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Tumors secrete proangiogenic factors to induce the ingrowth of blood vessels from the stroma. These
peptides bind to cell surface receptors on vascular endothelial cells (ECs), triggering signaling cascades that
activate and repress batteries of downstream genes responsible for the angiogenic phenotype. To determine if
microRNAs (miRNAs) affect regulation of the EC phenotype by GAX, a homeobox gene and negative tran-
scriptional regulator of the angiogenic phenotype, we tested the effect of miR-221 on GAX expression. miR-221
strongly upregulated GAX, suggesting that miR-221 downregulates a repressor of GAX. We next expressed
miR-221 in ECs and identified ZEB2, a modulator of the epithelial-mesenchymal transition, as being strongly
downregulated by miR-221. Using miR-221 expression constructs and an inhibitor, we determined that ZEB2
is upregulated by serum and downregulates GAX, while the expression of miR-221 upregulates GAX and
downregulates ZEB2. A mutant miR-221 fails to downregulate ZEB2 or upregulate GAX. Finally, using
chromatin immunoprecipitation, we identified two ZEB2 binding sites that modulate the ability of ZEB2 to
downregulate GAX promoter activity. We conclude that miR-221 upregulates GAX primarily through its ability
to downregulate the expression of ZEB2. These observations suggest a strategy for inhibiting angiogenesis by
either recapitulating miR-221 expression or inhibiting ZEB2 activation.

Interactions between a tumor and its surrounding stroma are
critical to cancer progression and metastasis (8). In order to
grow beyond a diameter of 1 mm, tumors must be able to
induce their hosts to provide them with a blood supply. This
process, tumor-induced angiogenesis, is critical to the growth
and metastasis of malignant tumors, and the acquisition of the
ability to induce angiogenesis, known as the “angiogenic
switch,” is a critical step in malignant transformation (16, 17).
Multiple oncogenes and signaling pathways have been impli-
cated in the acquisition of the angiogenic phenotype (1, 3–5,
12), but most have one feature in common, namely, that they
result in tumor cells secreting proangiogenic factors. At the
vascular endothelial cell (EC) level, the process of angiogen-
esis involves complex temporally coordinated changes in global
gene expression in response to alterations in the balance be-
tween pro- and antiangiogenic factors (2, 32). Proangiogenic
factors such as vascular endothelial growth factor (VEGF)
bind to cell surface receptors and activate signaling pathways,
the end result of which is the binding of transcription factors to

promoters of genes whose modulation is necessary for the
angiogenic phenotype.

One potential regulator of the angiogenic phenotype is the
class of RNA molecules known as microRNAs (miRNAs).
These short (�22-nucleotide) noncoding RNAs function in
general as inhibitors of protein expression and have been im-
plicated in many human diseases, including cancer, heart dis-
ease, psoriasis, and neurodegenerative disorders (20, 25, 30,
41, 42). Recently, they have also been implicated in the regu-
lation of angiogenesis. For example, knocking out Dicer, the
rate-limiting enzyme controlling the maturation of miRNAs,
results in embryonic lethality, likely due to impaired embryonic
angiogenesis (22, 43). Consistent with this result, depleting
Dicer in human umbilical vein endothelial cells (HUVECs)
and microvascular endothelial cells results in impaired migra-
tion and capillary formation on the reconstituted basement
membrane (33, 34). In addition, specific miRNAs have been
implicated in regulating angiogenesis. For example, miR-221
inhibits EC proliferation and migration (35) while miR-130a
promotes the angiogenic phenotype in ECs by downregulating
expression of the homeobox proteins HOXA5 and GAX, both
of which inhibit EC activation (6, 28).

Of the two corresponding homeobox genes, GAX (also
known as MEOX2) (10, 11), possesses characteristics suggest-
ing that it is a possible master regulatory gene controlling the
angiogenic phenotype in ECs. The GAX gene encodes a
homeodomain-containing transcription factor which we origi-
nally isolated from a rat aorta cDNA library (10) but later
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found to be expressed in vascular ECs as well (9). GAX ex-
pression, maximal in quiescent vascular cells but rapidly down-
regulated in response to serum (9, 26) or proangiogenic and
proinflammatory factors (26), inhibits EC proliferation (9, 26)
and angiogenesis in both in vitro and in vivo models (26). In
fibroblasts, its expression induces INK4a-dependent senes-
cence (19). Two mechanisms through which GAX exercises its
activities have been implicated in vascular ECs. First, GAX
upregulates p21WAF1/CIP1 expression by binding directly to its
promoter (7, 31) and to an enhancer located 15 kb upstream
from the p21WAF1/CIP1 gene transcriptional start site (7), in-
hibiting EC proliferation and maintaining the cell in G0/G1.
The second mechanism is that GAX expression downregulates
NF-�B activity (26). Given these activities, we initially pre-
dicted that, if GAX were indeed a master regulatory gene, its
levels should be increased by miR-221 relative to those in-
duced by miR-130a, the latter of which downregulates GAX
(6). We further hypothesized that, because miR-221 expression
would be more likely to result in the upregulation rather than
the downregulation of GAX, it would have to accomplish this
either through a mechanism similar to that of miR369-3,
which, depending on cell cycle, can either repress or activate
transcription (40), or through the downregulation of a negative
regulator of GAX.

Here, we present evidence supporting the hypothesis that
miR-221 expression does indeed upregulate GAX expression
and that it does so by downregulating an inhibitor of GAX
expression. In addition, we provide evidence suggesting that
the intermediary gene responsible is SIP1/ZEB2, which en-
codes a member of the �EF-1, or ZEB, family of two-handed
zinc finger nuclear factors, whose members are characterized
by a homeodomain flanked by two separate, highly conserved
zinc finger clusters (29, 39). Knowing that ZEB2 acts primarily
as a transcriptional repressor (38), we identified and confirmed
multiple ZEB2 binding sites that mediate the downregulation
of GAX. Although ZEB2 has been implicated in regulating the
epithelial-to-mesenchymal transition (EMT) in other cell types
including various epithelial malignancies (37), it has not, to our
knowledge, been implicated in regulating the EC phenotype
during angiogenesis. Our observations suggest not only that is
ZEB2 a direct target of miR-221 but also that its downregu-
lation by miR-221 leads to the upregulation of GAX expres-
sion, resulting in the inhibition of EC proliferation, migration,
and angiogenesis. These observations further suggest that
ZEB2 might serve as a molecular target for the antiangiogenic
therapy of cancer and other diseases or disorders whose patho-
physiology is driven by excessive angiogenesis.

