
Tumorigenesis and Neoplastic Progression

Up-Regulated Expression of Zonula Occludens

Protein-1 in Human Melanoma Associates with N-

Cadherin and Contributes to Invasion and Adhesion

Keiran S.M. Smalley,* Patricia Brafford,*

Nikolas K. Haass,* Johanna M. Brandner,†

Eric Brown,‡ and Meenhard Herlyn*

From the Wistar Institute,* Philadelphia, Pennsylvania; the

Abramson Family Cancer Research Institute,‡ Abramson Cancer

Center at the University of Pennsylvania, Philadelphia,

Pennsylvania; and the Department of Dermatology and

Venerology,† University Hospital Hamburg-Eppendorf,

Hamburg, Germany

During the process of malignant transformation, nas-
cent melanoma cells escape keratinocyte control
through down-regulation of E-cadherin and instead
communicate among themselves and with fibroblasts
via N-cadherin-based cell-cell contacts. The zonula oc-
cludens (ZO) protein-1 is a membrane-associated com-
ponent of both the tight and adherens junctions found
at sites of cell-cell contact. In most cancers, levels of
ZO-1 are typically down-regulated, leading to increased
motility. Here we report the novel observation that ZO-1
expression is up-regulated in melanoma cells and is
located at adherens junctions between melanoma cells
and fibroblasts. Immunofluorescence and co-immuno-
precipitation studies showed co-localization of ZO-1
with N-cadherin. Down-regulation of ZO-1 in mela-
noma cells through RNA interference produced
marked changes in cell morphology—leading to a
less-dendritic, more rounded phenotype. Consistent
with a role in N-cadherin-based adhesion, RNAi-
treated melanoma cells were less adherent and inva-
sive when grown in a collagen gel. These data provide
the first evidence that increased ZO-1 expression
in melanoma contributes to the oncogenic behavior
of this tumor and further illustrate that protein prod-
ucts of genes, such as ZO-1, can function in either
a pro- or anti-oncogenic manner when expressed
in different cellular contexts. (Am J Pathol 2005,

166:1541–1554)

Under normal homeostasis, melanocyte growth is regulated

by the surrounding keratinocytes through a variety of para-

crine growth factors and cell-cell adhesion molecules.1–4

During oncogenesis, this keratinocyte control is lost after

down-regulation of E-cadherin.5 Loss of E-cadherin is typi-

cally accompanied by increased N-cadherin expression,

the so-called cadherin-switch, that enables melanoma cells

to communicate among themselves and with the surround-

ing dermal fibroblasts.4,6,7 The switching of E-cadherin to

N-cadherin most likely provides the early tumor with impor-

tant motility and survival advantages.6,8

Cadherins are part of larger protein complexes that link

cell adhesion to control of cell morphology, motility, and

intracellular signaling events.9 Direct roles for cadherin-

based adhesion in signaling have been demonstrated by

the activation of the small GTPases Rho, Rac, and

Cdc4210–12 and PI3-kinase/Akt8 after homotypic cad-

herin adhesion. Some of the best known binding partners

of the cadherins are the catenin family of proteins, which

include �-catenin, �-catenin, and plakoglobin.13 The

catenins bind to the cytoplasmic tail of the cadherins and

link to the actin cytoskeleton.14

Another protein that associates with the cadherin/cate-

nin complex is ZO-1, which is a member of the mem-

brane-associated guanylate kinase homolog family

(MAGUKS).15 ZO-1 exists in at least two alternately

spliced isotypes, ZO-1�� and ZO-1��, which confer

differences in junctional dynamics.16–18 Although ZO-1

associates with claudins and occludins, and was first

described as a component of epithelial tight junc-

tions,19,20 it has also been identified in nonepithelial cells,

such as fibroblasts, where it instead associates with ad-

herens junctions.21–23 In these cadherin-based adherens

junctions, ZO-1 functions as a cross-linker between

�-catenin and the actin cytoskeleton.21 There is also ev-

idence that ZO-1 is involved in the regulation of cell-cell

contacts through direct interaction with the Ras target
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The multiple PDZ domains of ZO-1 enables it to form

protein-protein complexes with other molecules involved

in cell-cell communication, such as the gap junction-

forming connexins.25–27 Recent work has shown that

ZO-1 can migrate between the cell membrane and the

nucleus and may have a direct role in cell signaling. At

least part of ZO-1’s putative signaling function is medi-

ated via a SH3 domain-binding serine protein kinase,

ZAK,28 and a novel SH3 domain-interacting Y-box tran-

scription factor, ZONAB.29,30 The ZO-1/ZONAB interac-

tion appears to be critical for controlling cell density in

MDCK cell epithelial sheets through regulation of CDK4

localization.30

Although the role of ZO-1 in cancer has been little

studied, its structural similarity to the Drosophila tumor

suppressor gene, Dlg may suggest some anti-cancer

role. In agreement with this idea, it has been demon-

strated that ZO-1 expression is reduced or lost (along

with E-cadherin) in up to 69% of breast carcinomas.31

Here we demonstrate for the first time that expression of

ZO-1 is up-regulated in both melanoma cell lines and

melanoma samples, where it functionally associates with

N-cadherin. RNAi studies reveal that the strength of cell-

cell adhesion is reduced when ZO-1 is knocked down.

ZO-1 loss is associated with altered cytoskeletal organi-

zation, lack of long pseudopodia, and reduced invasion

into collagen gels. It therefore seems that after cadherin

switching, recruitment of increased levels of ZO-1 to N-

cadherin-based junctions may lead to greater invasion.

