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Letter

Early Genetic Mechanisms Underlying the Inhibitory
Effects of Endostatin and Fumagillin on Human

Endothelial Cells

Chiara M. Mazzanti,'? Anita Tandle," Dominique Lorang," Nick Costouros,’
David Roberts," Generoso Bevilacqua,? and Steven K. Libutti'-?

"Surgery Branch, Center for Cancer Research, National Cancer Institute, National Institutes of Health, Bethesda, Maryland
20892, USA; “Division of Surgical, Molecular and Ultrastructural Pathology, Department of Oncology, University and University

Hospital, Pisa I-56127, Italy

A tumor needs to initiate angiogenesis in order to develop its own blood supply, to grow, to invade, and to spread.
Angiogenesis, under normal conditions, is a tightly regulated balance between endogenous pro- and antiangiogenic
factors. In this study, we investigated, by microarray analysis, the effects of two known antiangiogenic agents
(endostatin and fumagillin) on the gene expression profiles of human umbilical vein endothelial cells (HUVEC) in
order to elucidate pathways common to the effects of these agents. We observed a majority of gene expression
changes within 1 and 2 h of treatment. The genes demonstrating these early expression changes are involved in cell
proliferation, gene transcription, and a number have unknown functions. We selected four genes (DOCI, KLF4, TCAl,
ID1) from the microarray profile that showed a similar pattern of expression for both of the antiangiogenic agents we
tested. We then used small interfering RNAs (siRNA) in an attempt to better understand the role of these selected
genes in the inhibitory activity of these agents. Because the gene expression changes occurred within 1 and 2 h of
treatment, these genes might be involved in the initial pathways of angiogenesis inhibition.

Carcinogenesis is a complex process, involving a number of dif-
ferent genetic events that lead a cell to acquire a malignant phe-
notype. However, these neoplastic properties may only be nec-
essary, but not sufficient for the cancer cell to become invasive.
A tumor also needs to initiate angiogenesis to develop its own
blood supply and to invade and spread.

Angiogenesis is the formation of new blood vessels from
pre-existing ones, and is essential for normal physiological pro-
cesses such as reproduction, development, and repair. This pro-
cess is a cascade of events involving endothelial cells, which,
under normal conditions, is a tightly regulated balance between
endogenous pro- and antiangiogenic factors (Jekunen and
Kairemo 2003). The switch to an angiogenic phenotype involves
a change in the equilibrium between these factors (Madhusudan
and Harris 2002). The exposure of endothelial cells to proangio-
genic factors leads to subsequent angiogenic processes character-
ized by invasion, migration, and proliferation of endothelial
cells. This mechanism is reliant on the degradation of the extra-
cellular matrix surrounding a tumor. The formation of new blood
vessels is then determined by the sprouting from pre-existing
microvessels, and the formation of tubes that can carry blood
flow. The angiogenic switch is characterized by oncogene-driven
tumor expression of angiogenic proteins such as VEGF, bFGF,
IL8, PLGF, and TGF-B. Hypoxia can also stimulate the up-
regulation of angiogenic factors by the down-regulation of an-
giogenesis suppressors, such as thrombospondin or endostatin
(Kerbel and Folkman 2002). Tumors unable to induce angiogen-
esis remain dormant at a microscopic in situ size (Folkman 2000).

Endothelial cells proliferate much faster during angiogenesis
than in normal tissues, and this characteristic makes them more
sensitive to a wide variety of drugs. Inhibiting tumor angiogen-
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esis is a promising strategy for treating cancer. Positive regulators
are the best characterized, but many inhibitors have also been
identified. The mechanism of action of these inhibitory agents
has not yet been entirely elucidated. Various angiogenesis inhibi-
tors have been developed to target endothelial cells and block
tumor angiogenesis, and several of them have reached clinical
trials. Hundreds of potential angiogenesis inhibitors have been
identified and the pace of discovery is accelerating.

Although there are many potential targets for inhibiting an-
giogenesis, it is possible to classify antiagiogenic agents on the
basis of their mechanisms of action. The two classes of angiogen-
esis inhibitors that have been described are indirect and direct
inhibitors. Examples of indirect inhibitors are drugs able to target
the matrix and the metalloproteinases (MMP). MMPs are crucial
for tumor growth, migration, angiogenesis, invasion, and metas-
tasis, because they degrade the extracellular matrix (Egeblad and
Werb 2002). Thus, tissue inhibitors of MMPs (TIMPs) are used to
inhibit this process, as are agents such as antisense oligonucleo-
tide tyrosine kinase blockers, collagen peptidomimetics (Batis-
mastata), heparanase inhibitors, or urokinase inhibitors (Madhu-
sudan and Harris 2002). There are also drugs that target proan-
giogenic growth factors such as VEGF inhibitors, FGF2 inhibitors,
oncogenic targets, and cytokine inhibitors (Madhusudan and
Harris 2002). Direct inhibitors include compounds that target the
vascular endothelium directly, such as angiostatin, endostatin,
thrombospondin, tumstatin, and vitaxin. They are all involved
in inhibiting endothelial cell migration, proliferation, and neo-
vascularization (O’Reilly et al. 1994; Dixelius et al. 2002, 2003;
Kerbel and Folkman 2002).