MATERIALS AND METHODS

Cells and cell culture. Human umbilical vein endothelial cells (HUVECs) and
EGM-2 medium were obtained from BioWhittaker (Walkersville, MD), and cells
were cultured according to the manufacturer’s instructions (6, 7, 9, 26).

Plasmid, adenoviral, and retroviral constructs. (i) GAX. The construction of
the Flag-tagged GAX expression vector (pcDNA3.1-GAX) has been described
before (7). In addition, serial fragments upstream of the GAX promoter were
isolated from HUVECs by PCR and cloned upstream of luciferase in the pGL3
vector to produce pGAX-Luciferase: pGL3-GAX1 (bp �8472 to �13), pGL3-
GAX2 (bp �8472 to �13, bp �7137 to �3293 deleted), pGL3-GAX3 (bp �2206
to �13), pGL3-GAX4 (bp �2206 to �13, bp �1902 to �1269 deleted), and
pGL3-GAX5 (bp �882 to �13). pGL3-GAX3 contains three SIP1/ZEB2 binding
consensus sequences and was further mutated by mutagenesis PCR. All plasmid

inserts were sequenced completely, and protein expressions were verified by
Western blotting.

(ii) ZEB2. The ZEB2 cDNA containing the 3� untranslated region (UTR) and
the miR-221 binding site contained within the 3� UTR was amplified by PCR
(sense, 5�-AAG AAT TCG ATG AAG CAG CCG AT-3�; antisense, 5�-TTC
GAG CAT GGT CAT TTT CA-3�) and inserted into the pcDNA3.1 expression
vector with a Flag tag at the 5� end to add a Flag tag at the N-terminal end of the
expressed protein. This expression vector was designated pcDNA3.1-ZEB2. Ad-
ditionally, the ZEB2 coding region containing the 3� UTR without a miR-221
binding site was amplified by PCR (sense, 5�-AAG AAT TCG ATG AAG CAG
CCG AT-3�; antisense, 5�-AGT TTG GCT ACA TTT TTA TTC GAG C-3�) and
inserted into the pcDNA3.1 expression vector with a sequence encoding an
N-terminal Flag tag (pcDNA3.1-ZEB2mt). The full-length ZEB2 3� UTR con-
taining the miR-221 target sequence was cloned by PCR and inserted into the
psiCHECK2 dual luciferase reporter plasmid (Promega, Madison, WI) fused
in frame to the 3� end of the cDNA encoding Renilla reniformis luciferase to
produce psiCHECK2-ZEB2-3�-UTR (sense PCR primer, 5�-TGC TTG ATG
GAG CAC AAG AC-3�; antisense, 5�-TTC GAG CAT GGT CAT TTT CA-3�).
The control vector psiCHECK2-ZEB2-3�-UTRmt was constructed similarly us-
ing the same ZEB2 3� UTR sequence, but with the miR-221 target sequence
excised (sense, 5�-TGC TTG ATG GAG CAC AAG AC-3�; antisense, 5�-AGT
TTG GCT ACA TTT TTA TTC GAG C-3�).

(iii) miR-221. A fragment containing miR-221 was cloned by PCR (sense,
5�-ACT TGC AAG CTG AAC ATC CA-3�; antisense, 5�-CGG TCC TTT CTC
TGC ACT CT-3�) and inserted into pcDNA3.1 to produce pcDNA3.1-miR-221.
To make pcDNA3.1-miR-221mt, we mutated the miR-221 core sequence in
pcDNA3.1-miR-221 by using mutagenesis PCR (sense, 5�-GAT TTC TGT GTT
CGT TAG GCA ACA GGC TAC CTG GAA ACA TGT TCT CC-3�; antisense,
5�-GGA GAA CAT GTT TCC AGG TAG CCT GTT GCC TAA CGA ACA
CAG AAA TC-3�). In addition, we used a 2�-O-methyl-modified oligo-RNA
antisense oligonucleotide (5�-UCU GAA AAG AGC UGA AAC CCA GCA
GAC AAU GUA GCU UCG AGA UUC GUC U–3�) to inhibit miR-221
expression. For a negative control scrambled RNA oligonucleotide, we used the
anti-miR negative control (Applied Biosystems, Foster City, CA).

Gene expression and inhibition assays. All transfections of HUVECs except
those with the miR-221 inhibitor were carried out using Trans-IT Jurkat trans-
fection reagent (Mirus Bio Corporation, Madison, WI) according to a modifi-
cation of the manufacturer’s instructions described in our previous work (6, 7).
The total mass of DNA used for transfections was kept constant. To accomplish
this, for transfections containing different doses of plasmid, the appropriate
amount of empty vector was added to make up the difference. Additionally, for
promoter assays, the dual luciferase assay (Promega, Madison, WI) with Renilla
luciferase, under the control of the simian virus 40 (SV40) promoter (pRL-SV),
was used as a control for transfection efficiency. For the miR-221 inhibitor, the
2�-O-methyl-modified oligo-RNA antisense oligonucleotide or a scrambled con-
trol was transfected into HUVECs using Lipofectamine 2000 (Invitrogen, Carls-
bad, CA) according to our previously published methods for inhibiting a different
microRNA (6).

Protein detection. Cell extracts from treated and control ECs were subjected
to electrophoresis through 12% SDS-polyacrylamide gels and transferred to
polyvinylidene difluoride membranes as previously described (6, 7, 26). GAX and
ZEB2 protein levels were detected using either rabbit polyclonal anti-GAX or
rabbit polyclonal anti-ZEB2 (LifeSpan Biosciences, Inc., Seattle, WA) antibod-
ies, and levels were normalized to tubulin using monoclonal anti-�-tubulin
(LifeSpan Biosciences). Bands were visualized by chemiluminescence using the
ECL-Plus reagent (Amersham, Piscataway, NJ).

