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The differentiation of megakaryocytes into platelets is highly regulated by many cytok-
ines and growth factors. PACE4 and furin are Ca*-dependent serine endoproteases
belonging to the subtilisin-like proprotein convertase (SPC) family. These enzymes are
involved in the proteolytic activation of proteins that play essential roles in cell growth
and differentiation. In this study, we examined the expression of PACE4 and furin dur-
ing the differentiation of megakaryoblastic cell lines, Dami and HEL cells, induced by
phorbol 12-myristate 13-acetate (PMA). PMA stimulates not only the expression of plate-
let-derived growth factor-B (PDGF-B) mRNA, but also PACE4 mRNA in these cell lines.
The expression of PACE4 transcripts (both the PACE4A and PACE4C/CS isoforms) was
upregulated more than 4-fold by PMA. Moreover, direct treatment with PDGF-BB also
resulted in an increase in the level of PACE4 mRNA. Further, the effect of PDGF-BB on
PACE4 expression was confirmed by promoter assay of the PACE4 gene. Although the
furin mRNA level was increased by TGF-g1 in Dami cells, it was not affected by PDGF-
BB. These results indicate for the first time that PACE4 expression is specifically upreg-
ulated by PDGF-BB in differentiated megakaryoblasts, suggesting a unique role for
PACEA4 in platelet production.
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Megakaryocytes originate in the bone marrow from pluri-
potent hematopoietic stem cells through a differentiation
process that involves stem cell commitment, nuclear polyp-
loidization and cytoplasmic maturation leading to the pro-
duction of platelets (I-3). Several cytokines and growth
factors synergistically promote proliferation and differenti-
ation in the bone marrow. To date, a number of megakaryo-
blastic cell lines, such as Dami cells, have been charac-
terized (1, 4). They can be induced to undergo further dif-
ferentiation to varying degrees in the presence of cytokines
and growth factors, or by a phorbol esters such as phorbol
12-myristate 13-acetate® (PMA) (I, 2). It was previously
shown that the amounts of megakaryocytic markers, espe-
cially platelet a-granule proteins and platelet membrane
glycoproteins, increased markedly in PMA-treated mega-
karyoblasts following the accumulation of mRNA. PDGF
and TGF-B1 are known to be stored in a-granules and
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secreted under physiological conditions (5, 6). Mice lacking
PDGF or its receptor exhibit multiple hematologic disor-
ders including thrombocytopenia (7, 8), and TGF-1 is sug-
gested to modulate thrombopoietin-mediated effects on
megakaryocytic proliferation (9). Thus these growth factors
are crucial for megakaryocytopoiesis. A common feature of
PDGF and TGF-B-related growth factors is that their
active forms are dimers of a carboxy-terminal fragment
cleaved from a larger precursor (I10-14). Therefore their
biological activities are determined by proteolytic matura-
tion. Generally the sequence of the processing site is Arg-
Xaa-Arg/Lys-Arg, which is a potential cleavage motif for
subtilisin-like proprotein convertase (SPC) family pro-
teases. To date, seven members of this family have been
identified in mammals: furin, PC1/3, PC2, PACE4, PC4,
PC5/6, and PC7/8/LPC (15-17). Recent genetic studies have
indicated the involvement of PACE4 and furin in the regu-
lation of the biological activities of TGF-B—related factors
such as bone morphogenetic proteins (BMPs) during em-
bryogenic development (18-23). Previously, Blanchette et
al. demonstrated that TGF-B1 upregulates its own process-
ing enzyme, furin, in various cell lines (24, 25), and Dubois
et al. reported that both furin and TGF-1 are expressed in
megakaryocytes (26). However, little information has been
published about the expression of PACE4 in differentiating
megakaryoblasts. It was reported that both PACE4 and
furin have similar substrate specificities and overlapping
expressions, as shown in proalbumin processing in HepG2
cells (27). Although PACE4 was long considered to substi-
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tute for or supplement the activity of furin, these enzymes
actually have different properties as follows. Furin is found
in the trans-Golgi network as a membrane-bound enzyme
and exhibits a ubiquitous distribution, whereas PACE4 is a
secretory enzyme that shows cell-specific expression (15-
17, 28-31). In addition, we recently succeeded in bio-engi-
neering specific protein-based inhibitors to discriminate
between PACE4 and furin (32), and several reports have
shown that in substrate processing, the activity of PACE4
is much more limited than that of furin (33-35). These find-
ings clearly show a difference in cleavage specificity. On the
other hand, the genes for these enzymes are located close
together on chromosome 15 in humans and chromosome 7
in mice, suggesting a local duplication during evolution of
the SPC family (36, 37). However, the overall gene struc-
ture is quite different (38—41). Recently we found that
PACEA4 is expressed in human megakaryoblastic cell lines,
Dami and HEL cells. In this study, in an attempt to clarify
whether PACE4 is needed to achieve platelet production,
we analyzed the expression of PACE4 in differentiating
megakaryoblasts. The results demonstrate for the first time
that PDGF-BB is a major positive regulator of PACE4
expression during megakaryocytopoiesis.

MATERIALS AND METHODS

Growth Factors and Chemical Reagents—Phorbol 12-
myristate 13-acetate (PMA) and human transforming
growth factor-81 (TGF-B1) were purchased from Sigma
(St. Louis, MO). Human platelet-derived growth factor—-BB
(PDGF-BB) was from Genzyme/Techne (Minneapolis, MN).
Wortmannin was from Calbiochem (La Jolla, CA). LY-
294002 was from Upstate Biotechnology (Lake Placid, NY).
PD98059 was from Alexis Biochemicals (San Diego, CA).
PMA was diluted to 100 pM with dimethyl sulfoxide
(DMSO), growth factors were dissolved in 4 mM HCI con-
taining 0.1% BSA, protein kinase inhibitors were dissolved
in DMSO, and stored at —80°C until use. The other re-
agents were of the highest grade available.

