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The mammalian Ca#+-dependent serine protease prohormone

convertase PC8 is expressed ubiquitously, being transcribed as

3.5, 4.3 and 6.0 kb mRNA isoforms in various tissues. To

determine the origin of these various mRNA isoforms we report

the characterization of the human PC8 gene, which has been

previously localized to chromosome 11q23–24. Consisting of 16

exons, the human PC8 gene spans approx. 27 kb. A comparison

of the position of intron–exon junctions of the human PC8 gene

with the gene structures of previously reported prohormone

convertase genes demonstrated a divergence of the human PC8

INTRODUCTION
Specific endoproteolytic processing of precursors at dibasic or

multibasic amino acids is an essential event in the maturation

and activation of many biologically active proteins and pro-

hormones. One family of enzymes responsible for these endo-

proteolytic processing events is the prohormone convertase

family. Prohormone convertases are Ca#+-dependent serine pro-

teinases with catalytic domains that exhibit sequence similarity

to the bacterial subtilisins.

Yeast convertase Kex2 was the first convertase to be identified

[1,2] and subsequently seven mammalian members of this enzyme

family have been identified. The mammalian members of the

prohormone convertase family include furin, also known as

PACE [2–6] ; PC2 [7,8] ; PC1, also identified as PC3 [8–11] ; PC4

[12,13] ; PC5, also known as PC6 [14–16] ; PACE4 [17], also

identified as PC7 [18] ; and most recently PC8, also referred to as

LPC, rPC7 and SPC7 [19–22]. Furin, PACE4, PC5}6 and PC8

are expressed in a wide variety of cell lines and tissues, although

variation in the relative abundance of these enzymes is observed

[6,14,15,17,19,21,23]. In comparison, PC1 and PC2 have a more

restricted distribution, primarily in cells of endocrine and neuro-

endocrine origin [7,8–11], and PC4 is restricted to the testis

[12,13].

Previouslywe reported the identification of the seventhmember

of the prohormone convertase family, PC8. Northern hybrid-

ization analysis performed on poly(A)+ RNA from a variety of

rat tissues and human cell lines demonstrated at least two

transcripts for PC8: a 3.5 kb transcript and a 4.3 kb transcript

[19] ; evidence for a larger transcript of approx. 6 kb in several rat

tissues has been reported [21]. Despite the 4.3 kb transcript’s

seeming to be the most abundant mRNA species, all cDNA

clones described for human, rat or mouse PC8 correspond to the

3.5 kb transcript. Explanations to account for the different-sized

transcripts of PC8 include alternative polyadenylation, alternate

promoter usage or alternative splicing, and such mechanisms

have been described for prohormone convertase family members.

Abbreviations used: EST, expressed sequence tag; h, human; m, mouse; RT–PCR, reverse transcriptase-mediated PCR; UTR, untranslated region;
RACE, rapid amplification of cDNA ends.

1 To whom correspondence should be addressed (e-mail m.gillespie!medicine.unimelb.edu.au).

from the highly conserved nature of the gene organization of this

enzyme family. The nucleotide sequence of the 5«-flanking region

of the human PC8 is reported and possesses putative promoter

elements characteristic of a GC-rich promoter. Further sup-

porting the potential role of a GC-rich promoter element,

multiple transcriptional initiation sites within a 200 bp region

were demonstrated. Wepropose that the variousmRNA isoforms

of PC8 result from the inclusion of intronic sequences within

transcripts.

To elucidate the nature of the different transcripts of PC8, and to

gain insights to the potential evolution of the prohormone

convertase family, we have investigated the structural organi-

zation of the human PC8 gene.

In the present paper we have reported the gene structure and

the nucleotide sequence of the 5«-flanking region of the human

PC8 gene. We propose that the 4.3 kb mRNA isoform of PC8,

at least in the human gene, arises from an alternative splicing

event that involves the incorporation of approx. 850 bp of

intronic sequence, an event that disrupts the middle domain of

human PC8. On the basis of the divergence of the gene structure

of the human PC8 gene from the highly conserved nature of the

gene organization of the prohormone convertase family mem-

bers, it has been proposed that PC8 is the most evolutionarily

distant member of the prohormone convertase family.

