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Abstract

Insulin-like growth factor-I (IGF-I) has been shown to promote angiogenesis by enhancing vascular endothelial growth factor
(VEGF) expression. However, how IGF-I-induces VEGF expression is not yet fully understood. With this investigation, we propose
a new possible mechanism involving downregulation of poly(ADP-ribosyl)ation (pADPR). We first demonstrated that IGF-I increased
VEGF protein expression in endothelial cells. Inhibitors of mitogen activated kinase (PD 98059), phosphatidyl-3-inositol-kinase (LY
294002), and protein kinase C (staurosporine) diminished the IGF-I effect suggesting the involvement of signal transduction. Since there
is an established link between pADPR and transcriptional activity, we focused on a possible role of poly(ADP-ribose)polymerase
(PARP). The inhibition of PARP by 3-aminobenzamide or nicotinamide enhanced VEGF expression. Additionally, IGF-I markedly
decreased PARP activity. Furthermore, the IGF-I-mediated inhibition of PARP could be demonstrated as a result of protein phosphor-
ylation since phosphorylation of PARP decreased its activity in vitro and IGF-I treatment of endothelial cells induced PARP phosphor-

ylation. The IGF-I-mediated phosphorylation and inhibition of PARP represent a novel mechanism of VEGF protein expression.

© 2005 Elsevier Inc. All rights reserved.
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Evidence that insulin-like growth factor-I (IGF-I) stim-
ulates cellular proliferation was reported for the first time
almost 25 years ago [1]. Later, beneficial effects of IGF-I
on various regenerative processes such as neuroregenera-
tion or gastric and cutaneous ulcer healing were described
[2-4]. Angiogenesis is a major component of IGF-I action
since IGF-I enhances Vascular endothelial growth factor
(VEGF) expression in fibroblasts [5], osteoblasts [6], and
several tumor cell lines [7-9].
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It is accepted that the synthesis of VEGF is primarily
controlled at the level of its gene transcription. However,
the molecular mechanism for how IGF-I induces gene tran-
scription is not yet elucidated. A large body of evidence
demonstrates that the activation of the signal transduction
pathway via phosphatidyl-3-inositol-kinase, MAP-kinase
or protein kinase C leads to target protein phosphoryla-
tion, plays a key role in IGF-I signaling, and mediates its
effect on gene transcription [10-12].

Poly(ADP-ribose)polymerase (PARP) is a nuclear
enzyme that was initially discovered as a repair system
for DNA strand breaks, in which it catalyzes the transfer
of poly(ADP-ribose) units synthesized from B-nicotin-
amide adenine dinucleotide (NAD™) to DNA nicks [13].
More recently, a link between poly(ADP-ribose) (pPADPR)
and gene transcription was indicated by the presence of


mailto:stefan.beckert@med.uni-tuebingen.de

68 S. Beckert et al. | Biochemical and Biophysical Research Communications 341 (2006) 67-72

poly(ADP-ribosyl)ated nucleoproteins in transcriptionally
active and DNase 1-hypersensitive domains of chromatin
[14]. Subsequently, several proteins involved in transcrip-
tion and transcription-related processes were found to
serve as (ADP-ribose), acceptors [15]. In addition, inhibi-
tors of PARP enhance the transcription of some genes,
such as the proto oncogenes c-myc and c-fos [16]. Similarly,
the PARP inhibitor 3-aminobenzamide (AB) decreases
poly(ADP-ribosyl)ation on the high-mobility-group pro-
teins 14 and 17, and enhances the level of mouse mammary
tumor virus mRNA [17]. Poly(ADP-ribosyl)ation of a
number of transcription factors, including SP-1, prevents
their binding to DNA and decreases their transcriptional
activity [18-22].

We hypothesize that IGF-1 inhibits PARP activity
through phosphorylation as upstream effect of signal trans-
duction kinases, lowers poly(ADP-ribosyl)ation, and there-
fore increases VEGF protein synthesis. We plan to examine
this hypothesis by studying the effect of IGF-I on the phos-
phorylation of PARP in human umbilical vein endothelial
cells (HUVEC).

