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Introduction
Malignant melanoma is one of the most aggressive types of 
cancer, with an increasing incidence and early and frequent 
metastasis to distant organs causing high lethality (Schaden-
dorf et al., 2015). Melanoma development is considered a 
stepwise process. Clones of hyperproliferative melanocytes 
(MCs) typically undergo cellular senescence, forming benign 
nevi (Mooi and Peeper, 2006; Gray-Schopfer et al., 2007). 
However, different mutations, e.g., within the INK4A/ARF 
locus, enable cells to overcome senescence and to superficially 
spread within the epidermis (radial growth phase). These cells 
can then acquire the ability to invade into the underlying 
dermis (vertical growth phase) and subsequently metastasize.

Advances in the understanding of melanoma cell biol-
ogy and immune regulation have led to the development of 
new targeted drugs, e.g., mutant BRAF or MEK inhibitors, 

that can prolong overall survival in patients with metastatic 
disease. In addition, PD-1/PD-L1 or CTLA4-directed im-
mune checkpoint blockade that promotes antitumor T cell 
activation in the microenvironment showed remarkable treat-
ment response (Schadendorf et al., 2015). Despite the recent 
success of immunotherapy and targeted therapy for mela-
noma patients, intrinsic and acquired resistance mechanisms 
determine the efficacy of these therapeutic approaches. Thus, 
new molecular targets are needed to overcome therapy resis-
tance and to achieve long-term clinical responses.

Although the relevance of tumor–immune cell inter-
actions to melanoma is established, it is less clear how other 
cell types in the microenvironment contribute to melanom-
agenesis. MCs are of neuroectodermal origin and are in in-
timate contact with keratinocytes (KCs), the main cell type 
of the skin epidermis. A single MC is in contact with ∼36 
KCs (Fitzpatrick and Breathnach, 1963), providing them 
with melanin pigment that protects the skin against UV-in-
duced damage (Van Den Bossche et al., 2006). Although 
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KCs have been reported to secrete soluble factors mediating 
MC growth, motility, and differentiation (Scott et al., 2007; 
Fukunaga-Kalabis et al., 2008; Bald et al., 2014; Coleman et 
al., 2015), the relevance of direct, physical KC–MC interac-
tion for MC physiology and pathogenesis is less clear. KC–
MC adhesions involve E-cadherin (Tang et al., 1994), which 
is thought to be essential to control MC growth (Haass and 
Herlyn, 2005), as E-cadherin loss is common during mela-
noma progression (Miller and Mihm, 2006). P-cadherin has 
also been reported to modulate homeostatic MC functions 
(Samuelov et al., 2012, 2013). During mouse development, 
melanoblasts migrate through the dermis, pass the dermal–
epidermal junction around birth, populate the neonatal epi-
dermis, and then mostly migrate into the developing hair 
follicles. In the bulge, MC stem cells reside throughout adult-
hood and are periodically coactivated with the hair follicle 
cycle and neighboring hair follicle stem cells (Slominski and 
Paus, 1993; Nishimura et al., 2002). Soluble factors released 
by adjacent bulge and bulb epithelial cells contribute to MC 
stem cell maintenance and activation, including TGFβ, Wnt, 
KIT ligand, and endothelin 2 (Botchkareva et al., 2001; Peters 
et al., 2002; Rabbani et al., 2011; Tanimura et al., 2011; Chang 
et al., 2013), highlighting that cellular cross talk is an import-
ant factor in MC homeostasis.

Despite the importance of KC–MC interactions for 
the epidermal melanin unit, the molecular basis of this com-
munication and its relevance for melanomagenesis is poorly 
understood. MCs undergo striking morphological changes 
when homing to their epidermal niche, differentiating into 
melanin-producing dendritic MCs, and in the course of on-
cogenic transformation when they undergo hyperprolifer-
ation and dendritic shortening (Haass and Herlyn, 2005). 
Profound and dynamic changes in adhesion, cell polarity, 
and architecture of tumor cells are hallmarks of cancer and 
implicated in tumor growth, invasion, and metastasis (Ha-
nahan and Weinberg, 2000). Conserved polarity proteins 
regulate a wide range of cell behaviors including neuronal 
differentiation, directed cell migration, apicobasal polarity, 
oriented cell divisions, and directed vesicular transport (Iden 
and Collard, 2008; Macara and Mili, 2008; St Johnston and 
Ahringer, 2010; Niessen et al., 2012). Polarity proteins cou-
ple the control of cell shape to crucial signaling pathways 
regulating cell growth and survival, metabolism, fate, and 
differentiation. The Par3–atypical protein kinase C (aPKC)–
Par6 polarity complex has emerged as a key regulatory 
module of cellular asymmetry and is crucial for embryonic 
development (Suzuki and Ohno, 2006). Importantly, altered 
polarity protein expression has been observed in a range 
of human cancers (Huang and Muthuswamy, 2010; Mur-
ray et al., 2011). Recent studies using animal models with 
impaired polarity protein function revealed that tumor-in-
trinsic polarity signaling controls formation and progression 
of epithelial cancers (Gödde et al., 2014; Mescher and Iden, 
2015). Our previous work identified Par3 as an important 
integrator of oncogenic Ras- and aPKC-mediated signal-

ing and revealed tumor type–dependent prooncogenic and 
tumor-suppressive functions of Par3 in epidermal cancers 
(Iden et al., 2012). Despite this emerging cell-autonomous 
role of polarity proteins in cancer, it is largely unknown 
how the cytoarchitecture and polarity of the environment 
control tumor initiation and progression.

Here, we addressed the role of Par3 in the epithelial en-
vironment of melanoma and the control of KC–MC cross talk 
as a potential rheostat of MC transformation and malignancy.

Results
Epidermal Par3 suppresses melanoma 
formation and metastasis in vivo
In chemical 7,12-dimethylbenz[a]anthracene (DMBA)/12- 
O-tetradecanoylphorbol-13-acetate (TPA) skin carcinogene-
sis experiments, we observed that mice with epidermal loss of 
Par3 (K14Cre;Par3fl/fl; hereafter Par3eKO) surprisingly showed 
increased melanocytic hyperplasia and incidence of mela-
noma (Fig. 1 A). As Par3 deletion was restricted to the keratin 
14 (K14)–derived lineage and not occurring in MCs, which 
was also verified by Cre reporter analyses (Fig. 1 B), this im-
plied that KC polarity proteins impinge on MC fate. To test 
this more rigorously, we crossed Par3eKO mice to hepatocyte 
growth factor (HGF);Cdk4R24C mice, a model for autochtho-
nous malignant melanoma closely resembling human pathol-
ogy (Fig. 1 C; Tormo et al., 2006). In this immunocompetent 
model, HGF expression retains interfollicular MCs (Takayama 
et al., 1997), mimicking MC localization in human skin, and 
mediates deregulated receptor tyrosine kinase signaling. An 
additional oncogenic Cdk4R24C germline mutation impairs 
p16/Ink4a-dependent cell cycle regulation (Sotillo et al., 
2001; Gray-Schopfer et al., 2006), a crucial tumor-suppressive 
axis that is defective in the vast majority of human mela-
noma (Young et al., 2014). HGF;Cdk4R24C mice are prone 
to spontaneous melanoma, and genotoxic insults such as UV 
light or exposure to carcinogens like DMBA further accel-
erate and synchronize HGF;Cdk4R24C-driven melanomagen-
esis (Gaffal et al., 2011; Landsberg et al., 2012). Intriguingly, 
combining this genetic melanoma model with Par3 loss in 
the epidermal environment revealed significantly increased 
melanoma multiplicity as compared with control littermates 
(Fig. 1, C and D), while Par3 expression was retained within 
the melanoma, further confirming that the K14-driven Cre 
recombinase used in this study is not active in MCs (Fig. 1 E). 
Primary melanoma invaded the dermis and showed tumor- 
associated angiogenesis (Fig. 1 F). Importantly, epidermal Par3 
loss also promoted distant metastasis as the lungs of Par3eKO;- 
HGF+;Cdk4R24C/R24C mice exhibited increased incidence 
(57.1 vs. 16.7% in Ctrl;HGF+;Cdk4R24C/R24C) and number 
(Fig. 1, G and H) of pigmented metastatic lesions positive for 
the MC marker TRP2 (Fig. 1 I) and negative for F4/80 (not 
depicted), discriminating them from melanophages. Thus, 
these data demonstrate a hitherto unknown in vivo role for a 
polarity protein in non–cell autonomous suppression of can-
cer formation and progression.
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Figure 1.  Epidermal Par3 deletion results in elevated melanoma multiplicity and lung metastasis. (A) Epidermis of DMBA/TPA-treated control (ctrl) 
and Par3eKO mice, showing MC hyperplasia and melanoma in DMBA/TPA-treated Par3eKO mice. H&E staining of back skin cross sections is shown. Bars: (top) 
10 µm; (bottom left) 50 µm; (bottom right)100 µm. Data are representative of one skin tumor experiment with control (n = 25) and Par3eKO (n = 27) mice. 
(B) Skin cross sections of mTmG dual-fluorescence reporter mice with and without K14Cre allele and simultaneous immunostaining for the MC marker 
TRP2. Note that K14Cre-mediated recombination as evident by switch from membranous red (mTomato) to green (EGFP) fluorescence does not occur in 
MCs. Bar, 25 µm. Data are represented from two independent experiments. n = 3 mice per group. (C) HGF;Cdk4R24C mice: an autochthonous mouse mel-
anoma model for spontaneous melanoma. (Top) Single topical DMBA treatment (or single UV exposure) serves to accelerate and synchronize melanoma 
formation. (Bottom) Representative photographs of control and Par3eKO mice crossed to the HGF;Cdk4R24C melanoma model (Ctrl;HGF+;Cdk4R24C/R24C and 
Par3eKO;HGF+;Cdk4R24C/R24C) 16 wk after DMBA. (D) Tumor multiplicity in the melanoma model shown in C. Pooled data are depicted as mean ± SEM, with 
in total n (Ctrl;HGF+;Cdk4R24C/R24C) = 18 mice, n (Par3eKO; HGF+;Cdk4R24C/R24C) = 22 mice, n (control) = 5 mice, and n (Par3eKO) = 11 mice at the start of the 
experiment. P-values weeks 8–15 (left to right): *, P = 0.01242; **, P = 0.00931; **, P = 0.00125; **, P = 0.00456; *, P = 0.03295; NS, 0.07363; **, P = 0.00142; 
*, P = 0.01482; Ctrl;HGF+;Cdk4R24C/R24C vs. Par3eKO;HGF+;Cdk4R24C/R24C; multiple Student’s t tests. (E) Par3 and GAP​DH immunoblots of protein extracts isolated 
from primary melanoma that developed in Ctrl;HGF+;Cdk4R24C/R24C and Par3eKO;HGF+;Cdk4R24C/R24C mice, demonstrating robust Par3 expression in melanoma 
that is unaffected by K14Cre-mediated recombination. Data are representative of three independent experiments. n = 3 biological replicates per group.  
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Par3 in KCs counteracts MC proliferation and survival 
through modulation of direct cell–cell contacts
To examine how Par3 loss in the epithelial environment 
promotes melanoma, we studied proliferation of primary 
tumors that developed in the HGF;Cdk4 melanoma 
model. These analyses revealed an increased prolifera-
tive index, with an elevated number of proliferating cell 
nuclear antigen (PCNA)high melanoma cells in Par3eKO;- 
HGF+;Cdk4R24C/R24C mice (Fig. 2, A and B), in agreement 
with the higher tumor multiplicity. Moreover, melanomas 
in these mice displayed significantly increased extracellular 
signal–regulated kinase (ERK) and Akt activity (Fig. 2, C 
and D), indicating that Par3 deficiency in the epidermis 
stimulates growth and survival signaling in mouse mela-
noma. To assess whether Par3 already regulates MC be-
havior under nontumorigenic conditions, we examined 
epidermis and hair follicles of Par3eKO mice at different 
ages for the presence of MCs. Following the route of MC 
homing, interfollicular MCs were analyzed in newborn 
epidermis, whereas hair follicle–localized MCs were stud-
ied in neonatal, young, and old adult mice. Immunohis-
tochemical analysis revealed an increase in TRP2-positive 
MC number in the back skin of Par3eKO mice compared 
with controls at all stages examined (Fig. 2, E–H). To as-
sess whether epidermal Par3-mediated regulation of MC 
numbers depended on direct KC–MC interaction or was 
based on secreted factors, we performed different co- 
culture assays using primary mouse wild-type MCs and 
control or Par3KO KCs. This revealed that loss of Par3 in 
KCs significantly expanded the number of MCs when 
compared with control cultures, but only when these two 
cell types were in direct contact and in the presence of 
1.8 mM Ca2+ (high calcium [HC]; Fig. 2, I and J), whereas 
indirect co-cultures (Fig. 2 K) or direct co-cultures at low 
calcium (LC) conditions (50 µM Ca2+; Fig. 2, I and J) did 
not affect MC number. MC expansion was mainly driven 
by a combination of increased proliferation and decreased 
apoptosis of MCs, as indicated by increased BrdU incor-
poration and reduced cleaved caspase3 immunoreactivity, 
respectively (Fig. 2, L and M). Together, in line with our in 
vivo observation of deregulated normal and transformed 
MCs when the extrinsic polarity machinery was disturbed, 
these data show that the loss of Par3 in KCs elicits increased 
MC proliferation and survival through direct and calcium- 
dependent KC–MC interactions.