Many patients with cancer have received some form of ex-
perimental antiangiogenic therapy. Nevertheless, the impressive
antitumor results obtained in murine models have not been en-
tirely reproducible in patients (Madhusudan and Harris 2002). One
reason for this may be that the molecular mechanisms for many of
these antiangiogenic compounds are still not well understood.
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chronic inflammatory diseases and diabetic

retinopathy, whereas, at the same time, not
effecting normal wound healing (Abdollahi
et al. 2004).

MacDonald et al. (2001) showed that
recombinant endostatin binds tropomyosin
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Figure 1 Effects of different antiangiogenic agents on cell proliferation using WST1 assay for
HUVECs (A) and human fibroblasts (B). Between 2 and 4 X 103 P2-P3 cells were plated in a 96-well
tray, and treated for 24 h, and then 1, 3, and 5 d with 10 pg/mL endostatin, 10 nM fumagillin,
and 50 pg/mL 5-FU. In A, it is possible to see a significant difference in proliferation between the
treated and nontreated cells for all antiangiogenic agents at day 1. The black line indicates the
proliferation rate of cells treated with medium and carrier (DMSO for fumagillin and 5FU, a citrate-
phosphate buffer for endostatin, see Methods). The gray lines represent the proliferation rate of
cells treated with each different reagent. The line on the far right represents cells growing in
medium alone. Each data point represents the average of three experiments. The values on the
y-axis are the actual WST1 fluorescent intensity readings. Endostatin and fumagillin specifically
inhibited the proliferation of endothelial cells, whereas 5FU was cytotoxic for both cell types.

In this study, we investigated the early effects of the anti-
angiogenic agents, endostatin and fumagillin, on the gene
expression profiles in human umbilical vein endothelial cells
(HUVEC) by microarray analysis.

Endostatin is a proteolityc fragment of a naturally occurring
protein. It is the 20-kDa C-terminal fragment of collagen XVIII,
and it was one of the first endogenous angiogenesis inhibitors to
enter clinical trials (O’Reilly et al. 1997; Dixelius et al. 2003).
Endostatin results in the inhibition of endothelial cell prolifera-
tion, migration, invasion, and tube formation. Several studies
reported that recombinant endostatin was a potent inhibitor of
endothelial cell proliferation in vitro, and in a large number of
animal tumor studies, endostatin treatment resulted in inhibi-
tion of tumor growth, and in some cases, a decrease in the for-
mation of metastasis was observed (Boehm et al. 1997; Sauter et
al. 2000). Recombinant endostatin is currently being evaluated in
the clinic (Herbst et al. 2001). Endostatin also affects vascular
permeability (Hajitou et al. 2002). Additionally, it is involved in
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< Fumagillin inhibits HUVEC proliferation at
low nM concentration, and it has partial or
no effect on non-endothelial cells at con-
centrations up to 1 uyM (J. Wang et al.
2000). It was proposed that fumagillin in-
hibits angiogenesis by covalently binding
to the His-231 position of the enzyme
MetAP2 (Griffith et al. 1997; Sin et al. 1997),
and this finding provided a starting point
for the rational design of fumagillin analogs
(Rodeschini et al. 2004).

Endostatin and fumagillin were shown
to target the endothelial cell cytoskeleton through altered regu-
lation of heat-shock protein 27 and cofilin (Keezer et al. 2003).
The actions of these two different angiogensis inhibitors seem
to act via distinct pathways. However, the early responses
(within 4 h) of endothelial cells to these agents have not been
previously studied. To determine whether there were common
early responses in endothelial cells to these agents, we treated
endothelial cells and fibroblasts with endostatin and fumagillin
and compared changes in gene expression using cDNA micro-
arrays. To further identify genes specific to the activity of these
compounds on endothelial cells, we also exposed cells to the
cytotoxic agent S-Fluorouracil (5-FU). Using this approach, we
identified a group of genes whose expression patterns were
commonly altered specifically in endothelial cells by endostatin
and fumagillin. Small interfering RNAs (siRNAs) represents a
very promising method for studying loss of function phenotypes
by inducing efficient silencing of a target gene (McManus and
Sharp 2002). In our study, we utilized this technique to obtain
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Figure 2 Microarray cluster image of the gene expression profile of HUVEC treated with 10 pg/mL endostatin (A) and10 nM fumagillin (B) over the
time course of 0 h, 30 min, 1, 2, 4, and 8 h. The cluster is ordered by genes, and shows a list of genes that are up- or down-regulated by twofold for
at least one time point. The majority of gene expression changes appeared to occur for both agents within 1 and 2 h of treatment. With Cy5, we labeled
the mRNA from treated cells, and with Cy3, the mRNA from nontreated cells.

