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generated by transplanting bone marrow cells infected with
TPO retrovirus into lethally irradiated recipient mice [14-16]
or by intraperitoneal injection of TPO cDNA in an aden-
ovirus vector [17]. Myelofibrosis developed 10-12 weeks af-
ter BM transplantation (BMT) or adenovirus infection. On
the other hand, transgenic mice overexpressing TPO using
a liver-specific apolipoprotein E (Apo-E) promoter did not
exhibit myelofibrosis or osteosclerosis [18]. These discrep-
ancies in phenotype are not fully understood.

We have generated a mouse model to study the biological
role of TPO in vivo by transgenic expression of the TPO
cDNA using the mouse rearranged H chain promoter. These
mice are expected to continuously secrete TPO from the bone
marrow and spleen for the life of the animal. In contrast to the
previous study using the Apo-E promoter, we show here that
TPO Tg mice developed myelofibrosis and osteosclerosis.

2. Materials and methods
2.1. Mice

Murine TPO (mTPO) cDNA was amplified by polymerase
chain reaction (PCR) from murine bone marrow cDNA us-
ing oligonucleotides primers specific for the murine TPO se-
quence: forward 5'-gac tct gce gaa aga age ac-3’ and reverse
5'-gct cga gaa get gea gac get cac t-3/, and subcloned into
the pCR2.1-TOPO vector (Invitrogen, CA, USA). A 1.21-
kb Xhol fragment containing the entire mTPO ¢cDNA was
cloned into the pEMVhp vector, which contains the mouse
H chain enhancer (Eu), the mouse rearranged H chain pro-
moter, and the polyadenylation site from the rabbit B-globin
gene [19]. The construct was isolated from vector sequences
as a Sacl/Kpnl fragment and purified. Tg mice were produced
by standard oocyte injection using BDF1 mice-derived fer-
tilized eggs. Transgenic mice were identified by PCR using
oligonucleotide primers specific for the mouse rearranged H
chain promoter (forward primer; 5'-ggc tgg cgt gga aat att
ct-3’) and the mTPO cDNA (reverse primer; 5'-gga cac tgc
cec tag aat gt-3').

2.2. Hematologic blood parameters

Blood was collected from the retro-orbital plexus into
heparin-coated microcapillary tubes (Terumo, Tokyo, Japan)
which were reheparinized before use to avoid platelet clump-
ing. Numbers of white blood cells (WBC) and platelets and
hematocrit (Hct) values were determined immediately af-
ter collection with a Celltac (MEK-6158, Nihon Kohden,
Tokyo, Japan). Differential counts of WBC were performed
on Giemsa-stained slides, eounting at least 100 cells.

2.3. Progenitor cell assays

Mononuclear cells from bone marrow and spleen were
separated by Ficoll-Paque sedimentation. 1 X 10° isolated

cells were cultured in 1 ml of a mixture containing Iscove’s
modified Dulbecco medium (IMDM) supplemented with
fetal bovine serum (FBS, 30%, v/v) and methylcellulose
(0.88%, w/v), and stimulated with a combination of recom-
binant growth factors including mouse stem cell factor (SCF,
20 ng/ml), mouse interleukin 3 (IL-3, 20 ng/ml), and hu-
man erythropoietin (Epo, 21U/ml). The growth of erythroid
colony forming units (CEU-E)-derived colonies was stimu-
lated with Epo alone (0.5 IU/ml). Cultures were incubated at
37°C in humidified air with 5% CO;, and scored with an
inverted microscope on day 3 for CFU-E-derived colonies
or on day 7 for granulocyte colony forming units (CFU-G)-,
CFU-GM-, CFU-mix-, and BFU-E-derived colonies.

2.4. Histology

For histological evaluation, tissue samples (spleen, liver,
and fermur) were fixed in formalin, paraffin embedded, and cut
for hematoxylin and eosin staining or Gomori silver staining
according to standard protocols.

2.5. Cytokine quantification

TPO, Epo, transforming growth factors (TGF)-1, and
osteoprotegerin (OPG) levels in platelet-poor plasma (PPP)
were determined with an enzyme-linked immunosorbent as-
say (ELISA) using the Quantikine Kits for each murine cy-
tokine (R&D Systems, Minneapolis, MN, USA), according
to the manufacturer’s instructions. TGF-B1 was measured
after acidification to activate latent forms into immunoreac-
tive ones. For acidification, the procedure recommended by
the supplier was followed without modifications. The sensi-
tivity limits of the assays were 20 pg/ml for TPO, 18 pg/ml
for Epo, 2.89 pg/ml for total TGF-B1, and 4.5 pg/ml for
OPG.

2.6. Statistical analysis

The results are presented as mean 4 S.D. Statistical signif-
icance was determined using the two-tailed Student’s ¢-test.

3. Results

3.1. Generation of TPO overexpressing mice (Fig. 1A
and B)

Tg mice were generated expressing full-length mTPO
under the control of the mouse Ig enhancer and promoter
(Fig. 1A). Transgenic founder mice were identified by
transgene-specific amplification of genomic DNA using the
polymerase chain reaction. Three transgenic lines were es-
tablished, and the line in which platelet number was highest
was analyzed further.

Mice were divided into two age groups (2—4 and 7-9
months of age) for convenience. Plasma levels of TPO were
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Fig. 1. Construction of Tg vector and plasma TPO levels in transgenic mice. (A) Schematic structure of transgene for the expression of murine TPO under the
control of the mouse H chain promoter and intronic enhancer. (B) Plasma TPO levels in wild-type (WT) and TPO transgenic mice (T'g). Values were compared
between two age groups, 2—4-month-old mice (young: y) and 7-9-month-old ones (adult: a); (-): mean value; n: number of mice.

measured by ELISA. Plasma TPO levels did not change dur-
ing growth and were higher in TPO Tg mice than in wild-type

mice. In adult mice, plasma TPO levels were 1.5 &= 0.3 ng/ml.

in wild-type littermates and 3.5 == 1.5 ng/ml in TPO Tg mice
(p<0.01) (Fig. 1B). :

3.2. Hematologic parameters in TPO overexpressing
mice

Blood values in TPO Tg and wild-type littermates are
shown in Fig. 2. The number of platelets rose with age in
TPO Tg mice, and reached 211.5£82.3 x 104/pJ at 7-9
months, a value that was three times greater than that of nor-
mal (69.3 £ 10.1 x 10*/pl) (Fig. 2A). The white blood cell
count was also increased in TPO Tg mice (Fig. 2B). WBC
differential counts revealed general proliferation of all cell
types (including lymphocytes) corresponding to the increased
number of WBC in TPO Tg mice. In particular, neutrophil
counts were increased 2.8-fold compared to normal litter-

mates (Fig. 2C). No morphologically immature or dysplastic
cells were noted.

On the other hand, Hct values were decreased by approx-
imately 10% in TPO Tg mice compared to age-matched
normal littermates (Fig. 2D). As anemia was observed in
TPO Tg mice, plasma Epo levels were next examined. In
spite of the decreased Hct in TPO Tg mice, plasma Epo
levels did not differ between wild-type and TPO Tg mice
(Fig. 2E). .

3.3. Bone marrow findings and frequency of
hematopoietic progenitor cells (Table 1 and Fig. 3)

We next examined the number and morphology of bone
marrow cells and the frequency of hematopoietic progeni-
tor cells in TPO Tg mice. The total number of bone marrow
mononuclear cells in TPO Tg mice was equivalent to that in
normal littermates at 2—4 months of age, and then decreased
with age (Table 1). We only obtained very few bone marrow
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Fig. 2. Hematologic parameters and plasma Epo levels in age-matched wild-t

ype and TPO Tg mice. Mice were arbitrarily divided into the same age groups

used in Fig. 1B, (A) Platelet count x 104/;1.1‘ (B) White blood cell count (/ul). (C) Differential analysis of blood cells (/.1). Neut: neutrophils; Ly: lymphocytes;
Mo: monocytes; and Eo: eosinophils. (D) Hematocrit (%). (E) Plasma Epo levels were measured by ELISA. Values in TPO Tg mice statistically different from

those observed in the age-matched wild-type littermates are indicated by p<0.01 and p<0.05.