Real-time qRT-PCR. RNA was isolated as described previously (6, 7, 26) and
then used to synthesize cDNA using the iScript cDNA synthesis kit (Bio-Rad,
Hercules, CA). cDNA was then subjected to real-time quantitative reverse trans-
criptase PCR (qRT-PCR) utilizing TaqMan probes to determine GAX and
GAPDH (glyceraldehyde-3-phosphate dehydrogenase) mRNA levels as previ-
ously described (6, 7, 26). Either a Cepheid SmartCycler thermocycler with
associated SmartCycler version 2.0 software or a Bio-Rad iCycler iQTM was
used, depending on the specific experiment, to analyze the data and determine
the threshold count (CT). PCR cycles started with an initial 1.5-min denaturation
period at 95°C, followed by 30 to 40 cycles of denaturation at 95°C for 10 s,
annealing at 56°C for 20 s, and extension at 72°C for 30 s. Each sample was run
in triplicate, and CT was determined for the target gene. GAX levels were
normalized to GAPDH using the ��CT method, as we have done previously (6,
7, 26). The Qiagen QuantiTect SYBR green PCR kit (Stratagene, CA) was used
to perform the real-time PCR to detect miR-221 potential targets HOXB5,
HOXC10, ZEB2, HIPK1, and DHAC4 using GAPDH as the housekeeping gene
control. The PCR program was 45 cycles of denaturation at 95°C for 30 s,
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annealing at 60°C for 30 s, and extending at 72°C for 45 s. The primer sets used
are listed in Table 1.

Migration and tube formation assays. Migration and tube formation assays
were carried out as previously described (6, 7, 14). For migration assays,
HUVECs were cotransfected with pcDNA3.1 control empty vector, pcDNA3.1-
GAX, pcDNA3.1-miR-221, or pcDNA3.1-GAX plus pcDNA3.1-miR-221 and
plated on 8.0-	m-pore-size gelatin-coated, polycarbonate membranes in 24-well
plates (5 
 104/well) and migration through the membranes toward 10% fetal
bovine serum (FBS) was measured after 4 h. Cells were then fixed with Diff-Quik
stain (Dade Behring, Deerfield, IL) and photographed for counting five high-
power fields (hpf) per well. For tube formation assays, HUVECs were cotrans-
fected as above. After 18 h, 2 
 105 cells were plated in six-well plates coated
with low growth factor Matrigel (BD Biosciences, San Jose, CA). They were then
incubated overnight in the presence of serum and 10 ng/ml VEGF165 (R&D
Systems, Minneapolis, MN). Under a low-power field (
50), the number of
tubes, which are defined as projections that connect two cell bodies, was deter-
mined for each well for at least five fields by an observer blind to the experi-
mental groups according to previously described protocols (6, 7, 26).

Dual luciferase reporter assays. Luciferase reporter assays were performed
using the vector psiCHECK2-ZEB2-3�-UTR or psiCHECK2-ZEB2-3�-UTRmt.
Cells were grown to approximately 80% confluence in 6-well plates and co-
transfected with psiCHECK2-ZEB2-3�-UTR, psiCHECK2-ZEB2-3�-UTRmt, or
psiCHECK2 empty vector plus 0.5 	g pcDNA3.1-miR-221 as described previ-
ously (6). Cells were incubated with the transfection reagent-DNA complex for
3 h, and then the medium was replaced with fresh EBM and supplements
(Cambrex Corporation, East Rutherford, NJ) containing 0.1% FBS or 2.0% FBS
overnight. Firefly and Renilla luciferase activities were evaluated using the dual
luciferase reporter assay system (Promega, Madison, WI), with Renilla luciferase
activity normalized to firefly luciferase activity. In the case of luciferase assays
using pGAX luciferases, luciferase activity was normalized to Renilla luciferase
activity as previously reported (6, 7).

Northern blotting. Total RNA was isolated from cells using Trizol (Invitrogen,
Carlsbad, CA) and separated using 8 M urea–15% denatured polyacrylamide gel
electrophoresis (PAGE), transferred to nylon membranes (Ambion, Foster City,
CA), cross-linked with UV light, and then baked in a vacuum at 80°C for 1 h.
Probes (miR-221, 5�-GAA ACC CAG CAG ACA ATG TAG CT-3�; U6, 5�-
GCA GGG GCC ATG CTA ATC TTC TCT GTA-3�) were labeled with
[�-32P]ATP, and filters were hybridized with the probe according to previously
published methods (10, 31) except that UltraHyb Oligo (Ambion, Austin, TX)
was used as the hybridization solution. Membranes were exposed at �80°C to
Kodak BioMax MR film using an intensifying screen.

ChIP assay. Chromatin immunoprecipitation (ChIP) experiments utilizing
HUVECs expressing ZEB2 and mutant ZEB2 (ZEB2mt) were carried out based
on previously published methodology for GAX (7). Briefly, HUVECs in 100-mm
dishes were transfected with either pcDNA3.1-ZEB2 or pcDNA3.1-ZEB2mt for
2 days and then incubated in fresh EGM-2 media (Cambrex, MD) with 0.1%
FBS or 2.0% FBS overnight. After overnight incubation, the HUVECs were

cross-linked with formaldehyde and the cell lysates were harvested. Protein-
DNA complexes were then isolated by immunoprecipitation (IP), and the nuclei
was lysed to release the chromatin. Chromatin samples were sonicated on ice to
an average length of 600 bp and then pelleted by centrifugation. The supernatant
was precleared with blocked protein A beads (Sigma, St. Louis, MO), and target
protein-DNA complexes were immunoprecipitated by adding blocked anti-Flag
antibody beads (Sigma, St. Louis, MO) to each sample. To the IP input control,
blocked protein G beads were added. The antibody-protein-DNA complexes
were collected by centrifugation, washed, and eluted using elution buffer
(Sigma). Cross-linking was reversed with 5 M NaCl, added to a final concentra-
tion of 0.3 M, followed by heating at 65°C for 5 h. Finally, DNA was purified
using a DNA gel extraction purification kit (Qiagen, Valencia, CA).

