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The Down syndrome candidate region 1 gene (DSCRI) can be
expressed as four isoforms, one of which is the well-studied iso-
form 4 (DSCR1-4) that is induced by VEGF-A'®® to provide a
negative feedback loop in the VEGF-A'®*-induced angiogenesis.
We reported previously that another DSCR1 isoform, DSCR1-
1L, was also up-regulated by VEGF-A'®” in cultured endothelial
cells and in several in vivo models of pathological angiogenesis
and that different from DSCR1-4, DSCR1-1L overexpression
alone induced cultured endothelial cell proliferation and pro-
moted angiogenesis in Matrigel assays. It was reported recently
that tumor growth was greatly repressed in DSCR1 knock-out
mice. Although DSCR1-4 transcription was primarily regulated
by NFAT, the mechanism regulating DSCR1-1L expression was
still unknown. We developed human DSCR1-1L promoter-
driven luciferase system and found that deletion of a putative
conserved M-CAT site located 1426-bp upstream of the trans-
lation start site blunted promoter activity. We further showed
that knockdown of TEF3, not other members of TEF family
inhibited VEGF-A'®*-induced DSCR1-1L expression. We also
demonstrated that TEF3 directly interacted with the putative
M-CAT site in the DSCR1-1L promoter in vitro and in vivo.
Finally, overexpression of TEF3 isoform 1, not isoform 3, in
HUVEC was sufficient to induce DSCR1-1L expression even in
the absence of VEGF-A'%® stimulation. Taken together, we elu-
cidated a novel function of transcriptional factor TEF3. TEF3
was required for DSCR1-1L expression through binding to the
M-CAT site in its promoter and could be an attractive target for
anti-angiogenesis therapy.

Down syndrome candidate region 1 (DSCR1)? is one of more
than 50 genes present in the portion of trisomy 21, the chromo-
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somal abnormality responsible for Down syndrome (1-3).
DSCR1 is identical to MCIP1 (modulatory calcineurin-inter-
acting protein) (4). It is homologous to Adapt78, an oxidant
stress-inducible gene in hamsters (5-7) and also to Rcnl/neb-
ula in Drosophila (8). Down syndrome is a major cause of men-
tal retardation and is also associated with various cardiac and
gastrointestinal anomalies, immune system defects, and Alzei-
mer disease. Down syndrome patients have increased risks of
certain malignancies (leukemia, germ cell tumors) but an
extremely low incidence of many solid tumors, particularly
breast cancer (9, 10). On the other hand, clinically aggressive
ovarian carcinomas often have trisomy of chromosome 21,
whereas certain other solid tumors have deletions of this chro-
mosome. Together these and other data suggest that genes such
as DSCR1 that are triplicated in Down syndrome may play
important roles in tumorigenesis (11, 12).

Interest in DSCR1 has recently been sparked by several
reports indicating that it is up-regulated in cultured vascular
endothelial cells by VEGF-A'®® and further that it provides a
negative feedback loop that inhibits VEGF-A'®’-induced
angiogenesis (13-16). However, the conclusion was based on
the studies of only one DSCR1 isoform, isoform 4 (DSCR1-4).
The DSCRI gene is comprised of seven exons, the first four of
which can serve as start sites that then combine with exons 5-7
to produce four different mRNA transcripts (2, 17). Exon 1 was
originally thought to encode a 29-amino acid peptide
(DSCR1-1) (2, 17), but later studies by Genesca et al. (18)
revealed a start site further upstream that encoded an 84-amino
acid peptide (DSCR1-1L). Exon 2 is probably not translated into
protein, because it lacks a methionine start site. Exon 3
encodes only 3 amino acids (2, 17). Exon 4, under the control
of a different promoter from that regulating isoforms 1-3 (2,
17), encodes a 29-amino acid peptide that initiates a fourth
DSCRI1 isoform. The several DSCR1 isoforms have different
expression patterns and likely different functions and regu-
latory mechanisms (2, 17). All four isoforms are expressed in
heart and skeletal muscle (2, 17). Isoform 1 has also been
detected in brain and isoform 4 in placenta and kidney (2,
17). DSCR1-1L has been found to play a protective role
against cell stress (5-7). In addition to inhibiting angiogen-
esis (13-16), DSCR1-4 plays an inhibitory role in cardiac and
skeletal muscle hypertrophy (19 -21).

Recently, we reported that DSCR1-1L, like DSCR1-4, was
up-regulated by VEGF-A'®® in cultured endothelial cells and
also in several types of pathological angiogenesis in vivo (22).
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DSCR1-1L was also expressed in the microvasculature of
human ovarian cancers, but not in the tumor cells themselves
nor in the microvessels of normal ovary (22). Of particular
interest, the effects of DSCR1-1L in angiogenesis were antithet-
ical to those of DSCR1-4 (22). Using a novel modification of the
standard Matrigel assay, we found that overexpression of
DSCR1-1L promoted endothelial cell proliferation in vitro and
angiogenesis in vivo, whereas a DSCR1-1L-specific siRNA had
opposite effects. Our data indicated that DSCR1-1 and -4 have
opposing stimulatory and inhibitory effects on VEGF-A'®-in-
duced angiogenesis (22). Most recently, it was reported that
tumor growth was greatly repressed in DSCR1 knock-out mice
lacking all DSCR1 isoforms (23). Therefore, DSCR1-1L and the
signaling pathway that regulates DSCR1-1L expression are
excellent targets for cancer anti-angiogenic therapy.

It was shown that VEGF-A'**-induced DSCR1-4 expression
was mediated by the NFAT response element in the DSCR1-4
promoter that was located in its intron 3 (24). However, the
regulatory element(s) that regulates DSCR1-1L has not been
studied yet. To study the molecular mechanism that regulates
DSCRI-1L expression in angiogenesis, we constructed a 1.4-kb
human DSCR1-1L promoter-driven luciferase plasmid to study
the molecular mechanism of DSCR1-1L expression.

