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Bdckground:: Living skin equivalents (LSEs) are being used to treat burn wounds, skin defects, and chronic
wounds, and today, several biomaterials are applied as dermal matrices in LSEs. The amnionic membrane
{AM) is known to have useful properties as a dermal matrix and can be used to construct a LSE.
Objective; To develop a new LSE with human AM as the matrix.
Methods: Human AM was  de-epithelialized and investigated to. determine whether it supported
keratinocyte adherence and proliferation, and fibroblast in-growth and proliferation. A new LSE was
constructed by seeding keratinocytes on the epithelial side of fibroblast-populated, de-epithelialized AM
and was investigated histologically. The LSE was transplanted onto a full-thickness wound on a nude
mouse and a histological examination was conducted.
Results:’ De-epithelialized AM supported the adherence and proliferation of keratinocytes and the in-
growth of fibroblasts. The new LSE- demonstrated good mechanical: properties and revealed good
morphology, with a well differentiated epidermis and well developed basement membrane: The LSE
grafts survived well on nude mice, showing good morphology.
Conclusion:; A LSE with amnions as'a matrix exhibited good morphology, low cost, and good mechanical
properties. and may be useful as a skin substitute for clinical use...

© 2009 Japanese Society for Investigative Dermatology. Published by Elsevier Ireland Ltd. All rights
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1. Introduction

Living ‘skin equivalents: (LSEs) containing well differentiated
keratinocytes cultivated: on fibroblast-populated: dermal substi-
tutes have been used to treat burn wounds, skin defects; chronic
wounds; and ulcers [1-3]. The dermal matrix and the fibroblasts in
LSEs modulate epidermal growth and differentiation through
dynamic interactions [4-6]. Various biomaterials have been used
as dermal matrix substitutes, including type I collagen; acellular
human dermis; : collagen-glycosaminoglycan  matrix, - human
plasma, and fibrin glue [7-11]. However, the search has continued
for an ideal matrix that is readily available and inexpensive and
supports. mesenchymal cell in-growth, improves epidermal cell
adherence  and  proliferation, and ‘has: minimal  toxicity,  low
immunogenicity, and good mechanical properties.

Amnions can be readily obtained from cesarean deliveries after
screening for viral diseases. Amnions have been used to cover clean

* Corresponding author. Tel.: +81 89 960 5350; fax: +81 89 960.5352.
E-mail address: shirakat@®m.ehime-uacjp (Y. Shirakata).
1 Both these authors contributed equally to this work.

partial-thickness: wounds - and: donor  sites, and: applied as: a
temporary. dressing for freshly excised burns; it has advantages
such as pain relief, prevention of infection, maintenance of a moist
environment to promote healing, good adherence to wounds, and
simple handling [12-17]. Laboratory investigations have revealed
that the basement membrane (BM) of amnions shares major BM
components with human skin, and the BM zone resembles human
skin both morphologically and ultrastucturally [18]. The epithelial
side: of denuded "amnions has been shown to support the
proliferation, spreading, and differentiation of corneal, mucous,
and bronchial epithelial cells [19-21]. Furthermore, the stroma of
amnions can serve as a dermal matrix in which fibroblasts show
good adherence and proliferation [22,23]. Limited immunogeni-
city, along with anti-inflammatory effects and. other character-
istics; make it a suitable transplantation material for ocular surface
reconstruction, and the immune privilege of the amnion makesita
biological immune barrier for Xenotransplantation [24-26]. More-
over; amnion procurement and processing are easy and it can be
sterilized and preserved at low cost for long periods without
obvious architectural changes [27-29].

Considering these characteristics of amnions; in this study, we
used amnions as a substratum to: construct a LSE. We studied the

0923-1811/$36.00 © 2009 Japanese Society for Investigative Dermatology. Published by Elsevier Ireland Ltd. Al rights reserved.
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morphology and function of fibroblasts cultured in the stroma of
amnions and the morphology of keratinocytes on the epithelial
side of de-epithelialized amnions. The LSE was constructed by
seeding keratinocytes on fibroblast-infiltrated amnions and was
investigated histologically, immunohistochemically, and ultra-
structually. The LSE was also investigated in vivo by transplanta-
tion onto nude mice.

2. Materials and methods
2.1. Cell culture

Normal human epidermal keratinocytes (NHKs) were isolated
from healthy human skin and cultured under serum-free condi-
tions, as described previocusly [30,31]. The cells were used for LSE
cultures in their fourth passage. Fibroblasts were isolated from
healthy human skin and cultured in Dulbecco's modified Eagle's
medium (DMEM; Gibco, Grand Island, NY, USA) supplemented
with 10% fetal calf serum (FCS). Fifth-passage cells were used to
construct the LSEs.

All procedures that involved. human subjects received prior
approval from the ethics committee of Ehime University School of
Medicine, Toon City, Ehime, Japan. All subjects provided written
informed consent.

2.2, Preparation of de-epithelialized amnions

Human amniotic membrane (AM) was obtained at cesarean
section. Under sterile conditions, the AM was washed with sterile
phosphate-buffered saline (PBS), deprived of the spongy layer; and
stored at =80 °C in-12% dimethyl sulfoxide (DMSO) in PBS. Before
use, the AM was thawed, washed with PBS three times, and cutinto
2.5'¢cm’ x 2.5 ¢m pieces. The epithelial cells were removed from the
AM by incubating it in 0.02% ethylenediaminetetraacetic acid
(EDTA) at 37 °C for 2 h, and then gently scraping with a cell scraper
under a microscope, as previously described [32]. The complete
removal of epithelial cells was confirmed using hematoxylin and
eosin (H&E) staining.

2.3.: De-epithelialized AM for cultivating keratinocytes and
dermal fibroblasts

De-epithelialized: AM was put on the bottom of a six-well
culture plate (Costar; Corning, Corning, NY, USA): with the
epithelial side upward, and stabilized by overlaying a stainless
steel ring (inner diameter, 20 mm). Keratinocytes (1 x 10% cells)
were seeded onto the AM in MCDB 153 1l medium. The same
number of keratinocytes was seeded in a type I collagen-coated
six-well plate (Iwaki; Asahi Techno Glass, Chiba, Japan) of the same
area as:the AM. Then, 4 h later, the cells were stained with calcein
AM (using the Live[Dead Viability/Cytotoxicity Kit; Molecular
Probes, Eugene, OR, USA) according to the manufacturer’s protocol.
The fluorescence was examined and photographed under a phase-
contrast microscope (TE-300; Nikon, Tokyo, Japan), coupled with a
Nikon pixera digital camera penguin 600 CL. Three days later, the
confluent  Kkeratinocytes were photographed under the same
phase-contrast microscope.

Fibroblasts: (5 x 10°) were seeded in each well of a six-well
culture plate in DMEM supplemented with 10% FCS and 50 pg/mL
ascorbic acid. When the cells reached confluence, de-epithelialized
AM was placed on the cells, with the stromal side downward, to be
in: touch with' the fibroblasts. The AM was stabilized with:a
stainless steel ring. At the first and fifth day after AM application,
pictures were taken of the fibroblasts on the AM:

We performed at least three independent experiments, which
showed similar results. Representative data are shown in the figures.
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2.4. Preparation of skin equivalents

Fibroblasts (5 x 10%) were seeded in culture inserts (Transwell-
COL, membrane pore size, 3 jum, Costar; Corning) and cultured in
DMEM supplemented with 10% FCS in a 6-well plate (Costar;
Corning). One day later, de-epithelialized AM was put on to the
confluent fibroblasts, with the stromal side downward, and stabilized
with a stainless steel ring (inner diameter, 20 mm). Five days later,
when the fibroblasts had infiltrated the AM stroma (confirmed by
phase-contrast microscopy), 2 x 106 keratinocytes in 500 L MCDB
153 typell medium were seeded in the hole of the stainless steel ring.
The keratinocytes were kept submerged in culture for 2 days. Then,
the LSE was lifted to provide an air-liquid interface and cornification
medium (1:1 mixture of Ham’s F-12 and DMEM supplemented with
2% FCS and: other supplements, as described previously [33]) was
added. This medium was changed every other day.

The LSEs were harvested at day 10 after airlift. For each sample,
one part was fixed in 20% formalin and embedded in paraffin for
H&E staining, one part was snap-frozen in optimal cutting
temperature (OCT) compound for immunofluorescence staining,
and one smiall’ part was processed for transmission electronic
microscopy (TEM). We performed more than 20 experiments, and
similar results’ were obtained. A representative experiment is
shown in the figures.