Cell Culture and Stimulation—Dami cells, kindly pro-
vided by Prof. S. Yamamoto (The University of Tokushima,
School of Medicine, Tokushima), were grown in Iscove’s
modified Dulbecco’s medium (IMDM) supplemented with
10% horse serum. HEL cells, kindly provided by Prof. N.
Ueda (Kagawa Medical University, Dept. Biochem., Ka-
gawa), were grown in RPMI 1640 medium supplemented
with 10% heat-inactivated fetal calf serum. HEK 293 cells
were grown in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal calf serum. Penicil-
lin (100 TU/ml) and streptomycin (100 pg/ml) were added to
all media. The cells were cultured in a humidified 5% CO,
atmosphere. For treatment with various reagents, Dami
and HEL cells were resuspended in fresh culture medium
supplemented with 5% serum containing PMA (100 nM),
TGF-81 (1 or 10 ng/ml), or PDGF-BB (1 or 10 ng/ml) at a
density of 2 x 10° cells/ml. HEK 293 cells were cultured
until 80% confluent following stimulation with PDGF-BB
(50 ng/ml) in fresh culture medium containing 5% serum
for 6 h. For the inhibition experiments, the cells were pre-
treated in the absence or presence of wortmannin (0.1 pnM),
LY294002 (10 wM), PD98059 (10 nM), or DMSO for 10 min
before stimulation with PDGF-BB (1 ng/ml) for 6 h.

RNA Isolation and Northern Blot Analysis—Total RNA

M. Bando et al.

was isolated from the cells using ISOGEN (Nippon Gene,
Toyama) according to the manufacturer’s instructions. For
Northern blotting, total RNA (10 pg) was resolved by elec-
trophoresis in a 1% agarose gel containing 6.7% formalde-
hyde and then transferred to a Hybond-N+ nylon mem-
brane (Amersham BioSciences, Buckinghamshire, UK).
The membranes were prehybridized at 65°C for 3 h in
Rapid-hyb buffer (Amersham BioSciences), and then
hybridized with radiolabeled ¢cDNA probe at 65°C. The
¢DNA probes were labeled with [a-32P]dCTP (Amersham
BioSciences) using a BcaBEST™ labeling kit (Takara,
Kyoto). The sites of the ¢cDNA probes were as follows:
PACE4 (corresponding to nucleotides 1372 to 1764 in the
human PACE4A-I ¢cDNA), PACE4C/CS (nucleotides 1974 to
2283), PACEA4D (-546 to —126), furin (1561 to 2050), PC5/6
(1801 to 2385), PC7/8 (1315 to 1992), GPIba (-2 to 313)
PDGF-B (-9 to 731), and TGF-B1 (837 to 1176). The minus
(—) sign is relative to the initiator ATG. After hybridization,
the membranes were washed with 2x SSPE (1x SSPE: 10
mM sodium phosphate containing 0.15 M NaCl and 1 mM
EDTA, pH 7.4) containing 0.1% SDS at room temperature,
and with 1x SSPE containing 0.1% SDS at 65°C. The blots
were exposed to X-ray film (Konica, Tokyo) with an intensi-
fying screen at —80°C. The relative intensities of the bands
were determined in comparison with the invariant GAPDH
signal on the same membrane.

Transfection and Gene Reporter Assays—The reporter
plasmid containing 2.0 kb of the 5-flanking region of the
human PACE4 gene was used as described previously (42).
Dami cells were cultured in the presence of 100 nM PMA
for 4 h and transiently transfected with reporter plasmid
using FuGENE™6 Transfection Reagent (Roche Diagnos-
tics, Mannheim, Germany) according to the manufacturer’s
instructions. FuGENES6 reagent (3 pl) was incubated in 97
wl of IMDM at room temperature. After 5 min, reporter
plasmid (0.65 pg) and pGL3-B-galactosidase (0.35 ug) were
added and incubated for 30 min at room temperature. Then
the FuGENEG6-plasmid mixture (100 pl) was added to the
cells and incubated at 37°C. After 42 h, the medium was
replaced with fresh IMDM containing 5% horse serum and
the cells were treated with PDGF-BB (10 ng/ml) for 6 h.
The luciferase activity in cell extracts was assayed as de-
scribed previously (42). The luciferase activity was normal-
ized for transfection efficiency by the measurement of -
galactosidase activity. The results are presented as the
mean of the luciferase activity £ SD from a single experi-
ment performed in triplicate.

RESULTS

Expression of mRNAs for SPC Family Members in Dami
Cells—We first examined the expression profile of SPC
family members in Dami cells by Northern blotting. As
shown in Fig. 1A, furin (4.4 kb; panel 2) and PC7/8 (4.4 kb;
panel 4) mRNAs were expressed in Dami cells, whereas
PC5/6 mRNA was undetectable (panel 3). PACE4 tran-
scripts were detected as 4.4 kb and 3.0 kb bands using a
common PACE4 ¢DNA probe (panel 1). The 4.4 kb band
was also detected in human hepatoma HepG2 cells, which-
express PACE4A-II as the major isoform (27). The 3.0 kb
transcript was not detected in HepG2 cells. Previously, we
showed that multiple PACE4 transcripts (A-I, A-II, B, C,
CS, D, E-I, and E-II) are produced by the alternative splic-
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ing of a single gene (41). The carboxy terminal region varies
in length and sequence among these isoforms. To determine
the origin of the 3.0 kb band, Northern blot analysis was
further performed using specific probes for PACE4 isoforms
(Fig. 1B). This smaller transcript hybridized with a
PACE4C/CS-specific probe (panel 2), but not with a
PACE4D probe (panel 3). Consistent with the results of
Northern blot analysis, PACE4A-II and PACE4C/CS were
identified by a ribonuclease protection assay (data not
shown). These results indicate that PACE4A-II, PACE4C
(or PACE4CS), furin, and PC7/8 mRNAs are expressed in
Dami cells.