EXPERIMENTAL PROCEDURES

Materials—Antibodies against TEF1 and TEF4 were pur-
chased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA).
Rabbit antibody against human DSCR1-1L (hDSCR1) was pur-
chased from Abcam, Inc. (Cambridge, MA). FLAG antibody
was from Sigma-Aldrich. Mouse polyclonal antibody to TEF5
(TEAD3) was from Novus Biologicals. TEF3 antibody was
developed previously (25). HUVEC (Clonetics, Biowhittaker,
Inc. Walkersville, MD) were cultured and transduced with ret-
roviruses carrying various constructs as previously described
(26). EOMA cells and 293T cells were cultured in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal bovine
serum and penicillin/streptomycin.

Immunohistochemistry—These experiments were carried
out according to a protocol approved by the hospital’s Commit-
tee on Clinical Investigation. Tumors were obtained at the time
of surgery and were fixed in 4% paraformaldehyde, embedded
in OCT compound, and prepared for immunohistochemistry.
Frozen sections were then blocked with 5% goat serum, stained
with mouse anti-hDSCR1-1L (Center for Biomedical Inven-
tions, University of Texas Southwestern Medical School),
washed three times with PBS, incubated for 1 h with biotiny-
lated polyclonal anti-mouse IgG antibody (1:200 dilution, Vec-
tor Laboratories, Inc. Burlingame, CA), washed three times
with PBS, reacted with the ABC peroxidase kit (Vector Labora-
tories, Inc. Burlingame, CA) at room temperature for 45 min,
and washed with PBS prior to mounting for light microscopy
and photography.

Construction of DSCR1-1L Promoter Reporter Plasmid and
Its Mutants—To construct the DSCR1-1L promoter-luc plas-
mid, the human 1.4-kilobase promoter was cloned from a
HUVEC genomic DNA by PCR with a primer set: forward
primer with Kpnl (5'-aaaaaaggtaccagaggggtgactttgaatggaatg)
and reverse primer with HindIII (5'-aaaaaaaagcttcgttaaccccctegg-
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aatc). The PCR products were digested with Kpnl and HindIII
and subcloned into the pGL3-basic vector (Promega, San
Luis Obispo, CA) The identity of the promoter was confirmed
by DNA sequencing, and this plasmid was named pD1L(-1450)
(all numbering relative to the translation start site because
there is no TATA box in the DSCR1-1L promoter). The prim-
ers used to create deletion mutants were listed below, all of
which with Kpnl and HindIII restriction sites in the 5'- and
3'-end, respectively. pD1L(-1344): 5'-aaaaaaggtaccacggttccaa-
tttcttcacatec (forward) and 5'-aaaaaaaagcttgccageccegeccegteac
(reverse). pD1L(-1287): 5'-aaaaaaggtaccgatgggtattattattcctcttg
(forward) and 5'-aaaaaaaagcttgccagccccgeecgtcac (reverse).
pD1L(-1199): 5'-aaaaaaggtacccatggcaagttctgaataaatctc (for-
ward) and 5’-aaaaaaaagcttgccacgccgtcctecatee  (reverse).
pD1L(-1089): 5'-aaaaaaggtacctcacaacctccaaagaacc (forward)
and 5'-aaaaaaaagcttgccacgecgtectecatec (reverse). The forward
primers for the following deletion mutants were pD1L(-1426):
5'-aaaaaggtaccggaggctggttggcetctaag; pD1L(-1421): 5'-aaaaaag-
gtaccctggttggetctaageaa; pD1L(-1396): 5'-aaaaaaggtaccttagttttc-
cttagtgattt; pDI1L(-1374): 5’-aaaaaaggtacctgggggcccaagatttce;
pD1L(-1364): 5'-aaaaaaggtaccagatttccctttcacagt; pD1L(-1353): 5'-
aaaaaaggtaccacagtatgacggttccaa; pD1L-AMCAT: 5'-aaaaaaggtac-
cagaggggtgacttggaggctggttggctctaagcaa. The reverse primer was
5'-aaaaaaaagcttcgttaacccccteggaate. The 3X M-CAT sequence
was 3TEC1 (Kpnl/BglII)F, 5'-aaaaaaggtaccttgaatggaatggttgaatgg-
aatggttgaatggaatggagatctggaaag (underline indicated the triple of
M-CAT sequence), and 3STEC-1(Kpn1/BglII)R, 5'-ctttcgagatctcc-
attccattcaaccattccattcaaccattccattcaaggtacctttttt.  The mutated
sequence was 3*2Mu-tec-1 (Sacl/Smal)F, 5'-ACACACGAGC-
TCTTGTACCGTACCTTGTACCGTACCTTGTACCGTA-
CCCCCGGGATAAAC-3’ and 3*2Mu-tec-1 (Sacl/Smal)R,
5-GTTTATCCCGGGGGTACGGTACAAGGTACGGTAC-
AAGGTACGGTACAAGAGCTCGTGTGT.

Promoter Activity Assay—EOMA cells were seeded in
24-well plates at the density of 1-2 X 10° cells/well. Twenty
hours later, cells were transfected with D1L promoter-lucif-
erase plasmids and control luciferase plasmid (pRL-tk, Pro-
mega, Madison, W1) with Lipofectamine 2000 transfection rea-
gent (Invitrogen, Carlsbad, CA). Two microliters of
Lipofectamine 2000 were added directly to 50 ul of Dulbecco’s
modified Eagle’s medium (DMEM) without serum and antibi-
otics and incubated at room temperature for 5 min. D1L pro-
moter plasmid (0.4 pg) and pRL-tk (0.08 ug) were added to
another 50 ul DMEM without serum and antibiotic. Lipo-
fectamine 2000 dilution and plasmid were mixed and incubated
for 20 min at room temperature. Then the mixture was added to
EOMA cells and incubated in the absence of serum for 2 days.
Cells were then washed with PBS and incubated with 100 ul of
1X passive lysis buffer of Dual-luciferase Reporter Assay Sys-
tem (Promega) at room temperature until cells were dissolved.