Table 1

Analysis of age-matched wild-type and TPO Tg mice

Ttems 2—4 months of age 7-9 months of age
WT Tg WT Tg

BM

MNCs/2 femora (x 10%) 93+ 3.7 11.6 + 3.1 16.8 £ 3.0 05 +0.1°
Spleen

MNCs/spleen (x 10%) 162 + 2.6 16.6 * 4.5 15.6 9.2 145 + 6.1

Weight (mg) 87.2 £ 5.4 166.8 + 51.2F 94.1 & 13.0 3154 + 922t
Liver

Weight (mg) 1106 = 42 1502 4 48" 1606 =+ 221 1843 & 174%

Results are mean £ S.D. A total of 4 to 7 TPO Tg mice and 4 to 11 normal littermates were analyzed per each age group. Values in the TPO Tg mice statistically
different from those in the corresponding wild-type animals are indicated by “p<0.0001, Tp<0.01, and tp<0.05.
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Histologic sections of bone marrow from progressively older (3, 9 and 12 months) wild-type (left pannels) and TPO Tg mice (right pannels). (D) Hematoxylin-

eosin staining (x200). (E) Gomori silver staining (x200).

cells from adult (especially greater than 12-month-old) TPO
Tg mice. Giemsa staining of bone marrow cells showed that
the number of megakaryocytes was increased in TPO Tg mice
(Fig. 3A), and differential counts revealed a reduced propor-
tion of erythroblasts in TPO Tg mice (Fig. 3B). Considering
that there was no difference in the number of mononuclear
cells between normal littermates and TPO Tg mice at this
age (Table 1), erythroblasts in TPO Tg bone marrow were
decreased in absolute number.

The frequency of hematopoietic progenitor cells was as-
sessed by colony formation from 2- to 4-month-old mice
(Fig. 3C). The number of CFU-Meg was 5+4.5 in 1 x 10°
bone marrow mononuclear cells from TPO Tg mice, al-
though no megakaryocyte colonies formed from wild-type
mice under the same conditions. The numbers of CFU-
mix, CFU-GM, and CFU-G were increased by 10.4-, 3.5-
, and 3.5-fold in bone marrow cells from TPO Tg mice
compared to normal littermates. In spite of the anemia ob-
served in TPO Tg mice, the number of CFU-E or BFU-E
was not decreased but rather increased by 2.4-fold in bone
marrow cells from TPO Tg mice compared to wild-type
mice.

3.4. Development of myelofibrosis and osteosclerosis in
TPO overexpressing mice (Fig. 3D and E)

Hematoxylin and eosin examination of bone marrow sec-
tions from 3-month-old TPO Tg mice showed an increased
number of megakaryocytes, but no abnormalities of bone
marrow architecture including fibrotic change or altered bone
formation (Fig. 3D). Myelofibrosis and osteomyelosclerosis
developed in the marrow of TPO Tg mice with age. Nine-
month-old TPO Tg mice showed a reduction in space for
hematopoietic cells and increased bone trabeculae and in-
tercellular matrix. In 12-month-old TPO Tg mice, the bone
trabeculae and intercellular matrix became massive. Gomori
silver staining showed an accumulation of fibers in the in-
tercellular space of the marrow from adult TPO Tg mice
(Fig. 3E).

3.5. Increased extramedullary hematopoiesis and
fibrosis in the spleen (Table I and Fig. 4)

TPO Tg mice displayed marked splemomegaly (Fig. 4A),
with splenic weight about two to three times wild-type mice
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Fig. 4. Extramedullary hematopoiesis and fibrotic change in spleens of TPO ovérexpressing mice. (A) Macroscopic appearance of spleens from 9-month-old
TPO Tg mice (right) and from corresponding wild-type mice (left). (B) Frequency of hematopoietic colonies per 1 x 10° spleen mononuclear cells from 2- to
4-month-old wild-type and TPO Tg mice. Results are presented as the mean (£S.D.) of three independent experiments. (C-D) Histologic sections of spleen
from progressively older (3, 9 and 12 months) wild-type and TPO Tg mice. (C) Hematoxylin-eosin staining (x200). (D) Gomori silver staining (x200).

(Table 1). Despite the enlarged splenic size and weight in
TPO Tg mice, there was no difference in the total num-
ber of mononuclear cells between TPO Tg and wild-type
mice (Table 1). Colony-forming cells were rarely observed
in spleens from wild-type mice. On the other hand, the num-
bers of CFU-GM, CFU-Meg, CFU-mix, and BFU-E in spleen
cells from TPO Tg mice were much greater than those from
normal littermates respectively (Fig. 4B).

With age, expanded fibrotic tissue surrounding islands of
hematopoiesis and megakaryocytes was observed in spleens
from TPO Tg mice (Fig. 4C). An accurnulation of reticulin
fibers was also documented in TPO Tg mice (Fig. 4D).

As for the liver, there were no histological abnormalities
in TPO Tg mice, even in 12-month-old animals. However,
the liver weight in TPO Tg mice was greater than that in
wild-type mice throughout growth (Table 1).

3.6. Plasma levels of TGF-81 and OPG (Fig. 5)

To clarify the basis for the fibrosis and osteosclerosis ob-
served in TPO Tg mice, we measured the levels of plasma
TGF-B1 and OPG. Compared with normal littermates, to-

tal TGF-B1 was three- to four-fold higher in plasma from
TPO Tg mice (43 4= 23 versus 148 - 89 ng/ml at 2-4 months,
43 + 16 versus 178 & 150 ng/ml at 7-9 months, respectively)
(Fig. 5A). Plasma OPG levels did not differ between young
wild-type and TPO Tg mice (2.70.2ng/ml in WT and
2.3+ 0.1 ng/ml in Tg). Plasma OPG levels were not changed
with age in wild-type mice. On the other hand, plasma
OPG levels rose with age in TPO Tg mice. Then in adult
mice, plasma OPG levels were higher in TPO Tg mice
(3.8 +0.3 ng/ml) than in wild-type mice (2.2 £ 0.1 ng/ml)
(p< 0.01) (Fig. 5B). '

4. Discussion

We have shown that IgH promoter-derived murine TPO
c¢DNA overexpression in vivo produces a 2.3-fold elevation
in TPO protein compared with wild-type mice, for at least
9 months (Fig. 1B). The elevated TPO levels in TPO Tg
mice caused an increase in the number of CFU-Meg and
megakaryocytes in bone marrow and of platelets in periph-
eral blood (Figs. 24, 3A, C and D). In addition to the effects
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Fig. 5. Plasma TGF-B1 and OPG levels. (A) Total TGF-B1 and (B) OPG levels in plasma. Levels were determined by ELISA. TGF-B1 was measured after
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on megakaryocytopoiesis, the number of CFU-mix, CFU-
GM, and CFU-G in bone marrow was increased in TPO Tg
mice (Fig. 3C). This means that TPO increases the num-
ber of hematopoietic progenitor cells in vivo, not only pro-
genitors committed to the megakaryocyte lineage. TPO acts
additively or synergistically with IL-3 and stem cell factor
to promote the growth of primitive stem cells [20-22], as
well as progenitor cells giving rise to BFU-E, CFU-GM,
and CFU-mix [23,24]. Both erythroid and myeloid progen-

jtor cells were conspicuously decreased in TPO or TPO re-
ceptor deficient mice [8,9]. Consistent with this, in TPO Tg
mice the number of neutrophils in peripheral blood was in-
creased 2.8-fold (Fig. 2C), and the number of myeloid cells
in bone marrow was increased compared to wild-type mice
(Fig. 3B).