Epidermal Par3 controls MC morphology and motility
In addition to increased growth and survival, we also noted 
significant changes of MC shape when co-cultured with 
Par3KO KCs (Fig. 3 A). As Par3 has a well established role in the 
intrinsic regulation of cytoarchitecture, we assessed whether 
Par3 could affect cell shape in a non–cell autonomous man-
ner. Phase-contrast and immunohistochemistry analyses re-
vealed that MCs exposed to control KCs displayed long and 
thin dendrites and overall neuronal-like morphology, whereas 
they exhibited a flattening of the cell body and significantly 
shortened dendrites when exposed to Par3KO KCs (Fig.  3, 
A–C), suggesting MC dedifferentiation. Similarly, in the skin 
of Par3eKO mice, MCs displayed a more stubby dendritic mor-
phology with dendritic shortening and more spread cell body 
area (Fig. 3, D and E). Time-lapse microscopy of co-cultures 
demonstrated larger contact areas of MCs with surrounding 
Par3KO KCs and concomitant dendritic shortening. Strikingly, 
however, this increased interaction did not reflect more static 
intercellular adhesion; instead, MCs showed remarkably en-
hanced motility with continuous crawling in between Par3KO 
KCs and frequent exchange of neighboring KCs. This was in 
stark contrast to control cultures where MCs connected to 
KCs largely via their dendritic tips, with little net movement 
of the whole cell (Videos 1 and 2). Automated morphomet-
ric analysis of TRP2-immunostained MCs confirmed these 
morphological changes, as indicated by decreased mean MC 
compactness when exposed to Par3KO KCs (Fig. 3 F). To fur-
ther assess the consequence of Par3 deficiency in KCs on MC 
shape and overall motility, we performed live-cell imaging of 
co-cultured MCs expressing fluorescent membrane-targeted 
Tomato (mT/mG; Muzumdar et al., 2007). Analysis of MC 
perimeters and tracking of individual MCs in co-cultures 
using Quimp11b software (Tyson et al., 2014) revealed that, 
despite more flattened and less dendritic morphology, loss 
of Par3 in KCs led to increased MC protrusion dynamics, 
with frequent formation and repositioning of cellular protru-
sions (Fig. 3 G). Notably, this coincided with increased total 
distance traveled and mean speed of MCs contacting Par3- 
deficient KCs compared with controls (Fig. 3 H). Although 
it remains formally possible that the observed increased lung 
metastasis in Par3eKO;HGF+;Cdk4R24C/R24C mice was in part 
caused by an increased primary tumor load or altered angio-
genesis, these independent single-cell analyses enabled us to 
uncouple MC number and motility. Together, the KC–MC 
co-culture experiments demonstrated that epidermal Par3 is 

(F) H&E staining of primary melanoma in control and Par3eKO melanoma mice. TRP2 immunohistochemistry of primary melanoma and macroscopically 
visible vascularization close to melanoma formed in these mice are shown. Bars: (left) 1 mm; (middle) 60 µm. Data are representative of at least three 
independent experiments (TRP-2 immunohistochemistry) or analyses of in total n (Ctrl;HGF+;Cdk4R24C/R24C) = 18 mice and n (Par3eKO; HGF+;Cdk4R24C/R24C) = 
22 mice (H&E and tumor vascularization). (G) Lung metastasis in Ctrl;HGF+;Cdk4R24C/R24C and Par3eKO;HGF+;Cdk4R24C/R24C melanoma mice. Arrows indicate 
macroscopically visible metastases. (H) Quantification of macrometastases per lung in Ctrl;HGF+;Cdk4R24C/R24C (n = 12 mice) and Par3eKO;HGF+;Cdk4R24C/R24C  
(n = 7 mice) during melanomagenesis <15 wk after DMBA. The mean includes all mice analyzed irrespective of metastasis status. Incidence of lung me-
tastasis: Ctrl;HGF+;Cdk4R24C/R24C, 16.7%; Par3eKO;HGF+;Cdk4R24C/R24C, 57.1%. Pooled data are depicted as mean ± SEM. *, P = 0.0436; Mann Whitney U test.  
(I) H&E (left) and TRP2 (right) immunostaining of melanoma metastases in lung. Bars: (H&E)100 µm; (immunofluorescence) 20 µm. Data are representative 
of two independent experiments. n = 3 biological replicates.
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Figure 2. L oss of epidermal Par3 promotes MC proliferation and survival through direct KC–MC contacts. (A) PCNA immunostaining of primary 
melanoma formed in Ctrl;HGF+;Cdk4R24C/R24C and Par3eKO;HGF+;Cdk4R24C/R24C mice. DAPI served as a nuclear counterstain. Bar, 25 µm. (B) Quantification of 
A. Relative proliferative index, determined as fraction of DAPI nuclei with high PCNA expression, is shown. Data are mean ± SD. n (control) = 5; n (KO) = 
8. *, P = 0.0453; unpaired Student’s t test with Welch’s correction. Data are pooled from three independent experiments. (C) Phospho-ERK, phospho-Akt, 
and β-actin immunoblots of protein extracts isolated from primary melanoma that developed in Ctrl;HGF+;Cdk4R24C/R24C and Par3eKO;HGF+;Cdk4R24C/R24C mice. 
(D) Quantification of C. Immunosignals of phosphorylated ERK and Akt were first normalized to β-actin (loading control) and then normalized to values 
of control tumors. Data are mean ± SD. pERK: n = 8 tumors per group; **, P = 0.0076. pAKT: n = 7 tumors per group; **, P = 0.00695. Student’s t test was 
used. Data are pooled from three independent experiments, with each tumor originating from a different mouse. (E) TRP2 immunostaining for MCs in 
neonatal (P0) back skin cross sections of control and Par3eKO mice. Arrows mark MCs, and dashed lines underline the MC-containing basal epidermal layer. 
(F) Quantification of MC number in interfollicular epidermis of control (n = 4 independent biological replicates) and Par3eKO (n = 5 biological replicates). 
Data are mean ± SD. P0 back skin: **, P = 0.0076; Student’s t test. Hair follicles: n = 4 biological replicates per group; *, P = 0.0129; Student’s t test. (G) TRP2 
immunostaining of P58 back skin cross sections of control and Par3eKO mice. Arrows indicate MCs. Data are representative of three independent experiments.  
(H) Quantification of MC number per hair follicle of control and Par3eKO back skins of adult mice of different age. Data are pooled from independent experi-
ments and depicted as mean ± SD. 7 wk: n = 3 biological replicates per group; **, P = 0.0012. 4 mo: n = 3 biological replicates per group; *, P = 0.0139. 12 mo: 
n = 4 biological replicates per group; *, P = 0.0291. Student’s t test was used. (I) Scheme of direct co-cultures (top) and quantification of direct co-cultures 
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a crucial regulator of MC morphology that counteracts MC 
migration and protrusive activity, both processes that can fa-
cilitate increased melanoma metastasis.

