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Malignant gliomas are the most common and the most lethal primary brain tumors in adults. Among malig-
nant gliomas, 60%-80% show loss of P14ARF tumor suppressor activity due to somatic alterations of the
INK4A/ARF genetic locus. The tumor suppressor activity of P14ARF is in part a result of its ability to prevent
the degradation of P53 by binding to and sequestering HDM2. However, the subsequent finding of PI4ARF
loss in conjunction with TP53 gene loss in some tumors suggests the protein may have other P53-indepen-
dent tumor suppressor functions. Here, we report what we believe to be a novel tumor suppressor function
for P14ARF as an inhibitor of tumor-induced angiogenesis. We found that P14ARF mediates antiangiogenic
effects by upregulating expression of tissue inhibitor of metalloproteinase-3 (TIMP3) in a P53-independent
fashion. Mechanistically, this regulation occurred at the gene transcription level and was controlled by HDM2-
SP1 interplay, where P14ARF relieved a dominant negative interaction of HDM2 with SP1. P14ARF-induced
expression of TIMP3 inhibited endothelial cell migration and vessel formation in response to angiogenic stim-
uli produced by cancer cells. The discovery of this angiogenesis regulatory pathway may provide new insights
into P53-independent P14ARF tumor-suppressive mechanisms that have implications for the development of

novel therapies directed at tumors and other diseases characterized by vascular pathology.

Introduction
The CDKN2A (INK4A/ARF) genetic locus on chromosome 9p21
is among the most widely inactivated in human cancer (1) and
encodes two tumor suppressors: the p16INK4A cell cycle suppres-
sor and P14ARF (2), a regulator of P53 stability (3). Somatic altera-
tions at this locus occur frequently in solid tumors, and germline
deletion of the ARF gene predisposes to the melanoma-astrocytoma
syndrome (4). The importance of P14ARF and its mouse homo-
log p19Arf in tumor suppression has been confirmed by numer-
ous experimental studies (2, 3, 5-8), and the specific knockout of
the p19Arf gene results in an increased frequency of diverse tumor
types in mouse (5, 7, 9). It is known that p19Arf binds to and inac-
tivates Mdm?2, a negative regulator of the p53 tumor suppressor (3).
P14ARF-induced stabilization of the P53 transcription factor leads
to the expression of critical P53 target genes, which can mediate
cell cycle arrest or induce apoptosis (6, 7, 10). Therefore, it is widely
assumed that P14ARF can suppress tumor growth through P53,
and that PI4ARF loss or HDM2 amplification are alternative ways
to inactivate the same tumor suppressor pathway (11).

Nevertheless, there are several lines of evidence suggesting that
p19Arf has additional p53-independent tumor suppressor activi-
ties (12). Differences are observed in the types and frequencies of
tumors that arise in p19Arf”/~ versus Trp53~/~ mice, including a pre-
disposition to gliomas in the former (9).

PI14ARF loss is particularly relevant to the high-grade progres-
sion of malignant astrocytomas, which are the most common and
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the most lethal intracranial tumors (13, 14). Initial studies had
suggested that alterations in P53 or P14ARF might be mutually
exclusive in human gliomas, although exceptions existed with co-
alterations of both genes in some tumors (13, 15). Recent studies
performed by The Cancer Genome Atlas (TCGA) Research Net-
work have shown that glioblastoma multiforme (GBM) can be
separated into four distinct subgroups with distinct genetic altera-
tions and expression profiles. Interestingly, in the three subtypes
that express mutant P53, a significant proportion of the tumors
that carry TP53 mutations also harbor CDKN2A homozygous dele-
tions (16), suggesting that selective pressure exists in some glio-
blastomas for the loss of both genes, raising the possibility that
P14ARF might have tumor-inhibitory functions beyond P53 acti-
vation. The loss of PI4ARF expression occurs with the transition
to grade IV in proneural astrocytoma progression, which synchro-
nizes with the onset of the robust angiogenesis that character-
izes GBMs (for review, see refs. 14, 17). This observation led us to
hypothesize a potential link between pathological vascularization
and P14ARF activity. In the present study, we examined whether
the disruption of PI4ARF gene expression is one of the genetic
events that trigger pathological angiogenesis in GBMs. We found
that P14ARF upregulates the expression of the tissue inhibitor of
metalloproteinase-3 (TIMP3) through a novel P53-independent
HDM2/SP1 signaling pathway, which results in the negative regu-
lation of angiogenesis.

Results
To investigate the role of P14ARF in the control of tumor-induced
angiogenesis, we conditionally expressed P14ARF in malignant
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Figure 1

P14ARF expression in tumor cells inhibits angiogenesis in vivo and EC migration in vitro. (A) Northern blots showing dox-inducible expression
of P14ARF mRNA in LN229-L16 (L16) derived clones A5 and A18 (upper panel) and LNZ308-C16 derived clone C19 (lower panel) glioma cells.
(B) Western blots showing induction of P14ARF in cells from A. P14ARF stabilizes P53 and induces p21 expression in A5 and A18 cells (WT
for P53) but not in TP53-null C19 cells, as expected (data not shown). (C) Mouse cornea angiogenesis assays showing that CM from P14ARF-
expressing A5 cells inhibits vessel formation. The neovascularized areas (mm2) in the corneas were quantified (error bars indicate SEM;
*P < 0.05, ANOVA). The experiments were repeated twice independently (n = 2) with 6 mice/group. (D) Matrigel plug angiogenesis assay show-
ing the antiangiogenic activity of P14ARF-expressing cells. The total length of vessels per surface area (left panel), the relative plug diameter
(middle panel), and the number of dividing cells (right panel) were measured and compared in groups with or without dox. Unpaired 2-tailed
Student’s t test, *P < 0.05; 4 mice/group, n = 2). (E) CM from P14ARF-induced cells inhibits EC migration in a modified Boyden chamber
assay. The number of HDMECs migrated to the lower side of the filter were counted in 3 randomly-selected fields and the results expressed as
mean = SD per field (right panel). *P < 0.05, unpaired 2-tailed Student’s t test; n = 3. Scale bar: 200 um. (F) CM of P14ARF-expressing cells
does not alter HDMEC proliferation expressed as percentage of untreated cells (mean + SD; n = 4).

