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Summary

Interleukin-19 (IL-19) plays an important role in asthma by stimulating T

helper type 2 (Th2) cytokine production. Interestingly, IL-4, a key Th2

cytokine, in turn up-regulates IL-19 expression in bronchial epithelial

cells, so forming a positive feedback loop. In atopic dermatitis (AD),

another Th2 disease closely related to asthma, IL-19 is up-regulated in the

skin. We propose to use IL-4 transgenic (Tg) mice and human keratino-

cyte culture to delineate the molecular mechanisms involved in the

up-regulation of IL-19 in AD. IL-19 is similarly up-regulated in the skin

of IL-4 Tg mice as in human AD. Next we show that IL-4 up-regulates

IL-19 expression in keratinocytes. Interestingly, the up-regulation was

suppressed by a pan-Janus kinase (Jak) inhibitor, suggesting that the

Jak–signal transducer and activator of transcription (Jak-STAT) pathway

may be involved. Dominant negative studies further indicate that STAT6,

but not other STATs, mediates the up-regulation. Serial 50 deletion of the

IL-19 promoter and mutagenesis studies demonstrate that IL-4 up-regula-

tion of IL-19 in keratinocytes involves two imperfect STAT6 response ele-

ments. Finally, chromatin immunoprecipitation assay studies indicate that

IL-4 increases the binding of STAT6 to its response elements in the IL-19

promoter. Taken together, we delineate the detailed molecular pathway

for IL-4 up-regulation of IL-19 in keratinocytes, which may play an

important role in AD pathogenesis.

Keywords: atopic dermatitis; interleukin-4; interleukin-19; keratinocyte;

signal transducer and activator of transcription 6; signal transducer and
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Introduction

Atopic dermatitis (AD), a chronic inflammatory skin dis-

ease, affects 10–20% of children and 1–3% of adults in

developed countries.1,2 In addition, many of the AD

patients also suffer from other atopic disorders, such as

asthma and allergic rhinitis.3–5

The aetiology and pathogenesis of AD are not fully

understood. It is generally accepted that the dysregulation

of the immune response and disruption of the skin

barrier function may contribute to the development and

progression of this disease.6–8 We and others have

shown that interleukin-4 (IL-4) plays an essential role in

the pathophysiology of AD.9–12 Evidence supporting IL-4

as a key factor for AD includes (i) IL-4 is significantly

up-regulated in the skin of AD patients; (ii) IL-4 is the

key cytokine for the production of IgE, which is signifi-

cantly up-regulated in the serum of AD patients; (iii)

over-expressing IL-4 in the basal epidermis of IL-4

transgenic (Tg) mice resulted in chronic pruritic inflam-

Abbreviations: AD, atopic dermatitis; ChIP, chromatin immunoprecipitation; DN, dominant negative; FBS, fetal bovine serum;
IF, immunofluorescence; Jak, Janus kinase; Stat, signal transducer and activator of transcription; TBS, tris-buffered saline; Tg,
transgenic
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matory skin lesions, which meet the clinical and histo-

logical diagnostic criteria for human AD;13,14 (iv) the

clinical relevance of IL-4 in IL-4 Tg mice and human

AD is validated by a recent clinical trial of an antibody

to IL-4 receptor a, which provides statistically significant

improvement in disease severity, per cent body involve-

ment, and pruritus in patients affected by moderate to

severe AD in only 4 weeks.15

Interleukin-19, a pro-inflammatory cytokine known to

stimulate the production of T helper type 2 (Th2) cyto-

kines,16–20 plays an essential role in the pathogenesis of

asthma,21–24 another Th2 disease closely related to AD.

Importantly, it was reported that IL-19 is dramatically

up-regulated in the skin of AD patients.25 Recently it was

reported that keratinocyte-specific knockout of SOCS3

resulted in severe skin inflammation, up-regulation of IL-

19 in the skin, and high serum IgE levels.26 In addition,

we found that IL-19 is among the few genes most signifi-

cantly up-regulated by IL-4 in keratinocytes by screening

hundreds of genes using PCR array.27 These findings led

us to hypothesize that IL-4 from activated immune cells

up-regulates IL-19 expression in keratinocytes, which in

turn may up-regulate Th2 cytokines, so forming a posi-

tive feedback loop and finally leading to the development

and exacerbation of AD.

