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Abstract

Platelet-derived growth factor (PDGF) is a potent mesenchymal cell mitogen and chemoattractant involved in the pathogenesis

of fibroproliferative diseases. There are four known PDGF ligand isoforms designated A–D, two of which, C and D, were only

recently discovered. We have identified a splicing variant in the PDGF-D isoform that occurs in mice, but not in humans. The

presence of the splicing variant in murine PDGF-D appears to be due to an aberration in the splicing site at the junction of exons 5

and 6. The splicing variant results in a deletion predicted to have significant effects on peptide activity since it results in the deletion

of bases within the cysteine knot domain that are important for peptide dimerization and receptor binding. It is important to

appreciate differences between murine and human PDGF gene expression because PDGF is a key mitogen in the pathogenesis of

fibrosis and mice are commonly employed as models for human disease.

� 2003 Elsevier Inc. All rights reserved.
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The platelet-derived growth factor (PDGF) family of

peptides are potent mitogens and chemoattractants for

mesenchymal cells, such as smooth muscle cells and fi-

broblasts [1]. Consequently, PDGF isoforms have been
studied in the context of fibroproliferative diseases in-

volving the vasculature, liver, kidney, dermis, and lung

[2–6]. Both PDGF ligand and receptor expression are

increased during fibrosis [6]. Moreover, various strate-

gies aimed at blocking PDGF signal transduction limit

the fibroproliferative response [7,8]. Thus, understand-

ing the regulation of PDGF expression and activity is

important to understanding fibrogenesis and wound
healing.

There are now four known PDGF genes encoding

polypeptides designated A–D and two cell membrane
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receptors designated alpha and beta. PDGF-A and -B

chains were described over 30 years ago [1], whereas

PDGF-C and -D remained undiscovered until 2000

[9,10]. PDGF-A and -B chains dimerize into homodi-
mers, AA and BB, or an AB heterodimer. The ligand

dimers bind to PDGF receptors, whereas monomers are

inactive [11]. PDGF-C and -D chains also dimerize and

bind to the PDGF alpha and beta receptors, but in

contrast to PDGF-A and -B, require proteolytic cleav-

age for receptor binding [9,10]. PDGF-C and -D share

substantial homology and so contain very similar pro-

tein domains. These regions include a signal sequence
for secretion, a CUB domain that may serve to bind the

polypeptide to connective tissue elements within the in-

terstitium, an activation cleavage site, and a cysteine

knot domain required for ligand dimerization and

receptor binding [9,10].

PDGF-B and -C genes express a single mRNA,

whereas a splicing variant has been described for

PDGF-A chain involving exon 6 [12]. A small 18-base
splicing variant has already been described for human

PDGF-D [13]. In the manuscript we have identified a

new splicing variant for PDGF-D that results in deletion
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of exon 6, which includes the cysteine knot domain that
is crucial for dimerization and receptor binding.
Fig. 1. Amplification of murine (A) and human (B) PDGF-D cDNA

using total RNA from different organs. RT-PCR of murine RNA

yielded a product of the predicted length and a shorter unexpected

band, whereas human RNA yielded only the expected full-length

product. b-Actin was used as an internal control. Among the organs

we analyzed, the highest expression of both transcripts was found in

heart and kidney. There was less expression in lung, liver, brain, and

testis. No expression of either transcript was found in bowel.
Materials and methods

Antibodies. Antiserum against a synthetic peptide derived from

mouse PDGF-D amino acid residues 202–216 (DPTLTADALDKTV

AE ) was generated using rabbits by Biosynthesis Inc. Antiserum was

purified using an ImmunoPure Immobilized Protein A gel column

(Pierce, USA). The murine monoclonal c-Myc (9E10) antibody was

purchased from Santa Cruz (USA). Peroxidase-labeled goat anti-rab-

bit and goat anti-mouse antibodies were purchased from KPL (USA).

