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and psoriasis. Method: The expression of Il.-13Ra1 in the skin of AD and psoriasis was
investigated by immunohistochemistry. The regulation of IL-13Rx mRNA in the skin
and human primary keratinocyte (HPK) was investigated by quantitative PCR. The
secretion of IL-6 and RANTES from HPK was measured by ELISA. Results: The
expression of IL-13Rx1 was more prominent on the suprabasal keratinocytes in the
skin of AD and striking increase of staining was observed on all layers of keratinocyte
in the skin of psoriasis. The mRNA of IL-13Ra1, but not of IL-13Ra2 was overexpressed
in both skin of AD and psoriasis. In vitro experiment using HPK demonstrated that IFN-
¥, IL-13 but not -4 could up-regulate the mRNA expression of iL-13R«1. In contrast,
IL-13Re2 mRNA expression was up-regulated by IFN-v plus IL-4. Furthermore, the
stimulation of HPK with IFN-y plus IL-13 and/or IL-4 resulted in significant
enhancement of IL-6 and RANTES secretion. Conclusion: These findings indicate
that IL-4 and IL-13 have different regulatory effects on the expression of IL-13Rx1 and
o2, and the overexpression of IL-13Ra1 may play some roles in the pathogenesis of
chronic stage of AD or psoriasis.
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1. Intreduction

Interleukin {IL)-13 is an immunoregulatory cyto-
kine secreted predominantly by activated Th2 cells
and mast cells [1,2]. IL-13 shares many functional
properties with IL-4, including the induction of IgE
synthesis, CD23 expression by B cells {3], the up-
regulation of major histocompatibitity complex
class |l on monocytes [4,5], and the induction of
vascular cell adhesion molecule-1 on endothelial
cells [6]. IL-13 exerts its actions via binding to the
complex receptor consisting of IL-4Ra and at least
two other cell surface proteins, IL-13Ra1 and IL-
13Ra2 [7-10]. IL-13Ra1 itself, binds IL-13 with low
affinity, but when paired with IL-4Rq, it binds IL-13
with high affinity and form functional receptor
which signals [7,11]. Whereas, IL-13RaZ that can
bind IL-13 with high affinity, has been postulated to
be a decoy receptor because of its short cytoplas-
mic tail without having any signaling motifs [12].
We have previously demonstrated that IL-13Ra1 is
expressed on the keratinocyte in healthy skin {13].
But the physiological and pathological roles of this
receptor in the function of keratinocyte are largely
unknown,

Also the regulation of iL-13Rx1 and IL-13Ra2
expression has not been understood completely. It
is reported that these receptor components are
expressed on both hasmatopoietic (T, B lympho-
cyte, monocyte, mast cell, basophil} and non-
haematopoietic cell (endothelial cell, keratino-
cyte, fibroblast, respiratory epithelium, heart
muscle and hepatocyte) [13,14]. IL-4 increases IL-
4Ra mRNA transcription in T cells [14], whereas IL-
13 and IL-4 down-regutate IL-4Rx and IL-13Rat
expressions on monocytes {14-16] but up-regulate
the mRNA and the surface expression of IL-13Ratl
on B lymphocyte [17]. In addition, it is reported
that IFN-y up-regulates IL-13Ra2 surface expression
on U937 cell line, A34% cell line and primary nasal
epithelial cells [18]. Thus, it is possible that each
cell has specific regulatory mechanisms of the
expression of IL-13Rx1 and IL-13Ra2.

It is generally believed that IL-4Ra/IL-13Ral
serves as a functional receptor complex for both
IL-4 and IL-13 in non-haematopoietic cells, such as
endothelial cell, fibroblast, respiratory epithetium,
smooth muscle cell, all of which lack the common y
chain of IL-2 receptor {IL-2Ry) [17,19]. Thus, the
most of the biological effects and the signaling
events elicited by IL-4 and IL-13 are overlapping.
IL-13 utilizes Janus tyrosine kinase (JAK)-signat
transducer and activation of transcription (STAT)
pathways like IL-4. It has been demonstrated that
Tyk2, Jak1, member of JAK family, and STATS,
STAT3, a member of the STAT family, are activated

by IL-13 [20,21]. But recent accumulating evidence
in the murine asthma model suggeststhat IL-13 can
exert its biological function by acting directly on
the bronchial epithelial cell or on the smooth
muscle cell, independent of 1.-4 and IgE synthesis
[22,23]. However, there is not enough information
how IL-13 exerts its specific biological function
that is different from IL-4 via same subunits fL-
4Ra/IL-13Rx1 in different cell types.

In this study, we first demonstrate that the
expression of IL-13Ra1 is increased in the chronic
inflammatory skin disease, such as atopic derma-
titis (AD) or psoriasis in which the roles of IL-13
have been implicated {24-26]. Furthermore, we
demonstrate the expression of each receptor, IL-
13Ra1 and IL-13Ra2, on keratinocyte is differently
regulated by IFN-v, IL-13 and IL-4.

2. Materials and methods
2.1. Cell cultures

Human primary keratinocytes (HPKs) were pre-
pared from human foreskin as previously described
[27] and cultured in the serum-free Keratinocyte
Growth Medium (Kurabo, Osaka, Japan) supple-
mented with 0.1 ng/ml human epidermal growth
factor, 2 ml of bovine pituitary extract, 10 pg/ml
Insulin, 0.5 pg/mi hydrocortisone and antibiotics.
Cells were grown at 37 °C in 5% CO,, two to three
passages of the cells were used for all experiments.
Human premyeloid erythroleukemia (TF-1) and
human basophitic cell line (KU812) were cultured
in the RPMI 1640 medium, supplemented with 10%
heat inactivated fetal bovine serum (Sigma-Al-
drich, Tokyo, Japan}, 10 mM HEPES and antibiotics
(50 U/ml penicillin, 50 pg/ml streptomycin). Hu-
man endothelial cell was grown as previously
described [28].

2.2, Immunohi.stochemistry

Skin punch biopsies from the forehand of chronic
AD (n = 6), psoriasis (n = 6) or the breast of normal
{(n = 6} skin were obtained with written informed
consent under the approval of the ethical commit-
tee of the University. Chronicity of AD was diag-
nosed based on the standard criteria [29]. Frozen
sections were made and fixed with cold acetone for
5 min. The specimens were probed with anti-
human IL-13Rat (UU15) antibody [13] or isotype
control, mouse lgG2ax (DAKO JAPAN Co., Ltd,
Kyoto, Japan) followed by incubation with biotin-
conjugated rabbit anti-mouse 1gG (DAKO JAPAN
Co., Ltd) and then alkaline phosphatase-conju-
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gated streptavidin (DAKO JAPAN Co., Ltd). The
signal was detected by the alkaline phosphatase
method according to the manufacturer’s instruc-
tion (DAKO JAPAN Co., Ltd).

2.3, RT reactiocn and quantitative PCR

Total RNA was extracted using RNA STAT-60 (Tel-
test inc., Fiends wood, TX) according to the
manufacturer’s instruction from the stimulated
primary keratinocytes or the 5-mm skin biopsies
of chronic atopic, psoriatic skin lesions and normal
skin of plastic surgery. Three pg of total RNA was
reverse-transcribed using superscript Il RT (Invitro-
gen Japan, Tokyo) and oligo dT primer (Invitrogen
Japan, Tokyo). The specific pairs of primers used
for detecting human IL-13Ra1, IL-13Ra2, IL-4Rx,
commen y chain and GAPDH were 5° CAG TGT AGC
ACC AAT GAG AGT GAG 3’ and 5" TCA GGT TTC ACA
CGG GAA GTT A 3 for IL-13Rx1; 5 ATA CCT TTG
GGA CCTATT CC 3’ and 5 TGA ACATTT GGC CAT
GAC TG 3’ for IL-13Ra2; 5 GTC TGC AGA TGA
GGACTA GGG G3' and 5 TAC TCT CAT GGG ATG
TGGG CG 37 for IL-4Ra; 5 GAC AGG CCA CAC AGA
TGC TA 3" and 5 GTT CAC TGT AGT CTG GCT GC 3/
for common ¥ chain; and 5° ACC ACA GTC CAT GCC
AT 3" and 5 ACC ACC CTG TTG CTG TA 3 for
GAPDH, respectively.