Effect of PMA on PACE4, Furin, and PC7/8 mRNA Ex-
pression in Dami Cells—Dami cells were cultured in the
presence of 100 nM PMA and the time course of the expres-
sion of SPCs, PDGF-B, and TGF-f1 mRNA was analyzed
by Northern blotting. The morphology of Dami cells
changed markedly after exposure to PMA, with increased
adherence to the tissue culture dishes and cell spreading.
The cell nuclei became larger and lobulated (Fig. 2A). In
addition, the differentiation of Dami cells induced by PMA
was confirmed by an increase in the megakaryocyte pheno-
typic marker, platelet glycoprotein GPIba mRNA (Fig. 2A).
As shown in Fig. 2B, the level of GAPDH was unchanged,
indicating that PMA treatment does not cause a general
increase in cellular gene expression. The basal level of
PDGF-B mRNA in untreated Dami cells is very low, and
the PMA treatment resulted in a great increase from day 1
with a maximal effect after 2 days (Fig. 2B). Similarly, the
expression of TGF-81 mRNA increased in response to PMA
(Fig. 2B). In contrast, PDGF-A mRNA barely detectable in
the untreated and PMA-treated Dami cells (data not
shown). Subsequently, PMA slowly induced the accumula-
tion of two PACE4 transcripts (PACE4A-II and PACEA4C/

(A)
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3.0 kb {»

(B)

4.4 kb e
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Fig. 1. Northern blot analysis of SPC and PACE4 isoform ex-
pression in Dami cells. (A) Ten micrograms of total RNA from
Dami cells was analyzed by Northern blotting as described under
“MATERIALS AND METHODS.” The blots were hybridized with
¢DNA probes, as follows: PACE4 (panel 1), furin (panel 2), PC5/6
(panel 3), and PC7/8 (panel 4). (B) The blots were hybridized with
cDNA probes: PACE4 (lane 1), PACE4AC/CS (lane 2), and PACE4D
(lane 3).
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CS isoforms), and its expression increased markedly from
day 2 (Fig. 2, B and C). The_accumulation_of both tran-
scripts was augmented 4.3-fold at 3 days in the presence of
PMA, as compared to the level at zero time. PMA did not
affect the ratio of PACE4A-II to PACE4C/CS. Furin mRNA
expression also increased gradually over a period of 3 days
(Fig. 2, B and C). The expression of PC7/8 mRNA was
unchanged (Fig. 2, B and C). Thus PACE4 mRNAs are the
most increased by PMA among the SPCs examined. More-
over, the sequential accumulation of PDGF-B and PACE4
mRNA, suggests a positive effect of PDGF-BB on the tran-
scription of PACEA4.

Effect of PDGF-BB on PACE4 and Furin mRNA Expres-
sion in Dami and HEL Cells—We further analyzed the
direct effect of PDGF-BB on PACE4 mRNA expression.
When Dami cells were cultured with various concentra-
tions of PDGF-BB, the maximal effect was detectable at 1
10 ng/ml (data not shown), and no morphological changes
were observed after treatment of PDGF-BB (Fig. 3A). Both
transcripts (PACE4A-II and C/CS) were augmented simi-

PMA
0 24(hj
GPlba
(B) (C)
PMA
0 1 2 3 (days) (fold)
- -
PACE4 - @ . 4t
Furi 2
< 3
o
£ 2}
2
o
0 1 2 3 (days)

Incubation time

Fig. 2. Effect of PMA on SPC expression in Dami cells. (A) Dami
cells were cultured in the presence of 100 nM PMA for 24 h, and ex-
amined under phase-contrast optics at a magnification of X200 (up-
per). Then total RNA was isolated and analyzed for GPIba mRNA
by Northern blotting (lower). (B) The cells were cultured with PMA
for the periods indicated. Total RNA was isolated and analyzed by
Northern blotting. The blots were hybridized with PACE4, furin,
PC7/8, PDGF-B, TGF-B1, and GAPDH cDNA probes. (B) The densi-
ties of the PACE4A-II (open circles), PACE4C/CS (closed circles), fu-
rin (open triangles), and PC7/8 (open squares) mRNA bands were
quantified using an imaging analyzer BAS-1500. The data are ex-
pressed relative to the level at zero time after being normalized to
the amount of GAPDH mRNA.
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larly by treatment with PDGF-BB. In the time-course anal-
ysis, the level of PACE4 transcripts was increased slightly
at 2 h, and reached a peak at 4-8 h (Fig. 3A). The accumu-
lation of PACE4 mRNA was increased approximately 4-fold
at 8 h after treatment with PDGF-BB as compared with
the control. However, the furin mRNA level was not influ-
enced at all by PDGF-BB treatment (Fig. 3A). Similar
results were obtained when Dami cells were treated with
PDGF-BB in serum-free medium (data not shown). To ex-
amine the cell specificity of the PDGF-BB effect on PACE4
expression, another megakaryoblastic cell line, HEL cells,
was analyzed, because these cells respond to phorbol ester
by undergoing terminal differentiation as in the case of
Dami cells (43, 44). PACE4 transcripts were increased 4.4-
fold by PDGF-BB stimulation, while the level of furin
mRNA was slightly decreased in HEL cells (Fig. 3B). In
contrast, PDGF-BB had no effect on the expression of
PACE4 transcripts in HEK 293 cells (Fig. 3B) or Swiss 3T3
fibroblasts (data not shown). Thus these results indicate
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Fig. 3. Effect of PDGF-BB on PACE4 and furin mRNA expres-
sion. (A) Dami cells were cultured in the presence of 10 ng/ml of
PDGF-BB, and examined under phase-contrast optics at x200 mag-
nification (upper). The cells were lysed at the times indicated, and
total RNA was isolated and analyzed by Northern blotting (lower).
(B) HEL cells were cultured in the presence of 1 ng/ml of PDGF-BB
for 6 and 24 h. HEK 293 cells were cultured in the presence of 50 ng/
ml of PDGF-BB for 6 h. Total RNA was isolated and analyzed for
PACE4 and furin mRNAs by Northern blotting.
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that only the mRNAs of PACE4 (PACE4A-II and C/CS) are
modulated by PDGF-BB among the SPCs expressed in
PMA-differentiated megakaryoblasts.

