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Aims Tumours secrete proangiogenic factors to induce the ingrowth of blood vessels, the end targets of which are vascular
endothelial cells (ECs). The MEOX2 homeoprotein inhibits nuclear factor-kB (NF-kB) signalling and EC activation in
response to serum and proangiogenic factors. We hypothesize that MEOX2 interacts with components of this
pathway in vascular ECs to modulate NF-«kB activity and EC activation and that these interactions depend upon

specific domains within the MEOX2 protein.

Methods To test our hypothesis, we transduced ECs with MEOX2 expression constructs. MEOX2 protein localized to the

and results nuclear fraction, as did IkBf and p65. By co-immunoprecipitation, MEOX2 bound to both p65 and IkBB. Immuno-
fluorescence demonstrated that MEOX2 colocalizes in the nucleus with both p65 and kBB and that this colocaliza-
tion requires the MEOX2 homeodomain and N-terminal domain. Finally, promoter assays revealed that MEOX2
expression has a biphasic effect on NF-kB-dependent promoters. At low levels, MEOX2 stimulates NF-kB activity,
whereas at high levels, it represses, effects that also depend upon the homeodomain and the N-terminal domain.

Conclusion Our results represent the first report of an interaction between a homeobox protein and IkBf and suggest that
MEOX2 modulates the activity of the RelA complex through direct interaction with its components. These obser-
vations implicate MEOX2 as a potentially important regulatory gene inhibiting not only the angiogenic response of
ECs to proangiogenic factors, but also their response to chronic inflammatory stimulation that normally activates
NF-kB, suggesting MEOX2 as a possible molecular target for the therapy of angiogenesis-dependent diseases such
as cancer.
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1. Introduction

To grow beyond a diameter of 1 mm, malignancies must be able to
induce the host to provide them with a blood supply. In vascular
endothelial cells (ECs), angiogenesis involves complex temporally
coordinated changes in global gene expression in response to altera-
tions in the balance between pro- and antiangiogenic factors.! Proan-
giogenic factors bind to cell surface receptors and activate signalling
pathways, the end result of which is the binding of transcription
factors to promoters of genes whose modulation is necessary for

the angiogenic phenotype. We have previously described one such
transcription factor, MEOX2 (mesodermal homeobox-2, also
known as GAX, Growth Arrest-specific homeoboX), which
encodes a homeodomain-containing transcription factor expressed
both in vascular smooth muscle and ECs and has characteristics
suggesting it as a master regulatory gene controlling the angiogenic
phenotype.’™* MEOX2 expression, maximal in quiescent ECs but
rapidly down-regulated in response to serum and proangiogenic or
proinflammatory factors,> inhibits EC proliferation and angiogen-
esis.>® Two main mechanisms have been implicated in MEOX2
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activity in ECs, the up-regulation of p21"™WAFV<P1 expression by

binding directly to its promoter and an upstream enhancer®’ and
the down-regulation of nuclear factor-kB (NF-kB) signalling.®

NF-kB/Rel proteins are a family of transcription factors composed
of five related proteins that exist as homo- and heterodimers.® The
classical NF-kB pathway is composed of p50/p65 heterodimers,
bound to the nuclear factor of kappa light polypeptide gene enhancer
in B-cells inhibitor (IkB), of which there are two isoforms, IkBa and
IkBB.2 When ECs are stimulated by inflammatory or other stimuli,
IkBa is phosphorylated by the IkB kinase (IKK) complex, which
leads to IkB ubiquitination and degradation of the isoform IkBa.®
This allows the free p50/p65 complex to translocate to the nucleus,
bind to NF-kB DNA-binding sites, and activate the expression of
downstream batteries of NF-kB-responsive genes. A ubiquitous,
pleiotropic, and critical survival signalling pathway involved in inflam-
mation, angiogenesis, and malignant transformation, among other cel-
lular functions, NF-kB, plays an important role in the activation of ECs
during inflammation,”'® and in general, inhibition of NF-kB signalling
has been thought to be antiangiogenic."’