RT-PCR. Total tissue RNA was isolated from various mouse and

human organs using the RNeasy Mini kit (Qiagen, Germany). Poly(A)

RNA (0.6 lg) was reverse-transcribed at 55 �C using the ThermoScript

RT-PCR system (Invitrogen, USA) in a 20ll reaction mixture con-

taining the oligo(dT)20 primer, as described by the manufacturer. Two

microliters of reaction was amplified by PCR in a mixture of 0.2mM of

each dNTP, 1� high fidelity PCR buffer, 2.0mM MgSO4, 0.2lM
primers and 1U of Platinum Taq high-fidelity (Invitrogen, USA) in a

final volume of 50 ll. Amplification was performed using the Eppendorf

Mastercycler (Eppendorf Germany). The PCR products were separated

on a 1.2% agarose gel and visualized by ethidium bromide staining.

The primers were designed to amplify the full-length mouse PDGF-

D cDNA (upstream primer: 50-ATG CAA CGG CTC GTT TTA GTC

TCC ATT CTC C-30, downstream primer: 50-TTA TCG AGG TGG

TCT TGA GCT GCA GAT ACA GTC-30). The sequence of the

downstream primer used for amplifying human PDGF-D was the

same as that used for the mouse, because there is high homology for

PDGF-D mRNA between human and mouse. The sequence of the

upstream primer used on human cDNA was 50-ATG CAC CGG CTC

ATC TTT GTC TAC ACT CTA ATC-30. The primers for mouse

b-actin were purchased from Ambion.

RNase protection assay. The fragment of PDGF-D cDNA between

the HaeII and EcoRI restriction sites was subcloned into the pBlue-

script KS(+) vector for use as a radiolabeled probe in the ribonuclease

protection assay. The anti-sense RNA probe was labeled with [a-
32P]UTP (Perkin–Elmer, USA) using an in vitro transcription kit

(Pharmingen, USA) and then was gel purified. The RNase protection

assay was carried out with the RiboQuant Ribonuclease Protection

Assay kit (Pharmingen) according to the instruction manual. Twenty

micrograms of total RNA from each sample was used in this assay.

Coincident assays for cyclophilin mRNA were performed to ensure

the integrity and amount of each RNA sample (Ambion).

Dot blot. Genomic DNA from murine and human lung tissue was

isolated using standard procedures [14]. Murine and human DNA were

serially diluted and dotted onto nitrocellulose membranes (Schleicher

& Schuell, USA). The membranes were baked at 80 �C for 30min and

hybridized with mouse and human 32P-labeled (Perkin–Elmer, USA)

full-length PDGF-D cDNA probes using the Prime-a-Gene labeling

system (Promega, USA). The membranes were washed twice at 65 �C
for 30min with 2� SSC, 0.2% SDS, and twice with 0.2� SSC, 0.2%

SDS. Finally, the blots were exposed to film and the signals were

quantified using a phosphoimager (Fuji, Japan).

Expression of PDGF-D isoforms in NIH3T3 cells. The full-length

and short murine PDGF-D cDNAs were amplified by PCR. The se-

quence of the upstream primer was 50-GCG GGA TCC GCC ACC

ATG CAA CGG CTC GTT TTA GTC TCC ATT CTC C-30 and

that of the downstream primer was 50-ACG CGT CGA CTT CTC

GAG GTG GTC TTG AGC TGC AGA TAC AGT C-30. The PCR

products were subcloned into the pCMV-Tag expression vector with a

c-myc tag (Strategene, USA) for transfection experiments.

NIH 3T3 fibroblasts were plated at a density of 2.2� 105 cells/well in

6-well plates and cultured in DMEM with 10% FBS for 24 h before

transfection. Full-length and short PDGF-D expression plasmids were
transfected intoNIH 3T3 cells using Fugene 6 (Roche, USA). Cells were

washed and cultured for another 48 h in serum-free media 24 h after

transfection. Then 1ml of the media was collected and concentrated to a

volume of 30 ll using 10 kDa Microcon filters (Millipore, USA).

Western blot. Tissue from murine heart, kidney, and lung was ho-

mogenized in RIPA buffer (1� PBS, 1%NP-40, 0.5% deoxycholate, and

1% SDS) with a protease inhibitor cocktail (Sigma, USA). Eighty mi-

crograms of protein from tissue or 12.5ll of concentrated media were

subjected to SDS–PAGE and transferred to PVDF membrane

(Amersham, USA). The blot was blocked by 5% non-fat milk in PBST

(0.05% Tween 20 in 1� PBS) for 1 h at room temperature, followed by

incubation with primary antibody (1:200) for another hour at room

temperature. After incubation, the blot was washed with PBST for

30min and incubated with secondary antibody (1:10,000) for 1 h at

room temperature. The blot was then washed with PBST for 1 h, de-

veloped using the ECL kit (Amersham), and exposed to X-ray film. For

peptide blocking experiments, 5 lg/ml of the synthetic PDGF-D pep-

tide, residues 202–216, was preincubated with the primary antibody.