Materials and Methods

Unless otherwise stated all reagents were purchased from

Sigma-Aldrich (St. Louis, MO). Rabbit polyclonal anti-ZO-1,

occludin, and claudin-7 antibodies were from Zymed (San

Francisco, CA). Mouse anti-N-cadherin antibodies were

from either BD Pharmingen (San Diego, CA) or from DAKO

Cytomation (clone M3613; Glostrup, Denmark). Mouse anti-

E-cadherin, mouse anti-ZO-1, anti-�-catenin, anti-�-catenin,

anti-�-catenin (plakoglobin), and anti-phospho p120catenin

monoclonal antibodies were from BD Pharmingen. Anti-

GAPDH antibody was from Abcam (Cambridge, UK). Texas

Red phalloidin, Alexa 488 anti-rabbit and anti-mouse sec-

ondary antibodies, and Alexa 594 anti-mouse and anti-

rabbit secondary antibodies were from Molecular Probes

(Eugene, OR). Texas Red-conjugated anti-mouse second-

ary antibody was from Vector Laboratories (Burlingame,

CA). Isotype controls were purchased from DAKO Cytoma-

tion. Normal human skin was obtained during the routine

clinical removal of tumors and epidermal cysts; the samples

were localized at least 2 cm from the respective lesions.

Their usage was approved by the medical ethics committee

of Hamburg (no. 060900). Samples of nevi and melanoma

were also obtained from the clinical removal of the tumor. In

agreement with the medical ethics committee in Hamburg

(no. OB-008/04) the samples were used after diagnostic

procedures had been completed. All patients gave their

informed consent. In all cases, unless otherwise stated,

data shown is representative of at least three independent

experiments.

Cell Culture

Human melanoma cells were isolated and cultured as de-

scribed.32 After establishment of continuous growth, cells

were maintained in 2% melanoma media, a 4:1 mixture of

MCDB153 and L15, supplemented with 2 mmol/L Ca2�,

heat-inactivated fetal bovine serum (2%), and insulin (5

�g/ml) in a 37°C, 5% CO2 atmosphere at constant humidity.

Primary human dermal fibroblasts were initiated as explant

cultures from trypsin-treated and epidermis-stripped neo-

natal foreskin and maintained in Dulbecco’s modified Ea-

gle’s medium with 10% fetal bovine serum. Human mela-

nocytes were isolated from foreskin and maintained in

MCDB153 medium supplemented with 2% fetal bovine se-

rum, endothelin-3, basic fibroblast growth factor, and stem

cell factor. Primary human skin keratinocytes were routinely

cultured in EpiLIFE media (Cascade Biologicals, Portland,

OR), containing growth factors.

RNA Extraction and Reverse Transcriptase (RT)-

Polymerase Chain Reaction (PCR)

Total RNA was extracted from plates of 80% confluent

cells using the RNeasy kit from Qiagen (Stanford, CA).

The RNA samples were DNase-treated using a commer-

cial on-column DNase treatment kit (Qiagen). Two �g of

total RNA was used to generate cDNA by reverse-tran-

scribing for 1 hour at 43°C using SuperScript II (Invitro-

gen, Carlsbad, CA) according to the manufacturer’s in-

structions. PCR was conducted using 1/20th of the cDNA

reaction as template using Taq polymerase (Promega,

Madison, WI) consisting of 26 cycles of denaturing at

94°C (30 seconds), annealing at 52°C (30 seconds), and

extension at 72°C (30 seconds), and with a final exten-

sion at 72°C (5 minutes). The constitutively expressed

housekeeping gene, GAPDH, (sense: CCA CCC ATG

GCA AAT TCC ATG GCA; anti-sense: TCT AGA CGG

CAG GTC AGG TCC ACC) was used as a positive control

and with total RNA as a negative control. ZO-1 primers

(sense: GCA GCC ACA ACC AAT TCA TAG; anti-sense:

GCA GAC GAT GTT CAT AGT TTC G) were designed

encompassing the splice variant giving a PCR product

size of 529 bp for variant one (��), 290 bp for variant two

(��). N-cadherin primers (sense: CAT CCC TCC AAT

CAA CTT GC; anti-sense: ATG TGC CCT CAA ATG AAA

CC) and E-cadherin primers (sense: GCA GGA TTG CAA

ATT CCT GCC; and anti-sense: CCT TCA TAG TCA AAC

ACG AGC) were used as described above. Ten �L of

PCR products were separated on 2.0% agarose gels with

0.1% ethidium bromide.

Confocal/Immunofluorescence Microscopy

Melanoma cells were seeded onto glass coverslips in

six-well plates and incubated overnight. Cells were then

fixed in 4% formaldehyde solution (Electron Microscopy

Systems, Hatfield, PA) and permeabilized with Triton

X-100 (0.2% v/v) before being blocked in phosphate-

buffered saline (PBS) containing 1% bovine serum albu-

min. Primary antibody incubations (range, 1:50 to 1:200)
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were performed at 37°C in a humidified atmosphere for 1

hour. Coverslips were then washed three times in PBS,

before being incubated with secondary antibodies for 1

hour under similar conditions to the primary antibody

(dilution factor of 1:250). Coverslips were then further

washed in PBS and sterile water before being treated

with VectorShield anti-fade (Vector Laboratories) and an-

alyzed using either immunofluorescence or confocal

microscopy.

Immunofluorescence on Frozen Sections of

Human Skin and Malignant Melanoma

Five-�m-thick cryostat sections of frozen tissues were

fixed in �20°C acetone for 10 minutes. They were

blocked for unspecific binding sites with 2% normal goat

serum and 0.1% Triton X-100 in PBS for 15 minutes at

room temperature. Primary antibodies were applied for

30 minutes at room temperature (ZO-1, 1:1500 in PBS;

N-cadherin, 1:20 in PBS), followed by washing the sam-

ples three times for 10 minutes. Afterward secondary

antibodies were applied for 30 minutes at room temper-

ature (Alexa 488 F(ab�)2-anti-rabbit, 1:600 in PBS; Alexa

594 (F(ab�)2-anti-mouse, 1:1250), followed by another

washing step. For negative controls we used the appro-

priate matched isotype controls. Finally the slides were

washed twice with ddH2O, and coverslips mounted with

Fluoromount (Southern Biotechnology Associates, Inc.,

Birmingham, AL). An Axiophot II microscope (Carl Zeiss,

Jena/Oberkochen, Germany), a charge-coupled device

camera (Hamamatsu Photonics, Hamamatsu City, Ja-

pan), and Openlab 2.0.4 software (Improvision, Coventry,

UK) were used to visualize and evaluate the stained

sections.