Loss of epidermal Par3 results in elevated P-cadherin 
localization at heterologous KC–MC contacts
The direct KC–MC co-cultures revealed that Par3 deficiency 
leads to increased MC proliferation, survival, and migration 
and dendritic shortening at high extracellular calcium that 
not only promotes differentiation of KCs, but also induces 
Ca2+-dependent adhesion. As the co-cultures required direct 
contact, we therefore hypothesized that calcium-dependent 
adhesion molecules were crucial for the abnormal Par3KO 
KC–MC cross talk. In line with previous studies, we were able 
to detect E- and P-cadherin expression in both KCs and MCs 
(Fig. 4, G and H). E-cadherin has previously been implicated 
in mediating KC–MC contacts in humans (Tang et al., 1994), 
and mice with MC-specific E-cadherin deletion exhibit par-
tial MC loss after stress, mimicking clinical vitiligo (Wagner et 
al., 2015). However, we could only detect modest E-cadherin 
localization at heterologous junctions (not depicted). Then, 
we examined P-cadherin, as this classical cadherin is also ex-
pressed in the epidermis, and found a strong enrichment of 
P-cadherin at sites of KC–MC adhesion but not in homol-
ogous MC–MC contacts (Fig. 4, A and B). Notably, P-cad-
herin localization to heterologous junctions was reinforced 
between MCs and Par3KO KCs as compared with control 
KCs (Fig. 4 B). Moreover, P-cadherin was also localized at 
sites of contacts between KCs and MCs in vivo (Fig. 4, C and 
D), indicating that P-cadherin mediates heterologous contacts 
between two resident skin cells. In addition, we noted an in-
verse correlation of Par3 and P-cadherin in the skin of wild-
type mice: in areas of high P-cadherin immunoreactivity such 
as the hair matrix and basal epidermal layer (Müller-Röver 
et al., 1999; Tinkle et al., 2008), Par3 levels were reduced, 
whereas in P-cadherin low-expressing compartments, such 
as the suprabasal epidermis, Par3 immunoreactivity was high 
(Fig. 4 C). Therefore, we examined the consequence of Par3 
inactivation on P-cadherin localization in vivo. Strikingly, 
P-cadherin–positive clusters were bigger in Par3eKO epider-
mis, with frequent localization of MCs to these compart-
ments. Similarly, more MCs contacted dense P-cadherinhigh  
clusters in developing Par3eKO hair follicles (Fig.  4, D and 
E). Hence, we assessed whether overall P-cadherin expres-

sion was affected by loss of Par3. Whereas we could not 
detect changes in P-cadherin RNA expression (Fig.  4  F), 
surface biotinylation experiments of control or Par3KO;- 
HGF+;Cdk4R24C/R24C KC–MC co-cultures demonstrated 
significantly increased cell-surface levels of P-cadherin, but 
not E-cadherin, in Par3-deficient KCs as compared with 
controls (Fig.  4, I and J). Importantly, pulse-chase experi-
ments also unraveled significantly higher P-cadherin protein 
stability upon Par3 inactivation (Fig. 4, K and L). Thus, loss 
of Par3 in KCs decreases P-cadherin turnover and selectively 
elevates surface P-cadherin on KCs, which through homo-
typic cadherin transinteraction may subsequently stabilize  
P-cadherin on co-cultured MCs.

P-cadherin mediates MC hyperplasia  
and shape changes upon Par3 loss
To directly test whether increased P-cadherin was respon-
sible for the morphological and mitogenic changes of MCs 
upon loss of epidermal Par3, we inhibited P-cadherin– 
mediated adhesion using a function-blocking antibody (PCD-1;  
Nose and Takeichi, 1986) in KC–MC co-cultures. Strikingly, 
whereas an E-cadherin function–blocking antibody that de-
layed calcium-induced cell–cell contact formation between 
KCs (not depicted) had no impact on the morphology of 
MCs in Par3KO KC co-culture (Fig. 5 A), P-cadherin block 
resulted in a complete rescue of dendritic MC morphology 
(Fig.  5, A and B). Similarly, siRNA-mediated P-cadherin 
down-regulation in Par3KO KCs reversed MC dendritic 
length and prevented MC expansion (Fig. 5, C–E), showing 
that P-cadherin was necessary for MC changes in a Par3- 
deficient microenvironment.

To test whether P-cadherin up-regulation in vivo is 
sufficient for MC expansion and dendritic shortening, we 
made use of mice with epidermal deletion of E-cadherin re-
sulting in compensatory up-regulation of P-cadherin in the 
basal epidermal layer (Tinkle et al., 2004; Tunggal et al., 2005). 
In line with our hypothesis that KC-expressed P-cadherin 
promotes MC expansion, E-cadherinKO epidermis (Tung-
gal et al., 2005) displayed increased MC numbers (Fig. 6, A 
and B), thus mimicking Par3eKO skin. Moreover, MCs co- 
cultured with E-cadherinKO KCs, characterized by increased P- 
cadherin expression (Fig.  6  C), recapitulated MC expan-
sion and decreased dendritic length (Fig. 6, D and E) as ob-
served in co-culture with Par3KO KCs. Importantly, these MC 

(bottom), cultivated 7 d in LC and HC medium (five images/condition) The graph shows pooled data from independent experiments depicted as mean ± 
SD. n = 3 biological replicates per group. **, P = 0.0022; Student’s t test). (J) Phase-contrast micrography of direct co-cultures. Orange asterisks mark MCs.  
(K) Scheme and quantification of MC number per image in indirect co-culture with control and Par3KO KCs (greater than nine images/condition) The graph 
show pooled data from independent experiments as mean ± SEM. n = 3 biological replicates per group. LC: ns, P = 0.79. HC: ns, P = 0.99. Student’s t test 
was used. Subconfluent MCs cultured on a permeable filter support were indirectly co-cultured with control or Par3-deficient KC cultures. (L) BrdU and TRP2 
immunostaining of direct co-cultures. Arrowheads mark BrdU-positive MCs. Data are representative of three independent experiments. (M) Quantification 
of MC number directly co-cultured with control or Par3KO KCs for 10 d at HC (left) and percentage of MCs positive for BrdU (middle) or cleaved caspase3 
(right; >10 images per condition). The graphs show pooled data from independent experiments depicted as mean ± SD. MC: n = 6 biological replicates per 
group; **, P = 0.0012. Proliferation: n = 4 biological replicates per group; **, P = 0.0011. Apoptosis: n = 3 biological replicates per group; ***, P = 0.0006. 
Student’s t test was used. cl., cleaved; Ctrl, control; IFE, interfollicular epidermis, pos., positive; rel., relative. Bars: (E and L) 10 µm; (G and J) 20 µm.
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changes upon E-cadherin inactivation were also P-cadherin 
dependent, as additional shRNA-mediated P-cadherin de-
pletion in E-cadherinKO KCs reversed MC dendritic length, 
MC number, and proliferation to control levels (Fig. 6, C–E). 
To further ask whether P-cadherin is sufficient or whether 
MCs require other KC-specific interactions, we used Chi-
nese hamster ovary (CHO) cells stably transfected with P- 
cadherin. P-cadherin–CHO cells were indeed able to pro-
mote expansion of co-cultured MCs, in contrast to wild-
type CHO cells, which do not express substantial levels of 
endogenous P-cadherin (Fig. 6, F and G). In line with this, 
expression of P-cadherin–GFP in control KCs was sufficient 
to induce a less dendritic, more flattened MC morphology, 

mimicking shape changes of MCs contacting Par3KO KCs and 
supporting that P-cadherin mediates heterologous KC–MC 
interaction (Fig.  6  H). Collectively, these data demonstrate 
that increased P-cadherin–based adhesion upon loss of Par3 
or E-cadherin drives MC dedifferentiation and hyperplasia.

