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Abstract Hyperproliferative epidermal disorders range

from benign hyperplasias such as psoriasis to basal cell

carcinoma (BCC) and squamous cell carcinoma (SCC), the

two most common cancers in the US. While they all arise

from the epidermis, these diseases differ dramatically in

biological behavior and their underlying gene expression

patterns have not been compared. We thus examined mRNA

transcript levels in these disorders to identify and further

characterize differentially expressed genes. Transcript

expression patterns distinguish these disorders and identify

EGR1, among other genes, whose epidermal expression is

decreased in BCC and SCC but is elevated in psoriasis. Egr-1

inhibits growth of benign and malignant epidermal cells

in vitro and appears to suppress both Cdc25A expression and

Cdk2 dephosphorylation. These data indicate that gene

expression profiling can differentiate epidermal hyperpro-

liferative diseases and suggest that Egr-1 may play a role in

preventing uncontrolled epidermal growth.
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Abbreviations

BCC Basal cell carcinoma

SCC Squamous cell carcinoma

EGR1 Early growth response gene 1

Q-PCR Real-time quantitative PCR

HPV Human papilloma virus

DBD DNA binding domain deletion

FA Fatty acid

PDGF-A Platelet derived growth factor A

EGR Epidermal growth factor

Introduction

Cutaneous basal cell carcinoma (BCC) and squamous cell

carcinoma (SCC) are the two most common cancers in the

US. (Miller 1994). Among epidermal malignancies, BCC

causes significant local destruction but is generally non-

metastatic while SCC is biologically more aggressive and

can cause significant mortality. BCC variants include

superficial multicentric, nodular, sclerosing-morpheaform

and pigmented types. Invasive SCC usually develops from

a precancerous condition (actinic keratosis) or carcinoma

in-situ, often on sun-exposed sites, and has a capacity to

metastasize.

Psoriasis, on the other hand, is a benign chronic disease

affecting more than 5 million Americans and is character-

ized by epidermal hyperplasia with inflammatory infiltrates

(http://www.nlm.nih.gov/medlineplus/psoriasis.html). Pso-

riasis consists of psorasis vulgaris, guttate psoriasis, pustular

psorasis and erythrodermic variants. The classic clinical

lesions are sharply marginated papules and plaques with

marked silvery-white scale typically on the elbows, knees,

scalp and intertriginous areas. Histopathologically, fully

developed clinical lesions show marked epidermal

hyperplasia with characteristic features including regular

elongation of epidermal rete ridges with characteristic bul-

bous enlargement of their tips, reciprocal elongation of
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intervening dermal papillae, thinning of the epidermis that

lies immediately above the dermal papillae, and marked

hyperkeratosis. A sparse superficial dermal perivascular

lymphocytic inflammatory infiltrate with occasional neu-

trophils is typically present.

Genetic studies have identified the PTC gene as a can-

didate tumor suppressor gene in BCC and linked the sonic

hedgehog signaling pathway to the proliferative expansion

of basal epidermal cells (Bale and Yu 2001). Recent

studies of SCC have elucidated roles of various oncogenes

(Ras, Myc, epidermal growth factor receptor, and cyclin

D1), tumor suppressor genes (TP53 and p16), and other

gene dosage changes at various chromosomal loci (Mer-

curio 2003; O’Connor et al. 2001; Quinn et al. 1994).

Searches for psoriasis susceptibility genes have led to the

identification of several chromosomal loci, including those

at 6p21 within the HLA complex, 17q, 1q, and 19q13

(Capon et al. 2000). Despite recent insights into the genetic

basis of these epidermal hyperproliferative disorders, the

underlying differences in their global gene expression

profiles are not fully recognized and understood.

Gene expression profiling has proven informative in

analysis of human malignancies with regard to tumor

classification and identification of relevant signaling path-

ways and drug targets. Among epidermal malignancies,

molecular profiling of transformed and metastatic murine

SCC cells revealed altered expression of genes related to

growth, apoptosis, and angiogenesis (Dong et al. 2001).