human glioma cells. We generated Tet-on P14ARF clones A5 and
A18 from the rtTA-expressing cell line LN229-L16 (L16; WT for
P53; ARF null). The Tet-on P14ARF clone C19 was similarly gener-
ated from the rtTA-expressing cell line LNZ308-C16 (C16; null for
P53; ARFWT). L16 and C16 parental cells were used as controls for
the nonspecific effects of doxycycline (dox) (Figure 1A). Northern
1284
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and Western blot analyses confirmed that P14ARF induction was
tightly regulated by dox, with concomitant stabilization of P53
and downstream induction of P21 expression in WT P53 but not
in TP53-null cells, as expected (Figure 1B). To evaluate the effects
of P14ARF restoration on glioma cells’ ability to induce angiogen-
esis in vivo, we performed corneal (Figure 1C) and Matrigel plug
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P14ARF induces TIMP3 expression. (A) Western blot showing induction of TIMP3 protein expression by P14ARF in A5 and A18 cells. Dox induc-
tion was as in Figure 1. a-Tubulin was used as a loading control. (B) Northern blot showing that P14ARF induces TIMP3 mRNA expression in
a dose-dependent manner (0.25 to 2 ug/ml dox induction for 48 hours). GAPDH mRNA was used as a loading control. (C) Left panel: Western
blot showing the effect of endogenous P14ARF gene activation by EGF on the expression of TIMP3. HFF-1 cells were cultured in serum-free
medium for 12 hours and then treated with EGF (100 ng/ml) for 24 hours. Short and long exposures (exp.) are shown for P14ARF. Right panel:
Densitometry analysis of P14ARF and TIMP3 expression was performed with Imaged software (http://rsbweb.nih.gov/ij/) (right panel). Combined
data of 2 independent experiments (n = 2) are presented with SD. **P < 0.01, unpaired 2-tailed Student’s t test. (D) Western blot showing silenc-
ing of p719Arf reduces TIMP3 expression in mouse fibroblasts. MEFs (passages 3 and 4 [p3 and p4]), (10)3, and 3T3 cells were transfected in
serum-free conditions with either 40 nM siCtrl or sip79Arf with Lipofectamine RNAiMax for 48 hours. Serum (3%) was added to medium following

20 hours of transfection. 3-Actin was used as loading control.

angiogenesis (Figure 1D) assays in mice, as previously described
(18, 19). Corneas were implanted with micropellets containing
human bFGF, a strong inducer of neovascularization, and serum-
free conditioned medium (CM) of L16 and A5 tumor cells grown
in the presence or absence of induction by dox for 48 hours. The
CM of AS cells expressing P14ARF (induced by dox) significantly
inhibited corneal neovascularization when compared with CM
of uninduced cells (Figure 1C). The mean area of neovasculariza-
tion in corneas with pellets containing CM of P14ARF-induced
cells (ARF-CM) was significantly reduced (2-fold) compared with
pellets containing CM from uninduced cells (Ctrl-CM). As dem-
onstrated with CM of parental LN229-L16 cells, the low doses of
dox used in our experiments had no effect on corneal vasculariza-
tion per se, excluding nonspecific effects of dox. For the Matrigel
plug assay (18), AS cells were mixed with Matrigel and implanted
subcutaneously in #u#/nu mice and the mice fed dox in the drink-
ing water. The length of newly formed vessels was significantly
reduced (~2.5-fold) in AS-Matrigel plugs from mice treated with
dox as compared with controls (Figure 1D). This comparison was
performed on Matrigel plugs of similar size, and there were no dif-
ferences in rates of tumor cell proliferation in the AS and AS plus
dox plugs, as determined by the number of nuclei positive for Ki67
factor (Figure 1D). Taken together, these in vivo studies demon-
strate that P14ARF controls neoangiogenesis induced by tumor
cells independently of its effects on cell proliferation.

To establish which aspect of the angiogenic process is regulated
by P14ARF restoration, we tested CM from cells with and without
P14ARF induction for its effect on EC migration and proliferation.
CM from P14ARF-expressing cells was able to significantly reduce
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(2-fold) EC migration through collagen matrix in a modified Boy-
den chamber assay as compared with uninduced cells (Figure 1E).
CM of dox-treated parental LN229-L16 cells elicited the same cell
migration as that of untreated cells, excluding nonspecific effects
of dox. In contrast, the basal proliferation of ECs was not affected
by CM of cells with or without dox treatment (Figure 1F).

To gain insight into how P14ARF regulates vessel formation in
vivo and EC migration in vitro, we used microarray analyses to
examine the expression patterns of angiogenesis-related genes fol-
lowing P14ARF expression in A5 cells (Supplemental Table 1; sup-
plemental material available online with this article; doi:10.1172/
JCI38596DS1). Gene expression analysis showed that TIMP3
mRNA was significantly upregulated up to 3-fold by P14ARF,
while other angiogenic regulators were either barely detected or
not significantly changed by P14ARF. We confirmed that the
mRNA and protein expression levels of TIMP3 were increased
in P14ARF-induced cells A5 and A18 by Northern and Western
blotting (Figure 2A and Supplemental Figure 1), and this effect
was dox dose-dependent (Figure 2B). The mRNA levels of other
factors known to modulate angiogenesis and EC migration, such
as VEGF, TIMP3 substrates (MMP-2 and MMP-9), and thrombos-
pondin (TSP1) remained unchanged (Supplemental Figure 2A and
Supplemental Figure 3C). Quantification of VEGF in the CM of
AS5,A18,and C19 glioma cells by ELISA (Supplemental Figure 2B)
indicated that P14ARF’s effect on glioma-mediated angiogenesis
is not dependent on VEGF production.

To determine whether TIMP3 induction would also occur under
physiological conditions of endogenous P14ARF modulation,
we treated an immortalized human foreskin fibroblast cell line
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Induction of TIMP3 expression by P14ARF inhibits EC migration. (A) Northern blot (upper panel) and Western blot (lower panel) demonstrating
the silencing of TIMP3 with siRNA in A5 glioma cells. (B) Modified Boyden chamber migration assay showing that TIMP3 is required for the
inhibition of EC migration by the CM of P14ARF-expressing cells (2 ug/ml dox for 48 hours). Prior to CM collection, the A5 cells were transfected
with negative control or TIMP3 siRNAs. HDMECs were seeded in the upper chamber with medium containing 1x CM (diluted from 30x concen-
trated), and the migration across gelatin type B—coated filters was performed. The migrated cells were photographed (left panel) and counted
(right panel). The MMP-2/9 inhibitor | (inh) was used at 650 nM. Scale bar: 200 um. (C) ELISA quantification of TIMP3 production in serum-free
culture medium of A5, A18, and C19 cells with or without P14ARF induction by dox for up to 5 days. Data are expressed in ng/100 ul of CM and
as mean + SD. Each experiment was performed in duplicate. (D) Modified Boyden chamber migration assay showing the effect of 5-day CM of
A18 and C19 cells with or without dox on EC (HDMEC) migration. The assay was performed as described in B. The unpaired 2-tailed Student’s
t test was used for B and D to assess the statistical differences between experimental groups, *P <0.05; n = 3.

(HFF-1) with EGF. Oncogenic stimulation by EGF signaling is
known to trigger a negative feedback loop augmenting P14ARF
expression (20). EGF-mediated increases in PI4ARF expression
led to enhanced TIMP3 expression, which was partially decreased
by silencing of PI4ARF expression (Figure 2C and Supplemental
Figure 4). Similarly, the silencing of Arfin different mouse embry-
onic fibroblasts (MEFs) resulted in a decrease in Timp3 expression
(Figure 2D). To determine whether TIMP3 was the downstream
effector of the P14ARF-mediated inhibition of EC migration, we
knocked down TIMP3 using specific siRNA (Figure 3A). Quanti-
fication of migrated ECs in response to CM from TIMP3-silenced
cells showed that the inhibitory effect of P14ARF was largely pre-
vented (Figure 3B). Since TIMP3 is an inhibitor of MMP-2 and -9,
which are critical MMPs for EC invasion (21), we examined whether
their pharmacological inhibition would mimic the inhibitory
effects of ARF-CM. Indeed, inhibiting MMP-2/9 did significantly
reduce EC migration. The combination of MMP-2/9 inhibition
1286
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with the inhibitory effect of ARF-CM was less than additive, sug-
gesting that their mechanisms of action on EC migration might
be redundant. The inhibitory effect of ARF-CM was specific to
EC migration, as their proliferation was unaffected (Figure 1F).
The ARF-CM of A18 and C19 cells were also able to inhibit EC
migration, but because these cells secrete less TIMP3 than do
AS cells (Figure 3C), S days of culture were needed to accumu-
late enough TIMP3 in the CM. The levels of TIMP3 had to reach
approximately 15-20 ng per 100 ul CM to inhibit EC migration
(Figure 3D). Combined, these results indicate that the inhibitory
effects of P14ARF on EC migration are mediated in a large part
by the secreted TIMP3.