2.5. Histology and immunofluorescence staining

Paraffin-embedded LSE samples were sectioned at 6 pm and
stained with H&E: Images were obtained using an Olympus AX80
microscope coupled  with ‘an Olympus DP50 digital camera
(Olympus, Tokyo, Japan).

For immunofluorescence (IF) staining, frozen sections (7 pum)
were first incubated with 0.3% hydrogen peroxide for 30 min to
remove endogenous peroxidase activity and then incubated with
primary antibodies at appropriate dilutions (Table 1) overnight at
4°C.; The sections' were' incubated. with anti-mouse fluorescein
isothiocyanate: (FITC) for: 30 min - at room  temperature; Images
were ‘obtained ‘using a: fluorescence microscope (ESTUW-RFL;
Nikon) coupled: with an Olympus: DP70: digital. camera. We
performed at least three independent studies, which gave similar
results. A representative experiment is shown in the figures.

2.6.. Mechanical and handling properties of the living skin equivalent
and. transplantation on nude mice

Alarger LSE was made using a larger culture insert (diameter,
75 mm, membrane pore size, 3 wm, Transwell; Corning), a larger
piece ‘of amnions (about 4 cm x 4 cm), and proportionally more
fibroblasts and keratinocytes in the same way as described above:
At day 7 after airlift, the LSE was harvested and made into'a mesh-
skin graft with a scalpel and stretched.

The grafting protocol was approved by the ethics committee of
Ehime University School ' of Medicine. Eight-week-old female

Table1

Details of primary, antibodies.
Antibody to Clone Dilution Sotirce
E-cadherin HECD-1 1:100 TaKaRa
Desmoglein 3 5G11 1:100 Zymed
Keratin 14 L1002 1:100 NeoMarkers
Keratin: 10 LHP1 1:100 NeoMarkers
Integrin 34 3E1 1:100 Chemicon
Integrin a2 P1E6 1:100 Chemicon
Collagen type Vii LH7.2 1:100 NeoMarkers
Collagen type IV. 2311C3 1:200 Chemicon
Laminin 5 GB3 1:100 Sera-lab




190 L. Yang et al /Journal of Dermatological Science 56 (2009) 188-195

KC on de-epithelialized AM

confluency

_

Fig. 1. Morphology of keratinocytes on de-epithelialized amnions. Keratinocytes were seeded onto a type | collagen-coated dish (A and C) or the epidermal side of
de-epithelialized amnions (B and D). Four hours after seeding, the plasma of cells was stained with calcein AM of the Live/Dead Viability/Cytotoxicity Kit and phetographed
(A and B). Three days later, the cells reached confluence and were photographed under a phase-contrast microscope (C and D). Bars are 50 pm.

BALB/cAJc1-nu nude mice were anesthetized with intraperitoneal
injection of 0.3 mL Avertin (1.25% tribromoethanol, 2.5% 2-methyl-
2-butanol solution). A 1.5 cm x 1.5 cm full-thickness wound was
created on the back of each mouse using scissors; then a piece of
LSE of matching size (7 days after airlift) was grafted onto the
wound and covered with a transparent film. Fourteen days after
transplantation, pictures of the grafts were taken and the grafts
were harvested and processed for H&E staining. We performed at
least three independent studies, which gave similar results. A
representative experiment is shown in the figures.

2.7. Transmission electron microscopy

Specimens were fixed in 0.1% tannic acid containing 2.5%
glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) for 2 h, washed
with phosphate buffer, post-fixed with 1% osmium tetroxide in
phosphate buffer for 2 h, washed with 0.25 M sucrose solution,
dehydrated in a graded series of ethanols, and embedded in an
Epon resin mixture. Ultrathin sections (<60-80 nm) were pre-
pared using an Ultracut S (Leica, Solms, Germany) double-stained
with uranyl acetate and lead citrate, and examined with a

Fig. 2. Morphology of fibroblasts in the stroma of amnions. De-epithelialized amnions were placed on confluent fibroblasts with the stromal side downward. One day(A) or 5

days (B) later, the morphology of fibroblasts was examined. Bars are 50 pm.
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Fig. 3. Morphology of living skin equivalents and the expression of cell~cell junction proteins, integrins, and keratins. Keratinocytes were seeded onto fibroblast-infiltrated
de-epithelialized amnions to create living skin equivalents (LSEs). Ten days after airlift, the LSEs were harvested. The histological morphology is indicated by H&E staining (A).
The basal cell number per 100 pum at dermal-epidermal junction was counted, and compared with a conventional LSE built with type f collagen. **p < 0.05 (B). The cell-cell
junction is shown by immunofluorescence (IF} staining of E-cadherin {C) and Dsg 3 (D). The polarization of epidermal cells is indicated by IF staining of integrin o2 (E) and B4
(F). The differentiation and proliferation status of the epidermis are shown by the expressions of keratin 10 (G) and keratin 14 (H). Bars are 50 um.
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transmission electron microscope (JEM-1230; JEOL, Tokyo, Japan)
at 80 kV. We performed at least three independent studies and
confirmed similar results. A representative experiment is shownin
the figures.

3. Results

3.1. De-epithelialized amnions supported keratinocyte and
fibroblast growth

Four hours after the seeding of Keratinocytes, the cell plasma was
stained with calcein AM and the morphology of the keratinocytes
was observed. In amnions, most of the cells became larger and
adopted a spindle-like shape (Fig. 1B) in comparison with the small
and round cells on the type I collagen-coated dish (Fig. 1A). Atday 3,
when the cells reached confluence, keratinocytes on de-epithelia-
lized amnions appeared more compactly arranged with a pavement
stonelike morphology (Fig. 1D), while the cells on the type I collagen
were larger and appeared irregular (Fig. 1C).

The amnions were overlaid with the stromal side downward on
confluent fibroblasts. Under phase-contrast microscopy, we
observed morphological changes in the fibroblasts in the amnions.

Laminin 5

0.5 pum

——  Collagen IV

One day after amnion application, very few fibroblasts sprouted
into the amnions, with thin and long dendritic branches (Fig. 2A).
At day 5, more fibroblasts moved into the stroma of the amnions
and formed a complex network of dendritic branches (Fig. 2B).

3.2. A well differentiated epidermis formed on de-epithelialized
amnion with a well developed basement membrane

At day 10 after airlift, the LSEs were harvested and processed for
histological, immunochistochemical, and ultrastructural studies. A
multilayered epidermis formed on de-epithelialized amnions and
epidermal stratification was well organized (Fig. 3A). The basal
cells were cuboid, small, and compactly aligned along the AM, with
clear demarcation. The number of basal cells on dermal-epidermal
junction is significantly higher than that of a conventional LSE
made by seeding keratinocytes on fibroblast-populated type |
collagen gel (Fig. 3B) [32,33]). The spinous layer, granular layer, and
stratum corneum were also clearly identified. The fibroblasts
infiltrated deeply into the stroma of the amnion except for a thin
acellular zone, which separated the epidermis from the underlying
fibroblast-infiltrated substratum (Fig, 3A). Cell-cell junctions were
well developed in the epidermis, as shown by the expression of

Fig. 4. Basement membrane development in living skin equivalents. On frozen sections of living skin equivalent samples, the expression of laminin 5 (A), type 1V collagen (B),
and type VII collagen (C) were determined by immunofluorescence staining with the respective monoclonal antibedies, Transmission electron microscopy revealed a
continuous lamina densa (arrows in D) and well developed hemidesmosomes (inset in D). KF, keratin filaments, Bars are 50 um in A, B, and C and 0.5 pum in D.
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Fig. 5. A large living skin equivalent showed good mechanical properties. An amnion living skin equivalent (LSE) was made with an amnion of 4 x 4 cm, At day 7 after airlift,
the LSE was lifted and made into a mesh-skin graft with a scalpel. The LSE was photographed before (A) and after (B) the mesh-skin graft processing. Bars are 1 cm.

E-cadherin and desmoglein 3 {(Dsg 3) around each cell (Fig. 3C and
D). We also noticed polarization of the epidermal cells, as shown by
the distribution of integrin alpha 2 and integrin beta 4, which was
restricted to the basal and lower suprabasal layer of the epidermis
(Fig. 3E and F). The distribution of keratin 10 extended from the
suprabasal layer to the stratum corneum (Fig. 3G), indicating the
differentiated status of the keratinocytes. Keratin 14 was seen in
the basal and suprabasal layers, indicating the proliferative status
of the cells (Fig. 3H).