Using IL-4 Tg mice that over-express IL-4 exclusively

in the epidermis, we have demonstrated that IL-19

mRNA and protein levels are up-regulated in the skin of

these mice as compared with wild-type mice. We have

also established that IL-4 up-regulation of IL-19 in kerati-

nocytes is at the transcriptional level and involves signal

transducer and activator of transcription 6 (STAT6). Pre-

viously, Huang et al.22 demonstrated that IL-4 up-regula-

tion of IL-19 expression in human bronchial epithelial

cells involves a distal perfect STAT6 response element,

whereas our data show clearly that in skin epidermal

keratinocytes, such up-regulation involves the binding of

STAT6 to different STAT6 sites.

Materials and methods

Materials

Interleukin-4, PCR SuperMix High Fidelity, EpiLife�

Medium, Human Keratinocyte Growth Supplement,

Dulbecco’s modified Eagle’s medium (DMEM) with or

without phenol red, fetal bovine serum (FBS), charcoal-

stripped FBS, penicillin/streptomycin, non-essential amino

acids, sodium pyruvate, reverse transcriptase, Alexa Fluor

594 secondary antibody and Trizol reagent were obtained

from Invitrogen (Carlsbad, CA); IL-19 antibodies (anti-

human and anti-mouse) were bought from R&D Systems

(Minneapolis, MN); SYBR Green PCR Master Mix and

Effectene Transfection Reagent were from QIAGEN Inc.

(Valencia, CA); trypsin-EDTA was purchased from

Mediatech (Herndon, VA); the human IL-19 ELISA kit

was from Assay Biotechnology (Sunnyvale, CA); KpnI,

HindIII, T4 polynucleotide kinase, and T4 DNA ligase

were bought from Fermentas (Pittsburgh, PA); Passive

Lysis 59 Buffer, Dual-Luciferase Reporter Assay were

obtained from Promega (Madison, WI); Janus kinase

(Jak) inhibitor I was purchased from Calbiochem (La Jo-

lla, CA). The DN-STAT6 was kindly given to us by Dr

Steven M. Dubinett (University of California at Los Ange-

les, Los Angeles, CA);28 the DN-STAT3 is from Dr Toshio

Hirano (Osaka University, Osaka, Japan);29 the DN-

STAT5a was kindly provided by Dr Alice Mui (University

of British Columbia, British Columbia, Canada);30 and the

DN-STAT5b is a gift from Dr Li-yuan (Baylor College of

Medicine, Houston, TX).31

Animals

The IL-4 Tg mice and wild-type mice (on C57BL/6 back-

ground) were kept at 25° with a 14-hr light/10-hr dark

cycle. All experimental procedures were performed in

accordance with the principles of the National Institutes

of Health Guide for the Care and Use of Laboratory Ani-

mals and were approved by the Institutional Animal Care

and Use Committee of the University of Illinois at Chi-

cago. Around 80–90 days after birth, skin lesions and

normal skin tissues were collected from the ears of the

IL-4 Tg mice and wild-type mice.

Cell culture

Primary human keratinocytes (Invitrogen) were cultured

in EpiLife� Medium supplemented with Human Kerati-

nocyte Growth Supplement (low calcium). Then the

cells were switched to DMEM supplemented with 1%

charcoal-dextran-treated FBS for 3 days to differentiate

(high calcium). Immortalized human keratinocytes,

HaCat cells (from Dr Lin Chen), were grown in DMEM

supplemented with FBS (10%), non-essential amino

acids, and penicillin/streptomycin. The cells were incu-

bated in a humidified atmosphere of 5% CO2 at 37°.
Fresh culture media were replaced every 48 h. Cells

were treated with various concentrations of IL-4 in

DMEM supplemented with 1% charcoal-dextran-treated

FBS for 24 hr. Next, cells were washed twice with ice-

cold PBS and were frozen at �80° until assays were

performed.