Given our previous results demonstrating that MEOX2 expression
in ECs inhibits NF-kB signalling and binding of the p50/p65 complex to
NF-kB consensus sequence,” we wished to identify mechanisms by
which MEOX2 might accomplish this down-regulation and hypoth-
esized that (i) MEOX2 interacts with components of this pathway
in vascular ECs to modulate NF-kB activity and the angiogenic pheno-
type and (ii) these interactions depend upon specific domains within
the MEOX2 protein, particularly the homeodomain. We found that (i)
there is indeed an interaction between components of the NF-kB
complex and MEOX2 through its homeodomain and N-terminal
domain and (ii) this binding might result in sequestration of p65 and
IkBB in the nucleus with a resultant inhibition of in vitro measures
of EC activation and a biphasic effect on NF-kB signalling. Our
results also suggest that MEOX2, in addition to its role of inducing
cell cycle arrest in ECs, may also have an additional role of modulating
the inflammatory and angiogenic activation of this cell type and thus
represent a logical molecular target for the antiangiogenic therapy
of cancer and/or anti-inflammatory therapy designed to prevent or
treat atherosclerosis.

2. Methods

2.1 Cells and cell culture

Human umbilical vein endothelial cells (HUVECs) were obtained from
BioWhittaker (Walkersville, MD, USA) and cultured according to the
manufacturer’s instructions.

2.2 Expression and reporter constructs

Construction of adenoviral vectors expressing rat and human homologs of
MEOX2 (Ad.rMEOX2 and AdhMEOX2, respectively) conjugated to
a-haemagluttinin (HA) and MEOX2 deletion constructs in pcDNA3.1
vectors has been described previously.>®” Replication-deficient adenoviral
vector expressing green fluorescent protein (Ad.GFP) was a gift of Dr
Daniel Medina (The Cancer Institute of New Jersey, New Brunswick,
NJ, USA). Promoter—reporter constructs used included the interleukin-6
(IL-6) promoter, which contains the IL-6 kB DNA-binding consensus
sequences in a pGL3 vector upstream from the Luciferase reporter
gene."? Human ID1 and ID3 promoters were similarly cloned in pGL3
after isolation by PCR. The pGL3-p21 reporter plasmid has been
described previously,® and the intercellular adhesion molecule (ICAM)

reporter construct was a kind gift of Dennis Hallahan (Vanderbilt
University)."

To generate a tamoxifen-inducible MEOX2 construct, a full-length
MEOX2 coding sequence was excised from pcDNA3.1-MEOX2 and
inserted into pDsRed1-N1 (Clontech, Mountain View, CA, USA) to gen-
erate the MEOX2Red fusion plasmid. The MEOX2Red-oestrogen recep-
tor fusion gene (MEOX2RedER) was then generated using PCR
amplification to join sequences corresponding to MEOX2Red with the
amino acids 281-599 of the oestrogen receptor tamoxifen mutant
MOR G525R.™ The resulting plasmid (pDs-MEOX2RedER) drives
tamoxifen-inducible expression of MEOX2, and 4-OH tamoxifen
(4OHT) was used to drive MEOX2 expression. The p65GFP plasmid
was a kind gift from Dr M.R.H. White, Centre for Cell Imaging, University
of Liverpool.™

Transfections were carried out using Trans-IT® Jurkat Transfection
Reagent (Mirus Bio Corporation, Madison, WI, USA) according to a modi-
fication of the manufacturer’s instructions.>®'® Experiments using the pDs-
MEOX2RedER plasmid to express the MEOX2RedER fusion gene were
carried out as follows. 4OHT (Sigma Chemical Company, St Louis, MO,
USA) at 100 nM was added to cell culture medium 12 h before harvest,
with the same volume of vehicle (ethanol) added to control.

2.3 Protein isolation and detection

Protein was isolated from cells as described previously.>*'® Depending
upon the experiment, whole-cell extracts, nuclear extracts, or cyto-
plasmic extracts from treated and control HUVECs were subjected to
western blotting using the appropriate dilution of primary antibody in
blocking solution, either mouse monoclonal anti-FLAG, mouse mono-
clonal anti-a-tubulin, and mouse monoclonal anti-HA (Sigma Chemical
Company) or mouse monoclonal anti-p65, mouse monoclonal anti-p50,
rabbit polyclonal anti-IkBa, anti-lkBf3, and mouse monoclonal anti-p-IkBa
(Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA). Bands were visu-
alized by chemiluminescence after incubation with appropriate secondary
antibody. Band densities were quantified by densitometry on scanned
autoradiographs using NIH Image] (Macintosh) and were normalized to
a-tubulin for cytoplasmic fractions.