Considering BM development is important when investigating a
cultivated LSE. IF staining revealed linear and compact deposition
of the major BM proteins, laminin 5, and types 1V and VIi collagen
at the epidermal-dermal junction (Fig. 4A-C). The development of
the BM zone was further examined using transmission electron
microscopy (TEM). A continuous lamina densa was formed along
the plasma membrane of the keratinocytes, with many hemi-
desmosomes, The hemidesmosomes were well developed struc-
turally, with inner and outer plaques clearly distinguished; keratin
filaments were connected to the inner plaques {Fig. 4D).

3.3. Amnion LSEs showed good mechanical and handling properties

At day 7 after airlift, the large amnion LSE was ready for use,
with a yellowish color to the cornified epidermis (Fig. 5A). The LSE
was readily lifted from the culture insert and transferred to a
culture dish with forceps, without separation of the epidermis and
dermis or rupture of the dermal matrix. Furthermore, the amnion
LSE was firm enough to tolerate scalpel cutting and could be
stretched to prepare a mesh-skin graft (Fig. 5B).

3.4. Amnion LSE graft on nude mice was well vascularized and
showed good morphology

Two weeks after transplantation, the grafts had survived on
nude mice, with even surfaces and a pink coloration (Fig. 6A). The
grafts were harvested and processed for H&E staining. The
epidermis was well stratified, with columnar basal cells compactly
aligned along the epidermal-dermal junction, round spinous cells
and flat granular cells in the upper layers, and a thick stratum
corneum on the surface. The amnion could still be distinguished by
an acellular zone, which remained uninfiltrated by underlying
mesenchymal cells. In the substratum, many small blood vessels
were found up to the acellular zone (Fig. 6B).

4. Discussion

In this study, we confirmed that keratinocytes spread and
proliferated well on the epithelial side of de-epithelialized
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amnions, and found that the stroma of amnions supported
fibroblast adherence and infiltration. The LSE was constructed
by seeding keratinocytes on fibroblast-infiltrated amnions and was
investigated in vitro and in vivo.

Amnions can be de-epithelialized and preserved, with intact
basal lamina remaining {34,35]. The exposed BM components of
amnions enhance corneal epithelial cell adherence, proliferation,
and migration {19]. In this study, we found that normal human

Fig. 6. Morphology of the living skin equivalent grafts. The living skin equivalents
(LSEs) were grafted onto full-thickness wounds on the backs of nude mice. Two
weeks later, the gross appearance of the grafts was photographed and the grafts
were harvested and processed for H&E staining. A well stratified and differentiated
epidermis was observed. Many small blood vessels were found in the substratum of
the graft (arrows) up to near the thin acellular zone, which separated the epidermis
and underlying substratum, AM, amnion. Bar is 50 pm.
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keratinocytes attached and spread faster on de-epithelialized AM
and that confluent cells were more compactly arranged than on
type I collagen. Also, in a previous study, we showed that newly
formed epidermis expanded faster on de-epithelialized amnions
than on fibroblast-populated type 1 collagen gel {32]. Among the
main BM components, type IV collagen has been shown to enhance
human keratinocyte spread and growth [36], and laminin 5, a key
component of the anchoring complex of the BM, is also essential for
keratinocyte attachment, polarization, and migration [37-39].

When constructing a LSE, preexisting BM components on the
dermal matrix contribute to improving the morphology of the
epidermis and are necessary for the formation of hemidesmo-
somes and the development of a lamina densa [94041]
Epithelial-mesenchymal interactions play important roles in
controlling epidermal morphogenesis and homeostasis. The
interaction between keratinocytes and the insoluble BM proteins
contributes to the maintenance of tissue architecture and affects
various biological processes, such as cell attachment, proliferation,
differentiation, and migration [42,43]. On the de-epithelialized
AM, the epidermis was well differentiated, stratified, and
polarized, with columnar basal cells compactly aligned along
the dermal-epidermal junction. These results indicated that the
presence of certain BM components on de-epithelialized AM
improved the homeostasis of the overlying epidermis.

The well developed basal lamina and hemidesmosomes in the
amnion LSE guaranteed a stable association between the epidermis
and the underlying tissues, which could explain why the epidermis
was resistant to separation from the underlying connective tissue
when the LSEs were harvested and manipulated for grafting.

Fibroblasts support epidermal morphogenesis and the deposi-
tion of BM components in preparing a LSE [44,45]. We constructed
a LSE by seeding keratinocytes on de-epithelialized amnions;
however, without coculturing fibroblasts in the stroma of the
amnions, the resulting epidermis was thin and the basal cells were
not well organized (data not shown). Because fibroblasts are
known to support the growth of monolayer keratinocytes, we
prepared fibroblasts in six-well plates to nourish the keratinocytes,
which were seeded onto de-epithelialized amnions in culture
inserts (set in six-well plates), and cultivated the keratinocytes at
the air-liquid interface. However, the resulting epidermis of the
LSEs was only two to three layers thick, and the cells were
disorganized on the amnions (data not shown). It appears that
fibroblasts being cultivated in the dermal matrix and the formation
of a three-dimensional network are important for a well organized
and differentiated epidermis in a LSE.

In the transplantation experiment, amnion LSEs were readily
harvested from the culture inserts and transferred to full-thickness
wounds on the backs of nude mice. The LSE grafts survived well on
the nude mice and were well vascularized, as seen in the H&E-
stained sections.

We also confirmed some other advantages in making the
amnion LSE. First, we did not use any animal-derived type I
collagen gel, which is conventionally employed in constructing the
dermal matrix for a LSE [33]. Type I collagen is costly and may
cause inflammatory reactions upon transplantation, and ethical
issues may arise because of its animal origin [46]. Second, the
procedure is simpler in making a fibroblast-infiltrated amnion
than a fibroblast-populated collagen gel, which requires the
mixing of several different ingredients while stirring on ice. Third,
amnions as the matrix are more resistant to shear forces than
collagen gel, which greatly facilitates the manipulation in
removing the LSE from the culture insert and transferring it to a
wound bed in transplantation.

In conclusion, the LSE with amnions as the dermal matrix
demonstrated various advantages, such as a simple cultivating
procedure, low cost, good mechanical and handling properties, and

containing no animal products. Good epidermogenesis was seen in
vivo and in vitro, suggesting that this LSE may be useful for clinical
applications.
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Nodal lymphangiogenesis promotes distant lymph
node (LN) metastasis in experimental cancer models.
However, the role of nodal lymphangiogenesis in dis-
tant metastasis and in the overall survival of cancer
patients remains unknown. Therefore, we investi-
gated mechanisms that might facilitate regional and
distant LN metastasis in extramammary Paget’s dis-
ease (EMPD). We retrospectively analyzed the impact
of tumor-induced lymphatic vessel activation on the
survival of 116 patients, the largest cohort with EMPD
studied to date. Nodal lymphangiogenesis was signif-
icantly increased in metastatic, compared with tu-
mor-free, LNs (P = 0.022). Increased lymphatic inva-
sion within regional LNs was significantly associated

with distant metastasis in LN (P = 0.047) and organs
(P = 0.003). Thus, invasion within regional LNs is a
powerful indicator of systemic tumor spread and re-
duced patient survival in EMPD (P = 0.0004). Lym-
phatic vessels associated with tumors expressed stro-
mal cell-derived factor-1 (SDF-1), whereas CXCR4 was
expressed on invasive Paget cells undergoing epithe-
lial-mesenchymal transition (EMT)-like process. A431
cells overexpressing Snail expressed increased levels
of CXCR4 in the presence of transforming growth
factor-B1. Haptotactic migration assays confirmed
that Snail-induced EMT-like process promotes tumor
cell motility via the CXCR4-SDF-1 axis. Sinusoidal lym-
phatic endothelial cells and macrophages expressed
SDF-1 in subcapsular sinuses of lymph nodes before
Paget cell arrival. Our findings reveal that EMT-related
features likely promote lymphatic metastasis of EMPD
by activating the CXCR4-SDF-1 axis. (4dm ] Pathol 2009,
175:2235-2248; DOI: 10.2353/ajpath.2009.090420)

The metastatic spread of cancer cells from a primary site
generally occurs in sentinel lymph nodes (LNs). Thus, the
presence and extent of LN metastasis determines stag-
ing and prognosis in most human malignancies and often
guides therapeutic decisions.® Although surgical resec-
tion of primary tumors and their regional LN metastases
can cure several types of cancer, distant LN and organ
metastases represent a significant therapeutic concern
due to the absence of effective antimetasiatic therapies.
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The mechanisms of tumor cell metastasis to regional and
distant LNs have remained unclear, mainly due fo the
absence of lymphatic-specific markers and lack of in-
sight into the molecular mechanisms mediating tumor cell
entry and persistence within the lymphatic system.