RNA isolation and real-time RT-PCR analysis

Total RNA from cell culture was isolated using Trizol

reagent according to the manufacturer’s instructions. The

RT and real-time PCRs were performed as previously

described.32 Briefly 1 lg of total RNA was reverse-tran-

scribed and the final volume was 100 ll. Five microlitres
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and 10 ll of cDNA were used for GAPDH and IL-19,

respectively. For each real-time PCR (25 ll total volume),

cDNA was mixed with 29 SYBR Green PCR Master Mix

containing the following primers. The mouse IL-19 prim-

ers used were 50-ATC CTG TCC CTG GAG AAC CT-30

and 50-CTC TCC TGA TGG TCC TGG AA-30; the mouse

GAPDH primers used were 50-AGA ACA TCA TCC CTG

CAT CC-30 and 50-ACA CAT TGG GGG TAG GAA CA-

30; the human IL-19 primers used were 50-AAG GAT CAT

CAG GAG CCA AA-30 and 50-CAC TGC CTC TGT TCC

TGA CA-30; the human GAPDH primers used were

50-ACA CCC ACT CCT CCA CCT TT-30 and 50-TGC
TGT AGC CAA ATT CGT TG-30. The PCR were carried

out in duplicate, and the samples were analysed on a Strat-

agene Mx3000 real-time PCR machine (Santa Clara, CA).

Immunofluorescence confocal microscopy

Immunofluorescence microscopy on tissues was per-

formed as described previously.33 Briefly, mouse ear tis-

sues were fixed in 4% paraformaldehyde, followed by

immersion overnight in 30% sucrose solution, and then

embedded in OCT compound (Fisher Scientific, Pitts-

burgh, PA). Cryosections were incubated overnight at 4°
with diluted anti-IL-19 antibody, followed by incubation

with the Alexa Fluor-594 secondary antibody at room

temperature for 1–2 hr (Invitrogen).

Immunofluorescence microscopy on cell cultures was

performed as described previously.34 Briefly, HaCat cells

were treated with either IL-4 (10 ng/ml) or vehicle in 1%

charcoal-dextran-treated FBS medium on DB chamber

slides (BD Biosciences, Bedford, MA) for 24 h. Next the

cells were fixed with 4% paraformaldehyde solution for

20 min and permeabilized in PBS containing 0�1% Triton

X-100 and 0�2% Tween-20 for 30 min at room tempera-

ture. The cells were incubated with anti-IL-19 overnight

at 4° followed by incubation with an Alexa Fluor-594

secondary antibody at room temperature for 1–2 hr

(Invitrogen).

The slides were mounted in Vectashield medium (Vec-

tor Laboratories, Inc., Burlingame, CA) containing a

counterstain for DNA 40,6-diamino-2-phenylindole and

were examined using a Zeiss LSM 510 META confocal

microscope (Oberkochen, Germany) equipped with a

639 water immersion objective lens.

ELISA

ELISA was performed according to the manufacturer’s

instructions. Briefly 12-well plates were used. When cells

are 60–80% confluent, they were treated with IL-4 (10 ng/

ml) for 24 hr in 1 ml of DMEM (1% charcoal-stripped

FBS). Then, 100 ll of cell medium samples and stan-

dards were loaded into each well of the 96-well plate,

followed by primary antibody incubation, serial washes

and avidin–horseradish peroxidase-linked secondary

antibody. The reaction was developed with 3,30,5,50-tet-
ramethylbenzidine and the absorbance was read at

450 nm on a Synergy HT Multi-Mode microplate

reader (BioTek, Winooski, VT).

Generation of the IL-19 promoter–luciferase constructs

Different lengths of IL-19 promoter–luciferase reporters

were generated using the sticky end PCR cloning tech-

nique.35 The human genomic BAC clone (BACPAC

Resource Center Oakland, California; clone ID: RP11-

237C22) contains the IL-19 promoter sequence described

previously.36 The fragments were cloned into the KpnI

and HindIII sites of the pGL3-Enhancer Vector (Promega,

Madison, WI). The primers used in the subcloning are

listed in Table 1.

