Figures 1f and g). Immunohistochemical

analysis of depigmented ZEB2-stained sections confirmed

nuclear ZEB2 presence in the differentiated melanocytes of

the bulb area, the migrating melanocytes in the epidermis

and importantly also in the melanocyte stem cells

of ZEB2MCWT mice, whereas ZEB2 was absent in all cells

of the melanocyte lineage of ZEB2MCKO skin (Supplementary

Figure S2a). Quantitative analysis of the melanocyte stem

cells revealed a reduction in LacZ-positive stem cells in

ZEB2MCKO mice compared with ZEB2MCWT mice (Figure 1g),

which agrees with the presence of fewer melanoblasts in the

epidermis in ZEB2MCKO embryos. To visualize melanocytes

independently of Dct promoter reporter activity, we analyzed

the expression of the general melanocyte marker S100

calcium-binding protein B (S100b), which does not depend

on the differentiation status of the melanocytes. S100b

staining showed that melanocytes were present in most of

ZEB2MCKO hair follicles (Figure 2a). Moreover, quantifying

S100-positive melanocytes per hair follicle showed that

the number of S100-positive ZEB2MCKO melanocytes was

reduced by 40% per hair follicle, which further points to a role

of ZEB2 in migration and/or survival of melanocytes

(Supplementary Figures S2b and c). Further immunohisto-

chemical analysis and quantification of positive cells of the

melanocyte-specific transcription factor MITF and one of its

regulators (i.e., PAX3) showed that in the absence of ZEB2

the amount of MITF-positive melanocytes was strongly

reduced, when compared with the total amount of melano-

cytes per hair follicle (S100-positive melanocytes), whereas

the amount of PAX3-positive melanocytes was not affected

(Figure 2a, Supplementary Figures S2b and c). The intensity

of MITF staining was also lower, indicating a decrease in

both the number of MITF-positive cells and in MITF protein

levels in still MITF-positive cells. These observations indicate

that ZEB2 is an important regulator of MITF-dependent

melanocyte differentiation. We analyzed the presence of

other terminal differentiation markers, such as TYRP1 and

tyrosinase enzymatic activity. Most ZEB2MCKO hair follicles

were indeed negative for these markers (Figure 2a and data

not shown). mRNA expression analysis of several melano-

cyte differentiation markers (Tyrp1, Tyr, Dct, Pmel, Mc1R

and Mitf) on whole skin mRNA of ZEB2MCKO and ZEB2MCWT

mice further showed that the differentiation status of

ZEB2MCKO melanocytes was affected, as all of these

markers are significantly downregulated in ZEB2MCKO skin

(Supplementary Figure S2d). Close examination of

the melanosomes in ZEB2-stained sections of ZEB2MCWT

and ZEB2MCKO skin confirmed the absence of melanin in

most melanocytes of the bulb area and in hair shafts of

ZEB2MCKO skin, although in some hair follicles a few

remaining melanosomes were visible (Figure 2b). Electron

microscopy analysis showed that these melanosomes were

spherical with irregular borders, in contrast to the rod-shaped

melanosomes of ZEB2MCWT hair follicles (Figure 2c). These

results collectively show that melanocytes form but do not

differentiate properly, pointing to a crucial role for ZEB2

in melanocyte differentiation. These effects were strictly

ZEB2-dependent, as in a complementation experiment in

which we crossed the ZEB2MCKO mice with a conditional

Zeb2 transgenic strain (Rosa26-ZEB2TG/TG-IRES-GFP)