As for erythrocytes, TPO Tg mice showed anemia. The
Hect value was slightly but significantly decreased in TPO Tg
mice compared with wild-type mice (Fig. 2D). The number
of erythroblasts in bone marrow from TPO Tg mice was also
decreased relative to that from wild-type mice (Fig. 3B). On
the other hand, the number of CFU-E and BFU-E were in-
creased 2.4-fold in TPO Tg mice compared with wild-type

mice (Fig. 3C). As there was no difference in the number of
mononuclear cells in bone marrow between young TPO Tg
and wild-type mice (Table 1), the total numbers of erythroid
progenitor cells per animal was thought to be increased in
TPO Tg mice. Zhou et al. already reported anemia and in-
creased number of CFU-E in TPO Tg mice, generated by a

~ liver-specific Apo-E promoter [18]. This means that the dif-

ferentiation from erythroid lineage-progenitor cells to ery-
throblasts was disrupted by overexpression of TPO in bone
marrow. We then measured Epo levels in vivo, as the CFU-E
or BFU-E ‘assay is performed in the presence of Epo in vitro.
As shown in Fig. 2E, there was no difference in plasma Epo
levels between TPO Tg and wild-type mice. One possibility
to explain the discrepancy between the increased number of
CFU-E in vitro and the decreased number of erythroblasts in
bone marrow and the decreased Het value in peripheral blood
may be that a higher amount of TPO influences the fate of
progenitor cells capable of differentiating to erythroid cells in
vivo. If this is the case, the progenitor cells for the erythrocyte
lineage are also able to differentiate into megakaryocytes in
the presence of TPO, while the fate of progenitor cells for neu-
trophils or monocytes is not affected by the presence of TPO.
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In our TPO Tg mice, TPO might act on hematopoietic stem
cells and augment the number of progenitor cells, resulting
in increased numbers of colony-forming cells in vitro. TPO
might also act on common progenitor cells for megakary-
ocytes and erythrocytes and drive these bipotential progeni-
tors to differentiate to the megakaryocyte lineage, resulting
in decreased differentiation into erythroid lineage cells in
vivo.

TPO Tg mice, with expression under the control of the
IgH promoter, exhibited myelofibrosis and osteosclerosis 9
months after birth (Fig. 3D and E). This is consistent with
other reports in which bone marrow cells were retrovirally
transduced with TPO ¢cDNA and then transplanted into irra-
diated recipients [14-16] or in which mice were transfected
with adenovirus containing TPO [17]. Transgenic mice, in
which TPO cDNA was expressed under the control of the
Apo-E promoter, did not develop myelofibrosis or osteoscle-
rosis [18]. As hematopoietic progenitor cells are also the tar-
get of transfection with retrovirus containing human TPO
cDNA in the BMT model, the nature of the retrovirally trans-
fected cells might be important for developing myelofibro-
sis. Only overproduction of TPO by adenoviral transfection
[17] or in transgenic mice described here induced myelofi-
brosis and osteosclerosis in mice. This means that exposure
to high amounts of TPO is enough to develop myelofibrosis
and osteosclerosis in vivo. However, the period for devel-
oping myelofibrosis and osteosclerosis seems to be differ-
ent among the models. Adenovirus transfected mice develop
myelofibrosis within 80 days [17]. On the other hand, our
TPO Tg mice did not develop myelofibrosis within 3 months,
but developed myelofibrosis and osteosclerosis 9 months af-
ter birth (Fig. 3D). This may be accounted for by different
plasma TPO levels between the two models. Plasma TPO lev-
els are about 10-fold higher in the virally transfected model
than in control mice [17], and TPO Tg mice showed only a
two to three-fold increase in plasma TPO levels compared
to wild-type mice (Fig. 1B). Exposure to very high amounts
of TPO may lead to the development of myelofibrosis and
osteosclerosis within a relatively short period, while expo-
sure to a relatively small amount of TPO may take more
time to induce and establish the same histological changes.
This may explain the phenomenon that TPO Tg mice driven
by the Apo-E promoter do not develop myelofibrosis and
osteosclerosis [18]. Serum TPO levels were comparable be-
tween TPO Tg mice driven by the Apo-E promoter and IgH
promoter. Local TPO levels in bone marrow should be dif-
ferent though, with TPO Tg mice expressing under the con-
trol of the YgH promoter having much higher TPO levels
in bone marrow relative to TPO Tg mice expressing un-
der the control of the Apo-E promoter. The pathogenesis
of myelofibrosis and osteosclerosis in TPO overexpressing
mice was thought to be due to elevated cytokines released
ifrom the increased number of megakaryocytes or stromal
cells. Such cytokines could directly stimulate the fibrogenic
and osteogenic response [16]. We measured plasma levels of
TGF-B1 and OPG, and showed that these cytokines were el-

evated in TPO Tg mice compared with wild-type littermates
(Fig. 5). TGF-B1 is a protein that binds to proteoglycans in
the extracellular matrix, and has broad effects on many cell
types, including fibroblasts and osteoblasts [25]. It, thus, re-
mains likely that an expanded population of megakaryocytes
in BM from TPO Tg mice leads to locally increased secretion
of TGF-B1 that stimulates surrounding fibroblasts to prolifer-
ate and produce collagen, resulting in the observed myelofi-
brosis. In fact, mice engrafted with TGF-B1-deficient-TPO-
overexpressing BM cells did not develop myelofibrosis
[26].

The involvement of OPG in osteosclerosis has already
been reported. Mice engrafted with OPG-deficient-TPO-
overexpressing BM cells developed myelofibrosis, but did not
develop osteosclerosis [27]. Osteoclast differentiation and
activation is facilitated by the interaction between RANK
(receptor activator of NF-kB) and RANK ligand (RANKL
(also known as OPGL)) [28-31]. OPG is a decoy receptor
of RANKL and interferes with RANK-RANKL binding, re-
sulting in impaired bone resorption [32]. OPG is mainly se-
creted by bone marrow stromal cells and osteoblasts [32].
OPG-deficient host mice engrafted with wild-type TPO-
overexpressing BM cells did not develop osteosclerosis, and
plasma OPG levels were also elevated in wild-type host mice
engrafted with TPO virus-infected BM from OPG-deficient
donors. Thus, the main source of OPG observed in TPO over-
expressing mice was reported to be stromal cells in the host,
not transplanted bone marrow cells [27]. Megakaryocytes can
also produce OPG [33]. OPG secreted from both megakary-
ocytes and stromal cells by stimulation from high amounts
of TPO might lead to the development of bone sclerosis in
TPO Tg mice.
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Abstract

The role of sphingosine kinase (SPHK) in the dibutyryl cyclic AMP (dbeAMP)- induced granulocytic differentiation of HI60 cells was
investigated. During differentiation, SPHK activity was increased, as were mRNA and protein levels of SPHK1, but vot of SPIIK2.
Pretreatment of HL60 cells with N, N-dimethylsphingosine (DMS), a potent SPHK. inhibitor, coropletely blocked dhcAMP-induced
differentiation. The phosphorylation of mitogen-activated protein kinases (MAPKs), extracellular signal-regulated kinase 172 (ERK1/2), and
p38 MAPK was also increased during dbeAMP-indaced differentiation. Pretreatment of FL60 cells with the MEK inhibitor, TH0126, but not
the p38 MAPK, inhibitor, $8203580, completely suppressed dbeAMP-induced BRK 1/2 activation and granulocytic differentiation, but did
not affect the increase in SPHK activity. DMS inhibited dbeAMP-induced ERK1/2 activation, but had little effect on p38 MAPK activation.
DMS had no effect on the dbeAMP-induced membrane translocation of protein kinase C (PKC) isozymes, and PEC inhibitors had no
significant effect on BRK activation. The overexpression of wild-type SPHKI, but not dominant negative SPHK A, resulted in high basal
levels of BRK1/2 phosphorylation and stinmilated granulocytic differentiation in HL6O cells. These data show that SPHKI participates in the
dbeAMP-induced differentiation of HL60 cells by activating the MEK/ERK pathway.
© 2004 Blsevier B.V. All rights reserved. ' '

Kevwords: Sphingosine kinase; ERK; p38 MAP kinasc; Differentiation; HLO0 cell

1. Infroduaction

Sphingosine- I -phosphate (S1P), produced from sphingo-
sine by sphingosine kinase (SPEIK), is a bioactive sphingo-