2.4 Promoter assays

To measure the effect of MEOX2 expression on the activity of
NF-kB-dependent promoters, HUVECs were cotransfected with varying
amounts of pcDNA3.1-MEOX2 or one of its deletions plus reporter
vectors containing promoters from IL-6, ID1, ID3, or ICAM as
described.>®"® Promoter activities were measured using the Dual Lucifer-
ase Reporter Assay System (Promega, Madison, WI, USA).%'¢ All values
are normalized to the control value, and the total mass of DNA was
kept constant by adding an empty vector.

2.5 Electrophoretic mobility shift
and supershift assays

Electrophoretic mobility shift assays (EMSAs) for NF-«kB binding to its
consensus sequence were performed as described previously™® using
double-stranded oligonucleotide containing a consensus kB-site
(5'-AGC TTG CTA CAA GGG ACT TTC CGC TGT CTA CTT T-3')
end labelled with *?P.

2.6 Co-immunoprecipitation experiments

Co-immunoprecipitation (co-IP) of MEOX?2, p65, and IkBf proteins was
carried out as follows. After transfection or treatment, cells were har-
vested by gentle scraping and lysed in RIPA buffer containing PMSF and
protease inhibitor cocktail. After clearing of particulate debris by centrifu-
gation, supernatants were pre-cleared with blocked protein G beads
(Sigma Chemical Company). Target protein—protein complexes were
immunoprecipitated by using either anti-MEOX2 antibody, anti-HA
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antibody, anti-FLAG antibody (Sigma, St Louis, MO, USA), anti-IkBf3 anti-
body, or anti-p65 antibody (Santa Cruz). Immunocomplexes were cap-
tured by incubating with blocked protein G agarose/sepharose bead
(Sigma Chemical Company), and the immunocomplex capture was
enhanced by adding a bridging antibody to the other samples (Pierce Bio-
technology, Rockford, IL, USA). Agarose/sepharose beads were collected
by centrifugation and immunoprecipitated antibody—protein—protein
complexes eluted with sample buffer and dissociated by boiling. Super-
natants were then transferred to fresh microcentrifuge tubes for gel elec-
trophoresis and appropriate western blotting.

2.7 Protein localization by confocal microscopy

Protein localization and colocalization were assessed using confocal
microscopy with anti-FLAG antibody (Sigma) and either anti-IkB@ anti-
body or anti-p65 antibody (Santa Cruz), depending upon the experiment.
Cells were plated on cover slips in growth medium, allowed to attach
overnight, and then transfected with plasmids as described for each exper-
iment, after which they were fixed in 4% paraformaldehyde, permeabilized
with 1% Triton X-100 in phosphate-buffered saline, and blocked with 5%
goat serum. Immunostaining was carried out using primary antibody to
specific target proteins and proteins of interest visualized using Alexa
Fluor488-labelled anti-mouse IgG or Alexa Fluor555-labelled anti-rabbit
IlgG (Molecular Probes, OR, USA). Cell nuclei were stained with
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TO-PRO-3 iodide (Molecular Probes). Fluorescence was analysed by
using Nikon C1 Digital Eclipse confocal microscope system.

2.8 EC tube formation assays

Tube formation assays were carried out as we have described pre-
viously.>¢1617 Briefly, HUVECs were transfected with either pcDNA3.1-
MEOX2, one of the deletion constructs (see Supplementary material
online, Figure S1), or empty vector. Eighteen hours later, 2 x 10° cells
were plated on six-well plates on reconstituted basement membrane
(Low Growth Factor Matrigel, BD Biosciences, San Jose, CA, USA) and
incubated overnight in the presence of serum and 10 ng/mL VEGF4s
(R&D Systems, Minneapolis, MN, USA). The number of tubes, defined
as projections that connect two cell bodies, per low-powered field
(x50) was determined for each well for at least five fields per well by
an observer blinded to experimental groups.