Thymidine incorporation assay. Full-length, 18 bp-deleted and short

PDGF-D cDNAs were individually subcloned into a pCMV-myc-tag

expression vector. HeLa cells (4� 105) (ATTC) were plated into 6-cm

plates in DMEM with 10% FBS the day before transfection. Then the

HeLa cells were transfected with the three PDGF-D plasmids in ad-

dition to a control plasmid lacking insert using Fugene 6 in DMEM

with 2% FBS. Media collected 48 h after transfection was analyzed by

Western analysis to confirm expression of the PDGF-D polypeptides

and was assayed for fibroproliferative activity on MLF (mouse lung

fibroblast) cells. An aliquot of the conditioned media was reserved for

Western analysis of the HeLa conditioned media to confirm expression

of the PDGF-D polypeptides. MLF cells (1� 105) were seeded into 24-

well plates in DMEM with 10% FBS overnight and then were rendered

quiescent for 24 h in DMEM with 0.5% FBS. The cells were treated

with 250ll/well of transfected HeLa cell conditioned media for 36 h.

Five lCi/ml of [3H]thymidine (Amersham) was added to the cells 6 h

after treatment. Finally, cells were washed and harvested with lysis

buffer (0.2N NaOH, 0.1% SDS) and radiolabeled thymidine incor-

poration was measured using a scintillation counter.



128 Y. Zhuo et al. / Biochemical and Biophysical Research Communications 308 (2003) 126–132
For PDGF-D Western analysis, 1ml of the same transfected HeLa

cell media collected for the thymdine incorporation assay was incu-

bated with 100ll of heparin beads at 4 �C overnight. The beads were

washed three times with 1� PBS and then boiled in 20ll
of 2� Laemmli buffer. The supernatants were loaded on 8–16% Tris–

glycine mini-gel (Invitrogen) for Western blot using an anti-c-myc

antibody as described above under the Western blot heading.

Statistical methods. All data are presented as means�SEM. Un-
paired two-tail t tests were performed using InStat 1.14 software. The

results were considered to be statistically significant at p < 0:05.
Fig. 2. Nucleotide and deduced amino acid sequences of murine PDGF-D.

quenced. Nucleotide sequences are shown in lower case letters. Deduced ami

sequences. The exon borders are shown in italics and are underlined. Deleted

to exon 6, which causes a frame shift and an early stop codon within exon 7

frame shift within a portion of the peptide that is cleaved away from the ac
Results

Identification of a murine PDGF-D splicing variant

Amplification of murine PDGF-D using RT-PCR

resulted in the expected 1.1 kb product, plus an unex-

pected 0.9 kb product (Fig. 1A). In contrast, only the

long PDGF-D PCR product was identified in human
RT-PCR products of murine PDGF-D cDNA were identified and se-

no acid sequences are shown in upper case letters below the nucleotide

sequences are shown in bold. There is a 215-bp-deletion corresponding

(underlined). There is also an 18-bp-deletion that does not result in a

tive ligand.



Fig. 4. Confirmation of the small transcript of murine PDGF-D

mRNA by RPA. Total RNA from different mouse organs was hy-

bridized with a 32P-labeled RPA probe spaning portions of exons 5 and

6, and then digested with RNase. The final products were separated on

a 5% denaturing polyacrylamide gel and exposed to film. Two products

of the sizes predicted by sequencing the murine PDGF-D PCR prod-

ucts were identified, confirming the existence of the short PDGF-D

mRNA transcript. The ratio of the long transcript vs. short using a

phosphoimager for quantification is about 1:1.8 in all four different

organs.