MATERIALS AND METHODS

Cell culture

Thehuman squamous cancer cell line BENand the spontaneously

immortalized human keratinocyte cell line HaCaT were cultured

as described previously [24,25].

Isolation of the human (h)PC8 gene

Sense strand oligonucleotide oPC72 (5«-GCCTTTGCTGAG-

TCAACACTAC-3«), corresponding to nt 54 to 75 of human

PC8 mRNA, and anti-sense strand oligonucleotide oPC71 (5«-
AGGGAACCAGTAAGAAGAGCC-3«), corresponding to nt

258 to 278 of human PC8 mRNA [19], were used to screen

a commercial human P1 genomic library for the hPC8 gene.

Three independent P1 clones were obtained from Genome

Systems. All three clones hybridized to oligonucleotide probes

based on the 5« untranslated region (UTR) and 3« UTR of
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human PC8 and therefore encompassed the entire coding region

of the hPC8 gene.

Intron–exon splice junctions of the hPC8 gene

Intron–exon junctions were characterized by direct cycle se-

quencing (Life Technologies, Gaithersburg, MD, U.S.A.) with

[γ-$#P]dATP end-labelled sequencing primers based on exonic

and intronic sequences. Oligonucleotide sequences used in this

direct sequencing strategy are available on request. Comparison

of the products resulting from PCR amplifications with oligo-

nucleotides based on flanking exonic sequences on genomic and

cDNA templates was used to estimate the sizes of identified

introns.

The nucleotide sequence of the 5«-flanking region of the

human PC8 gene was determined directly by double-stranded

DNA cycle sequencing (Life Technologies) of the P1 genomic

clones by using [γ-$#P]dATP end-labelled anti-sense strand

oligonucleotides oPC80 (5«-CTCCCTGCGGAACTCG-3«),
complementary to nt 6 to 22 of human PC8 [19], and

oPC114 (5«-CATGGTCCCTCTTCAGAAG-3«), corresponding

to nt ®226 to ®208 of the human PC8 gene (see Figure 3). To

overcome the effects of the GC-rich nature of the 5«-flanking

region, DMSO was added to the double-stranded DNA cycle

sequencing reactions at a final concentration of 5 mM.

Rapid amplification of cDNA ends (RACE)

5« RACE was performed to obtain PC8 cDNA with extended 5«
ends by using the 5« RACE kit (Gibco BRL) as recommended.

Poly(A+) RNA (1 µg) from the BEN cell line was reverse-

transcribed with SuperScript II reverse transcriptase by using

PC8-specific anti-sense strand oligonucleotide oPC34 (5«-TACC-

CGGATACCTGCGAT-3«), complementary to nt 941 to

958 of human PC8 [19]. Resultant cDNA transcripts were C-

tailed with terminal dideoxytransferase (TdT) and PCR amplifi-

cation was performed with the supplied sense strand 5« RACE

adapter primer (Life Technologies) and anti-sense strand PC8-

specific oligonucleotide oPC79 (5«-CTGGATTCTACATGA-

GGTTGAG-3«), corresponding to nt 145 to 166 of human

PC8 mRNA (Figure 3). 5« RACE products were cloned into

pGEM2-T vector (Promega, Madison, WI, U.S.A.), and clones

were confirmed by nucleic acid sequencing.

Primer extension analysis

Primer extension analysis was performed with standard methods

[26]. Anti-sense PC8-specific oligonucleotide primer oPC79 was

end-labelled with [γ-$#P]dATP by using T4 polynucleotide kinase

(Boehringer Mannheim, Mannheim, Germany), annealed to

40 µg HaCaT cell line total RNA and extended with AMV

reverse transcriptase (Promega). Extension products were ana-

lysed by electrophoresis on a 6% (w}v) polyacrylamide}8 M

urea sequencing gel and detected by autoradiography at ®70 °C
for 5 days.