2.9 Statistics and data analysis

All experiments were repeated at least three times. In addition, assays
producing quantitative data were run in triplicate. Statistical significance
was determined by one-way ANOVA or the unpaired Student’s t-test,
as appropriate.
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Figure 1 MEOX2 expression results in the nuclear accumulation of p65 and |IkBB. Cytoplasmic and nuclear fractions were isolated from HUVECs
transduced with either Ad.rMEOX2 or Ad.GFP (control) and subjected to western blot as described in Section 2. (A) Cytoplasmic fraction. IkBf3 levels
decrease slightly in response to MEOX2 expression, whereas p65 levels remain nearly constant. (B) Nuclear fraction. Nuclear [kBf levels increase
markedly in response to increasing expression of MEOX2 driven by Ad.rMEOX2. Nuclear p65 increases more modestly. No a-tubulin was detectable
in the nuclear extract, indicating a lack of contamination with cytoplasmic extract, and MEOX2, a nuclear protein, was undetectable in the cytoplasm
(data not shown). Blots were independently loaded using the same protein samples from the same experiment. (C) Densitometry for IkBf, cyto-

plasmic, and nuclear fractions, from (A) and (B).
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3. Results

3.1 MEOX2 expression results in increased
levels of IkB3 and pé65 in the nuclear
fraction of ECs

We first wished to determine whether MEOX2 expression alters the
expression or localization of components of the NF-kB complex and
noted that MEOX2 expression had little effect on the overall cyto-
plasmic or nuclear levels of p50 (Figure 7). In contrast, although it
demonstrated little effect on the cytoplasmic level of p65
(Figure 1A), MEOX2 expression did result in a modest increase in
nuclear p65 (Figure 1B) by western blot. More surprisingly, MEOX2
expression resulted in a decrease in the nuclear factor-kB inhibitor,
B (kBB).°

IkBP levels in the cytoplasm by western blot (Figure 1A) and densi-
tometry (Figure 1C) while increasing MEOX2 expression resulted in an
impressive increase in the level of the IkBB isoform in the nucleus
(Figure 1B and C).

3.2 MEOX2 colocalizes with p65 in the
nucleus

We next examined the localization of NF-kB components with
MEOX2 expression driven by an exogenous vector. HUVECs were
stimulated with TNF-a (20 ng/mL for 30 min), and p50 was detected
in the nucleus at a relatively high basal level in both stimulated and
unstimulated HUVEGs. In unstimulated cells, p65 remained cyto-
plasmic but translocated into the nucleus after stimulation
(Figure 2A). Next, we wished to determine whether MEOX2
expression alters the localization of the major components of the
NF-kB complex. To this end, we cotransfected HUVECs with
pMEOX2RedER, which produces tamoxifen-inducible expression of
a fusion protein of MEOX2 and red fluorescent protein, and
p65GFP, which expresses a fusion of p65 and GFP. Colocalization
of MEOX2 and p65 was observed in the nuclei of cells induced
with the tamoxifen metabolite 4OHT to produce exogenous
MEOX2 (Figure 2B and C). In the cells not expressing MEOX2, p65
remained cytoplasmic. We were surprised to observe that MEOX2
expression was associated with colocalization with p65 in the
nucleus in the absence of stimulation with activators of NF-«B.