Effect of TGF-B1 on PACE4 and Furin mRNA Expression
in Dami Cells—Subsequently, we examined the direct
effect of TGF-B1 on PACE4 mRNA expression in Dami
cells. TGF-B1 is known to upregulate the expression of
furin, its own processing enzyme (24, 25). Although furin
mRNA expression was increased by TGF-p1 treatment, the
PACE4 mRNA level was unchanged (Fig. 4).

PDGF-BB Induces Promoter Activity of the PACE4 Gene

_TGF-B1_

0 1 10 (ng/ml)
PACE4 |™ =
GAPDH |§p &% @

Fig. 4. Effect of TGF-1 on PACE4 and furin mRNA expression
in Dami cells. Dami cells were incubated in the presence (1 or 10
ng/ml) of TGF-R1 for 24 h. Total RNA was isolated and analyzed for
PACE4 and furin mRNAs by Northern blotting.
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Fig. 5. Effect of PDGF-BB on PACE4 promoter activity in Dami
cells. A construct P-2000 containing 2.0 kb of the 5-flanking region
was ligated into a luciferase plasmid (pGL3-Basic). Putative regula-
tory elements are shown at the top of the figure. The transcription
start site, —314 in HepG2 cells, is indicated by an arrow. PMA-
treated Dami cells were transfected with the reporter gene (P-2000)
using FUuGENEG6 reagent as described under “MATERIALS AND
METHODS,” and cultured in the absence or presence of PDGF-BB
(10 ng/ml) for 6 h. The luciferase activity was expressed relative to
the luciferase activity of the promoterless construct (pGL3-B), and
normalized to the B-galactosidase activity. The experiment was re-
peated twice with similar results.
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Fig. 6. Effects of protein kinase inhibitors on PDGF-BB-medi-
ated PACE4 expression. Dami cells were pretreated in the absence
or presence of wortmannin (0.1 uM), LY294002 (10 uM), PD98059
(10 uM), or DMSO for 10 min before stimulation with PDGF-BB (1
ng/ml) for 6 h. Total RNA was isolated and analyzed for PACE4
mRNA by Northern blotting. The results of quantitative analysis of
blotted bands obtained in three independent experiments are shown.
Each value is expressed as the mean + SD.

in Dami Cells—To confirm the effect of PDGF-BB on the
transcription of PACE4 mRNA, we examined whether
PDGF-BB can stimulate the promoter activity of the
PACE4 gene through transient transfection with a PACE4
promoter/luciferase reporter gene construct. In this experi-
ment, adherent PMA-treated Dami cells were used to in-
crease the efficiency of transfection. As shown in Fig. 5, the
P-2000 construct with 2.0 kb of the 5-flanking region of the
human PACE4 gene fused to the promoterless luciferase
reporter gene was used to transfect Dami cells. The cells
were cultured in the absence and presence of PDGF-BB
after transfection and the luciferase activity in the cells
was assayed. The treatment with PDGF-BB produced a
marked increase (13.6-fold) in luciferase activity as com-
pared with the control cells (4.9-fold). The luciferase activ-
ity of the control cells was also increased. Endogenous
PDGF-BB synthesized in the cells might activate the pro-
moter because PMA stimulated the synthesis of PDGF-BB
as mentioned above.

Effect of Protein Kinase Inhibitors on the PDGF-BB-
mediated Inducion of PACE4—To study the signal trans-
duction pathways underlying the upregulating effect of
PDGF-BB on PACE4 expression, we examined the effect of
protein kinase inhibitors such as wortmannin and LY-
294002, two unrelated inhibitors of phosphatidylinositol 3-
kinase (PI 3-kinase) and PD98059, a mitogen-activated
protein kinase (MAP-kinase) inhibitor (45-48). As shown in
Fig. 6, incubation of Dami cells with 0.1 uM wortmannin
and 10 pM 1.Y294002 blocked the effect of PDGF-BB on
PACE4 mRNA levels, although incubation with 10 pM
PD98059 had no such effect. These results indicate that the
effect of PDGF-BB on PACE4 expression in Dami cells is
exerted through a signal transduction pathway involving
PI 3-kinase activity.
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- DISCUSSION