Mutation of the IL-19 promoter

Mutation of the IL-19 promoter was performed using the

QuikChange II site-directed mutagenesis kits (Stratagene)

according to the manufacturer’s protocol. The –582 bp

Table 1. Primers used in the generation of the IL-19 promoter-luciferase constructs

Primer name Sequence

�2463 bp to +21 bp blunt end sense 50-GGA CAG GAT TTG AGG AGC TG-30

�2463 bp to +21 bp sticky end sense 50-GTA CGG ACA GGA TTT GAG GAG CTG-30

�2210 bp to +21 bp blunt end sense 50-ACC CAT GGG AGA AGC TCT TT-30

�2210 bp to +21 bp sticky end sense 50-GTA CAC CCA TGG GAG AAG CTC TTT-30

�986 bp to +21 bp blunt end sense 50-TGG TAG CTC CAA GTC TCA TCT TC-30

�986 bp to +21 bp sticky end sense 50-GTA CTG GTA GCT CCA AGT CTC ATC TTC-30

�582 bp to +21 bp blunt end sense 50-TAG AGC ACC AAC AGC CCC TA-30

�582 bp to +21 bp sticky end sense 50-GTA CTA GAG CAC CAA CAG CCC CTA-30

�247 bp to +21 bp blunt end sense 50-TTC TCC CAG AGG CAC AGT AAA-30

�247 bp to +21 bp sticky end sense 50-GTA CTT CTC CCA GAG GCA CAG TAA A-30

IL-19 promoter common blunt end antisense 50-AAT TTC ACC ATT GCA CTC CAG-30

IL-19 promoter common sticky end antisense 50-AGC TAA TTT CAC CAT TGC ACT CCA G-30
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promoter was used as the template. Mutation was con-

firmed through DNA sequencing. The primers used to

mutate the distal STAT site are 50-GCC TAC TCT CTA

ATG GAG TAG TGG AAA ATC CAT TTG CTT CTT

TGT CTG TG-30 and 50-CAC AGA CAA AGA AGC AAA

TGG ATT TTC CAC TAC TCC ATT AGA GAG TAG

GC-30; The primers used to mutate the proximal STAT

site are 50-GGG TCT AGA TTG GGA TCC TCT TGG

ATG TAC CCA TCT TGA GTA TGT GAC CAT G-30

and 50-CAT GGT CAC ATA CTC AAG ATG GGT ACA

TCC AAG AGG ATC CCA ATC TAG ACC C-30.

Transfection of HaCat cells

Effectene transfection was performed according to the

manufacturer’s instructions. Briefly, HaCat cells were

seeded in 12-well plates and cultured until 60–80% con-

fluency. Equal amounts of DNA were transfected per well.

Eighteen to 19 h after transfection, the cells were treated

with IL-4 (10 ng/ml) for another 24 hr. Transient expres-

sion of the reporter gene was quantified by a standard

luciferase assay and was normalized against renilla lucifer-

ase. Luciferase activities were measured using a luminom-

eter (Lumat LB 9507 luminometer; EG&G Berthold, Oak

Ridge, TN).

Chromatin immunoprecipitation assay

Chromatin immunoprecipitation (ChIP) was performed

using a Sigma (St Louis, MO) Imprint� ChIP kit accord-

ing to the manufacturer’s instructions. Anti-STAT6 (Milli-

pore, Temecula, CA) was incubated with the samples at

room temperature for 90 min on an orbital shaker. After

cross-link-reversal and DNA purification, real-time PCR

was carried out on the samples and inputs. The primers

used are 50-GCA CAT CTG CAC ATT CCA AG-30 and

50-GGG TTC TTA GAT CTC ACA CAG GA-30. PCR

products were purified and sequenced to confirm specificity.

Statistical analysis

Data were examined by the Student’s t-test (Figs 1, 2b

and 5), one-way analysis of variance followed by the

Tukey test (Figs 2a and 3a,b), or two-way analysis of var-

iance followed by Bonferroni post-tests (Figs 3c and 4)

using PRISM software (GraphPad Software, Inc., San Diego,

CA). Values were considered statistically significant at

P < 0�05.