Western Blot Analysis

Cells were solubilized in 200 �l of sodium dodecyl sul-

fate-polyacrylamide gel electrophoresis sample buffer

(4% sodium dodecyl sulfate, 60 mmol/L Tris, pH 6.8, 5%

glycerol, 0.01% bromophenol blue, and 50 mmol/L mer-

captoethanol), and heated to 95°C for 5 minutes. Whole

cell protein extracts (20 to 40 �g) were separated on 6 to

15% sodium dodecyl sulfate-polyacrylamide gels. Pro-

teins were electrophoretically transferred onto polyvinyli-

dene difluoride membranes (Millipore, Bedford, MA) for 1

hour, washed in Tris-buffered saline (TBS; 100 mmol/L

Tris-HCl, pH 7.5, and 150 mmol/L NaCl), before being

blocked for 1 hour in TBS containing 0.1% Tween-20 and

5% milk (TBST-milk). Primary antibody incubations were

performed overnight at 4°C in TBST-milk followed by

washing and then a 1-hour incubation with either anti-

rabbit or anti-mouse horseradish peroxidase-conjugated

secondary antibody diluted in TBST-milk (Amersham

Pharmacia, Little Chalfont, UK). Immunocomplexes were

visualized using the enhanced chemiluminescence sys-

tem (Amersham Pharmacia) and detected on photo-

graphic film (Kodak, Rochester, NY). After analysis,

Western blots were stripped once and reprobed to dem-

onstrate even protein loading.

Immunoprecipitation

For immunoprecipitation, confluent cells were scraped off

a confluent 10-cm plate (equivalent to 2 to 3 mg of protein

per plate), washed with PBS, and extracted into 1 ml of

PBS containing 1% Triton X-100, 1% Nonidet P-40, 1

mmol/L sodium orthovanadate, 1 mmol/L phenylmethyl

sulfonyl fluoride, and protease inhibitors (leupeptin, apro-

tinin, and pepstatin). Immunoprecipitation experiments

were performed on 0.5 ml of the protein extract using

either anti-ZO-1 antibody or nonimmune mouse IgG at a

final concentration of 5 �g per reaction overnight at 4°C

with shaking. Protein A Sepharose CL-4B beads (Phar-

macia Biotech, Uppsala, Sweden) were added and incu-

bated for another 4 hours. Samples were washed three

times with lysis buffer, boiled in Laemmli buffer contain-

ing �-mercaptoethanol (10%), and subjected to electro-

phoresis on an 8% sodium dodecyl sulfate-polyacryl-

amide gel. Separated proteins were transferred onto

polyvinylidene difluoride membrane and immunoblotted

with anti-N-cadherin antibodies and peroxidase-conju-

gated secondary antibody.

Calcium-Switching Experiments

This assay was performed as described in Li and col-

leagues6 with modifications. Briefly, cells were cultured

overnight in regular 2% melanoma media on glass cov-

erslips. Some of the cells were fixed in 4% paraformal-

dehyde. Other coverslips were treated with media con-

taining 4 mmol/L EGTA for 15 minutes, before being

formaldehyde fixed. The rest of the coverslips were then

washed twice in 2% melanoma media to remove the

EGTA and then left to re-equilibrate for a further 30 min-

utes before being fixed. All of the fixed coverslips were

then stained with antibodies to both N-cadherin and ZO-1

as described above.

Three-Dimensional Spheroid Growth

Melanoma spheroids were prepared using the liquid

overlay method. Briefly, 200 �l of melanoma cells (25,000

cells per ml) were added to a 96-well plate coated in

1.5% agar (Difco, Sparks, MD). Plates were left to incu-

bate for 48 hours, by which time cells had organized into

three-dimensional spheroids. Spheroids were implanted

into a gel of bovine collagen I containing essential mod-

ified Eagle’s medium, L-glutamine, and 2% fetal bovine

serum. Normal 2% melanoma media was overlaid on top

of the collagen and the spheroids were left to grow for 96

hours. After this time, pictures of the invading spheroids

were taken using a Nikon-300 inverted microscope (Ni-

kon, Melville, NY).

Lentiviral Vector Construction

Our RNA interference (RNAi) lentiviral system is a series

of four plasmids. The siRNA sequences were selected

from the open reading frame region of the ZO-1 cDNA

sequence, 100 nucleotides downstream from the start

ZO-1 Knockdown Suppresses Melanoma Invasion 1543
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codon. The 959-bp subsequence comprising nucleo-

tides 4448 to 5407 of NM�003257 was chosen based on

the susceptibility of this region for hybridization by anti-

sense oligonucleotides. Several 19- to 21-bp sequences

beginning with AAG, preferably ending with C, and con-

taining greater than 30% GC content from the accessible

region were selected as possible target sequences.

BLAST searches were performed to ensure low se-

quence homology to other human genes. The RNA-in-

duced silencing complex preferentially accepts the

strand of the siRNA that presents the less stable 5� ends.