The competitive cDNA fragment for IL-13Raf1, IL-
13Ra2 and GAPDH were constructed by deletion of
a 51-bp fragment of the IL-13Rx1 target cDNA (386
bp} by cleaving between position 395 and 446 by
Nsi; by deletion of a 141-bp fragment of the IL-
13Ra2 target cDNA {428 bp) by cleaving between
position 1101 and 1242 by Bsl, and by deletion of a
106-bp fragment from GAPDH target cDNA (451 bp)
by cleaving between position 711 and 816 by Xcml,
respectively. The PCR reactions were carried out
with 1 pl of cDNA as a template with specified
primers and various amounts of competitors (0.1
fg/pl—100 pg/pl) using Ampli Tag Gotd polymerase
(Applied Biosystems, Branchburg, NJ). The PCR
cycles were composed of the denature at 94 °C
for 5 min and 45 cycles of 94 °C for 45 s, 60 °C for 1
min, 72 °C for 1 min for IL-13Rat; 35 cycles of 94 °C
for 1 min, 60°C for 2 min, 72 °C for 2 min for IL-
13Rx2: 35 cycles of 94°C for 30 s, 60°C for 45 s,
72 °C for 1 min for IL-4Ra and commeon y chain; and
27 cycles of 94 °C for 1 min, 60 °C for 2 min, 72°C
for 2 min for GAPDH. The 8 pl of each PCR product
was run on a 2% agarose gel, stained with 2 pg/mil
of Ethidium Bromide solution for 30 min and
quantified with a Storm Fluor Imager (Molecular
Dynamics, Inc, Uppsala Sweden). Data was normal-
ized according to the GAPDH expression and
expressed as the ratio of each a chain of mRNA to

GAPDH mRNA. Semi-quantitative PCR was per-
formed using normatized amount of cDNA accord-
ing to the GAPDH expression and specific primers
without competitors. PCR product was analyzed as
described above using a Storm Fluor Imager after
staining with EtBr and expressed as the value of
EtBr volume.

2.4, Measurement of cytokine
concentrations

Human keratinocytes (1 x 10° cell/ml) in serum-
free Keratinocyte Growth Medium were stimulated
with' 100 ng/m! of recombinant human IFN-y
{(Genzyme Techne, Minneapolis, MN) alone or com-
bination with 100 ng/ml of recombinant human IL-
13 and IL-4 (PeproTech EC Ltd, London, England)
for 48 h. The levels of IL-6 and RANTES in the
supernatant were measured by ELISA kit (Genzyme
Tech Corp). The viability of the cells under each
condition was more than 98% and there were no
significant differences in the number of viable cells
under each condition after 48 h incubation. The
experiments were performed four times using
different keratinocyte preparations. Results were
shown as pg/10° cell +5.D.

2.5, Statistical analysis

Statistical analysis was performed using the
Student t-test. Values of P < 0.05 were considered
as significant.

3. Results

3.1. Immunohistochemical detection of IL-
13Ra1 in the skin of AD and psoriasis

Since we have previously demonstrated that the
keratinocyte was a main cell expressing IL-13Ra1 in
the skin [13], we examined the expression of this
receptor in the chronic inflammatory skin of AD
and psoriasis patients. The distribution of (L-13Rx1
in normal skin was consistent with the previous
results, in that, mostly lower layer of keratinocytes
expressed IL-13R«1 (Fig. 1a and b). There were
some positive staining cells in the dermis, which
had mast cell like futures (Fig. 1a and b). When we
performed immunchistochemical staining on the
skin of chronic AD, paositive results were observed
in the upper, more differentiated keratinocytes
(Fig. 1d and e). Also positive staining was observed
among the infiltrating cells in the dermis. Even
though we have not specified phenotype of these
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Fig. 1

Immunchistochemical detection of IL-13Ra1 in the skin of AD and psoriasis. Immunchistochemical staining was

performed on the skin specimens from normal (a—c), AD (d-f) or psoriasis patients {g-1), using anti-IL-13Rx1 {UU15) or
isotype control, mouse lgG2a antibody (¢, f and i), as described in Method. The signal development was done using
alkaline phosphatase method according to the manufacture’s instruction. Nuclear staining was done by methyl green.
Data shown is one representative result from several experiments that had similar results. (b, e, h: 120 x ,a,c, d, f, g,

i: 60 % ).

cells, the size and shape showed mast cell- and
monocyte-like features (Fig. 1a, b, d and e). No
clear differences were observed in the staining of
IL-13Ra1 in the dermis of healthy and AD patients
except that there were increased numbers of mast
cell-like, positive-stained cells in the AD lesion.
Striking increase of positive staining of IL-13Ra1
was observed in all stages of keratinocytes from
the psoriatic skin (Fig. 1g and h) and the staining
intensity was higher in the skin of psoriasis than
that of normal or AD. No positive staining was
observed in all specimens stained with isotype
control, mouse IgG2a (Fig. 1c, f and i).

3.2. The expression of IL-13R«1 and IL-
13Rz2 mRNA in the skin of chronic AD and
psoriasis

The mRNA expressions of IL-13Ra1 and IL-13Ra2
in the skin biopsies from chronic AD and psoriasis
were analyzed by quantitative PCR. IL-13Rx1, but

not IL-13Ra2 mRNA expression, was significantly
increased in the chronic skin lesion of AD and
psoriasis compared to the normal skin (Fig. 2a and
b). The result, the increment of IL-13Ra1 mRNA
was much higher in the skin of psoriasis than AD,
was consisted with the immunohistochemical data.
We aware of that we can not completely exclude
the possibility that the increment of IL-13Ra1
MRNA expression we observed was due to the
increase of infiltrating cells in the dermis but not
due to the expression of this receptor on keratino-
cyte, since we used whole skin for the isolation of
RNA. But immunohistochemical data and the dif-
ferences in the expression of IL-13Ral mRNA
between AD and psoriasis (both have almost same
amount of infiltrating cells) strongly support that
the keratinocyte is a major cell contributing to the
increment of IL-13Ra1 mRNA expression in AD and
psoriasfs. Since the high affinity IL-13 receptor
consists of heterodimeric unit of IL-13R« and IL-
4Ra, we also measured the levels of {L-4Ra mRNA
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Fig. 2 The expression of [L-13Ra1 and IL-13Ra2 mRNA in the skin of chronic AD and psoriasis. Total RNA was isolated
from the skin specimens of normal, AD and psoriasis, and quantitative PCR was performed as described in Section 2.
The amount of cDNA was nommalized according to the expression of GAPDH. Representative result from each skin
sample were shown in (a) upper; normal, middle; AD and lower; psoriasis, The quantitation of each band was done
using image analyzing soft and showed as the ratio of mRNA of IL-13R«1 to GAPDH (left) or IL-13Ra2 to GAPDH {right}
(b). The expression of IL-4Rx mRNA was measured semi-quantitatively as described in Section 2 (C). Data shown are
mean +5.D. of six experiments conducted with different skin preparations from different patients. **P < 0.01, *P <
0.05, significantly different from the mean value of the normal skin.

by semi-quantitative PCR. Consisted with previous
report [25,35,38], IL-4Rx was significantly in-
creased in the chronic skin lesion of AD and
psoriasis compared to the normal skin (Fig. 2c).