Results

IL-19 is up-regulated in the IL-4 Tg mice

Interleukin-19 has been reported to be up-regulated in

the skin of AD patients.25 To examine whether it is also

up-regulated in the IL-4 Tg mice, an AD mouse model,

we used real-time RT-PCR and immunofluorescence to

study IL-19 expression in the skin of both wild-type and

IL-4 Tg mice. As shown in Fig. 1, IL-19 is up-regulated

at both the mRNA and protein levels in the IL-4 Tg mice

compared with the wild-type mice, which is consistent

with the findings documented in human AD.

IL-4 stimulates IL-19 expression in keratinocytes

Since IL-19 is up-regulated in the skin of human AD and

IL-4 Tg mice, we asked the question of whether the high

levels of IL-19 are directly caused by the over-expression

of IL-4. Towards that end, we used primary human kerat-

inocytes and a human keratinocyte cell line, HaCat cells.

The cells were treated with IL-4 for 24 hr, and IL-19

expression was examined by real-time RT-PCR. Indeed,
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Figure 1. Interleukin-19 (IL-19) expression is

up-regulated in the skin of IL-4 transgenic

(Tg) mice. IL-19 expression was compared

between wild-type mice and IL-4 Tg mice by

real-time RT-PCR (a) and confocal microscopy

(b). (a) Mouse GAPDH was used as the house-

keeping gene, and values are expressed as the

mean � SEM (n = 5). *P < 0�05 versus wild-

type (WT). (b) IL-19, red; nucleus, blue.

Arrow denotes the dermal–epidermal border.

Experiments were repeated three times.
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IL-4 stimulates IL-19 expression in both the primary

keratinocytes and HaCat cells (Fig. 2)27 although we

noticed an exaggerated response of HaCat cells to IL-4

stimulation. Since primary keratinocytes are very refrac-

tory to transfection, we used HaCat cells in our study of

the signal transduction pathway for IL-4 regulation of IL-

19 in keratinocytes. Interleukin-19 protein expression is

also up-regulated by IL-4 (Fig. 2c). The data clearly sug-

gest that the high levels of IL-19 in the skin of human

AD and IL-4 Tg mice are mediated by the over-expres-

sion of IL-4 in the skin.

The Jak-STAT6 pathway is involved in IL-4
up-regulation of IL-19 in HaCat cells

The Jak-STAT pathway is a major signal transduction

pathway for IL-4 signalling in keratinocytes,9,37–40 so we

first examined whether Jaks play any roles here. As shown

(b)

IL-4 (ng/ml) 0 10
0

20

40

60

80

100
*

IL
-1

9 
re

la
tiv

e
m

R
N

A
 e

xp
re

ss
io

n

(a)

0

2

4

6

8

IL-4 (ng/ml) 0 10 50 100

*

*

*

IL
-1

9 
re

la
tiv

e
m

R
N

A
 e

xp
re

ss
io

n

10 µM

10 µM

Vehicle

IL-4

(c)

Figure 2. Interleukin-4 (IL-4) up-regulates the

expression of IL-19 in primary keratinocytes

and HaCat cells. (a) Primary keratinocytes

were treated with different concentrations of

IL-4 for 24 hr, and IL-19 expression was analy-

sed by real-time RT-PCR. Human GAPDH

was used as the housekeeping gene, and values

are expressed as the mean � SEM (n = 3).

*P < 0�05 versus 0 ng/ml. HaCat cells were

treated with IL-4 (10 ng/ml) for 24 hr and IL-

19 expression was analysed by real-time RT-

PCR (b). Values are expressed as the

mean � SEM (n = 4). *P < 0�05 versus 0 ng/

ml. (c) IL-19, red; nucleus, blue; experiments

were repeated three times.
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Figure 3. The Janus kinase–signal transducer and activator of transcription 6 (Jaks-STAT6) pathway is involved in interleukin-4 (IL-4) up-regula-

tion of IL-19 in HaCat cells. (a) HaCat cells were treated with IL-4 and Jak inhibitor I (a pan-Jak inhibitor) for 24 hr and were subjected to real-

time RT-PCR analysis (a) and ELISA (b). Values are expressed as the mean � SEM (n = 4). *P < 0�05 versus control. (c) HaCat cells were co-