Y. Zhuo et al. / Biochemical and Biophysical Research Communications 308 (2003) 126–132 129
tissues (Fig. 1B). The genetic background of the mice
used for Fig. 1A was C57BL/6, however, both the long

and short PCR products were also identified in lung

mRNA isolated from BALB/c mice, demonstrating that

the presence of the PDGF-D short band in mice is not

strain-specific (not shown). Among the different murine

organs we detected high expression of both PDGF-D

transcripts in heart and kidney and medium expression

in lung, liver, brain, and testis. There was very weak
expression of both PDGF-D transcripts in spleen and

neither transcript was expressed in the intestines

(Fig. 1A). The ratio of the long and short transcripts

was similar in the various organs tested.

Sequences of PDGF-D splicing variants

The long and short PCR products were cloned into

expression vectors using primers containing restriction
sites and the DNA sequence of the PDGF-D fragments

was determined. The results of the sequencing are shown

in Figs. 2 and 3. The larger PCR product was a com-

bination of two sequences differing by an 18-base dele-

tion in the CUB domain. The 18-base deletion does not

alter the reading frame and lies in a portion of the

peptide that is cleaved away upon PDGF activation.

The short PCR product was identical to the long
product with the exception that there is deletion of all

215 bases corresponding to exon 6 of PDGF-D. The

short PDGF-D product was also comprised of two se-

quences differing by an 18-base deletion in the CUB

domain.

Confirmation of the short PDGF-D transcript

A ribonuclease protection assay probe was designed
to differentiate between the long and short PDGF-D

mRNAmoieties. Fig. 4 depicts the results of an RPA for

PDGF-D on RNA isolated from murine heart, liver,
Fig. 3. Schematic diagram of the PDGF-D gene and alternative

mRNA transcripts. The region of the signal peptide is stippled, the

CUB domain is shown in dark gray, the proteolytic cleavage site is

shown in white, and the cysteine knot growth factor receptor-binding

domain is shown in light gray. The models of the four transcripts are

shown below the gene structure. All of exon 6 is deleted in the small

transcript. The probe for the RNase protection assay, shown in Fig. 4,

is from nucleotide 646 to 900 and spans portions of exons 5 and 6.
kidney and lung. The 254 base upper band corresponds

to the expected product from the long PDGF-D mRNA,

and the 127 base band corresponds to the expected

product from the short PDGF-D mRNA. The ratio of

long to short PDGF-D mRNA expression was similar in

all four tissues that were analyzed and taking the relative

sizes of the products into account was found to be 1:1.8.
The results from this assay confirmed the presence of the

short PDGF-D message.

A dot blot comparison was made between human and

murine DNA to determine whether mice have only one

copy of the PDGF-D gene, as is reported for humans

[15]. The probes employed for the results depicted in

Fig. 5 were of similar specific activity. The blot signal
Fig. 5. Comparison of gene copy number for murine and human

PDGF-D genes by dot blot. Murine and human genomic DNA were

serially diluted and dotted onto two separate nitrocellulose mem-

branes. The blots were hybridized to murine or human 32P-labeled

cDNA probes of similar specific activity. The result was analyzed using

a phosphoimager and indicates that, as per the human PDGF-D gene,

there is only one copy of the murine PDGF-D gene.



Fig. 6. A comparison of the sequences for murine and human PDGF-

D at the border of intron 5 and exon 6. The lariat acceptor consensus

sequence is labeled in the box. The acceptor sequences in exon 6 differ

between mouse and human (underlined).
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intensity for mouse DNA was equal to that of human

DNA, indicating that mice also have only one copy of

the PDGF-D gene. Mouse and human data bases were
searched to identify the sequence of the intron just

proximal to the 50 end of exon 6 and are shown in Fig. 6.

The results indicate the mice have a poor sequence for

splicing [16] that could account for the presence of the

short PDGF-D mRNA transcript observed in mice, but

not in humans.

Expression of the short PDGF-D peptide

We could not employ anti-PDGF-D antibodies used

by other investigators for our experiments because their

antibodies bind to regions that are deleted in the peptide

derived from the short mRNA transcript. Hence, a

rabbit anti-mouse PDGF-D polyclonal antibody was

generated against PDGF-D amino acids 202–216, which

are located at the 30 end of exon 5. Full-length, 18-base

deletion, and short PDGF-D transcripts were subcloned
into vectors with a c-myc tag on the 30 prime end.

