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Abstract 

Background Podoplanin (PDPN)/T1/aggrus/PA2.26 antigen, a transmembranous 

glycoprotein, is a well-known lymphatic endothelial marker. Recent evidence indicates 

that PDPN is also expressed in keratinocytes especially of sebaceous glands.  

Objective To verify expression-pattern and the regulatory mechanism of PDPN in 

human epidermal keratinocytes 

Methods PDPN-expression pattern was analyzed in normal and psoriatic epidermis by 

immunostaining. The regulatory mechanism of PDPN-expression of keratinocytes by 

cytokines was analyzed using specific inhibitors, siRNA, and adenoviral shRNA of 

signaling pathways. 

Results In normal skin, PDPN was expressed on the basal cell layer of sebaceous 

glands and on the outer root sheath of hair follicles. While no expression was detected 

in the normal interfollicular epidermis, PDPN was detected in the basal cell layer of 

wound and hyperproliferative psoriatic epidermis, where the granular layer is lacking. 

TGF- and IFN- independently upregulated PDPN-expression of keratinocytes via 

TGF- receptor-Smad pathway and JAK-STAT pathway, respectively. IL-6 and IL-22 

also stimulated PDPN-expression of keratinocytes accompanied by STAT-3 
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phosphorylation. siRNA of STAT-1, inhibitors of STAT-3 signaling, AG490, STAT-3 

inhibitor VI, and si/shRNA of STAT-3 inhibited the PDPN-expression of keratinocytes 

induced by IFN-IL-6 and IL-22 but not by TGF-.  

Conclusion These results indicate that TGF-, IFN-, IL-6, and IL-22 induce 

PDPN-expression of keratinocytes, which might be significantly involved in the wound 

healing process as well as in the pathomechanism of hyperproliferative psoriatic 

epidermis.  
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1. Introduction 

Podoplanin (PDPN)/T1/aggrus/PA2.26 antigen is a 38-40 kD, mucin-type 

transmembranous glycoprotein originally identified as a molecule expressed in lung 

type I alveolar cells, and is broadly expressed in various tissues, such as glomerular 

podocytes, chondroid plexus of central nervus system, the ciliary epithelium of eye, 

intestine, and malignant tumors [1-4]. PDPN has been known as a lymphatic endothelial 

marker and the expression surrounding malignant tumors is one of the prognostic 

factors associated with lymphangiogenesis and distant metastasis [5-7]. PDPN also 

plays a role in epithelial-mesenchymal transition (EMT), which is significantly involved 

in tumor invasion and metastasis  [8]. Thus, the PDPN-expression is frequently 

detected in the leading edge of malignant epithelial tumors, such as breast cancer and 

esophageal carcinoma [9]. The expression of PDPN is also recognized in epidermis, 

such as TPA-treated hyperproliferative mouse epidermis [9], psoriatic lesional 

epidermis [10], and the basal cell layer of sebaceous glands [11]. Although exogenous 

overexpression of PDPN increases cell motility in immortalized mouse keratinocytes 

[12], precise function of PDPN in human epidermal keratinocytes remains unclear. 

In the present study, we analyzed the expression of PDPN in epidermal 

keratinocytes. PDPN was upregulated in wound and in psoriatic hyperproliferative 
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epidermis. Since TGF- and STAT-3 activation is involved in both skin conditions [14], 

we analyzed the expression of PDPN by TGF- and various STAT-3 activating 

cytokines in keratinocytes. TGF- stimulated PDPN-expression of keratinocytes in a 

Smad- but not STAT-3-dependent manner, and IFN-, IL-6, and IL-22 stimulated the 

expression in both STAT-1 and STAT-3-dependent manner. These stimulatory effects 

on PDPN-expression might be significantly involved in the wound healing process as 

well as in the pathomechanism of hyperproliferative psoriatic epidermis.  
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2. Materials and methods 

2.1.  Cell culture 

Neonatal human epidermal keratinocytes (HEK) (Cambrex, Charles City, IA) were 

cultured in KBM-2 serum-free medium (Cambrex).  