Detection of alternative splicing of the hPC8 gene

Total RNA was extracted with guanidinium thiocyanate as

described previously [27]. Reverse transcription was performed

on 5 µg of total RNA isolated from the BEN cell line, with (dT)
"&

primer (Promega) and AMV reverse transcriptase (Promega), in

accordance with the manufacturer’s instructions. The inclusion

of intronic sequences was confirmed by reverse transcriptase-

mediated PCR (RT–PCR), with products resolved in a 2% (w}v)

agarose gel then transferred to nylon membranes and authen-

ticated by hybridization with [γ-$#P]dATP end-labelled oligo-

nucleotide probes or by nucleic acid sequencing as described

previously [19]. Oligonucleotides used for PCR and}or product

detection were oPC54 (5«-CTCACCCTCTTTGAGTGGAG-

TCAG-3«, anti-sense strand oligonucleotide complementary to

nt 2639 to 2662 of human PC8 mRNA [19]), oPC59 (5«-
GTCATCCCTGATGACAAGCCT-3«, sense strand oligo-

nucleotide complementary to nt 1943 to 1963 of human PC8

mRNA [19]), oPC67 (5«-AAAGTGTTGCTGGGGGAAGG-3«,
sense strand oligonucleotide based on intron 12 of the human

PC8 gene), oPC99 (5«-TCAGCAGGATGGACCTGGAGATG-

3«, sense strand oligonucleotide complementary to nt 1713 to

1735 of human PC8 mRNA [19]) and oPC118 (5«-CCTTC-

CCCCAGCAACACTTTC-3«, anti-sense strand oligonucleotide

based on intron 12 of the human PC8 gene). PCR amplification

was performed for 40 cycles at an annealing temperature of 55 °C
and extension for 3 min at 72 °C.

RESULTS AND DISCUSSION

Structure of the hPC8 gene

A map of the hPC8 gene was constructed by direct cycle

nucleotide sequence analysis of three independent P1 genomic

clones. The exonic regions of hPC8 were fully sequenced to

determine the exact locations of the intron–exon junctions and

are shown in Table 1. Sequences of all intron–exon splice

junctions were observed to conform to the GT}AG rule [28]. By

using PCR, all intervening intron sequences were sized, with the

exception of the intron 11, whose size was determined from the

reported nucleotide sequence of cosmid clone HSU73638 from

the GenBank expressed sequence tag (EST) database, and introns

12 and 13, which were sequenced. The human PC8 gene was

shown to span approx. 27 kb and consisted of 16 exons. A

schematic representation of the human PC8 gene is presented in

Figure 1. Introns ranged in size from approx. 250 nt to 9412 nt.

Exonic sequences ranged in size from approx. 46 nt to 1272 nt.

Two introns were observed in the 5« UTR of human PC8. As in

other prohormone convertase genes, distinct structural features

of PC8 were encoded by separate exons. The catalytic domain of

PC8 was encoded by exons 3–10 and the four catalytically

important amino acids Asp")(, His##), Asn$#* and Ser%!' are

encoded by distinct exons, exons 5, 6, 8 and 10 respectively. The

signal peptide is encoded by exon 3, the RGS motif by exon 12,

and the transmembrane domain by exon 16.

Previous reports of the structural organization of the genes of

mammalian prohormone convertases have demonstrated a high

degree of conservation in the gene organization of this enzyme

family [6,29–33]. A comparison of intron–exon splice junctions

of hPC8 with those of hPC1, hPC2, hPACE, mouse (m)PC4 and

human furin genes illustrated a distinctive divergence of the gene

organization of human PC8 from the striking conservation of

splice boundaries observed in the gene organizations of other

convertase family members. Figure 2 illustrates the divergence in

conservation of the splice junctions of the hPC8 gene with

respect to the position of the splice junctions of hPC1, hPC2,

hPACE4, mPC4 and human furin genes. Divergence of the hPC8

gene might implicate PC8 as an ancestral gene of the mammalian

prohormone convertase enzyme family.

The genes of hfurin, hPC1}3, hPC2, hPACE4 and mPC4 share

nine conserved intron–exon splice boundaries, whereas hPC8

shares only four of these conserved sites, indicating that

hPC8 differs substantially from the other family members.