HUVEC (1 X 10° per well) were plated in 12-well plates.
Twenty-four hours later, cells were transfected with pGL3-D1L
plasmids and control luciferase plasmid (pRL-tk) using
FuGENE-6 transfection reagent (Roche Diagnostics). Cells
were washed twice with PBS. Two microliters of FUGENE was
added directly to 50 ul of OPTI-MEM1 medium and incubated
for 5 min. pD1L (0.5 ng) and pRL-tk (0.2 ug) were added to the
mixture and incubated for 15 min, and then added to cells with
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300 wl of medium. Twenty-four hours after transfection, cells
were stimulated with VEGF-A'®® for 6 h, then washed with PBS,
and lysed with 100 ul of 1X passive lysis buffer until cells were
dissolved. Luciferase activity was assayed and normalized to
equal internal control luciferase activity according to the man-
ufacturer’s protocol.

Preparation of Cell Extracts—Cytoplasmic and nuclear
extracts were prepared with the NE-PER Nuclear and Cytoplas-
mic Extraction Reagents (Pierce). Cell membranes were lysed in
200 ul of ice-cold Cytoplasmic Extraction Reagent I (CERI, 1X
protease inhibitor mixture; Roche) for 10 min on ice. Then,
ice-cold Cytoplasmic Extraction Reagent II (CERII) (5.5 ul) was
added. Cells were incubated for 1 min and centrifuged (16000 X
gat 4 °C for 10 min). The supernatants were collected as cyto-
plasmic fractions. The insoluble pellet that contains nuclei was
washed two times with PBS to remove the remaining cytoplas-
mic proteins. The washed pellet was resuspended in 100 ul of
ice-cold Nuclear Extraction Reagent (NER, 1X protease
inhibitor mixture; Roche), incubated for 40 min on ice, and
centrifuged (16000 X gat 4 °C for 10 min). The supernatant
was used as nuclear extract. Extracts obtained by this proce-
dure generally had less than 10% contamination between
nuclear and cytoplasmic fractions. The protein concentra-
tion was determined with a commercial protein assay rea-
gent (Bio-Rad Laboratories).

Electrophoresis Mobility Shift Assays (EMSA)—The probe
with three copies of M-CAT sites and mutant probe were
labeled with biotin 3’-end DNA labeling kit as described in the
manufacturer’s protocol (Pierce). EMSA was performed using a
LightShift Chemiluminescent EMSA kit (Pierce) following the
manufacturer’s protocols with some modifications. Briefly,
nuclear extracts (5 ug) and 20 fmol of biotin-labeled putative
3XM-CAT were incubated in a reaction mixture (10 mm Tris,
50 mm KCI, 10 mm dithiothreitol; pH 7.5, 50 ng/ul poly(dI-dC),
2.5% glycerol, 5 mm MgCl,, 0.05% Nonidet P-40, 0.05 mm dithi-
othreitol) at room temperature for 20 min. The mixtures
were then separated by electrophoresis on a 6% polyacrylam-
idegelat4 °Cin 0.5X TBE at 100 V for 1-1.5 h. The samples
were subsequently transferred to positively charged nylon
membranes (Pierce) in 0.5X TBE at 380 mA for 1 h at 4 °C
and exposed to UV light (120 mJ-cm ™2, 1 min) to cross-link
the DNA to the membrane. Detection of biotin-labeled DNA
probe was performed in accordance with the manufacturer’s
protocol. For experiments with wild-type and mutant com-
petitors, 0.2 pmol (10X excess) or 1 pmol (50X excess) unla-
beled wild-type or mutant probe oligonucleotides were
included in the nuclear protein-DNA reaction mixtures. In
the experiment with antibody supershifting, antibodies
against TEF1, TEF3, TEF4, and TEF5 (1 pg) were included in
the reaction mixture.

RT-PCR Analysis—RNA was isolated from HUVEC. RT-PCR
with specific primers for TEF1, TEF3, TEF4, and TEF5 was
carried out as described (17). GAPDH served as a control for
equal RNA loading. RT-PCR products were analyzed on 4%
agarose gels. The primers used are listed below. TEF1-rt-F1120,
5"-TTGGTGGTAACAAACAGGGAT and TEFI1-rt-R1209,
5'-ATGTTGTGCTCCGTGTTCA; TEF3-rt-F976, 5'-ATGA-
TCATCACCTGCTCCAC and TEF3-rt-R1066, 5'-GTCCAT-
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TCTCATAGCGAGCA; TEF4-rt-F1135, 5'-ATGTGCGAGT-
ACCTGGTGAA and TEF4-rt-R1231,5'-CCTGGAGGATGG-
TGAAGTTT; TEF5-rt-F973, 5'-GATAGCATGACCATCA-
GCGT and TEF5-rt-R1065, 5'-GTTCTCCAGCCTGGCAT-
ACT. GAPDH F, 5'-TCCACCACCCTGTTGCTGTA and
GAPDHR, 5'-ACCACAGTCCATGCCATCAC.

Cloning and Expression of TEF3 Isoforms and siRNAs—TEF3
isoforms were cloned by RT-PCR using RNA isolated from
HUVEC with primers in 5'-UTR (5'-GCGGACTCCTTGGA-
ACTGGCTTAG) and 3'-UTR (5'-CATCTTGGGTTTATTT-
GGGGTTGG) of TEF3, respectively. The RT-PCR products
were cloned to pTOPO vector (Invitrogen) and then sub-
jected to DNA sequence analysis. TEF3-1 and TEF3-3 were
subcloned to pMMP-FLAG vector with primers Xholl-
TEF3-1-F (5'-AACTCGAGTTGG AGGGCACGGCCGGCACQ),
XholI-TEF3-3-F (5'-AACTCGAGATGGCTGCCATGTCGT-
CTGC) and BamHI-TEF3-R (5'-AAGGATCCTCATTCTTT-
CACCAGCCTG, respectively, and overexpressed in HUVEC
as described previously (26).

siRNAs were designed with the software from OligoEngine
Co (Seattle, WA), cloned into pSUPER-retro vector (Oligo-
Engine), and expressed in HUVEC. The siRNA sequences were
siTEF1A, TACCGAATAAACCGCTCCC, siTEF1B, ATACC-
GAATAAACCGCTCC, siTEF1C, GATTCCACGCCCGACC-
TTC, siTEF3A, ACTACTCTTACCGCATCCA, siTEF3B,
ACTCTTACCGCATCCACCG, siTEF4A, CCGTTCACCT-
TGTCACTGA, SsiTEF4B, GTTCACCTTGTCACTGACT,
siTEF4C, CACCTTGTCACTGACTCCCSsIiTEF5A, CCGTCT-
TCTCCACTTCCTC, siTEF5B, CGTCTTCTCCACTTC-
CTCG and siTEF5C, TCTTCTCCACTTCCTCGCG.