3.3 MEOX2 co-immunoprecipitates with
NF-kB components

Next, we performed a series of co-IP experiments to test whether
there might be a physical interaction between the proteins involved.
HUVECs were transduced with Ad.hMEOX2 at different multiplicity
of infections (MOIs) and immunoprecipitation performed with
anti-HA antibody and anti-p65 antibody. MEOX2 coprecipitated
with p65, but there was no detectable signal in cells transduced
with Ad.GFP at an MOI equal to the highest MOI of the
Ad.hMEOX2 control (Figure 3A). From this result, we conclude that
there is likely a physical interaction between exogenously expressed
MEOX2 and endogenous p65. To support this result, we attempted
to detect an interaction between endogenous MEOX2 and pé5.
HUVECs were grown under conditions designed to maximize
MEOX2 expression (low serum) or stimulated with TNF-a to
induce NF-kB. Under these conditions, MEOX2 and p6é5 coprecipi-
tated (Figure 3B), suggesting that the interaction observed between
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Figure 2 MEOX2 colocalizes with the p65 subunit of NF-kB in
ECs. (A) Stimulation with TNF-a results in the translocation of
NF-kB to the nucleus. HUVECs show a high basal level of p50 in
the nucleus, but p65 remains primarily cytoplasmic. However, stimu-
lation with TNF-a (20 ng/mL for 30 min) results in translocation of
p65 into the nucleus. Note that the secondary antibody used for
the lower panels uses a green fluorescent marker rather than red.
(B) p65 translocates into the nucleus in cells expressing MEOX2.
HUVECs were cotransfected with pDs-MEOX2RedER and
p65GFP under basal conditions (unstimulated with TNF-o).
MEOX2 expression was then induced with 100 nM 4OHT. In cells
expressing MEOX2, p65 colocalizes in the nucleus, whereas little
p65 is observed in the nuclei of cells not expressing MEOX2. (C)
An image of an individual cell from one experiment identical to
that described in (B). Note that cytoplasmic p65 decreases markedly
as MEOX2 and pé5 colocalize in the nucleus in response to MEOX2
induction with 4OHT. All images were photographed at a magnifi-
cation of x 600 using an oil immersion lens.

endogenous p65 and exogenous MEOX2 can also occur under phys-
iological conditions. Finally, given the large increase in nuclear IkB3
observed in ECs transduced with MEOX2, we were interested in
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Figure 3 MEOX2 coprecipitates with p65 and IkBB. (A) Exogenous MEOX2 co-immunoprecipitates with p65. MEOX2 and p65 coprecipitate in
MEOX2-transduced HUVECs, whereas coprecipitation is not observed in cells transduced with control virus. (B) Endogenous MEOX2
co-immunoprecipitates with p65. HUVECs were treated as described in order to induce either endogenous MEOX2 expression or NF-kB activity.
For TNF-a treatment, they were exposed to TNF-a (20 ng/mL) for 30 min, after which cells were harvested for co-IP. (C) MEOX2
co-immunoprecipitates with [kBB. HUVECs were transduced in the same manner as in (A), after which co-IPs were performed with anti-HA and

anti-IkBp antibodies. MEOX2 also coprecipitates with IkBf3.

whether MEOX2 and kBB also co-immunoprecipitate. Testing this
possibility, we observed that MEOX2 and IkBf also coprecipitated
(Figure 3C), suggesting a physical interaction between these two pro-
teins as well.

Finally, we wished to attempt to determine which domains of
the MEOX2 protein are important in mediating the interaction
between MEOX2 and NF-kB components. Consequently, we
made deletion constructs of the MEOX2 cDNA in pcDNA3.1
(see Supplementary material online, Figure S7),° transfected
HUVECs with them as described in Section 2, and observed that
colocalization of MEOX2 and pé5 in the nucleus depends upon
the MEOX2 homeodomain. MEOX2 protein lacking its homeodo-
main colocalized in the cytoplasm with p65 rather than in the
nucleus, although an MEOX2 deletion lacking the N-terminal
domain colocalized in the nucleus as wild-type MEOX2 does

(Figure 4A). Co-IP using anti-FLAG and anti-p65 antibodies

demonstrated again MEOX2 coprecipitation with p65, but this
coprecipitation was abolished if the homeodomain or N-terminal
domain was not present (data not shown; see Supplementary
material online, Figure S2). Finally, we wished to test whether
kBB also colocalizes with MEOX2 as p65 did under these con-
ditions. We therefore repeated the experiment using anti-IkBf
antibody and observed a very similar result, namely that IkBf
and MEOX2 colocalized, and this colocalization appeared to
depend upon the presence of the MEOX2 homeodomain
(Figure 4B).