activated by the same Tyr-Cre as for the deletion of Zeb2,

melanogenesis was completely rescued (Supplementary

Figure S3a and Figure 2d). Such Zeb2 complemented

mice (ZEB2MCKO; ZEB2MCTG) regained pigmentation, and

histological sections demonstrated that ZEB2-positive

melanocytes are pigmented (Figure 2d), confirming the cell

autonomous action of ZEB2. Furthermore, in vivo mRNA

expression analysis of the melanocyte differentiation

markers (Tyrp1, Tyr, Dct, PmeL, Mc1R and Mitf) confirmed

Figure 1 Zeb2 loss in the melanocyte lineage causes congenital loss of pigmentation and impairs melanoblast development. (a) ZEB2 is expressed in differentiated
melanocytes in the human epidermis, and in the hair follicles of mouse skin. (b) Melanocyte-specific deletion of Zeb2 (ZEB2MCKO) causes congenital loss of hair pigmentation in
homozygous knockout mice (2 months old). This loss of pigmentation wasmore pronounced on the belly than on the back. (c) Determination of melanin pigment (mg/ml) in the dorsal
and ventral hair of ZEB2MCWT and ZEB2MCKO mice (n¼ 7–8 for each group) at the age of 4–6 months. (d) ZEB2 is required for proper melanoblast development in homozygous
embryos at E15.5. Whole-mount LacZ staining of E15.5 ZEB2MCWT;Dct-LacZ and ZEB2MCKO;Dct-LacZ embryos. (e) Comparison of melanoblast migration in the epidermis and
dermis of dorsal and ventral areas of ZEB2MCWT;Dct-LacZ and ZEB2MCKO;Dct-LacZ embryos (n¼ 4 and 5, respectively). Results represent the number of melanoblasts per area
analyzed. (f) Nuclear fast-red staining of LacZ-stained skin sections of ZEB2MCWT;Dct-LacZ and ZEB2MCKO;Dct-LacZ mice to visualize hair follicles (HF) (arrow: pigmented HF,
arrowhead: LacZ-positive HF, *: LacZ-negative HF). (g) Quantitative analysis of the pigmented, LacZ-positive, non-pigmented LacZ-negative HF and LacZ-positive stem cells in the
bulge area of ZEB2MCWT (n¼ 7) and ZEB2MCKO (n¼ 8) mice per 0.5mm analyzed. Data of ZEB2MCWT and ZEB2MCKOmice were compared by using unpaired Student’s t-test and
are presented as means±95% CI. P-values are indicated with (Po0.001). Micrograph images were taken with a � 60/0.8 objective (a) or a � 10/0.25 objective (e and f)

ZEB2 regulates melanocyte differentiation

G Denecker et al

1253

Cell Death and Differentiation



the full functional complementation of Zeb2 deficiency with

transgenic Zeb2 (data not shown).

ZEB2 controls an MITF-ZEB1-dependent transcriptional

network essential for melanocyte differentiation. The

melanocyte differentiation block observed upon Zeb2 abla-

tion could also be due to a change in the functionality of the

melanoblasts or melanocyte stem cells. We therefore

investigated whether ZEB2 is required for the maintenance

of the differentiation program in melanocytes. To this end,

we transfected primary mouse melanocytes with an siRNA

pool targeting Zeb2 (siZEB2) or with a control siRNA pool

(siCTRL). Significant knockdown of Zeb2 caused nearly

complete loss of differentiation of the melanocytes

(Figure 3a) and a concomitant decrease in the steady-state

mRNA levels of Mitf and several genes of the melanin

synthesis pathway (Figure 3b). To examine whether EMT

was also affected, we assessed the expression levels of two

representative EMT target genes, E-cadherin (Cdh1; epithe-

lial marker) and Vimentin (Vim; mesenchymal marker).

Unexpectedly, Cdh1 was downregulated, whereas Vim

was upregulated (Figure 3b). Interestingly we found that

Zeb2 knockdown caused transcriptional upregulation of Zeb1

(Figure 3b). The latter results were confirmed at the protein

level in the immortalized melanocyte cell line Melan-a in

which Zeb2 knockdown caused a strong downregulation of

MITF and concomitant upregulation of ZEB1, and the

mesenchymal markers Vimentin (VIM) and Fibronectin

(FN1) (Figure 3c). These observations support the hypothe-

tical model of ZEB2 dictating MITF expression and activity.