Chromatin Immunoprecipitation Assays (CHIP)—Chroma-
tin immunoprecipitation assays were performed according to
the protocol (CHIP assay, Upstate, Charlottesville, VA). Briefly,
HUVEC pellet were sonicated and cross-linked with formalde-
hyde and then subjected to immunoprecipitation (IP) with an
antibody against TEF1, TEF3, TEF4, TEF5, or IgG as a control
overnight at 4 °C. The chromosomal DNA in the immunopre-
cipitated complexes was extracts with phenol-chloroform.
After final ethanol precipitation, IP products were resuspended
in TE buffer (10 mm Tris-HCl and 1 mm EDTA) and subjected
to PCR assay with the primer set (forward: 5'-AGTACATTG-
GTTTGGTCTG and reverse: 5'-ACGGTTCTATGATTACT-
ATTAT). The primers were designed according to the
sequences of the putative M-CAT binding site on the proximal
portion of the DSCR1-1 promoter. The supernatants before
immunoprecipitation were served as total input chromatin
control.

Statistics—The results are expressed based on triplet exper-
iments as the means * S.E. variance. The Tukey-Kramer mul-
tiple comparisons test was used to determine statistical signif-
icance. A p value of <0.05 was considered to be statistically
significant.

RESULTS

Expression of DSCR1-1L in Endothelial Cells—Previously, we
reported that DSCR1-1L was expressed in the vascular struc-
ture of ovarian cancer tissues, not in tumor cells by immuno-
histochemical analysis (22). To find out whether the tumor ves-
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FIGURE 1. Expression of DSCR1-1L in endothelial cells. A, immunohisto-
chemical staining of a control human kidney tissues (a) and human kidney
adenocarcinoma (b) with an antibody specific for human DSCR1-1L.
DSCR1-1L expressed in vessels (arrow), not in tumor cells (arrowhead). Tissue
from 1 of 5 different patients, all of which exhibited similar staining, is shown.
B, cellular extracts from 293T cells, HMDVEC, and EOMA cells were immuno-
blotted with antibodies against DSCR1-1L (top panel) and B-actin (bottom
panel) as a protein equal-loading control.

sel-specific expression of DCSR1-1L also occurs in other
tumors, we analyzed the DSCR1-IL expression in human kid-
ney cancer tissues by immunohistochemical staining. As
expected, DSCR1-1L was selectively expressed in the tumor
vascular endothelium but not in the tumor cells, nor in normal
kidney tissues (Fig. 14). We further confirmed these results by
immunoblotting analysis with cellular extracts isolated from
human kidney cancer cells. As shown in Fig. 18, DSCR1-1L was
also expressed in proliferating human microdermal vascular
endothelial cells (HMDVEC), in addition to HUVEC (22), but
not in proliferating human kidney carcinoma 293T cells (Fig.
1B). Because hemangioma EOMA cells, transformed mouse
endothelial tumor cells, were shown to secrete high levels of
VEGEF that cause autocrine and VEGF-dependent growth (27),
we also examined whether DSCR1-1L was expressed in the
EOMA cells. Fig. 1B clearly indicated that DSCR1-1L was
highly expressed in the hemangioma EOMA cells (Fig. 1B). Our
data demonstrated that DSCR1 was highly expressed in endo-
thelial cells, not in kidney cancer cells.

Identification of a Putative M-CAT Element in the DSCRI-1L
Promoter in Hemangioma Cells—It was reported that
DSCR1-1L and DSCR1-4 consisted of exons 1, 5, 6, 7 and exons
4,5, 6,7, respectively (Fig. 24) and expression of DSCR1-4 was
regulated by the calcineurin-NFAT signaling pathway (15,
28-32). The promoter regulating DSCR1-4 was found in the
intron preceding exon 4 and contains several NFAT binding
sites (Fig. 2A4) (24). However, unlike DSCR1-4, DSCR1-1Lis not
likely to be induced through the Cn-NFAT pathway (13, 15, 16,
32). Therefore, we generated the 1.4-kb DSCR1-1L promoter-
luciferase reporter construct pD1L(-1450) as described under
“Experimental Procedures.” The DSCR1-1L promoter activity
was first analyzed in hemangioma cells (EOMA) because they
were easier to be transfected than HUVEC and expressed high
levels of DSCR1-1L protein as shown in Fig. 1B. EOMA cells
were transfected with the pD1L(-1450) plasmid along with an
internal control luciferase plasmid. The DSCR1-1L promoter
activity in cell lysates was determined and normalized to con-
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FIGURE 2. Functional analysis of human DSCR1 promoter in hemangioma
EOMA cells. A, schematic representation of the different promoter for DSCR1
isoform 1 and isoform 4. B, serial deletions of the DSCR1-1L promoter report-
ers and their relative luciferase activity in EOMA cells. A major positive regu-
latory region from —1450 bp to —1344 bp was identified in the DSCR1-1L
promoter. The data are expressed as the means * S.E. of three separate
experiments (n = 6, *, denotes p < 0.001).

trol luciferase activity for equal transfection efficiency. As
shown in Fig. 2B, the 1.4-kb DSCR1-1L promoter fragment
induced high luciferase reporter activity (Fig. 2B, pD1L(-1450)
versus blank, *, p < 0.001). We then created several deletion
mutations of the D1L promoter as indicated in Fig. 2B. The
data in Fig. 2B indicated that there was a major putative
positive regulatory region ranging from —1450 bp to —1344
bp (p < 0.001).