PAR3 and P-cadherin expression  
and localization in human melanoma
To assess a potential contribution of PAR3 dysfunction and/or  
P-cadherin overexpression to human disease progression, we 
studied a panel of skin and melanoma specimens of various 
tumor grades, including benign nevi, noninvasive melanoma 
in situ, and early and advanced stages of melanoma. Impor-

Figure 3.  MC morphology, protrusion dynamics, 
and migration is regulated by epidermal Par3.  
(A) Phase-contrast micrography and live-cell imaging 
of mouse KC–MC co-cultures (stills of Videos 1 and 2; 
4 d co-culture; HC medium). Data are representative 
of two independent experiments. (B) TRP2 immunos-
taining of MC co-cultures with control or Par3KO KCs. 
Data are representative of three independent exper-
iments. (C) Quantification of B. MC dendritic length 
in direct co-cultures 7 d in HC medium (>20 images/
condition) is shown. Data are pooled from indepen-
dent experiments represented as mean ± SD. n = 3 
biological replicates per group. *, P = 0.0196; Stu-
dent’s t test. (D) TRP2 immunostaining of tail whole 
mounts of control and Par3eKO;H2B-GFP+ mice (age: 
P58). (E) Quantification of in vivo MC morphology 
in tail whole mounts (>10 hair follicles per mouse). 
Data are pooled from independent experiments and 
are depicted as mean ± SD. n = 5 biological replicates 
per group. *, P = 0.0208; unequal variances Student’s t 
test with Welch’s correction. (F) Automated, unbiased 
quantification of MC compactness using CellProfiler 
(>20 images/condition). A low value for compact-
ness reflects a MC shape that is closer to a perfect 
circle than higher values for compactness. Data are 
pooled from independent experiments and depicted 
as mean ± SD. n = 3 biological replicates per group. 
**, P = 0.0078; Student’s t test. (G) Live-cell imaging 
of membraneTomato (mT/mG)-expressing control 
MCs co-cultured with control or Par3KO KCs (4-d co- 
culture; HC medium). From left to right: immunofluo-
rescent images of tracked MCs over time representative 
of three independent experiments. The white outline 
shows the perimeter of tracked cells using Quimp11b. 
Far right: perimeter overlay of the same MCs at differ-
ent time points during live-cell imaging to visualize 
protrusion dynamics over time. (H) Quantification of 
total distance traveled and mean speed of co-cultured 
mTomato+ MCs as represented in G. (>600 cells/condi-
tion). Data are pooled from independent experiments 
and are represented as mean ± SD. n = 3 biological 
replicates per group. Distance traveled: *, P = 0.0286. 
Mean speed: *, P = 0.0286. Mann Whitney U test was 
used. Bars: (A) 20 µm; (B and D) 10 µm; (G) 50 µm.  
Ctrl, control; rel., relative. See also Videos 1 and 2.
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Figure 4.  Par3 loss in KCs increases P-cadherin surface levels and stability and enforces P-cadherin localization to heterologous KC–MC con-
tacts. (A) P-cadherin immunostaining in Par3KO KC–MC co-culture and MC monoculture. Bar, 10 µm. (B) P-cadherin immunostaining in control and Par3KO 
co-cultures. Bar, 10 µm. (C) P-cadherin and Par3 coimmunostainings of neonatal control skin cross sections depicting interfollicular epidermis (top) and 
hair follicle (bottom) areas. Dashed lines demarcate the MC-containing basal epidermal layer. Bar, 10 µm. (D) P-cadherin and TRP2 immunohistochemistry 
of neonatal skin cross sections. Dashed lines underline the MC-containing basal epidermal layer. Bar, 10 µm. (A–D) Data are representative of three indepen-
dent experiments. (E) Quantification of the number of P-cadherin–positive cells in interfollicular epidermis (IFE; data are mean ± SD; n = 3 mice per group; 
****, P < 0.0001; Student’s t test) and MC number colocalizing with P-cadherin–positive cell clusters in hair follicles (data are pooled and depicted as mean ± 
SD; n = 5 mice per group; **, P = 0.0095; unequal variances Student’s t test with Welch’s correction). (F) Quantitative RT-PCR for P-cadherin RNA expression 
in control and Par3KO primary KCs cultured at LC or 5 d HC. Data are pooled and represented as mean ± SEM. n = 5 biological replicates per group. LC: ns, P = 
0.0940. HC: ns, P = 0.941. One-way ANO​VA with Tukey posthoc test was used. (G) Western blot analysis for E- and P-cadherin in total lysates of control MCs 
and KCs, demonstrating that both cell types express both types of classical cadherins. Data are representative of three independent experiments. (H) Quanti-
fication of G. Cadherin levels were first normalized to GAP​DH (loading control) before the expression in MCs relative to control KCs was determined. Data are 
pooled and represented as mean ± SD. n = 3 biological replicates per group. Student’s t test was used. (I) Biotinylation assay using primary KCs isolated from 
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tantly, epidermal PAR3 immunoreactivity in areas surround-
ing invasive primary melanoma was significantly reduced 
compared with control epidermis (Fig. 7, A and B), in line 
with our observation that loss of Par3 in KCs drives mela-
noma. Thus, these results revealed a negative correlation of 
epidermal PAR3 expression with melanoma progression. Im-
portantly, human P-cadherin robustly localized to heterolo-
gous contacts between MCs and surrounding KCs (Fig. 7 C), 
similar to what we observed in mouse skin (Fig. 4, C and D). 
Despite sequential dedifferentiation and frequent mislocal-
ization of MCs to suprabasal layers in progressed melanoma, 
P-cadherin was retained at these KC–MC contacts (Fig. 7, 
C and D). Quantification of P-cadherin staining intensity 
revealed significantly increased enrichment of P-cadherin at 
heterologous contact sites between KCs and MCs, positively 
correlating with the progression of melanoma (Fig.  7  E). 
These data suggest that PAR3 dysfunction and enhanced 
P-cadherin expression at sites of heterologous cross talk cor-
relate with human melanoma progression.

Elevated P-cadherin expression correlates with reduced 
melanoma patient survival
Interestingly, in line with the data presented in the previous 
paragraph, in silico analysis of different publicly available 
datasets from human melanoma confirmed the significant 
up-regulation of P-cadherin expression in nevi and primary 
tumors as compared with normal skin (Fig. 8, A and B). The 
data further revealed reduced P-cadherin expression in dis-
tant metastases when compared with primary tumors (Fig. 8, 
B and C), in agreement with our observation of undetectable 
P-cadherin levels in mouse melanoma lung metastases (not 
depicted). Strikingly, however, high P-cadherin expression 
significantly correlated with reduced melanoma patient sur-
vival (Fig. 8 D). Together, these data suggest that P-cadherin 
is particularly important during initiation, growth, and pro-
gression of primary melanoma, whereas melanoma cells may 
become independent of P-cadherin–mediated effects once 
the metastatic colonization has occurred.

Discussion
The epidermis constitutes an important niche for other res-
ident skin cells; however, it is largely unknown how the skin 
epithelium controls the formation and progression of mel-
anoma, a highly lethal nonepithelial malignancy. Here, we 
identify a non–cell autonomous tumor suppressor role for 
the polarity protein Par3 through the control of P-cadherin. 

Our results from genetic mouse models, human melanoma 
cohorts, and functional co-culture experiments indicate that 
loss of epidermal Par3 up-regulates cell-surface P-cadherin 
that serves as a critical determinant to promote not only a 
pro-proliferative epidermal niche for MCs, but also their 
gradual transformation, motility, and subsequent dissemina-
tion from the primary tumor (Fig. 9). Thus, this study reveals 
a novel level of complexity in tissue-borne tumor suppres-
sion mechanisms, whereby epithelial polarity proteins ensure 
organismal health through the control of heterologous cell–
cell interactions and cytoarchitecture, thus antagonizing the 
formation and progression of cancers originating from other 
tissue-resident cell types.

Our findings expose the polarity regulator Par3 as an 
important rheostat that governs heterologous cell–cell inter-
actions through control of cadherin status. The importance 
of P-cadherin for human skin biology is highlighted by two 
genodermatoses that are associated with congenital alopecia 
and linked to CDH3 loss-of-function mutations or deletions 
interfering with P-cadherin–mediated adhesion (Souied et 
al., 1995; Sprecher et al., 2001; Indelman et al., 2002; Kjaer et 
al., 2005). Consistent with this, P-cadherin down-regulation 
in cultured human skin resulted in altered hair growth and, 
interestingly, a reduction of hair follicle cells positive for MC 
markers (Samuelov et al., 2012, 2013). P-cadherin deletion in 
mice results in premature differentiation of mammary glands 
(Radice et al., 1997), but no overt skin phenotype was re-
ported, perhaps because of the functional compensation by 
E-cadherin (Tinkle et al., 2008; Michels et al., 2009). Whether 
and how aberrant P-cadherin affects MC shape, transforma-
tion, and melanoma progression has not been demonstrated. 
Our results now identify a novel protumorigenic function 
of P-cadherin in melanoma and highlight that this classical 
cadherin is a key mediator of interactions between epithelial 
KCs and neural crest–derived cells important in the context 
of skin cancer formation and progression.

The Par3-dependent control of surface P-cadherin 
appears to involve a direct regulation of P-cadherin protein 
function. Though induction of P-cadherin mRNA down-
stream of p63 (Osada et al., 2005; Shimomura et al., 2008) or 
as consequence of E-cadherin deletion (Chen et al., 2014) has 
been reported, loss of Par3 in KCs did not result in elevated 
P-cadherin mRNA expression. Instead, our surface labeling 
and pulse-chase experiments strongly suggest that Par3 coun-
teracts the stability of surface-localized P-cadherin. Though 
ectodomain cleavage is a common mechanism for cadherin 

ctrl;HGF+;Cdk4R24C/R24C and Par3eKO;HGF+;Cdk4R24C/R24C mice, 3 d after calcium switch, demonstrating elevated P-cadherin surface levels in Par3-deficient KCs. 
(J) Quantification of I. P-cadherin levels were normalized to GAP​DH (loading control) before fold-changes relative to control cells were determined. Data are 
pooled and depicted as mean ± SEM. P- cadherin: n = 4 biological replicates per group; *, P = 0,0286; Mann Whitney U test. E- cadherin: n = 3 biological 
replicates per group. T: ns, P = 0.335; Surface: ns, P = 0.567; Student’s t test. (K) Immunoblot analysis of surface biotin-labeled P-cadherin stability in control 
and Par3KO KCs cultured at 2 d HC. (L) Quantification of K. P-cadherin levels at 12-h chase period (after biotinylation) were normalized to total P-cadherin 
expression per genotype at 0 h (= pulse). Data are pooled and represented as mean ± SEM. n = 3 biological replicates per group. *, P = 0.0327; Student’s t 
test. Cad, cadherin; Ctrl, control; LE, long exposure; norm., normalized; PD, pull-down; pos., positive; rel., relative; T, total protein.
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regulation (Cavallaro and Dejana, 2011), by different bio-
chemical assays including concanavalin A or TCA-mediated  
precipitation of proteins in culture supernatants, we did not 
obtain evidence for significant P-cadherin shedding in KCs of 
either genotype (not depicted). Therefore, we conclude that 
Par3 controls P-cadherin surface levels by alternative mecha-
nisms that may include promoting P-cadherin internalization 
or restricting the incorporation of P-cadherin into cell–cell 
contacts. An essential cadherin surface retention factor is the 
armadillo protein p120catenin (p120ctn; Ireton et al., 2002; 
Davis et al., 2003; Xiao et al., 2003). Binding of p120ctn to 
the juxtamembrane domain of classical cadherins can prevent 
cadherin endocytosis, thereby increasing cadherin surface lev-
els, clustering, and adhesive strength (Yap et al., 1998). These 
data provide a foundation for future work to investigate the 
largely unknown regulatory mechanisms that coordinate 
heterologous cell–cell interactions in tissue homeostasis and 
malignant transformation.