To detect the ZEB2 enrichment on chromatin upstream of GAX, ChIP prim-
ers (Table 2) were designed based on the SIP1/ZEB2 binding consensus se-
quence CACCT upstream of GAX. CHIP primer 2 and primer 9 were designed
as negative controls to amplify fragments that did not contain the consensus
sequence CACCT. Each primer set was designed to amplify approximately
200-bp fragments. Purified DNA for each ChIP assay was subjected to PCR
under the following conditions: initial denaturation at 94°C for 2 min, then 35
cycles at 94°C for 30 s (denaturation), 60°C for 30 s (annealing), and 72°C for 45 s
(extension). PCR products were subjected to gel electrophoresis through 2%
agarose gels, and bands were visualized using ethidium bromide.

Statistics and data analysis. For all studies except the miR-221 inhibitor
assays, experiments were repeated at least three times and statistical analysis was
determined either by one-way analysis of variance (ANOVA) or unpaired Stu-
dent’s t test, as appropriate, depending on the number of experimental groups.
For the miR-221 assays, experiments were repeated twice and statistical analysis
was also performed using a one-way ANOVA.

RESULTS

miR-221 inhibits HUVEC migration and tube formation in
an additive fashion with GAX. We have previously reported
that GAX expression inhibits EC activation, proliferation, mi-
gration, and tube formation through its ability to induce
p21WAF1/CIP1 expression and downregulate NF-�B (7, 9, 26).
Consequently, we wished to test the ability of miR-221 to
inhibit migration and tube formation in HUVECs and to assess
whether there was detectable synergy with GAX. To this end,
HUVECs were transfected with either pcDNA3.1-GAX, empty
vector, or an expression vector driving miR-221 expression
(pcDNA3.1-miR-221), after which we measured migration
through polycarbonate membranes and tube formation on re-
constituted basement membrane (Fig. 1). miR-221 strongly

TABLE 1. Primer sequences for quantitative real-time PCR of
putative miR-221 targets

Sequence
name

Primer

Orientation Sequence (5�–3�)

HoxB5 Forward GCA GAC TCC GCA AAT ATT CC
Reverse TGT CCT TCT TCC ACT TCA TGC

HoxC10 Forward AAC ATC TGG AAT CGC CTC AG
Reverse GTC AGC CAA TTT CCT GTG GT

ZEB2 Forward AAT AAG GGA GGG TGG AGT GG
Reverse ATG CTG ACT GCA TGA CCA TC

POU3F2 Forward ATG TGC AAG CTG AAG CCT TT
Reverse CTC ACC ACC TCC TTC TCC AG

HIPK1 Forward TGT CCA AGA TCA GCA TCA GC
Reverse AGT GGA ATA AGG GCT GCT CA

DHAC4 Forward AGA AGC AGC AGA TCC AGA GG
Reverse TGC CCT TCT CCT TGT TCT TG

TABLE 2. Primer sequences for chromatin immunoprecipitation

Sequence
name

Primer

Orientation Sequence (5�–3�)

ChIP primer1 Forward CTG AGC AGC TGG TGA ACA AA
Reverse CAT CCG TGT GAA AGA TCG AA

ChIP primer2 Forward TGC GAA GCC ACTA TTC TGC
Reverse GGG TAC AGC AAA CTG GGC TA

ChIP primer3 Forward TAG CCC AGT TTG CTG TAC CC
Reverse ACC TGT CGC ATC AGG AGA AT

ChIP primer4 Forward GGA CAC AAT CGC TTG GAA AT
Reverse GAA GGC GTG AGT CTG AAA GG

ChIP primer5 Forward GGA CAC AAT CGC TTG GAA AT
Reverse GAA GGC GTG AGT CTG AAA GG

ChIP primer6 Forward CCC CTG AAA GCA GTT CTC TG
Reverse CCA CCA CCC TCT GTC ACT TT
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inhibited not only EC migration (Fig. 1A), an effect that ap-
peared to be additive with that of GAX, but also tube forma-
tion in a similar fashion (Fig. 1B). We conclude from this result
that miR-221 appears to play an inhibitory role in EC activa-
tion during angiogenesis whose magnitude is comparable to
that of the role of GAX and therefore wished to determine
whether its expression altered GAX expression.

miR-221 upregulates GAX expression. Based on previous
reports that miR-221 expression impairs postnatal angiogene-
sis (24, 27, 36), we were interested in determining the effect of
expressing miR-221 on GAX regulation. Consequently, we first
examined whether miR-221 expression could be downregu-
lated by serum in HUVECs. Consistent with the ability of
serum to downregulate GAX expression, miR-221 expression
was also downregulated, by at least 2-fold, in response to in-
creasing the serum concentrations from 0.1% to 10% (Fig.
1C). This suggests a role for miR-221 in inhibiting a putative
factor that mediates the downregulation of GAX expression by
serum stimulation. To confirm this, we transfected randomly
cycling HUVECs in growth medium containing serum with

pcDNA3.1-miR-221 or the control empty vector and examined
GAX mRNA levels. Twenty-four hours after transfection,
GAX mRNA levels were strongly upregulated (Fig. 1D), sug-
gesting that miR-221 acts to inhibit EC migration and angio-
genesis, at least in part through upregulating GAX expression.
Based on these observations, we next hypothesized that the mech-
anism by which miR-221 upregulates GAX expression likely in-
volves the downregulation of an intermediary protein that nor-
mally represses GAX expression when cells are proliferating.