2.2.  Tissue sections and immunostaining 

Formalin-fixed and paraffin-embedded tissue sections were obtained from wounded 

skin and from 20 cases of psoriasis with informed consent and the approval of the 

Asahikawa Medical University ethical committee. Paraffin-embedded sections were 

dewaxed and subjected to antigen retrieval by incubation in 10 mM sodium citrate 

buffer (pH 6.0) at 100°C for 10 minutes. Sections were then blocked with 10% BSA in 

phosphate-buffered saline (PBS) for 1 hr and incubated with primary antibodies diluted 

in 1% BSA in PBS overnight at 4°C. Alexa fluor-conjugated secondary antibodies 

(Invitrogen, Carlsbad, CA), or DAKO Envision system (DAKO, Glostrup, Denmark) 

was employed for visualization. Nuclei were stained with Hoechst 33342 dyes 

(Invitrogen). Immunofluorescent-stained sections were digitally recorded using a 

fluorescent microscope system (Olympus, Tokyo, JAPAN). This study was conducted 

according to the Declaration of Helsinki Principles. 

2.3.  Antibodies and reagents 
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Mouse monoclonal antibody, D2-40 (DAKO), and rat monoclonal antibody, NZ-1 

(AngioBio, Del Mar, CA), were used for the detection of PDPN. Mouse monoclonal 

anti--tubulin antibody (Sigma, St. Louis, MO), anti CD-34 antibody (DAKO), rabbit 

anti-E-cadherin antibody (Santa Cruz Biotechnology, Santa Cruz, CA), anti-STAT-1 

antibody, anti-phospho-STAT-1 antibody, anti-STAT-3 antibody, anti-phospho-STAT-3 

antibody, anti-Smad-2 antibody, anti-phospho-Smad-2/3 antibody and anti-Smad-4 

antibody (Cell Signaling Technology, Danvers, MA) were employed for the detection of 

each molecule. JAK inhibitor I, TGF- type I receptor kinase inhibitor IV, AG490, 

STAT-3 inhibitor VI (Calbiochem, La Jolla, CA), TGF-, IFN-, IL-6 (PeproTech, 

Rocky Hill, NJ), and IL-22 (WAKO, Osaka, JAPAN) were used at the indicated 

concentrations.  

2.4.  Western Blotting 

Cells were rinsed twice with ice-cold PBS and lysed in ice-cold RIPA buffer containing 

a protease inhibitor cocktail (Roche, Indianapolis, IN) as previously described [15]. 

Protein concentrations were determined with the BCA protein assay kit (Pierce, 

Rockford, IL). Cell lysate (20–50 µg per a lane) was separated by SDS-PAGE and 

transferred to Hybond-P Nitrocellulose membranes (Amersham Bioscience, Piscataway, 
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NJ). Blotted membranes were blocked with Tris-buffered saline containing 0.1% 

Tween-20 and 5% skimmed milk and then incubated with primary antibodies overnight 

at 4°C. Proteins were visualized with anti-mouse or anti-rabbit IgG 

horseradish-peroxidase–linked antibodies (Amersham Bioscience) for 1 hr, followed by 

chemiluminescence detection (ECL plus, Amersham Bioscience). Intensity of each data 

from triplicated experiments was measured using ImageJ image analyzer. Then the data 

were analyzed for statistics. 

2.5.  RT-PCR 

Total RNA (5g) was extracted from primary human keratinocytes using RNeasy mini 

kit (Qiagen, Hilden, Germany). The RNA was reverse transcribed by oligo dT primer 

using ImProm-IITM Reverse Transcription System (Promega, Madison, WI). 

Subsequently, the same amount of first strand cDNA was amplified using ExTaq DNA 

polymerase (TAKARA, Otsu, JAPAN) and indicated primers’ pairs. Primers’ sets of 

5’-GCCATCCTAAAAGCCACCCC-3' and 5’-CACCCACTCCCAGGGAGACC-3’, 

5’-TCCAGGAACCAGCGAAGACC-3’ and 5’-ACGATGATTGCACCAATGAAGC-3’ 

were used for the amplification of human -actin and PDPN, respectively. 

2.6.  Transfection of siRNA 
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Fifty to 100M of control scramble (TAKARA) and STAT-1, STAT-3, Smad-2/3, or 

Smad-4 specific siRNA (Cell Signaling Technology) were transfected into normal 

human keratinocyte and HaCaT cells using Transit-TKO transfection reagent (Mirus 

Bio, Madison, WI) according to the manufacturer’s protocol. 