Therefore, we introduced a thermodynamically unstable

5� end wobble to the anti-sense strand by changing the

aforementioned end C to a T to increase the incorporation

of the anti-sense strand of siRNA to the RNA-induced

silencing complex. When possible, an internal C to T

wobble was also incorporated into the sense strand of

siRNA to further increase the incorporation of the anti-

sense strand of siRNA to the RNA-induced silencing

complex. Sequences were also generated to include the

restriction enzyme overhang (BamH1-XhoI) and a loop

region according to the template [5� template: GAT CCC

N19–21(SENSE) TTC AAG AGA N19–21 (ANTISENSE) TTT TTC;

3� template: TCG AGA AAA A N19–21(SENSE) TCT CTT

GAA N19–21 (ANTISENSE) GGG]. The selected sequences

were inserted into the sites (BamH1-XhoI) immediately

downstream of the H1 promoter in H1UG1 (kindly pro-

vided by Xiao-Feng Qin, M.D. Anderson, Houston, TX) to

drive the expression of the shRNA. This vector has been

designed to contain an enhanced GFP gene, whose ex-

pression is independently driven by the UbiC promoter,

as a marker. The lentivirus was produced by co-transfec-

tion of human embryonic kidney 293T cells with four

plasmids, including a packaging defective helper con-

struct (pMDLg/pRRE), a Rev plasmid (RSV-Rev), a plas-

mid coding for a heterologous (pCMV-VSV-G) envelope

protein, and the H1UG-1 vector construct harboring a

selected siRNA sequence. Of the three sequences

tested, one sequence (5� GGT GAA ACA CTG TTG AGT

CC) decreased protein level greater than 90%. A mutated

control RNAi sequence was generated to that which gave

�90% knockdown, by mutating the center three nucleo-

tides, to give the sequence (GGT GAA ACC AGG TTG

AGT CC). Transduced target cells were assessed by

their level of GFP expression and gene knockdown was

seen 48 hours after infection.

Results

ZO-1 Is Expressed at the RNA and Protein

Levels in Melanoma Cells, Keratinocytes, and

Fibroblasts

ZO-1 has been identified as a component of both tight

and adherens junctions in both epithelial and nonepithe-

lial cells. Little is known about the expression of ZO-1 in

melanocytic cells. To determine whether ZO-1 is ex-

pressed in human skin cells, RNA was harvested from 35

human melanoma cell lines of various stages, primary

human melanocytes, keratinocytes, and dermal fibro-

blasts. RT-PCR analysis revealed significant ZO-1 RNA

levels in 29 of 35 melanoma cell lines, all of the keratin-

ocytes, and all of the dermal fibroblasts (representative

data shown in Figure 1A). The top panel of the RT-PCR

data in Figure 1A, shows 12 melanoma cell lines: WM35,

WM39, WM278, 451Lu, WM9, WM164, WM239B,

WM266-2, WM793, WM852, WM902, and WM266-4.

There was little ZO-1 RNA in any of the four primary

human melanocytes examined (Figure 1A). Most of the

melanoma cell lines and the dermal fibroblasts ex-

pressed both of the �� and �� splice variants of ZO-1.

In contrast, the keratinocytes appeared to express more

of the �� variant of ZO-1. Western blotting experiments

revealed increased expression of ZO-1 protein in mela-

noma cells compared to FOM 104 melanocytes (Figure

1B). ZO-1 expression was found to be up-regulated in all

of the melanoma cell lines examined (Figure 1B). Levels

of ZO-1 were also high in both primary human keratino-

cytes and dermal fibroblasts (Figure 1C). The up-regula-

tion of ZO-1 in human melanocytic nevi (n � 4; Figure 1D)

and melanoma (n � 12; Figure 1E) was demonstrated by

immunostaining frozen sections. In all cases, the lesions

were diagnosed by a dermatopathologist before inclu-

sion in this study. One of the nevi was negative, three

were weakly positive for ZO-1 (Figure 1D). One of the

melanomas was negative, two were weakly positive, and

nine were strongly positive for ZO-1 (Figures 1E and 2D).

Of the melanomas studied, four were of radial growth

phase (RGP), seven were vertical growth phase (VGP),

and one was metastatic. There was no clear correlation

between level of ZO-1 expression and tumor stage.

During the oncogenic process, melanoma cells acquire

the ability to communicate with fibroblasts.6 Staining of

mixed fibroblast-melanoma cultures showed the recruit-

ment of ZO-1 to adhesions between fibroblast-fibroblast,

melanoma-melanoma, and fibroblast-melanoma (Figure 1,

F and G). In contrast, melanocytes expressed no ZO-1 at

their cell-cell contacts (data not shown). To determine

whether ZO-1-based contacts would be formed in co-cul-

ture, melanocytes and keratinocytes were grown in mixed

culture for 48 hours. In these experiments, it was shown that

ZO-1 was only found on contacts between keratinocytes

and keratinocytes and not between melanocytes and kera-

tinocytes (data not shown).

There was co-localization between N-cadherin and

ZO-1 in the endothelia of blood vessels in human scalp

skin (Figure 2; A to C). In agreement with published work,

there was also expression of ZO-1 in the stratum granu-

losum, the transition layer of the epidermis, and, in a

heterogeneous and weaker manner, in the upper layers

of the stratum spinosum.33,34 ZO-1 was found to be

highly expressed in the metastatic melanoma (Figure 2; D

to F), and there was strong co-localization between ZO-1

and N-cadherin throughout the tumor.

ZO-1 Associates with N-Cadherin-Based

Adherens Junctions in Melanoma

As tumor cells are not thought to form tight junctions, we

investigated whether ZO-1 was associated with the ad-
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herens junctions. In both the WM35 (RGP) and WM1366

(VGP) melanoma cell lines, ZO-1 was found to co-localize

with N-cadherin, �-catenin and phospho-p120 catenin

(data shown for WM1366: Figure 3, A to I). There was also

evidence that some ZO-1 was also found in the cyto-

plasm, perinuclear areas and the nucleus, as well as

some cytoplasmic localization of N-cadherin. There was

no co-localization between ZO-1 and actin stress fibers in

either WM1232 or WM1366 melanoma cells (data shown

for WM1232: Figure 3, J to L).

