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PACE4 (SPC4) is a member of the mammalian subtilisin-like proprotein convertase (SPC)
family, which participates in maturation of precursor proteins. PACE4 is expressed at high
levels in the anterior pituitary, central nervous system, the developing olfactory bulb,
heart, and liver. Recently, we determined the gene structure of human PACE4. [Tsuji et al.
(1997) J. Biochem. 122,438-452]. The 5-flanking region of PACE4 gene contains 12 E-boxes
(El to E12) within 1 kb upstream of the transcription initiation site. To examine the
function of these E-box elements in the regulation of PACE4 expression, deletion and
mutation constructs of the 5'-flanking region were ligated to the luciferase gene and
analyzed for promoter activity in HepG2 and GH4C1 cells, which express PACE4 at high
level. Some differences were observed in the activity of each promoter construct between
HepG2 and GH4C1 cells, although the overall profiles of activity for the promoter fragment
series were similar regardless of cell type. We showed that the basal promoter activity of
the PACE4 gene is first determined by sequences lying between — 315 and — 1 bp and further
regulated by positive and negative elements in the upstream region. Site-directed muta-
genesis of E-boxes in these regulatory elements showed that the E10 E-box act as positive
regulator, whereas an E-box cluster (E4-E9) acts as a negative regulator in both cells. E2
E-box acts as a positive regulator only in HepG2 cells. Other E-boxes (El, E3, and E12) had
no effect on the promoter activity. These results indicate that E-box elements play a critical
role in controlling PACE4 expression in HepG2 and GH4C1 cells and that PACE4 expression
is regulated by a mechanism distinct from that of other SPC family proteases.
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In mammals, seven members of the subtilisin-like pro- terminus, are expressed in a wide variety of tissues (1, 2,
protein convertase (SPC) family, which are involved in the 10, 11). PC2, PCI/3 and PC4 are predominantly expressed
proteolytic processing ofprecursor proteins at sites consist- in endocrine tissues (3, 4, 8, 13). PACE4 and PC5/6 show
ing of paired basic amino acid residues, have been identified restricted distribution in both endocrine and nonendocrine
to date (1, 2). These include furin/SPCl (2), PC2/SPC2 tissues, but their profiles of tissue distribution differ {1,
(3), PC1/3/SPC3 (4), PACE4/SPC4 (5-7), PC4/SPC5 13-15). PACE4 is found at high levels in the anterior
(8), PC5/6/SPC6 (9), and LPC/PC8/SPC7 (10-12). pituitary, cerebellar Purkinje cells, B cells of pancreatic
These enzymes are Ca2+-dependent serine proteases. All islets, mitral cells of the olfactory bulb, heart, and liver,
the SPCs share the structural similarities of a signal Recently, we showed spatio-temporal expression of PACE4
peptide, propeptide, subtilisin-like catalytic domain, and in the rat olfactory bulb (15). Moreover, Constam et aL
homoB domain as the basic domain structure. The carboxy reported that mouse PACE4 exhibits highly regulated
terminal region varies greatly in length and sequence expression patterns during embryogenesis (12). These
among SPCs. Tissue distribution and intracellular localiza- results suggest a unique physiological function of PACE4.
tion of these SPCs are also different. Furin and LPC/PC8, Constam and Robertson also showed that PACE4 can
which have their transmembrane region at the carboxy process proBMP (bone morphogenetic protein) 4 to active
1 This work was supported by Grants-in-Aid for Scientific Research B M P 4 by cotransfection experiments (16). More recently,
(C) and Priority Area (Intracellular Proteolysis) from the Ministry of we demonstrated that PACE4, as well as furin and LPC/
Education, Science, Sports and Culture of Japan. PC8, is involved in the processing of proalbumin in HepG2
2 Present address: Pharmacology Laboratories, Yamanouchi Pharma- cells by (^expression and antisense-RNA studies (17).
ceutical Co. Ltd., 2l-Miyukigaoka, Tsukuba, Ibaraki 305-0841. Understanding the mechanism governing tissue-specific
'JLWl°m ^ " T t ^ t ^ v be.!uldrefsed- ™: +81-88-656- expTession o f ̂  P A C E 4 reqmtea knowledge of the
7523, Fax: +81-88-655-3161, E-mail: matsuda@bio.tokushima-u. . « • . , • , , , T _ . . , . , , ,,
oj.:_ promoter function of the gene. In our effort to elucidate the

