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Table 2. Information about 3 overlap blocks

Qverlap No, of UniGenes in No. of UniGenes in No. of Common UniGenes Similarity Birding Sites of Transcription
Block Cluster of TOL Cluster of SHAM {Evaluation Yalue) ATS Facters: No, of Genes (Evaluation Yalue)
A 156 147 54{E = 46.9) 0.42 VSAHRARNT_O01:{4 (E = 2.10)

B 190 132 60 (£ = 53.3) -0.28 VIEGRI_01:6 (E = 2.0D)
C 99 207 43 (E = 34.8) -0.23 VSHIF1_Q3:11 (E = 2,33)

Exploration with CODM allowed us to pick up 3 potentially important “overlap blocks. The *No. of UniGenes in Cluster of TOL(/SHAM)” is the number
of UniGenes which correspond to probes included in a cluster of TOL{/SHAM). The “No. of Common UniGenes” is the number of common genes shared
between the clusters of TOL and SHAM, and its statistical evaluation value, (E,) is shown in parentheses. The “Similarity f (T.5)" is the similarity of the
expression patterns between the clusters of TOL and SHAM. The range of similarity £ (7.5} is —1 (dissimilar) to 1 {similar). The “Binding Sites of Transcription
Factors” shows the name of putative binding sites of transcription factors, the number of common genes that share the same binding sites, and the E value of
the number of common genes with the same binding sites, if the evaluation value is 2.0 or higher. TOL, induced ischemic tolerance; SHAM, shamoperation.
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Fig. 5. Expression patterns of genes in the three overlap blocks, These are the expression patterns of common genes for the three overlap blocks that were picked
vp through exploration with CODM (Fig. 4). The “Expression Patterns of Cluster T{/S,)” (i = a,b.c) are the expression patterns of the common genes of the
overtap block i in TOL{/SHAM).
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A Cut-level =0.84

use of the color of overlap blocks, although it may be difficult
to extract biological conclusions because of the limited number
of genes with the putative binding sites in the overltap blocks.
If binding site information from more genes becomes avail-
able, then more detailed analysis of results will be possible.
Furthermore, representation of relationships with other known
gene classifications should provide us with deeper insights,

Threshold Problems

Arbitrary selection of thresholds involves a risk of overlook-
ing important genes. In a comparison of cluster sets on gene
expression profiles, there are four types of thresholds: 1) a
threshold for generating clusters for each condition; 2) a
threshold for evaluating the number of common genes that two
clusters share; 3) a threshold for evaluating the differences in
the expression patterns between two clusters; and 4) a thresh-
old for evaluating the relationship with other known gene
information. The CODM reduces the number of thresholds and
allows users to interactively change the thresholds as follows.

1) Threshold for generating clusters for each condition.
Since conventional hierarchical clustering does not focus on
subclusters that are included in other clusters, there is a risk
that the important subclusters could be overlocked. In the
CODM, overlaps of genes between any two clusters of TOL

B Cutlevel=0.79

Fig. 6. Interactive changes of cut levels, In
CODM, there is a risk that a small overlap
bleck may be hidden in a large block. To
avoid this problem, CODM allows the user to
change the cut level interactively. If the user
decreases the cut level, then some small
blocks that are hidden in larger blocks will
emerge. By considering the homogeneity of
clusters and the relationships with other gene
information, the wser can find important
genes displayed as blocks in the CODM.

and SHAM are statistically evaluated, even if these are

included in other clusters. In addition, the CODM allows

users to interactively change the cut level, to reduce the risk
that a small overlap block may be hidden in a large block
(Fig. 6). Therefore, by considering the homogeneity of
clusters and the relationships with other known gene infor-
mation, the user should be able to find the important genes
displayed as blocks.

2) Threshold for evaluating the number of common genes
shared by two clusters. In CODM, the statistical significance of
the number of common genes between two different clusters is
represented as the height of a block, and statistical signifi-
cances of the overlap of all combinations of clusters are
displayed as a 3D histogram at the same time. Therefore,
without the selection of an arbitrary threshold, the distribution
of the statistical significance of the overlap is effectively
displayed. Although (to reduce the rendering load) Fig. 4
shows only overlap blocks with 2.0 or higher evaluation values
of the overlap, users can interactively change this value.