3.3. Modulation of IL-13Rx1 and IL-13Rx2
mRNA expression in primary human
keratinocyte by IFN-y, IL-4 and IL-13

Having results that IL-13Ra1 was overexpressed
on human keratinocyte with the chronic skin
disease (Fig. 2a and b), next we investigated how
the expression of [L-13Ra1 and o2 were regulated
in the keratinocytes. Since IL-13, IL-4 or IFN-y have
been reported to have regulatory role in IL-13
receptor expression on both haematopoietic and
non-haematopoietic cells, we first examined the

effects of these cytokines on the expression of IL-
13Ra1 and IL-13Rx2 mRNA using HPKs in vitro., As
shown in Fig. 3a, IL-13 or IFN-y alone significantly
enhanced the IL-13Rx1 mRNA expression. In con-
trast, the same concentration of IL-4 had no effect
on the IL-13Ra1 mRNA expression. Furthermore,
simultaneous addition of IL-4 and IL-13 abolished
this effect of IL-13. Combined stimulation of iL-4
with IFN-y suppressed, but not significantly, the IL-
13Ra1 mRNA expression which was up-regulated by
IFN-v alone. In contrast, as shown in Fig. 3b, IL-4
combined with IFN-vy significantly increased the IL-
13RaZz mRNA expression which was not observed by
the combined stimulation with IFN-y and IL-13.
These results demonstrated that not only IL-13 or
IL-4 could modulate their own receptor expres-
sions, but also IFN-y could regulate the IL-13Rx
mRNA expression in primary human keratinocyte,
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Fig. 3 Modulation of IL-13Ra1 and IL-13Rx2 mRNA expression in primary human keratinocyte by IFN-y, IL-4 and IL-13.
Primary human keratinocytes were stimulated with IFN-y (100 ng/ml} alone or combination of either IL-13 {100 ng/ml)
orIL-4 (100 ng/ml}) for 48 h and total RNA was isolated and proceed for quantitative PCR of IL-13Ra1 and o2 or for semi-
quantitative PCR for IL-4Ra. The amount of ¢cDNA was adjusted according to the expression of GAPDH and the data was
showed as the ratio of mRNA of IL-13Ra1 to GAPDH (a) or IL-13Re2 to GAPDH (b). Data shown were mean +5.D. of four
experiments conducted with different preparation of keratinocytes. {c) The mRNA expression of common y-chain and
(d) IL-4Rx was detected as described in Section 2. Human premyeloid erythroleukemia (TF-1), human basophilic celt
line (KUB12) and human umbilical endothelial cell {HUVEC) were used as positive or negative control, respectively.
*P < 0.05, significantly different from the mean value of unstimulated keratinocytes.

and the mRNA expressions of IL-13Rx1 and IL-13Re2
were differently regulated by IL-4 and IL-13.

To address the possibility that the different
effects of IL-13 and IL-4 on the expression of
each IL-13R component may come from that IL-4
signals through type | IL-4R consisting of IL-4Ra1
and common vy chain, we investigated the expres-
sion of common y chain in HPK. Semi-quantitative
PCR revealed that, the mRNA for the common vy
chain was slightly expressed in the resting HPK and
the expression was enhanced by iIFN-y, comparable
to the levels of other haematopoietic cells, such as
KU812 or TF-1 (Fig. 3c). Same condition of PCR did
not reveal the detectable expression of the mRNA
of common y chain in the human endothelial cells
as has been reported (Fig. 3c} [6]. But, no
detectable protein for the common vy chain was
confirmed by FACS analysis even in the IFN-y-

stimulated keratinocytes (Data not shown). Also
we tried to confirm the increased surface expres-
sion of the IL-13Ra1 and IL-13Re2 on keratinocytes,
there were no differences in the expression of
these receptors upon stimulation with IFN-v, IL-4,
IL-13 anatyzed by FACS (Data not shown). Semi-
quantitative PCR for IL-4Ro mRNA revealed that its
expression was seemed to increase upon stimula-
tion with IFN-y, and simultaneous stimulation with
IL-4 and IL-13, but not significant. (Fig. 3d).

3.4. Inflammatory cytokine secretion from
the primary keratinocytes stimulated with
IL-4, IL-13 and IFN-y

To examine the biological consequence of the
enhanced expression of IL-13Ra1, we measured
inflammatory cytokine production from keratino-
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Fig. 4 Inflammatory cytokine secretion from the pri-
mary keratinocytes stimulated with IL-4, IL-13 and IFN-y.
Primary human keratinocytes were stimulated with IFN-y
(100 ng/ml) alone or combination of either IL-13 (100 ng/
ml) or IL-4 {100 ng/m!) for 48 h and the levels of IL-6 and
RANTES were measured by ELISA kit. Data shown are
mean +5.D. of four experiments conducted using
different sources of keratinocytes. **P < 0.01, *P <
0.05, significantly different from the mean value of the
unstimutated control. #P < 0.05, significantly different
from the mean value of the IFN-y-stimulated cells.

cytes upon stimulation with these cytokines. As
shown in Fig. 4, even though IL-4 or IL-13 alone
could not induce secretion of IL-6 and RANTES from
the HPKs 48 h after stimulation, the presence of IL-
13 or IL-4 significantly enhanced the IFN-y-stimu-
lated secretion of these cytokines. IL-8 and IP-10,
two cytokines involves in the psoriasis, were not
produced by the primary keratinocyte stimulated
by IL-4 or IL-13 alone. Also the IFN-y-induced
secretion of these cytokines was tend to increase
but not significantly modified by the presence of
IL-4 or IL-13 (Data not shown).

4, Discussion

The biological effects of IL-4 and IL-13 are
thought to be mediated by a shared receptor

composed of IL-4Rx and IL-13Ra1 chain, expressed
on a variety of cell types. In this study, we
examined the expression of IL-13Rx1 in the skin
of chronic inflammatory disease and the regulation
of IL-13Ra1, IL-13Ro2 mRNA expression in HPK.
We first demonstrated that there were differ-
ences in the expression patterns of I1L-13Ra1 in the
skin, especially epidermal layer of keratinocytes of
normal, AD and psoriasis. Although the epidermal
hyperplasia is a characteristics observed in both AD
and psoriasis, the biochemical mechanisms or
mediators responsible for this remain unclear.
Recent reports have suggested that the signaling
through the IL-20 receptor, which binds both IL-19
and 11.-20, causes proliferation and aberrant differ-
entiation of keratinocytes in the psoriasis [31,32].
Thus, it is tempting to hypothesis that different
staining patterns of IL-13Ra1 observed in AD vs.
psoriasis reflect the different mechanism of hyper-
plasia between them. Another passibility to explain
this phenomenon may come from the different
cytokine environment in AD and psoriasis. AD is the
chronic inflammatory disease that has biphasic
cytokine response, predominant Th2 cytokine
such as IL-4, IL-5, IL-10 and IL-13 in acute phase,
while Th1 cytckine, especially IFN-y accompanied
by Th2 eytokines in chronic phase [33]. Whereas,
the predominant cytokine produced in psoriasis is
reported to be IFN-y, IL-15 and less prominent, IL-
13 [34]. Consisted with our in vitro data in which
IFN-y appears to be a major cytokine for the
induction of IL-13Ra1, the expression of IL-13Rx1
was much higher in the skin of psoriasis than AD.
These phenomena may reflect the predominance
of IFN-y in the psoriasis compared to the AD that
may have other inhibitory cytokine, such as IL-4.
Cancino-Diaz et al. [39] have recently demon-
strated that overexpression of the mRNA but
underexpression of the protein of IL-13Ral in
psoriatic keratinocyte. The clear discrepancy in
the detection of |L-13Rat protein observed be-
tween them and us may come from the different
antibody used for the detection of {L-13Ra1, since
we have not get similar staining using commercially
available antibody and same skin sample (Data not
shown). Or because of we used frozen section
instead of parafolmalized-paraffin section. We
have observed different regutation of IL-13Rx1 or
IL-13RaZ2 mRNA in primary keratinocyte by IL-4 and
IL-13 (Fig. 3). Since the signaling unit for the IL-4
and IL-13 on non-haematopoietic cell is though to
be a heterodimer consisting of IL-4Rx and IL-13Ra1
subunit, we do expect that IL-4 and IL-13 have
similar effect. To explain this phenomenon, we
look for the IL-4 specific signaling unit, common ¥y
chain. Even though we could detect the slight
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mRNA expression for common y chain in resting
keratinocyte and the enhancement of the expres-
ston in keratinocyte with IFN-y stimulation, no
detectable surface protein was observed by FACS
analysis in any conditions of keratinocytes. Thus, it
is reasonable to think that IL-4 and IL-13 signal
through the same receptor unit, IL-4Ra/IL-13Ra1,
or keratinocytes express new signaling unit as has
been reported in the myofibroblast (JL-13Ra1, IL-
4Ra plus IL-13Re2 or [L-13Ra1, IL-4Ra plus common
v chain) [36,37].

Consisted with previous reports [25,35,38}, the
expression of IL-4Rx mRNA was simultaneously
overexpressed in the skin of patients with psoriasis
and AD. Since the affinity difference of IL-4 and IL-
13 to each subunit has been reported [39], the
proper ratio of IL-13Ra1 to IL-4Ra may determine
the responsibility of the cell to IL-4 or IL-13.