2.7.  Adenovirus vector and its infection to HEK 

A pair of DNA oligomers for STAT-3-specific shRNA 

(5’-GATCCAACATCTGCCTAGATCGGCTACTGTGAAGCCACAGATGGGTAGC

CGATCTAGGCAGATGTTTTTTTTA-3’ and 

5’-AGCTTAAAAAAAACATCTGCCTAGATCGGCTACCCATCTGTGGCTTCACA

GTAGCCGATCTAGGCAGATGTTG-3’) was subcloned into BamHI and HindIII sites 

of pBAsi-hU6. The shRNA construct with human U6 RNA polymerase promoter was 

subcloned into ClaI site of pAxcwit cosmid. Then, adenovirus vector was generated 

using the cosmid by COS-TPC method (TAKARA, Otsu, JAPAN) [16]. Adenovirus 

generated using pAxcwit was used as a control vector. Adenoviral vectors were 

amplified in HEK293 cells and each multiplicity of infection (MOI) was titered by 

limiting dilution method according to the manufacturer’s protocol (TAKARA). For the 

infection of adenovirus vector, HEK was incubated with the same MOI of each 
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adenovirus vector in culture medium for 1 hr, and then the medium was exchanged to 

fresh one. 

2.8.  Three-dimensional cultured epidermis 

LabCyte EPI-MODEL 12, a three-dimensional epidermal culture model, was purchased 

from J-TEC (Gamagori, JAPAN). Each reconstituted epidermis was treated with IL-22 

(50 ng/ml) for 4 days, then fixed with 4% formaldehyde after the cultivation, 

paraffin-embedded, and sectioned for each staining. 
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3. Results 

3.1.  PDPN-expression in normal human skin 

Immunostaining using mouse monoclonal antibody, D2-40, revealed that PDPN is 

highly expressed in lymphatic endothelial cells and the basal cell layer of sebaceous 

glands but not in normal human interfollicular epidermis (Fig. 1a and b). Marked 

PDPN-expression was detected in the outer root sheath (ORS) of hair follicles from the 

mid portion down to the hair bulb excluding the bulge area (Fig. 1c). The 

expression-pattern correlated with the expression of CD-34, a marker of ORS inferior to 

the bulge area in human hair follicles [17] (Fig. 1d). NZ-1, a rat monoclonal antibody 

against human PDPN, showed similar expression pattern (data not shown). 

3.2.  PDPN-expression in wounded skin and in psoriasis 

While PDPN-expression was not detected in normal human interfollicular epidermis 

(Fig. 1a), marked expression was detected in wound and psoriatic epidermis. 

PDPN-expression was localized on the basal cells of the leading edge of the wound (Fig. 

2b) and those of the psoriatic epidermis (Fig. 2d). Not all the psoriatic epidermis 

showed the PDPN-expression. It was detected in 7 out of 20 lesional psoriatic epidermis 

samples. PDPN-positive psoriasis was mostly manifested as hyperproliferative 

expanding lesion without the granular layer [18]; stable and/or regressing psoriasis with 
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granular layer was negative for PDPN. In PDPN-positive psoriatic epidermis, the 

expression was higher in the basal cells of rete ridges than those on the dermal papillae. 

The PDPN-expression was never detected in the non-lesional psoriatic epidermis (data 

not shown). Similar findings were observed by using another PDPN antibody, NZ-1 

(data not shown). 

3.3.  TGF- and IFN- upregulate PDPN-expression of HEK via TGF- 

receptor-activation and JAK-STAT signaling pathway, respectively. 

Wound and psoriatic epidermis share several inflammatory cytokines including TGF- 

and IFN-. The effect of these cytokines on PDPN-expression of HEK cells 

was analyzed. Both TGF- and IFN- induced PDPN-expression of HEK cells at 24 hr 

following the stimulation (Fig. 3a). RT-PCR analysis revealed that PDPN mRNA was 

upregulated by these cytokines which was detected at 6 hr following the 

stimulation(Fig. 3b). The PDPN-upregulation required relatively high concentrations of 

these cytokinesTGF- required 2 ng/ml and IFN-required 50 ng/ml for the 

induction of PDPN (Fig. 3c). The upregulation of PDPN by IFN- was also observed in 

HaCaT cells, an immortalized human keratinocyte, but not in A431 or HSQ-89, human 

squamous cell carcinoma cell-lines (Fig. S1a). As expected, TGF--dependent Smad-2 

phosphorylation was inhibited by TGF- type I receptor kinase inhibitor IV, and 

12 
 



IFN--dependent STAT-1 and STAT-3 phosphorylation was inhibited by JAK inhibitor. 