We further analyzed the region (—1450 bp ~ —1344 bp) and
found 6 putative binding sites (Fig. 3A). Deletion constructs
within the region of the D1L promoter were created (Fig. 34)
and their luciferase activity was measured in EOMA cells. Our
results showed that the deletion of a 25-bp fragment containing
a putative M-CAT site from —1450 to —1426 caused significant
reduction of the DSCR1-1L promoter activity (Fig. 3B, left two
bars, p < 0.001). To further identify which element within this
25-bp region was involved, we made another deletion construct
lacking just the M-CAT site (pD1L-AM-CAT). Compared with
pD1L(-1450), transfection of pD1L-AM-CAT construct into
EOMA cells resulted in comparable reduction of DSCR1-1L
promoter activity (Fig. 3B, *, p < 0.001) suggesting that the
M-CAT site mediates the effect. To further confirm the func-
tionality of the M-CAT site, we cloned the three copies of the
M-CAT site upstream of a promoter luciferase vector (pGL3-
promoter) that contained the SV40 basal promoter. Promoter
activity analysis showed that the M-CAT site (pGL3-3xM-
CAT) significantly increased the SV40 basal promoter activity
(Fig. 3G, *, p < 0.001).

Requirement of the M-CAT Site in the DSCR1-1L Promoter
for VEGF-A***-induced DSCRI1-1L Expression in HUVEC—We
then tested whether the M-CAT site was required for VEGF-
A'®_stimulated DSCR1-1L promoter activity in HUVEC.
Serum-starved HUVEC were transfected with the full-length
DSCR1-1L promoter pD1L(-1450), M-CAT deletion mutant
(pD1L-AM-CAT), 3xM-CAT in promoter vector (pGL3-3xM-
CAT), and control promoter vector (pGL3-Promoter) and then
stimulated with VEGF-A'®® for 6 h. As shown in Fig. 44, VEGF
stimulated about 2-fold of DSCR1-1L promoter activity (Fig.

asEie

VOLUME 283 +NUMBER 49-DECEMBER 5, 2008



A
MCAT Sp1 c-Ets-1 AP-1 Sp1 IRF1
pD1L(-1450) ——— =
pD1L(-1426) — v { | |
pD1L(-1421) —E luc
pDAL (-1374)
pDL(-1364)
pD1L(-1353)
PDIL-AMCAT /e i — @ — s — [ G |
B | *
g 100
il 80 |
%g 60
32
24 2
k- 0
4 %0, “0, <0, 0, “0 0, 2,
7 7 7 7 7 bt £/ L/,
Coi, A, . s T Y R
7 A S L 7~ o g,
T Ry o, Y Ry B Yy
2 Y9 <z ¥ T % W b,
c .
g 50
%340 *
850 T 1
g&zo
% 1
2 o
R S S
%\‘0 Q@\r e o 0?‘
FN
Q‘“ép o

FIGURE 3. Identification of an M-CAT-positive regulation site. A, diagram
of serial shortening of the positive region | in the D1L promoter and the
M-CAT deletion construct (AM-CAT). B, relative promoter activity of these
deletion construct mutants in EOMA cells (n = 6, *, denotes p < 0.001).
C, activity of the M-CAT reporter constructin EOMA cells (n = 6,*, denotes p <
0.001). The data are representative of three independent experiments.
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FIGURE 4. Requirement of the M-CAT element for VEGF-A'®*-induced
DSCR1-1L promoter activity. A and B, relative promoter activity as indicated
was measured in serum-starved HUVEC with or without VEGF-A'®>-stimula-
tion for 6 h (n = 6, * denotes p < 0.001, ** denotes p > 0.05). The data
represent three independent experiments.

44, *, p < 0.001). However, this VEGF-A'**-induced promoter
activity was completely lost in the AM-CAT construct (Fig. 44,
** p > 0.05). The reporter activity driven by the 3xM-CAT site
was significantly increased in response to VEGF-A'®® stimula-
tion (Fig. 4B, *, p < 0.001).

VEGF-A'® Induces the Formation of a Nuclear Complex with
the M-CAT Probe—We further tested whether M-CAT associ-
ated with nuclear proteins in HUVEC with or without VEGF-
A'® stimulation. Nuclear extracts were isolated from serum-
starved HUVEC stimulated with VEGF-A'®* for 0, 10, 15’, 30/,
and 60" and subjected to DNA electrolytic mobility gel shift
assay (EMSA) with biotin-labeled 3xM-CAT oligonucleotide
probe. As shown in Fig. 5, there was one DNA-associated com-
plex in the absence of VEGF-A'®® stimulation (Fig. 5, lane 2,
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MNuclear extracts from HUVEC . g 5 1 . 3 . .
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FIGURE 5. VEGF-A"%® induced the formation of a transcriptional complex
with M-CAT cis-element in HUVEC. HUVEC were stimulated with VEGF-A'%®
for0,10’,15’,30’,and 60’. Nuclear extracts were used for EMSA assay using a
biotin-labeled DNA oligo probe corresponding to the M-CAT site of the
DSCR1-1L promoter. Specific DNA-protein complex induced by VEGF-A'%®
was indicated by a long arrow and nonspecific shifted band by a short arrow.
10-fold and 50-fold excess of unlabeled wild-type (lanes 7 and 8) or mutant
probes (lanes 9 and 10) were included in the reaction mixtures with nuclear
extracts from HUVEC stimulated by VEGF-A'®® for 15 min. The VEGF-A'%*-
induced shifted band was titrated off by an excess of unlabeled wild-type
probes, but not unlabeled mutant probes. The data represent three inde-
pendent experiments.

arrowhead). After VEGF-A'®® stimulation, a new DNA protein
band was detected (indicated by arrow) at 10’, 15", and 30" after
stimulation (Fig. 5, lanes 3, 4, and 5). To further confirm the
specificity of this protein-DNA interaction, we included 10-fold
and 50-fold excess of unlabeled wild-type probes and mutant
probes in the binding reaction. The data showed that excess of
unlabeled wild-type probe competed off the shift of the binding
complex (Fig. 5, lanes 7 and 8), but the mutant unlabeled probe
did not (Fig. 5, lanes 9 and 10), indicating that the binding was
specific. Similar specific nuclear-DNA interaction complex was
detected in EOMA cells (data not shown).