Intriguingly, we found that, in the skin epidermis, Par3 
selectively controls P-cadherin but not E-cadherin expres-
sion, the more abundant classical cadherin expressed in this 
tissue. In agreement, and in contrast to P-cadherin, blocking 
E-cadherin–mediated adhesion was indeed not able to re-
verse the abnormal morphology of MCs co-cultured with 
Par3-deficient KCs. Instead, E-cadherinKO KCs mimicked 

Par3KO KCs with respect to their effect on MC shape and 
proliferation, which we show could be attributed to elevated 
P-cadherin. Interestingly, previous studies reported impaired 
E-cadherin–based cell–cell cohesion in Par3-depleted breast 
tumor cells (Xue et al., 2013) and Par3/Bazooka-dependent 
roles of E-cadherin in Drosophila adherens junction forma-
tion and collective migration (Campbell and Casanova, 2015). 
Thus, this suggests that Par3-mediated control of distinct 
classical cadherins might be context specific. Whereas earlier 
studies indicated a role for E-cadherin in mediating KC–MC 
adhesion under homeostatic conditions (Tang et al., 1994; 
Kuphal et al., 2004; Wagner et al., 2015), our work suggests 
a functional cadherin switch whereby MC hyperplasia and 
transformation upon loss of Par3 is predominantly driven by 
P-cadherin and not E-cadherin.

Par3 loss-dependent up-regulation and stabilization of 
P-cadherin in the epidermal environment stimulates MC 
proliferation and impairs the formation of dendrites, a hall-
mark of differentiated MCs. This is accompanied by an in-
crease in MC protrusive activity, migration, and metastatic 
spread to the lungs, suggesting that elevated P-cadherin func-
tion unleashes a permissive niche for MC transformation, in-
vasion, and metastasis. Notably, our findings are supported by 
physiological events in mammalian development: P-cadherin 
is abundantly expressed in cell types that intimately commu-

Figure 5.  P-cadherin is required for MC 
dedifferentiation and hyperplasia upon 
loss of epidermal Par3. (A) Antibody-medi-
ated P-cadherin block (left) but not E-cadherin 
block (right) in direct co-culture restores MC 
dendricity in MCs co-cultured with Par3KO KCs. 
Bars, 20 µm. Data are representative of three 
independent experiments. (B) Quantification of 
A (>10 images per condition). Data are pooled 
and represented as mean ± SD. n = 3 biological 
replicates per group. **, P = 0.0079 and 0.0071; 
ns, P = 0.9691 and 0.8514; one-way ANO​VA 
with Tukey posthoc test. (C) Western blot anal-
ysis for P- and E-cadherin expression in con-
trol and Par3KO KCs after siRNA transfection, 
confirming efficient P-cadherin knockdown. 
Data are representative of three independent 
experiments. (D) siRNA-based P-cadherin 
knockdown (bottom) restores shape and den-
dritic length of MCs in direct co-culture with 
Par3KO KCs. Bar, 20 µm. Data are representative 
of four independent experiments. (E) Quan-
tification of D (>15 images per condition). 
Data are pooled and represented as mean ± 
SD. Dendritic length: n = 3 biological repli-
cates per group; *, P = 0.0184; **, P = 0.0038; 
one-way ANO​VA with Tukey posthoc test. MC 
number: n = 4 biological replicates per group; 
*, P = 0.0179; ns, P = 0.617; one-way ANO​VA 
with Tukey posthoc test. cad, cadherin; Ctrl, 
control; rel., relative.
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nicate with adjacent tissues and possess a high migratory po-
tential, such as in the apical ectodermal ridge and the hair 
follicle placode important for down-growth of the follicle 
epithelium (Shimomura et al., 2008). In the tumor context, 
although both pro- and antitumorigenic roles for intrinsic 
P-cadherin have been proposed (van Roy, 2014; Ribeiro and 
Paredes, 2015), the invasion of various cancer cell lines is pro-
moted by P-cadherin expression (Paredes et al., 2004; Taniu-
chi et al., 2005; Mandeville et al., 2008; Cheung et al., 2010; 
Kümper and Ridley, 2010). This suggests that P-cadherin 
can mediate proinvasive behavior both during development 
and in malignant disease.

We show that in human melanoma, P-cadherin up-reg-
ulation at heterologous junctions between KCs and in-
traepidermal melanoma cells is already detectable in smaller 

premalignant lesions. This suggests that aberrant P-cad-
herin–mediated interaction of MCs with the surrounding 
epithelium is an early event in melanomagenesis. This view 
is supported by the P-cadherin expression profiles obtained 
from several large human melanoma databases that revealed 
an initial increase of P-cadherin expression in nevi and pri-
mary melanoma, whereas P-cadherin expression appears 
to decline once a metastasis has colonized. Strikingly, high 
P-cadherin expression in melanoma was associated with 
decreased melanoma patient survival, underpinning the po-
tential of P-cadherin as a prognostic marker in melanoma. 
Collectively, we assume an early requirement for P-cadherin 
in melanoma formation and invasion: combining our re-
sults obtained from in vivo and in vitro analyses of mouse 
and human melanoma, we postulate that high levels of  

Figure 6.  P-cadherin expression is sufficient to 
induce MC dedifferentiation and hyperprolifer-
ation. (A) TRP2 immunostaining of back skin cross 
sections of P0 control and E-cadeKO mice. Data are 
representative of three independent experiments.  
(B) Quantification of MC number in interfollicular 
epidermis of control and E-cadeKO P0 back skin. Data 
are pooled and represented as mean ± SD. n = 3 mice 
per group. *, P = 0.0133; Student’s t test. (C) Western 
blot analysis for P- and E-cadherin expression in con-
trol, E-cadKO (KO), and E-cadKO/P-cadKD (KK) KCs. Data 
are representative of three independent experiments.  
(D) Phase-contrast micrographs of MCs co-cultured 
with control (left), E-cadKO (middle), or E-cadKO/P-cadKD  
(right) KCs for 3 d at HC. Data are representative of 
three independent experiments. (E) Quantification of 
D (eight images per condition). Data are pooled and 
represented as mean ± SD. Dendritic length: n = 3 bi-
ological replicates per group; Ctrl versus KO: ***, P = 
0.0003; KO versus KK: ***, P = 0.0005; one-way ANO​VA 
with Tukey posthoc test. MC numbers: n = 3 biological 
replicates per group; Ctrl versus KO: **, P = 0.0038; KO 
versus KK: **, P = 0.0042; one-way ANO​VA with Tukey 
posthoc test. (F) Western blot analysis for P-cadherin 
in control- and P-cadherin–expressing CHOs. Data 
are representative of two independent experiments.  
(G) Quantification of MC number co-cultured with 
control or P-cadherin overexpressing CHO cells for 4 d 
at HC (20 images per condition). Data are pooled and 
represented as mean ± SD. n = 3 biological replicates 
per group. *, P = 0.0159; Student’s t test. (H) Co-culture 
of MCs with control- or P-cadherin–GFP–transfected 
control KCs. Data are representative of two indepen-
dent experiments. Bars: (A) 10 µm; (D and H) 20 µm. 
cad, cadherin; Ctrl, control; pos., positive; rel., relative.
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P-cadherin mediate heterologous KC–MC interactions as 
long as melanoma cells are in direct contact with the (Par3 
deficient) skin epithelium but that tumor cells become in-
dependent of P-cadherin once they have left the epidermal 
niche and colonize at distant sites, potentially switching to 
other types of adhesive interactions. Such niche-dependent 
P-cadherin function in melanoma would be in agreement 
with a transient up-regulation of P-cadherin during breast 
cancer formation that has recently been associated with an in-
termediate, metastable cancer cell population prone to tumor 
progression, and P-cadherin levels are also reduced in breast 
cancer metastases (Ribeiro and Paredes, 2015). P-cadherin is 
up-regulated in ∼30% of human invasive carcinoma and asso-
ciated with low differentiation (Imai et al., 2008; Ribeiro and 
Paredes, 2015). In breast cancer, P-cadherin serves as an im-
portant clinical prognostic factor, with ∼25% of these tumors 
harboring CDH3 gene amplifications (cBioPortal; Eirew et 
al., 2015), and there is a strong correlation of P-cadherin  

expression with poor patient survival, invasion, and distant 
metastasis (Peralta Soler et al., 1999; Gamallo et al., 2001; 
Paredes et al., 2005; Liu et al., 2012). Thus, our results agree 
with an emerging proinvasive function of P-cadherin and 
expand this concept by identifying P-cadherin as a crucial 
mediator of tumor–microenvironmental cross talk.