So far, we do not know how IL-4 and IL-13 has
different biological effects on keratinocytes
through the same receptor unit consists of IL-
13Rx1/IL-4Rx. Recent experiment using HaCaT
cell line has reported that IL-4 and iL-13 have
different effect on the TNF-a-and FN-y-induced
secretion of Thymus and activation-regulated che-
mokine and interferon-induced protein (IP)-10
[40]. Thus further experiment is required to eluci-
date the signaling unit shared or unshared by IL-4
and IL-13 in human keratinocytes.

The regulation of decoy receptor, IL-13Ra2 has
been recently reported in different cells. IFN-y
stimulates the rapid mobilization of IL-13R«2 from
intracellular storage to the cell surface without
protein synthesis and resulted in diminished IL-13
signaling in nasal epithelial cell, monocytic cell
(U937) and lung carcinoma (A549) [18). Other
report using HaCaT showed that IL-4 and IL-13
itself induce the IL-13Ra2 mRNA by STAT6, ERK and
p38 MAPK dependent manner [41]. In contrast to
their data, our experiment revealed that IL-4 or IL-
13 alone could not, but IFN-y plus IL-4 could induce
the IL-13Rx2 mRNA in primary keratinocyte. The
difference between our data and their data may
come from primary vs. immortalized cell line.
Since several differences in the response have
been reported between HaCaT and primary human
keratinocytes [42].

Much has not been known about the functional
significance of iL-13 on the HPK. There were
several reports about the secretion of cytokines
or chemokines using immortalized keratinocytes,
A432, SVK14 and HaCaT but not in the primary
keratinocytes [30,40]. Although the induction of
CD60w has been demonstrated in primary kerati-
nocytes by IL-4 and IL-13 and its suppressicn by IFN-
v [43], the biological significance of CD6Dw in

psoriasis remains unclear. Recent report has sug-
gested the subcutaneous administration of IL-4
improved the psoriasis by antagonizing the IFN-y-
praducing T cells and reducing the concentration of
IL-8 and IL-19 in the skin, two cytokines directly
involved in psoriasis [31]. The target cell to this
treatment is not clear. In addition to T cells, the
keratinocyte, which express IL-4Ra/IL-13Ra1, may
be a direct target to IL-4. It is interesting to know
whether IL-13 has same effect or not.

Collectively we found that up-regulation of IL-
13Ra1 in the skin of chronic inflammatory disease,
such as AD or psoriasis and suggest the possibility
that the expression of IL-13Ra1 and IL-13Ra2 is
modulated by the IFN-y, IL-13 or IL-4 or combina-
tion of these cytokines. We also found using
primary human keratinocytes that regulatory me-
chanism of IL-13R« by ({L-13 and IL-4 was not the
same, These results may help to explain compli-
cated pathology observed in the chronic phase of
AD or psoriasis and to understand the role of IL-13
in the function of keratinocyte, such as prolifera-
tion or differentiation or any other unknown func-
tion in physiological and pathological conditions.
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We previously reported the isolation from bovine liver of a novel 568-kDa inorganic
pyrophosphatase named phospholysine phosphohistidine inorganie pyrophosphate
phosphatase (LHPPase). It is a unigue enzyme that hydrolyzes not only oxygen-phos-
phorus bonds in inorganic pyrophosphate but also nitrogen-phospherus bonds in
phospholysine, phosphohistidine and imidodiphosphate in vitro. In this study, we
determined the partial amino acid sequence of the purified bovine LHPPase, To
investigate whether humans have the same enzyme, we isolated a ¢cDNA clone from a
HeLa cell cDNA library that encodes for the human homolegue of LHPPase. Although
its sequence does not include the consensus sequence of a typical inorganic pyro-
phosphatase, it does contain a similar sequence of the active site in other phos-
phatases such as protein-tyrosine phosphatase, dual-specific phosphatase and low
molecular weight acid phosphatase. Human LHPPase was highly expressed in the
liver and kidney, and moderately in the brain. The recombinant protein was pro-
duced in E. eoli. Its ability to hydrolyze oxygen-phosphorus bonds and nitrogen-phos.
phorus bonds was confirmed. The enzymatic characteristics of this human protein
were similar to those of purified bovine LHPPase. Thus, we concluded that the cDNA
encoded the human counterpart of bovine LHPPase.

Key words: LHPP, lhpp, LHPPase, phosphatase, pyrophosphatase.

Abbreviations: LHPPase, phospholysine phosphohistidine inorganic pyrophosphate phosphatase; His-hLHPPase,
His-Tag human LHPPase fusion protein; p-CMPS, p-chloromercuriphenyl sulfonic acid; PNP, imidodiphosphate;
0-F, oxygen-phosphorus; N-P, nitrogen-phoaphorus; SDS-PAGE, SDS—polyacrylamide gel electraphoresis; PPase,
inorganic pyrophosphatase; PNPase, imidodiphosphatase.

Inorganic pyrophosphate is produced as a byproduct in
many biesynthetic reactions using nucleotide triphos-
phates in cells. Inorganic pyrophosphatase [EC 3.6.1.1] is
an enzyme that hydrolyzes inorganic pyrophosphate
(PP)) te produce two molecules of orthophosphate (P} (1,
2). Although the reaction is bidirectional, the equilibrium
tends to produce orthophosphate. It is believed that this
enzyme is coupled with the reactions producing inorganic
pyrophosphate. Consequently, it facilitates reactions that
produce crthophosphate and prevents the reactions from
reversing (3). Inorganie pyrophosphatase exists in many
organisms including animals, plants and bacteria. It is
an essential enzyme for controlling the cellular level of
inorganic pyrophosphate. Human inorganic pyrephos-
phatase is 94% identical to the bovine one (4, 5). Inor-
ganic pyrophosphatases are classified by their enzymatic
characteristics. A mammalian cytosolic enzyme is a
homodimer of 30- to 36-kDa subunits and requires Mg2*
for its full activity (6-8). Its hydrolytic activity on PPi is
competitively inhibited by imidediphosphate (PNP), an

*To whom correspondence should be addressed at the present
address: Department of Molecular and Integrative Physiology, Uni-
versity of [llinois at Urbana.Champaign, 3614 Beckman Institute,
MC-251, 405 North, Mathews Avenue, Urbana, IL 61801 USA. Tel:
+1-217-244-3218, Fax: +1-217-244-1726, E-maijl: yokoi@uiuc.edu
tPresent address: Research Organization of Science and Engineer-
ing, Ritsumeikan University, Kusatsu, Shiga 525-8577
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analog of PPi (7-9). On the other hand, a yeast enzyme
hydrolyzes PNP into P, and amidophosphate in a Mg2*-
dependent manner, although the hydrolytic rate of PNP
is very low compared with that of PP, (10).

We surveyed phosphatases that hydrolyze PNP in
mammals and found a novel 56-kDJa enzyme that is a
homodimer in bovine liver (1I). This enzyme hydrolyzes
PNP into two molecules of Pi and ammonia. It also hydro-
lyzes PPi in the presence of Mg?*. The main difference
between this enzyme and the yeast enzyme is that the
former works as a phosphoamidase (EC 3.9.1.1), while
the latter hydrolyzes substrates having diphoesphate
bonds. We also reported that this enzyme hydrolyzes 3-
phosphohistidine and 6-phaospholysine in addition to PNP
and PPi (12). We designated this novel inorganic pyro-
phosphatase as phospholysine phosphohistidine inor-
ganic pyrophosphate phosphatase and abbreviated it as
LHPPase (phospho-Lysine phospho-Histidine inorganic
Pyrophosphate Phosphatage). In this study, we deter-
mined partial amino acid sequences of the purified
bovine LHPPase.

To investigate if humans have the same enzyme, we
isolated a human ¢DNA encoding the corresponding pro-
tein. To confirm that the ¢DNA clone codes for a fune-
tional enzyme, we measured the enzymatic activity of the
protein to hydrolyze oxygen-phosphorus (0-P) bonds and
nitrogen-phosphorus (N-P) bonds by the methods used
for bovine LHPPase (11).