Differential display PCR and expression arrays were ap-

plied to elucidate alterations in BCC-associated gene

expression (Welss et al. 2003). Comparison between the

molecular profiles of BCC and SCC identified four genes

specifically modulated in SCC including RhoC and

EMMPRIN genes (Marionnet et al. 2003). Reports on gene

expression profiles of psoriasis mainly focused on the

inflammatory aspect of the disease (Nomura et al. 2003;

Oestreicher et al. 2001; Zhou et al. 2003). Systematic

comparisons of these three epidermal hyperproliferative

disorders, however, have not been performed.

In this study, we have examined and compared gene

expression profiles of BCC, SCC and psoriasis. Our aims

were to identify differentially expressed genes, especially

those that distinguish benign from malignant hyperplasia,

and further study the functional roles of such gene(s) in

epidermal growth regulation. Here, we report that distinct

expression patterns can distinguish among these epidermal

hyperproliferative disorders. Differentially expressed genes

include early growth response gene 1 (EGR1), which was

induced in psoriatic hyperplasia but suppressed in BCC and

SCC. We present evidence that Egr-1 appeared to inhibit

hyperproliferation of benign and malignant epidermal cells

in association with decreased Cdc25A expression and per-

sistent inhibitory phosphorylation of Cdk2. Thus EGR1

represents a candidate growth regulatory gene contributing

to differences between benign and neoplastic epidermal

hyperproliferative disorders.

Material and methods

Human subjects

This study was approved by the Institutional Review Board

at both Stanford University and the University of Con-

necticut Health Center. Biopsies were performed from both

lesional and site-matched normal skin of each patient with

a confirmed clinical and histopathologic diagnosis. For

psoriasis, patients were selected from those not under ac-

tive treatment for at least 6 months; all were of the psorasis

vulgaris subtype.

Cell culture, gene transfer, and cell proliferation assays

Primary human epidermal cells were isolated from dis-

carded surgical specimens and grown in a 1:1 mixture of

SFM (GIBCO-BRL, Grand Island, NY) and Medium 154

(Cascade Biologics, Portland, OR) as described (Choate

et al. 1996). The cDNA sequences corresponding to the

coding regions of human Egr-1 and DBD[-]-Egr-1

(Gashler et al. 1993) were subcloned into EcoRI-NotI site

of the LZRS retroviral vector (Kinsella and Nolan 1996).

High titer retrovirus was prepared in human 293T pack-

aging cells and human keratinocytes were transduced as

described (Deng et al. 1998). Human keratinocytes

immortalized with the E6/E7 virion of human papilloma

virus (HPV) were from P. Marinkovich (Barbosa and

Schlegel 1989), as are SCC-25 cells (Rheinwald and

Beckett 1981). Appropriate protein expression was con-

firmed by Western blot analysis. The cell proliferation

assays were performed by counting cell numbers daily

from triplicate independent transductions initiated with

identical cell numbers.

Gene expression profiling

Each biopsy specimen was divided into two parts. One was

flash-frozen in liquid nitrogen prior to RNA extraction. The

other was frozen in OCT at –80�C for histological confir-

mation. Atlas Human Cancer 1.2 Arrays were purchased

from Clontech (Palo Alto, CA). RNA samples were iso-

lated with RNeasy Kits (Qiagen, CA). 32P labeled cDNA

probes were generated using gene-specific primer mix and

hybridizations were performed according to manufacturer’s

recommendations. Arrays were performed in triplicate for

each patient and were subjected to both autoradiography

and phosphorimaging for quantitation, with data values
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normalized to housekeeping gene controls. Cluster analysis

was performed as described (Eisen et al. 1998).

Histochemistry and protein expression

For immunohistochemistry, paraffin sections were rehy-

drated and pretreated by boiling in 50 mM Tris-HCl (pH

9.5) for 4 min. Slides were washed in PBS, blocked with

10% normal serum, followed by overnight incubation at

4�C with 1:50 dilution of the respective antibodies. Biotin-

streptavidin-horse radish peroxidase (HRP) secondary

antibody detection system and DAB chromagen were em-

ployed. The expression level was arbitrarily defined as

strong and moderate based on staining intensity. For

immunoblotting, whole cell extracts were prepared from

keratinocytes grown in vitro 12–48 h after transduction.