3.4 MEOX2 exhibits a biphasic effect
on NF-kB-dependent promoter activity

Next, we wished to study in more detail the effect of MEOX2
expression on an NF-kB-dependent promoter. First, we examined
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Figure 4 Colocalization of MEOX2 and pé5 in the nucleus
depends upon the MEOX2 homeodomain. (A) Deletion of the
homeodomain abrogates the colocalization of MEOX2 and p65 in
the nucleus. HUVECs were transduced with MEOX2 deletion con-
structs (Figure 1) and subjected to immunofluorescence with anti-
FLAG and anti-p65 as described in Section 2. Results were visualized
using confocal microscopy. MEOX2 and p65 only colocalize when
the MEOX2 homeodomain is present. (B) MEOX2 colocalizes
with [kBB in a homeodomain-dependent manner. HUVECs were
transduced with one of the five MEOX2 constructs illustrated and
then subjected to immunofluorescence with anti-FLAG and anti-
IkBB. MEOX2 and IkBf only colocalize when the MEOX2 homeo-
domain is present. All images were photographed at a magnification
of x 600 using an oil immersion lens.

the effect of MEOX2 expression on NF-kB binding to its consensus
sequence by EMSA (Figure 5). After verifying that p65 was in the
NF-kB complex binding to the kB consensus sequence from IL-6 by
supershift assay (data not shown), we transduced HUVECs with

either Ad.GFP or with Ad.rMEOX2 (Figure 5A). For comparison, we
also included HUVECs treated with TNF-a 20 ng/mL for 30 min.
MEOX2 expression resulted in a biphasic effect, in which NF-«kB
binding to its consensus sequence first increased at low MOI but
then decreased as the MOI increased. Consistent with this, we
noted similar biphasic effects due to increasing levels of MEOX2
expression in reporter assays for the ID1 and ID3 promoters
(Figure 5B), the former of which has been implicated as an inducer
of the angiogenic phenotype in ECs."® Of note, the peak of each
curve appeared to occur at different levels of MEOX2 expression in
different NF-kB-dependent promoters; for instance, ID3 promoter
activity peaked at a lower dose of pcDNA3.1-MEOX2 than did the
ID1 promoter (Figure 5B).

Next, we tested the effect of expressing MEOX2 or its deletions on
the activity of the IL-6 promoter (Figure 5C). Again, consistent with the
observed binding to the NF-kB consensus sequence (Figure 5A and B),
we noted a biphasic effect due to increasing MEOX2 expression, with
a peak at 0.5 ug pcDNA3.1-MEOX2. In contrast, the effect of
MEOX2 on the ICAM promoter produced a later peak (Figure 5D).
For comparison, we note that overexpressing MEOX2 using adeno-
viral vectors down-regulates ICAM expression,” suggesting that
ICAM also shows a biphasic response to increasing MEOX2
expression but that the level of expression of MEOX2 required for
peak ICAM promoter activity is likely beyond what can be achieved
with plasmid-based transfection methods. Consistent with results
showing no co-IP in the absence of the homeodomain or N-terminal
domain,  expression of MEOX2AHD, MEOX2ANT, or
MEOX2AHDACT resulted in a nearly flat dose—response curve
for both IL-6 and ICAM (Figure 5C and D). In contrast, deleting the
C-terminal end of MEOX2 (MEOX2ACT) resulted in a slight attenu-
ation, but not abrogation, of MEOX2 activity, producing a biphasic
response curve similar to that of wild-type MEOX2. These results
suggest different but overlapping functions for each MEOX2 domain.

3.5 The loss of the homeodomain or the
N-terminal domain results in impairment
of the ability of MEOX2 to inhibit EC
activation and angiogenesis

In order to determine whether there is a functional consequence of
deleting domains of the MEOX2 protein involved in interaction
with p65 and IkBf, we next transfected HUVECs with the full-length
MEOX2 expression construct as well as the four deletion constructs
(Figure 6). Consistent with our previous observations (Figure 5), del-
etion of the C-terminal domain did not abolish MEOX2-mediated
inhibition of tube formation on reconstituted basement membrane.
However, deletion of the N-terminal domain or the homeodomain
attenuated MEOX2-mediated inhibition of tube formation. We con-
clude from this that the ability of MEOX2 to inhibit this in vitro func-
tional measure of angiogenesis correlates with the presence of both
the N-terminal domain and homeodomain.