Recent studies have identified novel lymphatic-spe-
cific markers,??® including the mucin-type glycoprotein
podoplanin,® the lymphatic vascular endothelial cell hya-
luronan receptor-1 (LYVE-1)® and the homeobox tran-
scription factor Prox1.8~8 Moreover, several lymphangio-
genic growth factors have alsc been identified. Among
these, vascular endothelial growth factor (VEGF)-C and
VEGF-D activate VEGF receptor-3 (VEGFR-3) that is pre-
dominantly expressed by lymphatic endothelial cells
(LECs).%'° More recently, VEGFR-3 has been shown to
be expressed on tumor-associated blood vascular endo-
thelial cells.*” The angiogenesis factor VEGF-A also pro-
motes lymphangiogenesis in the skin.'>'* Importantly,
VEGF-C, VEGF-D, or VEGF-A overexpression in experi-
mental tumor models induces lymphatic vessel growth
associated with primary tumors, leading to enhanced
tumor metastasis to regional LNs."®'8 Moreover, a block-
ade of VEGFR-3 signaling inhibits tumor lymphangiogen-
esis and LN metastasis in rodent models of tumor
metastasis.'”°

We recently found that targeted VEGF-A or VEGF-C
overexpression in the skin of a multistep chemically in-
duced model of skin carcinogenesis promotes the lym-
phangiogenesis of primary tumors, which increases tu-
mor metastasis to regional LNs and beyond.'®2° More
importantly, metastatic tumors that overexpress VEGF-A
or VEGF-C also induced new lymphatic vessel growth
within the regional LNs, probably contributing to en-
hanced distant LN metastasis. Thus, primary tumors in
the skin induced LN lymphangiogenesis even before they
metastasized, thereby preparing the lymphvascular
niche, a tumor-conditioned microenvironment that serves
as a future metastatic site within the regional LNs. 8202

Recent studies have shown that stromal cell-derived
factor (SDF)-1, a ligand for the chemokine receptor
CXCR4, is required for the formation of vascular niches
that maintain hematopoietic stem cells in murine bone
marrow.?* Furthermore, CXCR4 is induced in several
types of invasive cancers. In fact, several clinico-patho-
logical studies have found that increased CXCR4 levels
are associated with the survival of cancer cells, in-
creased regional LN metastasis and/or reduced patient
survival 32528 and vascular niches comprising tumor-
associated blood vessel capillaries were found to serve
as therapeutic targets in an experimental brain tumor
model in mice.?” However, the mechanisms that induce
CXCR4 in invasive tumor cells remain unknown, and it
has remained unclear whether the CXCR4-SDF-1 axis
plays a significant role in the creation of the tumor-asso-
ciated lymphvascular niche.

Increasing evidence indicates that tumor lymphangio-
genesis arises in different types of human cancers, and
that tumor-associated lymphatic vessel expansion is as-
sociated with enhanced rates of sentinel LN metastasis
and reduced patient survival.#873° However, the mecha-
nisms of tumor lymphangiogenesis and its relative impor-
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fance to cancer metastasis and the survival of patients
with different types of cancer have remained controver-
sial. Therefore, the function(s) of tumor-associated lym-
phatic vessels need to be clarified so that interactions
between tumor-associated LECs and invasive tumor cells
within primary sites and the subsequent formation of LN
metastasis can be understood in more detail.

Extramammary Paget's disease (EMPD) is a cutane-
ous adenocarcinoma that is characterized by the pres-
ence of vacuolated Paget cells.®' The condition usually
develops in genital and/or axillary skin and appears as an
erythematous plaque at the early stages that is charac-
terized by slow intraepidermal growth. During tumor pro-
gression, EMPD can develop nodules and ulcerations
associated with local tissue invasion. Subseguently, tu-
mors metastasize to regional LNs and distant organs,
leading to a poor outcome.®2 Although these clinical fea-
tures indicate that EMPD progression is associated with
tumor lymphangiogenesis and angiogenesis, the occur-
rence and the pathogenetic role of vascular activation in
EMPD have not been studied. Moreover, little is under-
stood about the mechanisms through which Paget cells
acquire the invasive phenotype that spreads to LNs and
beyond.

The epithelial-mesenchymal transition (EMT), which
plays a key role in promoting embryonic development,
induces the striking transformation of epithelial cells to
adopt the features of mesenchymal cells such as the
expression of N-cadherin and loss of E-cadherin 235234
Recent studies have further proposed that cancer cells
can acquire EMT-like phenotypes such as loss of cell
polarity, loss of cell-cell adhesion, and/or loss of keratin
expression and considerable expression of vimentin during
tumor progression.>®3¢ Among the molecular regulators
of EMT-like processes in the tumor microenvironment, the
transcription factor Snail initiates the down-regulation of
E-cadherin expression in several tumor cells of epithelial
origin, enabling these cells to detach from the tumor
mass and to invade the surrounding stroma toward tu-
mor-associated blood vessels to metastasize to distant
organs.®” The pleiotropic cytokine transforming growth
factor (TGF)-B1 promotes EMT®® but whether EMT-like
behavior by tumor cells enhances their invasion of lym-
phatic vessels in primary sites remains obscure.

The present study investigates tumor angiogenesis,
lymphangiogenesis, lymphatic invasion, and EMT-like
phenotypes in 116 patients with EMPD, representing the
largest cohort of this type analyzed in a single study. We
investigated whether nodal lymphangiogenesis and/or
lymphatic invasion within regional LNs promotes distant
LN metastasis and examined the molecular mechanisms
promoting lymphatic cancer spread in EMPD. Overall, we
identified lymphatic invasion of regional LNs as a novel,
significant prognostic indicator of metastasis and survival
of patients with EMPD. Moreover, we found that invasive
Paget cells undergoing EMT-like process express
CXCR4, whereas its ligand SDF-1 is produced by tumor-
associated lymphatic vessels and lymphatic sinuses of
draining lymph nodes. Thus, the SDF1 axis plays an
important role in mediating EMPD LN metastasis, and



CXCR4 expression by Paget cells predicts tumor metas-
tasis and patient survival.

Materials and Methods

Patient Population

Patients with EMPD in the groin area were retrospectively
identified through a review of survival data from the Grad-
uate Schools of Medicine at Ehime and Osaka Universi-
ties. Surgical samples from primary skin tumors were
collected from 116 patients and tissue samples of re-
gional LNs were obtained from 45 of them. H&E staining
of primary tumors in the skin identified carcinoma in situ
(CIS) in 73 patients and invasive growth of primary tu-
mors in the dermis of 43 of them. Regional LN metastasis
was confirmed at the time of diagnosis in 20 of these
patients and 23 had none. We also obtained representa-
tive sections from 17 patients with Bowen's disease, 42
patients with malignant melanoma in situ, and 15 normal
skin samples from the surgical margin. This retrospective
study was approved by the institutional review boards of
the Graduate Schools of Medicine at Ehime and Osaka
Universities.

Classification and Staging

Table 1 shows the clinical and pathological features used
to diagnose EMPD. N-factors categorized no evident me-
tastasis as NO, unilateral regional LN metastasis as N1, or
bilateral regional LN metastasis as N2. We specifically
categorized M-factors as no distant metastasis evident
(MO0), metastasis in distant LN(s) beyond regional LN(s),
or metastasis in visceral organs (lung, liver, bone). Dis-
tant LN and organ metastases were detected by com-
puter-assisted tomography, ultrasound examination, or
skeletal scintigraphy. The Tumor Necrosis Metastasis
classification for EMPD was designed and standardized
by the Japanese Skin Cancer Society.®?