Given the known role of P14ARF protein in stabilizing P53 (3, 6)
and the relevance of the latter in the control of angiogenesis in
gliomas (22), we examined whether P14ARF regulation of TIMP3
expression was dependent upon P53. First, the silencing of TP53
expression in AS cells caused a significant reduction in levels of
Volume 122
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The upregulation of TIMP3 gene expression by P14ARF is independent of P53. (A) Effect of TP53 silencing on the induction of TIMP3 by
P14ARF and on EC migration. Left panel: Western blot showing that the silencing of TP53 expression by siRNA in A5 cells does not affect the
induction of TIMP3 expression by P14ARF. Note that the silencing of TP53 has no effect on SP1 protein levels. Middle panel: ELISA quantifica-
tion of TIMP3 levels in CM of A5 cells previously transfected with either negative control siRNA (siCtrl) or TP53 siRNAs (siTP53) and cultured in
medium with or without dox without serum for 48 hours. The assay was carried out in triplicate, and results are expressed as mean + SD. Right
panel: Boyden chamber HDMEC migration assay in the presence of CM from control and TP53 siRNA-transfected A5 cells with or without dox.
Results are expressed as mean (+SD) cell number per field. *P < 0.05, **P < 0.01, unpaired 2-tailed Student’s t test. (B) Northern blot showing
that P14ARF strongly activates TIMP3 mRNA expression in TP53-null C19 cells. (C) Western blot (left) and Northern blot (right) showing that
activation of endogenous WT P53 with genotoxic agents does not induce TIMP3 protein or mRNA expression. U343MG cells were treated for
24 hours with doxorubicin (Doxo; 1 ug/ml), camptothecin (CPT; 5 uM), or actinomycin D (Act D; 10 nM) to activate P53. Note that P53 activation
by genotoxic agents strongly increases its stability, yet TIMP3 protein levels remain unchanged. (D) Western blot analysis showing that silencing

p19Arf or Sp1 in Trp53-null MEFs (passage 8) decreases Timp3 expression.

P53 and its downstream target CDKN1A/P21, yet P14ARF’s abil-
ity to induce TIMP3 mRNA (Supplemental Figure 3A) and protein
expression levels (Figure 4A and Supplemental Figure 3B) remained
unchanged. Furthermore, transfection of AS cells with siTP53 did
not reduce the inhibitory effect of ARF-CM on EC migration (Fig-
ure 4A, right panel. In fact, TP53 silencing even slightly increased
the basal TIMP3 mRNA and protein expression levels (Figure 4A
and Supplemental Figure 3A). Second, P14ARF was able to induce
TIMP3 mRNA in TP53-null C19 cells (Figure 4B), while it was unaf-
fected in parental LNZ308-C16 cells, which were used as controls
for nonspecific effects of dox. Third, the physiological activation
of endogenous WT P53 by genotoxic agents in INK4A/ARF-null
U343MG human glioma cells increased P53 protein levels, as well as
the mRNA levels of its target gene CDKN1A/p21, yet failed to affect
TIMP3 mRNA and protein levels (Figure 4C). Fourth, the silenc-
ing of endogenous p19Arfwith siRNA in Trp53-null MEFs led to a
decrease in Timp3 levels (Figure 4D). Taken together, these results
confirm that the regulation of TIMP3 by P14ARF is not dependent
on P53 stabilization by PI4ARF and suggest the existence of another
cellular pathway coupling P14ARF (p19Arf) to TIMP3.
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Since the mechanism underlying P14ARF control over TIMP3
expression is unknown, we hypothesized that PI4ARF may activate
the transcription of the TIMP3 gene through the activation of a
specific transcription factor. The human TIMP3 upstream sequence
(-390 to +1) contains a number of binding motifs for known tran-
scription factors, including SP1 and potential NF1 and ¢/EBP sites
(23). Because SP1 has 4 binding sites located in the region (-112 and
+1) proximal to the transcription start site, we examined whether
SP1 is the downstream mediator of P14ARF’s effects on TIMP3. The
siRNA-mediated silencing of Sp1 expression in TrpS3-null MEFs
caused a decrease in Timp3 protein levels (Figure 4D) and prevent-
ed the induction of TIMP3 mRNA and protein levels by P14ARF
in A5 glioma cells (Figure 5A). The pharmacological inhibition
of SP1-DNA binding by mithramycin (24) led to a dose-response
inhibition of TIMP3 induction by P14ARF at doses of 70 nM or
greater (Figure 5B). Furthermore, P14ARF increased the activity of
the human TIMP3 promoter by 3-fold in luciferase reporter assays
(Figure 5C), an effect that was prevented by the silencing of SP1,
suggesting that TIMP3 promoter activation by P14ARF is SP1
dependent. Since P14ARF activates TIMP3 transcription without
Volume 122 Number 4
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The upregulation of TIMP3 gene expression by P14ARF is SP1 dependent. (A) The silencing of SP7 (siSP1) abrogates upregulation of TIMP3
mRNA (Northern) and protein (Western) expression by P14ARF in A5 cells. The noncontiguous lane of the composite blot separated by a
thin white line was run on the same gel and exposed similarly. (B) Western blot showing the pharmacological inhibition of SP1 activity with
mithramycin (Mith; 70 and 100 nM, 36 hours) prevents TIMP3 induction by P14ARF. (C) Luciferase reporter assay showing SP1 is required for
TIMP3 promoter activation by P14ARF. A5 cells were transfected with a TIMP3 promoter—luciferase reporter and 24 hours later treated with
siRNAs (siCtrl or siSP7). Twenty-four hours later, P14ARF expression was induced with dox with or without mithramycin (70 and 100 nM) for 36
hours. Cell lysates were then analyzed for luciferase activity. The values of firefly luciferase normalized to protein content are presented as the
mean + SD of triplicates; *P < 0.05, paired Student’s t test; n = 2. (D) ChIP assay demonstrating P14ARF-dependent binding of SP1 to the TIMP3
promoter. Chromatin fragments prepared from A5 cells with or without P14ARF expression were immunoprecipitated with rabbit anti-human
SP1 (PEP2) or rabbit IgGs. Fw and Rev primers framing the SP1 binding sites in the TIMP3 promoter were used for PCR. The binding of rabbit
1gG to the TIMP3 promoter served as negative control. Note: Dox treatment did not alter the basal level of SP1 binding in parental LN229-L16

cells, excluding nonspecific effects of dox. Three independent repeats (n = 3) gave similar results.

affecting SP1 protein levels (Figure SA, right panel), we investigated
whether P14ARF increases the binding activity of SP1 to the TIMP3
promoter. ChIP assays demonstrated that the induction of PI4ARF
increased the binding of SP1 on the TIMP3 promoter; IgG served
as negative control (Figure SD). The activation of SP1 was P14ARF
specific, since dox did not modify the promoter-binding activity of
SP1in P14ARF-deficient L16 parental cells. As a whole, these results
demonstrate that SP1 plays a critical role in P14ARF-mediated acti-
vation of the transcription of the TIMP3 gene.