regulatory mechanism of human PACE4 expression, we
© 1999 by The Japanese Biochemical Society. cloned and studied the structure of the human PACE4 gene
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{18). The PACE4 gene spans at least 250 kb and is dis-
tributed over 25 exons. Compared with other SPCs such as
furin {19, 20), PCl/3 {21), PC2 {22), PC4 {23), and PC8
{24), PACE4 has the most complicated SPC gene structure
reported to date. Sequence analysis of the 5'-flanking
region revealed that the PACE4 gene lacks TATA and
CCAAT boxes in the proximal upstream region of the
transcription start site. Potential binding sites for several
transcription factors including SP1, API, AP2, PEA3,
Ets-1, GHF-1, CREB, and basic helix-loop-helix (bHLH)
proteins were found in this region. The most interesting
feature of the sequence of this region is the presence of 12
E boxes (CANNTG, El-El2) : the target sequence for
bHLH transcription factors. The bHLH factors are de-
velopmental regulators of transcription in a variety of
tissues including muscle, nervous tissues, and blood cell
lineages {25-27). Many mammalian genes with E boxes in
their control elements show cell-type specific expression
and are probably regulated by bHLH transcription factors.
The fact that these E boxes are conserved in terms of
position and sequence between rat and human PACE4
promoter regions strengthens the idea of their potential
role in specific spatial and temporal expressions of PACE4.

In this study, we addressed the question of whether the
E box motif is involved in the regulation of PACE4 expres-
sion in HepG2 and GH4C1 cells using deletion analysis and
site-directed mutagenesis in transient transfection experi-
ments. GH4C1 cells, a rat pituitary somatomammotroph
tumor cell line, expressed PACE4 at high levels, although
its physiological role remains to be clarified. Our results
showed that the E-box cluster (E4-E9) was a strong nega-
tive acting element, whereas the E10 E-box was a positive
element in both HepG2 and GH4C1 cells. On the other
hand, the E2 E-box was a positive element in HepG2 cells
not in GH4C1 cells.

EXPERIMENTAL PROCEDURES

Northern Blot Analysis—Total RNAs were isolated from
various culture cells using ISOGEN (Nippon Gene, Toya-
ma) according to the manufacturer's protocol. Five micro-
grams of each total RNA were resolved by electrophoresis
in an agarose gel containing 6.7% formaldehyde and trans-
ferred onto a nylon membrane (Hybond-N + , Amersham
Pharmacia Biotech, Buckinghamshire, England). Hybridi-
zation was carried out using a S2P-labeled PACE4-homoB
cDNA probe as described previously {15).

Construction of Reporter Plasmid—Human PACE4
promoter regions of various lengths and their point mutants
were prepared by PCR amplification {28) because of the
lack of suitable restriction sites within this upstream region
of the PACE4 gene. The 3'-sites of all PCR products
included sequences up to but not including the ATG initial
codon, except for the —982/ —315 construct. Human
genomic DNA fragment (about 8 kb) isolated from Aphage
clone AhPA OL-3 by BamHI and Hindm digestion was
used as the PCR template. This fragment contained 2.5 kb
of 5'-flanking region, 0.6 kb of exon 1, and 5 kb of intron A.
PCR was carried out in the presence of dimethyl sulfoxide
using Xhol-tinked sense primer and HindHI-linked anti-
sense primer. The internal deletion mutant —982 (del
- 7 8 0 / - 6 4 9 ) was prepared by PCR as follows. The 3'-ter-

fragment lacking the E-box cluster was generated by

PCR using 5'-CGAAGCGAGGTTAAGACGGCCTGCCTC-
CCA-3' ( -797 to - 7 8 3 and -649 to -635) as the sense
mutagenic primer and 5'-CCCAAGCTTAGCGGCGACAG-
GCTCGCGCG-3' ( - 2 0 to - 1 , PI primer) as the antisense
primer. The amplified fragment was ligated to the 5'-termi-
nal fragment ( — 982 to —798) and used as a template for
the second PCR. The internal deletion mutant was generat-
ed by the second PCR using -982 sense primer (5'-CCGC-
TCGAGTACATCGTCTAGTGAACACC-3') and PI anti-
sense primer. Amplified fragments were subcloned into
Xhol and HindUI sites of pGL3-Basic vector (Promega,
Madison, WI, USA). The sequence of the insert was
confirmed.