© 2003 The Japanese Biochemical Society.
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MATERIALS AND METHODS

Protein Sequencing of Bovine LHPPase—Bovine LHP-
Pase was purified from the liver as previously described
(1I). The purified enzyme was applied to an Applied Bio-
systems model 477A/120A protein sequencer. It was also
digested with V8 proteinase (Takara, Shiga) in 50 mM
ammonium bicarbonate (pH 8.0). The digests were sepa-
rated by 13% SDS—polyacrylamide gel electrophoresis
(SDS-PAGE) (13). The partial amino acid sequence of a
peptide fragment (peptide 1) was determined using the
protein sequencer. The purified enzyme was also S-car-
boxymethylated and digested with lysylendopeptidase
(Wako Pure Chemical, Osaka). The peptide fragments
were separated by reverse phase chromatography with
TSK gel ODS-80Ts (4.6 x 150 mm) in a linear gradient of
acetonitrile/1% TFA (9:1). A partial amino acid sequence
of a second peptide fragment (peptide 2) was determined
by using a Shimadzu PSQ-1 Systems protein sequencer
in APRO science {Tokushima).

Cloning of a cDNA Encoding the Human Homologue—
Based on the partial amino acid sequence of the bovine
LHPPase, a nucleotide sequence (accession No. H75601)
reported in the EST project (/4) was selected as a probe
to isolate a ¢DNA encoding a full-length human homeo-
logue. Two oligonucleotides, 5-GGCCGAGCGCCATGG-
CACCGTGGG-3’ and 5'-CGTTAATCATGTTTTIAATAAG-
AA.3', were designed as PCR primers. The DNA frag-
ment was amplified by a polymerase chain reaction using
a heat-stable DNA polymerase KOD dash (Toyobo,
Osaka) and a human HeLa 83 5'-stretch plus ¢<DNA
library (Clontech, Tokyo) as a template. The amplified
DNA fragment was ligated into a pT-Adv vector (Clon-
tech). The DNA fragment of 425 bp was labeled with 3P
using random primers and used as a screening probe. A
¢cDNA clone was isclated from the HeLa cells S3 cDNA
library and subcloned into a plasmid Bluescript II SK
M13+ (Stratagene, La Jolla, CA). The nucleotide se-
quence was determined by the dideoxy chain termination
method with an Applied Biosystema model 373A stretch
DNA sequencer (15). An online homology search of the
DDBJ/EMBL/GeneBank database was made with the
FASTA software program (16, 17). The gene location was
searched for in the EBI human genome database (18).

Northern Blot Analysis—The coding region was sub-
cloned into a pT-Adv vector. The DNA fragment was
obtained by digesting with EcoRI and labeled with P by
random primer labeling. Two kinds of commercial mem-
branes (Human 12-lane MTN blot and human fetal MTN
blot II, Clontech) were hybridized with the labeled probe
in ExpressHyb Hybridization Solution (Clontech). They
were washed according to the manufacturer’s procedure.
The signals were detected on Fuji RXU X-ray films (Fuji
Film, Tokyo). Human 12-lane MTN blet and human fetal
MTN blot II contained approximately 1 pg and 2 pg of
polyA+ RNA per lane, respectively.

Preparation of His-Tag Human LHPPase Fusion Pro-
tein—-The coding region was amplified with EcoRI sites
at both ends by PCR and subcloned into pET30a plasmid
{Novagen, Madison, WI). The His-Tag human LHPPase
fusion protein (His-hLHPPase) was expressed in Escheri-
chia coli BL21(DE3)pLysS and iselated by use of a Ni
chelating affinity column (His-Bind, Novagen) according

F. Yokoi et al.

to the manufacturer’s instructions. The protein concen-
tration was measured by the Bradford assay (Bio-Rad,
Tokyo) (19). The fusion protein was dialyzed in 50 mM
Tris-Cl (pH 6.5) containing 1 mM MgCl,. The protein
was mixed with an equal volume of glycerol and stored at
—20°C for the enzyme assay.

Molecular Mass Estimation of Human LHPPase—The
molecular mass of human LHPPase was estimated by
SDS-PAGE. Five micrograms of the His-hLHPPase was
dissolved in 50 mM Tris-Cl (pH6.8), 2% SDS, 0.1%
bromophenol blue, 10% glycerol in the presence or
absence of 100 mM dithiothreitol. Each sample was
boiled for five minutes and subjected to electrophoresis
on a 15% SDS—polyacrylamide gel (13). Proteins were
stained with Coomassie Brilliant Blue R250. The molecu-
lar mass of human LHPPase was also estimated by gel
filtration. Two hundred micrograms of the His-hLHP-
Pase or standard proteins were applied on a Sephadex G-
100 superfine column (0.9 x 54 ¢cm, Amersham Pharma-
cia Biotech, Tokyo) equilibrated with 20 mM Tris-Cl (pH
7.5) and 0.15 M NaCl and fractionated to estimate the
molecular mass., The fractionated fusion protein was
detected by the Bradford assay (19). The molecular mass
was estimated from the standard curves calculated by
the method of least squares.

Measurement of Phosphatase Activity—Malachite green
reagent was used to detect phosphate (ZI). Briefly, solu-
tion M was prepared as 1.5 mM Malachite green oxalate
(Certistain, Merck, Tokyo) containing 2% polyviny! alco-
hol 1500 (Wako Pure Chemical). Solution A was prepared
as 40 mM hexaammonium heptamolybdate (Nacalai
tesque, Kyoto) in 6 N HCI. Aliquots of solutions M and A
were mixed to make the Malachite green reagent con-
taining 0.2 mM Malachite green oxalate, 0.27% polyvinyl
alecohol, 5.3 mM hexaammonium heptamolybdate in 0.8 N
HCL The solution was incubated at room temperature for
more than 30 min after mixing. One or two m! of Mala-
chite green reagent was added to 100 pl of the reaction
mixture described as follows. Absorbance at 630 nm was
measured 30 min after the addition of the reagent.

A 100 mM GTA buffer consisting of 33.3 mM 3,3-
demethylglutaric acid, 33.3 mM Tris, and 33.3 mM 2-
amino-2-methyl-1,3-propanediol was used as reaction
buffer. Optimum pH was obtained in 100 pl of 100 mM
GTA buffer (pH 4.0-10.0) containing 1 mM MgCl,, 1 mM
PP; or 0.125 mM PNP, and 0.5 pg of the His-hLHPPase.
The reaction was performed at 30°C for 30 min in dupli-
cate. One milliliter of Malachite green reagent was added
to each sample. The standard curve of phosphate was
obtained with 100 ul of 0—300 pM sedium phosphate,