Experimental procedures

Materials. Cell culture materials (Dulbecco’s modified Eagle’s medi-
um, fetal bovine serum, trypsin, and culture dishes) were obtained from
Mediatech, Herndon, VA. All chemicals, unless otherwise stated, were
purchased from Sigma-—Aldrich.

Cell culture. Human umbilical vein endothelial cells (HUVECs) were
grown in six-well plates in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum, 100 U/ml peni-
cillin, and 100 mg/ml streptomycin in a 37°C, 90% air, 10% CO,
atmosphere to subconfluent monolayers with a cell density of approx-
imately 10° cells/well. After overnight serum starvation, cells were
treated with IGF-1 using LongR3-IGF-1I (Diagnostic Systems Labora-
tories, Webster, TX) which has relatively low affinity for IGF binding
proteins. For the phosphorylation experiments each well was incubated
with 50 pCi of [*?P]phosphoric acid (Amersham Bioscience, Piscataway,
NJ).

VEGF ELISA. Confluent HUVECs that had been cultured in six-well
plates were treated in triplicate as indicated. Cell culture supernatant was
harvested and cell count was performed after trypsinization. The con-
centration of VEGF¢s in the supernatant was determined using a com-
mercially available ELISA (R&D Systems, Minneapolis, MN) according
to the manufacturer’s protocol.

PARP immunoprecipitation. Aliquots of 1x 10" HUVECs were
washed with ice-cold PBS and collected by scraping into 1 ml PBS.
After centrifugation at 1000g for 5 min, pellets were homogenized with
equal volume of lysis buffer (20 mM Tris-HCl, pH 7.5, containing
150 mM NaCl) (Cell Signaling, Beverly, MA) containing various pro-
tease inhibitors and incubated for 20 min on ice. After sonication for
15 s, samples were subjected to centrifugation at 15,000g for 20 min at
4 °C to separate membrane and cytosolic fractions. Equal amounts of
the nuclear fraction of cell lysate were incubated with 10 pg PARP-1
antibody (Roche Diagnostics, Indianapolis, IN) at 4 °C overnight on a
tube rotator. The immunocomplex was captured by adding 25 ul of
washed protein G—Sepharose beads (Amersham Bioscience, Piscataway,
NJ) and incubating the samples for 6 h at room temperature. Beads
were then collected by pulsing (5s in the microcentrifuge at 14,000g),
while the supernatants were discharged. After washing three times with
ice-cold lysis buffer, beads were incubated either with 10 ul phosphatase
buffer (150 uM NaCl, 20mM Mops, pH 7.5, 60 mM 2-mercap-
toethanol, 0.1 mM MnCl,, 1 mM MgCl,, ] mM EGTA, 10% glycerol,

and 0.1 mg/ml serum albumin) containing 1 U of purified phosphatase
PP1 enzyme (Upstate, Charlottesville, VA) or with phosphatase buffer
alone for 60 min at 37 °C. Then the samples were resuspended in 50 pl
of 2x SDS sample buffer (Cell Signaling, Beverly, CA), boiled for 5 min,
and separated by SDS-page electrophoresis on a 7.5% Tris-HCI gel.
The gel was stained with Coomassie blue, dried for 3 h, and exposed to
X-ray film (Kodak X-Omat AR Film, Eastman Kodak, Rochester, NY)
for 48 h at —70 °C. The film was developed using a standard automatic
film developer.