To determine whether SP1 and TIMP3 are also important for
the negative regulation of angiogenesis by P14ARF in vivo, we per-
formed corneal angiogenesis assays with micropellets containing
human bFGF and CM of tumor cells transfected with different
siRNAs (siCtrl, siTIMP3, and siSP1) and grown in the presence or
absence of P14ARF induction. The CM of cells expressing P14ARF
(ARF-CM) and transfected with negative control siRNA (siCtrl)
exhibited a strong inhibitory effect on corneal neovascularization
as compared with CM of uninduced cells (Figure 6, A and B). The
mean area of neovascularization in corneas with pellets contain-
ing ARF-CM was significantly reduced, approximately 2-fold, com-
pared with Ctrl-CM pellets (Figure 6E). The effect of ARF-CM on
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corneal neovascularization was strongly reversed by silencing of
TIMP3 or SP1I expression in A5 cells (Figure 6, C and D, versus Fig-
ure 6B). These findings confirm that the antiangiogenic effect of
P14ARF in vivo requires SP1 activation and TIMP3 production.
We next explored how P14ARF might activate SP1 to upregu-
late the TIMP3 gene. Our initial coimmunoprecipitation (co-IP)
studies did not suggest any physical interaction between P14ARF
and SP1 (Figure 7A), while confirming the known P14ARF-HDM2
interaction (Figure 7B). Since we showed that P53 is dispensable
for TIMP3 regulation by P14ARF (Figure 4 and Supplemental Fig-
ure 3, A and B) and that P14ARF does not affect SP1 protein levels
(Figure 4A and Figure 5A, right panel), we excluded also that SP1
activation may result from its known interaction with P53 (25). We
then reasoned that the mechanism by which P14ARF could acti-
vate SP1 might be antagonization of HDM2 and prevention of its
physical interaction with SP1. To test this hypothesis, we carried
out co-IP experiments in AS cells with HDM2 antibodies (SMP14
and H221) and SP1 antibody (PEP2) and found that HDM2-SP1
binding is reduced upon P14ARF activation (Figure 7C). To fur-
ther validate this mechanism in the physiological setting, we per-
formed co-IP studies on nuclear and cytosolic extracts of mouse
Number 4
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Figure 6

P14ARF regulates angiogenesis in a TIMP3-dependent manner. Mouse cornea angiogenesis assay
showing that P14ARF inhibits angiogenesis in a TIMP3- and SP1-dependent manner. Pellets contain-
ing 25 ng bFGF alone or mixed with concentrated CM of A5 cells with or without P74ARF induction for
48 hours were implanted in the cornea (see Methods). CM from cells pretreated with siRNAs against
SP1, TIMPS3, or control (siSP1, siTIMP3, or siCtrl, respectively) were also tested. Representative pho-
tographs (A-D) of mouse cornea at 5 days after implantation show FITC-dextran—labeled capillaries
(arrows) progressing toward the insertion site of the pellet in the cornea (P). Note that in A, vessels
are blurred by extensive vascular leakiness of the FITC-dextran associated with the strong angio-
genic response. (E) The neovascularized areas (mm2) in the corneas were quantified as described in
Methods (error bars indicate SEM). Note: siRNA against TIMP3 or SP1 prevented P14ARF-mediated
inhibition of corneal angiogenesis. *P < 0.05, ANOVA. The experiments were repeated twice indepen-

dently with 6 mice/group. Scale bars: 1 mm.

3T3 fibroblasts and found that the Mdm2-Sp1 interaction was
increased by the knockdown of endogenous p19Arf (Figure 7D,
first and second panels). As a control, we also verified that p19Arf
interacts with Mdm2 (Figure 7D, third panel).

Because P14ARF and SP1 bind to the same central region of
HDM2 (26), these data are consistent with the interpretation that
the P14ARF-HDM2 binding relieves SP1 from an inhibitory inter-
action with HDM2 so it can transactivate TIMP3. These findings
are consistent with our observation by ChIP assay of enhanced
SP1 availability and binding to the TIMP3 promoter following
P14ARF induction.

To confirm that TIMP3 expression is indeed regulated by HDM2,
we examined the effect of HDM2 overexpression and silencing. Sta-
ble overexpression of HDM2 in AS cells led to the abrogation of the
increase in TIMP3 expression induced by P14ARF (Figure 8A, lane 4
vs. lane 2). The silencing of HDM2 in 3 different P14ARF-inducible
glioma cell lines — including one expressing the ligand-indepen-
dent EGFRVIIL, which characterizes the most aggressive form of
gliomas — induced the expression of TIMP3 and stabilized P53, as
expected (Figure 8B). Similar results were obtained in normal HFF-1
cells (Figure 8C). Furthermore, genetic ablation of pI19Arfreduced
Timp3 levels in MEFs, irrespective of Trp53 status (Figure 8D and
Supplemental Figure 5). Conversely, double knockout of Mdm2 and
TrpS3 increased the levels of Timp3 expression in comparison to
Trp53-null and WT MEFs (Figure 8D, lane 4 versus lanes 3 and 1).
These findings demonstrate that p19Arfloss decreases, while Mdm2
loss increases Timp3 levels independently of Trp53 status.
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In summary, using silencing, over-

E expression, and knockout strate-
| gies, we demonstrate that SP1 and
4 HDM2 (Mdm?2) are critical in the
5 5 L _J} mechanism of P14ARF’s control over
g € TIMP3 expression.
SE
3w 27 Discussion
g % Loss of P14ARF gene expression, as
3 i occurs in many malignancies, can
= " ’—l_‘ ¢ abrogate tumor surveillance mecha-
bFGOF b o % nisms and increase cancer suscepti-
P14ARF (dox) — — + + + bility. Mice lacking p19Arf are highly
siCtl -+ + - - prone to tumor development (5, 9),
S'Z’gg? - T and in humans, PI14ARF deficiency
A5-CM - leads to the astrocytoma-melanoma