miR-221 downregulates ZEB2 expression, and ZEB2 in turn
downregulates GAX expression. In an attempt to identify can-
didate proteins that might mediate the observed upregulation
of GAX through the expression of miR-221, we next per-
formed an in silico search for putative direct targets of miR-221
using the PicTar algorithm (http://pictar.mdc-berlin.de) (15,
21) and identified multiple potential targets. We decided to
concentrate first on transcription factors identified, including
those encoded by HOXB5, HOXC10, ZEB2, DHAC4, POU3F2,
HIPK1, and DHAC4, postulating that any potential inhibitor of
GAX expression downregulated by miR-221 would likely dem-

FIG. 1. miR-221 inhibits migration and tube formation in ECs and upregulates GAX expression. (A) GAX and miR-221 inhibit EC migration.
The effects of GAX and miR-221 expression on in vitro measures of angiogenesis were measured. First HUVECs were transfected with either
GAX, miR-221, or a combination of the two and allowed to incubate overnight, after which they were plated on 8-	m polycarbonate membranes
coated with gelatin, and migration toward serum was measured as described in Materials and Methods. The percentages of cells that migrated
through the polycarbonate membrane were measured as described previously (6, 7, 14). GAX, miR-221, and miR-221 plus GAX all resulted in
significant decreases in migration (P � 0.01). (B) GAX and miR-221 inhibit EC tube formation on a reconstituted basement membrane. Similarly,
the effect of expressing either GAX, miR-221, or a combination of the two was determined. HUVECs were transfected similarly with either GAX,
miR-221, or a combination of the two, and tube formation on a reconstituted basement membrane was measured. GAX and miR-221 inhibited
both migration and tube formation in an additive fashion. GAX, miR-221, and miR-221 plus GAX all produced significant decreases in tube
formation (P � 0.01). (C) miR-221 expression is downregulated by serum. HUVECs were plated in various concentrations of serum and allowed
to incubate overnight as described in Materials and Methods, after which they were harvested for RNA isolation. Consistent with a role in inhibiting
a factor that represses GAX expression in high serum, miR-221 expression decreased markedly with increasing serum concentration. A representative
experiment is shown. (D) miR-221 upregulates GAX expression. Randomly cycling HUVECs were transfected with pcDNA3.1-miR-221 or control
empty vector at various doses, and RNA was harvested to measure GAX expression. miR-221 markedly upregulated GAX expression (P � 0.001).

VOL. 30, 2010 REGULATION OF GAX/MEOX2 BY ZEB2 AND miR-221 3905



onstrate the opposite regulation in serum compared with GAX,
i.e., would be upregulated by serum stimulation (26, 31). Con-
sequently, these putative miR-221 targets were screened for
regulation by serum (Fig. 2) and any regulation observed was
compared to how serum regulates GAX (Fig. 2A) and miR-221
(Fig. 2B). Of the putative targets of miR-221 identified, only
HOXC10 and ZEB2 were upregulated by serum (Fig. 2C and
D, respectively) while POU3F2 was downregulated by serum
(Fig. 2E). In contrast, neither DHAC4 (Fig. 2F) nor any of the

other putative targets (not shown) was detectably regulated by
serum.

In order to test which of the serum-downregulated tran-
scripts might be miR-221 targets, we cotransfected HUVECs
with pcDNA3.1-miR-221 and then isolated the cells for real-
time qRT-PCR for the appropriate transcript. Expanding on
earlier observations, we noted that GAX expression was up-
regulated in a plasmid dose-dependent fashion (Fig. 3A), al-
though to a somewhat lesser degree than previously observed

FIG. 2. Effect of serum stimulation on candidate genes that might mediate the effect of miR-221 on GAX expression. After performing an in
silico search for putative direct targets of miR-221 using the PicTar algorithm as described in Materials and Methods, we identified multiple
potential miR-221 targets that might mediate its ability to upregulate GAX. Randomly cycling HUVECs were exposed to various concentrations
of serum overnight and harvested for RNA isolation, after which levels of various transcripts were measured by qRT-PCR. (A) GAX; (B) miR-221;
(C) HOXC10; (D) ZEB2; (E) POU3F; (F) DHAC4. The experiment was repeated a total of three times. �, P � 0.05; ��, P � 0.01 (all graphs).
Note that, for panels A and B, levels of GAX and miR-221 from additional plates of cells treated at the same time and under the same conditions
as the others have been included on the graph in order to show that the upregulation of miR-221 and GAX due to vector-driven miR-221
expression is roughly comparable to what is observed due to changes in serum concentration.
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FIG. 3. miR-221 downregulates ZEB2, and in turn ZEB2 downregulates GAX expression. In order to determine whether any of the transcripts
identified as having miR-221 consensus binding sites were in fact targets of miR-221, we transfected HUVECs with various amounts of
pcDNA3.1-miR-221, with pcDNA3.1 empty vector control added in order to keep the plasmid mass constant in all groups. After 24 h, cells were
harvested for total RNA, which was subjected to qRT-PCR. (A) miR-221 upregulates GAX expression. �, P � 0.01; ��, P � 0.002 (also for panel
B). (B) ZEB2 is strongly downregulated by miR-221. (C) HOXC10. (D) POU3F. Neither HOXC10 nor POU3F was regulated by miR-221. All
experiments were repeated at least three times. (E) Real-time qRT-PCR for GAX mRNA expression. ��, P � 0.001. HUVECs were transfected
with a ZEB2 expression vector as described in Materials and Methods and incubated overnight, after which they were harvested for RNA and
protein. (F) Western blot of protein from the same cells using the indicated antibodies.
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(Fig. 1D), while ZEB2 was strongly downregulated with in-
creasing levels of transfected miR-221 plasmid (Fig. 3B). In
contrast, neither HOXC10 nor POU3F2 demonstrated miR-
221-dependent regulation (Fig. 3C and D). From these results,
we concluded that, of these potential molecular targets of
miR-221, ZEB2 was the most promising potential target of
miR-221.