The PDPN-expression induced by TGF- was inhibited by TGF- type I receptor 

kinase inhibitor IV, and that by IFN- was inhibited by JAK inhibitor (Fig. 4a). 

3.4.  PDPN-expression of keratinocytes induced by IFN- depends on STAT-1 

and STAT-3 signaling pathways 

Inhibitors for STAT-3 signaling, AG490, STAT-3 inhibitor VI, and STAT-3 inhibitory 

peptides, suppressed the upregulation of PDPN induced by IFN- (Fig. 4b and data not 

shown). While the phosphorylation of STAT-3 was more markedly suppressed by 

AG490, STAT-1-phosphorylation was also suppressed by AG490 in a dose-dependent 

manner (Fig. 4b). Both STAT-3 shRNA and STAT-1 siRNA inhibited the 

IFN--dependent upregulation of PDPN indicating that both STAT-1 and STAT-3 

pathways are involved in the PDPN-induction (Fig. 4c and d) 

3.5.  PDPN-expression of keratinocytes induced by TGF- depends on Smad2/3 

and Smad-4 signaling pathways 

To verify whether TGF--induced PDPN-expression depends on Smad signaling 

pathway, experiments using siRNA targeting Smad-2/3 and Smad-4 were performed 

(Fig. 4e). PDPN-induction by TGF- was markably suppressed by both siRNA for 

Smad-2/3 and Smad-4, indicating Smad-2/3 and -4 are essential for the 
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On the other hand, the TGF--induced 

PDPN-expression was not affected by STAT-3-specific gene silencing (Fig. S2) or by 

the STAT-3 inhibitors, suggesting an independent PDPN-induction mechanism of 

TGF- from STAT-3 signaling pathway. 

3.6.  IL-22 and IL-6 stimulate PDPN-expression of keratinocytes through the 

activation of STAT-3. 

Recent studies have shown that IL-22 and IL-6 are significantly involved in the 

pathomechanism of psoriasis [19-21, 27]. PDPN-expression was induced by these 

cytokines, which was accompanied by STAT-3-phosphorylation (Fig. 5a). AG490, 

STAT-3 inhibitor VI and shRNA of STAT-3 inhibited both PDPN-expression and 

STAT-3-phosphorylation (Fig. 5b and data not shown). The IL-22-dependent 

PDPN-induction was also inhibited by STAT-3 siRNA in HaCaT cells (Fig. S1b). Thus, 

IL-22 and IL-6 stimulated PDPN-expression of keratinocytes through the STAT-3 

signaling pathway. Using reconstituted three-dimensional epidermis, PDPN-expression 

was also analyzed. Following IL-22-stimulation the induction of PDPN was detected in 

the basal cell layer of the reconstituted epidermis (Fig. 5c), which was not detected in 

the reconstituted epidermis without the IL-22-treatment. The IL-22-treated reconstituted 
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epidermis showed several features mimicking psoriatic epidermis, such as epidermal 

acanthosis without the granular layer, and parakeratotic horny layer. 

15 
 



4. Discussion 

Our results indicate the role of PDPN in the wound and psoriatic 

hyperproliferative epidermis. While no PDPN-expression was detected in the normal 

interfollicular epidermis, marked expression was detected in the outer root sheath of the 

hair follicles as well as in the basal cell layer of sebaceous glands. Interestingly, the 

outer root sheath of the hair follicle is known to show a similar phenotype to wound and 

psoriatic epidermis [28, 29]. 

Regulation of PDPN-expression has been described. These include 

cytokines/growth factors [29-33], transcriptional factors [9, 34, 35], Src [36], and cell 

contact [36]. In a fibrosarcoma cell-line (HT1080 cells), TGF- induces 

PDPN-expression via TGF- receptor-Smad-4 pathway, which was not confirmed in 

HaCaT cells [29] (Fig. S1). Our results indicate that PDPN-induction by TGF- in 

HEK is dependent on both Smad-2/3 and -4 pathways [Fig. 4e].  