Cell Culture and Transfection—HepG2 and GH4C1 cells
were grown at 37*C under 5% CO2 in low glucose (1 g/liter)
and high glucose (4.5 g/liter) Dulbecco's modified Eagle's
medium (DMEM) supplemented with 10% fetal calf serum
and antibiotics, respectively. The lipofection method using
Trans IT™-LT1 transfection reagent (Minis, Madison, WI,
USA) was used for transfection of cells with reporter
plasmid according to the manufacturer's instructions.
Trans IT reagent (4 jx\) was incubated in 100 //I of opti-
MEM (Gibco-BRL, Grand Island, NY, USA) at room
temperature. After 5min, reporter plasmid (1.3//g) and
pCMV-/?-galactosidase (0.7 ng) were added, and the
mixture was incubated for 5 min at room temperature. The
cells (50% confluent) in a 60-mm dish which had been
seeded 24 h previously were washed with phosphate-
buffered saline, and 2 ml of opti-MEM was added. Then
TransIT-plasmid mixture (100 /zl) was added, and the cells
were incubated at 37*C for 4h. The medium was then
replaced with fresh DMEM-10% fetal calf serum, and
incubation was continued for 2 days. Cell lysis and lucifer-
ase assays were conducted using Promega's lucif erase assay
system. Luciferase measurements were performed on a
Lumat LB9501 luminometer (Berthold, Germany). /?-Ga-
lactosidase activity was assayed using o-nitrophenyl-y9-
D-galactopyranoside {29). The luciferase activities were
normalized on the basis of /?-galactosidase activity. The
results are presented as the means of the luciferase
activities ±SD from a single experiment performed in
triplicate. The experiments were repeated 5-6 times.

Preparation of Nuclear Extract and Gel Mobility Shift
Assay—Nuclear extracts were prepared from HepG2 cells
and GH4C1 cells as described by Dignam et al. {30) with a
slight modification {29). The nuclear extract was stored
at — 80*C until use. Protein concentration was determined
by the method of Bradford with bovine serum albumin as
the standard {31). The sequences of the top strands of
oligonucleotides used as probes or competitors in gel
mobility shift assay were as follows: wild-type E2 E-box,
5'-AGGGTCTGAGGCCCCCGCCAGGTGAGTGCG-3'
( -420 to -391) ; mutated E2 E-box (EM2), 5'-AGGGTC-
TGAGGCCCCCGCTAGGTCAGTGCG-3'; wild-type E9 E-
box, 5^CKX:CTGGGGGTTCACCTGCACGGCCTGGGGG-
TT-3' ( -773 to -741) ; mutatedE9E-box(EM9), 5'-GGC-
CTGGGGGTTGTCCTGCACGGCCTGGGGGTT-3'; wild-
type E10 E-box, 5'-CCACCACAGTCATTTGCCCAAGAT-
CG-3' ( -823 to -792) ; mutatedE10E-box, 5'-CCACCA-
CAGTGATTTCCCCAAGATCG-3'; and standard E-box,
5'-GATCCCCCCAACAGGTGCTGCCTGA-3'. The wild-
type E-box sequence is underlined, and the mutated E-box
sequence is in boldface. SP1 oligonucleotide (5'-ATTCGA-
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TCGGGGCGGGGCGAGC-3') and AP-2 oligonucleotide
(5'-GATCGAACTGACCGCCCGCCCGT-3') were pur-
chased from Promega. The complementary strand of each
oligonucleotide was annealed and purified by polyacryl-
amide gel electrophoresis, and the double-stranded probe
was labeled with [y-32P] ATP using polynucleotide kinase.
The DNA binding reaction was performed in 20//I of
reaction mixture containing 0.25 /xg of poly(dI-dC)-poly-
(dl-dC), 10 mM Tris-HCl, pH7.5, l m M MgCl2) 50 mM
NaCl, 0.5 mM EDTA, 0.5 mM dithiothreitol, 4% glycerol, 5
H% of cell nuclear extract, and radiolabeled probe (5 X104

cpm). The mixture was incubated at room temperature for
30 min and loaded on a 4% polyacrylamide gel. Electro-
phoresis was performed at a constant 150 V for 2 h. The gel
was dried and analyzed by use of a BAS-1500 bioimaging
analyzer (Fuji Photo Film, Tokyo).

RESULTS AND DISCUSSIONS

Cell Specific Expression of PACE4—To identify cell
lines that could be used as models of tissue-specific regula-
tion of the PACE4 gene, we first analyzed PACE4 mENA
levels in various cell lines by Northern blotting. As shown
in Fig. 1, PACE4 transcript (4.4 kb) was identified in
AtT-20, GH4C1 (rat pituitary cell lines), IMR-32 (human
neuroblastoma), HepG2 (human hepatocellular carcino-
ma), A-549 (human lung carcinoma), and MIA-PaCa (hu-
man pancreatic carcinoma) cells. HeLa (human cervical
carcinoma) and PC-12 (rat adrenal phenochromonocytoma)
cells did not express PACE4. When human PACE4-homoB
cDNA probe was used, the PACE4 transcript seemed to be
most abundant in HepG2 cells (Fig. 1, left). However, a
higher level of PACE4 expression was observed in GH4C1
cells when rat homoB cDNA probe was used (Fig. 1, right).
PACE4 transcript was not detected in JM (human T-cell
lymphocyte) or NALM6 (human B-cell lymphocyte) (data
not shown). Thus HepG2 and GH4C1 cells expressed
PACE4 at the highest level, and we selected these cell lines
for the promoter analysis. Previously we showed that a
major transcription start site is 314 bp upstream from the
ATG translation start site in HepG2 cells by primer
extension analysis (18). Other sites, visible only by overex-
posing the gel, are located at —139 and —130 bp. The
transcription start in GH4C1 cells was also analyzed by the
same method. Primer extension analysis using total RNA
from GH4C1 cells resulted in a single band (data not
shown). The site is located 152 bp upstream from the
translation initiation codon.