Genome Research 1587
www.genome.org


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 14, 2026 . Published by Cold Spring Harbor Laboratory Press

Mazzanti et al.

2
15
‘ )
--D0C1
0.5 | KILF4
N D1
osl W 0m the 2hr - 1C1
P 4
-1
BT
2
2
—e-DoOCH
s ——KLF4
1 —a—i01
—-Tc1

. ' 1k ' 2k 4hr }]-
: AN

Figure 3 Gene expression profile for DOC1, KLF4, ID1, and TC1 over
the time course of treatment with 10 pg/mL endostatin (A) and 10 nM
fumagillin (B). Of the list of genes with twofold up- or down-regulation in
at least one time point, we chose these four genes because they have the
same time course of expression in response to the two inhibitors we used.
The y-axis represents the ratio between treated and nontreated cells (Cy5
intensity value for treated over Cy3 intensity value for untreated).

some insight into the interaction among some of the genes we
identified.

RESULTS

HUVEC Proliferation Experiments

Endostatin (10 ng/mL), and fumagillin (10 nM) significantly in-
hibited the proliferation of HUVEC cells compared with human
fibroblasts treated for 2 and 4 h, and 1, 2, and 5 d, whereas SFU
was cytotoxic for both (Fig. 1A,B). At 1 d, it is already possible to
see a significant inhibition of proliferation for the cells treated
with the two different antiangiogenic agents. SFU was found to
be cytotoxic at day 1.

Endostatin and Fumagillin Effect on HUVEC

Gene Expression

HUVEC were subsequently treated for a shorter period of time to
investigate the early molecular changes after treatment. Cells
were treated with endostatin (10 pg/mL) and fumagillin (10 nM)
for 30 min, 1, 2, 4, and 8 h. At each time point, we extracted the
total RNA, performed one round of amplification, and hybridized
the products from both treated and nontreated cells on a human
cDNA 10 k array (Hs-UniGem2, produced by the NCI/NIH ATC,
Gaithersburg, MD). We performed basic filtering (Methods), and
then a second filtering for only those genes that had a twofold
up- or down-regulation (<2, <0.5) for at least one time point. We
observed for both antiangiogenic agents a majority of gene ex-
pression changes within 1 and 2 h of treatment, whereas by 8 h,
the levels came back to baseline as shown in Figure 2A,B. The
genes demonstrating these early expression changes are involved
in cell proliferation, gene transcription, and matrix organization;
a number of the genes identified have unknown function. From
the microarray analysis, we selected those genes for both agents

1588 Genome Research
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(endostatin and fumagillin) that had a similar expression profile
during the time course studied for further analysis. On the basis
of this criteria, we selected DOC1 (XM_002964), KLF4
(BC029923), TC-1(BC021672), and ID1(S78825) (Fig. 3A,B).

RT-PCR Validation Experiments

For each of these selected genes, we confirmed the changes in
gene expression over time using real time quantitative RT-PCR
(TagMan assay, Applied Biosystems). In addition, to analyze the
specificity of the antiangiogenic agents’ effects on HUVEC cells,
we treated HUVEC with 5FU for the same durations (30 min, 1,
2,4, and 8 h) and analyzed the expression changes of the selected
genes using TagMan. TagMan was performed in triplicate at each
time point, for each gene and for each agent. We were able to
confirm the same gene expression profile for DOC1, TC1, and
KLF4, as was seen in the microarray data (Fig. 4). TagMan for ID1
failed to confirm the same pattern as the microarray data, possi-
bly due to cross-hybridization of the message for a similar gene
with the ID1 spot on the cDNA array. SFU treatment did not
demonstrate considerable changes in gene expression profiles for
KLF4, TC1, and ID1, whereas it caused a different pattern of ex-
pression of DOC1 compared with fumagillin and endostatin,
with a progressive increase of gene expression over the time
course, demonstrating the specific effects of the two angiogenic
inhibitors on HUVEC cells (Fig. 4).