All immunoblots were also incubated with antibodies to

human b-actin control. Antibodies included those to Egr-1,

FA synthase, PDGF-A, Cdc25A, Cdk6, cyclin A, p21, p53,

p107, Rb, p130 and actin (Santa Cruz, CA); Cdk2, cyclin

D1, cyclin E, and p27KIP1 (Pharmingen, San Diego, CA);

anti-phospho Cdk2Tyr15 (Calbiochem, La Jolla, CA).

mRNA analysis

RNA samples from disease and site-matched control skin

from the same patient were used both for microarray

analysis as well as for northern blotting using Nytran

membranes (Schleicher and Schuell, Keene, NH). Signals

were scanned and normalized for loading against actin

control for the same lane with all blots performed in trip-

licate. For in situ hybridization, tissues were fixed in 4%

paraformaldehyde then 5 lm paraffin sections prepared,

rehydrated and treated with 20 mg/ml proteinase K. After

washing, sections were fixed again, rinsed with RNase free

water and 0.1 M triethanolamine, incubated with acetic

anhydride for 10 min, re-washed then dehydrated. Dried

sections were hybridized with riboprobes prepared using

the Riboprobe transcription system (Promega, Madison,

WI). For real-time quantitative PCR (Q-PCR), Assay-

on-demand probes for human EGR1, Cdc25A, p21, and

GAPDH were purchased from Applied Biosystems (Nor-

walk, CT). One lg of total RNA was reverse-transcribed

with random hexamers and Superscript II (Invitrogen, CA).

Q-PCR was performed and analyzed with an ABI 7500

sequence detector using the relative quantification methods

according to the manufacturer’s recommendations. GAP-

DH was used as an endogenous control.

Transgenic mice

The wild-type Egr-1 cDNA was subcloned via a blunt-ended

BamHI site downstream of the 2,075 bp human K14

promoter and used to produce transgenic mice in C57B/16

(Byrne and Fuchs 1993). Transgene integration and

expression was confirmed by PCR analysis, Q-PCR, and

epidermal immunohistochmistry in F1 mice derived from six

transgenic founder lines. For PMA-induced epidermal hy-

perproliferation, PMA (0.3 mg/ml) in ethanol was topically

applied to four F1 mice and skin biopsies obtained 48 h later.

Results

Gene expression profiling of BCC, SCC and psoriasis

Patients with BCC, SCC and psoriasis display distinctive

clinical and histologic features of epidermal hyperprolifera-

tion. We isolated mRNA from freshly excised lesional tissue

in four patients per disorder. Lesional site prior to biopsy was

photographed. Histopathological confirmation of the diag-

nosis was performed on the excised specimen (Fig. 1a). Site-

matched uninvolved skin from the same patient was used as an

internal control so that factors such as age or sun exposure

would not account for the differences in the expression levels.

Microarray analysis was performed in triplicate 1,200 se-

quence-verified gene microarrays. We employed hierarchical

clustering software to analyze these disorders by similarity of

gene expression profile (Fig. 1b) using an algorithm shown to

group genes of similar biological function (Eisen et al. 1998).

Analysis showed that each disease class clustered with itself,

demonstrating that distinct genetic expression signatures

distinguish BCC, SCC, and psoriasis.

Over 100 genes displayed >2-fold differential expres-

sion in disease tissue compared to the patient’s own site-

matched normal skin in all three disorders. These included

genes involved in cell cycle promotion, signal transduction,

matrix degradation, differentiation and inflammation

(Fig. 1b). Among genes strongly induced in psoriasis are

Egr-1, cathepsin D precursor, K6, neutrophil gelatinase

associated lipocalin, PDGF-A, and FA synthase. Many

genes displayed decreased expression in psoriasis, includ-

ing those encoding rhoA, CD59, notch 2, c-myc binding

protein MM-1, EGF receptor, and NF-jB p50. In all 3

diseases, PDGF-A and nm23-H2 were upregulated whereas

c-myc was downregulated. We corroborated selected genes

identified by microarray analysis by northern blot and in

situ hybridization (Fig. 1c and d). Microarray analysis

commonly underestimated changes in transcript expression

by 6-fold or more when compared to quantitated northern

blotting normalized to an actin loading control.