Abbreviations: SPHK, sphivgosine kinase: $1T, sphingosine-L-phos- lipid metabolite that regulates diverse cellular responses,

phate; DMS, N, N-dimethylspbingosine; dbcAMP, dibutyryl cyclic AMP;
NBT, sitroblue tetrazolivuyy, (ML, N-fovoyl-methionyl-lencyl-phenylala-
nine: FRE, extraceBular regolating protetn kinase; MAPK, mitogen
aclivated protein-kinase; PKC, profein kinase C; PTX, pertussis toxin
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such as cell proliferation, differentiation, and apoptosis,
acting both intra- and extraceltularly [1--3]. Increases in S1P
levels are implicaled in the activation of the transcription
factor, Ap-1, stimulation of the MAPK. pathway, activation
of phospholipase D, and increased expression of adhesion
molecules [6-8]. Interest in S1P has focused on two distinet
cellalar actions of this lipid, namely as an exiracellular
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ligand activating specific G protein-coupled membrane
receptors (the S1P receptor family) and as an intraceltular
second messenger [1,2,9]. SPHK activalion is mediated by
various receplors, such as G protein-coupled receptors,
growth factor receptors, Fe receptors, and tumor necrosis
factor-or receplors [10-12]. The inhibilion of SPHK
markedly reduces or prevents certain cellular events, such
as the activation of MAP kinases, stimulation of DNA
synthesis, Ca®" mobilization, and vesicular trafficking
[13,14]. SPHK is therefore considered to play an important
role in various cell funclions, but the precise mechanisms by
which it contributes to these physiological events remain to
be clucidated.

Two isozymes of mammalian SPHEK, SPHK! and
SPHK2, have been cloned and characterized [15,16].
SPHK1 and SPHK2 have different properties, tissue
distributions, and temporal expression patterns, suggesting
that they have different cellular functions and may be
regulated differently [2,15,16]. In addition, two SPHK!

subtypes, SPHK la and SPHK1b, have been cloned in the

mouse {15]. SPHK activity is greatly increased during the
nerve growth factor (NGF)-induced differentiation of
pheochromocytoma PCL2 cells [4], suggesting that it may
play an important role in this differentiation process. A
recent study demonstrated that SPHK activity is increased in
differentiated F9 embryonal carcinoma cells, and that
differentiation is accelerated by the overexpression of
SPHK1 [5]. In contrast, our previous study demonstrated
that SPHK1 had a negative regulatory effect on hepatocyte
ditferentiation [17]. We have found that SPHK exists in
mulliple forms in human platelets, and that SPHKI is
expressed at high levels in the brain, kidney, vessel
endothelial cells, megakaryocytes, and platelets [18-20].
We also demonstrated that SPHKI protein levels are higher
in 4p-phorbol [2-myristate 13 acetate (PMA )-induced
differentiated HEL human leukemia cells than in the
uoditferentiated cells [19], suggesting that SPHKI1 plays a
role in human megakaryocytic differentiation. Together,
these results suggest that SPHK plays important regulatory
roles in cell differentiation, although the mechanisms
mvolved have yet to be determined.

The human myeloid HL60 cell line can be induced to
differentiate either into mature granulocytes by treatment
with dibutyryl cyclic AMP (dbcAMP), dimethyl sulfoxide,
or retinoic acid, or into monocytes by treatment with PMA
[21], and treatment of HLGO cells with the differentiation-
inducing agent, vitamin D3, induces SPHK activation,
resulting in an increase in SIP levels [22]. Since we had
previously studied signal ransduction during the dbcAMP-
induced granurocytic differentiation of HL60 cells [23,24],
it was therefore of interest to determine the role(s) of SPHE
in this process,

There is evidence that the MAP kinase signaling pathway
is involved in the monocytic and granulocytic differeniiation
of leukemia cell lines, The MEK/ERK. pathway is required
for the differentiation of leukemia cells into monocytes and

granulocytes [25,26], while the p38 MAPK pathway has a
negative regulatory effect on monocytic differentiation, but
promotes erythroid differentiation [27-29]. The link
between SPHK and ERK is not clearly understood.
Recently, it has been shown that, in platelet-derived growth
factor (PDGF) and vascular endolhelial growth factor
(VEGE) signaling, ERK activation is dependent oo SPHK.
[30,31].

In order to gain an insight into the mechanisms under-
lying the involvement of SPHK in differentiation process
and the link between SPHK and MAPKs, we examined
changes in SPHEK activity, in SPHK.L and SPHK2 mRNA
and protein levels, and in MAPK activity during the
dbeAMP-induced granulocytic differentiation of HL60 cells
and found that SPHK activity and the phosphorylation of
MAPKs, ERK, and p38 MAPK were increased during this
process, and that the phosphorylation of BRK1/2, but not of
P38 MAPK, was upregulated by SPHK L.

1. Materials and methods
2.1. Materials

dbcAME, nitroblue tetrazolium (NBT), PMA, and N-
formyl-methionyl-leucyl-phenylalanine (fMLP) were pur-
chased from Sigma Chemical Co (St. Louis, MO, USA). b-
Erythro-sphingosine and N,N-dimethylsphingosine (DMS)
were purchased from Matreya, Inc. (Pleasant Gap, PA,
USA). [y-*PIATP (3000 Ci/mmol) and [*Clserine (150
mCi/mimol) were from NEN Life Science Products (Boston,
MA, USA). Taq polymerase and random hexamer primers
were from Takara Bio Co. (Osaka, Japan). Antibodies
against ERK, p38 MAPK, ATF2, Tyrz0""~phosplwrylaLcd
ERK, The"*/Tyr'* phosphorylated p38 MAPK, or Thi'*-
phosphorylated ATF2 were obtained from Cell Signalling
Technology Inc. (Boston, MA). Auntihodies against PXC «,
3, 8, ¢, and § were from Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA, USA), Rabbil antibodies against human
SPHKL (peptide: FIADVDLESERYRRLGEMRFETLGT)
were generated as described preoviously [32], and antibodies
against human SPHE2 were generated in New Zealand
White rabbits by injection with recombinant full-length
maltose binding protein-fused human SPHK2, which was
expressed in . coli and purified as described previously
[16]. U0126, PD980359, 8B203580, Gi6976 and bisindo-
lylmaleimide (GF 109203X) were from Calbiochem (San
Diego, CA, USA). The expression vector containing
dominant negative SPHK1 (SPHKLGBZD_) Was a generous
gift from Dr. Pitson (University of Adelaide, Australia). The
other reagents were of the highest quality available,

2.2, Cell culture and differentintion of HL60 cells

The human leukemia cell lines, HL60 was kindly
supplied by Dr. Yukihiro Akao (Gifu International Institute
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of Biotechnology). The cells were grown in complete
growth medium (RPMI 1640 medium supplemented with
5% fetal bovine serum, 100 units/ml of penicillin, and 100
pg/ml of streptomyein) at 37 “C in a humidified atmosphere
containing 5% CO,. To induce differentiation, 5x 107 cells/
ml were cultored in serum-free RPMI 1640 medium
supplemented with 5 pg/ml of insulin and 5 pg/mi of
transferrin for 24 h, then treated with 0.5 mM dbcAMP for
the indicated time. When the cells were pretreated with
drugs before incubation with dbcAMP, the drug was also
included in the dbeAMP incubation medium.

2.3. Stable transfection with SPHK]

Human SPHK1L eDDNA was cloned by RT-PCR using
primers designed using the reported ¢DNA sequence {33,
PCDNA3.T vector (Tnvitrogen) containing clINA coding for
either wild-type SPHK! or dominant negative SPHK!
(SPHK1DN) (originally names as SPHK“*P, [34]) were
prepared, and the sequence was confitmed. For stable
transfection of HL60 cells, electroporation (300 kV, 400
k) was apphied using 30 pg of expression vector (peDNA
3.1). After 48 h, the medium was changed to complete
growth medium containing 600 pg/ml G418 to expand
antibiotic-resistant celonies.

2.4. NBT reduction assay

NBT reduction, an indicator of differentiation, was
assayed as described previously [35]. Briefly, 0.8 ml of a
solution of 0.125% NBT and 200 nM PMA was added to
2x107 cells in 0.2 ml of RPMI 1640 medium and the
mixture incubated at 37 °C for 30 min, centrifuged at
1100X g for 7 min at room letaperature, and resuspended in
200 pl of phosphate-buffered saline (PBS). Aliquots of the
samples were stained with Safranin-O for 5 min and the
percentage of NBT-positive cells was determined.