Figure 1. ZO-1 expression in skin cells and melanoma. A: RT-PCR analysis of ZO-1 RNA in melanoma cells, melanocytes, skin keratinocytes, and skin fibroblasts.
The upper band shows the �� splice variant of ZO-1 and the lower band shows the �� splice variant. Equal RNA loading was confirmed by performing RT-PCR
to GAPDH. B: Western blot analysis of ZO-1 protein in melanocytes (FOM 104) and melanoma (WM35-WM1366). Even protein loading was confirmed by
reprobing the membrane with antibody to GAPDH. C: Western blot showing expression of ZO-1 in keratinocytes (FK126) and fibroblasts (FF2441). D and E:
Immunofluorescence microscopy (overlay of epifluorescence and corresponding phase contrast) of ZO-1 in a junctional nevus (D) and a VGP melanoma (E).
F and G: Immunofluorescence microscopy of ZO-1 staining (red, indicated with arrows) between melanoma cells (red) and GFP-tagged human dermal
fibroblasts (green). Scale bars: 50 �m (D, E); 20 �m (G).

ZO-1 Knockdown Suppresses Melanoma Invasion 1545
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Western blotting showed that three melanoma cell

lines of different stages, WM35 (RGP), WM1366 (VGP)

and 1205Lu (metastatic) expressed �-, �-, and p120

catenin (Figure 4). None of the melanoma cell lines tested

expressed plakoglobin (�-catenin). Surprisingly, one of

the melanoma cell lines (WM1366) with an epithelial mor-

phology and phenotype, was found to express occludin.

Human primary keratinocytes expressed all four of the

catenins, occludin and claudin-7. Fibroblasts, like the

melanoma, also lacked expression of the tight junction

proteins occludin and claudin-7, as well as plakoglobin.

N-Cadherin-Based Cell-Cell Adhesions Are

Required for ZO-1 Recruitment

To investigate the role of N-cadherin in ZO-1 recruitment

to the cell membrane in melanoma cells, calcium switch-

ing experiments were performed. Under normal calcium

conditions, both N-cadherin and ZO-1 are recruited to

cell-cell adhesions (Figure 5; A to C). Switching to a

calcium-free media led to disruption of both N-cadherin

and ZO-1 and loss of cell-cell contacts (Figure 5; D to F).

Restoration of calcium resulted in the renewed associa-

tion of both N-cadherin and ZO-1 with cell-cell adhesions

(Figure 5; G to I). Immunoprecipitation of melanoma cell

extracts using a ZO-1-specific antibody, pulled down

N-cadherin, demonstrating physical interactions between

the two proteins (Figure 5J). Control experiments, using

similar concentrations of a matched IgG did not result in

pull-down of N-cadherin (Figure 5J).

In Melanoma Cells that Express E- and N-

Cadherin, ZO-1 Only Associates with N-

Cadherin at Cell-Cell Contacts

RT-PCR studies on 35 melanoma cell lines, revealed a

number that expressed both E- and N-cadherin at the RNA

level (data not shown). Most of the lines that expressed

E-cadherin at the RNA level were from the RGP and early

VGP. From these, a number of melanomas that expressed

E-cadherin at the RNA level were tested for E-cadherin

protein expression. Three out of the selected five melanoma

cell lines, WM35, WM164, and WM1232 were found to

express both E- and N-cadherin (Figure 6A). In contrast, it

was demonstrated that keratinocytes expressed only E-

cadherin and dermal fibroblasts expressed only N-cadherin

(Figure 6B). To determine whether the E-cadherin was func-

tionally active in the melanoma cell lines, and whether it

associated with ZO-1, co-localization experiments were

performed. It was found in the WM35 (Figure 6; C to E) and

WM1232 cell lines that only N-cadherin was located at

cell-cell adhesions, and that this co-localized with ZO-1.

The expressed E-cadherin was primarily restricted to cyto-

plasmic pools and did not localize with ZO-1 at cell-cell

adhesions (Figure 6; F to H). However, there was evidence

Figure 2. Expression of ZO-1 in human skin and metastatic melanoma. A–C: Localization of ZO-1 and N-cadherin in human scalp skin. D–F: Localization of ZO-1
and N-cadherin in melanoma metastasis. Immunofluorescence microscopy of ZO-1 is shown in green (A, C, D, F). Expression of N-cadherin is shown in red (B,
C, E, F). The corresponding overlay of epifluorescence and phase contrast is shown in C and F. The arrows shown in A to C denote blood vessels. Scale bar,
50 �m.
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of co-localization of E-cadherin and ZO-1 in the cytoplasm,

although it is not known whether these two proteins interact

in a functional manner.

Specific RNAi Knockdown Leads to Loss of ZO-

1 at the RNA and Protein Level

Endogenous ZO-1 was knocked-down in WM35 melanoma

cells using a lentiviral RNAi expression system. Incorpora-

tion of the lentivirus into the WM35 cells was confirmed by

expression of GFP in-infected cells. Typical infection rates

were more than 95%, with uniform levels of GFP detected

throughout the cell population. Lentiviruses expressing

three RNAi sequences were screened, and one (Z11) was

found to give good levels of ZO-1 knockdown (�90%).

Control cells were transfected with the empty H1UG1 GFP-

viral construct (H1UG1) or a three-point mutation of the Z11

RNAi sequence called N3. Extraction of RNA from H1UG1-

and Z11-infected WM35 cells, followed by RT-PCR showed

a good suppression of ZO-1 (Figure 7A). Western blotting

(Figure 7, B and C) and immunofluorescence (Figure 7; D to

F) showed loss of ZO-1 both at the protein level and from the

cell-cell junctions and the cytoplasm of Z11-infected cells,

but not H1UG1- or N3-treated cells.

Down-Regulation of ZO-1 Using RNAi Leads to

a Rounded Morphology

Treatment with the Z11 lentiviral clone led to marked

changes in the morphology of the WM35 cells (Figure 8;

Figure 3. Co-localization of ZO-1 with adherens junction proteins in human melanoma cells. Cells were stained in red with antibodies to N-cadherin (N-Cad; A,
C), �-catenin (�-cat; D, F), p120catenin (p120cat; G, I), or actin (J, L). B, C, E, F, H, I, K, L: The same cells were also co-stained in green with antibodies to ZO-1.
Scale bars: 20 �m (A–I); 4 �m (J–L).
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D to F). The cells were less dendritic, and lacked the actin

stress fibers of the H1UG1 (Figure 8; A to C) and N3 (data

not shown) control cells. In each case, the level of lenti-

viral infection was confirmed by the GFP expression (Fig-

ure 8, C and F). Confocal microscopy confirmed these

morphological changes, and also indicated from the z-

series that the RNAi-treated cells were taller than control

WM35 cells (average, 15 �m versus 5 �m) (Figure 8; G

to J).