Requirement of TEF3, not Other TEF Family Members, for
VEGF-A"%*-induced DSCRI-1L Expression—M-CAT (muscle-
specific CAT element, 5'-CATTCCT) is a highly conserved
sequence bound by TEF family proteins (33). There are 4 mem-
bers of this family in human, which share a nearly identical
N-terminal TEA/ATTS DNA binding domain (34, 35). The
requirement for TEA/ATTS family transcription factors is con-
served throughout eukaryotic development. However, it was
not known whether TEF family members played any role in
VEGF-A'®® signaling. To identify which TEF family members
played a role in VEGF-A'®>-stimulated DSCR1-1L promoter
activity, we first examined, which TEF family members were
expressed in HUVEC by RT-PCR with RNA isolated from
HUVEC. As shown in Fig. 64, all of four TEF family members
were expressed in HUVEC (Fig. 6A).

Because all of the TEF family members were expressed in
HUVEC, we developed retroviral vector expressing at least 2
siRNAs for each TEF family members: TEF1 (siTEF1A,
siTEF1B, siTEF1C), TEF3 (siTEF3A, siTEF3B), TEF4 (siTEF4A,
siTEF4B, siTEF4C), TEF5 (siTEF5A, siTEF5B, and siTEF5C).
We first verified the specificity of these siRNAs for their respec-
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FIGURE 6. Requirement of TEF3, not other TEF1 family members, for
VEGF-A"%*-induced DSCR1-1L expression. A, expression of TEF1, TEF3,
TEF4, and TEF5 mRNAs in HUVEC was detected by RT-PCR with the specific
primers for TEF1, TEF3, TEF4, and TEF5, respectively. B, HUVEC were trans-
duced with siTEF1A/B/C (siTEF1A, siTEF1B, and siTEF1C), SiTEF3A/B (siTEF3A
and siTEF3B), siTEF4A/B/C (siTEF4A, siTEF4B, and siTEF4C), siTEF5A/B/C
(SITEF5A, siTEF5B, and siTEF5C) or siNeg as a control. Cellular extracts were
analyzed by immunoblotting with antibodies against TEF1, TEF3, TEF4, TEG5,
DSCR1-1L, and B-actin as the protein equal-loading control. C and D, HUVEC
were transduced with siTEF3A siTEF3B individually orin combination. Cellular
extracts were analyzed by immunoblotting with antibodies against TEF3 (C)
and DSCR1-1L (D). Bottom panels are protein equal-loading controls. The data
represent three independent experiments.
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tive TEF family members and then determined their effect on
DSCR1-1L expression. Cellular extracts from HUVEC trans-
duced without or with the siRNA in combination, siTEF1(A/B/
C), siTEF3(A/B), siTEF4(A/B/C), siTEF5(A/B/C), and control
siRNA (siNeg) were subjected to immunoblotting analysis with
antibodies against TEF1, TEF3, TEF4, and TEF5, respectively.
As shown in Fig. 6B, the siRNAs in combination specifically
inhibited the expression of their corresponding TEF members,
respectively, except that siTEF4(A/B/C) slightly inhibited the
expression of TEF3 (Fig. 6B, top 4 panels). The same cellular
extracts were subjected to immunoblotting analysis with an
antibody against DSCR1-1L. We found that it was sSiTEF3(A/B),
not others, that significantly inhibited DSCR1-1L expression
(Fig. 6B panel 5). siTEF4(A/B/C) slightly inhibited the expres-
sion of DSCR1-1L. The bottom panel showed the protein equal-
loading control with an antibody against B-actin (Fig. 6B, bot-
tom panel).

We then tested the efficiency of each siTEF3s on DSCR1-1L
expression. HUVEC were transduced with siTEF3A, siTEF3B,
siTEF3A/B, and negative siRNA (siNeg), respectively. Cellular
extracts were subjected to immunoblotting analysis with an
antibody against TEF3. As shown in Fig. 6C, expression of
siTEF3A partially inhibited the expression of TEF3, while
expression of siTEF3B alone or in combination with siTEF3A
almost completely inhibited the expression of TEF3 (Fig. 6C,
top panel). The same cellular extracts were immunoblotted
with an antibody against DSCR1-1L. As expected, expression of
siTEF3A partially inhibited the expression of DSCR1-1L, while
expression of siTERF3B alone or in combination with
siTERF3A almost completely inhibited the expression of
DSCR1-1L (Fig. 6D, top panel).
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FIGURE 7. Requirement of TEF3, not other TEF1 family members, for
VEGF-A"%*-induced M-CAT nuclear complex. A and B, HUVEC were
transduced with siTEF1A/B/C (siTEF1A, siTEF1B, and siTEF1C), siTEF3A/B
(siTEF3A and siTEF3B), siTEF4A/B/C (siTEF4A, siTEF4B, and siTEF4C),
SiTEF5A/B/C (siTEF5A, siTEF5B, and siTEF5C) or siNeg as control (A), with
SiITEF3A SiTEF3B individually or in combination (B). After serum starvation,
cells were stimulated with VEGF-A'® for 15 min. Nuclear extracts were
subjected to DNA mobility gel shift assays. The data represent three inde-
pendent experiments.

We then went onto to determine whether TEF3 was required
for VEGF-A'®*-induced the formation of the M-CAT tran-
scriptional complex. Nuclear extracts from VEGF-A'®>-stimu-
lated HUVEC that were transduced without or with TEF
siRNAs as indicated were subjected to EMSA. As shown in Fig.
7A, the DNA-protein complex induced by VEGF-A'®> was
almost completely inhibited by expression of siTEF3(A/B), not
significantly by TEF1, TEF4, and TEF5 siRNAs (Fig. 7A, band
indicated by arrow). Fig. 7B also indicated that expression of
siTEF3A and siTEF3B individually greatly inhibited the VEGE-
A'®-induced nuclear protein interaction with M-CAT element
(Fig. 7B).

TEF3 Directly Interacted with M-CAT Cis-element in Vitro
and in Vivo—To further confirm that TEF3 may be the major
nuclear protein in the M-CAT-nuclear protein complex
induced by VEGF-A'*®, we did antibody supershift assay by
addition of TEF3 antibody in the DNA binding reaction. We
found that TEF3 antibody, not the control IgG, nor antibodies
against any other TEF family members supershifted the VEGE-
A'-induced M-CAT protein complex (Fig. 84, arrow). Sur-
prisingly, the TEF3 antibody also supershifted the un-stimu-
lated protein-DNA complex, suggesting an unknown closely
related protein other than those known TEF family members in
HUVEC cross-reacted with TEF3 antibody (Fig. 84, band indi-
cated by arrowhead).