IFN- is known to activate both STAT-1 and STAT-3 [38] and our study 

demonstrated that the IFN--dependent PDPN-expression of keratinocytes depends on 

both STAT-1 and STAT-3-activation, because siRNA, shRNA and inhibitors of STAT-1 

and STAT-3 signaling inhibited the PDPN expression of keratinocytes. Other inhibitors 

of the STAT-3 signaling pathway, AG490 and STAT-3 inhibitory peptide, also abolished 
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the effect of IFN- on PDPN-induction of keratinocytes (Fig. 4b and data not shown). 

As expected, the STAT-3 phosphorylation induced by IFN- was inhibited by AG490. 

However, the STAT-1 phosphorylation, albeit to a lesser extent, was also inhibited by 

AG490 in our system (Fig. 4b), the significance of which remains to be determined. 

Recent evidence indicates that STAT-3 activation is significantly involved in wound 

healing as well as in psoriatic epidermis [14, 27]. IFN- and IL-27 induce various 

chemokines upregulated in psoriatic epidermis, such as CXCL9/10/11 in a 

STAT-1-dependent manner [39-41]. Psoriatic epidermis shows a similar phenotype to 

wounded epidermis and the activation of IFN- and TGF- signaling has been described 

in both skin conditions [25, 26]. Involvement of IL-6 and IL-22 in the pathomechanism 

of psoriasis is interesting in this context [19-21, 27], because both IL-6 and IL-22 

stimulate STAT-3 signaling of keratinocytes [27]. Our results indicate that IL-6 and 

IL-22 induce PDPN-expression of keratinocytes again through the activation of STAT-3. 

A similar regulatory mechanism has been described in other molecules, such as 

S100A7/psoriasin [42]. Thus, the induction of PDPN by various cytokines reconfirms 

the essential role of STAT-3 signaling in keratinocyte biology specifically in the 

hyperproliferative condition. The reconstituted three dimensional epidermis clearly 

demonstrated that IL-22 induces PDPN-expression acompanied by STAT-3 
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phosphorylation. The PDPN-expression of CD34-expressing ORS inferior to the bulge 

area and the presence of undifferentiated basal cells of sebaceous glands suggest that 

these keratinocytes are also under the control of the STAT-3-activation. Because the 

proliferation of keratinocytes is more marked in the basal cells of rete ridges than in 

those on the dermal papillae [43], more marked expression of PDPN on the basal cells 

of rete ridges is consistent with the observation that STAT-3-dependent signaling is 

significantly involved in the hyperproliferative keratinocytes. This is also consistent 

with the finding that PDPN-positive psoriatic epidermis was mostly manifested as 

hyperproliferative expanding epidermis, which lacks the granular layer [18]. Our results 

indicate the essential role of Smad- and STAT-signaling pathways in the 

cytokine-induced PDPN-expression. However, further study would be required to verify 

whether these signaling pathways is directly associated with the induction of PDPN, 

because these cytokines except for TGF-1 require 24 hr or more for the detection of 

the effect. 

The precise function of PDPN in keratinocytes remains to be determined. 

While PDPN does not increase cell proliferation in immortalized keratinocytes [13], the 

PDPN-expression on the basal cells of hyperproliferative and/or migrating epidermis, 

such as subbulge area of anagen hair follicles, sebaceous glands, psoriasis, and wounded 
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which may contribute to the epidermal remodeling [42, 44] as well as to EMT [8, 37, 

45]. Activated matrix metalloproteinase and destabilization of adherens junctions of 

PDPN-expressing cells might also be interpreted as the epidermal remodeling process [9, 

46]. Further study would be required to determine the role of PDPN in terms of 

proliferation/migration of epidermal keratinocytes. 