Recent studies showed the involvement of both PACE4 and
furin in the endogenous processing of TGF-pB-related pro-
teins required for cell differentiation (18-23). The signifi-
cance of these enzymes during embryogenic development
was clearly demonstrated by knockout experiments in
mice. Mouse embryos lacking PACE4 develop an ambigu-
ous situs combined with left pulmonary isomerism and/or
display varying degrees of holoprosencephaly, whereas
furin-deficient embryos fail to undergo axial rotation and
develop severe ventral closure and heart morphogenesis
defects (49-51). Thus neither PACE4 nor furin can compen-
sate for the loss of the other enzyme, indicating distinct
roles for these proteins. Understanding the difference in
the transcriptional regulatory mechanisms of PACE4 and
furin is another approach to clarifying their roles. Recently,
we reported that PACE4 gene expression is suppressed by
the mammalian achaete-scute homolog-1 (MASH-1) tran-
scription factor in neuroblastoma cell lines (52). However
the upregulating factors have not yet been identified. In the
present study, we compared the regulatory mechanisms of
PACE4 and furin gene expression during the differentia-
tion of the megakaryoblastic cell lines, Dami and HEL cells.
These cells express three kinds of SPC family proteases,
PACEA4, furin, and PC7/8. In addition, two kinds of PACE4
transcripts were detected. The 4.4 and 3.0 kb mRNAs were
identified as PACE4A-II and PACE4C/CS transcripts by
Northern blotting and ribonuclease protection assay.
PACE4A contains a signal peptide, a propeptide, a subtili-
sin-like catalytic domain (SCD), a homoB domain and a
cysteine-rich region (CRR). PACE4C lacks a carboxy-termi-
nal region in the homoB domain and the entire CRR (53).
PACEACS is a C-terminally truncated form of PACE4C
(64). The sizes of the mRNAs coding PACE4C and CS are
almost the same. Although PACE4C and PACE4CS were
shown to be inactive enzymes by coexpression experiments,
their roles are still unknown (54, 55). The levels of both
PACE4 transcripts (PACE4A-II and C/CS) were increased
more than 4-fold after treatment with PMA for 2 days,
whereas the furin mRNA level showed only a slight in-
crease, and the level of PC7/8 mRNA was unchanged. More
importantly, we showed that PDGF-BB increased PACE4
expression in a time-dependent manner, whereas it had no
effect on furin expression. The upregulation of the expres-
sion of PACE4 transcripts by treatment with PDGF-BB
was confirmed in another megakaryoblastic cell line, HEL
cells. By contrast, direct treatment with TGF-B1 enhanced
furin mRNA expression, however, PACE4 expression was
almost unchanged.

PDGF is a potent stimulant causing mesenchymal cell
proliferation, migration, and altered cell metabolism in
vitro and in vivo (66-58). Moreover, PDGF also stimulates
hematopoiesis by promoting granulopoiesis (59), erythro-
poiesis (60, 61) and megakaryocytopoiesis (62). A crucial
role for PDGF in megakaryocytopoiesis and platelet pro-
duction was suggested by the generation of mice deficient
in PDGF-B and its receptor, PDGF receptor—3 (PDGFR-B).
These mice exhibit multiple hematologic disorders includ-
ing thrombocytopenia (7, 8). In addition, megakaryocytes
have been found to express PDGF and the PDGF receptor
(63). Therefore, these results suggest that PACE4 gene ex-
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pression is upregulated by PDGF-BB in an autocrine man-
ner or synergistically with other factors. The binding of
PDGF to its receptor results in the activation of several
intracellular signaling pathways, including the Ras/MAP-
kinase pathway and PI 3-kinase pathway Exposure of
megakaryocytes to PDGF-BB markedly induces the expres-
sion of the immediate-early gene, and significantly stimu-
lates cell proliferation and colony formation (63). PDGF-BB
is known to activate nuclear transcription factors such as
Fos, Jun, Stat and Ets in other cellular systems (64, 65).
The promoter region of the human PACE4 gene contains
several potential binding sites for the transcription factors
AP-1, AP-2, and Spl, which are candidate mediators of
PDGF-BB signaling. Further analysis is necessary to eluci-
date the sequence in the 5-flanking region of the PACE4
gene important for the induction by PDGF-BB.

Although TGF-B1 regulates the expression of its own
converting enzyme, furin (24, 25), it is unlikely that pro-
PDGF-BB is activated by PACE4. Coexpression experi-
ments indicated that pro-PDGF-BB is a poor substrate for
PACE4 (data not shown). On the other hand, the levels of
von Willebrand factor (vWF) mRNA and mature protein
were increased in Dami cells as were PDGF-BB and
PACE4 (4, 66). vWF is initially synthesized as pro-vWF, a
larger precursor form, and then converted to mature vWF
through cleavage of the propeptide at a dibasic site. It was
shown that PACEA4 is able to process the precursor form of
vWF to the mature form in coexpression experiments (35,
55). It is suggested that pro-vWF is a candidate for the
endogenous substrate of PACE4. To date, however, the
physiological substrate of PACE4 has yet to be identified.

In conclusion, we revealed for the first time that PACE4
mRNA expression is selectively upregulated by PDGF-BB
in megakaryoblasts, unlike the expression of furin mRNA.
Our results indicate that PACE4 and furin play distinct
roles in megakaryocyte differentiation. Further study of the
induction of PACE4 mRNA will afford new insight into the
mechanism of the differentiation of megakaryocytes into
platelets.

We are grateful to Professor Shozo Yamamoto and Dr. Kei Yama-
moto of the Department of Biochemistry in our University School
of Medicine for the gift of Dami cells and technical advice regard-
ing the luciferase assay, and to Professor Natsuo Ueda of the De-
partment of Biochemistry, Kagawa Medical University for the gift
of HEL cells. We also thank Dr. Rieko Kuroda for excellent advice
and help, Miss Kumiko Kawano, and Miss Tokue Kuroda for secre-
tarial assistance, and Mr. Takashi Itani, Mr. Tomonori Shimada,
and Mr. Dai Yamashita for technical assistance.

REFERENCES

1. Hoffman, R. (1989) Regulation of megakaryocytopoiesis. Blood
74, 1196-1212

2. Avraham, H. (1993) Regulation of megakaryocytopoiesis. Stem
Cells 11, 499-510

3. Ellis, M.H,, Avraham, H., and Groopman, J.E. (1995) The regu-
lation of megakaryocytopoiesis. Blood Rev. 9, 1-6

4. Greenberg, S.M., Rosenthal, D.S., Greeley, TA., Tantravahi, R.,
and Handin, R.I. (1988) Characterization of a new megakaryo-
cytic cell line: the Dami cell. Blood 72, 1968-1977

5. Alitalo, R. (1990) Induced diffrentiation of K562 leukemia cells:
a model for studies of gene expression in early megakaryo-
blasts. Leuk. Res. 14, 501-514