Human Fibroblast Treatment

In a second experiment, we treated human fibroblasts with the
same three agents in order to investigate whether the gene ex-
pression regulation of these four genes was specific for the anti-
angiogenic treatments and for the agents’ effects on endothelial
cells. As shown in Figure 5, all four genes had no significant
change in expression over the course of treatment in fibroblasts
compared with HUVEC, suggesting that their regulation is a
unique feature of the response of endothelial cells to the angio-
genesis inhibitors tested.

SiRNA Experiments
For a better understanding of the possible relationship between
these genes, we performed siRNA knock-down experiments. We
separately transfected HUVECs with a vector containing siRNA
targeting the DOC1 gene (psiRNA-Neo-Docl) and a vector con-
taining a null sequence (psiRNA-Neo-Control), which, after
BLAST search, resulted in complementary binding only to the
intronic sequence of the human Tyrosine Hydroxylase gene. Fig-
ure 6 demonstrates how the expression of the DOC1 gene in
psiRNA-Neo-Docl-transfected cells is silenced after endostatin
(A) and fumagillin (B) treatment compared with its change of
expression at 1 h in psiRNA-Neo-Control-transfected cells. On
the basis of these results, we decided to investigate the expression
of KLF4 and TC1 in the psiRNA-Neo-Control-transfected cells
(Fig. 7A) after treatment with endostatin. In addition, we also
evaluated the expression of KLF4 and TC1 in HUVECs transfected
with psiRNA-DOCI1 after treatment with endostatin and fuma-
gillin (Fig. 7B,C) in order to determine the relationship between
DOCI1 gene expression and the expression of KLF4 and TC1.
Our results showed that TC1 and KLF4 failed to demonstrate
an up-regulation in expression in response to endostatin treat-
ment when DOC1 was silenced (Fig. 7A). However, after fuma-
gillin treatment, despite DOCI silencing, TC1 and KLF4 were
up-regulated by the treatment at a 1-h time point in a similar
fashion to the response of control transfected cells (Fig. 7B).
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Figure 4 TagMan Real Time PCR verification performed for DOC1, KLF4, TC1, and ID1 on ¢cDNA from HUVECs treated for 30 min, 1, 2, 4, and 8 h
with both antiangiogenic agents (10 pg/mL endostatin and 10 nM fumagillin) and the cytotoxic agent (50 ug/mL 5FU). DOCT, KLF4, and TC1 showed
the same gene expression changes as the microarray data. ID1 was not confirmed, most likely due to cross-hybridization with some similar gene on the
cDNA array. DOC1 under 5FU treatment shows a progressive increase of gene expression over the time course. The y-axis represents a ratio between
the number of ds-cDNA molecules of the gene of interest and the number of ds-cDNA molecules of the housekeeping gene GAPDH. Each dot is an

average of three experiments.

DISCUSSION

Angiogenesis is the formation of new blood vessels from
pre-existing ones, and it plays a critical role in the regulation
of embryonic development as well as postnatal pathophysio-
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logical processes, including wound healing and tumor growth
(Lode et al. 2002). Tumors need to initiate angiogenesis in
order to create a blood supply and grow beyond a size of
0.2-3.0 mm. A key feature of this process is the proliferation
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Figure 5 TagMan Real Time PCR verification performed for DOC1, KLF4, TC1, and ID1 on cDNA from human fibroblast cells treated for 30 min, 1,
2, 4, and 8 h with both antiangiogenic agents (10 pg/mL endostatin and 10 nM fumagillin) and the cytotoxic agent (50 ug/mL 5FU). No significant
changes in gene expression for these four genes are detectable in fibroblasts after treatment with antiangiogenic and cytotoxic compounds. The y-axis
represents a ratio between the number of ds-cDNA molecules of the gene of interest and the number of ds-cDNA molecules of the housekeeping gene

GAPDH. Each dot is an average of three experiments.
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Figure 6 The expression of the DOC1 gene in psiRNA-Neo-Doc1-
transfected cells is silenced after endostatin (A) and fumagillin (B) treat-
ment compared with its change of expression at 1 h in psiRNA-Neo-
Control-transfected cells. The lack of change in gene expression after 1 h
of treatment with both agents is a reliable sign that the DOC1 gene is
being silenced by the appropriate siRNA. Each dot represents a ratio
between the number of ds-cDNA molecules of the gene of interest and
the number of ds-cDNA molecules of the housekeeping gene GAPDH.
Each dot is an average of three experiments.

of endothelial cells. During tumor growth, endothelial cells
proliferate more rapidly than in normal tissues, and their
unique phenotype provides a distinct target for a wide range of
agents.

