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Andrea E. Ballagi, Akira Ishizaki, Jan-Olof Nehlin* and Keiko Funa#

Ludwig Institute for Cancer Research, Box 595, 5-751 24 Uppsala, Sweden

Received March 24, 1995

SUMMARY The PDGF B-receptor expression is tightly regulated during embryonic devel-
opment and in several physiological and pathological situations. To determine the regula-
tory mechanism of the receptor, a 1.9 kb 5’ flanking genomic fragment of the mouse PDGF
B-receptor gene was cloned and analyzed by functional promoter assays. The fragment was
shown to exert promoter activity in the luciferase expression vector system in mouse NIH
3T3 fibroblast and NB41 neuroblastoma cell lines as well as rat ST15A cerebellar cell lines.
Functional studies on deletion mutants revealed several putative regulatory sequences. The
deletion mutants acted similarly in NB41 cells and in ST15A cells, both of neuronal origin,
but differently in the NIH 3T3 fibroblasts. No TATA box was found in the analyzed promo-
ter region, however, site directed mutagenesis of a CCAAT motif, located 60 basepair up-
stream of the transcriptional start site, almost completely abolished the promoter activity in
all cell t’ypes. © 1995 Academic Press, Inc.

INTRODUCTION Platelet-derived growth factor (PDGF) is a multifunctional protein involved
in several physiological as well as pathological processes (reviewed in refs. 1,2). PDGF and
its receptors are expressed during mammalian development and the expression is develop-
mentally regulated [3-7]. While PDGF a-receptor plays important roles early in develop-
ment, PDGF p-receptor becomes the predominant receptor type later in development and
in adults [8]. Stromal cells in normal tissues express only low levels of the p-receptor, but re-
ceptors are upregulated when cells are cultured in vitro [9). Furthermore, induction of PDGF
p-receptor occurs rapidly in vivo in conjunction with wound healing [10-12], atherosclerosis
[13], proliferative glomerulonephritis [14], proliferative retinopathies [15], fibrosis [16] or
rheumathoid arthritis [17]. In all these cases, marked induction of the receptor was found in
the blood vessels and the surrounding stromal cells. Similarly strong upregulation was des-
cribed in the stroma of certain tumors, particularly in the capillary endothelial cells [18,19].
Thus, PDGF B-receptor seems to play an important role in the reactive angiogenesis which
occurs during inflammation and tumor development. Disruption of the p-receptor gene re-
sulted in severe failure of the vascular system and in the lack of mesangial cells in the
kidneys; the homozygotic mice died before birth [20].

PDGF g-receptor has also shown to be conditionally regulated in the nervous system.
Neurons of newborn rat brain express PDGF B-receptor in a developmentally regulated
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fashion and respond to PDGF-BB with prolonged survival and increased neurite outgrowth
[21]. SV40 T antigen immortalized cerebellar neuroepithelial stem cells, ST15A, express in-
creasing amount of PDGF B-receptor during neuronal differentiation, and PDGF-BB further
differentiates these cells [22]. Similar neurotrophic activity was demonstrated on rat fetal
mesencephalic dopaminergic cells and striatal cells in culture [23,24]. Schwann cells in the
peripheral nervous system also express PDGF p-receptor, which is also developmentally re-
gulated [25], and can be induced in vitra [26].

Since regulation of the PDGF p-receptor expression seems to be of critical importance in
several conditions in vivo, it is important to understand the exact mechanism of its transcrip-
tional regulation. We have cloned 1.9 kb of the 5’ flanking sequence of the mouse PDGF B-
receptor gene, and characterized it using a luciferase reporter system.