To determine whether TEF3, not other TEF1 family mem-
bers, actually binds to the M-CAT site in the DSCR1-1L pro-
moter in vivo, we performed CHIP assays. HUVEC were treated
with VEGF-A'®® as above, cross-linked with formaldehyde and
then subjected to immunoprecipitation (IP) with antibodies
against TEF1, TEF3 TEF4, TEF5, or IgG as a control. The chro-
mosomal DNA in the immunoprecipitated complexes was
extracts and subjected to PCR assay. The two primers were
designed according to the sequences to the putative M-CAT
binding site on the DSCR1-1 promoter, respectively. As shown
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FIGURE 8. TEF3 associated with M-CAT cis element in vitro and in vivo.
A, EMSA was performed as above with antibodies against TEF1, TEF3, TEF4,
and TEF5, respectively. TEF3 antibody, not other antibodies, supershifted
the M-CAT nuclear complex (lane 3). B, CHIP assay. HUVEC extracts were
immunoprecipitated with antibodies against TEF1, TEF3, TEF4, TEF5, and
IgG as a control. The immunoprecipitates were subjected to PCR to detect
the associated DSCR1-1L promoter element (top panel). The bottom is the
input DNA without immunoprecipitation. The data represent three inde-
pendent experiments.

in Fig. 8B, a PCR-amplified band was detected in the immuno-
precipitated complex with an antibody against TEF3, not with
other antibodies, nor control IgG (Fig. 8B). Our data clearly
indicated that TEF3 directly interacted with the M-CAT cis-
element in the DSCR1-1L promoter to mediate VEGF-A'¢>-
induced DSCR1-1L expression.

TEF3 Isoform 1 Induces DSCRI-1L Expression—So far, five
TEF3 isoforms have been reported in different cells (Fig. 94)
(36-39). However, it was not known which isoform(s) are
expressed in HUVEC. We cloned the TEF3 isoforms from the
RNA isolated from HUVEC by RT-PCR using the primers in
the 5'-untranslated region and 3'-untranslated region of TEF3
cDNA, respectively. By DNA sequencing analysis, we obtained
the TEF3 isoform 1 (TEF3-1) and TEF3-isoform 3 (TEF3-3)
c¢DNAs. The cDNA fragments were in-frame fused to the FLAG
tag in the N terminus and cloned into a retroviral expression
vector, which gave out almost 100% infection yield (26). The
retroviruses expressing these two genes were used to infect
HUVEC. As shown in Fig. 9B, both FLAG-TEF3-1 and FLAG-
TEF3-3 were overexpressed in HUVEC (Fig. 9B, top panel). The
same samples were analyzed by immunoblotting with the anti-
body against DSCR1-1L. Our data indicated that TEF3-1, not
TEF3-3, up-regulated DSCR1-1L expression (Fig. 9B, middle
panel).

DISCUSSION

Extensive studies have shown that angiogenesis and its asso-
ciated microvessel permeability play critical roles in tumor
growth. VEGF-A'® is likely the most important cytokine
involved in tumor angiogenesis. Avastin, an antibody that
blocks VEGF-A'®, has shown therapeutic effect in several
types of human cancers. However, Avastin has a number of side
effects. Therefore, it is desirable to study the downstream mol-
ecules that play a specific role in tumor angiogenesis, but not in
normal vascular structure. Our previous studies indicated that
Down syndrome candidate region 1 isoform 1L was up-regu-
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FIGURE 9. Induction of DSCR1-1L expression by overexpression of TEF3
isoform 1, not isoform 3. A, schematic representation of TEF3 isoforms.
B, cellular extracts from HUVEC that were transduced without or with LacZ,
TEF3-3, and TEF3-1 were analyzed by immunoblotting with antibodies
against FLAG (top panel), DSCR1-1L (middle panel), and B-actin as a protein
equal-loading control (bottom panel). The data represent three independent
experiments.

lated by VEGF-A'® in cultured endothelial cells and in several
types of mouse angiogenesis model in vivo (22). VEGF-A'®>-
induced endothelial cell proliferation and angiogenesis was
greatly inhibited by knocking down the expression of
DSCR1-1L with DSCR1-1L-specific siRNA (22). More recently,
Ryeom et al. (23) reported that tumor growth was greatly
repressed in DSCR1 knock-out mice lacking all DSCR1 iso-
forms, indicating the complexity of this family of protein in
tumorigenesis. Excitingly, we found recently that DSCR1-1L
was specifically expressed in tumor vascular structure, not in
normal vascular structure of human ovarian cancer tissues (22).
Our present work further showed that DSCR1-1L was
expressed in typical enlarged tumor microvessels of human kid-
ney carcinoma not in tumor epithelial cells. Therefore,
DSCRI1-1L may represent a promising and specific target for
tumor anti-angiogenic therapy.

Because of the unique feature of DSCR1-1L in tumor angio-
genesis, elucidation of the molecular mechanism responsible
for DSCR1-1L up-regulation in tumor microvessels became
very important. Because the study of the unique DSCR1 iso-
form DCSR1-1L is very limited, not to mention its gene regula-
tion, our present work became the first one to characterize how
this gene is regulated in any conditions. Unlike DSCR1-4,
DSCR1-1L is not likely to be induced through the Cn-NFAT
pathway (13-16) as the DNA sequence upstream of exon 1
lacks any putative NFAT binding sites (13—16). Cloning and
analysis of the 1.4-kb upstream region of DSCRI-1L gene
showed that this DSCR1-1L promoter drove strong luciferase
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reporter activity in endothelial cells. Further analysis of this
region led to identification of a unique family of transcriptional
factors TEF, which is responsible for VEGF-A'®’-induced
DSCRI-1L gene transcription based on a number of evidence.
Deletion of the putative TEF binding M-CAT site 1425-bp
upstream of the DSCR1-1L translation start site abolishes most
of DSCR1-1L promoter activity induced by VEGF-A'®®. Fur-
ther, a reporter construct containing three copies of this
M-CAT site can be functionally activated by VEGF-A'®®.
Therefore this M-CAT reporter plasmid can be used to meas-
ure transcriptional activity of the TEF family of transcriptional
factors.