Mapping of the Promoter Region of the PACE4 Gene—
Within the 1-kb 5'-upstream region of human PACE4 gene,
various potential binding sites for the transcription factors
were identified by searching the transcription factor data-

A p *~ ^
Q. ^ N O O
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Human cDNA probe Rat cDNA probe

Fig. 1. Northern blot analysis of PACE4 gene expression in
various culture cells.

base (18). Twelve putative E-boxes (-1032/-1027,
-839/-834, - 807 / -802 , - 7 6 1 / - 7 5 6 , - 7 4 0 /
-735, -719/-714, -698/-693, -677/-673, -656/
-651, -558/-553, -402/-397, and -352/-347),
which are binding sites for the developmentally regulated
and cell type-specific bHLH transcription factors, are
located in this region. These E boxes were designated El to
E12 in the order of their distance from the translation start
site of PACE4, as shown in Fig. 2 (top). Four more E-boxes
(E13, -1348/-1343; E14, -1369/-1364; E15,
-1483/-1478; and E16, -1503/-1498) were located
further upstream. There are also potential binding sites for
SP1 (-436/-431, -407/-402, -292/-287, -259/
-254, -173/-166, and -133/-127), AP2 (-954/
-947, -829/-822, -618/-609, -456/-449, - 431 /
-424, -409/-403, - 8 4 / - 7 7 , and -48/ -38) , CREB
(-895/-888), and IL6-responsible element (-474/
— 469). To investigate the functional activities of E-boxes
and other elements, we first constructed various PACE4
5'-deletion mutants and an internal deletion mutant that
were fused to the promoterless luciferase reporter gene
(Figs. 2 and 3). Each vector was transfected into HepG2,
GH4C1, and HeLa cells by the lipofection method. As
shown in Fig. 2 (bottom), the profiles of luciferase activity
of deletion mutants in HepG2 and GH4C1 cell lines are
basically similar, although some differences are observed.
In HeLa cells, which do not express PACE4 mENA as
shown in Fig. 1, -395, -796, -982, and -1500 con-
structs had no significant activity (Fig. 2). These results
suggest that the element capable of directing cell-specific
expression of the PACE4 gene is located in the upstream
region. There are two major regions of positive regulatory
activity in HepG2 and GH4C1 cell lines. The promoter
activity was completely lost by deletion of the region
between —315 and —1 ( — 982/ —315 construct), whereas
the -160 construct still showed 68 and 91% of the
maximum promoter activity of the —649 construct in
HepG2 and GH4C1 cells, respectively. These results in-
dicated that the element located in the region between
— 315 and — 1 is essential for basal expression of PACE4 in
both cell lines. There are two potential binding sites for SP1
and AP-2 in the region between —160 and — 1. To deter-
mine the functional elements in the region between —160
and —1 in more detail, two deletion mutants, —77 and
— 47, were constructed and their promoter activities were
analyzed. The former construct contained two AP-2 sites,
whereas the latter contained one AP-2 site. The —77 and
— 47 constructs showed about 60 and 20% of the promoter
activity of the -160 construct in HepG2 and GH4C1 cells,
respectively. Thus these results suggested that the poten-
tial binding sequences for SP1 (-133/-127) and AP-2
( — 84/ —77), which are located at downstream of the
transcription start site, are important for the basal pro-
moter activity of the PACE4 gene in both HepG2 and
GH4C1 cells. Several reports have described transcrip-
tionally active sequences downstream of the transcriptional
start sites in various genes (32, 33). Miyagoe et al iden-
tified promoter elements downstream of the cap site in
mouse complement C4 gene (32). They showed that these
elements play an important role in both the precise deter-
mination of the transcriptional initiation site and basal
transcription of the gene. It is highly likely that the crucial
element for basal and accurate transcription of the PACE4
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Fig. 2. Construction of luciferase
expression vectors and transfec-
tion analysis of human PACE4
gene promoter in HepG2, GH4C1,
and HeLa cells. A series of 5-end
deletion mutants of the promoter
fragment were ligated into a luciferase
plasmid (pGL3-Basic). The con-
struct - 982 / -315 contains the inter-
nal deletion (positions —314 to —1).
Numbers indicate base pairs from the
start of translation. Putative regu-
latory elements are also shown at the
top of the figure (hatched box, E-box;
dashed box, AP2; open box, SP1; open
circle, cAMP response element). E-
boxes are numbered from El to E12
according to their distance from the
translation start site. The sequence of
E-boxes is as follows: El, CACCTG;
E2, CAGGTG; E3, CACATG; E4-E9,
CACCTG; E10, CATTTG; El l , CAG-
GTG; E12, CAGCTG. The transcrip-
tion start sites, —314 in HepG2 cells
and -152 in GH4C1 cells, are indicat-
ed by bent arrows. The luciferase ac-
tivity was normalized with the /J-ga-
lactosidase. The luciferase activity of
each construct is expressed relative to
the base line luciferase activity of a
promoterless construct (pGL3-Basic
vector) set to 1.