MATERIALS AND METHODS

Genomic DNA cloning and sequencing. A 129 SV mouse genomic library created in 1 FIX II
(Stratagene) was screened by a 463 bp long Sacl fragment, containing part of exon 1, and
the entire exon 2 and 3 of the PDGF B-receptor cDNA [27]. Positive clones were analyzed by
restriction mapping. A 5.5 kb BamHI fragment, which was positively labeled by the cDNA
probe, was subcloned into pUC 119 [28] for further analysis. A 1.9 kb long fragment,
between the upstream Sacl site and the exon 1/intron 1 boundary was sequenced by the
dideoxy chain-termination method [29].
Primer extention analysis. We used an "In vitro eukaryotic transcription kit" from Stratagene
according to the vendor's manual. We used the 5.5 kb long B13 fragment as a template for
the in vitro transcription. A 32P labeled 35 bp long oligonucleotide complementary to the
nucleotides -381 and -346 was annealed to the transcribed mRNA and the extention pro-
ducts were run on polyacrylamide gel in parallel with sequence reactions according to
Sanger using the same primer.
Constructs for the functional promoter assays. The constructs used for functional promoter
assays were made by restriction enzyme digestion or polymerase chain reaction (PCR), and
subcloned into a luciferase expression vector pGL2 basic (Promega). The 5.5 kb long BamHI
(B13), as well as the 1.9 kb Sacl and 1.5 kb Xbal/Bbsl (p12) fragments were subcloned into
pGL2 in front of the luciferase gene, and further deletion mutants were created from them
by digestion with Pstl and HindlIII, and also with Sacl in the case of 12, followed by religa-
tion. We also ligated the Sacl and the p12 fragments in the opposite (3’-5’) direction to test
the orientation dependency of the promoter activity. Fragments 86 and 84 were generated
by PCR, using the B12 construct as a template, with primers introducing an Xhol site to the
5" and BgllI site to the 3’ends. The fragments were named after their respective 5 primer.
The nucleotide sequence of 86 was 5'-CGACTCGAGGTAGCAGTGTCAGCCCTGGGTCT-3’, and that
of 84; 5’-CCACTCGAGGGGAGGGAGCAGGAGGGARAGGAG-3'. The same downstream primer 5'-
CGTAGATCTGAATCAGGGGAATGGAGAGGGTGC -3’ was used for the amplification of both frag-
ments. Following amplification, the products were purified from agarose gel, cut by Xhol
and Bglll, and ligated into the pGL2 vector. The PCR amplified fragments were sequenced
to avoid the transfection of missmatched sequences.
Cell culture and transient transfection. The mouse fibroblast cell line NIH 3T3 (a gift from Sara
A. Courtneidge, EMBL, Heidelberg) was cultured in Dulbecco's modified Eagle's medium
(DMEM) (Gibco) containing 10% fetal calf serum (FCS) at 37°C, with 100 U/ml penicillin and
100 mg/ml streptomycin. The rat cerebellar ST15A cell line was a generous gift of Ronald
D.G. McKay (NIH, Bethesda, MD). This cell line was established by introducing the tem-
perature sensitive mutant of the SV40 T antigen into cerebellar cells isolated from 2 days old
rats [30]. The cells were cultured in DMEM with 10% FCS and antibiotics at 33°C. The mouse
NB41 neuroblastoma cells (American Type Culture Collection) were cultured in Ham's F10
medium supplemented with 15% horse serum, 2.5% FCS and antibiotics at 37°C.

The cells were seeded in 6-well plates at a density of 4 x 10°/well about 12 hours before
transfection, which was performed by the calcium-phosphate technique [31]. We used 15 ng
of the luciferase expression constructs. The cells were incubated with the calcium-phosp-
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hate-DNA precipitate for 4 hours, followed by a glycerol shock. The luciferase activity of
the cell lysates was measured in a luminometer 1250 (LKB Wallac) after 48 hours, using a
luciferase assay kit (Promega). All the transfections were repeated several times using at
least two different batches of DNA. To control the transfection efficiency, we transfected 2
ug of the LacZ gene containing pCH110 vector (Pharmacia LKB Biotechnology) together
with each luciferase construct. B-Galactosidase activity was determined by
chemiluminescence, which was measured at 420 nm in a spectrophotometer (Titertek
Multiskan Plus, Flow Laboratories).

