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HDGF as a result of transfection with the cDNA of hu-
Hepatoma-derived growth factor (HDGF) is an man HDGF also showed the growth stimulating activity

acidic polypeptide with mitogenic activity for fibro- (2). In both cases, debris from dead and dying cells could
blasts performed outside the cells despite the presence not be eliminated as the source of the extracellular pro-
of a putative nuclear localization signal (NLS). We tein. The HDGF cDNA was found to lack a signal pep-have now cloned three related mouse cDNAs: one for tide sequence for secretion and have a basic motif, KRR-a mouse homologue of human HDGF and two for addi-

AGDLLEDSPKRPK (basic residue underlined), homolo-tional HDGF-related proteins provisionally desig-
gous to the reported consensus sequences for bipartitenated HDGF-related proteins 1 and 2 (HRP-1 and -2).
NLSs which consist of two clusters of basic residuesTheir deduced sequences have revealed that HDGF be-
separated by 10-12 amino acids including proline resi-longs to a new gene family with a highly conserved
dues (2,3). The paradigm for bipartite NLSs is that of98-amino-acid sequence at the amino terminus (hath
Xenopus laevis nucleoplasmin, KRPAATKKAGQA-region, for homologous to the amino terminus of
KKKK (4). Of nuclear proteins, 56% were found to con-HDGF). HRP-1 and HRP-2 proteins are 46 and 432
tain bipartite motifs of basic residues and only aboutamino acids longer than mouse HDGF, respectively,

and have no conserved amino acid sequence other 5% of nonnuclear proteins contained similar motifs (3).
than the hath region. HRP-1 is a highly acidic protein This fact indicates that HDGF might function as a nu-
(26% acidic) and also has a putative NLS. HRP-2 pro- clear protein. Recently, it has become evident that some
tein carries a mixed charge cluster, a sharp switch of growth factors, subsequent to receptor-ligand internal-
positive- to negative-charge residues, which is often ization, may translocate to the nucleus and directly func-
found in some nuclear proteins. Northern blotting tion in mitogenic processes (5). For example, an FGF-1-
shows that mouse HDGF and HRP-2 are expressed pre- encoding cDNA construct lacking the secretion signal is
dominantly in testis and skeletal muscle, to intermedi- functional in an autocrine system, indicating its intra-
ate extents in heart, brain, lung, liver, and kidney, and cellular signaling capabilities (6). Induction of mitogen-
to a minimal extent in spleen. HRP-1 is expressed spe- esis by FGF-1 is directly dependent on nuclear localiza-cifically in testis. These findings suggest that the

tion as conferred by the NYKKPKL sequence, wherebyHDGF gene family might play a new role in the nucleus
deletion of this NLS abolishes mitogenic activity butespecially in testis. q 1997 Academic Press
does not affect other functions (7). Moreover, the NLS
of FGF-1 is shown to be directly involved in the FGF-1-
induced nuclear mitogenic signaling. A 28-residue syn-

HDGF was purified from the conditioned medium of thetic peptide containing the NLS of FGF-1 can stimu-
human hepatoma-derived cell line, HuH-7, and has late DNA synthesis after it is delivered into NIH3T3
growth stimulating activity for fibroblasts and some cells by using a cell-permeable peptide import method
hepatoma cells (1). Subsequently, the conditioned me- (8). Further studies will be required to examine the func-
dium of COS-7 cells expressing copious amounts of tional role of the putative NLS of HDGF in HDGF-stim-

ulated mitogenesis.
Although the HDGF cDNA was identified from the1 Current address: Diagnostic Division, Medical Research Labora-

human hepatoma-derived cell line, its message is ubiq-tory, Sekisui Chemical Co., Ltd., Hyakuyama 2-1, Shimamoto-cho,
Mishima-gun, Osaka 618, Japan. uitously expressed in various normal tissues as well as
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FIG. 1. Nucleotide and translated amino acid sequences of mouse HDGF cDNA. (A) The nucleotide sequence of the mouse HDGF cDNA
is shown along with the amino acid sequence of mouse HDGF beginning with the first ATG codon. The sequence of the 98-amino-acid hath
region is underlined. The putative bipartite NLS is double underlined. (B) Comparison of amino acid sequences of mouse and human HDGF.
Asterisks denote the identical amino acid residues. Deletions or insertions are indicated by dashes.

in tumor cell lines (2). Therefore, it not only is signifi- MATERIALS AND METHODS
cantly related to the proliferation of cancer cells but