2.5 SPHK assay

Cells (5x10% were washed twice with cold PBS, cen-
trifuged, and resuspended in 200 pl of 20 mM Tris buffer,
pH 7.4, containing 20% (v/v) glycerol, 1 mM mercaptoe-
thanol, 1 mM EDTA, 1 mM sodium orthovanadate, 15 mM
sodivm fuoride, 10 pg/ml each of leupeptin and aprotinin, 1
mM phenylmethylsulfonyl fluoride (PMSF), and 0.5 mM 4-
deoxypyridoxine, The cells were disrupted by freere—
thawing followed by sonication, and the cytosolic fraction
prepared by centrifugation at 13,000X g for 30 min at 4 °C.
SPHK activity was assayed as described by Olivera et al,
{36], with minor modifications. The reaction mixture (200
nl) consisted of 20 mM Tris HCL pH 7.4, 2.5 mM MgCls,
0.25 mM EDTA, 5% glycerol, 1.2 mM dithiothreitol, | mM
NasgVO,, and 15 mM NaF, 20 pM sphingosine, and 200 nz
of enzyme with or withouwt 0.25% Triton X-100. The
reaction (30 min at 37 “C) was started by the addition of

20 pl of [y-*P} ATP (2 uCi) and 10 mM ATP complex and
terminated by the addition of 20 ul of 1 N HC, followed by
0.8 ml of chloroform/methanol/HCL (100:200:1). Afier
vigorous vortexing, 240 pl of chloroform and 240 pl of 1
M KC1 were added and the suspension was centrifuged at
2000x g for 10 min at room temperature, The organic phase
containing the lipids was removed, concentrated, and
applied to a silica gel 60 TLC plate, which was developed
in butan-1-olacetic acid/waler (3:1:1, v/v). The SIP spot
was visualized by autoradiography and quantified using a
densitometer (Densitograph Atto, Tokyo). Cellular SIP
levels were determined as described previously [371.

2.6. RNA extraction and semi-quantitutive RT-PCR

Total RNA was isolated from HLGO cells by the acid
guanidine thiocyanate method [38], To quantify SPHK1
gene oxpression, semi-quantitative RT-PCR was performed
as deseribed previously [39]. In preliminary experiments, the
amounnt of cDNA and the number of PCR aycles penmitting
the lincar amplification of SPHK1 and p-actin mRNAs
were determined. The human SPEHIK] primer sequences were
Y -CACTGAGCGGCGGAACCAC-3 (sense) and 5'-GC-
TGGACCACAACGGGGGA-3 (antisense), and the human
SPHK2 primer sequences 5-GAACCGTGCCGAGGCC-
CAG-3 (sense) and 5-CACTGCCCAAGGCCCTGA-
F'(avtisense). The human p-actin primer sequences were
S.-TCACTCATGAAGATCCTCA-3 (sense) and 5'-
TTCGTGGATGCCACAGGAC-Y (antisense). The PCR
conditions for hSPHK1I and hSPHK2 were 96 °C for 2
min, followed by 30 cycles at 96 °C for 30 ¢, 32 at 64 C for
30 s, and 34 at 72 *C for 30 s, while those for p-actin were 96
°C for 2 min, followed by 22 cycles at 96 °C for 155,24 at 58
°C for 30 s, and 26 at 72 °C for 30 s. The intensity of each
band was measured using NIH Image (version 6). Within the
lincar range of PCR amplification, the SPHK 1 mRNA levels
were evaluated by caleulating the SPHEIL/R-actin band
intensity ratio.

2.7. Western blol analysis

Cells were cultured for 24 h in serum-free RPMI 1640
medium supplemented with 5 pg/ml cach of insulin and
transferrin, treated with 0.5 mM dbcAMP for the indicaled
time, then harvested by centrifugation at 3000 xg for 5 min
at 4 °C. To prepare whole cell lysates, the cells were
resuspended in ice-cold lysis buffer (1% Nonidet P-40,
(.5% sodium desoxycholate, 1% sodium dodecyl sulfate, [
mM EDTA, 1 mM EGTA, 150 mM NaCl, 50 mM Tris, 3
mM MgCI2, [ mM PMSF, 20 pg/ml of leupeptin, 20 mM p-
glycerophosphate, | mM sodium fluoride, and | mM
sodivm orthovanadate, pH 7.4), and sonicated. To prepare
the membrane fractions, the cells were resuspended in 50
mM Tris—HC1 bufter, pH 7.4, containing 1 mM PMSF, and
20 pg/ml of leupeptin, sonicated, then centrifuged at
100,000 x g for 60 min at 4 °C, and the pellet resuspended
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in the lysis buffer. Proiein concentrations were assayed
using the Bradford protein assay teagent (Bio Rad) with
bovine serum albumin (BSA) as the standard. Total cell
lysates and membrane preparations (50100 ug of protein)
were subjected to electrophoresis on 10% $DS-polyacryla-
mide gels and transferred to polyvinylidene difluoride
membranes (Millipore), which were then blocked with 5%
BSA. The phosphorylation of ERK and p38 MAPK and the
total amounts of ERK, p38 MAPK, SPHKI, SPHK2Z, or
PRC a, £, 8, &, or { were determined by immunoblotting
with rabbit polyclonal antibodies against phosphorylated
ERK, phosphorylated p38 MAPK, BRK, p38 MAPK,
SPHK !, SPHK?2, or PKC «, B, 8, ¢, and £, respectively,
followed by horseradish peroxidase-linked sccondary anti-
body. After repeated washes, bound antibodies were
detected using the ECL Western blotting delection system
(ParkinBlmer Lile Sci. Inc., Boston, MA).

3. Results

3.1. Changes in SPHK activity and SPHKI and SPHK2
mRNA and protein levels during dbhcAMP-induced
granulocytic differentiation of HL6O cells

To delermine whether SPHK was involved in cell
differentiation, we examined changes in SPHK activity
and mRNA. levels of SPHK!| and SPHK2 in HL60 cells at
various stages during differentiation initiated by the addition
of 0.5 mM dbcAMP, We measured SPHK. activity in both
the absence and presence of 0.25% Trton X-100, conditions
which, tespectively, measure the combioed activity of
SPHK! and SPHK?2 or the activity of SPHK1 alone [16],
and found no significant difference between the two values
during the dbcAMP-induced differentiation of HL60 cells
(data not shown), suggesting that only SPHK1 was present
in these cells. As shown in Fig, LA, SPHK activity showed a
time-dependent increase, reaching levels approximately
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Fig. |. Changes in SPHK activity and intracellular SIP levels during
dhcAMP-induced HT6 cell differentiation. HL60 eells were incubated
with 0.5 M dbcAMP for the judicated time, then SPITK activity (A) and
cellular levels of S1P (B) were measured as described in the Materials and
methads. The control SPHK activity was 3.1 £1.2 prool/min/my protein and
the 8IP level was 11.522.5/10° cells, The results are sxpressed as the
mean:k8.D. for three experiments, each performed in duphcate,

A00% of those in undifferentiated cells after 24 h of

treatment, then increasing more slowly up to 72 b of
freatment (430% and 450% of control levels of at 48 and 72
h, respectively). This increase in SPHK activity was
accompanied by an increase in intracellular S1P levels to
200% and 250% of control levels at 24 h and 72 h,
tespectively (Fig. 1B). SPHE1 mRNA fevels, measured by
semi-quantitative PCR analysis, also showed a time-depend-
ent increase after dbcAMP treatment, reaching 400% of
control levels at 24 h (Fig. 2A,C). SPHK2 mRNA was
undetectable in HL60 cells by RT-PCR. using the hSPHK2
primers (Fig. 2B). Western blot analysis showed an increase
in SPHK protein to 350% of control levels after 48 h of
dbcAMP treatment (Fig. 2D). No SPHK2 protein was
detectable in either undifferentiated or differentiated HL6O
cells, These findings, logether with the results of the SPHK
assay in the absence and presence of Triton X-100, show
that the increase in SPHK activity was due to increased
levels of SPHK!I protein.