4. Discussion

When we made our original observation that MEOX2 down-regulates
of NF-kB signalling, the role of NF-kB in regulating angiogenesis was
thought to be mainly permissive, based on a series of observations in
various model systems that inhibiting NF-kB signalling was antiangio-
stimulation  of  NF-kB

genic  while signalling  was  not
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Figure 5 The effect of MEOX2 expression on NF-kB binding to its consensus sequence depends upon the level of expression of MEOX2 protein.
HUVECs were stimulated with TNF-a (20 ng/mL) for 30 min, after which nuclear extracts were harvested for EMSA and supershift assays as described
in Section 2. p65 was detected in the shifted complex. (A) The effect of MEOX2 expression on NF-kB binding to its consensus sequence behaves in a
biphasic manner. (Upper panel) HUVECs were transduced either with Ad.rMEOX2 or with Ad.GFP overnight and then subjected to EMSA with the
NF-kB probe as described in Section 2 (NT, no treatment control). For comparison, uninfected cells stimulated for 30 min with TNF-a were also
harvested. When HUVECs are transduced with MEOX2 at a low MOI, NF-kB binding is activated but then decreases gradually at higher MOls.
(Lower panel) In a separate experiment, HUVECs were transduced with Ad.GFP and then treated identically to cells in the upper panel. GFP
causes little or no change in NF-kB binding to the probe. (B) MEOX2 expression results in a biphasic effect on other NF-kB-dependent promoters.
HUVECs were cotransfected with 0.5—-1.5 pg pcDNA3.1-MEOX2 (listed on the X-axis) and 0.5 pg reporter constructs containing the
NF-kB-dependent promoters ID1 and ID3 linked to Luciferase and subjected to dual Luciferase assay after an overnight incubation. Increasing
MEOX2 expression resulted in a biphasic effect on both of these promoters. A p21 promoter construct is included to show MEOX2 up-regulating
its activity. (C) MEOX2 regulates the activity of an NF-kB-regulated promoter in a biphasic fashion that depends upon the presence of its homeo-
domain. HUVECs were cotransfected with p-IL6-Luciferase and an MEOX2 deletion construct at different doses of MEOX2 plasmid. MEOX2
expression demonstrates a biphasic effect, with stimulation of IL-6 promoter activity at low doses of plasmid, and a decrease beyond 0.5 pg. In con-
trast, MEOX2AHD and MEOX2ANT demonstrate nearly flat dose—response curves. (D) The same experiment carried out with a reporter construct
driven by the ICAM promoter. The same experiment as in (C) was carried out using an ICAM reporter construct with similar results, except that the
peak of the biphasic response is found at a higher dose of pcDNA3.1-MEOX2 than it is for the other reporter constructs.
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proangiogenic.”'*?° However, recent evidence hints at a more
complex story, where, under some circumstances, NF-kB signalling
appears to be antiangiogenic.”"*? That is why perhaps it was not sur-
prising that our results suggested not only that the regulation of a
kB-dependent promoter by MEOX2 is more complex than a simple
monotonic down-regulation,s but also that MEOX2 interacts with
key components of the NF-kB pathway through protein—protein
interactions. Even more surprisingly, one of these components is
kBB but not IkBa consistent with a protein—protein interaction
between MEOX2 and [kBf. Instead of the expected monotonic
decrease in NF-kB binding to its consensus sequence with increasing
levels of MEOX2 and resultant decline in

expression a

NF-kB-dependent promoter activity, we observed a biphasic
response. Moreover, mechanistically, the MEOX2 homeodomain
was critically important to the binding and colocalization of p65 and
kBB with MEOX2, their colocalization to the nucleus, and the bipha-
sic response of NF-kB-dependent promoters to increasing levels of
MEOX2 expression.

One model of NF-kB activity postulates kB constantly shuttling in
and out of the nucleus via nuclear import and export sequences.”®
Because IkB nuclear export is more efficient than its nuclear import
process, at equilibrium, the NF-kB/IkB complex remains mostly in
the cytoplasm of unstimulated cells. Upon stimulation by proinflamma-
tory cytokines, IkB is phosphorylated by the IKK complex and
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Figure 6 Inhibition of tube formation on reconstituted basement
membrane by MEOX2 requires the presence of both the N-terminal
domain and the homeodomain. (A) Tube formation. HUVECs were
transfected with pcDNA3.1-MEOX2 and the four MEOX2 deletion
constructs as described and then plated on reconstituted basement
membrane in Materials and Methods. Cells were incubated overnight
and then photographed. (B) Quantification of tube formation. Tube
formation was quantified as described 91022 5hd the mean + stan-
dard deviation for tubes/low powered field (LPF) were calculated. In
spite of a transfection efficiency of only 30% (not shown),
MEOX2 and MEOX2ACT reduced tube formation by nearly 50%
(P<0.01).