Poly( ADP-ribose)polymerase assay. Poly(ADP-ribose)polymerase
activity was determined by measuring the incorporation of ['*CINAD
for 15min at 37 °C into an acid-insoluble product[23]. The standard
reaction mixture contained in 0.2 ml, 50 mM Tris-HCI, pH 7.5, 15 mM
MgCl,, 10mM NaF, 0.l mM DTT, 3mM 3',5-cyclic AMP, 10 g
DNA, and 96 pM ["*CINAD™, and incubation was carried out at 37 °C
for 15 min. The reaction was stopped by adding 5 ml of cold 10% (v/v)
trichloroacetic acid. After 10 min on ice, the acid-insoluble material was
collected on a Millipore filter (HAWP, 0.45 um) and washed four times
with 5ml of cold 5% trichloroacetic acid to remove all acid-soluble
radioactivity. The filter was dissolved in 15ml of Bray’s scintillation
fluid and assayed for radioactivity. The value was subtracted from the
radioactivity obtained when incubation was carried out with the boiled
supernatant. The specific activity of the enzyme was expressed as
picomoles of [""CINAD incorporated per milligram of DNA for
15 min.

Phosphorylation of PARP in vitro. Cell lysates were prepared as
described above. One hundred microgram of nuclear proteins was incu-
bated with the test substance for 1 h at 37 °C. Then PARP activity was
assessed, as described above.

Statistical analysis. Results are given as means + SD. Differences
between the groups were calculated by ANOVA followed by a post hoc
test when appropriate. A value of p < 0.05 was considered significant.

Results
IGF-I stimulates expression of VEGF protein

IGF-1, dose-dependently, increased the concentration of
VEGF protein in cell culture supernatants over a 24-h peri-
od with a maximum stimulation occurring at 100 ng/ml. A
time course experiment showed that a single treatment with
100 ng/ml IGF-I produced a sustained increase in VEGF
expression over 48 h (Fig. 1). As a positive control we used
phorbol myristate acetate (PMA) that increased VEGF
protein approximately five times over control (data not
shown).

Stimulation of VEGF expression by IGF-I is mediated via
PI3-K, Mek 112, and PKC signaling

To determine whether PI3-K, Mek 1/2 or PKC pathway
signaling mediated the stimulatory effect of IGF-I on
VEGF expression, the pharmacological inhibitors LY
294002 (PI3-K), PD 98059 (selective Mek 1), and stauro-
sporine (PKC) were used. All three components inhibited
VEGTF expression, indicating their involvement in its regu-
lation. Moreover, the expression of VEGF was inhibited
even in the absence of IGF-I stimulation, suggesting that
constitutive activity in these pathways contributes to basal
VEGF production (Fig. 2). These findings provide further
evidence that phosphorylation is an important part of
IGF-I signaling.
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Fig. 1. IGF-I stimulates VEGF expression in HUVEC. (A) Confluent
HUVEC cultures were treated with the indicated concentrations of
LongR3-IGF-I or vehicle for 24 h. The concentration of VEGF 45 in the
supernatant was measured by ELISA and normalized to control. (B) The
concentration of VEGF in the media was measured after treatment with
100 ng/ml LongR3-IGF-I for the indicated times. The concentration of
VEGF 45 in the supernatant was measured by ELISA and normalized 10°
cells. *p <0.01.
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Fig. 2. PI3-K and MEK-1 mediate the effect of IGF-I on VEGF
expression in HUVEC. HUVEC cultures were pretreated with the PI3-
K inhibitor LY 294002 (LY, 50 uM), or the MEK-1 inhibitor PD 98059
(PD, 20 pM) or the PKC inhibitor staurosporine (ST, 3 nM) for 1 h before
treatment with 100 ng/ml LongR3-IGF-I for 24h in the continued
presence of the inhibitor. *p <0.01.

VEGF expression is inversely correlated to poly( ADP-
ribose )polymerase (PARP) activity

PARP was originally found to be part of the mechanism
by which DNA double strand breaks are repaired; it acts
by transferring ADP-ribose units from B-nicotinamide ade-
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Fig. 3. Inhibition of PARP increases VEGF protein expression. Confluent
HUVEC cultures were treated either with 3-aminobenzamide (AB) or
nicotinamide (NIC) at the indicated concentrations for 24 h. VEGF
protein in the supernatant was measured by ELISA and results normalized
to controls. *p <0.05 and **p <0.01.