syndrome (4). Conversely, increased
p19Arf gene dosage confers cancer
resistance to transgenic mice (27).
p19Arf has previously been shown
to function as a sensor of growth
factor-mediated oncogenic signals
and to exert its tumor suppressor
function by stabilizing P53 and,
thereby, negatively regulating cell
proliferation or inducing apoptosis
(28). Nevertheless, the finding of co-
alterations in TP53 and P14ARF in
many tumors suggests that P14ARF
might have additional P53-indepen-
dent tumor-suppressive functions.
We now report that P14ARF regu-
lates another hallmark of solid can-
cer growth, the process of tumor-induced neovascularization,
inhibition of which can prevent tumor growth by limiting the nec-
essary supply of nutrients and oxygen to cancer cells (29). We have
discovered a HDM2/SP1/TIMP3 signaling network controlled by
P14ARF that leads to the inhibition of angiogenesis. We showed
that P14ARF exerts this activity through the inhibition of EC
migration, an essential component of new vessel formation. The
motile process of ECs is directionally regulated by chemotactic
stimuli released by the tumor (30) and involves the degradation
of the extracellular matrix by specific proteases (31). We found
that P14ARF counterbalances the effects of proangiogenic sig-
nals released by the tumor cells by stimulating the expression of
TIMP3, a secreted factor that can inhibit EC migration in vitro and
vessel formation in vivo. TIMP3 is a member of a family of secreted
proteins that inhibit the activity of MMPs, which are important
vascular remodeling factors. TIMP3 is a physiological antagonist
for MMP-2 and -9, which are critical for the degradation of the
extracellular matrix associated with the progression of migrat-
ing ECs (32). Additional antiangiogenic mechanisms of action
of TIMP3 include the inhibition of VEGFR2 signaling through
the trapping of the proangiogenic factor VEGF and blockage of
VE-cadherin expression on ECs (33, 34). That TIMP3’s angio-sup-
pressive functions are a barrier to tumor development is under-
scored by the finding that TIMP3 is epigenetically silenced in
40%-80% cases of glioblastoma (35) and in primary cancers of the
kidney, colon, breast, and lung (36). Furthermore, restoration of
TIMP3 expression blocks tumor growth (37).
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Figure 7

P14ARF regulates SP1/HDM2 interaction. Protein extracts from dox-treated A5 cells were immunoprecipitated with the indicated antibodies,
followed by Western blotting. R, G, and M indicate rabbit, goat, and mouse, respectively, which were the source for the indicated antibodies.
Asterisks indicate detection of IgGs by secondary antibody. (A) Co-IP showing the absence of P14ARF-SP1 interaction. (B) Co-IP verifying
that P14ARF interacts with HDM2 in A5 glioma cells. P14ARF was immunoprecipitated with an anti-P14ARF antibody (C18). Input levels (right
panels) for P14ARF were detected with an anti-HA tag (Y11R, R) antibody. (C) Co-IP assays demonstrating that P14ARF reduces HDM2-SP1
interaction. In the two left panels, immunoprecipitations with anti-HDM2 antibodies show that HDM2 interacts with SP1 and this interaction
decreases when P14ARF is induced. This regulation is confirmed by reverse immunoprecipitation of HDM2-SP1 complexes with anti-SP1 anti-
body in the third panel. Western blotting of HDM2 and SP1 in the cell extracts (input) shows their expression is not affected by P14ARF induction
(far right panel). Species-matched IgGs were used as controls. (D) Co-IP experiments showing that p79Arf silencing increases the endogenous
Sp1-Mdm2 interaction. After siRNA silencing of p79Arf for 48 hours in mouse 3T3 fibroblasts, nuclear (Nuc) and cytosolic (Cyt) extracts were
used for co-IP. First and second panels: Co-IPs using anti-Mdm2 and anti-Sp1 antibodies demonstrate that Mdm2 binding to Sp1 is increased in
the nuclear fraction upon p79Arf silencing. Third panel: The co-IP with anti-p19Arf antibody confirms p19Arf interaction with Mdm2 in the nucleus.
Fourth panel: Input levels of Sp1, Mdm2, and p19Arf in nuclear and cytoplasmic extracts.

The regulation of TIMP3 by P14ARF is new, and the underlying
mechanisms are unknown. Given that PI4ARF counteracts exces-
sive mitogenic stimuli by raising the levels of P53, we considered
involvement of P53 transcriptional activity (6). We found that
P14ARF upregulated the expression of TIMP3 at the transcrip-
tional level, but in a P53-independent fashion, consistent with
the absence of P53 binding sites in the human TIMP3 gene. Other
P53-independent functions for P14ARF have been reported.
P14ARF can trigger growth arrest or apoptosis of TPS53-deficient
human tumor cell lines in culture and inhibit their growth as
xenografts in nu/nu mice (38-40). p19Arf can also block the
expression of Pdgfp by pericytes independent of Mdm2 and
p53 and thereby control the extent of perivascular cell prolifera-
tion in the hyaloid vascular system of the developing mouse eye
1290
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(41). Recent reports have also suggested a role for PI4ARF in the
modulation of VEGF and the activity of its transactivator HIF
(42-45). We did not observe an effect of PI4ARF on VEGF levels
in human glioma cells, which may reflect differences in cell types
and experimental conditions.

TIMP3 transcription can be triggered by the activation of
growth factor pathways. Indeed, our data have shown that EGF
stimulates TIMP3 expression and this was inhibited by PI4ARF
silencing. To further examine whether additional oncogenic sig-
nals such as E1A or Ras would do the same, we infected Trp537~
and Trp537/-p19Arf7/~ MEFs with retroviral expression vectors and
found that Timp3 was reduced regardless of p19Arf expression
(data not shown); this suggests that some oncogenic pathways
(E1A, Ras) directly downregulate Timp3 expression, while others
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genes and, thereby, promotes many
< aspects of cancer biology, including
g cell proliferation, survival, invasion,
5 and angiogenesis (50). The stimula-
tion of SP1 constitutive activity can
be achieved by alterations in tumor
suppressor genes. Tumor suppressors
such as P53 (51), p73 (52), von Hip-
pel-Landau (53), and retinoblastoma
protein (Rb) (54) can physically inter-
act with SP1, form a complex, and
block binding of SP1 to growth-pro-
moting genes. Itis currently unknown
what precisely determines the activa-
tion state of SP1-regulated genes
and whether specific SP1 regulators
determine coordinated activation of
pro- or anti-tumorigenic target genes.
The transcriptional activity of SP1 is
regulated by many cofactors (50, 55),
and the response of SP1 target genes
is under epigenetic control (56).
Tumor suppressors such as P14ARF
can exert multi-modal actions, and
while stimulating SP1 activation on
TIMPs, may still retain control over
cell cycle progression through the
HDM2/P53/P21 cell cycle control
axis. Clearly, these multiple biological

e
Western
blot

Role of HDM2 in the regulation of TIMP3. (A) Western blot showing that overexpression of HDM2
abrogates the increase in TIMP3 induced by P14ARF. ASHDM2 is a clone of A5 cells stably trans-
fected with an HDM2 expression vector (pPCMV-MDM2-Neo). The noncontiguous lanes of the com-
posite blot separated by a white line were run on the same gel and exposed similarly. (B) Western
blot showing that HDM2 silencing increases TIMP3 expression in the absence of P14ARF induction
(no dox). P14ARF-null human glioblastoma cell lines A5, A18, and A5-EGFRuVIIl were treated with
specific siRNA for HDM2 (30 nM) for 48 hours without P14ARF induction. The induction of P53 pro-
tein levels was used as an independent measure of the silencing and the functional inactivation of
HDM2. (C) Western blot showing that silencing of HDM2 increases physiological levels of TIMP3 in
HFF-1 cells. (D) Left panel: Western blot showing that knockout of p79Arf or Mdm2 affects the basal
levels of Timp3 in MEFs. Note that Mdm2-- MEFs are not available due to the embryonic lethality of
Mdm2-- mice. WT MEFs were passage 4 cultures. p19Arf-, Trp53-, double Mdm2/p53-, and double
p19Arf/Trp53-null MEFs were passage 8 cultures. The experiment was repeated 2 times indepen-
dently with 2 different batches of MEFs. Right panel: Quantification of Western blot band intensity of
Timp3 from 2 different batches of MEFs from D. Results are expressed as mean + SD. *P < 0.05,

effects of SP1 are to be integrated in
an overall response, which will be cell
type specific and context dependent.
The mechanism underlying the
activation of SP1 by P14ARF revealed
in our study remains unknown. We
did not observe a difference in the
levels of SP1 protein upon PI4ARF
induction. We show that P14ARF
relieves transcription factor SP1 from
negative regulation by HDM2, which
allows its binding to the promoter of
the TIMP3 gene. The specific mecha-

2-tailed Student’s t test.