To further asscss the involvement of SPHEK in HL60 ccll
differentiation, we examined the cffects of the potent SPHK.
inhibitor, DMS. Treatment of control HIL60 cells with DMS
for 72 b inhibited the subsequent dbcAMP-induced increase
in SPHK activily in a concentration-dependent manner, with
90% inhibition at 5 uM (Fig. 3A), at which concentration
the cells were more than 95% viable, as assessed by Trypan
blue esclusion (data not shown), in agreement with a
previous report [40]. When HLGO cells were treated with 0.5
mM dbcAMP, the percentage of NBT-reducing cells (a
measure of differentiation) increased in a time-dependent
manner (Fig. 3B) and this effect was suppressed by 90% by
pretreatment of the cells for 1 h with 5 uM DMS, providing
additional evidence for the involvement of SPHKI in the

-dbeAMP-induced granuloeytic differentiation of HL6O

cells.

3.2, Activation of MAPK during dbeAMP-induced
gramiloeytic differentiation of HLS0 cells

The activation of BRK1/2 and p38 MAPK duting
dbecAMP-induced differentiation was examined using anti-
bodies specific for phosphorylated forms. of ERK or p38
MAPK. As shown in Fig. 4A, time-course analysis showed
that dbcAMP treatment resulted in a marked increase in the
phosphorylation of both ERK and p38 MAPK after 24 h of
treatment. After 72 h of dbeAMP (reatinent, the phosphor-
ylation of ERK1/2 and p38 MAPK was increased to 500%
and 200% of control levels, respectively, whereas the total
amounts of ERK1/2 and p38 MAPK protein were not
significantly affected by the same treatment.

To determine whether the dbcAMP-induced activation of
ERK 1/2 was due to MEK activity, the cells were preincubated
for 1 b with 10 pM U126, a potent MEK inhibitor, before ‘
incubation for 72 h with 0.5 mM dbcAMP. As shown in Fig.
4B, 0126 pretreatment completely blocked dbeAMP-
induced BERK1/2 phosphorylation, but had no effect on total
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Fig. 2. Increase in SPHKI mRNA and protein Jevels during dbeAMP-induced HLGO cell differentiation. (A) SPHKI mRNA levels in HLA0 cells incubated
with 0.5 mM. dhcAMP for the indicated times and (B) SPHK2 mRNA fovels in SPHK2-transfected HEK 293 cells and tn HL6O cells incubated with 0.5 mM
dbcAMP for 48 b were determinaied as described in the Materials and methods. () SPHK1 mRNA levels in HL60 cells incubated with 0.5 mM dbeAMP for
24 and 48 b cxpressed as a percentage of the control levels. (D) HL60 cells ineubated for 48 h with 0.5 mM dbeAMP sod HEK. 293 cells overexpressing
SPHK 1 or SPHK?2 were Iysed, and the lysates were subjected to Western blot analysis using antibodics against SPHK 1 or SPHK?2, respectively, as described in
the Materials and methods. B-Actin was used as loading control. The results are the representative of those trom three independent experiments.

ERK prolein levels, showing that ERK1/2 aclivation was
mediated by MEK. Pretreatment with the p38 MAPK.
inhibitor, 8B203580, had an inhibitory effect on the down-
stream ATF2 activation induced by dbcAMP treatment, but
did not affect dbcAMP-induced ERK 1/2 activation.

To cxamine the involvement of MAPKs in dbcAMP-
indueed differentiation, FL60 cells were preincubated for 1
h with L0 uM U026 or 10 M SB203580 prior to dbcAMP
addition. Preincubation with U0126 resulted in complete
suppression of dbcAMP-induced differentiation, assessed as
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Fig, 3. DMS prefreatiuent inhibits the dbeAMP-indoced inerease in SPHK
activity and differentiation. (A) HL60 cells were incubated for 1 h with the
indicaled concentration of DMS, then for 72 h with 0.5 mM dbecAMP in the
continued presence of DMS. SPHK activity was measured as deseribed in
the Materials and methods and expressed as a percentage of the value in the
absence of DMS. (B) After incubation of the cells for £ with or withoot 5
M DMS, then mcubation for the indicated time with 0.5 mM dbcAMP
with or withont DMS, the perceniage of NBT-reducing colls was mgasured
to monitor cell differentiation. The resolls are expressed as the men$8.D.
for three experiments, each performed in duplicate.

fhe percentage of NBT-reducing cells, whereas SB203580
bad no significant effect (Fig. 4C). These resulls suggest that
the MEK/ERK pathway, but not the p38 MAPK pathway, is
important for the granulocytic differentiation of HL60 cells.

3.3. ERK activation occurs downstream of SPHK activation
during dbeAMP-induced differentiation

To determine the relationship between SPHK and MAPKSs
in the dbcAMP-induced differentiation of HL60 cells, the
effects of DMS on the dbeAMP-induced activation of these
enzymes were examined. DMS iohibited the ERK1/2
activation seen after 72 h of treatment with 0.5 mM dbcAMP
in a concenlration-dependent manner (Fig, SA), with
approximately 80% inhibition using 5 uM DMS, but bad
little effect on dbcAMP-induced p38 MAPK activation (Fig.
5B). These results strongly suggest that ERK1/2 activation,
but not p38 MAPK activation, occurs downstream of SPHK
activation,

DMS has been reported to affect PKC activity [41] and it
has been suggested that SPHK activity 1s regulated by the
activation of phospholipase D) (PLD), which is mediated by
PKC in HL60 cells [11,42]. We have previously shown that
PKCa and Pl are translocated lo the membrane during the
dbeAMP-induced differentiation of HL60O cells and that
membrane-associated PKCa and Pl are wmvolved i PLD
activation [23,24]. We therefore examined the effect of
DMS on the translocation of PKC isozymes to the
membrane. As shown in Fig, 6, dbcAMP treatment for 72
h Induced an increase in membranc levels of PKCu and
PKCBIL, but not those of PRCRI, PKCS, PKCe or PKCE,
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time, then the cell lysates were subjected to Western blot analysis using
antibodies reactve with cither phosphorylated or total ERK or P38 MAPK,
respectively, as described in the Materials and methods. (B) HL60 cells
were incubated for 1 h with or without 10 pM. UC126 or 10 pM $B203580,
then for 72 h with 0.5 M dbe AMP in the presence or absence of the same
drug, then eell Tysates were subjected to Western blotting using antibodics
reactive with either phosphuorylated or total BRK or ATF2. The results in A
and B are representative of those from three independent expetiments. (C)
After incubation for 1 h with or without 10 pM U0126 or 10 pM
SB203580, followed by incubation for 72 h with 0.5 M dbcAMP in the
presence or absence of the same drug, the percentage of NBT-reducing cells
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and this increase was not inhibited by DMS pretreatment.
Furthermore, pretreatment with a PKC inhibitor (Go6976 or
GF 109203X) did not inhibit the dbcAMP-mediated
induction of ERK activation, but rather increased the effect
(fig. 7A). In addition, these PE.C inhibitoss did not affect
the dbcAMP-induced increase in SPHK aclivity and the
granuloeytic differentiation of HLG0 cells (data not shown).
These results suggest that PKC is not involved in the
dbcAMP-induced increase in SPHK and ERK activation in
HL60 cells.

Our previous study has demnonstrated that PMA-~induced
SPHEL gene expression in a human leukemia cell line,
MEG-0l, is ERK-dependent {39]. We therefore examined
the effect of MAP kinase inhibitors on the dbcAMP-induced
inerease in SPHK activity. The increase in SPHE activity
during the dbcAMP-induced differentiation of HLGO cells
was not affected by the preincubation of the cells with MEK
inhibitors, U0126 and PD20859, or pP38MAP kinase
mhibitor SB203580 (Fig. 7B), showing that it was not
mediated via the MAP kinase activation pathway.

