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We have previously shown that the SIS/platelet-derived growth factor B chain contains a nuclear targeting
signal near its C terminus. Here we show that the platelet-derived growth factor A chain also contains a nuclear
targeting signal encoded by an exon which is subject to alternative splicing. This sequence is capable of
targeting a nonsecreted form of the A chain to the nucleus and can also target the cytoplasmic proteins
dihydrofolate reductase, chloramphenicol acetyltransferase, and pyruvate kinase to the nucleus.

Platelet-derived growth factor (PDGF) is a potent mitogen
for cells of mesenchymal origin. Human PDGF is composed
of two related polypeptide chains (A and B) linked by
disulfide bonds (19). Each chain is also able to form ho-
modimers, as exemplified by the B-chain homodimers pro-
duced in simian sarcoma virus-transformed cells (9) and by
the A-chain homodimers produced in various tumor cell
lines (2). The A-chain protein appears to have either of two
different C termini which result from alternative splicing of
the RNA (7, 21). The predicted PDGF A-chain protein
encoded by a human glial tumor cDNA (2) (referred to here
as the long form) contains a sequence near its C terminus
(RPRESGKKRKRKR) that is similar to the nuclear target-
ing signal (NTS) we had previously identified in the SIS/
B-chain protein (RRPPKGKHRK). Subsequently, A-chain
c¢DNAs isolated from endothelial cells (4, 7, 21) and from the
glioma cell line from which the original A-chain clone was
isolated (18) were shown to encode a shorter protein (re-
ferred to as the short form), with the C terminus coded for by
a different exon. No differences in biological activity be-
tween the long and short forms of the PDGF A chain have
yet been found (1).

To determine whether the A chain contains a NTS,
eucaryotic expression vectors containing the long A chain as
well as nonsecreted forms of the long and short A chains
were constructed. Plasmid D-1, containing the longer PDGF
A-chain cDNA derived from a human glioma, was obtained
(2). The A-chain-coding region from D-1 was then inserted
into a vector derived from pRSV (8) downstream of a Rous
sarcoma virus promoter, creating pDM109. The short form
of the A chain lacking the NTS was created through loop-out
mutagenesis in m13 by using an oligonucleotide correspond-
ing to the exon 5-exon 7 junction which occurs in the short
form of the A chain (GAGGACACGGATGTGAGGTG
AGG). The native A-chain protein contains a signal se-
quence at its N terminus, allowing its secretion. Since signal
sequences function cotranslationally, it was necessary to
remove this in order to examine the C terminus for its ability
to direct import to the nucleus. Nonsecreted forms of the
different A chains were created by joining a consensus start
codon for eucaryotic initiation (12, 14) to the A-chain-coding
sequences at a Tagl site so that the resulting proteins would
resemble the mature A chains after propeptide cleavage.
These nonsecreted forms were also placed in a Rous sar-
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coma virus vector, yielding pDM134 (nonsecreted long form)
and pDM13S5 (nonsecreted short form). The plasmids were
transfected into the African green monkey kidney cell line
CV-1, and 36 to 48 h posttransfection, the cells were assayed
by indirect immunofluorescence (15) to determine the loca-
tion of the protein. The native long form of the A chain
showed the characteristic endoplasmic reticulum and Golgi
staining patterns of a secreted protein (Fig. 1B). The nonse-
creted short form gave whole-cell staining (Fig. 1C), with the
protein distributed throughout the cytoplasm and nucleus
(the sizes of the nonsecreted forms of the A chain are such
that the proteins can diffuse through the nuclear pores [3]).
The nonsecreted long form showed intense nuclear and
nucleolar staining (Fig. 1D), similar to that observed with
nonsecreted forms of the SIS protein. This demonstrates
that the C terminus of the long form of the A chain contains
a NTS which is not present in the alternatively spliced short
form.

To show that the NTS in the PDGF A chain was sufficient
to target non-nuclear proteins to the nucleus, gene fusions
were created in which portions of exon 6 of the A chain
(encoding the NTS) were fused to the 3’ end of the coding
regions of the pyruvate kinase (PK), chloramphenicol ace-
tyltransferase (CAT), and dihydrofolate reductase (DHFR)
genes. Plasmids encoding specially constructed CAT and
DHFR genes which contained blunt restriction sites imme-
diately at the 3’ end of the coding region were obtained (12).
The 3’ end of the long form of the A chain containing the
NTS was added directly to the ends of CAT and DHFR
genes by using the Srul site (residue 970) in the PDGF
A-chain gene, and the fusions were placed under the Rous
sarcoma virus promoter, creating pDM117 (CAT-NTS) and
pDM118 (DHFR-NTS). The PK-NTS fusion (pAL125) was
created by joining the BstXI site (residue 1567) of the
PK-coding sequence in pAL79 (15) to the Sty site (residue
973) in exon 6 of the A chain by using EcoRI linkers to
maintain the correct reading frame. The hybrid genes were
expressed in CV-1 cells, and the transfected cells were
examined by indirect immunofluorescence for the location of
the hybrid proteins. CAT (Fig. 2B), DHFR (Fig. 2D), and
PK (Fig. 2F) were efficiently targeted to the nucleus by the
A-chain NTS. Additionally, CAT was concentrated in the
nucleoli, as were the nonsecreted forms of the A and B
chains. It appears that this short sequence is capable of not
only nuclear targeting but also nucleolar targeting, although
we cannot rule out an interaction between the NTSs and
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FIG. 1. Indirect immunofluorescence of secreted and nonse-
creted forms of the PDGF A chain expressed under the Rous
sarcoma virus promoter in CV-1 cells. (A) Mock-transfected cells;
(B) the native long form of the A chain showing diffuse endoplasmic
reticulum and Golgi staining; (C) a nonsecreted short form of the A
chain showing whole-cell staining; (D) a nonsecreted long form of
the A chain showing pronounced nucleolar and nuclear staining.
Plasmids transfected into CV-1 cells by the calcium phosphate
procedure were pDM109 (B), pDM135 (C), and pDM134 (D). An
affinity-purified rabbit antiserum raised against a bacterially synthe-
sized A-chain fusion protein served as the primary antibody, and
rhodamine-conjugated goat anti-rabbit antiserum was used as the
secondary antibody.