Site-directed mutagenesis. Mutation of the CCAAT sequence was performed using the
Altered Sites 1 in vitro Mutagenesis System from Promega according to their manual. The
sequence of the mutagenic primer was 5'-CCAAGCTTGGGTACTGATCAGAATCGGCCCTGCAGC~
CTTT-3'.

RESULTS

Organization of the 5'flanking genomic region of the PDGF B-receptor promoter. A mouse genomic
library was screened by a 450 bp Sacl fragment of the PDGF g-receptor cDNA, which con-
tained a part of exon 1, and the entire exon 2 and 3. A 5.5 kb long BamH1 fragment (813) of
one of the several positive clones were analyzed by restriction enzyme mapping, and sub-
cloned into the pUC 119 vector for further sequence determination (Fig. 1). Partial sequen-

-1900 AGGAAACTCACGGAACTTGTACCTCAGTTGCCCTGCTATAAAACAGGGCAAAGAACTCTCTGTTCCATGGGAGCCTTTAAGATTGCTAAAGGGGGTCTTE
-1800 CCTTGAGCACATGGGCAATGTACTGACTGGGTGACCTC:GGTAGTCATGGTCTCTCTCTCTCTGTGGCCACTTACCTCTGGGCCTTTGTTTCTTCTAGAA
-1700 AACAGAGCAAAACAACAAGACTGGAATYAT§$¥%¥T65%§E1GTTTCAGGAACCTGACACCAGACTCAGTCACTGCTTGCCTGGACAGTCAGTCAGATCA
-1600 TATACAGTTGCTGGAAGAGTGTTTATATCTCAGTTGCAGTCACACTGGGAAGAGATGGGAACTATTGCCCTACATCTGCTGTGGTATTACAGAGATGGAG
-1500 GGGGACACATCTAGAGCAGGGACCAAGAAGAAAGAGYCéf?%%ETCAGGCTGCCTCCCATTATCCTGTGGTCTGGCACATGGTGATCGCACGTCTGGTTC
-1400 TGTGAGGTTCCACTGGCTTCTAGGACGGTACCACAGCTTGAGAGGGGGACTCAGTCCATCATCCTTAAGTTCCTGGAATGATCTTCCTGTAAGATTJ?ET
-1300 GTYTCTGGAATCTAAGAATATCTGTTTTTACACAGGGTCTCCCTGGATAGCCGAGAGCCATTTTCTGCTGTGTCTA?E%%%@;;GGCAGGCATCd;EE;E
-1200 CATTCTCAGCTTCTTAGTGGTTTTTCAGCTTGCAGTGAGTATTTAGACAGACACGCCTTTGATCTGTACTCATCTGTGTGTGGAGATGAACAGGAGTCAG
-1100 ACCCAAAGTTTAAGGTAGCAAGGGAGAAAGCTCCAGGCCCAGGTGAACCGTCAGGACTCAACASTAGCAGTGTCAGCCCTGGGTCTTCTCTAGTGTGTCT
-1000 ACAGCACTCTTTTCTTGG Aé}GCTTAGCATGGAATTGTCTCTCCAACTCAGGTGGCTCTTACTACAGAGTCCCAGCACACACAGTACGTCCTCAGTCT
-900 CAAACAGGGCAGATGTTCAGTGAGGTCACTACACAAATTACTAGCACCCTTTACAGATGGAGAAATTGAGGCACAGAGAACGCCCGGCACACACACACAC
-800 ACACACACACACACACACACACACTAGCACCCCAGGTACCATGGTAAAGGGAGGCTCCATTTACAGGCATCAGGCAAGTGGGCAGGCCACTCTAATAARA
-700 GTGACT AG{EGCTGGCGTGGGCAGCGGAATTTCTAAACATCCTGAAAGAGCCGGTAAAGGGAGGGAGCAGGAGGGAAAGGAGGAAGAAAAACAAGAAAG
-600 TTGGCGGAAAAAAGAAAAGAGAAGGAAAAAAAAAAAAACCCTGAAATTGAAAACAGACACACGCGTCCACCCTCCCTGCTCCACCGCTCCCCCCACCTTC
cE;llz— = ™ START ™
-s00 CCCGCCTTCCCLAAGCTTRGUCAATCAGAATCGGCCCTGCAGCCTTTCCCCCAAAGTGTGTGGTGTEGTGGTGGTGGRGAAGGAAGCCCACAGTGCTRTS
-400 AGCTCTGGGGTTGTCTGTGGLCACAAGTCCCGGLTACCCTATCTGGGACCTAGGATTGCTCTGGGAGTAACTTTGAGAGAGAGAGAACAGAGAGAAAACA
300 GTCCAGAGCCAGAGAGGGGCCCAGACCAGTCGTCAGTCTCCTGCCTGCCAGCTAGACCTAGGGCGCCCTCGRGCTCGTCACGTCCTCCCGGAGGATGLTT
-200 TTGAGTGAGGAGGGGCCGGGCTGCTTCTCACCCCTGAGCACCCTCTCCATTCCCCTGAYTCTCTCAGGGTTTTCCGCAATCAGGCCAGCCCTTCTACIGC
-300 TGTCCGTTTTTTGGGTCCAGCAAAATAAEAGAAGACAGCGAGGTGGACTTCCTGGAGGGGGTGATAGCTCACATCAGAAGCCATCTGTAGCéé%EE%:éC