Under normal conditions, angiogenesis is a tightly regulated
equilibrium between pro- and antiangiogenic molecules. Many
positive regulators have been identified and characterized (VEGF,
FGF, IL8, PLGF). Endogenous inhibitors have likewise been iden-
tified, such as endostatin, angiostatin, and EMAP-II (Kayton and
Libutti 2001). Exogenous inhibitors have been discovered as bio-
logical products produced by other organisms such as fumagillin
from a fungus (Madhusudan and Harris 2002). Although several
aspects of how these inhibitors work is known (Feldman and
Libutti 2000; Kerbel and Folkman 2002; Madhusudan and Harris
2002; Jekunen and Kairemo 2003), much of their molecular
mechanisms of action are still not clear. This is especially true
with respect to common pathways involved in the activity of a
variety of angiogenesis inhibitors. The elucidation of such path-
ways might enable us to develop more effective targeted thera-
pies and to better understand the process of tumor vessel forma-
tion.

In our study, we investigated the early molecular changes
occurring in endothelial cells after treatment with endostatin, as
an endogenous compound, and fumagillin as an exogenous com-
pound. The mechanism of action of endostatin in inhibiting an-
giogenesis involves the induction of endothelial cell apoptosis.

1590 Genome Research
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The most consistent effect on endothelial cells in vitro is inhibi-
tion of migration, which may be due to disruption of cell matrix
interactions and also involvement in cytoskeleton organization.
The structure of a primary receptor is not known (MacDonald et
al. 2001; Wickstrom et al. 2002; Dixelius et al. 2003; Keezer et al.
2003).

Fumagillin is a fungal metabolite and its analog, TNP-470,
has been evaluated in clinical trials (Kerbel and Folkman 2002).
The molecular target of fumagillin and its analog is methionine
aminopeptidase-2 (MetAP-2). Fumagillin binds MetAP-2 on His-
231, inactivating the enzyme. MetAP-2 removes the N-terminal
methionine from most proteins involved in cell cycle regulation
as a part of the translocation process, so its inhibition results in
cell cycle arrest and apoptosis (Fardis et al. 2003).

We first confirmed (Fig. 1) that the antiangiogenic com-
pounds we tested in this study are specific for the inhibition of
endothelial cell proliferation. Whereas SFU had the same inhibi-
tory effect on both endothelial cells and fibroblasts, fumagillin
and endostatin’s inhibitory effect was only seen on the endothe-
lial cells.

We used cDNA microarray analysis to identify early re-
sponse changes in gene expression in reaction to the exposure of
endothelial cells to endostatin and fumagillin. This technology
allowed us to study thousands of genes simultaneously. We se-
lected genes for further study that had at least a twofold up- or
down-regulation in at least one time point as shown in Figure 2A.
It appeared that the majority of gene expression changes were
occurring for both agents at the 1- or 2-h time point. We exam-
ined the filtered genes identified, and found a group of four genes
that had the same gene expression profile over the time course
studied for both agents tested (Fig. 3A,B). The genes are DOCI,
KLF4, TC1, and ID1. KLF4 and ID1 are transcription factors that
have been well studied in mice and are involved in development,
neurogenesis, and angiogenesis and are specific to the endothe-
lium (Yet et al. 1998; Lyden et al. 1999). The function of DOC1
and TC1 is unknown, and only limited information on their gene
structures and their tissue expression is available (Mok et al.
1994; Chua et al. 2000). The DOC1 gene has some similarities to
the heavy myosin chain of the mouse gene, suggesting that it
might be involved in the organization of the cytoskeleton. We
were able to confirm the expression changes in DOC1, KLF4, and
TC1 by TagMan, whereas ID1 did not show any significant
changes. Because the TagMan assay is more sensitive and specific
than the microarray technique, it is possible that our microarray
result was due to another member of the ID family cross-
hybridizing and giving us a false-positive signal.

To determine whether the gene changes we observed were
specific to the antiangiogenic agents we tested, SFU, a well
known cytotoxic agent, was used to contrast its effects with the
specific effects of the antiangiogenic compounds on these four
genes. In Figure 4, it is clear that these genes have a significant
change in gene expression at 1 h only with the two angiogenesis
inhibitors and not with 5-FU, suggesting that the significant
changes in gene profiles was a unique feature of the endothelial
cell response to the angiogenesis inhibitors tested. These genes
might be early response genes involved in some of the initial
pathways of angiogenesis inhibition. Interestingly, SFU treat-
ment caused a progressive increase of DOC1 gene expression over
the time course, suggesting that this gene might be involved in
cell death as well. Furthermore, we treated human fibroblasts
with the same agents and there are no significant changes for any
of the genes over the course of treatment (Fig. 5), supporting the
notion that DOC1, KLF4, and TC1 are specific for the endothelial
cells response to endostatin and fumagillin.