transfected with an IL-19 promoter and with either dominant negative (DN)-STAT3, DN-STAT5a, DN-STAT5b or DN-STAT6 for 18 hr. The

cells were then treated with either IL-4 or vehicle for another 24 hr. Promoter activity was quantified by a standard luciferase assay and was nor-

malized against renilla luciferase. The experiment was repeated three times. Values are expressed as the mean � SEM. *P < 0�05 versus vehicle.
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in Fig. 3(a,b), Jak inhibitor I (a pan-Jak inhibitor), which

inhibits all the Jak family members, completely abolished

the up-regulation of IL-19 at the mRNA and protein levels,

indicating that the Jak-STAT pathway may be involved in

the regulation of IL-19 in human keratinocytes. With the

understanding that Jaks are essential in IL-4 regulation of

IL-19, we proceeded to the next logical step by examining

whether STATs are also involved, and if so, which STAT

plays the dominant role. Previously we reported that IL-4

stimulates the phosphorylation of STAT3 and STAT6

among STAT family members in keratinocytes.9 We co-

transfected HaCat cells with an IL-19 promoter–luciferase
construct and with dominant negative (DN)-STAT3,

DN-STAT5a, DN-STAT5b or DN-STAT6. Eighteen to

19 hr after transfection, the cells were treated with IL-4 for

another 24 hr and IL-19 promoter activity was examined

by luminometry. As shown in Fig. 3(c), DN-STAT6, but

not other DNs, completely eliminated IL-4 stimulation of

IL-19 promoter activity, supporting the notion that IL-4

regulation of IL-19 is indeed through the Jak-STAT6 path-

way.

Localization of the IL-4 responsive element in the
IL-19 promoter

The final and most critical step for investigating IL-4

up-regulation of IL-19 expression is to locate the promoter

area where IL-4 confers its activity. Towards that end, we

generated different lengths of IL-19 promoters and trans-

fected HaCat cells with these promoters. The cells were

co-transfected with a renilla luciferase expression vector,

allowing for normalization of transfection efficiency. As

shown in Fig. 4(a), serial 50 deletion of the IL-19 promoter

revealed that the region between �582 and �247 bp

upstream of the transcription start site is essential for IL-4

up-regulation of IL-19. Analysis of this region did not find

any perfect STAT6 site (50-TTC and GAA-30 spaced by

four nucleotides). However, we found two corresponding

imperfect STAT6 sites (aaaTTTattgGAAactact and

tcttTTCtggCAAcatctt). This finding is in sharp contrast to

the up-regulation of IL-19 gene in human bronchial epi-

thelial cells, where the IL-4 responsive site was reported to

be between –2259 bp –and –2145 bp.22 It is well known

that STAT proteins may bind to imperfect sites, especially

when two imperfect STAT sites are adjacent.41–44 In addi-

tion, we previously demonstrated that STAT3 binds to two

imperfect STAT sites in the promoter of the a2-macroglob-

ulin gene.34 Although mutation of either of the two sites

failed to generate conclusive data, mutation of the two ele-
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Figure 4. Localization of the interleukin-4 (IL-

4) response elements in the IL-19 promoter.

(a), HaCat cells were transfected with an equal

amount of different IL-19 promoter reporter

constructs. Eighteen hours after transfection,

the cells were treated with IL-4 (10 ng/ml) for

another 24 hr. The experiment was repeated

six times. Values are expressed as the

mean � SEM. *P < 0�05 versus vehicle. (b), A

603 bp human IL-19 promoter was mutated at

both of the two putative signal transducer and

activator of transcription 6 (STAT6) sites. Ha-

Cat cells were transfected with an equal

amount of the promoter reporter constructs.

The experiment was repeated six times. Values

are expressed as the mean � SEM. *P < 0�05
versus vehicle.
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Figure 5. Interleukin-4 (IL-4) increases the binding of signal trans-

ducer and activator of transcription 6 (STAT6) to the IL-19 pro-

moter. HaCat cells were treated with IL-4 (10 ng/ml) or vehicle for

24 hr. ChIP assay was performed to study the binding of STAT6 to

the IL-19 promoter using an anti-STAT6 antibody. Data were quanti-

fied by real-time PCR and PCR products were sequenced. Values are

expressed as the mean � SEM (n = 3). *P < 0�05 versus vehicle.
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ments simultaneously, as shown in Fig. 4(b), led to total

elimination of IL-4 action, which indicates that the two

imperfect STAT6 sites are essential for IL-4 up-regulation

of IL-19 in keratinocytes.