Immunostaining

Primary tumors or LNs were fixed in buffered formalin, or
embedded in OCT compound {Sakura Finetek, Torrance,
CA) and snap-frozen. Paraffin (5 um) or cryostat sections
were immunostained as previously described, ®2° using
the primary antibodies shown in Table 2. The respective
secondary antibodies were labeled with Alexa Fluor 488
or 594 (Molecular Probes, Eugene, OR). Antigens were

-usually retrieved in paraffin sections by incubation with
citrate buffer (pH 6.0 for 30 minutes at 95°C) before
immunostaining. Nuclei were counterstained with 4',6'-
diamidino-2-phenylindole (DAPI) (Molecular Probes).
Sections were also immunohistochemically stained using
a 3-amino-9-ethylcabazole peroxidase substrate kit (Vec-
tor Laboratories, Burlingame, CA). Respective control
lgG was stained as a specificity control. Sections were
examined, and digital images were captured using a
confocal laser scanning microscope LSM510 (Carl Zeiss,
Jena, Germany) or A1 (Nikon, Tokyo, Japan).
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Table 1.  Clinical and Pathological Characteristics of Patients
with EMPD
Category Nonmetastatic Metastatic
No. of patients 96 20
Male 66 19
Female 30 1
Age at diagnosis (yr)
Mean 71.3 711
Range 45-92 44-82
Stage
IA, TINOMO 72 0
IB, T2NOMO 21 0
I, TBNOMO 2 0
i1, TANOMO, 1 8
anyTN1MO
IV, any TN2MO, 0 12
any T any NMLN,
any T any NMVO
T-factor
T1, Carcinoma in sftu 72 0
T2, Microinvasive 21 2
T3, Invasive without 2 4
vascular invasion
T4, Invasive with 1 14
vascular invasion
N-factor
NO, Metastasis 96 0
undetectable
N1, Unilateral 0 11
regional LN
metastasis
N2, Bilateral regional 0 9
LN metastasis
M-factor
MO, Distant 100 0
metastasis
undetectable
MLN, Metastasis in 0 15
distant LN beyond
regional LN
MVO, Metastasis in 0 14

visceral organs
(lung, liver, bone)

Units, except for age, are shown as numbers at time of diagnosis.

Computer-Assisted Morphometric Vessel
Analyses

Representative sections obtained from 116 patients with
primary EMPD, 17 with Bowen's disease, 42 with malig-
nant melanoma in situ, and from 15 samples of normal
skin were double-stained by differential immunofluores-
cence for podoplanin and von Willebrand factor, and
then analyzed using a LSM 510 microscope (Carl Zeiss).
Computer-assisted morphometric analyses of blood and
lymphatic vessels on captured images proceeded using
IP-LAB software (Scanalytics, Billerica, MA) as described
previously.'®2° Data are displayed as box and whisker
plots,

Cuflture of LECs and Enzyme-Linked
Immunosorbent Assays
Primary human dermal LECs were isolated from neonatal

foreskins as described previously.*® LECs (1 X 10%) were
seeded onto triplicate fibronectin-coated culture dishes
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Table 2. Antibodies Used for Immunofluorescence and Immunohistochemistry

Antibody Staining for Source Type
NZ-1 for podoplanin Lymphatics Y Kato Rat monoclonal, 1gG,,
D2-40 for podoplanin Lymphatics Nichirei Biosciences Mouse monoclonal, 1gG,
Prox1 Lymphatics RELIATEC Rabbit polyclonal
LYVE-1 Lymphatics RELIATEC Rabbit polyclonal
VEGFR-3 Lymphatics R&D Systems Goat polyclonal
Neuropitin-2 Lymphatics R&D Systems Goat polyclonal
von Willebrand factor Panvascular Dako Rabbit polyclonal
MiB-1 for Ki-67 Proliferating cells Dako Mouse monoclonal, 1gG,
Cytokeratin 7 Paget cells Dako Mouse monoclonal, 1gG,
VEGF-A Paget cells, immune cells Thermo Fisher Scientific Inc. Rabbit polyclonal
VEGF-C Paget cells Immuno-Biological Laboratories Rabbit polyclonal
E-cadherin Paget cells Epitomics Rabbit polyclonal
N-cadherin Paget cells (EMT-like) Upstate Mouse monoclonal, 1gG,
Vimentin Paget cells (EMT-like) Dako Mouse monoclonal, 1gG,
CXCR4 Invasive Paget cells R&D Systems Mouse monoclonal, 1gG,,
SDF-1 Tumor-associated lymphatics R&D Systems Mouse monoclonal, 1gG,
KP1 for CD68 Macrophages Dako Mouse monoclonal, 1gG,
HAMS56 Macrophages Dako Mouse monoclional, IgM

and propagated in endothelial cell growth medium?® con- Statistical Analyses

taining 0.5% fetal bovine serum (Invitrogen, Grand Is-
land, NY). Conditioned media were collected at days 1, 3,
or 5. Human SDF-1a or CCL21 levels were subsequently
measured using enzyme-linked immunosorbent assays
(ELISAs; Quantikine M; R&D Systems, Minneapolis, MN).
Data were normalized to cell number at each time point.

Flow Cytometry and Haptotactic Cell Migration
Assays

Recombinant human TGF-81, human SDF-1a and anti-
human CXCR4 monoclonal antibody 12G5 were pur-
chased from R&D Systems. A431 cells stably transfected
with mouse Snait or control pcDNA 3.1 (Invitrogen, Carls-
bad, CA) vector were incubated with or without 10 ng/ml
of recombinant human TGF-1.4" Single cell suspensions
were prepared using cell dissociation buffer (invitrogen).
These cells were stained with the biotinylated anti-CXCR4
antibody 12G5, and then positively and negatively la-
beled with streptavidin-conjugated Alexa Fluor 488 (BD
Biosciences Pharmingen) and propidium iodide, respec-
tively. Stained cells (>10,000 cells/fsample) were ana-
lyzed by flow cytometry using a FACScan and a FACS-
Calibur (BD Biosciences) and analyzed by FlowdJo
software (Tree Star, San Carlos, CA). For migration as-
says, cells were seeded in serum-free Dulbecco's mod-
ified Eagle’'s medium containing 0.2% delipidized bovine
serum albumin into the upper chambers of 24-well Flu-
oroBlok inserts (BD Biosciences) in the presence of hu-
man CXCR4-neutralizing monoclonal antibody 12G5 (10
wa/ml), or corresponding controf 1gG, and incubated for
3 hours at 37°C in the presence of SDF-1a in the bottom
chambers. Cells on the undersides of inserts were
stained with DAP! (Molecular Probes), and migrated cells
were counted by computer-assisted image analysis of
three random X10 fields per well. Three independent
experiments were performed for each assay.
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Across-group comparisons were performed by one-way
analysis of variance when appropriate, followed by f-fests
for pairwise comparisons. P values were adjusted using
Bonferroni's method. Trends were analyzed by linear re-
gression adjusted for age and gender. Overall survival after
the date of surgery was defined as the primary endpoint.
The Kaplan-Meier product limit method was applied and
comparisons according to markers were examined using
the log-rank test. We defined P < 0.05 as statistically
significant.

Results

Increased Tumor Lymphangiogenesis and
Angiogenesis in EMPD

The macroscopic appearance of EMPD is characterized by
a red patch, usually in the groin region, indicating a high
level of vascularization (Figure 1A). Routine H&E stain
showed a few number of small vessels in normal skin (Fig-
ure 1B). In contrast, histology in EMPD revealed a hyper-
plastic epidermis and prominent enlargement of numerous
vessels within the dermis (Figure 1C) as compared with
normal skin (Figure 1B). The majority of epidermal cells are
composed of round Paget cells with clear and abundant
cytoplasm with hyperchromatic nuclei (Figure 1C, inset).
Within a hyperplastic epidermis, tumors occasionally in-
vaded the vasculature during tumor progression (Figure
1D), indicating the metastatic potential of invasive Paget
cells.