6. Wickenhauser, C., Hillienhof, A., Jungheim, K., Lorenzen, J.,

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

M. Bando et al.

Ruskowski, H., Hansmann, M.-L., Thiele, J., and Fischer, R.
(1995) Detection and quantification of transforming growth fac-
tor B (TGF-B) and platelet-derived growth factor (PDGF)
release by normal human megakaryocytes. Leukemia 9, 310—
315

. Levéen, P, Pekny, M., Gebre-Medhin, S., Swolin, B., Larsson,

E., and Betsholtz, C. (1994) Mice deficient for PDGF B show
renal, cardiovascular, and hematological abnormalities. Genes
Dev. 8, 1875-1887

. Soriano, P. (1994) Abnormal kidney development and hemato-

logical disorders in PDGF B-receptor mutant mice. Genes Deu.
8, 1888-1896

. Kalina, U, Koschmieder, S., Hofmann, W.-K., Wagner, S., Kaus-

chat, D., Hoelzer, D., and Ottmann, O.G. (2001) Transfroming
growth factor-B1 interferes with thrombopoietin-induced signal
transduction in megakaryoblastic and erythroleukemic cells.
Exp. Hematol. 29, 602-608

Ostman, A., Rall, L., Hammacher, A., Wormstead, M.A., Coit,
D., Valenzuela, P., Betsholtz, C., Westermark, B., and Heldin,
C.-H. (1988) Synthesis and assembly of a functionally active
recombinant platelet-derived growth factor AB heterodimer. /.
Biol. Chem. 263, 16202-16208

Bywater, M., Rorsman, F., Bongcam-Rudloff, E., Mark, G,
Hammacher, A., Heldin, C.-H., Westermark, B., and Betsholtz,
C. (1988) Expression of recombinant platelet-derived growth
factor A- and B-chain homodimers in rat-1 cells and human
fibroblasts reveals differences in protein processing and auto-
crine effects. Mol. Cell. Biol. 8, 2753-2762

Ostman, A., Thyberg, J., Westermark, B., and Heldin, C.-H.
(1992) PDGF-AA and PDGF-BB biosynthesis: proprotein pro-
cessing in the Golgi complex and lysosomal degradation of
PDGF-BB retained intracellularly. /. Cell Biol. 118, 509-519
Derynck, R., Jarrett, J.A., Chen, E.Y., and Goeddel, D.V. (1986)
The murine transforming growth factor-B precursor. J. Biol.
Chem. 261, 4377-4379

Lyons, R.M., Keski-Oja, J., and Moses, H.L. (1988) Proteolytic
activation of latent transforming growth factor- form fibro-
blast-conditioned medium. /. Cell Biol. 106, 1659-1665
Nakayama, K. (1997) Furin: a mammalian subtilisin/Kex2p-
like endoprotease involved in processing of a.wide variety of
precursor proteins. Biochem. J. 327, 625-635

Seidah, N.G. and Chrétien, M. (1999) Proprotein and prohor-
mone convertases: a family of subtilases generating diverse bio-
active polypeptides. Brain Res. 848, 45-62

Bergeron, F.,, Leduc, R., and Day, R. (2000) Subtilase-like pro-
protein convertases: from molecular specificity to therapeutic
applications. J. Mol. Endocrinol. 24, 1-22

Constam, D.B., Calfon, M., and Robertson, E.J. (1996) SPC4,
SPC6, and the novel protease SPC7 are coexpressed with bone
morphogenetic proteins at distinct sites during embryogenesis.
oJ. Cell Biol. 134, 181-191

Zheng, M., Seidah, N.G., and Pintar, J.E. (1997) The develop-
mental expression in the rat CNS and peripheral tissues of pro-
teases PC5 and PACE4 mRNAs: comparison with other pro-
protein processing enzymes. Dev. Biol. 181, 268-283

Akamatsu, T., Matsuda, Y., Tsumura, K., Tada, J., Parvin, M.N.,
Kanamori, N., and Hosoi, K. (1999) Subtilisin-like proprotein
convertase PACE4 (SPC4) is a candidate processing enzyme of
bone morphogenetic proteins during tooth formation. Dev. Dyn.
216, 481-488

Akamatsu, T., Matsuda, Y., Tsumura, K., Tada, J., Parvin, M.N.,
Wei, W,, Kanamori, N., and Hosoi, K. (2000) Highly regulated
expression of subtilisin-like proprotein convertase PACE4
(SPC4) during dentinogenesis. Biochem. Biophys. Res. Commun.
272,410-415

Cui, Y., Jean, F,, Thomas, G., and Christian, J.L. (1998) BMP-4
is proteolytically activated by furin and/or PC6 during verte-
brate embryonic development. EMBO J 17, 4735-4743
Constam, D.B. and Robertson, E.J. (1999) Regulation of bone
morphogenetic protein activity by pro domains and proprotein
convertases. J. Cell Biol. 144, 139-149

Blanchette, F., Day, R., Dong, W., Laprise, M.-H., and Dubois,

J. Biochem.

2102 ‘62 Jequieidss uo A1sleAlun pezy diwes| e /B1o'sfeunofpioyxo-qly/:dny wouy pepeojumoq


http://jb.oxfordjournals.org/

Regulation of PACE4 by PDGF-BB

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Vol.