nine dinucleotide (NAD™) onto nuclear protein acceptors.
Recently, a link was established between poly(ADP-ribose)
and gene transcription through the presence of poly(ADP-
ribosyl)ated nucleoproteins in transcriptionally active and
DNase 1-hypersensitive domains of chromatin.
Accordingly, we investigated whether the competitive
inhibition of PARP is linked to an increased VEGF protein
expression. PARP was inhibited by 3-aminobenzamide
(AB) or nicotinamide (NIC), which act as analogs of
NAD™. They, dose-dependently, stimulated VEGF expres-
sion after a time period of 20 h (Fig. 3). AB and NIC also
inhibited purified PARP in vitro (data not shown).

Phosphorylation decreases PARP activity in vitro
It has been previously reported that the activity of PARP

can be modified by phosphorylation in vitro [25,26]. Here,
we conducted in vitro studies to assess whether the activity

Table 1

Effect of phosphorylation on HUVEC PARP in vitro

Additions PARP activity [*CINAD"
incorporated (dpm/mg)

None 5530 4+ 322

+ATP (10 mM) 3447 4 264"

+ATP (20 mM) 3447 + 213"

+ATP (20 mM) + phosphatase PP1 5385 £ 387

+IGF-1 (100 ng/ml) 4706 + 296"

+IGF-1 (100 ng/ml) + staurosporine (4 nM) 5390 4 346

-+IGF-1 (100 ng/ml) + phosphatase PP1 5411 £ 382

+Staurosporine (4 nM) 5131 £ 306

+HCNS (10 uM) 22354 210"

+TPA (20 ng/ml) 2148 + 304"

HUVEC lysates (100 pg protein) were treated with indicated concentra-
tions of ATP or IGF-I for 1 h at 37 °C. Additionally, cell lysates were
incubated with phosphatase PP1 (PP1) (1 U/ml), staurosporine (ST)
(4 nM), N-heptyl-5-chloro-1-naphthylenesulfonamide (HCNS, 10 uM),
and 12-o-tetradecanoyl phorbol-13-acetate (TPA, 20 ng/ml). PARP
activity was assessed by the incorporation of radiolabeled NAD™ as
described in Materials and methods.
* p <0.01.
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of cellular PARP can be affected by treatments known to
depress or stimulate PKC. Table 1 shows the effect of in vi-
tro treatments known to affect phosphorylation reactions
on PARP in HUVEC. HUVEC homogenates contain a
considerable amount of PARP demonstrated by the incor-
poration of ADP-ribose units into the substrate from
NAD™. As shown in the table, the addition of exogenous
ATP (phosphate donor) facilitated the phosphorylation of
PARP by the putative PKC and considerably lowered
PARP activity. The decline of PARP activity was sensitive
to the presence of phosphatase PPl indicating that the
kinase reaction was responsible for the PARP decline. On
the other hand, 100 ng/ml IGF-I alone depressed PARP
activity by 15%. This inhibition was obliterated by stauro-
sporine, a PKC inhibitor, while HCNS (N-heptyl-5-chlo-
ro-1-naphthylenesulfonamide) and TPA (12-0-
tetradecanoyl phorbol-13-acetate), activators of PKC,
when added alone, lowered PARP activity by 62%. The
addition of phosphatase PPl to the homogenate also
removed the inhibitory effect of IGF-1 and almost com-
pletely reversed PARP activity. These experiments show
indirectly that phosphorylation of PARP may be responsi-
ble for the IGF-I-mediated depression of its activity.

IGF-I inhibits PARP in vivo by phosphorylation

We were then able to demonstrate that IGF-I depresses
PARP activity in vivo by 40%. In order to eliminate the
influence of newly synthesized PARP due to IGF-I-induced
protein synthesis, the experiment was performed in the
presence of cycloheximide. IGF-I again showed a signifi-
cant decrease in PARP activity (Fig. 4).