In the absence of Zeb2, MITF expression is lost, coinciding

with ZEB1 upregulation (Figure 3d). This model is confirmed

in vivo as ZEB1 staining intensity was clearly increased in a

fraction of the undifferentiated ZEB2-deficient melanocytes

(Figure 3e), whereas ZEB1 could not be detected in

differentiated melanocytes of ZEB2MCWT mice. ZEB1 protein

was also undetectable in primary melanocytes of human

origin (Supplementary Figure S3b and see below). On the

other hand, ZEB1 was readily observed in the stem cells of

both ZEB2MCWT and ZEB2MCKO mice (Figure 3e). Thus, an

intricate balance between these two ZEB-family members

appears to be important in the transcriptional regulation

of melanocyte differentiation.

Strong nuclear ZEB2 expression in primary melanomas

is associated with better survival. A role for ZEB2 in the

regulation of MITF levels and/or activity, melanoblast

development and melanocyte differentiation raises

the possibility that deregulation of ZEB2 expression may

contribute to melanoma progression/metastasis. Consis-

tently, immunohistochemical analyses of ZEB2 in a cohort

of human benign naevi, primary and metastatic melanoma

samples revealed a very heterogeneous pattern

of expression particularly in primary melanoma, with areas

of high expression next to strong local downregulation

(Supplementary Figure S3c and Figure 4a). This hetero-

geneous downregulation of ZEB2 expression is reminiscent

to the profile of MITF expression in human melanoma.38

Interestingly we found that human melanoma metastases

express high nuclear ZEB2 levels suggesting reversible

loss of expression during melanoma dissemination

(Supplementary Figure S3c). We extended this study by

analyzing 178 primary melanoma samples on a tissue array.

This study showed that ZEB2 has significant prognostic

relevance in melanoma, as strong nuclear ZEB2 expression

is beneficial for the patients in terms of melanoma-specific

survival and recurrence-free survival (Figure 4b). In contrast,

weak nuclear ZEB2 expression was associated with a worse

patient outcome (Figure 4b). Therefore, ZEB2 might serve

as a gatekeeper controlling human melanoma progression

and provide a novel prognostic marker for melanoma.

ZEB2 loss results in reduced MITF expression, and is

associated with melanoma progression. We have

provided genetic evidence that ZEB2 regulates Mitf expre-

ssion levels in primary melanocytes in vivo (Figure 2a and

Supplementary Figure S2d). This was confirmed in mela-

noma cells, as Zeb2 knockdown in the B16 mouse

melanoma cell line caused a transcriptional decrease in

expression of Mitf and its well-established target genes

and a concomitant increase in ZEB1 expression (Figure 5a).

Importantly, transfection of the Zeb2 KD cells with an Mitf

expression vector rescued the differentiation defect indicat-

ing that this phenotype is MITF-dependent (Figure 5b). This

expression switching of ZEBs was confirmed in short-term

culture human melanoma cells, in which we observed this

particular ZEB heterogeneity in NRAS- or BRAF-mutated

samples: 67% (8 out of 12) express both ZEB1 and ZEB2

whereas the remaining express either ZEB1 (2 out of 12)