Our results indicate that TGF-, IFN-, IL-6, and IL-22 induce 

PDPN-expression of keratinocytes, which might be significantly involved in the wound 

healing process as well as in the pathomechanism of psoriatic hyperproliferative 

epidermis. TGF- seems to upregulate the PDPN expression through Smad-2/3 and 

-4-activation but in a STAT-3-independent manner, while IFN-, IL-6, and IL-22 

upregulate the expression in both STAT-1- and STAT-3-dependent manner. Because 

PDPN is also detected in the leading edge of various epithelial tumors, the 

PDPN-expression might also be significantly involved in other biological processes 

such as EMT. 
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Figure legends 

Figure 1 PDPN-expression in normal human skin. 

Anti-PDPN monoclonal antibody, D2-40 (green), and anti-E-cadherin rabbit polyclonal 

antibody (red) were applied to the skin (a-c). A: normal human skin. b: sebaceous gland. c: 

hair follicle. In d, D2-40 (red) and anti-CD34 antibody (green) were applied on the hair 

follicle. Scale bars indicate 100 m.  

 

Figure 2 PDPN-expression in diseased epidermis 

PDPN-expression was detected on the basal cells of re-epithelizing wounded epidermis 

(a, b) and in psoriasis (c, d); a & c: HE staining; b & d: immunofluorescence staining of 

PDPN (green). Red staining of b shows E-cadherin-expression. Scale bars indicate 100 

m. 

 

Figure 3 Regulation of PDPN-expression in HEK by TGF- and IFN- 

The time course of western blot analysis is represented by a. Up-regulation of 

PDPN-expression in HEK cells by TGF-(5 ng/ml) and IFN-(50 ng/ml). 

TGF-stimulation was accompanied by p-Smad-2/3 and IFN-stimulation was 
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accompanied by p-STAT-1, respectively.  In b, the time course of RT-PCR analysis is 

shown. In c, the dose response analysis by western blotting is shown. Up-regulation of 

PDPN was analyzed at 24hr following the stimulation with various doses of TGF- 

and IFN-.  

 

Figure 4 Analyses of TGF- and IFN- signaling on keratinocytes 

PDPN-induction by IFN- and TGF- was inhibited by JAK inhibitor I and TGF- 

type I receptor kinase inhibitor IV, respectively (a). TGF- type I receptor kinase 

inhibitor IV (10 nM) and JAK inhibitor I (10 M) were added 1 hr before the TGF- 

and IFN- stimulation. Cell lysates were collected 24hr following the cytokine 

stimulation. The PDPN-induction by IFN- was also inhibited by AG490, a STAT-3 

specific inhibitor (b). Cell lysates were collected 24hr following the cytokine 

stimulation. AG490 (20 M and 100 M) was administered 1 hr before IFN- 

stimulation. STAT-3 phosphorylation was more markedly suppressed by AG490 than 

STAT-1 phosphorylation (*P<0.01 compared with DMSO-control, respectively). 

STAT-1 phosphorylation was also suppressed by AG490 in a dose-dependent manner. 

Both STAT-1 siRNA (siSTAT-1) and STAT-3 shRNA (shSTAT-3) inhibited the PDPN 

induction by IFN- (c and d). Control scramble (ct) and STAT-1 or STAT-3-specific 
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siRNA were transfected 48 hr prior to TGF- or IFN--stimulation. Adenovirus vector 

was also infected 48 hr prior to IFN--stimulation. The TGF--dependent 

PDPN-induction was remarkably reduced by siRNA of Smad-2/3 (siSmad-2/3) and 

Smad-4 (siSmad-4) (e). PDPN-expression was analyzed by western blotting using cell 

lysates 24 hr following the stimulation (5 ng/ml of TGF-). 

 

Figure 5 Effects of IL-6 and IL-22 on PDPN-expression of HEK and reconstituted 

epidermis. 

a. IL-6 (10 ng/ml) and IL-22 (50 ng/ml) induced STAT-3 phosphorylation. 

b. IL-6 (10 ng/ml) and IL-22 (50 ng/ml) induced PDPN-expression. This was inhibited 

by STAT-3 shRNA (shSTAT-3). The cells were infected with control (cont) and 

shSTAT-3 adenovirus vectors 36 hr prior to the cytokine treatment. Cell lysate was 

collected and analyzed 30 hr following the IL-6 and IL-22 treatment.  

c. IL-22 induced PDPN-expression in reconstituted epidermis. Note acanthosis and 

parakeratosis in IL-22-treated epidermis. 
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