Inorganic pyrophosphatase (PPase) and imidodiphos-
phatase (PNPase) activities were measured as previously
described (11). PPase activity was measured in 100 pl of
reaction mixture containing 100 mM GTA buffer (pH
5.5), 1 mM MgCl,, 0—4 mM PP, and 1 pg of the fusion pro-
tein at 30°C for 30 min. One milliliter of Malachite green
reagent was added, PNPase activity was measured in 100
ul of reaction mixture containing 100 mM GTA buffer
(pH 7.0), 1 mM MgCl,, 04 mM PNP, and 1 pg of the
fusion protein. The reaction was performed in triplicate.
Standard deviations were calculated by use of Excel
{(Microsoft, Tokyo).
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ARGAACTTTARAAATCACCTAGGTGTEUGCCAEGCACGETEGCTANCGCCTGTAATCCCA
GCACTTTGAGATGCTGAGGCAGGTGGATCACGAGGTCAGGAGATCGAGACCATCCTGGAT
ARCACGGAGARACCCCGGCGEAGCTBAGGAGCAGGGCCGGECGCCATGGCACCETGGEGT
(*) ST T AP wWoa
AARGCGGCTGGCTGGCETGCGCEGEGGTGCTGCTTGACATCTCGGGCGTGCTGTACGACAGC
K R A G ¥V R G V L DI 8 6 V Y D S
GGCGCGGECAGCEGLACGECCATCGCCEECTCGETEEAGGCGETGGCCAGACTGAAGCET
@ A G @ ¢ T A I A @G s VEAV A RTLIEKHER
TCCCGGCTGARGGTGAGGTTCTGCACCAACGAGTCGCAGAAGTCCCGCGCAGAGCTGETE
3 RL KV RF T N E 3 Q R A E L V
GGGCAGCTTCAGAGGCTGGGATTIGACATCTCTGAGCAGGAGCTGACCGCCCCGGCACCA
G ¢ L Q R L G F D I 5 E Q E VY T A P A F
GCTGCCTGCCAGATCCTGAAGGAGCGAGGUCTGCGACCATACCTGCTCATCCATGACGGA
A A C QI L EKZEZRUGLURUPYULULTIU HTEDG
GTCCGCTCAGAATTTGATCAGATCIACACATCCARCCCARACTATOTSGTAATTGCAGAC
VR S EF D QT DT S N PNCYV VI ATLD
GCAGGRGAARGCTTITCTTATCARARACATGRATARCCCCTTCCAGCTGCTCATGGAGCTG
A G E 8 F S Y Q N M N N A F Q V L M E L
GAAAAACCTGTOCTCATATCACTGGGAAAAGGGCSTTACTACARGGACACCTCTGGCCTG
E XK P VL I 8L 6@ K 4d@R Y Y KET 3 &L
ATGUTGGACGTTGGTCCCTACATGAAGGUGCTTIGAGTATGCCTGTGGCATCARAGCCGAG
M L D V G P Y M K AL ETY A C G I K A E
GIGGTGGGGAAGCCTTCTCCTGAGTTTTTCAAGTCTGCCCTGCAAGCGATAGGAGTGGAA
VvV vV @ XK P 8 P EP P K S AL Q A I G V B
GCCCACCAGGCCGTCATGATTGGGGACGATATCGTGGGCGACCTCGECGEGTEGCCCAGCEE
A BE Q A VM I DD I V GD YV GG A QR
TGTGGAATGAGAGCGCTGCAGGTGCECACCGGGAAGTTCAGGCCCAGTGACGAGCACCAT
G M R A L Q V @ K F R P 35 D E H E
CCGGAAGTGAAGGCTGATGOGTACGTGGACAACCTCGCAGAGGCAGTGGACCTGCTGCTS
P E ¥V X A D G ¥ ¥V D N L A E MYV DL L L
CAGCACICCGACAAGTUATAGCCTCCTAGIAGAGCCCCGCCTCCTCCACCCCTGOCTCTC
g H A D K »
CTCCACCCCTGCCTUCCCTCCACCCCTGCCTCTCCTCCACCCGCCCAGGAGAGCCCCACT
TCCTCCACCCCTGCCTCTCCTCCACCCCTRCCTCCCCTCCACCTGCCCCAGTGCCCAGAL
CAACCAAGGCCCTIGACAGCCCTGCCTTCTOCCCTCTGCCCTGCATGEUCAGGCATTIGTT
CCCTACCTGGGTERCCTECTCCCCTECCTGAGCCCTEACTTCAGCTCCCTGTAGTGAAGT
CCAGGAGGGTGGGACAGGCCTGTCAGGCCTCTGGGAATCTCCCAAATCCCAGAACTCACC
ACTCACCATGGGCCTTTAARTGCAGTARACTCCACCTAACCAGATTCAGGGGCACTATGC
CCACTGCCTCCTCTICAGACTCTTTGCATTTCAGTGARGAGCCTGGAAGAAACCCAGGGG
CCTCCTATGCACAGATCTTGCAGCCCAGAACCAAGTCAGCCTCOCTGCGACTGCCCAGAC
ACACTGCCCACCACCCCACCCCCOAAACAATACCAGCCCUCTACTTITTTCTATCCTCCCA
GTCACCTTITGCAGACARAGACCAGGEGCAGCTCCCGAGGGCACTGTGAAGGCTCCCATGS
CACACAGTGAGRACTGTAGCCTCTGCETCCAAGGCACACAGGETACTTTCTGGACCCACT
GCTGGACRGACTTGAAGGTGT CATGCCCGETETGTGLAGGAGGAAACTAACAGTTCAGTA
AARCTCTGCCTTGACCAGCAAARMAARAAARAAAMAARARAAARAARAARARARARARANA
AMMAAMMAAAARAN

60
120
180
(5}
240
(25}
300
(45)
380
(65)
420
(85)
480
{10%)
540
(125)
500
(145)
660
(165)
720
(185)
780
(205}
840
(225)
a0p
{245)
960
{265)
1020
{270}
1080
1140
1200
1260
1320
1380
1440
1500
1560
1620
1680
1740
1800
1814
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Fig. 1. Nucleotide and derived amino
acid sequence of a cDNA coding human
LHPPase. The stop codon is marked by the
asterisk. The Kozak sequence in vertebrates
is underlined. The amino acids in two puta-
tive phosphatase active site sequences are
shown in circles. The three leucines in a leu-
cine-zipper-like sequence are shown in
squares.

hLHPPase MAPWGKRLAGVRGVLLDISGVLYDSGAGGGTAIAGSVEAVARLXRSRLEY (50} Fig_ 2, Compaﬁson of the amino acid
sequences of human and bovine LHPPase.
hLHPFasa RFCTNESQRSRAELVUQLORLOFDISEQEVTAPAPAACQILEKERCLRPYL (100} The determined partial amino acid sequences
e e uaaeaeee It of bovine LHPPase (Bpl: peptide 1 and Bp2:
Bp2 RLGFDVSEGEVTAPAR I peptide 2) are indicated under the correspond-
hLHPPase LIEDGVRSEFDQIDTSNPNCYVIADAGESFSYQNMNNAPQULMELEXPVL (150}  ing human LHPPase sequence (hLHFPase).
EAAEANAAESE AN R The amino acid number of human LHPPase ia
Bpl FDQIDTSNPNXVVDA indicated in parentheses. Asterisks indicate
identical residues.
hIL.HPPase ISLGKGRYYKETSGLMLDVGPYMKALEYACGIXAERVVGKPSPEFFKSALD {(200)
hLHPFasa AIGVERHQAVMIGDDIVGDVGGAQRCGMRALOQVRTGKFRPSDEEHFEVKA (250)
hlLHPPase DGYVDNLAERAVDLLLQHADK (270)

PPase activity was also measured in 100 pl of reaction
mixture containing 100 mM GTA buffer (pH 5.5), 1 mM
MgCl;, 0-10 pM p-chloromercuriphenyl sulfonic acid (p-
CMPS), 1 mM PP, and 1 pg of the fusion protein, which
was incubated at 30°C for 30 min before the addition of 1
ml of Malachite green reagent. PNPase activity was
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measured in 100 pl of reaction mixture containing 100
mM GTA buffer (pH 7.0}, 1 mM MgCl,, 0-10 1M p-CMPS,
0.1 mM PNP, and 0.5 pg of the fusion protein. The reac-
tion mixtures in triplicate were incubated at 30°C for 30
min. Then 2 m) of Malachite green reagent was added.
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Fig. 3. Expression of LHPPase in human tissues. The expres-
sion of LHPPase was analyzed by Northern blotting using human
fetal MTN blot Il and human 12-lane MTN blot (Clontech). Arrows
indicate human LHPPase mRNA. (A} Samples from fetal tissues,
From left to right: (1) brain, (2) lung, {3) liver, and {4) kidney. {B)
Samples from adult tissues. From left to right: (1) brain, (2) heart,
{(3) skeletal muscle, (4} colon (no mucosa), (5) thymus, (6) spleen, (7)
kidney, (8) liver, (9) small intestine, (10) placenta, (11) lung, and
{12} peripheral blood leukocyte.

RESULTS

Partial Amino Acid Sequence of Bovine LHPPase—To
investigate whether humans have LHPPase, we analyzed
the primary structure of the bovine LHPPase and used
the data to isolate a ¢cDNA encoding the human counter-
part. Bovine LHPPase was purified from the liver as pre-
viously described (I1) and subjected to amino acid
sequencing. However, no substantial sequence was
obtained, suggesting that the bovine LHPPase N-termi-
nus was blocked. To obtain its internal sequence, the pro-
tein was digested with V8 protease and lysylendopepti-
dase. Two peptide fragments were isolated and their
partial amino acid sequences were determined. A homol-
ogy search indicated that the two peptides were similar
to those encoded in ¢DNA clone H75601 analyzed in the
human EST project (14).