However, there is a premature stop codon in exon 7 in

the short transcript that is caused by a frame shift that
Fig. 7. Expression of PDGF-D polypeptides. A rabbit anti-mouse PDGF-D

216. PDGF-D transcripts were subcloned into vectors with a c-myc tag on t

transcript that prevented the translation of the c-myc tag. Lanes 2–6 show im

the indicated expression construct. Lane 1 is 80lg of total protein from murin

Western blot using anti-mouse PDGF-D antibody preincubated with 5 lg/ml

of media from transfected NIH 3T3 cells using an anti-c-myc antibody, shown

short PDGF-D peptide, was identified in murine heart.
prevented the translation of the c-myc tag. The three
PDGF-D constructs were transfected into NIH3T3 cells

and the media was collected 48 h after transfection. Also

80 lg of total protein from mouse heart, lung, and kid-

ney were subjected to Western analysis. The full-length

and 18 bp deleted forms of PDGF-D were detected by

the PDGF-D antibody, and bands of the same size were

also bound by the c-myc antibody as expected (Fig. 7).

The short form of PDGF-D was also bound by the
PDGF-D antibody, as a polypeptide of the expected size

was detected in cells transfected with the short PDGF-D

construct. Specificity was also confirmed by the results

of part B of this figure showing that the binding of the

PDGF-D antibody to the 55 and 43 kDa bands is in-

hibited by preincubation of the antibody with the

PDGF-D synthetic peptide used to raise the antibody.

The long, but not the short PDGF-D peptide, was
identified in murine heart, and neither the long or short

PDGF-D peptides were detected in kidney or lung tis-

sues (not shown). Thus, murine heart, kidney, and lung

do not appear to express the short PDGF-D peptide in

quantities sufficient to be detected by Western analysis.

Mitogenic activity of the full length, 18-base deletion and

short PDGF-D constructs

To examine the functional consequences of the lack

of exon 6, PDGF-D splice variants were transfected into

HeLa cells, and conditioned media were assayed for

mitogenic activity on mouse lung fibroblast. The full

length and 18-base deletion PDGF-D constructs were

potent inducers of fibroblast proliferation, inducing
polyclonal antibody was generated against PDGF-D amino acids 202–

he 30 prime end. However, there is a stop codon in exon 7 in the short

munoblots of concentrated media from NIH 3T3 cells transfected with

e heart. (A) Western blot using the anti-mouse PDGF-D antibody. (B)

of the specific peptide used to generate the antibody. (C) Western blot

as a control for the new anti-PDGF-D antibody. The long, but not the



Fig. 8. Mitogenic activity of PDGF-D splicing variants. HeLa cells

were transfected with control plasmid and plasmids encoding PDGF-

D splicing variants, and conditioned media were assayed for mitogenic

activity by [3H]thymidine incoporation in mouse lung fibroblasts. The

results are represented as means� SEM (n ¼ 3). *, p < 0:01 vs. control

plasmid.
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significant and similar increases in thymidine incorpo-

ration over the control vector (control: 3446� 200;

PDGF-D Long: 13,900� 469; PDGF-D -18s: 14,300�
704; p < 0:01) (Fig. 8). In contrast, the short PDGF-D

construct demonstrated no difference in mitogenic ac-

tivity in comparison with the control plasmid (PDGF-D

Short: 4492� 397). Cotransfection of the short PDGF-
D plasmid with the active PDGF-D constructs did not

diminish the potency of the full length or 18-base dele-

tion PDGF-D plasmids. A Western blot from the

transfected HeLa cell conditioned media demonstrated

similar band intensity for all three polypeptide species

expressed from the PDGF-D plasmids (not shown),

demonstrating that the results shown in Fig. 8 are not

due to differences in PDGF-D polypeptide expression.
Discussion

We have found that murine PDGF-D has two splic-

ing variants. One variant is an 18 base deletion in the

CUB domain, similar to that described in humans [13].