(EGF) activate Timp3 through p19Arfupregulation, likely provid-
ing selective pressure to abolish p19Arfor Timp3 function.

The human TIMP3 promoter contains 4 potential binding sites
for transcription factor SP1 close to the transcription initiation site,
and we demonstrated that SP1 was the key modulator of TIMP3
regulation by P14ARF. SP1 has also been implicated in the acti-
vation of the TIMPI (46), TIMP2 (47), and Timp4 (48) genes, rais-
ing the possibility that P14ARF and SP1 might exert coordinated
antiangiogenic effects through other members of the TIMP family.
This was not the case, as our data show that TIMP1 and TIMP2
levels remained unchanged by P14ARF. The expression of TIMPs
hinders tumor progression, as suggested by studies in astrocytoma
and melanoma (33, 37, 49). These findings contrast with the more
established role for SP1 as a factor that upregulates growth-related
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nism underlying the suppressive

effect of HDM2 on SP1 remains to

be further defined. The function of

transcription factors can be modi-
fied through binding of cofactors and regulatory proteins, which
may activate, neutralize, or even turn them into repressors (50).
Because HDM2 binds to SP1 in the region that contains the zinc
finger domain (54), one potential mechanism by which HDM2
could inhibit SP1 activity is through the inhibition of DNA bind-
ing (57), as supported by our ChIP data. Because P14ARF and SP1
bind to HDM2 in the same central region of HDM2 (54, 58), it is
plausible that P14ARF reverses HDM2 inhibition of SP1 by dis-
placing the latter from HDM2, as seen in our co-IP experiments.
HDM2 binding to P14ARF (59, 60) will free SP1 and activate it.
In this model, the DNA-binding activity of SP1 is regulated by
the competing activities of HDM2 and P14ARF. Consistent with
this notion, our data support that the balance of P14ARF and
HDM2 will maintain basal P14ARF-induced TIMP3 levels. Our
Volume 122 Number 4
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study is the first to our knowledge to suggest that HDM2 has
oncogenic activity by blocking antiangiogenic signals, indepen-
dent of its P53-inactivating function. This may explain why in
certain tumors, HDM2 amplification may be selected in lieu of
TPS3 mutations. Our data and previous findings suggesting that
Mdm2 might also activate proangiogenic responses (61) sup-
port the targeting of HDM2 for controlling tumor angiogenesis,
regardless of the P53 status of the tumors.

In summary, we report tumor-suppressive activity for PI4ARF
as an inhibitor of tumor-induced angiogenesis. This activity is
achieved through a hitherto unknown P14ARF/HDM2/SP1/
TIMP3 signaling axis that regulates TIMP3 expression through a
balance between P14ARF and HDM2 levels, independent of P53.
P14ARF enhances the transcriptional activity of SP1 on TIMP3
by antagonizing the inhibitory interaction of HDM2 with SP1.
Thus, anticancer strategies designed to restore WT P53 function
instead of PI4ARF may be insufficient to counter tumors in which
P14ARF exerts additional P53-independent tumor suppressor
activities. Our data suggest that therapies directed toward restor-
ing P14ARF activity, preventing HDM2-SP1 interaction, inactivat-
ing HDM2, or enhancing TIMP3 activities should all lead to the
abrogation of tumor angiogenesis and could be widely applicable
for the treatment of cancer and other vasculopathies.

Methods
Cell lines and transfections. Human glioblastoma cell lines LN229 (polymor-
phism in TP53 at codon 98 and deleted for the PI4ARF gene) and LNZ308
(devoid of endogenous P53 protein) (62) were used to generate clones with
tetracycline-inducible expression of PI4ARF. Clones LN229-L16 (derived
from LN229) (18) and LNZ308-C16 (derived from LNZ308) (63) express-
ing stably the reverse tetracycline-controlled transactivator (rtTA) were
stably transfected with pTRE-HA-ARF, an expression vector containing an
HA-tagged P14ARF cDNA under the control of the tetracycline-responsive
element (TRE). Hygromycin-resistant clones AS and A18 (derived from
LN229-L16) and C19 (derived from LNZ308-C16) exhibited tightly regu-
lated P14ARF cDNA expression upon dox (2 ug/ml) induction with mini-
mal background and were retained for the subsequent studies. A5S-EGFR-
vIII human malignant glioma cells were generated by stably transfecting an
expression vector for the ligand-independent EGFRVIII receptor (14) in the
AS clone. ASHDM?2 cells were generated by stable transfection of A5 cells
with an HDM2 expression vector (P>CMVMDM2-Neo), provided by Bert
Vogelstein (The Johns Hopkins Oncology Center, Baltimore, Maryland,
USA). Human U343MG glioma cells (TP53 WT, PI4ARF deleted), human
HFF-1 fibroblasts, and mouse 3T3 fibroblasts were obtained from ATCC.
WT, p19Arf-null, TrpS3-null, and Trp53/Mdm2 and p19Arf/Trp53 double-
knockout MEFs were provided by Martine Roussel and Charles Sherr (St.
Jude Children’s Research Hospital, Memphis, Tennessee, USA) and were
cultured as described previously (12). (10)3 mouse fibroblasts were provid-
ed by Arnold Levine (Institute for Advanced Study, Princeton, New Jersey,
USA). Primary cultures of human dermal microvascular ECs (HDMECs)
were obtained from the Emory Core Facility, Department of Dermatology.
HDMECs were cultured in complete medium MCDB131 (Invitrogen), sup-
plemented with 10% FBS, which was supplemented with 10 ng/ml bFGF,
0.5 ug/ml hydrocortisone, and antibiotics.

Glioma cells were routinely cultured in DMEM containing 5% tetracy-
cline-free calf serum (Invitrogen). HFF-1 cells and all MEFs were cultured
in DMEM with 10% FBS (HyClone Laboratories), nonessential amino
acids, and 100 ug/ml of penicillin and streptomycin (Invitrogen) at 37°C
in a humidified atmosphere of 5% CO,. All transfections with plasmids
were performed using GenePORTER as recommended (Gene Therapy Sys-
1292
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tems). For gene silencing experiments, cells were transfected with 20-100
nM final concentration of TIMP3 siRNA (Santa Cruz Biotechnology Inc.),
SP1, TP53,and HDM2 siRNAs (Ambion) or negative control siRNA using
Lipofectamine 2000, Lipofectamine RNAiMax (Invitrogen), or HiPer-
Fect (QIAGEN) in serum-free medium for 5-24 hours. The silencing of
human PI14ARF was performed with human CDKN2A siRNA (Ambion)
and of mouse pI19Arfwith duplex siRNA oligonucleotides: Cdkn2a-MSS10,
5'-GACAUCAAGACAUCGUGCGAUAUUU-3" and Cdkn2a-MSS12,
5'-UUAGCUCUGCUCUUGGGAUUGGCCG-3'.