or ZEB2 (2 out of 12) (Figure 5c and Supplementary

Figure S3d). Melanoma cells that are wild type for NRAS or

BRAF mainly express ZEB2 only (67%, 6 out of 9),

resembling the expression pattern of normal melanocytes

which also only express ZEB2. In addition, the analysis of a

cohort of human melanoma cell lines supported the tendency

of an inverse correlation between ZEB2 and MITF versus

ZEB1 expression (Figure 5d). These results were further

confirmed on the human SKMel28 melanoma cell line in

Figure 2 Melanocyte-specific Zeb2 deficiency causes the formation of undifferentiated melanocytes in the bulge area of hair follicles. (a) Immunohistochemical staining of
sections of ZEB2MCWT and ZEB2MCKO;Dct-LacZ-positive skin sections with S100b, PAX3, MITF and TYRP1 antibodies. (b) Detailed microscopic analysis of melanosomes in
the hair shafts and the bulb area of the hair follicles, combined with immunohistochemical staining of ZEB2 on LacZ-positive skin sections of ZEB2MCWT and ZEB2MCKO;
Dct-LacZ-positive mice. Insets show the altered morphology of melanosomes in the ZEB2MCKO sections compared with ZEB2MCWT. (c) Electron microscopic analysis of
melanosomes in the bulb area of ZEB2MCWT and ZEB2MCKO mice demonstrates the absence or irregular morphology of melanosomes in the ZEB2MCKO hair follicles.
(d) Genetic compensation of the loss of Zeb2 in the ZEB2MCKO;Dct-LacZ mice with melanocyte-specific overexpression of ZEB2 (ZEB2MCTG). Left panel: complete
compensation of pigmentation in ZEB2MCKO ZEB2MCTG;Dct-LacZ mice compared with ZEB2MCKO;Dct-LacZ mice. Right panels: reappearance of pigmented melanosomes
and ZEB2 expression in the ZEB2MCKO ZEB2MCTG;Dct-LacZ hair follicles. All microscopic analyses were done on skin sections of 5.5-day-old (a–c) or 13.5-day-old mice
(d) and Immunohistochemical micrograph images were taken with a � 60/0.8 objective (a and d) or a � 100/1.25 objective (b)
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which we performed siRNA-mediated KD of ZEB2, which

caused a strong downregulation of MITF and concomitant

upregulation of ZEB1 (Supplementary Figure S3e). Further-

more, knockdown of MITF in human melanoma 501Mel cells

results in upregulation of ZEB1 expression suggesting that

MITF contributes to the direct repression of ZEB1

(Figure 5e). Interestingly, MITF-ChIP-seq analysis recently

identified the ZEB1 locus as a potential MITF target

in human melanoma 501Mel cells (Figure 5f).39 The

specificity of this binding to the ZEB1 locus was confirmed

by anti-HA-ChIP-qRT-PCR for both the 50- and 30-end of the

gene (Figure 5g).

Discussion

In this work we have identified an important novel function for

ZEB2 in melanocytes: ZEB2 regulates the expression of MITF

and thereby coordinates the development and differentiation

of themelanocyte lineage. Moreover we provide evidence that

ZEB2 is expressed in a heterogeneous manner in human

Figure 3 ZEB2 is necessary for proper differentiation of primary melanocytes. (a and b) Morphology of primary melanocytes after knockdown of Zeb2 by siRNA
transfection and relative mRNA expression of Zeb2, melanocytes-specific differentiation genes Tyrp1, Tyr, Dct, PmeL and Mc1R, the epithelial/mesenchymal markers
E-cadherin/Vimentin and Zeb1. Scrambled siRNA was used as a control (siCTRL). (c) Western blot analysis after siRNA knockdown of Zeb2 in the primary Melan a cell line.
(d) Hypothetical model of the ZEB2-MITF-ZEB1 balance in melanocytes (e) ZEB1 expression in dedifferentiated LacZ-positive melanocytes of the hair follicles of ZEB2MCKO

mice and in the melanocyte stem cells of both ZEB2MCWT and ZEB2MCKO mice. QPCR data were compared by using unpaired Student’s t-test (n¼ 3) and are presented as
averages±S.D. P-values are indicated with (**Po0.005 and *Po0.05). Micrograph images were taken with a � 20/0.2 objective (a) or a � 60/0.8 objective (e)

Figure 4 ZEB2 expression in melanoma. (a) Heterogeneous ZEB2 expression in primary human melanoma with vertical growth phase. (b) Kaplan–Meier curves for
melanoma recurrence-free survival, comparing human melanoma samples with strong nuclear ZEB2 expression (n¼ 83) and weak nuclear ZEB2 expression (n¼ 82) from a
melanoma tissue array. Data were compared using the log-rank test and **P¼ 0.0065. A representative ZEB2 staining of both groups is shown in the right panel (*** very high
nuclear ZEB2, ** high nuclear ZEB2, * low nuclear ZEB2). ZEB2 protein expression values were determined using an automated image analysis approach
(IHC-MARK, Oncomark, Dublin, Ireland) designed to quantify immunohistochemically stained slides. Micrograph images were taken with a � 4/0.1 and � 20/0.4 objective
(a) or a � 10/0.25 objective (b)
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melanoma. These observations have important implications

for our understanding of melanoma biology as well as for

anti-melanoma therapy.