=

C.M. (1997) TGFB1 regulates gene expression of its own con-
verting enzyme furin. J Clin. Invest. 99, 1974-1983

Blanchette, F., Rudd, P, Grondin, F.,, Attisano, L., and Dubois,
C.M. (2001) Involvement of Smads in TGFB1-induced furin
(fur) transcription. JJ. Cell. Physiol. 188, 264-273

Dubois, C.M., Blanchette, F., Laprise, M.-H., Leduc, R., Gron-
din, F,, and Seidah, N.G. (2001) Evidence that furin is an au-
thentic transforming growth factor-B1-converting enzyme. Am.
J. Pathol. 158, 305-316

Mori, K., Imamaki, A., Nagata, K., Yonetomi, Y., Kiyokage-
Yoshimoto, R., Martin, T.J., Gillespie, M.T., Nagahama, M,,
Tsuji, A., and Matsuda, Y. (1999) Subtilisin-like proprotein con-
vertases, PACE4 and PC7/8, as well as furin, are endogenous
proalbumin convertases in HepG2 cells. J Biochem. 125, 627-
633

Dong, W., Marcinkiewicz, M., Vieau, D., Chrétien, M., Seidah,
N.G, and Day, R. (1995) Distinct mRNA expression of the
highly homologous convertases PC5 and PACE4 in the rat
brain and pituitary. J Neurosci. 15, 1778-1796

Nagamune, H., Muramatsu, K., Akamatsu, T, Tamai, Y., Izumi,
K, Tsuji, A., and Matsuda, Y. (1995) Distribution of the Kexin
family proteases in pancreatic islets: PACE4C is specifically
expressed in B cells of pancreatic islets. Endocrinology 136,
357-360

Akamatsu, T., Daikoku, S., Nagamune, H., Yoshida, S., Mori,
K., Tsuji, A, and Matsuda, Y. (1997) Developmental expression
of a novel Kexin family protease, PACE4E, in the rat olfactory
system. Histochem. Cell Biol. 108, 95-103

Taniguchi, T., Kuroda, R., Sakurai, K., Nagahama, M., Wada, I,
Tsuji, A., and Matsuda, Y. (2002) A critical role for carboxy ter-
minal region of the proprotein convertase, PACE4A, in the reg-
ulation of its autocatalytic activation coupled with secretion.
Biochem. Biophys. Res. Commun. 290, 878-884

Tsuji, A., Ikoma, T., Hashimoto, E., and Matsuda, Y. (2002)
Development of selectivity of al-antitrypsin variant by muta-
genesis in its reactive site loop against proprotein convertase. A
crucial role of the P4 arginine in PACE4 inhibition. Protein Eng.
15, 123-130

Inocencio, N.M., Sucic, J.F., Moehring, J.M., Spence, M.J., and
Moehring, T.J. (1997) Endoprotease activities other than furin
and PACE4 with a role in processing of HIV-I gp160 glycopro-
teins in CHO-K1 cells. J. Biol. Chem. 272, 13441348

Posthaus, H., Dubois, C.M., Laprise, M.-H., Grondin, F., Suter,
M.M., and Miiller, E. (1998) Proprotein cleavage of E-cadherin
by furin in baculovirus over-expression system: potential role of
other convertases in mammalian cells. FEBS Lett. 438, 306-310
Sucic, J.F., Moehring, J.M., Inocencio, N.M., Luchini, JW., and
Moehring, T.J. (1999) Endoprotease PACE4 is Ca*-dependent
and temperature-sensitive and can partly rescue the phenotype
of a furin-deficient cell strain. Biochem. J. 399, 639-647

Kiefer, M. C., Tucker, J. E., Joh, R., Landsberg, K.E., Saltman,
D., and Barr, PJ. (1991) Identification of a second human sub-
tilisin-like protease gene in the fes/fps region of chromosome 15.
DNA Cell Biol. 10, 757-769

Mbikay, M., Seidah, N.G., Chrétien, M., and Simpson, E.M.
(1995) Chromosomal assignment of the genes for proprotein
convertases PC4, PC5, and PACE 4 in mouse and human.
Genomics 26, 123-129

Roebroek, A.J. M., Schalken, J.A., Leunissen, J.A.M., Onnekink,
C., Bloemers, H.P.J., and Van de Ven, W.J.M. (1986) Evolution-
ary conserved close linkage of the c-fes/fps proto-oncogene and
genetic sequences encoding a receptor-like protein. EMBO. J. 5,
2197-2202

Barr, P.J.,, Mason, O.B,, Landsberg, K.E., Wang, PA., Keifer,
M.C,, and Brake, A.J. (1991) ¢cDNA and gene structure for a
human subtilisin-like protease with cleavage specificity for
paired basic amino acid residues. DNA Cell Biol. 10, 319-328
Ayoubi, TAY., Creemers, J WM., Roebroek, A.J.M., and Van de
Ven, W.J.M. (1994) Expression of the dibasic proprotein pro-
cessing enzyme furin is directed by multiple promoters. J. Biol.
Chem. 269, 9298-9303

Tsuji, A., Hine, C., Tamai, Y., Yonemoto, K., Mori, K., Yoshida,

132, No. 1, 2002

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

133

S., Bando, M., Sakai, E., Mori, K., Akamatsu, T, and Matsuda,
Y. (1997) Genomic organization and alternative splicing of hu-
man PACE4 (SPC4), kexin-like processing endoprotease. <J. Bio-
chem. 122, 438-452

Tswji, A., Yoshida, S., Hasegawa, S., Bando, M., Yoshida, I.,
Koide, S., Mori, K., and Matsuda, Y. (1999) Human subtilisin-
like proprotein convertase, PACE4 (SPC4) gene expression is
highly regulated through E-box elements in HepG2 and
GHA4C1 cells. J. Biochem. 126, 494-502

Martin, P. and Papayannopoulou, T. (1982) HEL cells: a new
human erythroleukemia cell line with spontaneous and in-
duced globin expression. Science 216, 1233-1235

Weich, H.A., Herbst, D., Schairer, H.U., and Hoppe, J. (1987)
Platelet-derived growth factor: phorbol ester induces the ex-
pression of the B-chain but not of the A-chain in HEL cells.
FEBS Lett. 213, 89-94

Arcaro, A. and Wymann, M.P. (1993) Wortmannin is a potent
phosphatidylinositol 3-kinase inhibitor: the role of phosphati-
dylinositol 3,4,5-trisphosphate in neutrophil responses. Bio-
chem. J. 296, 297-301