Cloning and sequence analyses of HDGF-related cDNAs. A 0.9-also has other important physiological functions in nor-
kb cDNA of human HDGF (2) was used to screen a random-primedmal organs. In this study, characterization of addi- BALB/c mouse testis cDNA library constructed in pYEUra3 (Stra-

tional HDGF-related cDNAs from mouse testis has now tagene, La Jolla, CA). A total of one million colonies were screened.
revealed that HDGF belongs to a new gene family with From 20 positives, isolated from sequential purification steps, three

distinct classes were identified. Clones were subcloned into pBlue-a highly conserved 98-amino-acid sequence that we call
script II SK/ (Stratagene, La Jolla, CA) and sequenced manually‘hath region’. In addition to delineating three members
using Sequenase version 2.0 (U.S. Biochemical Corp.) or by auto-of the HDGF gene family, we show that mRNAs for the mated DNA sequencing (Applied Biosystems Inc., model 373A). The

three proteins in mouse are distributed differentially sequencing was done with T3 and T7 primers and with internal
sequence primers. The remaining 5* sequences of HRP-1 and HRP-in different organs.
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FIG. 2. Nucleotide and translated amino acid sequences of HRP-1 cDNA. Shown is the sequence of sense strand of composite cDNAs
and corresponding amino acid sequence beginning at the first initiator methionine at base 32. The sequence of the 98-amino-acid hath
region is underlined. The putative bipartite NLS is double underlined.

2 were obtained using the 5*-Amplifinder rapid amplification of 10mM NaH2PO4, 1mM EDTA, pH7.4), 51Denhart’s solution,
1%SDS, and 100mg/ml denatured salmon sperm DNA at 427C for 16cDNA ends kit (Clontech, Polo Alto, CA), according to manufacturer’s

instructions. Mouse testis poly(A)/ RNA (2mg) was reverse-tran- hours. The blot was washed with 11SSC and 0.1% SDS at 507C. The
RNA blot was also probed with DNA coding b-actin for normalizationscribed and then primed with oligonucleotide 5*-TTCTGCCTCCAG-

CTCAGGCATGAAT-3 * for HRP-1 or 5*-CCGTACTTGTCCTTGCAC- of results.
TTATCAT-3 * for HRP-2. A nested gene-specific primer 5*-CTGGTT-
CGGCCCATCCTGCACCAGCTCCTGTCCTAGTT-3 * for HRP-1 or

RESULTS AND DISCUSSION5*-CTGGTTCGGCCCAATGACCCTCCGGGATTCTTTGTCCT-3 * for
HRP-2 was used in conjunction with this procedure. Sequence align-
ments were done using DNASIS program (Hitachi software Engi- Isolation of Clones for Mouse HDGF and Two Related
neering Co., Ltd.). The BLAST program of GenomeNet (Japan) was cDNAs
used for database comparisons.

We previously isolated the cDNA for human HDGFPreparation of probes specific to mouse HDGF, HRP-1, and HRP-
2. Oligonucleotide primers were synthesized corresponding to the and reported that human HDGF had a single mRNA
coding strands of nucleotides 341-364 for mouse HDGF, nucleotides band of 2.4kb (2). In Northern blot analysis of mouse
312-335 for HRP-1, and nucleotides 402-425 for HRP-2; and the non- transcripts, which were hybridized with the human
coding strands of nucleotides 749-772 for mouse HDGF, nucleotides

HDGF cDNA fragment, we found quite a broad band730-753 for HRP-1, and nucleotides 808-831 for HRP-2. These prim-
in testis (data not shown). This finding most likely indi-ers were used in the polymerase chain reactions with plasmids con-

taining mouse HDGF, HRP-1, and HRP-2 cDNAs as templates to cates either a single transcriptional product that is dif-
prepare fragments that are specific to each gene. Gene-specific probes ferentially processed or the transcription of several re-
were prepared by random primer labeling of these fragments after lated but distinct genes. Therefore, we screened adenaturation.

mouse testis cDNA library with the 0.9-kb cDNA of
Northern blot analysis. A Northern blot containing 2 mg of human HDGF. Twenty clones were isolated that could

poly(A)/ RNA from various mouse tissues was purchased from Clon- be assigned to three distinct classes, referred to here astech. The membrane was sequentially probed with the gene-specific
mouse HDGF, HRP-1, and HRP-2, based on sequenceprobes for mouse HDGF, HRP-1, and HRP-2. The hybridization con-

ditions were: 50% formamide, 51SSPE (11SSPEÅ0.15M NaCl, relationships. Fourteen of the 20 characterized clones
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FIG. 3. Nucleotide and translated amino acid sequences of HRP-2 cDNA. Shown is the sequence of sense strand of composite cDNAs
and corresponding amino acid sequence beginning at the first initiator methionine at base 70. The sequence of the 98-amino-acid hath
region is underlined. The mixed charge cluster is double underlined.