In addition, murine, but not human, PDGF-D has a
more significant splicing variant involving deletion of

exon 6, which causes a frame shift resulting in an early

termination codon in exon 7. The biological significance

or consequence of the 18 base deletion remains un-

known except for the fact that we and other investiga-

tors have determined that PDGF-D is biologically active

with or without the 18 base deletion (Fig. 8) [13]. The

splicing variant that we have identified results in a de-
letion that we would predict to have significant effects on

peptide activity since it results in deletion of regions

within the cysteine knot domain that are important for

peptide dimerization and receptor binding [9,10].
The presence of the short mRNA moiety lacking
exon 6 was confirmed using a ribonuclease protection

assay (Fig. 4). We were unable to detect the short

PDGF-D band using PCR in human tissues. Our data

also indicate that, similar to humans [15], mice have only

one copy of the PDGF-D gene (Fig. 5). To determine

the cause for the short splicing variant, sequences of the

murine and human introns at the 50 end of exon 6 were

examined (Fig. 6). The sequence for the human splicing
site is more compatible, compared with that of the

mouse, with published optimal splicing sequences [16].

Poor use of the suboptimal exon 6 splice site in the

mouse likely accounts for the presence of the short

mRNA construct in mice, but not in humans.

An anti-PDGF-D antibody and a plasmid with the

short PDGF construct were produced to determine

whether the short PDGF-D mRNA is translated into a
polypeptide. We do not know the reason why we are

able to detect the short peptide in a transfected murine

cell line, but not in any of the three murine tissues we

tested. We have considered instability of the short

polypeptide as an explanation. The short band may be

more strongly expressed in the NIH3T3 cells due to

higher expression with transfection or greater stability

due to differences in the 30 untranslated region in native
short PDGF-D in comparison to the plasmid construct.

Splicing variants in mice that are not observed in

humans have been described for other key molecules

such as p53 [17]. It is imperative to be cognizant of these

splicing variants when using animal models to under-

stand human diseases. Consequently, it is important to

understand the significance of splicing variants identified

in potent mesenchymal cell mitogens, such as the PDGF
isoforms. Sequencing of the genome has revealed much

less complexity than expected. Alternative splicing pro-

vides an essential mechanism to generate the diversity of

gene expression required from a limited number of

genes. One model relevant to the findings here is the

alternative splicing of the VEGF mRNA that generates

a protein that appears to negatively regulate VEGF

function [18].
Splicing variants have been described for PDGF-A,

but unlike our observations with PDGF-D, the PDGF-

A splicing variant is observed in humans as well as mice

[12,19]. We undertook the analysis of the PDGF-D

splicing variant because PDGF-A-chain splicing affects

its localization and biological activity [20]. Both long

and short PDGF-A peptides are biologically active;

however, there are some significant differences regarding
conditions of expression and modulation of biological

activity that are attributed to the presence of the dele-

tion. The short form of PDGF-A is expressed in quies-

cent and active cells, but the long form of PDGF-A is

predominantly secreted by activated cells [21]. The short

PDGF-A isoform is excreted into the media, whereas

the long PDGF-A isoform contains a highly basic
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carboxy terminal extension that binds the peptide to
heparin-like matrix constituents near the cell surface

[22]. Binding of the long PDGF-A isoform to the matrix

could result in a prolonged stimulation of adjacent cells

[23]. In contrast, we were unable to identify the short

PDGF-D polypeptide in murine tissues and our data

indicates (Fig. 8) that the short PDGF-D construct is

not a fibroblast mitogen and does not inhibit the mito-

genic activity of the full-length or 18-base deletion
PDGF-D polypeptides in vitro.

In summary, both PDGF-A and PDGF-D have

splicing variants involving all of exon 6. However, exon

6 for PDGF-D includes the cysteine knot domain, and

its deletion causes a frame shift leading to early termi-

nation in exon 7. In contrast, the deletion of exon 6 in

PDGF-A does not result in a frame shift and does not

involve critical regions of the cysteine knot that are
crucial for ligand dimerization and receptor binding.

The short form of murine PDGF-D does not appear in

isolates from tissues expressing abundant amounts of

PDGF-D. Thus, at this juncture the short PDGF-D

splicing variant does not appear to be a mechanism for

localizing or modulating PDGF-D expression, as occurs

for PDGF-A. The presence of the short PDGF-D iso-

form appears to be due to a murine aberration in the
splicing site in the intron between exons 5 and 6.
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