Powis, G., Bonjouklian, R., Berggren, M.M., Gallegos, A., Abra-
ham, R., Ashendel, C., Zalkow, L., Matter, W.F., Dodge, J.,
Grindey, G., and Vlahos, C.J. (1994) Wortmannin, a potent and
selective inhibitor of phosphatidylinositol-3-kinase. Cancer Res.
54, 2419-2423

Vlahos, C.J., Matter, WF., Hui, K.Y,, and Brown, R.F. (1994) A
specific inhibitor of phosphatidylinositol 3-kinase, 2-(4-mor-
pholinyl)-8-phenyl-4H-1-benzopyran-4-one (LY294002). J. Biol.
Chem. 269, 5241-5248

Dudley, D.T,, Pang, L., Decker, S.J., Bridges, A.J., and Saltiel,
AR. (1995) A synthetic inhibitor of the mitogen-activated pro-
tein kinase cascade. Proc. Natl. Acad. Sci. USA 92, 7686-7689
Roebroek, A.J.M., Umans, L., Pauli, LG.L., Robertson, E.J., van
Leuven, F, Van de Ven, W.J.M., and Constam, D.B. (1998) Fail-
ure of ventral closure and axial rotation in embryos lacking the
proprotein convertase Furin. Development 125, 48634876
Constam, D.B. and Robertson, E.J. (2000) Tissue-specific re-
quirements for the proprotein convertase Furin/SPC1 during
embryonic turning and heart looping. Development 127, 245-
254

Constam, D.B. and Robertson, E.J. (2000) SPC4/PACE4 regu-
lates a TGFg signaling network during axis formation. Genes
Dev. 14, 1146-1155

Yoshida, 1., Koide, S., Hasegawa, S., Nakagawara, A., Tsuji, A.,
and Matsuda, Y. (2001) Proprotein convertase PACE4 is down-
regulated by the basic helix-loop-helix transcription factor
hASH-1 and MASH-1. Biochem. J. 360, 683—-689

Tsuji, A., Higashine, K., Hine, C., Mori, K., Tamai, Y., Naga-
mune, H., and Matsuda, Y. (1994) Identification of novel cDNAs
encoding human kexin-like protease, PACE4 isoforms. Biochem.
Biophys. Res. Commun. 200, 943-950

Zhong, M., Benjannet, S., Lazure, C., Munzer, S., and Seidah,
N.G. (1996) Functional analysis of human PACE4-A and
PACE4-C isoforms: identification of a new PACE4-CS isoform.
FEBS Lett. 396, 31-36

Mori, K, Kii, S, Tsuji, A, Nagahama, M., Imamaki, A,
Hayashi, K., Akamatsu, T, Nagamune, H., and Matsuda, Y.
(1997) A novel human PACE4 isoform, PACE4E is an active
processing protease containing a hydrophobic cluster at the
carboxy terminus. J. Biochem. 121, 941-948

Heldin, C.-H., Ostman, A., and Rénnstrand, L. (1998) Signal
transduction via platelet-derived growth factor receptors. Bio-
chim. Biophys. Acta 1378, F79-F113

Heldin, C.-H. and Westermark, B. (1999) Mechanism of action
and in vivo role of platelet-derived growth factor Physiol. Rev.
79, 1283-1316

Betsholtz, C., Karlsson, L., and Lindahl, P. (2001) Developmen-
tal roles of platelet-derived growth factors. BioEssays 23, 494—
507

Yang, M., Li, K, Lam, A.C,, Yuen, PM.P,, Fok, TF.,, Chester-
man, C.N., and Chong, B.H. (2001) Platelet-derived growth fac-
tor enhances granulopoiesis via bone marrow stromal cells. Int.

ZT02 ‘62 Jequiides o AISRAIUN pezy dILe S| e /610'SeuInofpioyxo-qlj/:dny wouy pepeojumoq


http://jb.oxfordjournals.org/

134

60.

61.

62.

63.

J. Hematol. 73, 327-334

Dainiak, N., Davies, G., Kalmanti, M., Lawler, J., and Kulkarni,
V. (1983) Platelet-derived growth factor promotes proliferation
of erythropoietic progenitor cells in vitro. J Clin. Invest. 71,
1206-1214

Delwiche, F., Raines, E., Powell, J., Ross, R., and Adamson, J.
(1985) Platelet-derived growth factor enhances in vitro erythro-
poiesis via stimulation of mesenchymal cells. J Clin. Invest. 76,
137-142

Yang, M., Chesterman, C.N., and Chong, B.H. (1995) Recombi-
nant PDGF enhances megakaryocytopoiesis in vitro. Br. J. Hae-
matol. 91, 285-289

Yang, M., Khachigian, L.M., Hicks, C., Chesterman, C.N., and

64.

65.

66.

M. Bando et al.

Chong, B.H. (1997) Identification of PDGF receptors on human
megakaryocytes and megakaryocytic cell lines. Thromb. Hae-
most. 78, 892-896

Pawson, T. and Saxton, TM. (1999) Signaling networks—do all
roads lead to the same genes? Cell 97, 675-678

Fambrough, D., McClure, K., Kazlaskas, A., and Lander, E.S.
(1999) Diverse signaling pathways activated by growth factor
receptors induce broadly overlapping, rather than independent,
sets of genes. Cell 97, 727-741

Greenberg, S.M. and Chandrasekhar, C. (1991) Hematopoietic
factor-induced synthesis of von Willebrand factor by the Dami
human megakaryoblastic cell line and by normal human mega-
karyocytes. Exp. Hematol. 19, 53-58

oJ. Biochem.

2102 ‘62 Jequiidss Uo AiSeAIUN pezy dlwe S| T /610 euInopioyxo-qlj/:dny woly pepeojumoq


http://jb.oxfordjournals.org/