We next decided to test directly whether ZEB2 regulates
GAX expression in ECs. HUVECs were transfected with
pcDNA3.1-ZEB2, incubated overnight, and then harvested for
isolation of RNA, which was subjected to real-time qRT-PCR
(Fig. 3E), and protein, which was subjected to Western blotting
(Fig. 3F). ZEB2 expression markedly downregulated GAX ex-
pression in a dose-dependent manner. From this we concluded
that ZEB2 is likely to be an intermediary through which miR-
221 exerts its effect on GAX expression.

miR-221 expression confers serum responsiveness to a re-
porter gene. Next, to determine if the putative miR-221 bind-

ing site in the 3� UTR of the ZEB2 cDNA might contribute to
the downregulation of ZEB2 expression, the sequence contain-
ing the miR-221 binding site was cloned into the psiCHECK2
vector at the 3� end of the Renilla luciferase gene to produce
psiCHECK2-ZEB2-3�-UTR (Fig. 4A). Similarly, a mutant
ZEB2 3� UTR, in which the core consensus binding sequence
was deleted, was used to produce psiCHECK2-ZEB2-3�-
UTRmt. HUVECs were transfected with either psiCHECK2
empty vector, psiCHECK2-ZEB2-3�-UTR, or psiCHECK2-
ZEB2-3�-UTRmt, exposed to media containing different concen-
trations of serum, and incubated overnight. Luciferase activities
were measured in cells transduced with psiCHECK2-ZEB2-3�-
UTR or psiCHECK2-ZEB2-3�-UTRmt and normalized to those
of corresponding HUVECs transduced with the empty vector
to correct for transfection-related nonspecific changes in lucif-
erase activity. Exposure to FBS resulted in a significant in-
crease in luciferase activity in HUVECs transfected with
psiCHECK2-ZEB2-3�-UTR but not with psiCHECK2-ZEB2-

FIG. 4. The miR-221 binding site from the 3� UTR of ZEB2 confers serum responsiveness in HUVECs. (A) Construction of the psiCHECK2-
ZEB2-3�-UTR reporter plasmid. The miR-221 consensus binding site is underlined. (B) Serum downregulates expression of the psiCHECK2-
ZEB2-3�-UTR reporter. HUVECs were transfected with either psiCHECK2-ZEB2-3�-UTR or psiCHECK2-ZEB2-3�-UTRmt and then incubated
for 24 h in media containing various concentrations of FBS, after which cells were harvested for the dual luciferase assay. (C) miR-221
downregulates the activity of psiCHECK2-ZEB2-3�-UTR. HUVECs were cotransfected with pcDNA3.1-miR-221 or pcDNA3.1-miR-221mt and
psiCHECK2-ZEB2-3�-UTR, incubated 24 h in standard media, and then harvested for dual luciferase activity. miR-221 inhibited the activity of
psiCHECK2-ZEB2-3�-UTR in a plasmid dose-dependent fashion, while miR-221mt did not. � (B and C), P � 0.01.

3908 CHEN ET AL. MOL. CELL. BIOL.



3�-UTRmt (Fig. 4B), consistent with the downregulation of
miR-221 expression we had observed previously (Fig. 2B).
Next, we constructed pcDNA3.1-miR-221mt by mutating the
core sequence as described in Materials and Methods. We then
cotransfected HUVECs with psiCHECK2-ZEB2-3�-UTR and ei-
ther pcDNA3.1-miR-221 or pcDNA3.1-miR-221mt. Consistent
with our previous observations, psiCHECK2-ZEB2-3�-UTR ex-
hibited a significant dose-dependent decrease in luciferase activity
in response to miR-221 but was completely unresponsive to miR-
221mt (Fig. 4C). From these results we conclude that miR-221
binds to the consensus sequence found in the 3� UTR of ZEB2
and can thus downregulate ZEB2 expression in conditions of low
serum.

Loss of ZEB2 responsiveness to miR-221 attenuates the
upregulation of GAX. In order to verify whether it is indeed
ZEB2 that mediates the ability of miR-221 to upregulate GAX,
two mutants were tested. First, we constructed a ZEB2 mutant
lacking the miR-221 binding sequence in its 3� UTR and
placed it in pcDNA3.1 (pcDNA-3.1-ZEB2mt). HUVECs were
then cotransfected with either miR-221 or miR-221mt and
either ZEB2 or ZEB2mt, and ZEB2 and GAX message levels
were determined. It was observed that miR-221 downregulates
ZEB2 expression (Fig. 5A) and increases GAX expression (Fig.
5B), consistent with previous results. However, miR-221mt
fails both to downregulate ZEB2 (Fig. 5A) and upregulate
GAX (Fig. 5B), strongly suggesting that it is the ability of
miR-221 to downregulate ZEB2 that is responsible for the
upregulation of GAX in serum. To test whether this is the case
without using exogenously expressed ZEB2 or miR-221, we
next incubated subconfluent HUVECs in 0.1% FBS overnight
in order to maximize GAX expression and then treated them
for 24 h with either a 2�-O-methyl-modified oligo-RNA anti-
sense inhibitor of miR-221 or a scrambled control, both at 100
nM, after which we harvested total RNA. Inhibition of miR-
221 expression was verified by Northern blotting (not shown).
Consistent with our previous results, we observed that blocking
miR-221 activity resulted in a significant downregulation of
GAX expression comparable to that observed with 10% FBS
(Fig. 5C).