sequences elsewhere in CAT or PDGF that causes the
nucleolar localization.

Different exons code for the C termini of the long and
short forms of the A chain. Exon 6 contains 69 base pairs and
encodes the 18 amino acids at the C terminus of the long
form of the A chain (containing the NTS) but is spliced out
of the A-chain mRNA in the short form (4, 7, 18, 21). Exon
6 was previously believed to be nonconserved between the A
and B chains (4, 18). Figure 3 reflects the similarity between
the A and B chain NTSs encoded by exon 6 in both genes.
These sequences contain a proline(s) flanked by positively
charged amino acids at the N terminus and a glycine fol-
lowed by a run of positively charged residues at the C
terminus. Additionally, we noted a similarity between the
four residues at the C terminus of the long A chain, LKPT,
and a sequence in the B chain, LKET. This LKXT sequence
is not required for the nuclear targeting of the B chain (15)
and is probably not required for the targeting of the A chain.

That secreted growth factors may have a direct role in the
nucleus has been a controversial topic (6, 13). Early studies
indicated that many growth factors were degraded after
binding to and entering their target celis (13). But basic
fibroblast growth factor and insulin seem clearly to exert
some of their effects directly in the nucleus. Basic fibroblast
growth factor, a competence factor like PDGF, has recently
been observed to accumulate in the nucleoli of cells and to
directly stimulate ribosome biosynthesis (5). Insulin injected
into Xenopus laevis oocytes was found to directly stimulate
RNA, protein, and glycogen synthesis (16). PDGF itself has

FIG. 2. Targeting of CAT, DHFR, and PK to the nucleus by the
A-chain NTS. (A) Wild-type CAT; (B) CAT-NTS fusion; (C) wild-
type DHFR; (D) DHFR-NTS fusion; (E) wild-type PK; (F) PK-NTS
fusion. Wild-type CAT and DHFR are small enough to diffuse
through the nuclear pores; PK is not (3). Plasmids transfected into
CV-1 cells by the calcium phosphate procedure were pSV2CAT (A),
pDM117 (B), pSV2DHFR (C), pDM118 (D), pAL79 (E), and
pAL125 (F). pSV2CAT (11), pSV2DHFR (20), and pAL79 (con-
taining PK [15]) contain the wild-type genes under the control of the
simian virus 40 early promoter. The CAT-NTS and PK-NTS fusions
have the sequence PRESGKKRKRKRLKPT appended to the C
terminus of each protein, and the predicted molecular mass is
increased from 25.6 to 27.6 kilodaltons for CAT and from 21.6 to
23.6 kilodaltons for DHFR. The PK-NTS fusion adds 7 amino acids
from linkers and 15 from exon 6 (NTIGIPARESGKKR
KRKRLKPT) to the C terminus of PK and increases the predicted
molecular mass from 57.8 to 60.3 kilodaltons. Indirect immunoflu-
orescence was performed by using a monoclonal antibody against
CAT or polyclonal antisera raised in rabbits against DHFR or PK as
the primary antibody, respectively, and the corresponding rho-
damine-conjugated secondary antibody.

been found by one group to accumulate in the nuclei of cells
bearing its receptor (17), and SIS-related proteins have been
found in the nuclei of cells transformed by simian sarcoma
virus (22). It is possible that all or part of PDGF containing
the NTS is transported to the nucleus after binding and
internalization and may, like basic fibroblast growth factor,
play a direct role in stimulating the G;—G, transition.

We have identified NTSs in both chains of PDGF. The C
termini of the A and B chains previously were not thought to
be similar. We have shown that the two C termini have a
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RPRESGKKRKRKR - - - - - - LKPT

KTPQTRVTIRTVRVRRPPKGKHRKFKHTHDKTALKETLGA

FIG. 3. Alignment of amino acids exclusively encoded by exon 6
of the human PDGF A-chain (top) and B-chain (bottom) genes
demonstrating the conservation of NTSs as well as the LKXT
sequence. The amino acids from each exon were aligned by using
the program pDayhoff as described elsewhere (10).

conserved amino acid sequence and that each is able to act
as a NTS. It is possible that these are merely cryptic NTSs;
however, it seems unlikely that the ability of these se-
quences to cause nuclear localization was fortuitously con-
served along with some other presumably conserved func-
tion for the C terminus. A role for PDGF in the nucleus
remains to be determined. The alternative splicing of the
NTS in the PDGF A chain may represent a level of control
over this putative nuclear role.
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