subsequently degraded in the proteosome pathway,” allowing NF-kB
to enter the nucleus and activate downstream genes, including IkB.
According to this model, newly synthesized IkB protein moves to the
nucleus, removes NF-kB from its target genes, and shuttles it back to
the cytoplasm as the classic inactive IkB-NF-kB complex. On the
basis of our results, it is tempting to speculate that MEOX2 binds to
p65, either alone or while it is bound to p50, possibly shifting the equi-
librium to the nucleus, at the same time preventing the NF-kB complex
from binding to its consensus binding sites and in the process increasing
nuclear levels of IkBB. This latter observation suggests that MEOX2
may have a role in regulating the binding of nuclear NF-kB to its con-
sensus binding sites, with differential effects depending upon its level.
There is a precedent for an interaction between a homeodomain
protein and p65, specifically Oct-1 a POU-domain-containing homeo-
protein. MEOX2 behaves similarly to Oct-1, which interacts with p65
to inhibit the transcription of NF-kB-dependent promoters in a
DNA-binding-independent manner.”* However, in contrast to
Oct-1, MEOX2 expression is down-regulated, not up-regulated, by
stimuli that activate NF-kB.> There is also a precedent for an

interaction between a homeodomain protein and an |kB protein,
specifically the interaction of HOXB7 with IkBa.”>*® However, in
marked contrast, the protein—protein interaction between IkBa and
HOXB7 appears to be more important for activating transcription
from HOXB7-dependent promoters than it is for modulating
NF-kB activity”> and is independent of NF-kB. IkBa has been
reported to mediate its enhancement of the transcriptional activity
of homeodomain-containing proteins through cytoplasmic sequestra-
tion of HDAC1 and HDAC3.> It is thus tempting to speculate in
addition that a similar mechanism might be at play with MEOX2
and kBB, with IkBf potentially playing a role in MEOX2-mediated
transcription. To the best of our knowledge, our observations rep-
resent for the first time such an interaction has been observed
between a homeodomain-containing protein and IkBB. Although
the details of the mechanism remain to be worked out, this inter-
action between MEOX2 and p65, coupled with the interaction
between MEOX2 and IkBf3, may represent a potentially interesting
novel regulatory mechanism.

Taken as a whole, this study also raises the question of whether at
physiological levels, MEOX2 stimulates or inhibits NF-kB activity in
ECs. The evidence is very clear and compelling that MEOX2
induces Gg/Gq cell cycle arrest through the p53-independent
up-regulation of the cyclin kinase inhibitor p21"VAFY<IP1 67 and
MEOX2 expression at levels attainable with plasmid transfection is
clearly antiangiogenic.'® However, although we have never observed
MEOX2 to exhibit anything other than antiangiogenic activity in ECs
from peripheral vasculature,”*~"" it has been reported that
MEOX?2 expression has proangiogenic activity in the cerebral vascula-
ture,”® implying that phenotypic changes due to MEOX2 activity might
vary depending upon factors specific to ECs in different vascular beds.
Extrapolating beyond levels of expression achievable with plasmid
transfection to what can be achieved with adenoviral vectors, our
current results probably also explain why we originally observed
only inhibition of NF-kB signalling by MEOX2 and suggest that
MEOX2 may modulate EC phenotype in a different manner in differ-
ent vascular beds.’

Finally, we have previously suggested MEOX2 as a possible molecu-
lar target for the antiangiogenic therapy of cancer. Our current results
reinforce the conclusion that MEOX2, in addition to its role in causing
cell cycle arrest in ECs, may also have a role in modulating the acti-
vation of this cell type and thus represents a logical molecular
target for the antiangiogenic therapy of cancer and/or anti-
inflammatory therapy designed to prevent or treat atherosclerosis.
Taken together with previous results, our results implicate MEOX2
as a potential major, even ‘master’, regulatory gene inhibiting not
only the angiogenic response of ECs to tumour-secreted proangio-
genic factors, but also the vascular response to chronic inflammatory
stimulation that normally activates NF- kB.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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