ZEB2 represses GAX transcription through multiple up-
stream consensus binding sites. To understand how ZEB2
inhibits GAX expression, we employed PCR to clone 8 kb of
promoter sequence upstream from the transcriptional start site
of the GAX gene 5� to the luciferase reporter gene in the
pGL3 vector to produce pGL3-GAX1-Luc. Four additional
serial deletions of the GAX promoter sequence based on the
location of seven ZEB2/SIP1 consensus binding sites in pGL3-
GAX1-Luc were also cloned into pGL3 (Fig. 6A). We tested
which of these consensus binding sites conferred serum
responsiveness to the luciferase reporter by transfecting
HUVECs with this series of deletions in either 0.1% FBS, 10%
FBS, or 10 ng/ml VEGF. Only transfection with pGL3-GAX3-
Luc resulted in decreased luciferase activity in the presence of
serum (Fig. 6B and C) or VEGF (Fig. 6B), suggesting that one
or more of the six ZEB2/SIP1 binding sites in the GAX3
fragment (Fig. 6A) are mediators of GAX downregulation by
ZEB2. To confirm that ZEB2 can repress GAX transcription
through one or more of the ZEB2/SIP1 binding sites in the
GAX3 fragment, HUVECs were cotransfected with pGL3-
GAX3-Luc and various amounts of pcDNA3.1-ZEB2, after

FIG. 5. Loss of ZEB2 responsiveness to miR-221 attenuates the in-
duction of GAX. In order to determine whether ZEB2 can mediate the
ability of miR-221 to upregulate GAX, we constructed a ZEB2 mutant
lacking the miR-221 binding sequence in its 3� UTR and placed it in
pcDNA3.1 (pcDNA-3.1-ZEB2mt). We then cotransfected HUVECs with
either miR-221 or miR-221mt and either ZEB2 or ZEB2mt, after which
we measured both ZEB2 and GAX RNA expression. For cotransfections
with ZEB2 or ZEB2mt and increasing miR-221 or miR-221mt,
pcDNA3.1-ZEB2 or pcDNA3.1-ZEB2mt plasmid mass was kept constant
at 0.5 	g in order to standardize ZEB2 expression as much as possible.
(A) Effect of miR-221 and miR-221mt on ZEB2 expression. pcDNA3.1-
ZEB2 (0.5 	g) was cotransfected with increasing miR-221 or miR-221mt.
� (A and B), P � 0.01. (B) GAX expression using same total RNA isolates
as for panel A. (C) Effect of inhibition of miR-221 on GAX expression.
HUVECs incubated in low-serum media to maximize GAX expression
were treated with 2�-O-methyl-modified oligo-RNA antisense oligonucle-
otides. GAX expression was downregulated approximately 2-fold com-
pared to that of the scrambled oligonucleotide control. �, P � 0.015.
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which the cells were allowed to incubate overnight and the cell
lysates were isolated for a dual luciferase assay. Consistent with
the hypothesis that the binding of ZEB2 to one or more of the
ZEB2/SIP1 binding sites in the GAX3 segment represses tran-
scription, increasing ZEB2 when cotransfected with pGL3-
GAX3-Luc resulted in decreasing luciferase activity (Fig. 6D).
The luciferase activity of pGL3 reporter plasmids in which
GAX1, GAX2, GAX4, and GAX5 were placed upstream from
luciferase was not affected by cotransfection with pcDNA3.1-
ZEB2 (not shown).

ZEB2 downregulates GAX by binding to two ZEB2/SIP1
consensus binding sites in GAX3. To identify which of the six
candidate ZEB2 binding sites in the GAX3 fragment ZEB2
binds in order to inhibit GAX promoter activity, we performed
chromatin immunoprecipitation (ChIP) assays using primers
sets 1 to 6 designed to span all six binding sites (Fig. 7A).
Primer sets 1, 2, 5, and 6 (Table 1) demonstrated no binding of
ZEB2 to the amplified segment containing the ZEB2 consen-
sus binding sequence, while primer sets 3 and 4 bound ZEB2
by ChIP (Fig. 7B). Expressing ZEB2 resulted in enrichment of
the PCR product for primer 4 and the appearance of a new
band for primer 3, suggesting that endogenous ZEB2 was
binding to ZEB2 site C and possibly site B as well. To deter-
mine the functional significance of the three closely spaced

ZEB2 binding sites (designated A, B, and C) located on frag-
ment GAX3, we next used site-directed mutagenesis to mutate
each of these three binding sites (Fig. 7C) to produce pGL3-
GAX3mut1 through pGL3-GAX3mut3 reporter plasmids. Site
A served as a negative control, given that there was no ChIP
binding with primer set 2. HUVECs were transfected with
ZEB2 and pGL3-GAX3mut1, pGL3-GAX3mut2, or pGL3-
GAX3mut3 in order to determine whether deleting any of the
three ZEB2 binding sites contained therein would abrogate the
downregulation of GAX promoter activity by ZEB2. In this
experiment, pGL3-GAX4 was used as a negative control be-
cause it contains no ZEB2 binding sites. ZEB2 binding site A
had no effect on this downregulation, whereas deleting either
site B or C resulted in the attenuation or abrogation of the
downregulation of GAX3-dependent luciferase activity by
ZEB2 (Fig. 7D). Indeed, the deletion of site C produced a
pattern of luciferase activity with increasing ZEB2 that was
virtually indistinguishable from that observed with pGL3-
GAX4, which has no ZEB2 binding sites.

DISCUSSION

The process of angiogenesis is critical to tumor growth be-
yond the limits imposed by the diffusion of nutrients and oxy-

FIG. 6. ZEB2 represses GAX promoter activity through multiple upstream consensus binding sites. (A) GAX promoter constructs. To
understand how ZEB2 inhibits GAX expression, we isolated serial promoter DNA fragments containing ZEB2 consensus binding sites located
upstream of the GAX transcriptional initiation site. (B) Luciferase activity of GAX deletion mutants. Only GAX3 demonstrated significant
downregulation by serum and VEGF. � (B and C), P � 0.01. (C) GAX3 activity is downregulated by serum in a dose-dependent manner. Increasing
serum concentrations resulted in decreasing GAX3 activity. (D) ZEB2 inhibits GAX3 activity. Cotransfection of HUVECs with pcDNA3.1-ZEB2
and pGL3-GAX3 resulted in a significant plasmid dose-dependent downregulation of luciferase activity.
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gen in an aqueous medium (1, 3–5, 12, 16, 17). To overcome
these limits, tumors acquire the ability to secrete peptides that
stimulate the ingrowth of new blood vessels in order to supply
themselves with oxygen and nutrients necessary for prolifera-
tion. The end target of these peptide growth factors is the
vascular endothelial cell (EC), which expresses cell surface
receptors that bind these peptides and thereby activate intra-
cellular signaling cascades. In turn, these signaling cascades
modulate the function of transcriptional regulators that acti-
vate and inhibit the downstream batteries of genes necessary to
induce the angiogenic phenotype in ECs. The homeodomain-
containing protein GAX represents one such protein that, we
and others have suggested, plays a major role in regulating this
transition (6, 7, 9, 10, 26). This is based on evidence from
studies of ECs implicating it in inhibiting angiogenesis, NF-�B
signaling (26), G0/G1 cell cycle arrest (7, 10, 31), transcriptional
activation of INK4a (19), and upregulation of p21WAF1/CIP1 ex-
pression through direct binding to an upstream enhancer (7).