Expression of Egr-1, PDGF-A, and FA synthase

We focused our analysis on distinctive expression patterns

displayed by PDGF-A, Egr-1, and FA synthase because the
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expression patterns of these genes were most consistent

throughout samples within a disease category. PDGF-A

displayed a 2–4-fold induction in all disorders. In micro-

array analysis, Egr-1 and FA synthase were increased in

psoriasis (2.3 ± 0.7 and approximately 2.0 ± 0.5 fold,

respectively), but were decreased in both BCC (2.6 ± 1.2

and 4.6 ± 2.6 fold) and SCC (6.6 ± 4.7 and 3.3 ± 1.2 fold)

(Fig. 2a). To confirm these expression differences at the

protein level in a larger number of patient tissues, we

performed immunohistochemical analysis of 126 speci-

mens of hyperproliferative epidermal diseases (Table 1).

Detected predominantly in the basal layer within normal

skin, both Egr-1 and PDGF-A were strongly expressed

throughout psoriatic epidermis. Egr-1, however, displayed

Fig. 1 Gene expression profiling of BCC, SCC, and psoriasis. (a)

Clinical and histological features of the samples. Clinical appearance

(upper panel): Translucent papule of nodular-type BCC (left),

ulcerated SCC tumor (middle), and sharply demarcated erythematous

plaque of psoriasis with micaceous scale (right). Histology (lower

panel): Tumor nests with basaloid cells of BCC (left), invasive

squamous tumor cells of SCC (middle) and hyperplastic epidermis

with elongated rete ridges and inflammation in psoriasis (right). (b)

Hierarchical clustering analysis. All genes shown have >2-fold

changes in gene expression levels in at least one of the disorders

studied. Rows represent genes on the microarray with their

corresponding names to the right. Columns represent individual

patients. Relative pseudo-colored intensities demonstrate gene

expression changes such that red color indicates an increase in gene

expression whereas green color indicates a decrease. Color scale

shown at bottom. The hierarchical clustering dendrogram of

relatedness of gene function is shown on the left. (c) Confirmatory

Northern analysis. NL = normal site-matched control from the same

patient. (d) Confirmatory in situ hybridization analysis. Dotted lines

define the junction between epidermis (E) and dermis (D). The 10·
field (boxed in the 2.5· field) shows strong MMP-1 expression in

deeply invasive tumor islands. Scale bars = 200 lm for 2.5· low

power fields and 50 lm for 10· fields
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decreased expression in BCC and SCC while PDGF-A

retained expression. FA synthase was expressed at minimal

levels in normal and malignant tissue, but was strongly

induced in psoriasis (Fig. 2b). A portion of the psoriasis

samples did not demonstrate Egr-1 expression (Table 1). It

is not clear whether it was due to antigen retrieval diffi-

culties or whether other factors, such as active treatment,

interfered with Egr-1 expression in these tissues.

Egr-1 exerts growth regulatory effects in epidermal

cells

Strong Egr-1 expression in benign but not malignant epi-

dermal hyperproliferation raised the possibility that Egr-1

may influence epidermal growth. To study this, we ex-

pressed both wild-type Egr-1 and a DNA binding domain

deletion (DBD) Egr-1 mutant along with marker gene

controls in primary keratinocytes by high efficiency retro-

viral transduction. Egr-1 inhibited growth of sub-confluent,

rapidly proliferating normal human keratinocytes, HPV-

immortalized cells, and malignant SCC-25 cells. This

growth inhibition was dependent on the Egr-1 DNA

binding domain as the DBD mutant supported increased

proliferation (Fig. 3a). These in vitro growth data sug-

gested that Egr-1 limited proliferation of normal and

transformed epidermal cells.