.

.1 ATG

Figure 1. DNA sequence of the 1.9 kb long 5' flanking region of the PDGF B-receptor gene.
The first ATG codon, located in exon 2 is marked by a star. The intron 1/exon 2
boundary was found between nucleotides -5 and -6. Transcriptional start site Jo-
cated between nucleotide -421 and -411, and several putative transcription factor
binding sites are overlined.
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cing revealed that this fragment contained part of intron 1, exon 1, and about 3.5 kb of 5'
flanking sequence. The p13 fragment did not contain the first ATG initiation codon, which is
located at the beginning of exon 2. We determined the nucleotide sequence of a 1.9 kb long
Sacl/Bbsl fragment of the p13, containing part of exon 1 and the 5 flanking region (Fig. 1).

To determine the exact transcription start site we performed primer extention assay
with a 40 bp long primer, located in exon 1. We could detect one main product (Fig. 2), lo-
cated around nucleotide -421 and -411, as indicated on Fig. 2. Although we detected more
than one band during several repeated experiments, the above mentioned product was
always visible, and its localization could be determined with a variation of less than 10 bases
in independent experiments.

The nucleotide sequence of the PDGF p-receptor promoter within the Sacl/Bbsl frag-
ment was compared with all the consensus sequences stored in the TRANSFAC database
(GBF, Braunschweig). The sequence contained a very long CA track, and also some short
GC rich regions, however, the promoter region does not seem to be particularly GC-rich.
We could not find any TATA or TATA-like sequence close to the start site of transcription.
However we could detect several consensus sequences for known transcription factors,
such as SRF, AP-1, AP-2, CREB, NF-1, and GATA-1. Interestingly, there was a CCAAT box
located about 60 bp from the initiation region, which could function as one of the binding
sites for the transcriptional initiation complex and influence transcription efficiency [32,33].
Functional promoter analysis. All the promoter constructs were tested functionally by transi-
ent transfection into three different cell lines, NIH 3T3, NB41 and ST15A. The results of the
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Figure 2. Determination of the transcriptional start site by primer extention analysis. The
Kriippel gene (PK), provided in the Strategene kit,was used as a positive control,
and tRNA as a negative one. A representative result out of five experiments is
shown.
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luciferase assays performed in the NIH 3T3 cells are summerized in Fig. 3. We could clearly
show that the cloned 5" flanking promoter was active in a heterologous expression system.
The strongest promoter activity of the 12 fragment was seen in the fibroblasts. Since dele-
tion of the 3" end of the p12 fragment by digestion with Sacl, did not change its activity,
there is a negative regulatory element located between the Xbal and the upstream Sacl sites
at the 5’ end of the promoter region. Furthermore, this negative element seemed to act in a
cell type specific manner, since the Sacl fragment yielded the highest promoter activity in
the NB41 or ST15A cells. The PCR generated 86 fragment yielded luciferase activity of about
20% and fragment 84 showed only 5-10% activity of that of the p12 fragment. Deletion of
the 5’ end of the promoter to nucleotide -409, completely abolished the activity. The 5.5 kb
long 13 fragment was tested in the NIH 3T3 cells, and gave an activity around 30% of that
of the fragment with the strongest signal, suggesting the presence of negative distal ele-