Next to diagnostic perspectives, the reduction of epi-
dermal Par3 levels and the up-regulation of P-cadherin 
with melanoma progression have several additional clini-
cal implications. Because of its surface expression, targeting  
P-cadherin to disrupt aberrant cell–cell adhesion in tumori-
genesis seems promising. For example, after sunburn, blocking 
P-cadherin could potentially reduce the risk of MC trans-
formation and instead allow the clearance of cells that ac-
quired mutations. Interestingly, short P-cadherin extracellular 
fragments have been reported to promote both breast cancer 
and melanoma cell migration (Bauer and Bosserhoff, 2006;  
Ribeiro et al., 2010), further substantiating that P-cadherin  

Figure 7. R educed epidermal PAR3 and increased 
P-cadherin levels at heterologous contacts cor-
relate with progression of human melanoma.  
(A) H&E staining (top) and PAR3 and TRP2 immunos-
tainings (bottom) of human normal skin and mela-
noma tissue. Bars: (top) 100 µm; (bottom) 20 µm. Data 
are representative of at least three independent ex-
periments. (B) Quantification of epidermal anti-PAR3 
immunoreactivity in normal skin epidermis (n = 10 
tissues from different donors), melanoma with tumor 
depth ∼1 mm (n = 9 tumors from different patients), 
and melanoma with tumor depth ∼10 mm (n = 8 tu-
mors from different patients). Data are mean + SEM. *, 
P = 0.0113; **, P = 0.0040; one-way ANO​VA with Tukey 
posthoc test. (C) P-cadherin and TRP2 costaining in 
melanoma in situ and melanoma with ∼10 mm depth 
revealing high levels of P-cadherin at sites of KC–MC 
contacts. Bar, 10 µm. Data are representative of at 
least three independent experiments. (D) P-cadherin  
immunostainings of human normal skin and mela-
noma tissue. Bar, 20 µm. Data are representative of at 
least three independent experiments. (E) Quantification 
of anti–P-cadherin immunoreactivity in melanoma 
patients in KC–MC contacts of normal skin epidermis 
(n = 9 tissues from different donors), melanoma in 
situ (n = 9 tissues from different patients), melanoma 
with tumor depth ∼1 mm (n = 8 tumors from differ-
ent patients), and ∼10-mm melanoma (n = 4 tumors 
from different patients). Data are pooled and depicted 
as mean + SEM. **, P = 0.0054; one-way ANO​VA  
with Tukey posthoc test. cad, cadherin.
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inhibition may be a viable strategy for anticancer therapy. In 
fact, antitumor and antimetastatic properties of an anti–P- 
cadherin antibody, PF-03732010 (Pfizer), have been demon-
strated in several carcinoma mouse models (Zhang et al., 2010; 
Park et al., 2012), and a recent clinical trial (ClinicalTrials.gov 
accession no. NCT00557505) revealed that this antibody is 
well tolerated in humans, although the efficacy in human can-
cer still requires further investigation. Intriguingly, our analyses 
also revealed significantly increased ERK and Akt activation 
accompanied by increased tumor cell proliferation in mel-
anomas of Par3eKO;HGF;Cdk4R24C mice. This indicates that 
Par3 loss non–cell autonomously promotes growth and sur-
vival signaling in MCs through regulation of these pathways.  
Although the exact upstream signaling events remain to be in-
vestigated in future work, these data open the possibility that 
inhibition of ERK (e.g., by MEK inhibitors already approved 
for clinical use) and Akt signaling might represent another via-
ble strategy for treatment of Par3- or P-cadherin–dysregulated  
melanoma, next to P-cadherin–tailored approaches.

Collectively, we show a novel mechanism of heterol-
ogous communication between key skin-resident cell pop-
ulations that depends on a subset of classical cadherins and 
is controlled by the conserved polarity protein Par3. The 
hitherto unknown role of epidermal Par3 to counteract the 
function of P-cadherin and to dictate the cytoarchitecture of 
neighboring MCs in their epidermal niche highlights that 
molecular control of cyto- and tissue architecture is not only 
important for intrinsic cell polarity, but also crucial to sup-

press malignant disease stemming from neighboring tissue- 
resident cell types.

Materials and methods
Human subjects
The use of human specimen involved in this study was ap-
proved by the institutional review board at the Medical Fac-
ulty of the University of Cologne (file reference 12–163). 
All samples were collected with informed consent of the 
donors, and studies were conducted in accordance with the 
principles of the Declaration of Helsinki and with institu-
tional review board policies and procedures for research deal-
ing with tumor specimen.

Animals
Mice with epidermal Par3 deletion have been described pre-
viously (K14CreneoKI+/wt;Par3fl/fl; Iden et al., 2012). These 
were crossed to HGF/SFxCdk4R24C/R24C mice (Tormo et al., 
2006), H2B–enhanced GFP (EGFP) mice (Hadjantonakis 
and Papaioannou, 2004), and double-fluorescent mT/mG 
reporter mice (Muzumdar et al., 2007). All animals were on 
C57BL/6J background. Mice were housed and fed according 
to federal guidelines. Genetically modified mice were pro-
vided by W. Birchmeier (Max-Delbrück Center for Molec-
ular Medicine, Berlin, Germany), S. Ohno (Yokohama City 
University, Yokohama, Japan), G. Merlino (National Cancer 
Institute, Bethesda, MD), and M. Barbacid (Spanish National 
Cancer Research Center, Madrid, Spain). All animal experi-

Figure 8.  Human P-cadherin expression is associated with mel-
anoma formation, progression, and reduced patient survival.  
(A) RNA expression profiling by microarray of human normal skin (n 
= 7 tissues from different donors), nevi (n = 18 tissues from differ-
ent donors), and primary melanoma (n = 45 tumors from different 
patients) reveals increasing P-cadherin mRNA expression with tumor 
progression. Error bars: 95% confidence interval (Tukey’s posthoc test). 
*, P = 0.0152; ****, P < 0.0001; one-way ANO​VA with Tukey’s posthoc 
test. The dataset is published by Talantov et al. (2005) under GEO ac-
cession no. GSE3819. (B) Profiling of mRNA expression (no. VAL​UE =  
MAS5 − calculated signal intensity after global scaling the mean 
intensity to 600) by microarray of normal skin (n = 7 tissues from 
different donors), nevi (n = 9 tissues from different donors), primary 
melanoma (n = 31 tumors from different patients), and metastatic 
melanoma (n = 73 tumors from different patients) reveals a trend 
of increasing P-cadherin mRNA expression with tumor progression, 
whereas P-cadherin mRNA levels are significantly reduced in met-
astatic samples compared with primary melanoma samples (95% 
confidence interval; Tukey’s posthoc test). ***, P = 0.001; one-way 
ANO​VA with Tukey’s posthoc test. The dataset is published by Kab-
barah et al. (2010) under GEO accession no. GSE46517. (C) P-cadherin 
mRNA expression is significantly increased in primary melanoma (n =  
103 tumors) compared with metastatic melanoma (n = 368 tumors). 

95% confidence interval (Tukey’s posthoc test). ****, P < 0.0001; Student’s t test. The Cancer Genome Atlas (TCGA) skin cutaneous melanoma (SKCM) 
dataset was used. (D) Patients with P-cadherin mRNA up-regulation (total n = 25 patients; number of cases deceased = 14) have worse overall survival 
compared with patients without alterations in P-cadherin expression (total n = 434 patients; number of cases deceased = 205). Median months survival: 
cases with P-cadherin alteration, 28.15 mo; cases without alteration, 81.14 mo. Up-ticks represent censored cases. P = 0.0104; log-rank (Mantel-Cox) test. 
TCGA SKCM dataset was used.

GSE3819
GSE46517
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ments were performed according to institutional guidelines 
and local governmental authorities of the State Office North 
Rhine-Westphalia, Germany (Landesamt für Natur, Umwelt 
und Verbraucherschutz Nordrhein-Westfalen).

Antibodies
The following antibodies were used in this study: rabbit an-
tibodies directed against Par3 (no. 07-330; EMD Millipore), 
cleaved caspase3 (no. 9661; Cell Signaling Technology), phos-
pho-Akt (Ser 473; 4060; Cell Signaling Technology), phos-
pho-p44/42 MAPK (Erk1/2; Thr202/Tyr204; no. 4370; Cell 
Signaling Technology), rat anti–P-cadherin (PCD-1; no. 13-
2000Z; hybridoma supernatant; Invitrogen; Nose and Takeichi,  
1986), E-cadherin/DEC​MA-1 (no. 147302; BioLegend; 
Vestweber and Kemler, 1985), mouse anti–P-cadherin (no. 
610228; BD), GAP​DH (no. MAB374; EMD Millipore), α-tu-
bulin (no. T-5168; clone B-5-1-2; Sigma-Aldrich), BrdU (no. 
MO744; Dako), E-cadherin (no. 610181; BD), β-catenin (no. 
610154; BD), PCNA (no. NA03; clone PC10; EMD Milli-
pore), and goat anti-TRP2 (no. sc-10451; Santa Cruz Bio-
technology, Inc.). For secondary detection, Alexa Fluor 488 

and 568 (Molecular Probes) or horse radish peroxidase (GE 
Healthcare) conjugates were used.

Skin tumorigenesis experiments
Biometric planning with consideration of effect size, varia-
tion, and type 1 and type 2 errors was performed to deter-
mine the required group sizes in animal experiments ensuring 
adequate power. Only initially healthy and normally weighed 
mice were used for experiments. Both male and female mice 
were included, whereby the male/female ratio was compara-
ble in control and test groups, and for randomization, mice of 
different genotypes were cohoused. Melanoma experiments 
were performed with 8-wk-old K14CreneoKIwt/wt;Par3fl/fl;- 
HGF+;Cdk4R24C/R24C (Ctrl;HGF+;Cdk4R24C/R24C) and 
K14CreneoKI+/wt;Par3fl/fl;HGF+;Cdk4R24C/R24C (Par3eKO;HGF+;- 
Cdk4R24C/R24C). Mice were dorsally shaved and treated the 
next day with a single dose of 25 µg DMBA in 200 µl ace-
tone. Melanoma numbers and sizes were documented weekly 
in blinded fashion. When melanomas exceeded sizes of 15 
mm or when signs of illness were observed, mice were sac-
rificed and examined. Skin melanomas were excised, and 
internal organs (including lymph nodes, liver, spleen, brain, 
and kidney) were snap frozen or paraformaldehyde (PFA) 
fixed for further analyses. Lungs were PFA perfused, and 
macroscopically visible metastases were counted. Two-stage 
DMBA/TPA treatment was performed as previously de-
scribed (Iden et al., 2012).