3) Threshold for evaluating the differences in the expression
patterns between two clusters. CODM represents the differ-
ences in the expression patterns between two clusters by the
color of the blocks ranging from red to blue. Therefore, the
distribution of differences in the expression patterns of all
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combinations of clusters is displayed at the same time, without
any selection of an arbitrary threshold.

4} Threshold for evaluating the relationships with other
known gene information. Although only overlap blocks with
2.0 or higher evaluation values for the representation of genes
with putative transcription factor binding sites were color
coded in Fig. 4E and Fig. 4F, users can interactively change
this value.

Conclusion

In this report we described the characteristics of the CODM
method, a visualization tool for comparing clustering results of
gene expression profiles under two different conditions. In
CODM, the utilization of 3D space and color allows us to
intuitively visualize changes in the composition of cluster sets,
changes in the expression patterns of genes between the two
conditions, and the relationships with a known gene classifi-
cation such as transcription factors. Comparison of dynamic
changes of gene expression levels across time under different
conditions is required in a wide variety of fields of gene
expression analysis, including toxicogenomics and pharmacog-
enomics. Since CODM integrates and simultaneously visual-
izes various types of information across clustering results, it
can be applied to various analyses in these fields.

APPENDIX
Similarity iT,5)
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The similarity 7, S) satisfies the following inequality:
- 1=fT,5) =1

Proof. Since AT.5) = | is obvious, we only nced to prove —1 =
AT.5). We begin by showing that

"
g= 22.:,)',-2 -1
i~1
where
12
D+ =1

We consider the Lagrangian function

12 12
L=22xy+v) 2,0 +y) -1
=1 i

where v ts a Lagrange undetermined multiplier. By taking the deriv-

ative, we convert the constrained optimization problem into an un-
constrained problem as follows:

alL .
— =2y +2y5,=0 (i=1...12)
ox;
ol
—=2x+2y,=0 (i=1...12)
aY;
FY -
—= P4y -1=0
oy D +yh
The solutions of this problem are
L=y (=12..,12), y= — 1=>g has maximum value |
or

x=—v (=12...,12), += 1=ghasthe minimum value —1

Therefore,
1 Nrs 12 1 Nrs
AT = — > Dy z— D=1 = =1
NTS NTS
k=1 i=1 k=1
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There is accumulating evidence to suggest that palin-
dromic AT-rich repeats (PATRRs) represent hot spots of
double-strand breakage that lead to recurrent chromo-
somal translocations in humans, As a mechanism for
such rearrangements, we proposed that the PATRR
forms a cruciform structure that is the source of
genomic instability. To test this hypothesis, we have
investigated the tertiary structure of a cloned PATRR.
We have observed that a plasmid containing this PATRR
undergoesaconformationalchange,causingtemperature-
dependent mobility changes upon agarose gel electro-
phoresis. The mobility shift is observed in physiologic
salt concentrations and is most prominent when the
plasmid DNA is incubated at room temperature prior to
electrophoresis. Analysis using two-dimensional gel
electrophoresis indicates that the mobility shift results
from the formation of a crucifeorm structure. S1 nuclease
and T7 endonuclease both cut the plasmid into a linear
form, also suggesting cruciform formation. Further-
more, anti-cruciform DNA antibody reduces the electro-
phoretic mobility of the PATRR-containing fragment.
Finally, we have directly visualized cruciform extru-
sions from the plasmid DNA with the size expected of
hairpin arms using atomic force microscopy. Our data
imply that for human chromosomes, translocation sus-
ceptibility is mediated by PATRRs and likely results
from their unstable conformation.

The constitutional t(11;22)}q23;q11} is the only known recur-
rent non-Robertsonian translocation in humans, Its recurrent
nature implicates a specific genomie structure at the t(11;22)
breakpoeints. Analyses of numerous independent t(11;22) cases
have localized the breakpoints within palindromic AT-rich re-
peats (PATREs)! on 11923 and 22q11 (1-4). Most 11;22 trans-
locations show breakpoints at the center of the PATRRs, sug-
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gesting that the center of the palindrome is susceptible to
double-strand breaks, leading to the translocation (5, 6). In-
deed, translocation-specific PCR detects a high frequency of de
noveo t(11;22)s in normal sperm samples (7).