To elucidate any possible interactions between these poten-
tial early response genes we focused our attention on the DOC1
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Figure 7 (A) KLF4 and TC1 gene expression changes in HUVECs trans-
fected with psiRNA-Neo-Control treated with endostatin. As expected,
the two genes were up-regulated after 1 h of treatment. (B) shows how
there is no longer up-regulation of KLF4 and TC1 gene expression after 1
h of endostatin treatment when the DOC1 gene is silenced by the ap-
propriate siRNA. (C), in contrast, shows how the up-regulation in gene
expression of KLF4 and TC1 in response to fumagillin is unaffected by
DOCI1.

gene. The rationale for the decision is based on the fact that this
gene consistently demonstrated altered expression in several dif-
ferent experiments, performed in our lab with other antiangio-
genic compounds (data not shown). Moreover, DOC1 up-
regulation after 1 h of treatment in the different repeat experi-
ments was consistent and higher than the other genes tested.
Mok et al. (1994) discovered that this gene was present in normal
ovarian surface epithelial cells, but consistently absent in all of
the ovarian cancer cell lines tested in their study. A microarray
data set search reveals the presence of the DOC1 gene hidden in
the long list of genes that are informative in class prediction
algorithm used to define human tumor type and aggressiveness,
being down-regulated or absent in malignant tumors (Ross et al.
2000; Su et al. 2001). This also suggests DOC1 has a possible role
as a tumor-suppressor gene. Using InvivoGen technology, we
cloned sequences into an RNA polymerase III on the basis of
expression vector (psiRNA-Neo) that enabled the endogenous
production of small dsRNAs targeting the human DOC1 gene.

Endothelial cells were transfected with either the vector contain-
ing the DOCI targeting siRNA or a vector containing a null se-
quence as a control. The presence in the vector of a resistance
gene to Neomycin allowed us to select the HUVECs that were
transfected. We were able to silence the expression of DOC1 as
shown in Figure 6 using this vector. In response to both en-
dostatin and fumagillin treatment, there was reversal of the up-
regulation of DOC1 expression at a 1-h time point after treat-
ment, compared with the control HUVECs (Fig. 6, right curve). In
addition, the up-regulation in expression of KLF4 and TC1 is also
shutdown when DOCI is silenced, but only after endostatin
treatment (Fig. 7B). As expected, the control HUVECs continue to
demonstrate up-regulation of both genes at thel-h time point
after treatment (Fig. 7A). The abrogation of KLF4 and TC1 re-
sponse by DOCI1 silencing is not seen following fumagillin treat-
ment (Fig. 7C).

These results suggest that DOC1 may be upstream from
KLF4 and TC1 in the cascade of events following endostatin
treatment, whereas for fumagillin, they may be involved in the
mechanism of angiogenesis inhibition, albeit via an alternative
signaling pathway. DOCI1, considering its early expression, could
be considered an early response gene that acts as a transcription
factor that causes the up-regulation of KLF4 and TC1 in the endo-
statin cascade. Alternatively, it could also very likely represent a
membrane protein that interacts with endostatin, and after some
specific intracellular signaling, causes the up-regulation of KLF4
and TC1, whereas with fumagillin treatment, it appears there is
some other player with a specific role between DOC1 and KLF4
and TC1. Moreover, the presence of DOC gene sequence homol-
ogy to myosin heavy-chain sequences (as noted in the GenBank
sequence file: XM_002964) could suggest an additional role of
the gene in the organization of the cytoskeleton, therefore effect-
ing migration and proliferation (Dixelius et al. 2002). Recent
studies present KLF4 as a possible tumor-suppressor gene in colon
cancer, suggesting that the lack of the gene favors tumor growth
(Zhao et al. 2004). KLF4 was frequently down-regulated in blad-
der cancer cell lines and cancer tissues. When the KLF4 gene was
transduced into the bladder cancer cell lines using adenoviral, it
suppressed cell growth and induced apoptosis (Ohnishi et al.
2003).

No information is available regarding sequence homology
or protein function of the TC1 gene, except that it seems to be
differentially expressed in thyroid tumors (Chua et al. 2000).

Further studies are necessary to clarify these early mecha-
nisms and to better understand the function of these genes.
DOC1, KLF4, TC1, and their related pathway may provide new
targets for the inhibition of endothelial cell proliferation in can-
cer gene therapy, as well as a marker for the characterization and
development of new antiangiogenic compounds.