To confirm that SPHK was involved in granulocytic
differentiation and BRK. activation, wild-type SPHKI (W)
and the dominant negative (DN) SPHK! were stably
overexpressed in HL60 cells and clones overexpressing
wild-type SPHK1 (W 6 and W§) or DN SPHK! (DN6 and
DN9) were selected. Western blots showed that SPHKI
expression was increased in all overexpressing clones (W6,
W&, DN6, and DN9) (Figz. 8A). In addition, SPHK activity
(shown by S1P production) was markedly higher {(approx-
imately 300% of control levels) in the SPHK | -overexpress-
ing cells than in the control cells, but was lower than in
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Fig. 5. Effect of DMS on MAPK. phosphosylation in differentiated HL6D cells. HL60 cells were incubated for 1 b with the indicated concentration of DMS,
then for 72 h with or withont (+) 0.5 mM dbeAMP in the continued presence of DMS. Phosphorylation and total expression of EREs (A) and p38 MAPK (B)
were measured. by Western blot analysis using specific antibodies as described in the Matetials and methods. Upper panel, representative blot for thice
independent experiments; lower panel, densitomelric data expressed as the mesn 8., for three experiments.
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control cells in the SPHX DN-expressing cells, Weslern
blots (Fig. 8A) also showed that levels of phosphorylated
ERK1/2, but not of lotal ERK proteins, were considerably
increased in the wild-type SPHK I-uverexpressing cells, in
contrast, levels of phosphorylated ERK1/2 in the
SPHK1DN-overexpressing HL60 cells were lower than
those in control cells. As shown in Fig. 88, differentiation
after treatment for 72 b with dbcAMP was significantly
increased in the SPHKI-overespressing cells suppressed in
SPHKDN-overexpressing cells compared to control cells.
These findings provide additional evidence that SPHKI
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plays an important role in dbcAMP-induced ERK activation
and granulocytic differentiation in FIL60 cells,

Several lines of evidence indicate that S1P produced by
SPHX activation acts both intracellolarly and extracelly-
larly, and that extracellular S1P, acting through a G protein-
coupled teceptor, induces MAPK activation, which is
inhibited by pertussis toxin (PTX) [1,2]. To determine
whether the S$1P produced by SPHK activation during
dbeAMP-Induced MAPK  activation acted as a second
messenger or via a G protein-coupled receptor, the effect
of PTX was tested. As shown in Fig. 8C, PTX pretreatment
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Fig. 7. Bffect of PKC inhibitors on ERK phosphorylution and a MAP kinase infibitor on SPHE activity in dbcAMP-treated FIL60 cells. (A) The cells were
incubated for 1 h with o without PRC inhibitor [1 pM of Go6976 (GO), S uM GT 109203X (GF)], or a MEK inhibilor U026 (10 M), then for 72 h with 0.5
mM dbeAMP with or without the saroe inbibitor. Phosphorylation and intal expression of BRKs were menswred by Western. blot analysis using specific
antibodies as described in the Materials and methods. (8) HL60 cells incubaled for 1 h with or witheut 10 pM U0126, 50 pM of PDI0RSY, or 10 pM
SE203580, then for 72 1 with or without () 0.5 mM dbcAMP, and with or withow! the same inbibitor, and SPHE activity measured as described i the
Materials and methods, Upper panel, representative blot for three independent experiments; Jower punels, densitometric data expressed as the mean£8.D, for
the three experiments.
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Fig. R. Bifect of wild type and domivant nepalive SPHKI overexpression
on dbe AMP-indnced differentiation and ERK. activation in IL60 cells. The
cells were transfected with wild-type (W) or dosginant negative (DN)
SPHKIL peDNA 3.1 and transformants selected using G418. Two clones
overexpressing the wiki-type (W6 and WR) or dominant negative (DNG and
DN were selected, and tested. (A) Basal levels of SPHK 1 protein, SPHK
activity, and ERK phosphorylation in control (CONT, no transfection) or
SPHK 1-overexpressing cells (W6, W8, DNG6 and DNY) were measwred as
deseribed in the Matenals aud methods. The results are sepresentative of
“those for three independent experiments. (B) Percentage of NBT-reducing
cells after treatment with 0.5 mM dbeAMP for 72 h. The results are
expressed as the mean® 8.0, for three ditferent experiments. (%) Control
and W6 cells were inenbated for 1 h with or without 100 ng/ml of PTX,
then for 48 b with 0.5 ;oM dbecAMP in the continued presence of PTX, and
the phosphorylation of ERI1/2 was measured as deseribed in the Materials
and roethods. The results are representative of three independent experi-
menls. (D) Control and W6 cells were incubated for 1 h with or withont 100
ng/ml of PTX, then for 48 h with or without 0.5 mM dbcAMP in the
continued presence of PTX, and the percentage of NBT reducing cells
measured as described in the Maicdals aud methods. The results are
expressed as the mean 2-8.0. for three different experiments.

had ne inhibitory effect on the dbcAMP-induced phosphor-
viation of ERK1/2 in cither the control or SPHK!-over-
expressing cells (Wo). As shown in Fig. 8D, the percentage
of NBT-reducing cells in SPHK 1-overexpressing Wo cells
was much higher than that in control cells even in the
ahsence of dhcAMP, and the differentiation of the conirol
and W6 cells was not affected by PTX treatment in either
the presence or absence of dbcAMP. These results suggested
that the increase in ERK activation and granulocytic
differentiation due to SPHK! overexpression is not induced
via a G-protein coupled receptor in HLGO cells.

4. Discussion

In mammals, two types of SPHK bave been identified,
SPHK 1 and SPHK2 [15.16]. Celt proliferation and survival
are enbanced by SPHKI1 overexpression, whercas SPHK2
overexpression induces cell death [2]. In the present study,
we demonstrated that SPHK activity was greatly increased

during the dbcAMP-induced granulocytic differentiation of
FIL6O cells and that this was due to the increased mRNA
and protein levels of SPHKI, but not SPHK?2, which was
not expressed in HL60 cells. This result is in agreement with
the results of our previous study in which homan leckemia
HEL cells were more strongly stained by anti-SPHK1
antibody than were undifferentiated cells and showed
increased SPHK activity after PMA-induced differentiation
[19]. Furthermore, we have recently found that prolonged
(24 h) treatment of megakaryocytic cells with PMA
upregulates SPHE ] gene expression through PMA-respon-
sive elements in the 5’ promoler region of the gene [39].
This finding led us to speculate that treatment of HL60 cells
with dbcAMP induced the upregulation of SPHKI1 gene
expression. However, the mechanism of SPHK1 activation
induced by dbcAMP is not clear, since previous studies
have shown that SPHK1 is activated by PKC or MAP
kinase [30,41.,42), whereas, in this study, the increase in
dbcAMP-induced SPHKL was found to be independent of
PRC and MAD kinase.

There is ample evidence that the activation of the MAPK.
signaling pathway is associated with cell differentiation
[25-28]. In the all-frans retinoic acid-induced granulocytic
differentiation and the 1,25-dihydroxyviatmin D3-induced
monocytic differentiation of HLGO cells, MEK-dependent
ERK activation is needed for cell differentiation and growth
arrest [25.26]. In the present study, we demonstrated that, in
HL60O cells, dbcAMP caused sustained ERK activation
during differentiation and that the inhibilion of the
activation of MEK/ERKs abolished dbcAMP-induced dif-
ferentiation. These results show that sustained ERK
activation is required for the granuloeytic differcotiation of
HLG60 cells. However, the role of p38 MAPK in cell
differentiation seems (o be more complex. p38 MAPK
suppresses the monocytic differentiation of NB-4 and HL60
leukemia cells [27,28], but promoles ihe erythroid differ-
entiation of K362 cells [29]. 1n the present study, treatment
of HL60 cells with dbcAMP induced a significant p38
MAPK aclivation, although this was less marked than the
FRK activation. However, p38 MAPK is not involved io the
dbcAMP-induced granulocytic differentiation of HL60
cells, since p38 MAPK inhibition by SB203580 bhad no
effect on differentiation. .

Interestingly, in HL60 cells, the dbeAMP-induced
aclivation of ERKs, but oot that of p38 MAPK, was
markedly suppressed by the SPHK inhibitor, DMS, indicat-

“ing that MEK/ERK aclivation was upregulated by SPHK 1.