The breakpoints on 22q11 are located within one of the
unclonable gaps in the human genome (8, 9). Extensive screen-
ing of YAC/BAC/PAC libraries has not been successful in clon-
ing this breakpoint region. However, experimentally derived
sequences from numerous £(11;22) junction fragments demon-
strate that the 22ql1 breakpoints reside within a larger
PATRR. The breakpoints of a variety of translocations invelv-
ing 22q11 cluster within this region, suggesting that the 22q11
PATRR is highly unstable (10-13). More recently, molecular
cloning of translocation breakpoints has demonstrated similar
palindromic sequences on partner chromosomes, such as
17q1l, 4q35.1, and 1p21.2 (14 -16).

It has been suggested that for palindromic sequences in
double-stranded DNA, the interstrand base pairs might con-
vert to intrastrand pairs, producing a set of hairpin structures
deseribed as a cruciform (see Fig. 14). In appropriate condi-
tions, these structures can be generated from palindromic DNA
in vitro and visualized directly by electron microscopy (17).
Under physiological conditions, cruciform extrusion is usually
kinetically blocked; it appears to take place only in response to
heating, suggesting that a considerable amount of energy is
required for cruciform extrusion (18). However, under appro-
priate conditions, palindromic DNA prefers to extrude cruei-
form arms even at physiological temperatures (19). In a previ-
ous report, we demonstrated that the PATRRs on 11923,
17q11, and 22q11 are all comprised of a long AT-rich region
with relatively GC-rich ends (5, 14), We have proposed that the
AT richness of the PATRRs contributes to strand separation at
physiclogical temperatures, whereas the relatively GC-rich
ends contribute to the stable intrastrand complementary inter-
action of the PATRR. These characteristics are likely to induce
or favor the formation of a cruciform structure.

In this study, we have investigated the in vitro tertiary
structure of the 11q23 PATRR and demonstrated that it forms
a cruciform structure at physiological conditions. Our data
suggest that PATRRs may form unstable structures that lead
to chromosomal translocations in humans. These data also
implicate a biological role for the temperature-sensitive confor-
maticnal change characteristic of palindromic DNA,

EXPERIMENTAL PROCEDURES

PATRR Plasmid—A plasmid containing the chromosome 11 PATRR
(204 bp) was constructed by PCR and TA cloning as described previ-
ously (psPATRR11) (1). The control plasmid that deletes the PATRR
region was constructed using BAC 442e11, which deletes almost the

356377

—107—



35378

=

Cruciform DNA at Chromosomal Translocation Breakpoint

cx [0ann PATRE }
i psPATRR11 { | [204bp PATRR | t i
£ -
g3
Z B H
‘éé APATRR11 | | ! ]
£x p i T 1 i
Ez
=]
2
z
;
2
centromere &fj,% telomere
& TATATTAARTATT ™ F PTAARTTCATICACTCAACAAATATTTATT —3
£ VINIVVLLLY.LYY 3 “p VW LLIVVOIVYOINDLIOLLIVINVVIYY =S
4

- - = - TATATATATAICICATACAACTCAGC AAGACAARAAL
e VLVJ.V\IJV.LV.L\’DVQLV\LNLDVWLW{

V

FiG, 1. Agarose gel electrophoresis of the PATRR plasmid. 4, putative cruciform structure of the PATRR of chromosome 11. B, schematic
representation of psPATRR11 and pAPATRRI1L. The box indicates the inverted repeat region, whereas each arrow indicates the repeat unit.
pAPATRR11 deletes almost the entire 204-bp PATRR region. Bold vertical lines indicate the cloning sites of the plasmids. The thin vertical lines
indicate restriction sites for the following enzymes: BamHI (8) and Hincll (H), C, agarose gel electrophoresis of psPATRR11 and pAPATRR11. Lare
M, molecular size marker; lane 1, psPATRR11; lane 2, pAPATRR11. OC, open circle; L, linear; SC, supercoiled circle.