Further, two conserved splice boundaries are observed within the

region encoding the prodomain of the human furin, PC1, PC2,
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PACE4 and mouse PC4 genes, whereas these splice boundaries

are absent from the hPC8 gene. Thus the only conserved intron–

exon boundaries are within the catalytic domain of the pro-

hormone convertase family. Conservation of intron–exon splice

boundaries is not apparent C-terminal to the catalytic domain.

Concurrent with our laboratory’s identification of human

PC8, Meerabux et al. [20] identified in high-grade lymphomas an

identical transcript due to the close proximity of the human PC8

gene to a chromosomal breakpoint. With the use of the ex-

perimental technique of exon trapping, Meerabux et al. reported

the presence of an intron in the 3« UTR of the human PC8 gene.

We have been unable to demonstrate such an intron–exon

boundary by direct cycle sequencing techniques or by PCR

amplification across the region of interest, in the three P1 clones

and in genomic DNA prepared from a variety of human cell

lines. We propose that the report of an intron in this region by

Meerabux et al. [20] was either a result of a cryptic splice site

within this region or translocation events or viral integration of

a foreign sequence unique to the particular genomic clone

isolated. Such integration events have been documented; in

particular the viral integration of the HIV sequence has been

found within the 3« UTR of furin in HIV-associated lymphoma

[34].

At the 5« end of the hPC8 gene

Nucleotide sequence analysis of the 5«-flanking region of the

human PC8 gene was obtained by direct cycle sequencing of

hPC8 genomic P1 clones. The sequence of the 5«-flanking region

of hPC8 demonstrated an absence of TATA or CAAT promoter

elements [35]. However, this region was highly GC-rich, the first

200 nt displaying a GC content of 76% (Figure 3). Within this

region there is a transcription factor Sp1 consensus binding site

and several AP2 consensus binding elements [36–39]. Putative

promoter elements identified in the investigation of the 5«-
flanking region of the human PC8 gene have been implicated in

the transcriptional regulation of housekeeping genes.

5« RACE from RNA extracted from the human cell line BEN

revealed multiple start sites ranging from 68 nt to 178 nt upstream

of the translational start site (Figure 3, 1 to 111). Some of

these sites were confirmed by primer extension analysis on

HaCaT total RNA as well as by the identification of others

(Figure 4).

The GC-rich nature of the 5«-flanking region of the hPC8 gene

combined with the multiple transcriptional initiation sites is

characteristic of the promoter regions of many housekeeping

genes. In agreement with this proposition was the ubiquitous

nature of the mRNA tissue distribution for PC8 [19,21], although

the varying mRNA expression in certain tissues suggests that

some cells might have altered transcriptional activation of PC8,

or might confer altered mRNA stability for PC8. The absence of

classical TATA or CAAT promoter elements is characteristic of

many promoter regions reported for other prohormone con-

vertase genes, including PC2, PC4 and the P1A and P1B

promoter region of furin [29,32,40].

Alternative splicing of hPC8

Evidence for alternative splicing of PC8 mRNA, transcriptional

initiation or polyadenylation comes from results of Northern

analyses that have detected transcripts of 3.5, 4.3 and 6.0 kb

[19,21] ; only the 3.5 kb transcript has been cloned and charac-

terized. To elucidate potential mechanisms for the observation of

the additional observed transcripts, 5« RACE and 3« RACE

analysis were performed. These experimental approaches failed
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Figure 1 Gene organization of the hPC8 gene

(A) Schematic representation of the intron–exon splice junctions of the hPC8 gene. The 16 exons are indicated as boxes. Coding regions are shown in black except that the transmembrane domain

is indicated by vertical lines, and the 5« and 3« UTRs are indicated by open boxes. Intronic sequences are represented by a solid horizontal line between the exons. The relative positions of the

catalytically important residues are indicated by asterisks above the relevant exon. (B) Schematic representation of the structural domains of hPC8. The boxes indicate translated sequences and

the horizontal lines represent untranslated sequences. The pro-domain, catalytic domain, homo B domain and transmembrane domain are indicated. The relative positions of the splicing boundaries

are indicated by linking arrows above the diagram.