To test the hypothesis that IGF-I inhibits PARP via
phosphorylation, we incubated HUVEC with *?P-labeled
phosphoric acid in the presence of 100 ng/ml IGF-I for
20 h. After extraction of nuclear proteins, an aliquot was
incubated with 1 unit of phosphatase PP1 for 60 min at
37 °C. Proteins were then separated by SDS-PAGE and
the gel was exposed to autoradiograph film. After 48 h,
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Fig. 4. IGF-I inhibits PARP. Confluent HUVEC cultures were treated
with 100 ng/ml IGF-I for 24 h. PARP activity was measured by the
incorporation of radiolabeled NAD™. In some experiments, cycloheximide
(CHX, 28 pg/ml) was added as indicated to block protein synthesis.
*p <0.05.
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Fig. 5. ¥*P-labeled immunoprecipitation of PARP. HUVEC cultures were
incubated with 50 uCi [**PJorthophosphate/well for 24 h in the presence or
absence of 100 ng/ml IGF-I. Equal quantities of protein of lysed cells
(20 pg) were incubated either with buffer containing 1 U phosphatase PP1
or buffer alone for 60 min at 37 °C, separated by electrophoresis and
visualized by autoradiography, as described in Materials and methods. (A)
Control, cells not treated with IGF-I, protein extract not incubated with
phosphatase PP1. (B) Cells treated with IGF-I, protein extract not
incubated with phosphatase PP1. (C) Cells treated with IGF-I and protein
extract incubated with phosphatase PP1. (D) Equivalent to (B).

the autoradiography film showed bands at 120 and
85 kDa indicating the presence of phosphorylated proteins.
These bands corresponded to full-length PARP (120 kDa)
and its major breakdown product (85 kDa). This assay
demonstrated that even in controls a major part of full-
length and 85 kDa PARP is phosphorylated. However,
treatment with IGF-I increased phosphorylation in both
full-length and 85 kDa PARP. The intensity of the bands
in the PP1-treated sample was markedly reduced (Fig. 5).

Discussion

The main signaling pathways activated by binding of
IGF-I to its receptor (IGF-IR) are the ERK arm of
MAPK- and the phosphoinositol-3-kinase (PI3-K) cascade
[27]. The activated IGF-IR is linked to the ERK pathway
through adapter proteins. Subsequent phosphorylation
and activation of transcription factors trigger changes in
gene expression patterns [28]. However, precisely how
IGF-1 instigates transcription is not yet completely
understood.

In this manuscript, we describe a new possible mecha-
nism for IGF-I affecting gene transcription. We show that
IGF-I increases VEGF expression through inhibition of
poly(ADP-ribose)polymerase (PARP) activity. In previous
in vitro investigations phosphorylation was shown to be a
possible regulatory step of controlling PARP function
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[25,26,29]. In this study, we demonstrate that IGF-I phos-
phorylates PARP in vivo as a part of its signal transduction
pathway. As a result, VEGF protein expression is
increased.

Compared with other investigators, in our culture condi-
tions, even unstimulated human endothelial cells produce a
significant amount of VEGF protein [30,31]. As a positive
control for VEGF protein production we used phorbol-
myristate-acetate (PMA) since it has been shown to insti-
gate VEGF mRNA synthesis in HUVEC [32].

First, we demonstrate that the basal and IGF-I-induced
VEGTF synthesis is dependent on signal transduction since
inhibitors of PKC, PI3-K or ERK almost completely
blocked the effect of IGF-I, suggesting that IGF-I mainly
induces VEGF gene transcription rather than post-transla-
tional modification of VEGF. A relationship between PKC
and VEGF expression in human endothelial cells has been
described already in previous studies [32].