Emerging evidence indicates that the transcriptional

pathways critical for melanogenesis, like those controlled by

MITF, could be disturbed in pigmentation-associated

ZEB2 regulates melanocyte differentiation

G Denecker et al

1258

Cell Death and Differentiation



diseases and melanoma progression and metastasis.40 MITF

is considered to be themaster regulator of melanocytes as it is

essential for melanoblast survival and melanocyte-specific

lineage differentiation. On the basis of the proven role of Zeb2

in neural crest cell delamination, we expected a major defect

in melanoblast development.34 However, although mice

deficient for Zeb2 in the melanocyte lineage have an impaired

melanoblast development; a significant fraction of ZEB2-

deficient melanoblasts was still able to migrate to the

epidermis where they populate the hair follicles. Unexpect-

edly, the ZEB2-deficient melanocytes in the hair follicle bulb

area remain undifferentiated, causing a congenital loss of

pigmentation. These melanocytes have a very low MITF

expression, supporting the role of ZEB2 as a driver

for melanocyte differentiation. In vitro data further confirm

the crucial role of ZEB2 as a regulator of MITF and

melanocyte differentiation coinciding with an upregulation of

ZEB1. In this context, it is noteworthy that the loss of Zeb2 in

non-transformed melanocytes in vivo can result in ZEB1

misexpression. Furthermore the strongly reduced expression

of the melanocortin receptor upon Zeb2 loss potentially

contributes to the maintenance of the observed low Mitf

transcriptional levels.

EMT has a key role during different stages of embryonic

development including the formation and migration of the

neural crest cells. Neural crest cells are a multipotent,

migratory, transient cell population that migrate through the

vertebrate embryo to infiltrate different organs and differenti-

ate in various cell lineages including melanocytes.41 During

the progression to melanoma, melanocytes may acquire

multiple traits of high grademalignancy in context of additional

oncogenic changes by reactivating this silenced embryonic

program.25 In contrast to epithelial cells where EMT-inducing

transcription factors favor dedifferentiation and dissemination,

we shedded light on a more complex interaction between

ZEB2 and MITF in the melanocyte lineage. As ZEB2

expression favors MITF expression and thus differentiation

in melanocytes, the loss of Zeb2 in the melanocyte lineage

results in the formation of undifferentiated melanocytes with

loss ofMitf and upregulation ofZeb1. Together with our finding

that ZEB1 is expressed in melanocyte stem cells, it seems

that ZEB switching is a naturally occurring transcription factor

reprogramming that also can be facilitated by activated

oncogenic RAS/RAF signaling.28

Examination of human melanoma samples and cell lines

assessed the relevance of the identified effects upon in vivo

loss of ZEB2 in a clinical context. It seems that ZEB2,

particularly in the highly invasive vertical growth phase of

human melanoma, gets downregulated in a very heteroge-

neous manner. Importantly, nuclear ZEB2 expression in

melanomas is linked with good prognostic markers whereas

loss of ZEB2 is associated with poor melanoma-specific

survival. The partial or total clearance of ZEB2 in human

melanoma could be caused by the well-known negative

control of ZEB2 expression by the miR200 family. However

this reasoning is not supported by the observation that

expression of the miR200 family is lost during melanoma

progression ruling out their potential dominant action of ZEB2

repression, at least during melanoma progression.42,43

As MITF depletion forces melanocytes to senescence,39

ZEB1 may be a failsafe program for a melanoma cell to

overcome the senescent state, exemplifying why ZEB1

expression in human melanoma is inversely correlated with

MITF status. In this context, it is noteworthy that loss of ZEB2

in non-transformed melanocytes in vivo can result in ZEB1

misexpression, which potentially takes over in an alternative

way the function of ZEB2 on the expense of differentiation.