Egr-1 transgenic murine epidermis is resistant to PMA-

induced hyperplasia

To investigate epidermal growth restraint by Egr-1 in

vivo, we generated transgenic mice expressing Egr-1

targeted to the basal layer using the K14 promoter. F1

progenies from six transgenic founder lines were char-

acterized for epidermal Egr-1 expression. Four F1 mice

that demonstrated significant increase in Egr-1 expression

by RT-PCR and immunohistochemistry (data not shown)

were used for further analysis along with their non-

transgenic littermates. Egr-1 transgenic mice were viable

and fertile, displaying no evidence of impaired epidermal

growth control under normal conditions. To determine if

Egr-1 limits induced epidermal hyperplasia in vivo, we

used topical phorbol ester, known to induce epidermal

hyperproliferation (Wang et al. 1999). Epidermal cell

numbers per 100 lm of basement membrane were sim-

ilar in unstimulated Egr-1 transgenic epidermis to that of

non-transgenic littermates (36.7 ± 4.5 and 36.6 ± 3.0

cells/100 lm, respectively; n = 4 mice per group,

Fig. 2 Expression differences

in selected genes. (a) Each data

point represents the fold change

in gene expression for a given

patient in the disease tissue

compared to their site-matched

normal control skin for PDGF-

A, Egr-1, and FA synthase. (b)

Representative in situ protein

expression in normal and

lesional skin. Scale bar

shown = 200 lm for all panels
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P > 0.05). In response to PMA, however, Egr-1 trans-

genic epidermis showed decreased reactive hyperplasia

compared to PMA-treated control (35.3 ± 3.2 and

68.7 ± 6.0 cells/100 lm, respectively; n = 4 mice per

group, P < 0.001) (Fig. 3b). A similar response was

observed when SDS was used instead of PMA (data not

shown). These results suggest that Egr-1 confers resis-

tance to epidermal hyperplasia in vivo.

Egr-1 expression is associated with suppression

of Cdc25A

To explore how Egr-1 exerts its growth regulatory effects

in epidermal cells, we examined levels of G1 phase cell

cycle regulators as a function of Egr-1 expression. Among

the G1 phase cell cycle regulators studied, including

Cdk6, cyclin A, p21, p53, p107, Rb, p130, cyclin D1,

cyclin E, and p27KIP1 , a dramatic reduction of Cdc25A

expression was observed in Egr-1 transduced cells

(Fig. 4a). Because Cdc25A dephosphorylates Cdk2 on

Tyr15/Thr14 to activate the Cdk2/cyclin E complex, we

examined Cdk2 expression (Nilsson and Hoffmann 2000).

Consistent with decreased Cdc25A, Egr-1 induction

decreased levels of dephosphorylated active Cdk2. Inac-

tive phosphorylated Cdk2 predominated in Egr-1

expressing cells, as confirmed with an antibody specifi-

cally recognizing the Tyr15-phosphorylated residue of

Cdk2 (Fig. 4a). Persistent phosphorylation of Cdk2 is thus

correlated with the reduced Cdc25A in Egr-1 transduced

keratinocytes and therefore represents a potential mecha-

nism for the proliferative restraint by Egr-1. Suppression

of Cdc25A in cultured cells by Egr-1 suggested that its

loss in epidermal malignancies would lead to increased

Cdc25A and that Egr-1 overexpression in psoriasis could

contribute to the converse. Indeed, we observed that

Cdc25A expression was elevated in epidermal cells of

both BCC and SCC but not in psoriasis (Fig. 4b), con-

sonant with a potential role for regulation of Cdc25A in

these conditions.

To further investigate the mechanism of Cdc25A reg-

ulation by Egr-1, we examined changes in mRNA levels

of Cdc25A in primary human keratinocytes upon Egr-1

overexpression using real-time quantitative PCR (Q-PCR).

Cdc25A level was decreased correspondent to an increase

in Egr-1 mRNA level (Fig. 5). This result suggested that

modulation of Cdc25A gene expression by Egr-1 occurred

at the transcription level although it did not help to

determine a direct or indirect effect of Egr-1 on Cdc25A.