A similar relationship between SPHK and ERK was
observed in our previous study, which demonstrated that
SPHK inhibition by DMS resulted in the downregulation of
ERKs activation in, and the differentiation of, hepatoma
Huh-7 cells [171. It has been reported that PK.C is implicated
in SPHK and ERK activation, and that DMS inhibits PKC
activily {30,41,42]. However, in this study, we have
demonstrated that PKC was not involved in dbeAMP-
induced ERK activation and granulocytic differentiation,
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since PKC inhibitors had no significant effect on ERK
activation. Collectively, these findings suggest that SPHK.
plays an important role in cell differentiation by regulaiing
the downstream MEK/ERK pathway. However, the precise
mechanism involved in the upregulation of the MEK/ERK
pathway via SPHK activation remains to be clucidated.
The overexpression of SPHK1 in NIM3T3 cells or
HEK293 cells markedly increases intracellular S1P levels
and enhanoes proliferation by promoting the GI to 8 phase
transition [13] and suppresses serum deprivation- or ceram-
ide-induced apoplosis [3], while treatment of HL60 cells with
1,25 dibydroxyvitamin D3 suppresses ceramide-induced
apoptosis by increasing SPHK activity, leading to increased
levels of SIP [22]. Furthermore, a recent study [30] has
shown that, in the 724 human bladder carcinoma cell line, the
dominant negative SPHK1 or small interfering RNA targeted
at SPHK 1 blocks the VEGF-induced Ras-(GTP accumulation
and ERK activation and that VEGF induces DNA synthesis
via the pathway which sequentially involves PKC, SPHKI,
Ras, Raf, and ERKs. The same study also shows that the
signaling pathway used by VEGE is different from that used
by the S1P receplor, since no 811 secretion was detected, and
that the intracellular S1P generated by SPHK 1 activation by
VEGF stimulalion leads to the activation of downstream
signaling that does not involve 8P receptors. Tt has also been
reported that the survival-promoting effects of SPHK occur in
the absence of detectable SI1T secretion and are PTX-
independent [4,10,30]. In the present study, we demonstrated

thalt the SPHK inhibitor, DMS, caused a concomitant block of

the differentiation and ERK activation induced by dbcAMP
in HL60 cells. Furthermore, we showed thal the over-
expression of wild-type SPHK1, but not dominant negative
form, stimuylated ERK activation and granulocytic differ-
entiation cven in the absence of dbcAMP and that the
differentiation due to SPHKI overexpression was PTX-
mdependent, These results suggest that, in the dbcAMP-
induced granulocytic differentiation of HL60 cells, SPHK1
plays an important role by upregulating ERK activation viaa
PTX-independent pathway. This finding is consistent with
the reduced expression of the 81P receptor in differentiated
HL60 cclls {43,44].

“In summary, the present study demovstrales that treat-
ment of HLGO cells with dbcAMP 1o induce granulocytic
differentiation tesults in a sustained increase in SPHK
activity, which is due to increased SPHK1 protein levels and
the activation of ERKs, but not of p38 MAPK. 1t also shows
that the BRK activation required for differcotiation is
controlled by SPHK activity and is not inhibited by PTX.
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Abstract

FKLE-2 (KLF13) was cloned from fetal globin-expressing tissues and has been shown to be abundantly expressed in erythroid cells, [n
this study we examined the transeriptional regulation of the KLF/3 gene. A 5.5 kb 5 flanking region cloned from mouse erythroleskemia
{MEL) cell genomic DNA sbowed that major cis regulatory activities exist in the 350 bp sequence to the unique transcription start site, and
that the promoter is more active in K562 cells than in COS-7 cells. The promoter was trans-activated by co-expressed GATA-1 through the
sequence containing two CCAAT motifs, suggesting that GATA-1 is involved in the abundant expression of KLF13 mRNA in the erythroid
tissne. Dual action, ie. activating effect in COS-7 and. repressive effect in K562 cell, was observed on its own promoter, suggesting a

feedback mechanism for the transcriptional control of the KLF3 gene in the erythroid environment. These findings provide an insight on the
mechanism of inducible mRNA expression of the KLF13 gene in eryihroid cells. :

© 2004 Elsevier B.V. All rights reserved.

Keywords: Exythroid differentiation; KLF farotly; Promoter; Transcriptional regulaiion

1. Infroduction

Proteins containing three contiguous Cys.-His, zinc
fingers similar to Spl or EKLF constitute a KLF family

[1-3]. By using the zinc finger motif, these proteins bind

to G-rich (GC or GT/CACCC) motifs that are widely
distributed in cis-regulatory DNA sequences for gene
cxpression. Some KLFs are ubiquitously expressed, while
others show a tissuc-restricted expression pattern. It may
be reasonable to speculate that the non-ubicquitous KLIFs
are involved in cell type specific gene expression.
Confirming this notion, BEKLF (KLF1), which is specifi-
cally expressed in crythroid cells [4], plays a eritical role
for the expression of the P-globin gene [3,6] by interacting
with the proximal CACCC motil’ of the {4 gene promoter

* Corresponding anthor. Tel: +81 82 744 215%; fax: -+81 52 744 2141,

F-mail address: asanoh@med.nagoya-wac,jp (F. Asano).
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0167-4781/% - see fronl matter © 2004 Elsevier B.V. All rights reserved.
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{7,8]. LKLF (KLF2), which is predominantly expressed in
the hung [91, is essential for the normal lung developaeot
since LKLF™™ ES cells do not contributc to the lung
formation in chimeric mice [10}. KLFs thus play a

" substantial role in their major expression tissues,

Fetal Krippel-like factor-2 (FKLF-2: KLF13) was
otiginally cloned from mouse yolk sac and human fetal
liver erythroid cells, i.c. fetal globin-expressing tissucs
{11} It is predominantly expressed in the bone marrow,
striated muscles and a subset of T cells, Other groups, in
fact, cloned the same gene from these tissues [12,13]. Of
note is that the mRNA expression of KLF13 gene is up-
regulated upon the induction of differentiation with
chemicals in' cell lines with erythroid features [i1}
Similarly, the expression of KLF13 protein is up-regulated
upon the maturation of T cells [12]. These facts strongly
suggest that KLF13 may be imvolved in the differentiation
of the cells in which it is expressed. In addition KLF13 is
a powerful activator of a broad range of promoters of
erythroid genes in vitro [11]. These results suggest that
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KLF13 plays a role in the development of erythroid
phenotype. The transcriptional regulation for KLF13 gene
expression may therefore be a part of molecular events of
erythreid cell differentiation.

In this study we have cloned the & {Janking region of the
mouse KLF13 gene. The promoter activity of the DNA
fragment was tested in both erythroid (K562) and pon-
erythroid (COS-7) cells. Our data show that: the KLF13
gene promoter is more active in the erythroid environment
than in the non-erythroid environment; and GATA-|l and

A
1 kb

KLF13

locus
P4

Xba | digestion;
X X

P3

KLF13 itself may have substantial effcet in the transcrip-
tional regulation of the KLF13 geos expression,

2. Materials and methads

2.1 Isolation of 5 flunking DNA of the KLF13 gene

The & flanking region of KLF13 gene was obtained by
mverse PCR (Fig. TA). Four hundred nanograms of genomie

= e
T, BamiH digestion

self ligation |

moco—*u:cm&ao@o-nc«mnoo-‘*

Tig. 1. Promoter of the KLF13 gene. (A) Cloning of the §' flanking region of KLF/3 gene by inverse PCRs. The first exon is shown by a solid rectangle. B aud
X represent the Bam Il and Xbal sites, respectively. Primers used in inverse PCRs are indicated by arrows (P1-P4). Note that the positions of upstremn Bam Hl
and Xbul siles are unknown prior fo the experiments. (B) Primer extension analysis of KLF13 raRNA. RNAs nsed in the analysis aw indicated above. Produsts
of the sequencing reaction using the sae probe were ron on gel together, of which reading is shown at right. An amow indicates the position of the extension

product. The nucleotide in the sequence is highlighted by a square.