M-CAT (muscle-specific CAT element) sequence (5'-CAT-
TCCT) is a highly conserved sequence bound by transcription
enhancer factor-1 (TEF1) family proteins (33). The human
transcriptional enhancer factor (TEF) family includes TEF1
(NTEF-1/Teadl) (40), TEF3 (RTEF-1/ETFR-2/FR-19/Tead4)
(38, 39, 41— 43), TEF4 (ETE/Tead?2) (38, 42), and TEF5 (DTEE-
1/ETFR-1/Tead3) (42, 44, 45). The TEFs share a highly con-
served 68-amino acid TEA/ATTS DNA binding domain in
N-terminal, which binds to SV40 GT-IIC (GGAATG), Sphl
(AGTATG), Sphll (AGCATG), and muscle-specific M-CAT
(GGTATG) enhancers. The tissue distribution of TEF1 family
members has been examined by a number of studies (39, 40, 42,
43,45, 46). Indeed, TEF1, TEF3, and TEF5 are widely expressed
in multiple tissues including the skeletal muscle, pancreas, pla-
centa, lung, and heart. In contrast to these three factors, TEF4 is
selectively expressed in a subset of embryonic tissues including
the cerebellum, testis, and distal portion of the forelimb and
hindlimb buds as well as the tail bud, but it is essentially absent
from the adult tissues. Our data clearly indicated that all of the
four TEF1 family members were expressed in HUVEC. TEF1
was originally identified to transactivate SV40 large T antigen
(47). Later, it was found to regulate the development of cardiac,
skeletal, and smooth muscles (37, 41, 48). Consistent with this,
TEF1 knock-out mice have defective heart development and
embryonic lethal phenotypes in mice (49). TEF3 (RTEF-1,
TEAD-4) was cloned from human heart cDNA library and had
similar tissue distribution to TEF1 (TEAD-1) with highest
abundance in skeletal muscle and lower levels in pancreas, pla-
centa, and heart (39). Most recently, TEF3 was also found to be
up-regulated in hypoxic endothelial cells to regulate VEGF pro-
moter (25). TEF3 is specifically expressed in skeletal muscle
precursors and implicated in muscle-specific gene expression
(38). TEF4 (TEAD-2) appears to be involved in central nervous
system development (38). TEF5 (ETFR-1, DTEF-1) is expressed
in placenta and regulates human somatomammotropin gene
enhancer and influences fetal development (38, 45). However,
nothing was known about their roles in VEGF-A'®* signaling.
In our studies, we found for the first time that it was TEF3, not
other TEF1 family members that is mainly required for the for-
mation of M-CAT nuclear protein complex induced by VEGE-
A'®® and for VEGF-A'®*-induced DSCR1-1L expression. Fur-
ther studies indicated that TEF3 directly interacted with
M-CAT in vitro and in vivo. The function of other TEF1 family
members in HUVEC remained to be elucidated. Our data that
TEF4 siRNAs slightly inhibited the expression of TEF3 and
DSCR1-1L may be due to two possibilities. TEF4 regulated the
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expression of TEF3 and hence regulated the expression of
DSCRI1-1L because we did not detect TEF4 interacted with
DSCR1-1L in antibody supershift assay, not in CHIP assay.
These data indicated that, even if TEF4 regulated DSCR1-1L
expression, it was regulated indirectly. The other possibility is
the nonspecific effect of the TEF4 siRNAs.

Transcripts of the TEF3 gene were first identified in chicken
tissue and demonstrated to be enriched in cardiac and skeletal
muscle (37). Full-length human homolog of TEF3 was identi-
fied from a heart cDNA library (39, 50). Northern blot analysis
of human tissues indicated the highest levels of expression in
skeletal muscle and pancreas, with lower levels in the heart,
kidney, and placenta, whereas the message was not detected in
the liver, lung, or brain (39). Northern blot analysis of the
mouse homolog of TEF3 indicated a different tissue expression
pattern when compared with that in humans. Adult mouse lung
tissue expresses the highest level, with very low levels in kidney,
heart, and skeletal muscle and undetectable amounts in liver,
thymus, spleen, and brain, whereas TEF3 message is abundant
in mouse embryonic skeletal muscle (43). TEF3 binds to the
myocyte-specific CAT (M-CAT) cis DNA elements to regulate
the expression of muscle-specific genes, and it requires muscle-
specific cofactors for full transcriptional activation (51). Anal-
ysis of TEF3 indicates that it contains 11 exons. So far five iso-
forms were identified to be expressed in muscle cells or human
ocular vascular endothelial cells and murine retina (36). TEF3-1
(1305 bp) and TEF3-4 (936 bp) are expressed under normoxic
conditions, while TEF3-5 (447 bp) is induced by hypoxic con-
dition in human retina vascular endothelial cells (RVECs) (36).
TEF3-1, TEF3-4, and TEF3-5 induced VEGF promoter activity
with 4-, 3-, and 12-fold, respectively. Analysis with deletion
promoter constructs showed that all isoforms required the
presence of Spl elements for efficient activation and that the
hypoxia response element (HRE) was not essential for enhance-
ment (25). However, prior to our studies, no evidence suggested
that TEF3 was involved in the angiogenic effect of VEGF-A'®".
We cloned two TEF3 isoforms (TEF3 isoform 1 and TEF3 iso-
form 3) from HUVEC RNA and overexpressed them in
HUVEC. Our results indicated that full-length TEF3 isoform 1,
not truncated TEF3 isoform 3, regulated the expression of
DSCR1-1L.

In summary, we have identified a novel transcriptional
mechanism that mediates VEGF-A'®*-induced DSCR1-1L
expression, in which VEGF-A'®® induced interaction of TEF3
with the M-CAT cis element of DSCR1-1L promoter. Based on
our previous report showing that DSCR1-1L may act as a pro-
angiogenic factor, we assume that TEF3 may also function to
promote angiogenic response. Future study will aim to eluci-
date the signaling pathway by which VEGF-A'®® induces the
activation of TEF3 and also to investigate the role of TEF3-1
and other TEF3 isoforms in tumor angiogenesis.
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