Table 1 Egr-1, PDGF-A, and FA synthase expression in human diseases of epidermal proliferation

Human Tissue No. specimens ++ (% ) + (%) – (%)

Egr-1

Psoriasis 20 70 6 24

BCC, nodular 21 0 10 90

BCC, superficial 16 0 12 88

BCC, morpheic 18 0 17 83

SCC 24 0 17 83

SCC in situ 17 0 47 53

PDGF-A

Psoriasis 20 100 0 0

BCC, nodular 21 90 10 0

BCC, superficial 16 100 0 0

BCC, morpheic 18 89 11 0

SCC 24 100 0 0

SCC in situ 17 100 0 0

FA synthase

Psoriasis 20 100 0 0

BCC, nodular 21 0 5 95

BCC, superficial 16 0 15 85

BCC, morpheic 18 0 0 100

SCC 24 4 8 88

SCC in situ 17 6 0 94

BCC = basal cell carcinoma, SCC = squamous cell carcinoma

Expression levels: ++ = strong, + = moderate, – = undetectable
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Discussion

We have performed gene expression profiling in three

common human epidermal hyperproliferative disorders and

have demonstrated that BCC, SCC, and psoriasis can be

distinguished from each other on the basis of their gene

expression patterns. Furthermore, we have identified specific

genes that are selectively altered in these disorders, including

Egr-1. Finally, functional studies suggest that Egr-1 might

restrain hyperproliferation of epidermal cells and tissue.

The gene expression patterns identified by microarray

analysis are consistent with known biology of the diseases

studied. A number of genes are altered in the same manner.

PDGF-A was increased in all 3 disorders compared to

controls, suggesting that the PDGF axis may be a common

mediator of epidermal hyperproliferation. This is in

agreement with increased PDGFRa expression in murine

and human BCCs and the proposed role of PDGFRa acti-

vation by Gli1 as an important mechanism by which

mutations in the SHH pathway cause BCCs (Xie et al.

2001). Molecular profiling of mouse and human SCC also

revealed increased gene expression of PDGFA((Dong et al.

2001; Marionnet et al. 2003). Increased PDGFRa had been

demonstrated in psoriasis as well (Nilsson and Hoffmann

2000). Nm23-H2 was also upregulated in all three diseases,

consistent with its overexpression in many hyperprolifer-

ative conditions including colorectal carcinomas (Marion-

net et al. 2003; Postel et al. 2000). On the other hand,

c-myc and K10 are down regulated in all three diseases,

highlighting the distorted balance between cellular prolif-

eration and differentiation within the epidermis in these

conditions.

A number of genes are differentially expressed in the

three disease states. For example, Smoothened was

Fig. 3 Egr-1 limits epidermal cell hyperproliferation. (a) Prolifera-

tive output of sub-confluent epidermal cells in growth media. The

effect of wild-type Egr-1, the Egr-1 DNA binding domain deletion

mutant (DBD) compared to marker gene control is shown in normal

human keratinocytes (NL), in keratinocytes immortalized with HPV

18 E6/E7 and in malignant SCC-25 cells. Total cell numbers 6 days

after transduction are shown from triplicate independent transductions

initiated with identical cell numbers. # = P < 0.01; * = P < 0.05 for

differences between Egr-1 transduced cells and control cells. (b)

Reactive epidermal hyperplasia in vivo. Murine epidermis transgenic

for Egr-1 (K14-Egr-1) resists PMA-induced epidermal hyperplasia;

scale bar = 30 lm. (c) Quantitative comparison of epidermal cell

numbers/100 lm of basement membrane zone (BMZ) in PMA treated

and ethanol control Egr-1 transgenic and littermate skin (n = 4 mice

per group). ** = P < 0.001 for differences between PMA treated

transgenic and control skin

Genomic Med. (2007) 1:75–85 81

123



shown to be induced in all BCC samples but not in

psoriasis or SCC, which agrees with known Shh pathway

activation in BCC (Bale and Yu 2001). Integrin a6

precursor was downregulated in BCC but upregulated in

SCC, as seen in prior immunohistochemical analysis

(Kore-eda et al. 1998; Tennenbaum et al. 1996) and

consistent with its elucidated biological function in

invasive carcinomas (Dajee et al. 2003; Mercurio 2003).

Among differentially regulated genes, FA synthase, along

with Egr-1, was strongly induced in psoriasis but re-

pressed in BCC and SCC. This is in agreement with

reports of increased FA synthase protein expression in

normal and psoriatic epidermis (Uchiyama et al. 2000),

but contrasts with findings in a variety of other human

malignancies, including carcinoma of the colon, prostate,

ovary, endometrium, and breast (Kuhajda et al. 2000),

where high levels of FA synthase have been observed.