METHODS

Cell Proliferation Assay

To measure cell proliferation, we used the reagent WST1. This is
a colorimetric assay for the quantification of cell proliferation
and cell viability, based on the cleavage of the tetrazolium salt
WST-1 by mitochondrial dehydrogenases in viable cells (Roche
Molecular Biochemicals). HUVEC and human fibroblasts were
exposed to human endostatin (10 pg/mL; EntreMed Inc.), fuma-
gillin (10 nM; Sigma), 5-FU (50 png/mL; Sigma), or control me-
dium (EBM, Cambrex) for varying time durations as follows: 2
and 4 h, 1-3-5 d. A total of 2000/3000 cells were plated in a
96-well culture plate with 100 pL of medium with and without
treatment. At the end of each time point, we added 10 pL of
WST1 reagent and took the readings after 4 h of incubation.
Endostatin was resuspended in 66 mM sodium phosphate, 17
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mM citric acid, and 59 mM NacCl buffer (pH 6.2). Fumagillin and
SFU were resuspended in DMSO100%.

Cell Culture Treatment for Microarray Analysis

HUVECs were maintained <70% confluent with EGM and DMEM
medium in T150 mL flasks (Cambrex) and exposed to endostatin
(10 pg/mL), fumagillin (10 nM), and control medium for varying
time durations as follows: 30 min, 1, 2, 4, and 8 h.

Microarray Analysis

Total RNA was extracted using RNeasy kits (QIAGEN). Total RNA
was then subjected to one round of amplification following the
modified Eberwine method (Eberwine 1996; E. Wang et al. 2000)
resulting in ~15 pg of messenger RNA (mRNA). The quality of the
extracted RNA was tested by spectrophotometer and by evalua-
tions on minichips (BioAnalyzer, Agilent Tecnologies).

Microarray analysis was conducted on the RNA extracted
from HUVEC treated with endostatin, fumagillin, and carrier
control. Three micrograms of amplified mRNA was used for the
hybridization on 10 k human ¢cDNA microarrays, (Hs-UniGem?2,
produced by the NCI/NIH ATC). Comparisons were made be-
tween the amplified mRNA of treated HUVECs at each time point
to the same control, which consisted of a pool of amplified
mRNA extracted at each time point from the untreated cells.
Fluorescent marker dyes (CyS5 and Cy3) were used to label the
treated and untreated samples, respectively. The respective dyes
and samples were also switched to test for any labeling bias. The
mixture of the two populations of RNA species was then hybrid-
ized to the same microarray and incubated for 16 h at 42°C.
cDNA microarrays were then washed and scanned using the
GenePix 4000B (Axon Instruments Inc.) and images were ana-
lyzed with GenePix software version 3.0. For each sample, a file
containing the image of the array and an Excel file containing
the expression ratio values for each gene was uploaded onto the
MadbArray Web site (National Center for Biotechnology Infor-
mation/NIH; http://nciarray.nci.nih.gov) for further analysis. To
accurately compare measurements from different experiments,
the data was normalized and the ratio (Signal Cy5/Signal Cy3)
was calculated so that the median (Ratio) was 1.0.

A basic filtering was performed on the arrays, consisting of
selecting only the genes in which the signal to background was
>2, spot size for both channels was >30%, and intensity values for
both signals >500. The second filtering that we applied to the
data consisted of analyzing only the genes that had at least a
twofold up- or down-regulation (ratio Cy5/CY3 = >2, <0.5). Each
of these analyses was performed using the MadbArray Web site
(National Center for Biotechnology Information/NIH) that offers
this service to all the NCI users.

cDNA Synthesis and Real-Time PCR Assay

HUVEC and fibroblast cultures were maintained <70% confluent
with EGM and DMEM medium in T150-mL flasks (Cambrex) and
exposed to 5-FU (50 pg/mL) or control medium for varying time
durations as follows: 30 min, 1, 2, 4, and 8 h.

TaqMan assay (Applied Biosystems) Real Time PCR analysis
was conducted for DOC1, KLF4, TC1, and ID1 from total RNA
extracted from all of the treatments (endostatin, fumagillin, and
SFU) at all of the time points (30 min, 1, 2, 4, and 8 h). CDNA was
synthesized from Total RNA using Superscript Kit/Gibco (Invit-
roGen Corp.). Real Time PCR was performed by TagMan assay as
follows: four primers and probes were designed on intron-exon
junctions in the 3’ end of the gene using Primer Express software
2.0 and following standard experimental protocols from Applied
Biosystems. Real time PCR reactions were run and analyzed on a
GeneAmp 5700 Sequence Detection System (Applied Biosys-
tems). All PCRs were normalized against human GAPDH, a
housekeeping gene provided as a control by the same company.
Standard curves for each gene were made of a series of dilutions
with known concentrations of the PCR product amplified by the
same two primers used for the detection. Dilution ranged from
10'° number of ds-cDNA molecules to 10%. Sequences of primers
and probes are as follows.
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DOCI (XM_002964)

DOC1F-Forward Primer: AGTCCATACTGATATTTTTGCAAG
GAA; anneals between residues 2774 and 2800, with a Tm of 59°.
DOCI1R-Reverse Primer: CCCAAAGTACGAGTTCAGTCAGTCT;
anneals between residues 2861 and 2837, with a Tm of 59°.
DOC1P-TagMan Probe: ATCCTTTTTTAATCATCCCTCCATATC
CCCC; anneals between residues 2805 and 2835, with a Tm of
68°.