Our novel finding demonstrates that the switch from ZEB2 to

ZEB1 is associated with a reduction of MITF, the master

controller of differentiation, growth and migration in melano-

cytes. In melanoma, MITF has been described as a lineage

addiction oncogene that is controlling melanoma progression

following a rheostat model, in which high MITF expression is

required for proliferation whereas its reduced level results in

invasive behavior. We postulate that low MITF expression

favors melanoma invasion and metastasis, which corre-

sponds with the poor patient prognosis predicted by the loss

of ZEB2, as shown in our study.

Materials and Methods
Mice. Mice were kept in accordance with the institutional guidelines regarding
the care and use of laboratory animals and all procedures were approved by the
institutional ethics committee. Mice with the following genotypes have been
described elsewhere: conditional Zeb2fl/fl,44 Tyr::Cre36 and Dct::LacZ.37

Conditionally, Rosa-Zeb2TG/TG-IRES-GFP overexpressing mice were generated
using G4 hybrid ES cells and the Gateway-compatible Rosa26 locus targeting
vector, as previously described.45,46

Melanin content determination. Melanin was extracted with an alkaline
solution as previously described.47

Whole-mount LacZ staining of embryos and skin. To obtain E15.5
embryos, timed matings were set up, and the day on which a vaginal plug was
detected was set as E0.5. For skin samples, back skin of 5.5-day-old mice

Figure 5 The ZEB2-MITF-ZEB1 transcriptional network. (a) Knockdown of Zeb2 by siRNA transfection of the B16 melanoma cell line. Scrambled siRNA was used as a
control (siCTRL). Relative mRNA expression of endogenous Zeb2, the melanocyte-specific differentiation genes Mitf, Tyrp1, Tyr, Dct, Mc1R and Zeb1 after Zeb2 knockdown
are shown. (b) Relative mRNA expression of subset of MITF target genes after siRNA knockdown of Zeb2 in the B16 melanoma cell line after compensation with Mitf.
(c) Western blot analysis of ZEB2 and ZEB1 expression in short-term culture human melanoma cell lines with different NRAS (blue circles) or BRAF (red circles) mutated or
WT (green circles) status. Primary human melanocytes were used as a reference. (-) specific ZEB1 band, (*) aspecific band. (d) Western blot analysis of ZEB2, MITF and
ZEB1 in a panel of human melanoma cell lines. Primary human melanocytes were used as a reference. (e) 501Mel cells were infected with lentiviral vectors expressing control
shRNA (shCTRL) or shRNA directed against MITF (shMITF). Left panel: western blot analysis shows strongly downregulated MITF expression after shMITF infection. Right
panel: shMITF knockdown leads to increased ZEB1 mRNA expression. Two independent primer pairs located in exons 1–2 and 4–5 for the ZEB1 gene were used. (f) UCSC
screenshot of a wig file of an HA-ChIP-seq from 501Mel cells expressing a 3HA-Control vector or 3HA-tagged MITF at the ZEB1 locus. Several MITF binding sites are
observed (shown by arrows) both upstream and downstream of the ZEB1 gene. (g) Anti-HA-ChIP-qPCR from native 501Mel cells (CTRL) or 501MEL cells stably
expressing 3HA-tagged MITF (HA-MITF). qPCR was performed with primers that amplify a region 1 kb upstream of the TYR transcription start site (TSS) as negative control,
the TYR TSS as positive control and two sites from the ZEB1 locus 50 and 30 of the gene as indicated in f. QPCR data were compared by using unpaired Student’s t-test
(n¼ 3, for a, e and g) or paired Student’s t-test (n¼ 5, for b) and are presented as averages±S.D. or are presented as log-transformed relative expression values with 95% CI.
P-values are indicated with ***Po0.0005, **Po0.005 and *Po0.05
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was isolated. Embryos and back skin were washed in PBS and fixed in 4%
paraformaldehyde for 3 h at room temperature (RT), after which they were washed
with permeabilization solution (0.1 M phosphate buffer pH 7.4, 2mM MgCl2,
2.5 mM EGTA, 0.01% sodium deoxycholate, 0.02% NP40, 0.005% BSA) and
stained overnight at RT with permeabilization buffer containing 5mM potassium
ferricyanide, 5 mM potassium ferrocyanide and 0.1% LacZ solution. The samples
were washed in PBS and postfixed for 2 h in 4% paraformaldehyde at RT. To
count embryonic melanoblasts externally, photos were taken with a Nikon AZ100
Multizoom microscope (Nikon, Tokyo, Japan) and defined regions were analyzed
for LacZ-positive melanoblasts with Volocity software. For further immunohisto-
chemical analysis of the back skin, samples were dehydrated, embedded in
paraffin and sectioned at 6mm.