A ¢cDNA Encoding the Human Homologue—Although
the homology search suggested that the cDNA encoded a
human eounterpart of the bovine enzyme, the human
EST ¢DNA sequence was incomplete and too short to
encode the full length of a corresponding human enzyme.
Thus, we tried to isolate a ecDNA clone that encodes a full-
length human homologue. A ¢DNA clone encoding an
insert of 1,814 bp was isclated from a ¢DNA library of
HeLla cells (Fig. 1). The translation initiation site was
predicted from the Kozak’s sequence in vertebrates (20,
21). The c¢DNA contained an in-frame stop ecodon
sequence between 976 bp and 978 bp. There was a stop
codon (145-147 bp) upstream of the predicted in-frame
initiation codon and no other intervening initiation
codon. This indicated that the sequence upstream of the
predicted initiation codon did not encode any amine
acids, Thus, the open reading frame encoded 270 amino
acids, and the molecular mass of the protein was pre-
dicted to be 29,192 Da. Because the sequence was similar
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Fig. 4. SDS-PAGE of the His-hLHPPase. The migration of His-
hLHPPase on SDS-PAGE in the absence (1) or presence (2) of the
reducing reagent. The molecular mass was estimated from compar-
ison with the migration of the standard proteins (45-kDa ovalbu-
min, 21.1-kDa trypsin inhibitor, 18.8-kDa myoglobin, 12.3-kDa
cytochrome ¢). The arrow indicates His-hLHPPase.

to the partial amino acid sequences of the bovine LHP-
Pase as shown in Fig. 2, we designated the gene as lhpp.

The human LHPPase sequence had no similarity to the
consensus sequences of known inorganic pyrophos-
phatases (22, 23). Thus, we compared the human LHP-
Pase sequence with that of other phosphatases. Protein-
tyrosine phosphatase, dual-specific phosphatase and low
molecular weight acid phosphatase are known to have a
consensus sequence of XCX.RS(T) at their active sites
(24). We compared the sequences around the five cysteine
residues of human LHPPase with the consensus sequence
and found two homologous regions, as shown in Fig. 1.
There is a candidate sequence of XCX;KS at residues 52—
60, although lysine is substituted for arginine, another
basic amino acid. Another candidate is XCX;RT at resi-
dues 225-235, although there are seven amino acids
between cysteine and threonine instead of five. Motif
analysis also indicated that human LHPPase had a leu-
cine-zipper—like sequence ({.e. three leucines accounted for
every seventh residue at positions 8, 15, and 22).

Expression of Human LHPPase—~LHPPase was origi-
nally purified from bovine liver, but its presence in other
tissues has not been reported. We analyzed the expres-
sion of human LHPPase by Northern blotting. Although
the mRNA was expressed at low level in other tested tis-
sues, it was highly expressed in the liver and kidney, and
moderately in the brain (Fig. 3). The expression patterns
were the same in both fetal and adult tissues. The results
indicated that LHPPase plays an important role in these
tissues. The RNA detected in the Northern blot was 1.8
kb in length.

Subunit Interaction of Human LHPPase—Because the
purified bovine enzyme is a homodimer, we analyzed the
molecular mass of human LHPPase. We used the His-
hLHPPase because it was possible to purify the proteins
containing His-Tag sequence in one step by immobilized
metal affinity chromatography. The His-hLHPPase was
expressed in E. coli and purified on a Ni?* chelating affin-
ity column as a single band protein on SDS-PAGE (Fig.
4). The fusion protein was composed of 322 amino acids,
and the molecular mass was predicted to be 34,900 Da.

J Biochem.
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Fig. 5. Gel filtration of the His-hLHPPase. (A) Elution profile of
the His-hLHPPase from a Sephadex G-100 superfine ccluma. The
fusion protein was detected by the Bradford assay at 535 nm. (B)
Estimation of molecular mass. The molecular mass was estimated
from the standard curves calculated by the method of least squares.
Symbols are: open circles, His-hLHPPase; x, 96-kDa hexokinase;
solid triangles, 45-kDa ovalbumin; solid squares, 13.8-kDa
myoglobin.

The migration of the fusion protein on SDS-PAGE was
the same in the presence or absence of reducing reagents,
The fusion protein was fractionated from Sephadex G-
100 superfine gel and the molecular mass was estimated
with standard proteins (Fig. 5). The fusion protein was
eluted in the 80-kDa fraction, and its molecular mass was
almost double the 35-kDa molecular mass of the fusion
protein estimated from the sequence and migration on
SDS-PAGE. These results suggest that the human LHP-
Pase is also a homodimer, at least in this buffer econdition,
and the disulfide bonds are not used for LHPPase dimer-
ization.

Optimal pH for the Phosphatase Activities—To con-
firm that the cDNA encodes an active enzyme, the phos-
phatase activities of the His-hLHPPase were assayed as
previously described (11). The hydrolysis of nitrogen-
phosphorus bonds in PNP and oxygen-phosphorus bonds
in PPi by human LHPPase was tested through assays in
various pH ranges of GTA buffers (Fig. 6). The optimal
pH for the reaction was 7.0 and 5.5, respectively. Accord-
ingly, the activity hydrotyzing PPi appeared to function
in a lower pH range than the activity hydrolyzing
PNP. These enzymatic characteristics were similar to
those of the purified bovine enzyme. The enzyme activity
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Fig. 6. The pH curves of His-hLHPPase hydrolyzing PP, and
PNP. Phosphatase activities of the His-hLHPPase to hydrolyze PP,
(solid circles) and PNP (solid triangles) were assayed under the
indicated pH conditions (pH 4.0—10.0). The activities are shown as
the released Pi (nmol)/reaction time (min) / enzyme (pg). The aver-
age values of duplicate experiments are shown.
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Fig. 7. Phosphatase activities and the effect of p-CMPS. {(A)
PPase (solid circles) and PNPase (solid triangles) activities of the
His-hLHPPase were measured with PP, and PNP as substrates,
respectively. The activities are shown as the released P, (nmol)/reac-
tion time (minYenzyme {ug). The standard deviations of triplicate
experiments are shown in bars. (B) PPase (solid circles) and PNPase
(solid triangles) activities of the His-hLHPPase were measured in
100 pl of reaction mixture with 0-10 uM p-CMPS. The standard
deviations of triplicate experiments are shown in bars.

to hydrolyze nitrogen-phosphorus bonds was higher than
that for oxygen-phosphorus bonds at the optimal pH.
Effect of a Thiol Reagent—The PPase and PNPase
activities of the His-hLHPPase were each measured at
their optimal pH (Fig. 7A). High concentration of PNP
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inhibited the PNPase activity of human LHPPase. Simi.
lar substrate inhibition has been reported for the bovine
enzyme (12). Because p-CMPS inhibited both PPase and
PNPase activities of the purified bovine LHPPase, we
analyzed the effect of this strong thiol reagent on the
human LHPPase. Both PPase and PNPase activities
were inhibited by p-CMPS as predicted (Fig. 7B). More
than half of the full activity of PPase and PNPase were
inhibited by 0.1 uM and 1 pM p-CMPS respectively. The
results indicate that the hydrolytic activity on PPi was
slightly more sensitive to p-CMPS than that on PNP.
These enzymatie characteristics were similar to those of
the purified bovine enzyme.

DISCUSSION

LHPPase was found as a novel inorganic pyrophos-
phatase in bovine liver in 1997 (7). Because the enzy-
matie characteristics of the purified bovine enzyme were
unique, it was expected that LHPPase sequence would be
quite different from those of typical inorganic pyrophos-
phatases. We confirmed this hypothesis by sequencing.
To investigate whether humans have the same enzyme,
we isolated a ¢DNA clone encoding the human homo-
logue. We registered the human ¢DNA sequence as hpp
to DDBJ/EMBL/GeneBank database in 2000 (AB049629).
After our registration, the human genome projects
reported the draft sequence of the whole human genome
in 2001 (25, 26). In this paper, we detail the isolation of
the human LHFPase ¢cDNA and the enzymatic activities
of its translated product. A homology search against the
genome sequence database indicated that LHPPase is
encoded by seven exons on chromosome 10 q26.13. The
official gene name of lhpp is now identified as LHPP in
the human genome database.