to identify cDNA clones encoding additional nucleotide se-

quences of the 4.3 or 6.0 kb transcripts, suggesting that alternative

transcriptional initiation sites or polyadenylation did not account

for these transcripts. Searches of the EST database for the full-

length cDNA sequence, however, indicated a number of clones

with disrupted PC8 cDNA sequences. The positions at which

they occurred were at intron–exon boundaries and were found to

comprise intronic sequences suggesting read-through introns.

These read-through introns corresponded to introns 12 (EST

H09374), 13 (EST AA127764, AA411647, A373787), 14

(EST AA127764, AA411647, A373787, AA373478, AA317286,

AA193394) and 15 (EST AA317286, AA193394, T98068). The

presence of intronic sequences in mRNA transcripts, however,

might have resulted from prespliced mRNA intermediates.

However, one identified EST clone, H09374, was unlikely to

represent a prespliced mRNA intermediate as this cDNA clone

possessed only the intron 12 intronic sequence, although it

encompassed sequences encoded by exons 13–16.

We proposed that the nucleotide sequence of intron 12 was

retained in human PC8 mRNA transcripts and that its retention

resulted in the 4.3 kb transcript thatwe have detected in squamous

cancer cell lines [19]. By using an RT–PCR strategy, we confirmed

that intron 12 was transcribed in BEN cell mRNA species

(Figure 5). RT–PCR of BEN cell RNA with PC8 exon 12 sense

and exon 13 anti-sense primers (oPC99 and oPC59 respectively)

amplified products of 229 and 1062 bp, and both products were

detected by the exon 13-specific anti-sense oligonucleotide

oPC120 (Figure 5, lane 1). The 1062 bp product resulted from

amplification of exon 12, intron 12 and exon 13 sequences as

confirmed by hybridization analysis with an intron 12 oligo-

nucleotide oPC67 (Figure 5, lane 2), and nucleic acid sequencing

confirmed the hybridization data for both the 229 and 1062 bp

products. To determine whether the retention of intron 12 in PC8

transcripts was an exclusive event, in that no other intronic

sequences were present, RT–PCR was performed with intron 12

primers. RT–PCR amplifications between exon 1 (oPC81) and

intron 12 (oPC118) yielded one product of 2644 bp that was

PC8-specific as detected by the oligonucleotide oPC99 (Figure 5,

lane 3). Further, amplifications with oPC67 (intron 12) and

oPC54 (exon 16, the ultimate exon) generated only one product

of 865 bp; a PC8-specific oligonucleotide, oPC59, hybridized

with this product (Figure 5, lane 4). Taken together, these results

indicate that intron 12 is included in PC8 transcripts and its

inclusion would account for the 4.3 kb transcript of PC8.

Importantly, the RT–PCR analyses did not detect the inclusion

of any other intronic sequences, suggesting that the retention of

intron 12 was not the result of a prespliced intermediate.

Nucleotide sequence analysis of intron 12 predicted that the

inclusion of this intron would result in the production of an in-

frame termination codon seven residues from the intron–exon

boundary, thus truncating the translation of human PC8, and

disrupting the catalytically important middle domain of PC8.

This alternative splicing event might produce an inactive form of

PC8 because the catalytically important homo B domain would

be disrupted.

The occurrence of cDNA clones containing nucleotide se-

quences from consecutive introns (introns 12, 13, 14 and 15)

could potentially result in the larger transcript of 6.0 kb as

reported by Seidah et al. [21]. The inclusion of these intronic

sequences in PC8 transcripts has the potential for both catalytic

and structural effects. The read-through of intron 13, in addition

to the disruption of the catalytically important homo B domain

of PC8, would result in disruption of the open reading frame of

hPC8 and thus might result in the translation of an hPC8 isoform

lacking the putative transmembrane domain. The loss of the

putative transmembrane domain of human PC8, if read-through

of only intron 15 occurred, might result in a soluble form of the

enzyme. However, it should be noted that we did not detect
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Figure 2 Comparison of the intron–exon splice junctions of PC8 with those of other convertase genes