entire PATRR region (pAPATRRI11). Plasmid DNA was isolated by
means of alkaline lysis (denaturing) or Triton lysis (non-denaturing)
methods and purified using ion-exchange columns (Qiagen) without the
use of phenol. Isopropancl-precipitated DNA was dissolved in phos-
phate-buffered saline/1 mym EDTA. All of the procedures were per-
formed at 4 °C in a cold room to avoid artifactual cruciform extrusion
during the precedure, Isolated plasmid DNA was divided inte small
aliquots and immediately frozen until used in an experiment. The
plasmid was quickly thawed, incubated at a given temperature, and
then cooled on ice before electrophoresis.

DNA topoisomers containing different linking numbers were pre-
pared by relaxation of the DNA with topoisomerase I (Invitrogen) in the
presence of varied concentrations of ethidium bromide as described
(20). Several samples with different ranges of linking numbers were
pooled to produce a mixture with a broader distribution of topoisomers,

Two-dimensional Gel Electrophoresis—Standard agarose gel electro-
phoresis was performed in horizontal gel slabs immersed in 1X Tris/
borate/EDTA (TBE) electrophoresis buffer. The 0.7% agarose gel was
prepared in TBE in a square gel tray. Electrophoresis was performed at
45 V for 20 h at 4 °C. The gel was stained in water plus ethidium
bromide at 1 pg/ml for 2 h followed by extensive destaining in several
changes of water before photography. For two-dimensicnal gel electro-
phoresis, the sample was applied at the left upper corner. Electrophore-
sis in the first dimension was performed using the same conditions as
for standard electrophoresis. The gel was then soaked in TBE plus
chloroquine (0.75 ug/ml) (Sigma) for 8 h with gentle agitation for equil-
ibration. After soaking, the gel was rotated clockwise 90° from the
original position. Electrophoresis in the second dimension was per-
formed in TBE plus chloroquine at 45 V for 20 h. The gel was then

soaked in several changes of deionized water to remove the chloroquine.
The gel was stained in water plus ethidium bromide in similar condi-
tions as for standard agarose gel electrophoresis. To stabilize the cru-
ciform structure, two-dimensional gel electrophoresis was also per-
formed in Mg®* -containing buffer (0.5 TBE, 10 mm MgCl,) for the first
dimension (21). Electrophoresis was carried out at 45 V for 30 h at 4 °C,
replacing the electrophoresis buffer every 6 h (22).

Nuclease Sensitivity Assay—T7 endonuclease (New England Bio-
Labs), S1 nuclease (Takara), and nuclease I’1 (Roche Applied Science)
digestions were performed at room temperature for 1 h in the appro-
priate buffers. 10 units of T7 endonuclease, 1 unit of S1 nuclease, and
0.1 units of nuclease P1 were used for digestion of 1 ug of plasmid. After
digestion, the plasmid DNA was precipitated with ethanol and then
subjected to 0.7% agarose gel electrophorests.

For mapping of the cleavage sites, the nuclease-digested plasmids
were purified, digested with EcoRI or BstXl, and then subjected to 2%
agarose gel electrophoresis. The fragments were purified and sequenced
using internal primers. )

Electrophoretic Mobility Shift Assay (EMSA)—EMSA was performed
as described previously {23), using a monoclonal antibody against cru-
ciform DNA, 2D3 (24). To shorten the DNA fragment, psPATRR11 and
pAPATRR11 were digested with BamHI and Hincll and subcloned into
pT7Blue. 100 ng of supercoiled plasmid DNA was incubated at 4 °C for
1 b in 20 pl of binding buffer (10 mM Hepes, pH 7.8, 100 mM NaCl, 1 mum
EDTA, and 5 mM MgCl,) with or without 2D3. A second circular plas-
mid was added simultaneously into the reaction fer nonspecific compe-
tition. After the addition of 2 pl of 10X restriction digestion buffer, the
plasmid was digested for 30 min at room temperature with 5 units of
both BamHI and HindlII. Subsequently, 1 unit of Klenow fragment and
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10 mCi of [a-**PIdCTP were added to the reaction mixture, and incu-
bation continued for 10 min, The fragments were resolved on 4% non-
denaturing polyacrylamide gels at 4 °C at 5 V/em. Gels were dried and
exposed for an appropriate time.