Ebox
11 10 987654 3 21
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Fig. 3. Effect of internal deletion of E-box cluster (E4-E9) on
the promoter activity in HepG2 cells. A series of 5'-deletion
mutants and internal deletion mutant —982 (del —783/—649) were
transfected into HepG2 cells. The luciferase activity of each construct
is expressed relative to the luciferase activity of a promoterless
pGL3-Basic construct on the right. The results presented are the
average from at least three experiments performed in triplicate.

gene is located in the region between —315 and — 1.
Different transcriptional initiation sites might be used by
the —160, — 77, and —47 constructs due to deletion of this
element.

On the other hand, various negative and positive regu-
latory elements were found in the upstream region. We
observed that the region from —796 to —649 contains a
strong silencer activity in both cell lines. Deletion of this
region caused 11- and 4-fold increase in luciferase activity
in HepG2 and GH4C1 cells, respectively. To confirm
silencer activity in this region, the internal deletion mutant
was constructed and transfected into HepG2 cells. Compar-
ed with the —982 construct, the internal deletion of this

region ( — 782 to —650) caused a 1.6-fold increase in
luciferase activity (Fig. 3). The sequence from —982 to
— 946 also contains a weak silencer activity. Deletion of this
sequence caused 1.3- and 1.6-fold increases in the activity
in HepG2 and GH4C1 cells, respectively. In contrast, there
is a major positive region between —821 and —796 (10-
fold change in HepG2 cells, 5-fold change in GH4C1 cells).
We also showed a positive regulatory region between — 479
and - 3 9 5 (1.6-fold change in activity) in HepG2 cells. The
positive element was located between —887 and —821 in
GH4C1 cells (1.3-fold change in activity). These results
thus highlighted three features of PACE4 gene regulation
in HepG2 and GH4C1 cells. First, the basal promoter
activity of the PACE4 gene is determined by the element(s)
lying between —160 and — 1 bp downstream of the tran-
scription initiation site. Second, the region —796 to —649
appeared to be important for negative regulation. Third,
the region ( — 821 to —796) suppresses the silencer activity
of the element located in the region from —796 to —649.

There are possible CRE (TGACCTCA, - 8 9 5 / - 8 8 8 ) and
IL6-responsible (CTGGGA, - 4 7 4 / - 4 6 9 ) elements in the
upstream region of the PACE4 gene. Expression of PCI/3,
which is involved in the tissue-specific processing of prohor-
mones and neuropeptide precursors within the regulated
secretory pathway in (neuro) endocrine cells, is controlled
by cAMP (34, 35). Effects of cAMP on the promoter
activity were also determined in HepG2 and GH4C1 cells
using deletion mutants. However, the promoter activity
was not changed, suggesting that the CREB element is not
functional in either cell. IL6 also had no effect on the
promoter activity of the PACE4 gene in both cells.