FA synthase downregulation in BCC and SCC may thus

represent a major difference between cutaneous malig-

nancies and visceral cancers. Further characterization of

FA synthase is worthwhile for understanding epidermal

tumorigenesis.

Fig. 4 Expression of selected G1 phase cell cycle regulators as a

function of Egr-1. (a) Protein extracts were prepared 36 h after high

efficiency retroviral transduction. Note the decrease in Cdc25A with

Egr-1 expression. Note also the decrease in the lower Cdk2 band

which represents the phosphorylated less active form as confirmed in

the right Cdk2 panel using antibody specific for Cdk2Tyr15. (b)

Cdc25A expression in hyperproliferative skin disorders. Note

increased expression in BCC and SCC and lack of increase in

psoriasis compared to normal skin (NL). E = epidermis, D = dermis,

dotted line = basement membrane zone. Scale bar = 100 lm

Fig. 5 Egr-1 modulates Cdc25A at the transcription level. (a)

Representative expression of Cdc25A and Egr-1 in normal human

keratinocytes transduced with Egr-1 and marker control gene assessed

by real-time quantitative PCR (Q-PCR). Total RNA was extracted

from cells harvested at three time-points post transduction (12 h, 24 h

and 36 h), reverse transcribed to cDNA and subjected to Q-PCR.

Relative quantification was performed in triplicates, normalized with

endogenous control gene GAPDH, and calibrated against 12 h GFP-

transduced cells. (b), Data summarized from three independent Q-

PCR assays comparing changes in Cdc25A mRNA levels in Egr-1-

transduced versus GFP-transduced cells
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Of particular interest is Egr-1, a zinc finger transcription

factor expressed in response to diverse stimuli such as mit-

ogens, tissue injury and developmental cues. Depending on

the setting, Egr-1 has been associated with both negative and

positive growth regulatory effects. In PDGF-transformed

murine fibroblasts, Egr-1 reduced tumorigenesis in nude

mice (Huang et al. 1994). Egr-1 also suppressed tumori-

genesis by a variety of human tumor cell lines including

osteosarcomas, fibrosarcomas (Huang et al. 1995), hepato-

cellular carcinoma, and esophageal carcinoma (Hao et al.

2002). Lung and breast carcinoma can be entirely lacking in

Egr-1 expression (Huang et al. 1997; Levin et al. 1995), and

deletion of the Egr-1 containing locus 5q31 has been

observed in acute myelogenous leukemia (Fairman et al.

1995) and breast cancer (Ronski et al. 2005). In contrast,

prostate cancer and metastatic gastric cancer can exhibit high

levels of Egr-1 (Kobayashi et al. 2002; Thigpen et al. 1996).

The mechanisms underlying these tissue-specific effects of

Egr-1 are under active investigation by many laboratories.