Human tissues. Tissue samples were obtained from the Department of
Dermatology, Universitair Ziekenhuis Gent, Ghent, Belgium, from the Department
of Pathology, University Hospital Leuven, KU Leuven, Leuven, Belgium and from
archival paraffin-embedded patient samples from St. Vincent’s University Hospital,
Dublin, Ireland. All patient specimens were used in accordance with institutional
and national policies at the respective locations, with appropriate approval
provided by the relevant Ethics committees at the respective institutions. All
patient-related information was anonymized.

Immunohistochemistry. Tumors, organs and skin were isolated and fixed
overnight in 4% paraformaldehyde solution, dehydrated, embedded in paraffin and
cut into 5-mm sections. For histology, samples were stained with hematoxylin and
eosin, or with nuclear fast red. For immunohistochemical staining, antigen retrieval
was done in citrate buffer and endogenous peroxidases were blocked with 3%
H2O2 in methanol. The sections were incubated with primary antibodies and
stained with biotin-conjugated secondary antibodies followed by Streptavidin-HRP
based development (substrate development with DAB or AEC). When necessary,
the signal was amplified using the Tyramide Signal Amplification (TSA) kit (Perkin
Elmer Applied Biosystems, Zaventem, Belgium), indicated with asterisk. The
following antibodies were used: mouse anti-ZEB2 (1/300*) (in-house monoclonal
antibody, clone 7F7) for normal mouse sections, rabbit anti-ZEB2 (1/500*)
(HPA003456, Sigma, Diegem, Belgium) for human sections, goat anti-ZEB1 (1/50)
(sc-10572, Santa Cruz, Heidelberg, Germany) for mouse sections, rabbit anti-
ZEB1 (1/10 000*) (gift from Professor D Darling) for human sections; rabbit anti-
S100b (1/1000*) (ZO311, Dakopatts, Leuven, Belgium), rabbit TYRP1 (1/1000*)
(gift received kindly from Professor V Hearing); mouse anti-MITF (1/300)
(Ab 12039, Abcam, Cambridge, UK), mouse anti-PAX3 (1/200) (DSHB, Iowa city,
IA, USA).

Tyrosinase assay. The Tyrosinase assay was performed as described
previously.47

Transmission electron microscopy. Back skin from 5.5-day-old
ZEB2MCWT and ZEB2MCKO mice was immersed in a fixative solution of 2.5%
glutaraldehyde, 3% formaldehyde and 0.02% CaCl2 in 0.1 M Na-cacodylate buffer,
and processed as previously described.48 Ultrathin sections of a gold interference
color were cut using an ultra microtome (Leica EM UC6, Diegem, Belgium),
post-stained with uranyl acetate and lead citrate in a Leica EM AC20, and
collected on Formvar-coated copper slot grids. They were viewed with a JEOL
1010 transmission electron microscope (� 10 000 images) (JEOL, Tokyo, Japan).