ments. Since §13 contains about 750 bp of intron 1, it is possible that certain negative regula-
tory sequences might be in the intron.

The 3’ deletion mutation by restriction enzyme digestion did not show any change in
the luciferase activity using Sacl, whose restriction site is located downstream of the
initiation box. Restriction by Pstl decreased the promoter activity to about 30% of the
original ones. The Pstl site is located at the position -54 from the most upstream point of

100 bp Hindit
Sac! Pst!
Sac! Xbal 86 84 / Sacl
L i L 1 I 72%
gami e
am
7 P B13 (5.5kb) Py
r 4 4
g12
B‘lZ/Sacl 979%
86 16%
-1037 -140
84 g 6%
641
83 ; 0%
405
Sacl/Pstt 220
B12/Psti 7%
86/Psti ) 8%
Sacl/Hindill 0%

Figure 3. Functional promoter analysis of the different PDGF B-receptor promoter con-
structs in NIH 3T3 mouse fibroblasts using a luciferase reporter system. The re-
striction enzyme cleavage sites and the location of the PCR primers used for the
construction of the deletion mutants are indicated. Bars represent the measured
luciferase activities. The strongest activity of the p12 fragment was used as 100%,
and all the data are normalized to the cotransfected p-galactosidase activity. The
data show a representative result out of several repeated experiments. Duplicates
of each sample were used in all experiments.
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the transcriptional initiation. Finally, HindIII digestion completely abolished the luciferase
activity of the constructs. Interestingly, the CCAAT box is located downstream of the
HindlIlI site, between the HindIlI and Pstl restriction consensus sequences. We tested both
B12 and Sacl fragments ligated into the pGL2 expression vector in the 3'-5’ orientation. The
promoter activities were significantly decreased, retaining about 5% of those obtained by
the 5"-3" orientation.

Site-directed mutagenesis of the CCAAT box. The results seen by the deletion mutants
suggested the functional importance of the CCAAT box in the basic promoter activity. To
further prove this, we introduced a mutation into this sequence using the Sacl fragment as a
template. The mutated construct showed a dramatic decrease of the promoter activity,
retaining only about 5-10% activity of that of the wild type.

DiSCUSSION

PDGF B-receptor belongs to the class III receptor tyrosine kinase family, together with
PDGEF o-receptor, colony stimulating factor-1 receptor (c-fins) and c-kit (reviewed in ref. 34).
The genomic structures of the class Il family members are all very similar. The PDGF g-re-
ceptor is localized in tandem upstream of the c-fins gene on human chromosome 5, and the
two genes probably originate from the same anchestral gene [35]. The PDGF B-receptor
gene has an untranslated exon 1, a very long intron 1 (around 25 kb), and the translation
initiation codon is located in the second exon. The functional role of this particularly long
intron 1 is not known. However, our results suggest the possibility that a negative regula-
tory element might exist within intron 1, since the longest genomic fragment $13, contain-
ing part of intron 1, exhibited much lower activity than the Sacl or p12 fragments, which
contain only upstream sequences. The similarly long intron 1 sequence of the c-fis gene is
known to contain a promoter element, driving cell specific transcription of a reporter gene
in macrophages [36]. In the case of PDGF B-receptor, there is only one reported case show-
ing variations in the length of transcripts; a shorter mRNA variant was described in mouse
teratocarcinoma and embryonic stem cells, however, the in vivo existence of this transcript
coud not be proven [37].