Isolation and immunohistochemistry  
of tail epidermis whole mounts
Whole mounts were prepared according to Braun et al. 
(2003). In brief, tail epidermis was separated from dermis by 
4-h incubation in 5 mM EDTA/PBS at 37°C and fixed in 4% 
PFA/PBS for 1 h at room temperature. Tissue was blocked 
for 1  h in PB buffer (0.9% NaCl and 20  mM Hepes, pH 
7.2, plus 0.5% skim milk powder, 0.25% fish skin gelatin 
[Sigma-Aldrich], and 0.5% Triton X-100), primary antibody 
incubation was performed in PB buffer at room tempera-
ture overnight, and after 5× washing in 0.2% Tween/PBS for 
1 h, whole mounts were stained with secondary antibodies at 
room temperature overnight. After washing, whole mounts 
were mounted in Mowiol.

Tissue processing, histology, and immunohistochemistry
Hematoxylin and eosin (H&E) staining and immunohisto-
chemistry of normal skin and skin tumors were performed 
on PFA-fixed 7-µm paraffin sections. H&E stainings were 
mounted in Entellan medium (Merck). For immunofluores-
cence staining of tissues, paraffin sections were deparaffinized. 
Heavily pigmented melanomas were bleached by incubation 
in 30% H2O2 and 0.5% KOH at 37°C for 20 min followed by 
1% acetic acid (20 sec) and 1 M Tris HCl, pH7.5, for 5 min at 
room temperature. Antigens were retrieved by boiling in pH 
6 buffer (1.8 mM citric acid and 8.2 mM sodium citrate) for 
20 min. After washing and 2-h blocking (10% normal donkey 

Figure 9.  Hypothetical model. The epidermal polarity protein Par3 
is an important non–cell autonomous suppressor of melanoma. (Top)  
Epidermal Par3 controls MC homeostasis by restricting P-cadherin–me-
diated KC–MC communication and thus promoting differentiated MC  
cytoarchitecture. (Bottom) Loss of KC Par3 leads to reduced dendritic length 
and increased motility, proliferation, and survival of MCs, phenotypes me-
diated by increased stability, and surface localization of P-cadherin in KCs. 
Thus, through direct KC–MC interaction, augmented P-cadherin estab-
lishes a permissive niche for MC dedifferentiation, transformation, and in-
vasion when polarity protein function in the epidermal microenvironment 
is impaired (bottom, right).
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serum/PBS) at room temperature, primary antibodies were 
applied overnight at 4°C in a humidified chamber. Alexa 
Fluor–conjugated secondary antibodies and DAPI (Invitro-
gen) were incubated for 1 h at room temperature in antibody 
buffer before washing and mounting in Mowiol.

Isolation of primary mouse MCs and KCs
Primary mouse MCs were isolated from epidermis of new-
born control mice and maintained up to passage 3. To sepa-
rate epidermis from dermis, whole skins of P0-P3 mice were 
incubated in 5 mg/ml Dispase II (Sigma-Aldrich) diluted in 
RPMI640 medium (Gibco) plus 10% FCS-Gold (Biochrom), 
100 IU/ml penicillin/streptomycin, 100 nM sodium pyru-
vate, and 10 mM nonessential amino acids (all Gibco) at 4°C 
overnight (RPMI medium hereafter). After 20-min incuba-
tion of the epidermis in TrypLE (Gibco) at room tempera-
ture, dissociated cells were collected and cultured in RPMI 
medium containing 200 nM TPA and 200 pM cholera toxin 
(both Sigma-Aldrich). Passage 0 cultures contained nonpig-
mented melanoblasts, MCs, and KCs, and after 1 wk, small 
colonies of dendritic MCs appeared. Because of terminal dif-
ferentiation, KCs were absent after first passage, resulting in 
MC monocultures. Primary mouse KCs were isolated from 
the epidermis of newborn Ctrl;HGF+;Cdk4R24C/R24C and 
Par3eKO;HGF+;Cdk4R24C/R24C mice as described for primary 
MC cultures. Mixed litters were used to isolate control and 
KO cells. KCs were plated on collagen I–coated dishes and 
cultured in minimal Ca2+ medium (50  µM Ca2+; custom 
made DMEM/Ham’s F12; Biochrom; FAD medium).

Direct and indirect KC–MC co-cultures
For direct co-cultures, control and Par3KO KCs and MCs were 
either seeded directly in the ratio 5:1 in KC FAD growth me-
dium to be 100% confluent the next day and ready for Ca2+ 
switch (1.8 mM; HC). Alternatively, KCs were seeded in KC 
FAD growth medium, and MCs were added later. Co-cultures 
were performed for up to 10 d. For indirect co-cultures, MCs 
were seeded at subconfluency on collagen I–coated TransWell 
permeable filter supports (TransWell Clear; 0.4 µm pore size; 
6.5 mm diameter; Corning) and incubated in 24-well plates 
harboring control or Par3KO KCs. Indirect co-cultures were 
grown for up to 9 d in FAD (LC) or RPMI (HC) medium, 
which was refreshed twice per week. MC numbers were de-
termined by TRP2 immunostaining of PFA-fixed cells.

Quantification of PAR3 and P-cadherin expression 
in human tissue sections
Human tissue sections of different melanoma stages were 
processed for immunostaining as described in the Tissue 
processing, histology, and immunohistochemistry section.  
Micrographs of PAR3 and P-cadherin immunostainings were 
captured using the gSTED Super-resolution and confocal mi-
croscope (Leica Biosystems) at nonsaturated detection levels 
and identical imaging conditions among healthy epidermal 
and melanoma areas. PAR3 or P-cadherin immunoreactivity 

was quantified using Application Suite X software (Leica Bio-
systems; three different regions of interest per tissue section; 
minimum of three sections per specimen).

Live-cell imaging of co-cultures  
and antibody-blocking studies
For live-cell imaging, co-cultures were seeded on microscopy 
chambers (µ-Slide 8-well ibiTreat; Ibidi) to be confluent and 
Ca2+ switched the next day. After 48-h calcium switch, block-
ing antibodies were applied (PCD-1 hybridoma supernatant 
or anti–E-cadherin DEC​MA-1; 50 µg/ml), and cells were 
imaged every 7 min for up to 7 h at 37°C and 5% CO2 using 
a microscope (Meta Confocal 510; ZEI​SS) and analyzed using 
ImageJ (National Institutes of Health).

Live-cell imaging of co-cultures for membrane tracing  
and analysis of MC motility
For membrane tracing and analysis of MC motility, MCs 
expressing fluorescent membrane-targeted Tomato were 
co-cultured with subconfluent primary or spontaneously im-
mortalized KCs on µ-Slides (Ibidi) and Ca2+ switched the next 
day. After 3–4 d in HC, slides were imaged every 15 min for 
12 h using an epifluorescence microscope (DM6000B; Leica 
Biosystems; 20× air objective) at 28 positions each (MCs + 
control or Par3KO KCs; 37°C and 5% CO2). Image sequences 
were background subtracted and despeckled, a gaussian filter 
(σ = 1) was applied in ImageJ, and the sequences were sub-
sequently analyzed with the Quimp11b plug-in for mem-
brance tracing and tracking of individual MCs in co-cultures 
(>600 cells/condition). Output results from the Quimp11b 
analysis were consolidated using an R script.

Cells
The following cells were used in this study: primary KCs iso-
lated from K14-Cre+/wt;Par3flox/flox;HGF;Cdk4R24C mice, pri-
mary MCs isolated from H2B-GFP or mT/mG mice, primary 
control, K14Cre+/wt;Ecadherinfl/fl (E-cadKO; Tunggal et al., 
2005), E-cadherinKO/shP-cadherin KCs (E-cadKO/P-cadKD;  
Michels et al., 2009), spontaneously immortalized control and 
Par3KO KCs, and control or mouse P-cadherin overexpress-
ing CHO cells. All cell isolations and lines used in this study 
were validated by immunoblotting for loss of function or gain 
of function of genes of interest as well as for expression of 
KC- or MC-specific markers and, in case of knockout cells, 
additionally by PCR genotyping from genomic DNA. Litters 
were derived from multiple parental breedings. Cultured cells 
were regularly monitored for mycoplasma contamination and 
discarded in case of positive results.

Plasmids and transfections
The P-cadherin expression construct with C-terminal fusion 
of EGFP was generated by amplification of mouse P-cadherin 
from cDNA with primers introducing restriction sites for 
HindIII (5′-ACG​TAA​GCT​TAT​GGA​GCT​TCT​TAG​TGG​
GCC-3′) and BamHI (5′-ATA​TGG​ATC​CGT​CAT​CCT​
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CAC​CGC​CAC​CAT-3′) via PCR (high fidelity polymerase; 
Roche). The HindIII- and BamHI-digested PCR product 
and pEGFP-N3 were ligated using T4 DNA ligase (NEB). 
For ectopic P-cadherin–EGFP expression, 90% confluent KC 
monolayers or co-cultures were transfected using Viromer 
RED (lipocalyx) according to the manufacturer’s protocol.

Proliferation and survival analyses of co-cultured MCs
Co-cultures were incubated with 160 µg/ml BrdU (Roche) 
and PFA fixed 3  h later. For permeabilization, fixed cells 
were incubated with 0.5% Triton X/2N HCl. Immunoflu-
orescence staining with anti-BrdU and anti–cleaved caspase3 
antibodies was followed by quantification of proliferating and 
apoptotic MCs in co-cultures from a minimum of 20 random 
phase-contrast microscopy micrographs (ImageJ).