Knockdown of ZO-1, Using RNAi, Does Not

Alter Localization of E- or N-Cadherin but

Reduces Both Adhesion Strength and Collagen

Invasion

Immunostaining of Z11-infected cells for E- and N-cad-

herin did not reveal any changes in the localization of

these proteins relative to the N3 sequence control (Figure

9; A to D). Levels of E- and N-cadherin protein were

unaffected by Z11 RNAi treatment as demonstrated by

Western blotting (Figure 7B). Previous reports have sug-

gested that ZO-1 loss in breast carcinoma is linked to

reduced cell-cell adhesion.31 Cell aggregation assays

were performed in which cells were plated onto nonad-

herent agar-coated plates and left to grow as spheroids

for 72 hours (Figure 9, E and F). After this time, the

spheroids were subjected to agitation, in the form of

gentle pipetting. It was noted that the Z11 spheroids

(Figure 9F) were more fragile and less adhesive than the

N3 (Figure 9E) and H1UG1 (not shown) controls and

broke-up into several pieces.

To investigate whether increased ZO-1 expression was

important for invasion we implanted preformed 72-hour-

old WM35 spheroids, infected with either the Z11 or N3

lentivirus into a collagen I gel. After 96 hours of growth in

collagen there was marked invasion of the N3 (Figure 9G)

and H1UG1 (not shown) control spheroids into the colla-

gen gel, whereas there was significantly less invasion of

the Z11 RNAi-treated cells (Figure 9H).

Discussion

The involvement of junction proteins in the pathogenesis

of malignant melanoma has been little investigated. Here,

we report for the first time, that the ZO-1 is up-regulated

in melanoma, where it co-localizes to N-cadherin-based

junctions. RT-PCR analysis revealed an up-regulation in

ZO-1 levels in 83% of the melanoma cell lines examined.

ZO-1 exists in two forms, termed �� and ��, which are

the result of alternative RNA splicing.16 The two isoforms

are so-called as they differ by an internal 80-amino acid

domain �, which is present in the �� and absent in the

�� isoforms.17 The pattern of expression of the two iso-

forms was heterogeneous across the melanoma lines,

with some such as WM3248 expressing more of the ��

isoforms, and others such as WM3438 expressing pre-

dominantly the �� isoform. Differential expression anal-

ysis has demonstrated that the ZO-1 �� isoform is re-

stricted to specialized junctions in endothelial cells and

Sertoli cells, whereas ZO-1 �� is located in epithelial

cells.17 There is some correlation between expression of

the two ZO-1 isoforms and junction turnover, with ZO-1

�� being expressed in more dynamic junctions, and the

�� isoform being located at less dynamic junctions.17 In

contrast to melanoma cells, melanocytes tested express

very little ZO-1 RNA of either isoform. Keratinocytes ex-

press higher levels of �� than ��, and dermal fibroblasts

have equal RNA levels of both isoforms. The expression

of ZO-1 at the protein level was similar to that of RNA, with

melanocytes expressing very low levels, and keratino-

cytes, fibroblasts, and melanoma expressing high levels.

These findings are in agreement with a number of previ-

ous studies that have demonstrated the expression of

ZO-1 in epidermal keratinocytes, where it associates with

occludin and claudins.33–35

Immunostaining experiments show that ZO-1 is highly

expressed throughout samples of human melanoma

(RGP, VGP, and metastatic) as well as nevi. The up-

regulation of ZO-1 in nevi suggests that this is an early

event in transformation that persists throughout tumor

progression. The early appearance of progression mark-

ers in nevi is well known. In particular the high incidence

of BRAF V600E mutations in benign nevi is thought to

contribute to the later oncogenic behavior of VGP and

metastatic melanomas.36

ZO-1 is also found in normal human skin where it is

expressed primarily in the stratum granulosum, the tran-

sitional layer of the epidermis, and weakly in the upper

layers of the stratum spinosum as well as the endothelial

cells of blood vessels of the dermis. In the stratum granu-

losum and in the endothelia, the ZO-1 is likely involved in

the formation of tight junctions.33–35,37 This is in contrast

to malignant melanoma, in which ZO-1 is found to co-

Figure 4. Expression of adherens and tight-junction proteins in melanoma,
keratinocytes, and fibroblasts. Western blot analysis of protein extracts from
melanoma cells (WM35, WM1366, and 1205Lu), keratinocytes (FK126), and
fibroblasts (FF2441). Blots were probed with antibodies to �-catenin, �-cate-
nin, plakoglobin (�-catenin), p120catenin, occludin, claudin-7, and GAPDH.
Experiments were performed at least three times and the figure shows
representative blots. In each case, blots were stripped and reprobed for
GAPDH to demonstrate equal protein loading.
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localize and interact with N-cadherin and is involved in

the formation of adherens junctions.