The figure is a schematic representation of the positions of intron–exon splice boundaries with respect to the predicted amino acid sequences of five human prohormone convertase genes PC8,
furin, PACE4, PC3/1 and PC2 and the mouse PC4 gene (in the single-letter amino acid code). The positions of the intron–exon splice junctions are indicated above the predicted amino acid sequence

by a solid arrowhead. The catalytic domain of each family member is boxed and the four catalytically important residues of this domain are indicated by asterisks. The transmembrane domains

of PC8 and furin are underlined.
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Figure 3 Nucleotide sequence of the 5«-flanking sequence of the hPC8
gene

The nucleotide sequence of the 5«-flanking region of the hPC8 gene, determined by direct cycle

sequencing, is presented. Numbered in relation to the most extended 5« RACE product

identified, the nucleotide sequence is numbered at the right of the sequence. Transcriptional

initiation sites determined by 5« RACE (hatched arrows) and primer extension analyses are

indicated by arrows below the nucleotide sequence, filled and unfilled arrows representing major

and minor transcriptional initiation sites respectively. The large hatched arrow below the

sequence represents the coincident transcriptional initiation sites determined by 5« RACE and

primer extension and is designated nt 1. The positions of intron–exon junctions are marked

by vertical arrowheads. Oligonucleotides used in the direct determination of the nucleotide

sequence, with the use of the DNA cycle sequencing technique, are indicated. The predicted

amino acid sequence of the translated region is provided in the standard single-letter amino acid

code. Putative promoter elements present in the nucleotide sequence of the 5«-flanking region

of the human PC8 gene are indicated as follows : Sp1 promoter elements are boxed and AP2

promoter elements are indicated by a solid underline.

transcripts larger than 4.3 kb in the human cell lines that we have

examined [19], and that we were unable to identify the inclusion

of introns other than intron 12 in PC8 transcripts. The transcripts

larger than 4.3 kb [21] might result from tissue}cell-specific

alternative mRNA splicing or prespliced intermediates.

In conclusion, we report the characterization of the human

PC8 gene structure. The nucleotide sequence of the 5«-flanking

region of the human PC8 gene was determined and displays a

number of promoter elements characteristic of GC-rich pro-

moters. We propose that the human PC8 gene undergoes

alternative splicing events to produce various structurally unique

isoforms via the inclusion of intronic sequences in human PC8

transcripts.

This work was supported by a Program Grant from the NHMRC, Australia (no.
963211) and grants from the Anti-Cancer Council of Victoria and Chugai
Pharmaceutical Co. Japan. M.T.G. was a Research Fellow of the NHMRC, Australia.

Figure 4 Primer extension analysis of the transcriptional initiation of
human PC8

Primer extension analysis was performed on 40 µg of total RNA from the human keratinocyte

cell line HaCaT [24], with [γ-32P]dATP end-labelled anti-sense oligonucleotide oPC79 based on

nt 145 to 166 of the reported cDNA sequence of human PC8 (see Figure 3). The sizes

of extension products were determined by using a sequencing ladder generated with anti-sense

oligonucleotide oPC79. Hash signs (g) indicate transcriptional initiation sites shared by the

HaCaT and BEN cell lines, whereas the asterisk denotes the 5« extension product resulting from

5« RACE.

Figure 5 Identification of intron 12 sequences in PC8

Below the schematic representation of the intron–exon splice junctions of the hPC8 gene are

the positions of the oligonucleotides used in RT–PCR analysis : shown at the right are the lanes

corresponding to the amplifications detected by Southern blotting. Shown is a Southern blot of

RT–PCR with oPC99 (exon 12) and oPC59 (exon 13) detected with oPC120 (lane 1) and oPC67

(lane 2) ; oPC81 (exon 1) and oPC118 (intron 12) detected with oPC99 (lane 3) ; oPC67 (intron

12) and oPC54 (exon 16) detected with oPC59.
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