Because VEGF-A and VEGF-C have been identified as
tumor lymphangiogenesis factors in experimental mouse
models, we investigated their expression in EMPD by im-
munchistochemistry. Levels of VEGF-A were high in both
Paget cells and in inflammatory cells in various grades of
primary tumors (Figure 1G) but not in normal skin (Figure
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Figure 1. Tumor lymphangiogenesis and angiogenesis in EMPD. A: Macroscopic appearance of EMPD. Red plaque over groin of 64-year-old male patient. B and
C: In contrast to routine H&E staining of normal skin with a small number of vessels (B), H&E staining in EMPD reveals that numerous vessels are significantly
enlarged and that these vessels actively penetrate for the hyperplastic epidermis (C, arrowheads). Paget cells in the epidermis show clear and abundant
cytoplasm with hyperchromatic nuclei (C, inset). D: Vascular invasion by Paget cells detected by routine H&E staining (arrowheads indicate tumor invasion
within two vessels in primary site). E and G: Abundant VEGF-A expression (red) by Paget cells in epidermis and by inflammatory cells in dermis (G), whereas
normal skin does not specifically express VEGF-A (E). FK: Subpopulation of immune cells producing VEGF-A (1, red) identified as CDG8-positive macrophages
(J, green; K, yellow). F and H: VEGF-C is exclusively produced by Paget cells (H) but not by normal skin (F). L and M: Double-immunofluorescence staining
for anti-von Willebrand factor antibody (red) shows major expansion of blood vasculature in CIS of EMPD (M) compared with normal skin (L). Tumor
lymphangiogenesis detected by staining for podoplanin (green) is also prominent in tumor-associated tissue (M). N: Computer-assisted morphometric analyses
show enhanced tumor angiogenesis in EMPD compared with normal skin, Bowen's disease (BD), or malignant melanoma in situ (MM), indicating powerful
angiogenic potency of EMPD. O: Relative LVAs are similar between metastatic and nonmetastatic EMPD. Tumor lymphangiogenesis was significantly induced at
early stages of EMPD, indicating that some factor(s) other than lymphatic vessel proliferation affects the prognoses of patients with advanced EMPD. Data are expressed
as means * SD and are shown as box and whisker plots. P: Tumor-associated podoplanin-positive lymphatic vessels (green) are obviously stained for Ki-67 (red),
indicating active lymphatic proliferation (arrowheads). These cells also expressed Prox1 (Q, red). Scale bars = 200 (B and C), 100 (D-H, L, and M), 10 (I-K) and 50
(P and Q) pm. MM, malignant melanoma in sitt; NO, no regional LN metastasis; N1, unilateral inguinal LN metastasis; N2, bilateral inguinal LN metastasis.

1E). Double-immunofluorescence staining for VEGF-A and
CD68 revealed that a subpopulation of immune cells pro-
ducing VEGF-A infact consisted of macrophages (Figure 1,
I-K). VEGF-C was exclusively expressed in Paget cells
within the epidermis (Figure 1H) and was undetectable in
normal skin (Figure 1F). These results suggest that Paget
cells induce both tumor lymphangiogenesis and angiogen-
esis via the secretion of VEGF-A and VEGF-C.

We then investigated the presence of tumor-associ-
ated lymphatic and blood vessels, using specific anti-
bodies against podoplanin for lymphatic vessels, 42
and against von Willebrand factor for blood vessels. Dif-
ferential immunofluorescence analyses revealed lym-

phatic and blood vessel formation at the early stage of
CIS (Figure 1M), as compared with normal skin obtained
from surgical margins (Figure 1L). Tumor lymphangio-
genesis and angiogenesis were increased throughout
the successive stages of EMPD tumor progression, as
compared with normal skin. Computer-assisted morpho-
metric analyses confirmed that relative tissue areas oc-
cupied by lymphatic vessels that were podoplanin-posi-
tive and by blood vessels that were positive for von
Willebrand factor were increased in the peritumoral areas
of CIS, as compared with normal skin (Figure 1, M and N;
P < 0.0001, respectively). We then compared neovascu-
larization in EMPD with other skin tumors such as Bo-
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wen’s disease or malignant melanoma in situ that histo-
logically assume a pagetoid pattern within the epidermis
(Figure 1, N and O). Tumor-associated angiogenesis and
lymphangiogenesis were most obviously increased in
EMPD, as compared with all other types of skin tumors
(P < 0.05), indicating that EMPD is the most highly vas-
cularized type of skin tumor. Levels of tumor angiogene-
sis and lymphangiogenesis in CIS were comparable with
those in invasive EMPD in the absence (NO) or presence
(N1,2) of regional LN metastases (Figure 1, M and NJ).

Differential immunofluorescence analysis of primary
EMPD tumors for the proliferation marker Ki-67 and po-
doplanin revealed proliferating LECs in the peritumoral
area, indicating active tumor lymphangiogenesis (Figure
1P). All podoplanin-positive vessels also expressed the
lymphatic-specific transcription factor Prox1, confirming
their lymphatic identity (Figure 1Q).

Tumor-Associated LECs Attract Aggressive
Paget Cells via the CXCR4-SDF-1 Axis

Although the assessment of tumor-associated lymphatic
vessel growth did not significantly contribute to estimat-
ing an increased frequency of regional LN metastasis in
EMPD, we postulated that tumor-induced lymphatic ves-
sels are functionally distinct from normal lymphatic ves-
sels in the skin. In fact, a subpopulation of podoplanin
and LYVE-1-positive, tumor-associated lymphatic ves-
sels expressed large amounts of VEGFR-3 (Figure 2, A-C
and D-F, arrows) whereas other lymphatic vessels did
not, according to immunofluorescence staining (Figure 2,
A-C and D-F, arrowheads). Furthermore, neuropilin-2
was highly induced in a subpopulation of podoplanin-
positive tumor-associated LECs (Figure 21, arrow). There-
fore, these results suggest that tumor-associated LECs
are functionally activated in EMPD and indicate that tu-
mor-induced lymphatic vessels might positively mediate
tumor cell invasion toward those lymphatic vessels and
metastasis to regional LNs.

To define the potential role of specific chemokine-
chemokine receptor interactions in promoting contact be-
tween Paget cells and LECs, we investigated whether
SDF-1, a specific ligand for CXCR4, is expressed by
lymphatic vessels associated with primary skin tumors.
Double-immunoflucrescence staining revealed that tu-
mor-associated LYVE-1-positive lymphatic vessels were
positive for SDF-1, whereas lymphatic vessels in normal
skin were not (Figure 2, J-O). Furthermore, ELISAs
showed that cultured LECs expressed marked levels of
SDF-1, whereas LECs constitutively expressed CCL21, a
known lymphoid tissue chemokine, in conditioned media
(Figure 2P), indicating that SDF-1 may be secreted by
LECs toward CXCR4-expressing cells.

To further elucidate the role of CXCR4 in promating LN
metastasis in EMPD, immunofluorescence staining re-
vealed that highly invasive Paget cells indeed expressed
CXCR4 (Figure 2Q). In contrast, Paget cells in CIS did not
express detectable levels of CXCR4 (Figure 2R). Kaplan-
Meier analysis revealed that the expression of CXCR4 on
Paget cells represented a significant prognostic factor for
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reduced overall patient survival (P < 0.0001; Figure 2S).
Taken together, these results suggest that tumor-assaoci-
ated LECs can chemoattract CXCR4-positive Paget cells
toward lymphatic vessels within primary sites, and might
play a crucial role in promoting LN metastasis, leading to
a patient poor outcome.

EMT-Like Phenotypes Are Novel Prognostic
Parameters for Reduced Survival in EMPD

To further characterize Paget cell motility toward lym-
phatic vessels within the primary sites, we initially inves-
tigated whether EMT-like process plays a significant role
in promoting stromal invasion in EMPD. Immunofluores-
cence staining revealed that Paget cells in CIS do not
express large amounts of E-cadherin on the cell mem-
brane, in particular at the tumor-stroma interface, unlike
normal epidermal keratinocytes (Figure 3, A, B, D, and E).
The expression of E-cadherin was further altered in inva-
sive Paget cells (Figure 3, C and F), and cytoplasmic
E-cadherin expression was detectable by the early
stages of tumor progression in a subpopulation of pa-
tients with a poor outcome (Figure 3F, arrowheads).
Therefore, we calculated the overall survival of patients
with or without detectable cytoplasmic E-cadherin ex-
pression using Kaplan-Meier analysis. The results showed
that the expression of cytoplasmic E-cadherin was a
significant prognostic factor for reduced overall survival
in EMPD (P = 0.0068; Figure 3J).

Paget cells did not express N-cadherin and/or vimentin
(mesenchymal markers) at the early stages of CIS (Figure
3, E and H) like normal epidermal keratinocytes (Figure 3,
D and G) but did so in invasive EMPD (Figure 3, F and ).
Kaplan-Meier analyses revealed that N-cadherin or vi-
mentin expression in EMPD significantly correlated with
reduced overall survival (P < 0.0001; Figure 3J), indicat-
ing that EMT-like process plays a key role in promoting
tumor invasion within the primary sites.