PARP has been thought to be a DNA repair and
“housekeeping’ enzyme since it was first found to be pre-
dominantly activated by DNA nicks. However, more
recently a “background” physiological role for PARP
was also proposed after it was demonstrated that certain
undamaged linear and stem-loop DNA structures are more
potent stimulators of PARP than DNA breaks [33]. We
show here that in human endothelial cells, VEGF produc-
tion is inversely correlated with PARP activity and the
IGF-I-mediated phosphorylation of PARP depresses its
activity. Even when PARP is blocked by inhibitors like 3-
aminobenzamide (AB) or nicotinamide (NIC), VEGF
expression increases. It has been reported that the binding
of PARP with certain promotors enhances transcription
[34,35]. On the other hand, poly(ADP-ribosyl)ation of
transcription factors can also inhibit their binding to
DNA [13,36] showing that conditions that inhibit PARP
and the resultant down-regulation of poly(ADP-ribo-
syl)ation enhance transcription. It has already been shown
that phosphorylation is a regulatory step for PARP activity
[25,26]. With this investigation, we are able to demonstrate
that IGF-I is capable of phosphorylating PARP through
PKC in vitro and in vivo, and decreases its activity. We
suggest that as a result, the transcription factors involved
in VEGF transcription are less poly(ADP-ribosyl)ated
and therefore would bind more efficiently with VEGF pro-
motor. Consequently, VEGF transcription is activated. It
is well accepted that PKC plays a key role in the regulation
of cellular signaling [37]. Our results also indicate a possible
link between PKC and IGF-I action.

References

[1] M.E. Svoboda, J.J. Van Wykk, D.G. Klapper, R.E. Fellows, F.E.
Grissom, R.J. Schlueter, Purification of somatomedin-c from human
plasma: chemical and biological properties, partial sequence analysis,
and relationship to other somatomedins, Biochemistry 19 (1980)
21268-21273.

[2] E.D. Rabinovski, Multifunctional role of IGF-I in peripheral nerve
regeneration, Neurol. Res. 26 (2004) 204-210.

[3] S. Coerper, S. Wolf, S. von Kiparski, S. Thomas, T.T. Zittel, M.B.
Ranke, T.K. Hunt, H.D. Becker, Insulin-like growth factor I
accelerates gastric ulcer healing by stimulating cell proliferation and
by inhibiting gastric acid secretion, Scand. J. Gastroenterol. 36 (2001)
921-927.

[4] S. Beckert, S. Coerper, S. Tesar, N. Miischenborn, H. Hierlemann,
H.D. Becker, The topical application of cryopreserved keratinocytes
accelerates steroid-impaired cutaneous healing in rats by releasing
insulin-like growth factor-I, Wounds 16 (2004) 206-211.

[5] C. Miele, J.J. Rochford, N. Filippa, S. Giorgetti-Peraldi, E. Van
Obberghen, Insulin and insulin-like growth factor-I induce vascular
endothelial growth factor mRNA expression via different signaling
pathways, J. Biol. Chem. 275 (2000) 21695-21702.

[6] D.L. Goad, J. Rubin, H. Wang, A.H. Tashjian Jr., C. Patterson,
Enhanced expression of vascular endothelial growth factor in human
SaOS- 2 osteoblast-like cells and murine osteoblasts induced by
insulin-like growth factor I, Endocrinology 137 (1996) 2262-2268.

[7] R. Fukuda, K. Hirota, F. Fan, Y.D. Jung, L.M. Ellis, G.L. Semenza,
Insulin-like growth factor 1 induces hypoxia-inducible factor 1-
mediated vascular endothelial growth factor expression, which is
dependent on MAP kinase and phosphatidylinositol 3-kinase signal-
ing in colon cancer cells, J. Biol. Chem. 277 (2002) 38205-38211.

[8] V. Poulaki, C.S. Mitsiades, C. McMullan, D. Sykoutri, G. Fanoura-
kis, V. Kotoula, S. Tseleni-Balafouta, D.A. Koutras, N. Mitsiades,
Regulation of vascular endothelial growth factor expression by
insulin-like growth factor I in thyroid carcinomas, J. Clin. Endocri-
nol. Metab. 88 (2003) 5392-5398.

[9] Y. Tang, D. Zhang, L. Fallavollita, P. Brodt, Vascular endothelial
growth factor C expression and lymph node metastasis are regulated
by the type I insulin-like growth factor receptor, Cancer Res. 63
(2003) 1166-1171.