The increased expression of ZO-1 in melanoma is

somewhat surprising because studies have demon-

strated that ZO-1 expression is typically lost in gastroin-

testinal adenocarcinoma,38 breast cancer,31 and colo-

rectal carcinoma.39 In breast carcinoma, loss of ZO-1 is

closely paralleled by loss of E-cadherin and may there-

fore be linked to reduced cell-cell adhesion and tumor

progression.31 However, the comparison of breast carci-

noma to melanoma can be often misleading, particularly

with regard to adhesion proteins. As one example, the

adhesion molecule Mel-CAM (CD146, MUC18), is up-

regulated in melanoma and is implicated in disease

progression, whereas in breast carcinoma this molecule

has tumor suppressor properties.40 In melanoma cells,

ZO-1 associates with cell-cell contacts between melano-

ma-melanoma cells, melanoma-fibroblasts, and fibro-

blasts-fibroblasts. Co-localization experiments revealed

that ZO-1 localizes with N-cadherin, �-catenin, and

p120catenin, strongly suggesting that ZO-1 is being re-

cruited to N-cadherin-based adherens junctions in these

cells. Previous studies have shown the localization of

ZO-1 with E- and P-cadherin-based adherens junctions in

nonpolarized fibroblasts.41 Western blotting studies dem-

onstrated that the three melanoma cells tested expressed

most of the expected adherens junctions proteins, with

the exception of plakoglobin (�-catenin). Plakoglobin loss

in cancer, particularly in neuroblastoma, is often associ-

ated with an adverse outcome.42 A possible role for

plakoglobin loss in the metastatic phenotype is dem-

onstrated by studies showing that tumorigenicity is sup-

pressed by transfection of plakoglobin into renal carci-

noma cells lacking catenin expression.43

Figure 5. Localization of both N-cadherin and ZO-1 to cell-cell adhesions
requires the presence of calcium. A and C: WM1366 cells grown in 2%
melanoma media were stained in red with antibodies to N-cadherin. B and C:
Cells were also co-stained in green with antibodies to ZO-1. After a 15-minute
treatment with calcium-free EDTA containing melanoma media both N-
cadherin (D, F) and ZO-1 (E, F) disappeared from the points of cell-cell
adhesion. After being returned to normal, calcium-containing media for 30
minutes both N-cadherin (G, I) and ZO-1 (H, I) returned to the points of
cell-cell adhesion. J: Physical interaction between ZO-1 and N-cadherin, as
demonstrated by co-immunoprecipitation. Whole cell melanoma protein ex-
tracts were subject to pull down using antibodies to either ZO-1 (ZO-1) or
matched IgG (control), subsequent blots were then probed for N-cadherin.
Scale bar, 20 �m.
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The Src-substrate, p120catenin, is known to play a role

in stabilizing cadherins at the cell membrane, through

control of their turnover.44–47 p120catenin exists in mul-

tiple isoforms, which derive from the same gene through

alternative splicing and multiple translational initiation

codons. There were significant differences in the expres-

sion patterns of the different isoforms of p120catenin

between melanoma cells, keratinocytes, and fibroblasts,

possibly a reflection of the different strengths of junctions

between these cell types. Previous studies have reported

that melanocytes and melanoma express the long iso-

form 1A, whereas keratinocytes express the shorter iso-

forms of p120, such as 3A.48 In this study we used the

antibody to phospho-p120 catenin, which recognizes all

four isoforms of p120catenin, when phosphorylated at

tyrosine 228 by Src.49

To investigate whether the increased ZO-1 expressed

was associated with tight junctions, melanoma cells were

probed for the expression of occludin and claudin-7 by

Western blotting and immunofluorescence. Claudin-7

was selected because it has been previously identified

throughout the human epidermis.50 In addition, our own

microarray studies have suggested that this particular

claudin was expressed in skin keratinocytes (data not

shown). Only one of the three melanoma cell lines tested

expressed occludin. None of the melanoma cell lines

tested expressed any claudin-7. The expression of oc-

cludin in the WM1366 cell line was unexpected, but con-

sistent with the epithelial phenotype and cobblestone

morphology of this cell line. To our knowledge this is the

first ever report of a tight junction molecule being ex-

pressed in human melanoma, and as yet its functional

consequences are unknown.

Co-staining of the actin cytoskeleton with ZO-1 did not

reveal any co-localization in melanoma cells, and rather

the ZO-1 was located toward the ends of the actin stress

fibers at the sites of cell-cell contact. However, in tight

junction-expressing epithelial cells, ZO-1 is known to si-

multaneously bind claudin through its first PDZ domain

and F-actin through its C-terminal tail.21,50–53 ZO-1 is also

able to bind directly to the actin cytoskeleton, and may be

a functional linker between the cadherin-based adhesion

system and the actin cytoskeleton.21,52 In nonepithelial

cells, ZO-1 also associates with actin-binding �-catenin,

suggesting that the association of ZO-1 with the actin

cytoskeleton can be both indirect and direct.21,54

Calcium-switching experiments demonstrated that

both N-cadherin and ZO-1 are recruited to cell-cell ad-

hesions under high calcium conditions. More evidence of

a direct interaction between N-cadherin and ZO-1 was

Figure 6. Expression and co-localization of E- and N-cadherin with ZO-1 in melanoma cell lines. A: Western blots showing the expression of both E- and
N-cadherin in selected melanoma cells. B: Western blot showing the expression of E- and N-cadherin in skin keratinocytes (FK126) and dermal fibroblasts
(FF2441). Blots are representative of three independent experiments. In each case, blots were stripped and reprobed with anti-GAPDH to confirm equal protein
loading. Co-localization of N-cadherin (C, E), with ZO-1 in WM1232 melanoma cells (D, E). Co-localization of E-cadherin (F, H) with ZO-1 in WM1232 melanoma
cells (G, H). Scale bar, 20 �m.
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demonstrated by co-immunoprecipitation experiments, in

which the anti-ZO-1 antibody pulled down N-cadherin

from melanoma cell extracts.

Although all melanoma cells, irrespective of their

stage, were found to express N-cadherin, some cell lines

still expressed E-cadherin. RT-PCR studies demon-

strated that a number of melanoma cell lines expressed

some E-cadherin at the RNA level. A preselected sample

of these melanoma cell lines, were also found to express

E-cadherin at the protein level. There was also evidence

of cytoplasmic co-localization between E-cadherin and

ZO-1. However, it appeared that this E-cadherin was

nonfunctional; immunofluorescence studies revealed a

cytoplasmic localization of this protein. Indeed, only the

N-cadherin was found at the sites of cell-cell contact.