Effects of Mutagenesis at the E-Boxes on the Promoter
Activity and Gel Shift Mobility Assay—The results in Fig.
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2 indicated that the upstream region of the PACE4 gene
contains several positive and negative regulatory se-
quences. Several of the 12 E-boxes are located in the
positive (E2 and E10) and negative sequences (E4-E9 E-
box cluster). Next we determined the activity of these E-
boxes by mutation analysis. The positive sequence be-
tween — 479 and - 3 9 5 contained one E-box (E2), two SP1
and three AP-2 sites as shown in Fig. 4 (left). To determine
which of these response elements is functional in the
expression of the PACE4 gene, these elements in the — 479
construct were modified by site-directed mutagenesis and
their promoter activities were determined. As shown in
Fig. 4, mutation at El E-box, SP1 and AP2 sites had no
significant effect on the promoter activity in HepG2 and
GH4C1 cells. However, the mutation of E2 E-box caused a
70% decrease in luciferase activity in HepG2 cells. In
contrast, mutation at E2 E-box had no effect on the
promoter activity in GH4C1 cells. These results indicate
that the E2 E-box functions as a positive regulatory
element in HepG2 cells. To identify the binding activity of
the endogeneous E-box binding protein that interacts with
the E2 E-box, we performed a gel mobility shift assay using
nuclear proteins from HepG2 cells and an oligonucleotide
(E2 probe) corresponding to —420 to —391. This oligonu-
cleotide contains SP1, AP2, and E2 E-box motifs. Incuba-
tion of the E2 probe with HepG2 nuclear extract produced
three major retarded bands (Fig. 5). It was most likely that
the upper band was specific E2-protein complex. The upper
band competed with both an excess amount of unlabeled E2
probe and standard E-box oligonucleotide, but did not
compete with SP1 and AP2 oligonucleotide. Furthermore,
when an excess of unlabeled competitor containing a
mutation in the E2 E-box sequence (CAGGTG in E2 probe
was mutated to TAGGTC) was added to the binding

reaction, the upper band did not compete. This specific band
did not shift to the top when anti-SPl and anti-AP2
antibodies were added after the binding reaction (data not
shown). The middle and lower bands barely competed with
excess amount of standard E-box. The lower band compet-
ed with mutated E2 E-box oligonucleotide. These results
indicate the presence of the specific E2-binding protein in
the HepG2 nuclear extract.

As mentioned above, the sequence between —796 and
— 649 acts as a strong negative element in both HepG2 and
GH4C1 cells. In particular, six repeats of GGCCTGGGGT-
TCACCTGC sequences containing an E-box (underlined)
are located in this region. To investigate the activity of
these E-boxes, two mutants were constructed. As shown in
Fig. 6, mutation of E4 or E9 E-boxes among the six E-boxes
caused a 4.2- or 3.9-fold increase in activity compared with
wild-type — 796-construct in HepG2 cells. These activities
represented almost half the activity of the — 649 construct,
which contained no E-box cluster. Similar results were
obtained in GH4C1 cells (data not shown). These effects
indicate that E-boxes between E4 and E9 have a strong
negative effect on the promoter activity of the PACE4 gene.
Further analysis is necessary to clarify the function of
E-boxes E5-E8. To identify the endogenous E9 E-box
binding protein, we performed a gel mobility shift assay
using nuclear proteins from HepG2 cells and an oligonu-
cleotide (E9 probe) corresponding to —773 to —741 (5'-
GGCCTGGGGGTTCACCTGCACGGCCTGGGGGTT- 3').
Incubation of the E9 probe with HepG2 nuclear extract
produced a single retarded band (data not shown).

The sequence ( — 821 to —796) identified as a positive
element by deletion analysis contains an E-box (E10). The
function of the E10 E-box element as a positive regulator

-479 -395 -i(bp)
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gcgatte

ccccjtcc
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Fig. 4. Effects of site-directed mutagenesis of potential regu-
latory elements located within 479 bp upstream of the PACE4
promoter. The sequence of possible binding sites for transcription
factors such as E-boxes (El and E2), AP2 and SP1 in the 5-flanking
region were mutated as shown in the figure (mutated sequence
indicated by underline). A luciferase construct was transfected into
the HepG2 and GH4C1 cells. The luciferase activity (HepG2 cells,
hatched box; GH4C1 cells, closed box) was expressed as a percentage
of the activity of the wild-type construct (top right).