Immunofluorescence analysis of cells
Mono- or co-cultures were seeded on collagen I–coated 
8-well or 16-well LabTek Chamber slides (Thermo Fisher 
Scientific), grown until confluency, and Ca2+ switched to HC 
(1.8 mM). Immunofluorescence stainings were performed as 
described previously (Iden et al., 2012).

Image acquisition and analysis
H&E-stained tissue sections were scanned using an auto-
mated slide scanner (Leica Biosystems; 40× air objective) 
and analyzed using corresponding viewer software (Slide-
Path Digital Image Hub; Leica Biosystems). For details on 
live-cell imaging, see the separate Materials and methods 
sections. Micrographs of immunofluorescent samples were 
captured using a spinning disk confocal microscope (Perkin-
Elmer; 20× air objective; 63× objective with oil immersion), 
a confocal microscope (TCS SP8 gSTED; Leica Biosystems; 
20× air objective; 63× objective with oil immersion), or an 
epifluorescence microscope (DM6000B; Leica Biosystems; 
20× air objective; 63× objective with glycerol immersion), 
and analysis was performed using ImageJ, Volocity (Perkin-
Elmer), Illustrator (Adobe), CellProfiler (Broad Institute), and 
the Quimp11b plug-in (Tyson et al., 2014; Bretschneider  
laboratory) for ImageJ and Rstudio. Experimental mice and 
whole dissected organs were documented using a digital single- 
lens reflex camera (D5100; Nikon) equipped with an 
AF-S 18-55 mm objective (Nikon) or AF90 mm objective 
(Tamron) for macromode.

Quantification of MC number  
and morphology in co-cultures
The cell counter plugin and freehand line tool of ImageJ 
were used for quantification of MC number and dendritic 
length in co-cultures. MC size and morphology micrographs 
were quantified using CellProfiler software (Carpenter et al., 
2006): threshold for nuclei segmentation was manually deter-
mined in test mode and the following steps were performed 
automatically without user intervention on all images: (a) the 
intensity of the images was rescaled by each image’s maxi-

mum, (b) the green channel was extracted from each color 
image, (c) an illumination function was calculated and applied 
to correct uneven illumination for each image, (d) cell nuclei 
were segmented from the background using a global thresh-
old strategy and identified as primary objects, (e) identified 
nuclei were used as seed regions to identify the rest of the 
cell, and (f) the size and morphological features of identi-
fied cells were measured.

Quantitative RT-PCR
For quantitative RT-PCRs, RNA was isolated from tumor 
tissue, normal skin, or cells using TRIzol reagent according 
to the manufacturer’s protocol (Invitrogen). RNA was re-
versely transcribed using a QuantiTect Reverse Transcrip-
tion kit (QIA​GEN) and amplified with TaqMan Universal 
PCR Master Mix. Probes for target genes were ordered from 
TaqMan Assay-on-Demand kits (Rn18s Mm03928990_g1 
and Cdh3 Mm01249209; Applied Biosystems).

SiRNA-mediated P-cadherin down-regulation
Subconfluent KCs were transfected with 100 nM ON-TAR​
GETplus SmartPool against P-cadherin and the nontarget-
ing control pool (mouse Cdh3 no. L-063520-01 and no. 
D-001810-10-05; Thermo Fisher Scientific) using X-treme-
GENE siRNA Transfection reagent (Roche) according to 
the manufacturer’s protocol. P-cadherin down-regulation 
was validated by Western blot analysis and was most efficient 
between 24 and 72 h after transfection.

Preparation of cell extracts, SDS-PAGE, and immunoblotting
Total cell lysates were prepared in hot SDS buffer (1% SDS 
and 10 mM EDTA). After determination of protein concen-
trations via bicinchoninic acid assay (Thermo Fisher Scien-
tific), lysates were boiled in SDS sample buffer for 5 min. 
Separation by SDS-PAGE (NuPAGE; Invitrogen or 10% 
self-made) and immunoblotting were performed according 
to standard procedures.

Preparation of melanoma extracts for immunoblot analysis
For protein biochemical analysis, snap-frozen tissue of indi-
vidual melanoma was minced and transferred to ice-cold lysis 
buffer (150 mM NaCl, 50 mM Tris/HCl, pH7.4, 1 mM EDTA, 
and 0.5% (vol/vol) Triton X-100, supplemented with 2 mM 
NaF, 25 mM β-glycerophosphate, 0.1% SDS, 1 mM dithio-
threitol, and protease inhibitor cocktail [no. P8340; 1:1,000; 
Sigma-Aldrich]). The tissue was dissociated for 3 min at 30 
Hz using a tissue homogenizer (mixer mill 300; QIA​GEN), 
incubated for 10 min on ice, and then cleared by centrifuga-
tion for 10 min at 4°C and 13,000 rpm. Further processing 
was performed as described for extracts of cultured cells.

Proliferative index of mouse melanoma cells in vivo
Paraffin sections were deparaffinized and demelanized. Anti-
gens were retrieved by boiling in pH 6 buffer (1.8 mM citric 
acid and 8.2 mM sodium citrate) for 20 min. After washing and 
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1-h blocking in 5% BSA/PBS, sections were immunostained 
for the proliferation marker PCNA. DAPI served as nuclear 
counterstain. Imaging was performed using an epifluo- 
rescence microscope (DM6000B; Leica Biosystems; 20× air 
objective). Acquired micrographs were manually premasked 
in ImageJ to exclude nontumor regions (e.g., hair follicle 
and epidermis) using the paint-brush tool. Premasked images 
were added to a custom CellProfiler pipeline. In short, nuclei 
were enhanced in the DAPI channel using EnhanceSpeckles 
and subsequently identified using the IdentifyPrimaryOb-
jects module. PCNA channel micrographs were masked with 
the identified DAPIpositive nuclei, and PCNAhigh nuclei were 
identified using the IdentifyPrimaryObjects module on the 
masked images, using a custom-defined threshold excluding 
low PCNA intensities. The sum of the PCNAhigh nuclei num-
ber divided by the sum of the DAPIpositive nuclei was calcu-
lated using Excel. Statistical analysis and visualization were 
performed using Prism 6 (GraphPad Software).

Biotinylation experiments
K14-Crewt/+;Par3flox/flox;HGF+;Cdk4R24C/R24C KCs were cul- 
tured for 3 d at HC and washed with PBS containing 
0.5  mM MgCl2 and 0.1  mM CaCl2, followed by 30-min 
incubation with 1.5 mg/ml biotin (EZ-Link Sulfo-NHS-
SS-Biotin; Thermo Fisher Scientific) in PBS++ at 4°C. Bio- 
tinylated cells were washed twice in PBS++ containing 
100 mM glycine for 20 min at 4°C, followed by washing 
twice with PBS++ and cell lysis using RIPA buffer (150 mM 
NaCl, 25 mM Tris, pH7.4, 5 mM EDTA, 1% NP-40, 0.1% 
SDS, 10% glycerol, and 1% deoxycholate). For biotin-strepta-
vidin pull-down, 100  µl of 50% slurry NeutrAvidin beads 
(Thermo Fisher Scientific) was incubated with 400 µg of 
protein lysates for 1 h at 4°C. The beads were washed four 
times with RIPA buffer, and proteins were eluted from the 
beads by boiling in 30 µl SDS sample buffer and further pro-
cessed for immunoblotting.

Pulse-chase experiments
To assess the stability of P-cadherin protein in control and 
Par3KO KCs once at the plasma membrane, biotinylation 
experiments were performed as described in the previous 
section. After biotinylation at 4°C, cells were either directly 
lysed or further incubated at standard culture conditions 
for the indicated time points. Remaining biotinylated P- 
cadherin was affinity purified by biotin-streptavidin pull-
down as outlined in the previous section and detected by 
immunoblot using PCD-1 antibody.

Quantification of protein signals in Western blot analyses
The band intensity of nonsaturated Western blot signals was 
determined using the ImageJ rectangular tool on original 
digital files of scanned Western blots. Bar diagrams show the 
relative protein or phosphorylation signals after normaliza-
tion using loading controls. In brief, the densitometry val-
ues of Western blot signals were first corrected for loading 

of each sample using the densitometry values of appro-
priate loading controls on the same membrane. These val-
ues were subsequently normalized to those of the control 
group, which was set to 1.

Human melanoma gene expression database analysis
Human gene expression data of published and available 
datasets (GEO accession nos. GSE3819 and GSE46517;  
Talantov et al., 2005; Kabbarah et al., 2010) were accessed via 
InsilicoDB and explored using the GENE-E platform (Broad 
Institute). Gene expression and patient survival data of the 
The Cancer Genome Atlas (TCGA) Skin Cutaneous Mela-
noma dataset (TCGA Research Network) were accessed and 
downloaded using cBioPortal (Cerami et al., 2012; Gao et al., 
2013). Statistical analysis was performed using Prism 6.

Statistical analysis
Prism versions 5 and 6, Rstudio, and Microsoft Excel soft-
ware were used for data consolidation and statistical analysis. 
Measures of pooled data are represented by mean and SD 
or SEM, as indicated in the figure legends. Comparisons of 
two groups were performed with unpaired Student’s t test 
or unequal variances Student’s t test (Welch’s correction). 
Kolmogorov-Smirnov test was used for normality testing, 
and for non-Gaussian datasets, Mann Whitney U test was 
performed. Comparisons of more than two groups were per-
formed by one-way ANO​VA with Tukey posthoc test. The 
number of independent biological replicates is stated in each 
figure legend. P-values are ranged as follows: *, P < 0.05; 
**, P < 0.01; ***, P < 0.001; and ****, P < 0.0001, as de-
tailed in the figure legends.

Online supplementary material
Video  1 shows live-cell imaging of control KC–MC  
co-cultures. Video  2 shows live-cell imaging of Par3KO  
KC–MC co-cultures.
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