Western blot analysis. Whole-cell extracts were obtained by lysing cells
in Laemmli buffer or RIPA buffer (50 mM Tris, pH 7.4, 150 mM NaCl,
0.5 mM EDTA, 0.5% sodium deoxycholate, 0.1% SDS, 1% Triton X-100, and
1x mini Complete anti-proteases, Roche), and protein concentrations were
determined using the DC protein assay (Bio-Rad). Nuclear and cytosolic
extractions were performed with an NE-PER Nuclear and Cytoplasmic
extraction reagents kit (Pierce). The protein samples (50-100 ug per well)
were then boiled for S minutes after addition of DTT to a final concentra-
tion of 50 mM and resolved by SDS-PAGE on either 12.5% Tris-HCl gels or
4%-20% gradient gels (Bio-Rad) and transferred to NitroBind pure nitrocel-
lulose membranes (GE Water and Process Technologies). The membranes
were immunoblotted using polyclonal rabbit anti-HA antibodies to detect
P14ARF (1:2,000, Covance), mouse anti-P53 (clone DO-7; 1:1,000 dilution,
Dako), mouse anti-P21 (Ab-11; 1:500 dilution, NeoMarkers), rabbit and
mouse anti-SP1 (PEP2, 1C6; 1:500), mouse anti-HDM2 (SMP14, 1:500),
rabbit anti-HDM2 (H221; 1:500), rabbit anti-P53/p53 (FL393; 1:500), goat
anti-f-actin, and mouse anti-a-tubulin (1:1,000) (Santa Cruz Biotechnol-
ogy Inc.), rabbit anti-TIMP3 (1:400, Chemicon, Millipore), rabbit anti-SP1
and rabbit anti-p19Arf (1:1,000, Abcam) and mouse anti-HDM2 (2A10,
4B11, 1:300, Calbiochem) antibodies.

Immunodetection was performed using the corresponding secondary horse-
radish peroxidase-conjugated antibodies. Horseradish peroxidase activity was
detected using a SuperSignal West Pico chemiluminescence kit (Pierce).

Northern blot analysis. To generate probes specific for each human gene
of interest, RT-PCR amplification was performed. The sequences of the
PCR forward (Fw) and reverse (Rev) primers were as follows: PI4ARF-
Fw, 5'-AAACCATGGATGGTCCGCAGGTTCTTGGTG-3', P14ARF-Rev,
S'-AGCTGGATCCCATCATCATTGACCTGGTCTTCTA-3'; TIMP3 Fw,
5'-AGGTCGCGTCTATGATGGCAAGAT-3', TIMP3 Rev, 5'-AGCCAGGG-
TAACCGAAATTGGAGA-3'; CDKN1A/P21-Fw, 5'-GCAGTGTGTCGGGT-
GAAG-3', CDKN1A/P21 Rev, 5'-CTCAGCAAGCAACGAAGTG-3'. The
annealing temperatures used in PCR reactions were either 60°C or 62°C.
Northern blots were generated as previously described (64).

EC assays. The CM used in the migration/invasion assays was collected
from the indicated human glioma cells grown in 100-mm-diameter Petri
dishes at 70% confluence in the presence or absence of dox (2 ug/ml) in
4 ml serum-free medium for 48-120 hours. The cells had been previously
transfected with either negative control siRNA, TIMP3, or TP53 siRNAs
or treated with 650 nM MMP-2 and -9 inhibitor I (Calbiochem). CM was
concentrated up to 30-fold using ultrafiltration concentrators with 3-kDa-
cutoff Millipore membranes (Amicon Ultra). This pore size is permeable
for dox; therefore, upon re-dilution to 1x, the concentration of dox was
reduced by 30-fold (lower than 0.07 pug/ml).

EC migration assays were performed with HDMEC:s for 24 hours using
24-well modified Boyden chambers with an 8-um pore size (Transwell,
BD) and coated with 0.1% hydrolyzed collagen (gelatin, type B). To mini-
mize any effects by growth factors, we decreased the FBS in the culture
medium by switching it from 10% to 0.5% serum overnight. Subsequently,
cells were trypsinized and plated on the gelatin-coated filter of the upper
chamber in 700 ul of medium containing 0.25% serum and 1x CM (diluted
from 30x serum-free concentrated CM). Cells were left to adhere to the
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Transwell filter for 5 hours, and the migration assay was then initiated by
adding 500 ul of medium containing 10% serum to the lower chamber.
After 24 hours of incubation, the insert was removed, and unmigrated
cells (upper side) were scraped off using a cotton swab. The migrated cells
(lower side) were fixed, stained using the DiffQuik kit (Dade Behring Inc.),
and counted under a light microscope. Pictures were taken from 3 ran-
dom fields per slide, and cells were counted. The results are expressed as
mean (SD) number per field.

EC proliferation assays were performed by plating HDMECs at 60% con-
fluence in a 6-well plate in MCDB131 medium and supplemented with CM
(diluted to 1x concentration from 30x concentrated CM of glioma cells
treated or untreated with dox) in the presence or absence of bFGF (S ng/
ml). The cells were incubated at 37°C for 72 hours, fixed, and stained with
0.1% crystal violet to evaluate cell density as described previously (18).

Matrigel plug angiogenesis assay. We used a Matrigel plug assay (18) to assess
the regulation of angiogenesis in vivo by glioma cells in the presence or
absence of P14ARF expression. Briefly, growth factor-reduced Matrigel
(BD Biosciences — Discovery Labware) mixed with AS cells (2 x 10°) in a
0.5-ml total volume was injected subcutaneously into nu#/nu mice. Eight
mice were injected and subsequently divided into two groups. One group
was given 2 mg/ml dox in drinking water with 5% sucrose for 10 days, while
the other group received sucrose water only. After 10 days, Matrigel plugs
were harvested, fixed in 10% formalin, and embedded in paraffin. A sec-
tion across the largest dimension of each Matrigel plug was performed
and stained with either H&E or hematoxylin and immunostained for Ki67
(mouse anti-Ki67 antibody, Biocare Medical). The total length of vessels
in each cross-section was determined as previously described (18). Relative
total length was defined as total length of all vessels counted divided by the
surface area of each plug section.

Mouse corneal angiogenesis assay. One hundred pellets were made as previ-
ously described (65) by mixing sterile bFGF (Research Diagnostics Inc.) at
a final concentration of 25 ng/pellet with sucralfate (Teva Pharmaceuti-
cals) and 7.5 wl of 80x concentrated CM. The CM was collected from AS or
L16 glioma cells cultured in 100-mm-diamter Petri dishes at 70% conflu-
ence with or without dox (2 ug/ml) for 48 hours. Mice were anesthetized
with ketamine (100 mg/kg) and xylazine (10 mg/kg), the eyes were topi-
cally anesthetized with 0.5% proparacaine and 2% Alocril, and the globes
proptosed with a forceps. Pellets were implanted surgically in the cornea
approximately 1 mm from the limbus as previously described (65).