EMT-Like Process Promotes Enhanced
Chemotaxis to SDF-1 by Inducing CXCR4 in
A431 Cells

Double-immunofluorescence staining showed that invasive
Paget cells located at the edges of tumors expressed both
N-cadherin and CXCR4 (Figure 4, A-C), indicating that
EMT-related process in Paget cells might induce CXCR4
that enables invasive tumor cells to migrate toward tumor-
associated SDF-1-secreting lymphatic vessels. To deter-
mine whether EMT-associated pathway increases CXCR4
expression on the surface of cancer cells, we investigated
A431 cells that were stably transfected with Snail, a key
transcription factor that induces EMT-like phenotypes in
tumor cells. The expression of CXCR4 was considerably
increased on the surface of transfected cells compared with
mock-transfected A431 cells (Geo Mean: mock A431,
7.4%; Snail A431, 15.1%; Figure 4D). In addition, TGF-1
further enhanced CXCR4 on Snail- but not on mock-trans-
fected A431 cells (Geo Mean: mock A431, 9.5%; Snail
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Figure 2. Functional activation of tumor-associated LECs and invasive Paget cells. The CXCR4-SDF-1 axis mediates Paget cell-LEC interactions within primary
lesions of EMPD. A—C: VEGFR-3 (A, red) is significantly up-regulated in subpopulation of tumor-associated podoplanin-positive lymphatic vessels (B, green; C,
arrows), indicating activation of lymphatic vessels in tumor microenvironment. Some lymphatic vessels do not express VEGFR-3 (C, arrowheads). D-F: Double
immunofluorescence stains for LYVE-1 (E, green) and VEGFR-3 (DD, red) using serial sections further confirmed that the activated lymphatic vessels (F, arrows)
induce VEGFR-3 (F, yellow, arrows), whereas the other lymphatic vessels do not express VEGFR-3 (F, arrowheads). G-I: Neuropilin-2 (G, red) is prominently
induced in subpopulation of tumor-associated podoplanin-positive LECs (H, green; I, yellow, arrow), whereas adjacent LECs reveal lower levels of neuropilin-2
within the primary site (I, green, arrowhead). J-0: J-L show normal skin. LYVE-1-positive lymphatic vessels (K, green) failed to express SDF-1, a specific ligand
for CXCR4 (J, red), showing no merged color in panel L. Panels M~O demonstrate tumor microenvironment within the primary site. Tumor-associated
LYVE-1-positive lymphatic vessels (N, green) express high levels of SDF-1 (M, red; O, yellow). P: Cultured LECs expressed CCL21 in a time-dependent pattern.
Marked induction of SDF-1 was observed in conditioned media, as determined by ELISA. Data are expressed as means * SD. Q and R: Immunofluorescence
staining shows absence of CXCR4 expression in CISs (Q). In contrast, invasive Paget cells in advanced EMPD express membrane-specific CXCR4 (R, red). Nuclei
are stained blue (DAPI stain). Scale bars = 50 (A-F), 10 (G-I, 100 (J-0), and 30 (Q and R) pm. S: Kaplan-Meier analysis of overall survival in EMPD shows that
CXCR4 expressed by Paget cells is significantly associated with poor survival in EMPD.

A431, 36.6%; Figure 4E), indicating that EMT-like process role in promoting A431 cell motility undergoing EMT-like
promotes CXCR4 expression in A431, a vulval epidermoid processes.

tumor cell line, particularly in the presence of TGF-1.

Haptotactic migration assays further revealed enhanced

chemotaxis toward SDF-1 in the lower chamber by TGF-

Bi-treated Snail-transfected A431 cells, compared with Lymphatic Invasion within the Primary Sites
mock-transfected A431 cells in the upper chamber. In Indicates Expansion of/?egiona/ LN Metastases
contrast, neutralization of CXCR4 on A431 cells signifi-

cantly inhibited the enhanced chemotaxis toward SDF-1 On the basis of the findings with regard to the CXCR4-
(Figure 4F). Therefore, the CXCR4-SDF-1 axis plays a key SDF-1 axis, we next evaluated 42 samples from patients
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Figure 3. Epithelial-mesenchymal transition-like phenotypes as novel prognostic parameters for reduced survival in EMPD. A—C: H&E staining of representative
normal skin (A), CIS (B), and invasive EMPD tumors (C). D-F: Double-immunofluorescence staining for E-cadherin (green) and for N-cadherin (red) shows typical
E-cadherin expression on the surface of normal epidermal keratinocytes (D). In contrast, intraepidermal Paget cells do not express high levels of E-cadherin (E).
Cytoplasmic E-cacherin expression is obvious in invasive EMPD tumors (F, arrowheads). The mesenchymal marker N-cadherin is induced in invasive Paget cells
(F). G-E Immunohistochemical staining shows vimentin expression in highly invasive Paget cells from patients with advanced disease (I, red) but not in normal
epidemis (G) or CIS (H), suggesting that EMT-like phenotypes correlate with invasive fer ature of Paget cells. J: Kaplan-Meier survival analyses shows that the

EMT-related markers N—cadhenn and vimentin, and cytoplasmic E-cadherin expression are significantly associated with poor survival in EMPD. Scale bars = 50
m (A-D. Nuclei are stained blue (DAPT or hematoxylin stain).
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Figure 4. EMT-like process induces CXCR4 on A431 epidermoid cells and
enhances their chemotaxis to SDF-1. A-C: CXCR4 expression (B, red) in
invasive Paget cells detected in N-cadherin-positive cells (A, green; C, yel-
low, arrowheads). D: Expression of CXCR{ is considerably increased on the
surface of A431 cells transfected with Snail as compared with mock-trans-
fected A431 cells. B: TGF-B1 further induced expression of CXCR4 on Snail-
but not mock-transfected A431 cells, indicating that EMT-like process pro-
motes CXCR4 induction in vulval epidermoid tumor cell lines. F: Chemotaxis
by TGF-Bl-treated Snail-transfected A431 cells in upper chambers is en-
hanced toward SDF-1 in the bottom chambers as compared with mock-
transfected A431 cells. Neutralization of CXCR4 on A431 cells significantly
inhibited enhanced chemotaxis to SDF-1, suggesting that the CXCR4-SDF-1
axis is necessary to promote motility of A431 cells undergoing EMT-like
process. Data are expressed as means £ SD; *P < 0,05 and *P < 0.01.
G: Double imnunofluorescence staining shows lymphatic invasion by cyto-
keratin 7-positive Paget cells (red) within tumor-associated lymphatic vessels
(green). H: Multivariable linear regression analysis shows that increased
lymphatic invasion in primary tuniors statistically correlates with progression
of nodal status in metastatic EMPD (P = 0.002). Lymphatic invasion was
significantly increased at stages N1 and N2 as compared with NO (P = 0.002
and 0.003, respectively). Scale bars: A~C, 30 um; G, 25 pm.

with invasive EMPD to determine whether active invasion
of lymphatic vessels by Paget cells is induced by EMT-
like features and/or CXCR4 and to predict the subse-
guent incidence of regional LN metastasis. Double-im-
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munofluorescence staining for cytokeratin 7 (expressed
by tumor cells) and for podoplanin identified active inva-
sion of the tumor-associated lymphatic vessels by Paget
cells (Figure 4G). Expression of the EMT-related markers
vimentin and N-cadherin, and of cytoplasmic E-cadherin,
closely correlated with the incidence of lymphatic inva-
sion in primary skin tumors (P = 0.0003, 0.0036, and
0.012, respectively). Furthermore, expression of CXCR4
was strongly associated with the incidence of lymphatic
invasion within the primary sites (£ < 0.0001). Importantly,
presence of those EMT-associated markers closely corre-
lated with the expression of CXCR4 by invasive Paget
cells (P < 0.01, respectively), revealing a potential induc-
tion of CXCR4 by EMT-related process in invasive Paget
cells. Moreover, lymphatic invasion by Paget cells was
significantly increased at stages N1 and N2, compared
with NO (P = 0.002 and 0.008, respectively; Figure 4H).
Multivariable linear regression analysis adjusted for age
and gender confirmed a remarkable increase of lym-
phatic invasion throughout N-grade progression (P =
0.002; Figure 4H). Taken together, these results indicate
that EMT-related features actively promote tumor cell
invasion into tumor-associated lymphatic vessels, and
that active lymphatic invasion by Paget cells undergoing
EMT-like process probably promotes the successive pro-
gression of regional LN metastasis, leading to an in-
creased risk for patient survival in EMPD.