were assigned to mouse HDGF. Complete sequencing coding region and 88% homology at the amino acid
level. Especially, the amino terminal 108 amino acidsand comparison of the clones revealed 100% homology

and the longest clone (Y26) contained a 714-bp open are in 100% match (Fig.1B). In this region, all of the
observed base changes (18 bases) occurred at the thirdreading frame (ORF) and 786-bp 3 *-untranslated trail

(Fig.1A). The translational start assumed corresponds position of codons and do not result in a change of the
amino acid residue. The putative bipartite NLS of hu-to that determined for human HDGF. Comparison of

the mouse HDGF cDNA with the human HDGF cDNA man HDGF is conserved in mouse (residues 155-170)
(Fig.1A). This high homology is also extended in therevealed an 88% identities at the DNA level over the
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FIG. 4. Homology of amino acid sequence among mouse HDGF, HRP-1, and HRP-2. HRP-1 and HRP-2 proteins show significant
homology to the N-terminal region of mouse HDGF (72 and 68%, respectively, over the 98-amino-acid hath region). Shaded areas show
sequence identity between at least two of the proteins. Gaps introduced to generate this alignment are represented by dashes. Amino acid
residues for each protein are numbered from the initiation methionine.

5*- and 3 *-untranslated regions. The 5*-untranslated shared between at least two of the three proteins. Many
of the differences represent conservative changes. Thisregion of mouse HDGF (61 bp) is 95% homologous to

that of the human HDGF gene. In the 3 *-untranslated 98-amino-acid region will be referred to as the hath
region, for homologous to the amino terminus of theregions of these mRNAs a 92-bp region immediately

after the termination codon is 97% identical. HDGF. This conservation in the N-terminal region is
striking compared to the variation in the remainder ofOnly one out of the 20 clones were assigned to HRP-

1 and the remaining 5 clones fell into the third class, the coding region of these proteins. For example, mouse
HDGF is 46 and 432 amino acids shorter than HRP-1HRP-2. Both HRP-1 and HRP-2 represent novel HDGF

related proteins. A 1.5-kb HRP-1 clone (K67) was se- and HRP-2 respectively and has no conserved sequence
in addition to the hath region. The strong conservationquenced in both directions and found to contain an 849-

bp ORF encoding a protein of 283 amino acids with a suggests that the hath region may have a common bio-
logical function. Thus far, since the HDGF-relatedcalculated Mr of 31,665 and a pI of 4.12. The 5*-cDNA

was obtained using 5* rapid amplification of cDNA ends cDNAs were isolated by nonfunctional screening and
the hath region does not resemble motifs of any pre-(5*RACE) procedure. An 406-bp DNA fragment was

amplified by this technique and then subcloned into viously identified protein, we have few clues as to what
the hath region might represent.pBluescript and sequenced. A novel sequence of 25 bp

was added to the 5* end of K67 (Fig.2). The inserts A nucleic acid sequence comparison of mHDGF,
HRP-1, and HRP-2 cDNAs suggests that these cDNAsfrom two separate HRP-2 clones (Y313 and K12) were

completely sequenced on both strands and were both are products of three distinct but related genes, rather
than the products of alternative splicing. For example,found to be missing 5* ends, as was the case for all

remaining clones in the class. With the help of 5* RACE in the stretches of greatest homology, the amino acid
sequence is more highly conserved than the nucleic acidprocedure, an 459-bp DNA fragment was amplified and

then subcloned into pBluescript, sequenced, and found sequence.
to contain a start codon with a consensus Kozak se-
quence (9) followed by 350 bp that were identical to Amino Acid Analyses of HRP-1 and -2
that of the 5* end of Y313. The entire ORF of HRP-2

Both HRP-1 and HRP-2 have no putative amino ter-is 2007 bp encoding a protein of 669 amino acids with
minus signal peptide sequence for secretion and reveala predicted Mr of 74,287 and a pI of 9.05 (Fig.3).
compositional biases, particularly of charged aminoThe nucleotide sequence data reported in this paper
acids. HRP-1 shows a significant high negative nethave been submitted to the DDBJ, Genbank, and
charge (Lys / Arg:8.4%, Glu / Asp:26.4%) and is richEMBL Data Bank with accession numbers D63707 for
in proline residues (9.5%). HRP-2 protein carries a sig-mouse HDGF, D63663 for HRP-1, and D63850 for
nificantly high level of basic and acidic residues (LysHRP-2.
/ Arg:20.6%, Glu / Asp:19.7%) and is rich in proline
and serine redidues (8.5% and 12.4%, respectively).The Amino Terminal 98-Amino-Acid Region Is
Previous statistical studies have identified invariantsConserved in the Three HDGF-Related Proteins
and contrasts with respect to amino acid usage for vari-
ous human protein subclasses (10,11). Thus, humanA comparison of the amino acid sequences for the