Cold competitor

E2 Ebox 2

5 x x x x x x x
o • * o o x o o o o o
v. ^ o p o o m o o o

Fig. 5. Gel mobility shift analysis of nuclear proteins interact-
ing with the E2 E-box sequence. The 32P-labeled double strand E2
E-box oligonucleotide (E2 probe) incubated with nuclear proteins (5
/xg) from HepG2 cells in the presence and absence of cold excess
E2-probe (100 and 500-fold molar excess), standard E-box (50, 100,
and 150-fold molar excess), SP1 (100-fold), AP2 (100-fold), andEM2
oligonucleotides (500-fold) as described under "EXPERIMENTAL
PROCEDURES."
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was confirmed by site-directed mutagenesis. The — 821-
EM10 construct (CATTTG was mutated to TATTTC)
exhibited about 42% activity compared to the —821 con-
struct, as shown in Fig. 6. These results indicate that E10
acts as a positive regulator. In addition, the mutation of E l l
caused a slight decrease of luciferase activity, suggesting
that E l l is a weak positive regulator (data not shown). To
identify the binding activity of endogeneous E10 E-box
binding protein, a gel mobility shift assay using an oligonu-
cleotide (E10 probe) corresponding to —823 to —792 was
performed. Incubation with E10 probe and HepG2 nuclear
protein produced a single retarded band, as shown in Fig. 7.
This band competed fully with excess unlabeled probe and
partially with excess unlabeled standard E-box oligonu-
cleotide. However, it did not compete with mutated E10
E-box oligonucleotide (EM 10). All bHLH proteins bind
specifically to a consensus hexametric DNA sequence,
E-box (CANNTG). E-box sequences are often palindromic
and contain identical half-sites, each of which may be bound
by one component of the dimer. Although the central
dinucleotides of the E-box are usually GC or CG, exceptions
have been noted. Additional sequence specificities flanking
the consensus E-box element are also reported. The central
dinucleotide sequences of E-box in E10 probe (5'-CCACC-
ACAGTCATTTGCCCAAGATCG-3') and standard E-box
oligonucleotide (5'-GATCCCCCCAACAGGTGCTGCCT-
GA-3') are TT and GG, respectively. It was highly likely
that the difference in these central dinucleotide sequences
in E-box elements caused partial competition with standard
E-box oligonucleotide. These findings suggest that E10 in
the segment participates mainly in the positive regulation
of the PACE4 gene. However, participation of other ele-
ments located in this region is not excluded, although the
region between —821 and —796 has no other known
response elements.

Recently, the developmental regulation of PACE4 was

E-box
121110987654 3 2 1

mmm in

inun i n
HUH i n

Mill I 11
HIM 111

Relative Luciferase Activity
( fo ld )

0 10 20

796EM9

•796EM4

-649

Fig. 6. Effectsofsite-directedmutagenesisofE-boxconsensus
sequence (E4, E9, and E10) on the promoter activity. A series of
E-box mutants of the PACE4 gene promoter were generated in the
luciferase vector and tranafected into HepG2 cells. E-box sequence of
E4, E9 (CACCTG), E10 (CATTTG), and El l (CAGGT) are mutated
to GTCCTG, TATTTC, and TAGGTC (mutated sequences are under-
lined), respectively. Wild type and mutant of E-box are indicated by
closed and open squares. The luciferase activity of each construct is
expressed relative to the luciferase activity of a promoterless
pGL3-Basic construct on the right.

reported by Constam et al. (12) and ourselves (15). The
temporary and spatially tightly-regulated expression pat-
tern during embryogenesis is consistent with a possible
involvement of PACE4 in the control of tissue differentia-
tion. Moreover, PACE4 exhibited restricted unique tissue
distribution. It is expressed in nonendocrine tissues such as
the liver, and endocrine tissues such as the anterior
pituitary, heart, and pancreatic islets. However, the
molecular mechanisms responsible for the spatial, tempo-
ral, and cell-specific expression of PACE4 are still poorly
understood. In this study, we showed that the sequence
located between —315 and - l b p downstream of the
transcription initiation site is essential for basal expression
of PACE4, and its expression is further regulated positive-
ly and negatively through E-box elements. Thus, transcrip-
tion of the PACE4 gene occurs under complex regulation,
and the sequences responsible for regulating the tissue-
specific expression of PACE4 gene remain to be clarified.
The profiles of promoter activity of the deletion constructs
were broadly similar between HepG2 and GH4C1 cells, but
some differences were also observed. The positive regu-
latory activity of E2 E-box in HepG2 cells was not observed
in GH4C1 cells. As shown in Fig. 1, IMR-32 (human
neuroblastoma), A-549 (human lung carcinoma), and
MIA-PaCa (human pancreatic carcinoma) cells also express
PACE4. Comparative analysis of the transcriptional regu-
lation in these different cell lineages may provide further
clues for understanding the tissue-specific expression of
PACE4 gene. We have demonstrated the importance of
E-box elements in the regulation of the PACE4 gene. The