Similarly to the case for the PDGF a-receptor promoter [38,39] the analyzed 5 flanking
region of the PDGF B-receptor did not contain a TATA box or any TATA like sequences.
Upstream regulatory elements located within 1.9 kb of the transcriptional start site on the
PDGF B-receptor gene could direct expression of the luciferase gene in three different cell
lines in an orientation-dependent manner. Sequence analysis and functional assays of dele-
tion mutants suggested the presence of several putative regulatory elements. Two regions
were found to be particularly interesting. One is the region close to the transcription initia-
tion sites, containig a CCAAT sequence motif at position -60. Site-directed mutagenesis of
the CCAAT box drastically reduced the basic promoter activity to about 5% of the wild
type. The CCAAT is an important control element capable of binding protein factors that
regulate the transcription efficiency [33,40]. Several transcription factors, such as C/EBP and
CTF/NF-1 are known to bind to the CCAAT motif [41]. However, the most frequent
protein, which binds to the CCAAT box at the position -60 to -80 is NF-Y [42]. Studies are
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under way to determine which transcription factor that binds to this region. The other
functinally interesting regulatory region is the one located between -1904 and -1495. We
found that the activity of the p12 and Sacl constructs transfected in the fibroblasts, differed
from those transfected in the other two neuroepithelial cell lines. Thus, the Sac I construct,
which contains a further upstream fragment of the p12, showed negative activity in fibro-
blasts, an activity which was not found in the cells of neuronal origin. These data raise the
possibility that a cell type specific regulatory element reside in this region. Several putative
transcription factor binding sites were found by computer analysis of this fragment.
Further analysis is under way in our laboratory to define transacting proteins which bind to
these consensus sequences.

Rapid upregulation of PDGF B-receptor expression has been demonstrated in various
physiological and pathological processes in vivo. The expression of the g-receptor increases
with time during embryonic development [8]. Induction of the receptor has been shown
during retinoic acid (RA)-stimulated development of human embryonal carcinoma cells
[43], and also during the differentiation of monocyte-derived macrophages [44]. The latter
observation is of a particular importance in relation to the process of atherosclerosis. PDGF
B-receptor possessing smooth muscle cells of the arteries are also key players during the
development of atherosclerosis [44], as well as in wound healing [12]. Cell culture studies
implicated several agents as inducers of the PDGF B-receptor expression. RA and cAMP
induce the receptor specific mRNA level in Schwann cells [26], in ST15A cells {22] or in
human neuroblastoma cell lines [45]. Phorbol-ester via activation of protein kinase C
induces the B-receptor expression associated with the differentiation of neuroblastoma cell
lines [45], as well as of ST15A neuroepithelial stem cells [22]. None of these compounds has
yet been proved to induce the PDGF p-receptor mRNA expression at the transcriptional
level, which remains to be determined by nuclear run-on assays as well as by the luciferase
reporter system.

Defining the stimuli which directly induce the PDGF B-receptor promoter activity and
understanding the mechanism of its regulation could give better insight into physiological
regulation of the receptor, and also into the pathogenesis of several diseases where an aber-
rant expression of the receptor has been found. Studies are under way in our laboratory to
find the positive and negative regulators of the PDGF B-receptor, as well as to characterize
the transcription factors involved in these regulatory processes.
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