HDGF-related proteins revealed that these three pro- nuclear proteins emphasize hydrophilic residues com-
pared with cellular enzymes and glycoproteins in whichteins shared a highly homologous amino terminal re-

gion (Fig.4). Except for two short variable stretches hydrophobic residues are foremost. Interestingly, pro-
line and serine residues are also rich in the nuclear(residues 1-10 and 32-41, numbering refers to mouse

HDGF), this region has only 2 positions which are not proteins (11). These characters raise the possibility of
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revealed several associations between significant
charge configurations and protein functions (12-17). In
these studies, a charge cluster is defined as a short
protein segment (25-75 residues) with significant high
charge content relative to the charge composition of the
whole protein. In particular, a positive (or negative)
charge cluster is a segment with positive (or negative)
net charge, and a mixed charge cluster is a segment
high in charged residues of both signs. Charge clusters
are characteristic of eukaryotic reguratory proteins, in-
cluding transcription and replication factors, develop-
ment control proteins, high molecular weight heat
shock proteins (hsp), and many G protein-coupled re-
ceptors (14, 15, 16). By contrast, cellular proteins gen-
erally lacking distinctive charge configurations include
cytoplasmic structural proteins (myosin, actins), ribo-
somal proteins (with the exception of the acidic proteins
P0, P1, P2), and most enzymes (hydrolases, oxidoreduc-
tases, transferases, nontransmembrane kinases) (17).
It is plausible, therefore, that HRP-2 protein may func-
tion as a regulatory protein.

HDGF Family Members Are Differentially Expressed

To determine the tissue distribution of mouse HDGF,
HRP-1, and HRP-2 mRNAs, the corresponding radiola-
beled ORF DNAs without the hath region were used to
probe Northern Blot of poly(A)/ RNA from various
mouse tissues (Fig.5). Mouse HDGF and HRP-1 tran-
scripts are expressed in similar pattern; being highly
abundant in testis and skeletal muscle; at intermediate
levels in heart, brain, lung, liver, and kidney; and mini-
mal or undetectable levels in spleen. For mouse HDGF,
in agreement with our previous study of human HDGF,
a single transcript of 2.5kb was identified. For HRP-2,
two different mRNA bands were detected in each of
these tissues. The major band was 2.5kb, whereas the
minor band was 3.5kb. The molecular basis and sig-
nificance of the two transcripts remain to be deter-
mined. In contrast, HRP-1 (transcript size: 2.2kb) was
highly expressed only in testis.

FIG. 5. Northern blot analysis of HDGF family mRNAs in vari- The selective enrichment of the three HDGF-related
ous mouse tissues. Poly(A)/ mRNAs from various tissues of a BALB/ genes mRNAs in testis suggests potential roles for the
c mouse were hybridized with a-32P-labeled gene-specific probes de- three genes in testis. The 5*-untranslated region ofrived from the cDNAs of three different HDGF-related proteins

mouse HDGF, HRP-1, and HRP-2 cDNAs contained(mouse HDGF, HRP-1, and HRP-2) as well as b-actin. RNA size
markers (in kilobases) are indicated at the left of each panel. GC-rich nucleotide sequences (GC content, 83%, 74%

and 72%, respectively). Some genes specifically ex-
pressed in testis or in embryonic development are re-
ported to have a high content of GC nucleotide se-nuclear sites of action for HRP-1 and 2. The presence

of a putative bipartite type NLS of HRP-1, KRSAED- quences at the 5* region of the cDNA and its promoter
sequence (18, 19). The GC-rich sequence might be oneEEPHCPLKRPR (residues 211-227), supports this idea

(Fig. 2). One striking feature of HRP-2 is the presence of the common functional sequences used for specific
gene expression in male germ cell development and isof a significant charge configuration in which a percent-

age of charged residues is extremely high (residue 321- concerned with DNA methylation, chromatin confor-
mation, or translational control (20, 21, 22). Future363; 20 basic and 16 acidic residues in 43; called ‘a

mixed charge cluster’) (Fig.3). Statistical studies have studies including genomic searches and gene knockout
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