[10] D.R. Clemmons, L.A. Maile, Minireview: integral membrane pro-
teins that function coordinately with the insulin-like growth factor I
receptor to regulate intracellular signaling, Endocrinology 144 (2003)
1664-1670.

[11] AM. Vincent, E.L. Feldman, Control of cell survival by IGF
signaling pathways, Growth Horm. IGF Res. 12 (2002) 193-197.
[12] J. Dupont, S.E. Dunn, J.C. Barrett, D. LeRoith, Microarray analysis
and identification of novel molecules involved in insulin-like growth
factor-1 receptor signaling and gene expression, Recent Prog. Horm.

Res. 58 (2003) 325-342.

[13] D. D’Amours, S. Desnoyers, I. D’Silva, G.G. Poirier, Poly(ADP-
ribosyl)ation reactions in the regulation of nuclear functions,
Biochem. J. 342 (1999) 249-268.

[14] B. Levy-Wilson, ADP-ribosylation of trout testis chromosomal
proteins: distribution of ADP-ribosylated proteins among DNase I-
sensitive and -resistant chromatin domains, Arch. Biochem. Biophys.
208 (1981) 528-534.

[15] E.R. Althaus, C. Richter, ADP-ribosylation of proteins. Enzymology
and biological significance, Mol. Biol. Biochem. Biophys. 37 (1987)
1-237.

[16] R. McNerney, D. Darling, A. Johnstone, Differential control of
proto-oncogene c-myc and c-fos expression in lymphocytes and
fibroblasts, Biochem. J. 245 (1987) 605-608.

[17] S. Tanuma, L.D. Johnson, G.S. Johnson, ADP-ribosylation of
chromosomal proteins and mouse mammary tumor virus gene
expression. Glucocorticoids rapidly decrease endogenous ADP-ribo-
sylation of nonhistone high mobility group 14 and 17 proteins, J. Biol.
Chem. 258 (1983) 15371-15375.

[18] S.L. Oei, J. Griesenbeck, M. Schweiger, M. Ziegler, Regulation of
RNA polymerase II-dependent transcription by poly(ADP-ribo-
syl)ation of transcription factors, J. Biol. Chem. 273 (1998) 31644—
31647.

[19] S.J. Chen, C.M. Artlett, S.A. Jimenez, J. Varga, Modulation of
human alphal(I) procollagen gene activity by interaction with Spl
and Sp3 transcription factors in vitro, Gene 215 (1998) 101-110.

[20] H. Thn, K. Ohnishi, T. Tamaki, E.C. LeRoy, M. Trojanowska,
Transcriptional regulation of the human alpha2(I) collagen gene.



72 S. Beckert et al. | Biochemical and Biophysical Research Communications 341 (2006) 67-72

Combined action of upstream stimulatory and inhibitory cis-acting
elements, J. Biol. Chem. 271 (1996) 26717-26723.

[21] H.M. Poppleton, R. Raghow, Transcriptional activation of the
minimal human Proalphal(I) collagen promoter: obligatory require-
ment for Spl, Biochem. J. 323 (1997) 225-231.

[22] T. Hasegawa, X. Zhou, L.A. Garrett, E.C. Ruteshouser, S.N. Maity,
B. de Crombrugghe, Evidence for three major transcription activation
elements in the proximal mouse proalpha2(I) collagen promoter,
Nucleic Acids Res. 24 (1996) 3253-3260.

[23] Q.P. Ghani, M. Hollenberg, Oxygen enhances in vivo myocardial
synthesis of poly(ADP-ribose), Biochem. Biophys. Res. Commun. 81
(1978) 886-891.

[25] Y. Tanaka, S.S. Koide, K. Yoshihara, T. Kamiya, Poly (ADP-ribose)
synthetase is phosphorylated by protein kinase C in vitro, Biochem.
Biophys. Res. Commun. 148 (1987) 709-717.