We suggested that human LHPPase is a dimer, but the
disulfide bonds are not used for dimerization. There is a
leucine-zipper-like sequence (three leucines at intervals
of seven residues at positions 8, 15, and 22). This sug-
gests a possible dimerization domain of LHPPase to form
a homodimer. Mutation analysis of these residues will
determine the dimerization domain,

The purified bovine enzyme has two different catalytic
sites for hydrolysis of imidodiphosphate and N-phosphor-
ylated amino acids, respectively (12). Two candidates for
the active site may function te promote hydrolysis of the
different substrates. The actual active site may be deter-
mined by point mutation analysis in further studies. A
similar sequence was also found in phosphoarginine
phosphatase purified from rat liver (27-30). Although
human LHPPase hydrolyzes O-P bonds in inorganic
pyrophosphate, it hydrolyzes N-P bonds more effectively.
This suggests that another, more suitable substrate than
inorganic pyrophosphate exists in vivo. One possibility is
that LHPPase works as a protein phosphatase which
hydrolyzes phospho-proteins containing phoeapholysine
and/oer phosphobistidine. The similarity of the putative
active site to the consensus sequence of other phos-
phatases functioning as signal transduction components
suggests that LHPPase may transduce signals in a novel
signal transduection pathway.

It was suggested that the N-terminal amino acid of
the bovine enzyme was blocked. In the case of a phos-

F. Yokoi et al.

phoarginine phosphatase, the first methionine was
removed and the second alanine was acetylated (30).
LHPPase may also have such a modification. Tandem
mass analysis of the modified N-terminal peptide frag-
ment will determine the type of modification. Althcugh
the meaning of the N-terminal amino acid modification is
not known at present, the N-terminus of LHPPase does
not seem important for the enzymatic activity itself In
fact, the fusion protein containing a large extension at its
N-terminal region of this protein has an activity to hydro-
lyze N-P and O-P bonds at the same level as that
reported for the purified bovine enzyme.

The nucleotide sequence reported in this paper has been
submitted to the DDBJJEMBL/GenBank databases with an
accession number of AB049629. We would like to express our
special thanks to Professer emeritus Akira Kumon for his
excellent teaching. We thank Drs. Minoru Tanaka, Eiji
Majima, Tatsuya Wakasugi, Tsunehiro Mukai, Shuji Toda,
Hajime Sugthara, Yuqing Li and Mr. Toshihiro Kondo for their
technical advice, assistance and encouragement. We also
thank Ms, Shizuko Furukawa for. her secretarial assistance,
and Dr. Shinichi Mitsui, Mr. Steve Lamos, Ms, Mai Tu Dang,
Mr. Vietor Campos, Ms. Mary Lindsey and Dr. Kazuhiko
Arima for their critical reading of the manuseript.
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Summary

Buckground Theinterestin anti-allergy immunoregulation by lactic acid bacteria has been growing
for the last few decades. There is some evidence to suggest that lysed Enterococcus faecalis FK-23
{LFK) could relieve the clinical symptoms of pollinosis. However, the mechanism responsible for
this phenomenon remains unknown.

Objective  To identify the effect of LFK, a lysozyme treated and heat-killed preparation from the
lactic acid bacteria Enterococcus faecalis FK-23 strain, on allergen-induced eosinophil accumula-
tion.

Methods  BALB/c mice were sensitized with ragweed pollen extract, and peritoneal accumulation of
eosinophils was induced. A total of 60 mg (0.5 mL) LFK was orally administered to the experimental
mouse every day during 21 days of the sensitization period. In addition, LFK 4 mg, 25 mg and 60 mg
(each 0.5 mL) were also orally administered to a mouse of each group every day for 21 days. Saline
was fed in a dose of 0.5 mL/mouse pet day for the same duration as a control.

Results Compared with control mice, LFK-treated mice exhibited decreased ragweed pollen
altergen-induced peritoneal accumulation of eosinophils (£ = 0.013), which showed a tendency to
be in a dose-dependent fashion (P =0.14).

Conclusion The results provide laboratory evidence of the role for LFK, a lactic acid bacteria

preparation, in combating eosinophil accumulation,

Keywords allergy, Enterococens fuecalis, eosinophils, lactic acid bacteria
Subniitted 12 April 2002; revised 22 November 2002; aceepted 17 January 2003

Introduction

Recently, increasing research attention has been paid to a role
of lactic acid bacteria (LAB) in anti-allergy immuneregulation
[1]. Studies on lysed Enterococcus faecalis FK-23 {LFK) by our
group have shown that it could inhibit active cutancous ana-
phylaxis {ACA) in mice [2], and relieve clinical symptoms in
patients with Japanese cedar pollinosis [3]. In a recent clinical
study, we have observed that the number of peripheral bloed
eosinophils reduced significantly after LFK treatment in pa-
ticnts with perennial allergic rhinitis (unpublished data). In
addition, FK23, a heat-killed preparation made from the same
strain of E. faecalis, has been demonstrated to be capable of
some activities important for maintenance of human health,
such as anti-tumour [4, 5], immunomodulated [6, 7] and anti-
hypertensive effects [3].

Eosinophils are belicved to be key effecter cells in the patho-
genesis of allergic disorders, and their recruitment into the
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upper or lower airways appears to be essential for the clinical
manifestations of allergen inhalation. Given the perceived im-
portance of eosinophils in allergic inflammation, they may be
logical therapeutic targats [9]. The purpose of this experimental
study was to identify the effect of LFK on allergen-induced
eosinophil accumulation.

Materials and methods

Preparation of LFK

LFK was prepared as described previously [2]. Briefly, E. fue-
calis FK-23 was cultured for 24 h at 37°C in a broth medium
containing 2% glucose, 2% yeast extract, 2% meat extract and
4% K, HPO,. The cells were harvested by centrifugation,
washed three times with distilled water and lysozyme treatment
(added Img/mL) at 37°C for 2h, and heated at 105°C for
10min, then lyophilized. The preparation is LFK.,

Experimental animals

Female BALB/c mice were purchased from SLCInc., Shizuoka,
Japan. Five-week-old mice were used for all experiments. They
were fed on pellet diet CE-2 (Clea Inc., Tokyo, Japan) and

© 2003 Blackwell Publishing Ltd
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received tap water that had been filtrated through a PF filter, All
animals were housed in cages with a 12-h light/dark cycle.
Temperature and humidity were controlled at 25.0 + 1.0°C
and 55.0 + 5.0%.

Allergen-induced cell accumulation

The animal model was prepared according to the procedure of
Kaneko et al. [10]. BALB/c mice were sensitized with the com-
mercially prepared ragweed pollen extract 1/100 w/v (Torii
Pharmaceutical Co. Ltd, Tokyo, Japan}); 0.1 mL of this dilution
was injected subcutaneously on days 0 and 1, and 0.2 mL was
injected subcutaneously on days 6,8 and 14. The mice were
challenged on day 20 by the intraperitoneal injection of
0.2mL of the dilution of ragweed pollen extract. Peritoneal
cells were harvested 24 h after challenge with 4 mL of phos-
phate-buffered saline containing 1.0% fetal calf serum and
5U/mL heparin. An appropriate phosphate-buffered saline di-
lution of the infusion was added to Turk’s solution, and the
total number of bloed cells was counted with a haemocytometer
under a microscope. For this purpose, 50 uL of the peritoneal
cell suspension (5 x 10° cells/mL) was smeared ona microscope
slide after centrifugation. A differential cell count was carricd
out under a microscope after fixation and staining with May-
Grunwald Giemsa dye.

Administration of LFK

LFK 60 mg (0.5 mL) was orally administered to the experimen-
tal mouse (7 =29) every day in LFK group, during 21 days of
the sensitization period. Saline was fed in a dose of 0.5mL/
mouse per day for the same duration as a control (n =26).

In addition, to explore the dose-dependent effect of LFK on
allergen-induced peritoneal accumulation of eosinophils, LFK
4mg, 25mg and 60 mg (cach 0.5 mL) were also orally adminis-
tered to mice of each group (# =6, respectively) every day for
2l days. The administration of saline for the control group
{11="6) was the same as above,

Statistical analysis

Data were expressed as the mean + standard deviation (SD).
The SPSS 10.07 was used for analysis. Statistical differences
between the groups were determined by unpaired Student’s
t-test and one-way analysis of variance (anova). Differences
were considered significant if the P-value for the effect was less
than 0.05.
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Fig. 2. Effect of LFK on peritoneal accumulation of neutrcphils,
monocytes and lymphocytes in ragweed pollen allergen-sensitized mice,
Each value represents mean + SD. ‘P =031, ""P=0.80, **"P=0.37, as
compared with control.

Results
Effect of LFK on peritaneal accumulation of eosinophils in
ragweed pollen allergen-sensitized mice

As shown in Fig. 1, the total number of accumulated cells
in control and LFK groups were 1,69 x 10° and 1.64 x 10°
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