In mouse skin, Egr-1 mRNA expression was induced by

TPA treatment in multistage carcinogenesis though its role

in this process is undefined (Riggs et al. 2000). In human

epidermis, we observed that Egr-1 was strongly increased

in psoriasis but was decreased in both BCC and SCC,

raising the possibility that Egr-1 may contribute to differ-

ences between benign and malignant proliferation in epi-

dermis. Consistent with this, Egr-1 inhibited growth of

actively proliferating normal human keratinocytes as well

as HPV18 E6/E7 immortalized cells and malignant SCC-

25 cells. In contrast, the DBD Egr-1 deletion mutant dis-

played no growth inhibition, implicating DNA binding by

Egr-1 in epidermal growth suppression. Because Egr-1

inhibits unrestrained growth in actively proliferating cells

in culture as well as PMA-induced hyperplasia but not

normal epidermal growth in vivo, Egr-1-mediated growth

inhibition appears to be limited to settings of hyperprolif-

eration. Our data raise the possibility that Egr-1 exerts

compensatory effects in psoriasis to prevent uncontrolled

hyperproliferation that might lead to malignant transfor-

mation. The hyperplasia in psoriasis probably results from

concerted effects of multiple genes, including PDGF-A and

nm23-H2, among others. By maintaining a high level of

Egr-1 in the psoriatic epidermis, uncontrolled malignant

transformation could be held in check even though hy-

perproliferation could not be entirely prevented. In BCC

and SCC, however, decreased Egr-1 may permit neoplastic

growth, especially under external stimuli such as UV

irradiation. This model is supported by two lines of evi-

dence. First, Egr-1 transgenic epidermis resisted PMA-

induced hyperplasia. Second, a two-stage skin carcino-

genesis study demonstrated a uniformly accelerated tumor

development in EGR1-null mouse epidermis, consistent

with the tumor suppressor characteristics of Egr-1(Krones-

Herzig et al. 2005). However, further investigation is

necessary to prove this model.

In studying the mechanisms of Egr-1 growth inhibition

in epidermal cells, we observed a dramatic reduction in

Cdc25A phosphatase levels in cells overexpressing Egr-1.

Based on the Q-PCR results, approximately 5-fold increase

of Egr-1 leads to ~4-fold decrease in Cdc25A (Fig. 5). The

profiling analysis demonstrated an average of 2.3-fold

increase of Egr-1 mRNA in psoriatic tissue (Fig. 2a).

Therefore, after normalization against Egr-1 mRNA levels

from the profiling analysis, the overall difference of

Cdc25A mRNA did not exceed two-fold (~1.84-fold). This

explains why Cdc25A was not identified from the profiling

analysis as a differentially expressed gene. Nevertheless,

we did observe by immunohistochemistry that Cdc25A

protein is less abundant in psoriatic tissue than in BCC and

SCC, consistent with prior reports of Cdc25A overex-

pression in SCCs (Gasparotto et al. 1997).

Cdc25A is a p53-independent cell cycle regulator that

removes inhibitory phosphates on residues Tyr15/Thr14 of

Cdk2, thereby promoting Cdk2 activity important for G1/S

progression (Nilsson and Hoffmann 2000). A role for Egr-1

in Cdc25A regulation has not been recognized nor has

Cdc25A expression been systematically analyzed in skin

diseases. Egr-1 suppression of Cdc25A in this setting could

lead to persistent phosphorylation of Cdk2 with failure to

activate cyclin E/Cdk2 and resultant inhibition of the G1/S

transition. Indeed, we observed an absence of dephospho-

rylated Cdk2 with Egr-1 expression. Our data thus suggest

that Cdc25A repression may represent a potential mecha-

nism contributing to the growth inhibitory role of Egr-1 in

proliferating epidermal cells. Although it is not clear

whether Egr-1 regulates Cdc25A in a direct or indirect

manner, our data suggest that this function occurs at the

transcription level. In addition, in cells overexpressing Egr-

1, we did not observe any changes of c-myc (data not

shown), which has been shown to modulate Cdc25 phos-

phatases (Galaktionov et al. 1996), suggesting that Egr-1’s

effect on Cdc25A is likely independent of c-myc. The fact

that our gene expression profiling showed c-myc reduction

in BCC, SCC and psoriasis whereas Egr-1 was differen-

tially expressed also argues against the possible mechanism

of Egr-1 acting through c-myc. Furthermore, Egr-1 has

been shown to control p21 expression by direct interaction

with the p21 promoter in erythroleukemic K562 cells

(Ragione et al. 2003). We assessed p21 mRNA and protein

expression levels upon Egr-1 expression in normal human

keratinocytes but observed no changes (data not shown),

suggesting a different target of Egr-1 for growth control in

epidermis from that in erythroleukemic cells.

In summary, we identified Egr-1 as a differentially

regulated gene among three epidermal hyperproliferative

disorders from gene expressing profiling using microarray

Genomic Med. (2007) 1:75–85 83
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analysis and further studied the growth regulatory role of

Egr-1 on epidermal cells in vitro and in vivo. Egr-1 ap-

peared to restrain uncontrolled epidermal proliferation by

modulating cell cycle regulator Cdc25A. Besides increased

proliferation, tumorigenesis may also be due to failure to

differentiation and/or apoptosis. Whether Egr-1 plays a role

in these aspects of the cellular function warrants further

investigation.
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