On day 5 after implantation, mice were anesthetized as before. Fifty
microliters of a 2.5-mg/ml solution of sterile FITC-dextran (MW, ~70,000
Da, Sigma-Aldrich) were injected into the retro-orbital sinus. The eyes were
proptosed and digital images captured under a fluorescence dissecting
microscope (Leica). Images were transferred to Adobe Photoshop for mea-
surements. The maximum vessel length and the neovascularization zone
(in clock hours) were used to calculate the area of neovascularization, using
the following formula: area (mm?) = 0.2 x n x VL (mm) x CH, where VL is
vessel length and CH is clock hours (one clock hour = 30° of an arc).

Luciferase reporter assay of TIMP3 promoter activity. Transcription factor
binding sites in the TIMP3 gene promoter were identified using PROSCAN
version 7.1 (http://www-bimas.cit.nih.gov/molbio/proscan/). A5 cells were
transfected with pGL3-TIMP3 (66) either alone or cotransfected with
CMV-Sp1 plasmid (67). Twenty-four hours later, cells were trypsinized and
plated to be transfected with SPI or negative control siRNAs (Ambion) for
an additional 24 hours. Empty vector pcDNA3 and negative control siRNA
were used as negative controls. Plasmid transfections were carried out
with GenePORTER, and siRNA transfections were performed with Lipo-
fectamine 2000 (Invitrogen). Twenty-four hours after transfection with
siRNAs, cells were left untreated or treated with 2 ug/ml dox for 36 hours.
Cells were lysed, and the relative firefly luciferase activities were measured
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using a Luciferase Reporter Assay System (Promega) and a luminometer
(Sirius model, Berthold Detection Systems). The firefly luciferase activity
was normalized to protein content. All luciferase assays were carried out in
triplicate, and values represent RLU of luciferase activity/ug protein pres-
ent in whole-cell lysate.

ChIP assays. The ChIP assays were performed with a commercial kit
(Upstate, Millipore) using the manufacturer’s protocol with minor adjust-
ments. LN229-L16 and AS cells were grown in 150-mm dishes at 3 x 10°
cells/plate in medium with 2% serum in the presence or absence of dox
(2 ng/ml) for 48 hours. Subsequently, the cells were fixed for 10 minutes
at 37°C by adding formaldehyde directly to the culture medium to a
final concentration of 1%. The cells were washed with cold PBS, lysed for
10 minutes with 1% SDS, 10 mM Tris HCI, pH 8.0, and sonicated 4 times
for 10 seconds each on ice (Sonic Dismembrator model 100, Fisher Scien-
tific), and then cell debris was removed by centrifugation. Aliquots were
taken to control for DNA input. The remaining lysate was diluted 10 times
in 0.01% SDS, 1% Triton X-100, 1 mM EDTA, 10 mM Tris-HCI, pH 8.0, 150
mM NacCl, and phosphatase/protease inhibitors; precleared with agarose
beads/salmon sperm DNA; and incubated overnight (4°C) with antibodies
against SP1 (PEP2) or with non-specific rabbit IgG (Santa Cruz Biotechnol-
ogy Inc.). Formaldehyde-fixed DNA-protein complexes were pulled down
with protein A-conjugated agarose beads and extracted with 1% SDS, 0.1 M
NaHCOs. The DNA-protein crosslinking was reversed at 65°C for 5 hours,
and the released proteins were eliminated through digestion with protein-
ase K. The co-immunoprecipitated genomic DNA was purified using Mini
columns (QIAGEN) and eluted with 10 mM Tris-HCI, pH 8.0. The prim-
ers used for PCR to amplify the TIMP3 promoter encompassing the SP1
binding sites were TIMP3 Fw, 5'-CCACGGCGGCATTATTCCCTATAA-3',
TIMP3 Rev, 5'-AGGAGCAAGAGGAGGAGGAGAA-3'. The expected size of
the PCR product is 266 bp.

Co-IP assays. Cells were cultured in DMEM supplemented with 2%
serum and were treated with dox (2 ug/ml) to induce PI4ARF expres-
sion. Thereafter, the cells were washed with cold PBS and lysed in ice-cold
RIPA buffer without deoxycholate and containing anti-proteases (Roche
Applied Science) for 30 minutes, and the lysates were cleared by centrifu-
gation at 14,000 gat 4°C for 15 minutes. Total A5 protein extracts (500
ug) and nuclear and cytosolic 3T3 protein extracts were precleared, then
incubated overnight with 3-5 ug antibodies. Anti-SP1 (PEP2, rabbit),
anti-P14ARF (C-18, goat; Santa Cruz Biotechnology Inc.), anti-HDM2
(SMP14 mouse, Sigma-Aldrich; H221, rabbit, Santa Cruz Biotechnology
Inc.), anti-HDM2 2A10 (Calbiochem, mouse), anti-Sp1 or anti-p19Arf
(Abcam, rabbit), and protein A/G-conjugated agarose beads (Roche) for
trapping immune complexes. Rabbit and mouse IgG (Santa Cruz Bio-
technology Inc.) were used as negative controls for nonspecific interac-
tions. Then, beads were spun down at 460 g, pellets were washed 3 times
with cold lysis buffer containing anti-proteases, and the immune com-
plexes were released by boiling for 5 minutes in Laemmli buffer. Proteins
were then resolved by SDS-PAGE and immunoblotted with antibodies
against Spl, Mdm2, P14ARF, and p19Arf.

ELISAs. Concentrations of TIMP3 and VEGF in cell CM were mea-
sured using ELISA kits (R&D Systems). Measurements were performed
in duplicate, and results, normalized to protein extracts, are reported
as mean + SD.

Microarray analysis. AS cells were cultured in 2% serum-supplemented
medium in the presence and absence of 2 ug/ml dox during 48 hours.
Total RNA from two independent experiments was prepared using
TRIzol (Invitrogen), according to the manufacturer’s protocol. Integrity
of the purified RNA was first monitored by agarose gel electrophoresis
and then reverse transcribed to DNA, followed by in vitro transcription
using a BioArray HighYield RNA transcript labeling kit (Enzo). Biotin-
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labeled cRNA was then fragmented according to Affymetrix standard
protocols. cRNA probes were hybridized overnight at 45°C to the Human
Genome U133A arrays (Affymetrix), washed in a Fluidics workstation,
and scanned according to the manufacturer’s protocols. The Affymetrix
CEL files were normalized using the robust multi-chip analysis (RMA)
method. After data normalization, GeneTraffic analysis (Iobion Infor-
matics) was performed as 2-class unpaired data (group of experimental
samples with P14ARF induction for 48 hours versus group of untreat-
ed samples). The list of genes up- and downregulated by P14ARF was
generated using the cutoff at log ratio greater than 0.4 and P value less
than 0.0S5. The probe sets estimated absent using Affymetrix Microarray
Suite 5.0 (MAS 5.0) software, in both baseline and experimental samples,
were excluded from the final list. Hierarchical clustering of genes was
next performed using GeneTraffic software. Microarray gene expression
data were deposited at a MIAME-compliant public database, EMBL-EBI
ArrayExpress, and can be accessed with E-MEXP-3476.

Statistics. ANOVA was used to compare corneal angiogenesis in mice
groups that had received pellets with bFGF and CM of AS with or with-
out dox cells. Unpaired 2-tailed Student’s ¢ test was used in all other
studies, unless stated otherwise. A P value less than 0.05 was considered
statistically significant.

Study approval. The in vivo Matrigel plug and cornea assays conducted in
mice were reviewed and approved by the IACUC of Emory University and
by the IACUC of the Cleveland Clinic, respectively.
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