[26] P.I. Bauer, G. Farkas, L. Buday, G. Mikala, G. Meszaros, E. Kun, A.
Farago, Inhibition of DNA binding by the phosphorylation of poly
ADP-ribose polymerase protein catalysed by protein kinase C,
Biochem. Biophys. Res. Commun. 187 (1992) 730-736.

[27] D. LeRoith, C.T. Roberts, The insulin-like growth factor system and
cancer, Cancer Lett. 195 (2003) 127-137.

[28] T.E. Adams, V.C. Epa, T.P.J. Garrett, C.W. Ward, Structure and
function of the type-1 insulin-like growth factor receptor, Cell Mol.
Life Sci. 57 (2000) 1050-1093.

[29] P.I. Bauer, G. Farkas, R. Mihalik, L. Kopper, E. Kun, A. Farago,
Phosphorylation of poly(ADP-ribose)polymerase protein in human
peripheral lymphocytes stimulated with phytohemagglutinin, Bio-
chim. Biophys. Acta 1223 (1994) 234-239.

[30] E. Dupuy, A. Habib, M. Lebret, R. Yang, R. Levy-Toledano, G.
Tobelem, Thrombin induces angiogenesis and vascular endothelial

growth factor expression in human endothelial cells: possible
relevance to HIF-1 alpha, J. Thromb. Haemost. 1 (2003) 1096-1102.

[31] C.-H. Chung, W.-B. Wu, T.-F. Huang, Aggretin, a snake venom-
derived endothelial integrin a2bl agonist, induces angiogenesis via
expression of vascular endothelial growth factor, Blood 103 (2004)
2105-2113.

[32] A. Namiki, E. Brogi, M. Kearney, E. Kim, T. Wu, T. Couffinhal, L.
Varticovski, J. Isner, Hypoxia induces vascular endothelial growth
factor in cultured human endothelial cells, J. Biol. Chem. 270 (1995)
31189-31195.

[33] E. Kun, E. Kirsten, C.P. Ordahl, Coenzymatic activity of randomly
broken or intact double-stranded DNAs in auto and histone H1
trans-poly(ADP-ribosylation), catalyzed by poly(ADP-ribose) poly-
merase (PARP I), J. Biol. Chem. 277 (2002) 39066-39069.

[34] T. Akiyama, S. Takasawa, K. Nata, S. Kobayashi, M. Abe, N.J.
Shervani, T. Ikeda, K. Nakagawa, M. Unno, S. Matsuno, H.
Okamoto, Activation of Reg gene, a gene for insulin-producing beta -
cell regeneration: poly(ADP-ribose) polymerase binds Reg promoter
and regulates the transcription by autopoly(ADP-ribosyl)ation, Proc.
Natl. Acad. Sci. USA 98 (2001) 48-53.

[35] C. Nirodi, S. NagDas, S.P. Gygi, G. Olson, R. Aebersold, A.
Richmond, A role for poly(ADP-ribose) polymerase in the
transcriptional regulation of the melanoma growth stimulatory
activity (CXCL1) gene expression, J. Biol. Chem. 276 (2001)
9366-9374.

[36] P.O. Hassa, M.O. Hottiger, The functional role of poly(ADP-
ribose)polymerase 1 as novel coactivator of NF-kappaB in inflam-
matory disorders, Cell Mol. Life Sci. 59 (2002) 1534-1553.

[37] D.B. Parekh, W. Ziegler, P.J. Parker, Multiple pathways control
protein kinase C phosphorylation, EMBO J. 19 (2000) 496-503.



	IGF-I-induced VEGF expression in HUVEC involves phosphorylation and inhibition of poly(ADP-ribose)polymerase
	Experimental procedures
	Results
	IGF-I stimulates expression of VEGF protein
	Stimulation of VEGF expression by IGF-I is mediated via PI3-K, Mek 1/2, and PKC signaling
	VEGF expression is inversely correlated to poly(ADP-ribose)polymerase (PARP) activity
	Phosphorylation decreases PARP activity in blank vitro
	IGF-I inhibits PARP in blank vivo by phosphorylation

	Discussion
	References