Enhanced Nodal Lymphangiogenesis in
Regional LNs during Tumor Metastasis

We and others 2994 have shown in experimental animal
tumor models that primary tumors can promote meta-
static spread by the induction of lymphangiogenesis
within draining lymph nodes. Therefore, to investigate
whether nodal LECs are involved in human EMPD metas-
tasis, we assessed lymphangiogenesis and the formation
of a pre-metastatic niche within regional LNs. Lym-
phangiogenesis in LNs containing metastatic Paget cells
was obviously induced within the metastases (Figures 5C
and 6, A and B). Surprisingly, lymphatic vessel growth in
regional LNs was already induced in patients with inva-
sive EMPD before the tumors had metastasized (Figure
5B), whereas such changes were undetfectable in the
regional LNs of patients with CIS (Figure 5A). Quantitative
image analysis of LN sections stained for podoplanin and
von Willebrand factor and logistic regression analysis
confirmed that lymphatic vessel growth within the re-
gional LNs was progressively enhanced throughout the
metastatic process (P < 0.001; Figure 5D). Computer-
assisted morphometric analysis revealed that areas of
lymphatic vessels in the LNs of group N1 and N2 tumors
(n = 19) were significantly more extensive than in the
group with NO (n = 14) tumors (P = 0.022). Taken to-
gether, these results suggest that the activation of tumor-
associated sinusoidal lymphatic vessels is induced be-
fore metastasis, and enhanced by metastatic Paget cells
within regional LNs.

Therefore, we investigated whether increased lym-
phatic vessel areas (LVAs) in regional LNs could predict
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Figure 5. Lymphvascular niche within the regional LNs in patients with
EMPD. A-C: Double-immunofluorescence staining shows enlarged tumor-
associated lymphatic vessels in metastatic regional LNs (C, green). New
tymphatic vessel growth is already induced before tumor metastasis (B,
green). Vasculature in nomal LNs visualized using anti-von Willebrand factor
antibody for blood vessels (A, red) and D2-40 for lymphatic vessels (A,
green), D: Progressive lymphatic vessel growth within regional LNs during
metastatic process was confirmed by linear regression analysis (£ << 0.001),
Data are expressed as means = SD. E: Subcapsular sinus of nonmetastatic
regional INs draining EMPD twmor (H&E stain). F: Immunofluorescence
staining shows SDF-1 expression in subcapsular sinus. G-I: Immunofluores-
cence staining using macrophage marker HAMSG (H, green) shows that
macrophages within subcapsular sinus (I, yellow) express high levels of
SDF-1 (G, red). J-L: Podoplanin-positive lymphatic sinusoidal cells (K,
green) express SDF-1 in subcapsular sinus (J, red; L, yellow, arrowheads).
Nuclei are stained blue (DAPI stain). Scale bars = 100 (A~C, E, and ¥) and 50
(G-L) pm.

distant LN metastasis. We found that LVAs in regional
LNs were increased in patients with distant LN metastasis
(LVA without versus with regional LN metastasis; 0.88 *
1.26% versus 3.10 = 3.50%; P = 0.1204), indicating that
lymphatic vessel enhancement in regional LNs could
predict the presence of distant LN metastasis.

We also found that sinusocidal LECs and macrophages
within the subcapsular sinuses of non-metastatic regional
I Ns draining EMPD tumors expressed abundant SDF-1
(Figure 5, E-L). Thus, the subcapsular sinuses that com-
prise primary sites of tumor metastasis in the LNs might
form premetastatic niches*>*® by promoting the migra-
tion and retention of CXCR4-positive Paget cells. In fact,
8 of 9 and 6 of 11 patients had bilateral and unilateral
regional LN metastases, respectively, but Paget cells in
primary invasive tumors expressed high levels of CXCR4
in only 2 of 95 patients without regional LN metastases.
Importantly, CXCR4 was expressed within primary sites
in 13 of 15 patients with distant LN metastasis. Indeed,
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distant LN metastasis was significantly associated with
CXCR4 expression by invasive Paget cells in primary
tumors, compared with its absence (P < 0.0001).
Therefore, these results suggest that the CXCR4-SDF-1
axis contributes 1o the increase of distant LN metasta-
sis in EMPD.

Lymphatic Invasion within Regional LNs
Predicts Distant LN and Organ Metastasis

We previously showed in mouse models of experimental
carcinogenesis that LN lymphangiogenesis, which might
be a target for metastatic tumor cells, positively mediates
distant LN and distant organ metastasis.'®2° Therefore,
we examined nodal lymphangiogenesis and metastatic
Paget cells within tumor-associated lymphatic vessels in
the regional LNs of 23 patients with dermal invasion in
primary sites. Routine histology stains revealed meta-
static tumor cell foci within the regional LNs but tumor
cell-lymphatic vessel interactions could not be analyzed
in detail (Figure 6A). Immunofiuorescence stains for po-
doplanin and von Willebrand factor demonstrated not
only new lymphatic vessel growth within the regional LNs
(Figure 6B), but also the presence of metastatic Paget
cells within these metastasis-associated lymphatic ves-
sels (Figure 6, C and D).

Therefore, we investigated Paget cell invasiveness to-
ward tumor-associated sinusoidal lymphatic vessels
within regional LNs. We examined the expression of cy-
tokeratin 7 in metastatic Paget cells and in sinusoidal
lymphatic vessels by double-immunofluorescence stain-
ing (Figure 8, E and F). Lymphatic invasion by Paget cells
within regional LNs significantly correlated with distant
LN metastasis (metastasis in distant LN(s) beyond re-
gional LN(s), n = 12) (P = 0.0472; Figure 6G) and with
visceral organ metastasis (metastasis in visceral organs,
n = 11) (P = 0.0033; Figure 6H). We also found that
distant LN metastasis was a significant prognostic pa-
rameter for reduced overall survival in patients with
EMPD (P = 0.0004; Figure 6H). Taken together, these
findings indicate that lymphatic invasion within regional
LNs promotes distant LN and organ metastasis in pa-
tients with EMPD and leads to a poor ouicome.

Discussion

The present study analyzed the largest cohort of patients
with EMPD known to date, and identified novel patho-
mechanisms that promote regional and distant LN me-
tastasis. Tumor lymphangiogenesis was induced not only
in primary tumors, but also in regional LNs draining inva-
sive EMPD tumors. Our results revealed that lymphatic
invasion by metastatic Paget cells in regional LNs indi-
cate a high risk of distant metastasis and of poor survival
for patients with EMPD. Invasion of metastasis-associ-
ated lymphatic vessels by Paget cells within regional LNs
significantly correlated with distant LN and distant organ
metastasis, indicating that active lymphatic invasion in
regional LNs is a novel risk marker for the systemic



Lymphangiogenesis and Metastasis in EMPD 2245
AJP November 2009, Vol. 175, No. 5

Negative
MLN:
Positive]. .
Negative I~{ . P =0.003
MVO:
Positive ﬂ‘

0 2 4 & 8 10
Lymphatic invasion score

H 107

L MLN
7l Negative (n=27) x
{
205{
é
S | P =0.0004
H ‘ .
[ MVO
e L Ly Negative (n=28)
305 |
0 - _ i P< 0.({001
0 5 10 15

Survival time (Years)

Figure 6. Lymphatic invasion within regional LNs is associated with distant LN metastasis. A: Routine H&E stains of metastatic regional LNs. Normal LN structure
is visible on left side. Metastatic Paget cells occupy right side of LN. Tumor-associated nodal lymphangiogenesis was detected by immunofluorescence staining
for podoplanin (B, green), as compared with nonmetastatic regions of LN. € and D: High power magnification of metastatic INs confirms that metastatic Paget
cells invade podoplanin-positive lymphatic vessels. Blood vessels stained red for von Willebrand factor (B and D). Double-immunofluorescence staining of
metastatic regional LNs for cytokeratin 7 (red) and for podoplanin (green) with poor (F) or successful (E) clinical outcome. Metastatic Paget cells were identified
in regional LNs using anti-cytokeratin 7 antibody, whereas these Paget cells did not invade tumor-associated podoplanin-positive lymphatic vessels (E). In contrast,
highly aggressive Paget cells invaded adjacent lymphatic vessels (F), likely enabling them to further metastasize beyond regional LNs. Nuclei are stained blue
(DAPI stin). Scale bars = 100 (A, B, E, and F) and 30 (C and D) mm. G: Lymphatic invasion scores within regional LNs are significantly increased in patients
with distant LN (MLN; 12 = 12) or visceral organ (MVO; 11 = 11) metastasis compared with those without metastasis (/= 0.047 and P = 0.003, respectively). Data
are expressed as means = SD. Hz Distant LN metastasis/MLN is significantly associated with reduced patient survival (Kaplan-Meier survival analyses; P = 0.0004).
MLN, metastasis in distant IN(s) beyond regional LN(s); MVO, metastasis in visceral organs (lung, liver, bone).
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