Cold
competitor

Fig. 7. Gel mobility shift analysis of nuclear proteins interact-
ing E10 E-box sequences. Double strand E10 oligonucleotides were
used as probe for binding analysis. E10 probe was incubated with
nuclear proteins from HepG2 cells in the absence and presence of cold
competitors as described under "EXPERIMENTAL PROCEDURES."
Competitor oligonucleotides (E10, standard E-box, and EM10) were
added at 150-300 molar excess relative to radiolabeled DNA. To
confirm specificity of E10 binding protein, radiolabeled EM10 oligo-
nucleotide (EM 10 probe) was incubated with nuclear proteins and
analyzed.
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E-box is a binding motif for various bHLH and bHLH-Zip
factors. Such bHLH-Zip factors as Myc (36), TFEB (37),
TFE3 (38), and MAD (39) have been shown to bind to the
E-box motif, CACGTG (40). These sequences of E2 (posi-
tive element in HepG2 cells), E4-E9 (negative elements in
HepG2 and GH4C1 cells), and E10 (positive element in
both cells) E-box motifs are CAGGTG, CACCTG and
CATTTG, respectively. The sequence CACGTG is not
contained in these regulatory E-box elements, suggesting
that bHLH-Zip factors are not binding protein for these
elements. Recent studies suggest that tissue-specific genes
are likely candidates for timely regulation by bHLH tran-
scription factors (25, 26). Various bHLH factors such as
ACHAETE SCUTE genes are involved in neural develop-
ment, although these targeting genes have not been iden-
tified (41, 42). Moreover, the bHLH factors have particular
importance in the control of peptide hormone synthesis and
secretion. Polypeptide hormones including insulin, gastrin,
and secretin appear to utilize bHLH factors that are
restricted to their differentiated tissues (43-45). PACE4 is
expressed in some endocrine and neuroendocrine tissues
such as the anterior pituitary and central nervous system.
Properly functioning bioactive peptide-secreting cells
require coordinated expression of hormones or growth
factors and their respective processing enzymes. These
facts and the present results suggest that bHLH factors are
the most likely transcription factors to be involved in the
regulation of the PACE4 gene. Our results raise the
question of whether bHLH factors involved in regulation of
PACE4 gene expression in HepG2 and GH4C1 cells are
common or distinct proteins. GH4C1 is a pituitary cell line,
and it is known that various bHLH factors are expressed in
the pituitary (46). However, liver-specific bHLH factors
have not been reported yet. BAP (B-activating protein), a
rat liver protein that activates transcription through a
promoter element (CACGTG) that is similar to the USF/
MLTF binding site, was identified by Kugler et aL (47).
However, it is not clear whether BAP is a hepatocyte-spe-
cific or a ubiquitous protein. Recently, Aoki et aL cloned a
novel nuclear protein (RP58), which has a zinc finger DNA
binding motif, from spleen cDNA library (48). They
showed that RP58 binds to the 10 bp-DNA sequence, (A/Q-
ACATCTG(G/T)(A/C) containing consensus E-box motif
and its binding is highly specific. RP58 was shown to repress
transcription from a promoter linked to its target se-
quences. RP58 protein was expressed in the brain at a high
level. However, it is unlikely that RP58 is involved in
negative regulation of PACE4 gene expression because the
sequence of elements for RP58 is quite different from that
around E9 E-box, TTCACCTGC(A/G). Further analysis is
necessary to understand the involvement of RP58 in the
regulation of PACE4 gene expression.

Recently, Constam and Robertson (16) showed that
proBMP is processed to active mature BMP by PACE4 as
well as furin and PC6 (49). In addition, TGFySl (50) and
activin (51) are also shown to be activated by furin. A
common feature of all TGF/3 growth factors including BMP
is that their active forms are dimers of a C-terminal
fragment cleaved from a larger precursor (52). Generally,
the sequence of these processing sites is Arg-X-Arg/Lys-
Arg, which is a potential cleavage motif for SPC family
proteases. Regulation of BMP activity is probably control-
led by members of the SPC family such as PACE4, furin,

and PC5/6. BMPs have especially important roles in
embryogenesis. Constam et al. showed that BMP2, 4, and
7 are coexpressed with PACE4 in the primitive heart, in the
apical ectodermal ridge of developing limb buds, and in the
interdigital mesenchyme of embryogenic limbs (12). A
gradient of BMP activity controls the fate of the medio-
lateral mesoderm cells (53). These findings suggest the
importance of PACE4 in the regulation of BMP signaling in
embryogenesis. On the other hand, several bHLH factors
appear to have roles in determining the temporal and
spational differentiation of mesoderm. For example, the
bHLH protein Twist is expressed during the earliest stages
of differentiation of the Drosophila mesoderm (54). It is
responsible, in conjunction with the maternal transcription
factor Dorsal, for activating and maintaining expression of
early mesoderm-specific genes including Snail. Moreover,
bHLH transcription factors play an important role in
BMP-4 gene expression (55). Similarly, in the case of
peptide hormone secretion in endocrine cells, coordinated
expression of BMPs and their respective processing en-
zymes is required for the proper function of BMPs. Several
bHLH factors might control BMPs activity by two mecha-
nisms including enhancement of BMP and its processing
enzyme expression.

Finally, we showed that bHLH transcription factors have
key roles in the regulation of PACE4 expression in HepG2
and GH4C1 cells. Although it remains to be clarified what
kinds of transcription factors regulate PACE4 gene expres-
sion, our results and recent findings suggest that PACE4
has critical roles in various cell differentiation states such
as embryogenesis and neurogenesis, controlled under a
dynamic bHLH network.
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