KLF4 (BC029923)

KLF4F-Forward Primer: ACCAGGCACTACCGTAAACACA; an-
neals between residues 1806 and 1827, with a Tm of 58°. KLF4R-
Reverse Primer: GGTCCGACCTGGAAAATGCT; anneals between
residues 1884 and 1865, with a Tm of 60°. KLF4P-TagMan Probe:
CCGTTCCAGTGCCAAAAATGCGA; anneals between residues
1839 and 1861, with a Tm of 69°.

TCH (BCO21672)

TC-1F-Forward Primer: AGCCAAGATCATTTTTGCCATAGA; an-
neals between residues 258 and 281, with a Tm of 60°. TC-1R-
Reverse Primer: GAAACTGGAAAAGCTTGTCTTTTGT; anneals
between residues 355 and 331, with a Tm of 58°. TC-1P-TagMan
Probe: AAAACGCGTGCCCTGATGGCCT; anneals between resi-
dues 298 and 319, with a Tm of 69°.

ID1 (578825)

ID1F-Forward Primer: AGAACCGCAAGGTGAGCAA; anneals be-
tween residues 254 and 272, with a T of 60°. ID1R-Reverse Primer:
CCAACTGAAGGTCCCTGATGTA; anneals between residues 322
and 301, with a T of 59°. ID1P-TagMan Probe: TGGAGATTCTC
CAGCACGTCATCGAC; anneals between residues 275 and 300,
with a T of 68°.

Small Interfering RNA Assay and Real-Time PCR

InvivoGen has developed the psiRNA system. Four 19-nt dsDNA
fragments complementary to a portion of the mRNA molecule of
DOC1 were cloned by InvivoGen into a RNA polymerase III on
the basis of expression vector (psiRNA-Neo) that enabled the en-
dogenous production of small dsRNAs targeting the gene of in-
terest. This vector has a self-replicating cassette, allowing the vec-
tor to propagate during cell division. InvivoGen provided us with
three 19-nt sequences for the DOC1 gene, and for the cloning, we
chose the one that gave the least number of hits after a BLAST
search. A vector containing a null sequence (intron1 repeat poly-
morphism of the human tyrosine hydroxylase gene) was created
as a control. The 19-nt sequences cloned into the 2.5-kb expres-
sion vectors were as follows: PsiRNA-Neo-DOC1: 5'-AGCG
TAACCAAGGAGAGAGAT-3' (accession no. XM_002964, posi-
tion 1172-1192); PsiRNA-Neo-Control: 5'-ATTCATTCATT
CATTCACCAT-3' (accession no. D00269, position 1192-1212).
HUVECs were transfected with 1 pg of each psiRNA-Neo
expression vector using a lipofectamine technique (Gibco/
Invitrogen). After 48 h of transfection, cells were grown on me-
dium containing Neomycin (Gibco/Invitrogen). The clones were
selected and grown further to use them in the RT-PCR assays.
The transfection protocol is as follows: Lipofectamine (4 pL) was
diluted in 100 pL of Opti MEMI medium (Gibco/InvitroGen
Corp) and incubated for 15 min. A total of 1 pg of psiRNA-Neo
was diluted in 100 pL of Opti MEMI. The two solutions were then
mixed together and incubated for 15 min. HUVECs (70%-80%
confluent) in 6-well cell culture plates were washed with PBS and
replaced with 800 pL of Opti MEMI. A total of 200 pL of Opti
MEMI containing lipofectamine and psiRNA, previously mixed,
were added to each well, mixed, and incubated for 1 h at 37°C.
After 1 h, 3 mL of complete medium (EBM-2) was added to each
well and incubated for 1 d. After 1 d, the medium was changed
with fresh medium, and after a second day, it was added to each
well with the selective antibiotic Zeocin. When cells reached the
appropriate number, they were plated (2000/4000) in a 96-well
culture plate and treated with either endostatin, fumagillin, or
control medium for different durations as follows: 0, 1, 2, and 4
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h. Total RNA was then extracted at each time point, and mRNA
levels analyzed for the expression of DOC1, TC1, and KLF4 by
TagMan Real Time PCR.
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