To further validate whether IL-4 affects the activated

STAT6 binding to this area (�582 to �247 bp), we used

a monoclonal antibody to immunoprecipitate STAT6.

The ChIP assay showed clearly that IL-4 increased STAT6

binding to the IL-19 promoter (Fig. 5). DNA sequencing

of the PCR products confirmed that STAT6 physically

binds to the area demonstrated by the serial 50 deletion
study.

Discussion

Interleukin-19, an IL-10 subfamily member, is expressed

in myeloid cells, keratinocytes and bronchial epithelial

cells.45–47 It signals through Jak1/Tyk2-STAT1/STAT3 and

is usually associated with pro-inflammatory responses in

innate immunity.45 Extensive research has shown that

IL-19 plays an important role in the pathogenesis of

asthma,21–24 probably through its ability to stimulate the

production of Th2 cytokines.16–20 Interestingly, IL-19 is

also up-regulated in the skin of patients with AD, another

Th2 disease closely related to asthma.25

Previously, Huang et al.22 reported that IL-4 up-regu-

lates IL-19 expression in airway epithelia through STAT6

binding to a perfect STAT6 site (TTC and GAA spaced

by four nucleotides) �2259 bp in the IL-19 promoter

based on the ChIP studies. We found that the STAT6

response elements involved in IL-4 regulation of IL-19 in

keratinocytes are different from that reported in bronchial

epithelial cells. It is possible that IL-19 regulation involves

different cis-acting elements in different cell types. On the

other hand, without additional functional studies, the

data from the ChIP study alone cannot conclude that the

perfect STAT6 response element is essential for IL-4 regu-

lation of IL-19. In our study on keratinocytes, after

removing the perfect STAT6 site from the IL-19 pro-

moter, we still observed the stimulation of IL-19 by IL-4.

The serial 50 deletion study finally located an area

between �582 and �247 bp, which appears to be essen-

tial for IL-4 up-regulation of IL-19 in keratinocytes.

However, we did not find any perfect STAT6 site in this

area. Although STAT6 prefers the classical perfect STAT6

site, it is known that STAT6 could also bind to other less

than perfect sites.41–44 Carefully analysing this area, we

found two imperfect STAT6 sites, mutation of either of

which generated inconclusive results. However, after we

mutated both of these sites, we found that IL-4 up-regu-

lation of IL-19 is totally abolished, suggesting that two

STAT6 homodimers may bind to the less than perfect

STAT6 sites, forming a relatively stable protein–DNA
complex, possibly interacting with other adjacent tran-

scription factors and co-activators. Future studies may

further investigate the relationship between these two

imperfect STAT6 sites with the distal perfect STAT6 sites,

which may play a less important role in the assembly of

the general transcription machinery.

In addition to the STAT6 sites, the human IL-19 pro-

moter also contains two nuclear factor-jB sites, two

CAAT enhancer binding protein sites, and a total of seven

putative keratinocyte growth factor binding motifs, which

may link its role to skin diseases.17 Interleukin-17 signals

through nuclear factor-jB to up-regulate IL-19 in human

airway epithelial cells, synergistically enhancing IL-4

effects.22 Interestingly, IL-19 has been shown to play a

role in psoriasis,48–50 but different from the Th2–IL-19
positive feedback loop hypothesis, the suggested mecha-

nism involves crosstalk between IL-19 from keratinocytes

and keratinocyte growth factor from CD8+ T cells.17,48

In conclusion, we have elucidated the detailed signal

transduction pathway for IL-4 up-regulation of IL-19 in

keratinocytes, which may play an important role in the

pathogenesis of AD. We show that the IL-4 regulation of

IL-19 in keratinocytes involves two imperfect STAT6 sites,

indicating that imperfect STAT6 sites could play critical

roles in gene regulation among several perfect potential

STAT6 sites.
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