Primary melanocyte cultures. Primary melanocytes were isolated from
5.5-day-old pups as previously described.47

siRNA and plasmid transfections. To knock down Zeb2 in primary
NRAS transformed melanocytes, primary Melan a mouse melanocytes, B16-BL6
mouse melanoma and SKMel28 human melanoma, we used siRNA
pools for mouse Zeb2 (Dharmacon, St. Leon Rot, Germany) and a scrambled
siRNA pool (Dharmacon) as a control. Transfections were performed with
HiPerfect (Qiagen, Antwerpen, Belgium) according to the manufacturer’s
instructions. Five days after siRNA transfection, RNA and protein lysates were
prepared. To overexpress mouse Mitf we used a mouse Mitf expression vector
and an empty vector as a control. Transfections were performed with GenJet
(Stratagene, Amsterdam, The Netherlands) according to the manufacturer’s
instructions. Mitf transfections were done 1 day after siRNA knockdown
of Zeb2.

Lentiviral transfections. To knock down MITF in 501Mel cells we used an
shRNA for human MITF and a scrambled shRNA (shCTRL) as a control. The
shRNA vectors are pLKO based from Sigma, the Mission shRNA series. 501Mel
cells were infected with shRNA directed against MITF or the Mission shRNA
control sequence and selected for 4 days with 3.0mg/ml of puromycin.

ChIP analysis. ChIP and ChIP-Seq experiments were performed on
chromatin from native 501Mel and on 501Mel cells stably expressing 3HA-tagged
MITF to standard protocols as previously described.39

Real-time qPCR analysis. RNA was extracted from cell cultures or ears of
15.5-day-old ZEB2MCWT and ZEB2MCKO mice by using RNeasy extraction columns
(Qiagen). RNA was treated with 1 U of RNAse-free DNase RQ1 (Promega,
Leiden, The Netherlands) per mg RNA for 30min at 37 1C in appropriate buffer.
DNAse was inactivated by incubation in Promega stop solution for 10min at 65 1C.
Bulk Mg2þ was removed by using Amicon ultra 0.5-ml centrifugal filters (Millipore,
Brussels, Belgium) in two consecutive diluting washes. cDNA synthesis was
performed with iScript (Bio-Rad, Hercules, CA, USA) following the manufacturer’s
instructions. Quantitative PCR was done using the Fast SYBR master mix kit
(Applied Biosystems, Gent, Belgium) or SensiFastTM SYBR No-Rox kit (Bioline,
Alpen aan de Rijn, The Netherlands) for the genes of interest and reference
genes. Primers were designed using Primer Express 1.0 Software (Perkin Elmer
Applied Biosystems) or obtained from the literature.47,49 Plates were run on the
LightCycler 480 (Roche, Vilvoorde, Belgium). The average threshold cycle of
triplicate reactions was used for all subsequent calculations using the deltaCT
method. Graphs represent the average normalized relative expression values of
ZEB2MCWT and ZEB2MCKO mice, with the WT average normalized relative to the
expression value at 4 days set to 1.

Western blot analysis. Cells were lysed in Laemli-lysis buffer (50mMTris-
HCl pH 6.8, 10% glycerol, 2% SDS). After sonicating and centrifuging the
samples, 20mg of protein was separated on gel and transferred to a PVDF
membrane. Membranes were incubated with primary antibodies and appropriate
HRP-labeled secondary antibodies (GE Healthcare, Diegem, Belgium). Detection
was performed with the Western LightningT chemiluminescence reagent
plus kit (Perkin Elmer, Waltham, MA, USA) or the Immobilion western HRP
substrate (Millipore). The following antibodies were used: rabbit anti-ZEB2
(1/1000) (HPA003456, Sigma); rabbit anti-ZEB1 (1/1000) (Gift from Professor
Darling); mouse anti-b-Tubulin (1/1000) (T4026, Sigma); mouse anti-MITF
(Ab 12039 Abcam); mouse anti-Vinculin (1/3000) (V9131, Sigma); mouse
anti-Fibronectin (1/1000) (Abcam, ab23750).

Statistical analysis. Data were analyzed with GraphPad Prism 5 (GraphPad
Software Inc., La Jolla, CA, USA) and R (The Comprehensive R Archive Network,
http://www.cran.r-project.org).
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