Co-culture of E-cadherin-expressing melanoma cells with

keratinocytes did not result in the formation of E-cadherin/

E-cadherin contacts between keratinocytes and mela-

noma cells, further suggesting that E-cadherin was func-

tionally inactive in these melanoma cells (data not

shown). The finding that many of the melanoma cell lines

still express E-cadherin, suggests that there may be mul-

tiple mechanisms responsible for its functional loss, and

that often E-cadherin may be still expressed, albeit in an

inactive state. To date, the best characterized mecha-

nism of E-cadherin loss in melanoma is via the up-regu-

lation of Snail family transcription factors that suppress

E-cadherin expression.55,56 Another recently identified

mechanism of E-cadherin down-regulation is via Hakai, a

Cbl-related E3-ubiquitin ligase.57 Hakai binds to tyrosine-

phosphorylated E-cadherin and mediates its internaliza-

tion and destruction.57 Thus it has been proposed that

Hakai disrupts E-cadherin-mediated cell-cell adhesion

and may contribute to the metastatic phenotype.57

To properly assess the role of ZO-1 in melanoma be-

havior a number of lentiviral vectors encoding for a short

interfering RNA (siRNA) were constructed. Three interfer-

ing RNA sequences were designed and tested for knock-

down activity. One of the sequences, clone Z11, gave

good knockdown of ZO-1 at both the RNA and protein

level in WM35 cells. Knockdown of ZO-1 did not affect the

localization of either N-cadherin to the cell-cell contacts,

or the cytoplasmic localization of E-cadherin in WM35

cells. This suggests that ZO-1 was recruited to N-cad-

herin-based cell contacts, and not the other way around.

It also demonstrated that up-regulated ZO-1 was not

involved in the suppression and aberrant localization of

E-cadherin in this cell line. Knockdown of ZO-1 appeared

to weaken cell-cell adhesion between melanoma cells.

Z11 clone-infected WM35 cells were not as strongly ad-

hesive under anchorage-independent spheroid condi-

tions as N3 clone-infected control cells. This finding is in

agreement with studies on MCF-7 breast carcinoma

cells, where ZO-1 anti-sense was found to reduce cell-

cell adhesion, resulting in the formation of smaller sphe-

roids.58 However, it is worth noting that the role of ZO-1 in

MCF-7 cells is different to that of WM35 melanoma cells.

In the MCF-7 cell line, increased ZO-1 expression was

Figure 7. Characterization of a RNAi to knockdown ZO-1. A: RT-PCR showing knockdown of ZO-1 RNA in WM35 melanoma cells treated with lentivirus encoding
Z11 clone RNAi, RT-PCRs for GAPDH were included as a control. B: Western blot showing knockdown of ZO-1 protein in Z11-infected WM35 cells, note the lack
of knockdown in closely related proteins E- and N-cadherin and GAPDH. C: Reversal of the RNAi effect of the Z11 clone lentivirus through introduction of 3-point
mutations into the sequence (N3). D and E: Immunofluorescence microscopic pictures showing expression of ZO-1 at cell-cell adhesions (indicated with arrows)
in H1UG1 vector control cells and N3 mutant cells. F: Loss of ZO-1 expression at cell-cell adhesions in cells treated with the lentivirus for Z11 clone RNAi. Scale
bar, 20 �m.
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associated with high E-cadherin expression.58 Indeed,

the authors go as far to suggest that ZO-1 expression is

anti-metastatic in breast cancer.58

The observation that ZO-1 is up-regulated in a high

proportion of melanoma lines, including those that are

highly metastatic, suggests that ZO-1 plays a pro-onco-

genic role in melanoma cell lines. Studies have shown the

interaction of ZO-1 with the actin cytoskeleton,21 in

agreement with this melanoma cells expressing the Z11

RNAi clone were found to exhibit a different morphology

than control cells. Instead of being flattened and den-

dritic, the Z11-infected cells were found to be smaller and

rounder, and lacked the characteristic actin stress fibers.

Organization of both tubulin and vimentin were unaf-

fected (data not shown). Because N-cadherin expression

is associated with a more motile and invasive phenotype

it is likely that increased ZO-1 expression in melanoma is

involved in this process. Indeed, we provide evidence

that the interaction of N-cadherin with ZO-1 enhances

invasion in melanoma cells. WM35 cells infected with the

Z11 clone RNAi lentivirus exhibit markedly less invasion

into collagen I gels when compared to control WM35

cells infected with the N3 three-point mutated siRNA

lentivirus. It is worth noting that the inhibition of RNAi-

treated WM35 cell invasion is not total, and there is still a

low level of invasion in the RNAi-treated cells. This pos-

sibly suggesting that there may be some functional re-

dundancy between cytoskeletal crosslinking proteins

and other mechanisms can compensate for loss of ZO-1

after RNAi treatment. It seems counterintuitive to suggest

that reduced adhesion can impair invasion, but this is

indeed the case. Tumor invasion requires the carefully

orchestrated adhesion of the cell to the surrounding ma-

trix to generate traction, inhibiting this adhesion can

therefore block cell motility.

Here we have demonstrated for the first time that,

unlike other cancers, ZO-1 is up-regulated in human

melanoma. It seems likely that the increased expression

of this molecule may contribute toward the functional

consequences of E- to N-cadherin switching. It is hoped

Figure 8. Knockdown of ZO-1, using RNAi, alters the morphology of WM35 cells. Cells infected with lentivirus for the H1UG1 vector control sequence exhibit
a normal dendritic morphology when stained for cytoskeletal actin (A) or DIC (B). C: GFP staining demonstrates viral infection. D and E: In contrast to controls,
Z11-infected cells are more rounded. F: GFP image demonstrates viral infection. G and I: Confocal microscopic pictures show the spreading, dendritic appearance
of H1UG1 vector control cells that is lacking in the Z11 RNAi-infected cells (H, J). Scale bar, 20 �m.

1552 Smalley et al
AJP May 2005, Vol. 166, No. 5



that a greater understanding of the processes of this

cadherin switch will lead to improved therapeutic ap-

proaches to this currently deadly disease.
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