Recently, we became interested in how GAX might be reg-
ulated by microRNAs. Specifically, we noted that there were
two binding sites for miR-130a in the 3� UTR of GAX, which
led us to test whether miR-130a regulated GAX and thereby
influenced the angiogenic phenotype of ECs (6). We found
that miR-130a did indeed downregulate GAX and that miR-
130a’s induction by serum and proangiogenic factors impli-
cated it as a candidate to mediate the rapid downregulation of
GAX expression that occurs after ECs are stimulated with
serum or VEGF. Furthermore, inhibiting miR-130a blocks this
downregulation of GAX. Because miR-221 was implicated as a
microRNA that antagonizes the angiogenic phenotype in ECs
(35, 36), we decided to determine whether miR-221 affects
GAX expression. Consistent with the previously reported an-
tiangiogenic activity of miR-221/222 (35, 36) and the known
antiangiogenic activity of GAX (6, 7, 9, 26), we observed that
miR-221 was downregulated by serum (Fig. 2B). As would be
predicted if miR-221 has a significant role in inhibiting angio-

FIG. 7. ZEB2 binds to two ZEB2/SIP1 consensus binding sites in GAX3. ChIP experiments were performed in order to identify candidate
ZEB2/SIP1 sites to which ZEB2 binds in the GAX upstream chromatin. (A) Primer set design for ChIP. Primers were designed for six ZEB2
binding sites. (B) Primer sets 3 and 4 demonstrate ZEB2 binding in ChIP. These results suggest that ZEB2 sites B and C are the sites to which
ZEB2 binds (C, control, empty vector; NT, no treatment/transfection; ZEB2, ZEB2 transfection.). (C) Construction of GAX3 mutants. ZEB2 sites
A, B, and C were serially deleted by site-directed mutagenesis. (D) Effect of mutating site A, B, or C on GAX3 activity. HUVECs were
cotransfected with ZEB2 (0.5 	g) plus increasing amounts of the indicated pGAX3-containing mutants or pGAX4 as a negative control. Deleting
site B or C on GAX3 abolished the ability of ZEB2 to downregulate GAX3 activity in cotransfection experiments.
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genesis, miR-221 expression also strongly upregulated GAX
expression in vascular ECs (Fig. 3A). These results are also in
accord with the proposed role of miR-221 in inhibiting EC
migration in response to hyperglycemia (24) and in inhibiting
EC migration and proliferation (27, 33).

Because microRNAs most commonly function by binding to
an mRNA and either inducing its degradation or inhibiting its
translation (18), we postulated that miR-221 likely targets an
intermediary protein that represses GAX expression. An in
silico search returned multiple candidates, but only two were
regulated by serum in an opposite fashion compared to GAX,
and only one of them (ZEB2) downregulated GAX expression
in cotransfection experiments (Fig. 3E and F). Further inves-
tigation revealed that miR-221 downregulates ZEB2 through
an miR-221 consensus binding site in the 3� UTR of ZEB2
(Fig. 4 and 5) and that ZEB2 inhibits GAX expression by
binding to two ZEB2/SIP1 consensus binding sites in the up-
stream chromatin from GAX (Fig. 6 and 7). We therefore
conclude from our observations that miR-221 upregulates ex-
pression of the antiangiogenic homeobox gene GAX, largely
through its ability to downregulate ZEB2.

Because ZEB2 acts primarily as a transcriptional repressor
(38), our results are consistent with its function as thus far
understood, but they are intriguing because they are, to the
best of our knowledge, the first to implicate ZEB2 as a poten-
tial regulator of the process of angiogenesis. Although ZEB2
has been implicated in regulating the EMT in other cell types,
including a number of epithelial malignancies (37), ZEB2 has
not been previously suggested as a regulator of the EC phe-
notype during angiogenesis. Consequently, very little is known
about its role in ECs. However, because ZEB2 is also known as
SMAD1-interacting protein 1 (SIP1), it is tempting to specu-
late that its regulation of GAX may also implicate GAX in
modulating transforming growth factor 
 (TGF-
) activity in
ECs, given that different TGF-
 receptors modulate pro- and
antiangiogenic activities, with ALK1 stimulating EC prolifera-
tion and migration through Smad1/5 gene transcription, an
activity consistent with the downregulation of GAX by ZEB2
(13, 23).

Given the role of ZEB2 in the EMT and dedifferentiation of
epithelial cell types, with their conversion to a more mesen-
chymal state, in retrospect it is probably not surprising that
GAX would be a target of ZEB2, given that GAX behaves in
a manner consistent with a potential master regulatory protein
controlling the angiogenic phenotype of vascular ECs. More-
over, the ability of ZEB2 to downregulate GAX suggests a
potential reason why the upregulation of GAX after serum
withdrawal is slower than GAX downregulation in the presence
of serum. In the former case, our results suggest that miR-221
downregulates ZEB2, thus relieving its transcriptional repres-
sion of GAX and allowing GAX levels to accumulate again
over several hours, whereas in the latter case miR-130a rapidly
downregulates GAX mRNA, which has a short half-life (6, 10).

Finally, our observations suggest that ZEB2 might serve as a
molecular target for the antiangiogenic therapy of cancer and
other angiogenesis-driven diseases; indeed, given the role of
ZEB2 in EMT, it is possible to envision that targeting this gene
might treat both the cancer, by inhibiting EMT, and the an-
giogenesis provoked by the cancer by preventing the down-
regulation of GAX expression.
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