Atomic Force Microscopy (AFM) Experiments—The plasmid DNA
sample (10 p1) was dripped onto a mica substrate coated with spermine,
rinsed with 1 ml of water, and blown with dry nitrogen gas. AFM
analysis was carried out using a Nanoscope Illa Multimode system
(Digital Instruments Inc., Santa Barbara, CA) in the tapping mode at
room temperature in air, Silicen cantilevers of 127 um in length with a
spring constant of 48 newtons/m were purchased from Nanosensors
(Wetzlar-Blankenfeld}. Typical resonant frequencies of these tips were
340 kHz. The 512 X 512 pixel images were collected at a rate of two scan
lines/second. The contour lengths of the DINA were determined using
NIH Image software.

To lock the PATRR plasmid into the cruciform structure, DNA cross-
linking was performed by a method similar to that described previously
(25}. In brief, plasmid DNA was dissolved in a solution of 4,5',8-trim-
ethylpsaralen (100 gg/ml) and exposed to UV light at 365 nm for 5 min.
The DNA was digested with EcoRl, purified, and then subjected to
AFM.

RESULTS

PATRR Plasmid Prefers to Be in Its Relaxed State—We have
hypothesized that the PATRR forms a cruciform structure even
in physiological conditions, leading to genomic instability in
humans. To test this hypothesis, we have examined the terti-
ary structure of a cloned 11q23 PATRR. This PATRR is too
unstable to be cloned into a plasmid vector in its entirety. The
1123 BAC including the t(11;22) breakpoint region inevitably
deletes the PATRR during bacterial culture. YACs that span
this region also delete the PATRR, suggesting that it is unsta-
ble even when yeast is used as the host. Previously, we iden-
tified a short polymorphic version of the PATRR (Fig. 1B) that
can be stably expanded as a plasmid in Escherichia coli (5). We
prepared the short PATRR-containing plasmid (psPATRR11),
ag well as a plasmid that deletes the PATRR (pAPATRR11), in
a buffer at physiological salt concentration (phosphate-buffered
saline/EDTA) and used them for the following studies.

First, we analyzed the plasmids prepared by the standard
alkaline lysis method. Upen standard agarose gel electrophore-
sis, a plasmid usually yields three bands, which correspond to
supercoiled, linear, and open circular DNA. In addition to the
expected bands, the psPATRR11 showed a ladder migrating at
the position for supercoiled DNA, The pAPATRRI11 did not
yield such a ladder (Fig. 1C). Each band of the ladder corre-
sponds to a topoisomer containing different linking numbers.
Relaxed topoisomers move slowly in the gel. The observed
ladder suggests that the PATRR-containing plasmid, unlike
the plasmid without the PATRR, prefers to be in its relaxed
state in solution.

Cruciform formation invelves unpairing of the complemen-
tary strands and thus reduvces the interstrand twist number,
For negatively supercoiled DNA, a reduction in twist number
reduces the degree of supereoiling and thus would cause a
reduction in electrophoretic mobility. The observed ladder is
consistent with cruciform formation of the PATRR plasmid.

Nuclease Sensitivity Assay—Cruciform DNA is known to be
digested by S1 nuclease, nuclease P1, or T7 endonuclease (26).
To confirm cruciform extrusion of the psPATRR11 and exclude
the possibility of other conformational variants, we examined
the nuclease sensitivity of the PATRR plasmid prepared by the
alkaline lysis method. S1 nuclease, which is known to cut
single-stranded DNA at the tip of the cruciform structure,
cleaved most of the supercoiled psPATRR11 into a linear form
(Fig. 2, lane 2) but cleaved only a small amount of the
pAPATRR1! or TA cloning vector (Fig. 2, lanes € and 10). Since
the pH for the 81 nuclease reaction buffer is so low, it may nick
the plasmid and affect the results. Thus, we also incubated the
plasmid with buffer, which resulted in no background linear-
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pSPATRR11 paPATRRIN

Fic. 2. Nuclease sensitivity assay of the PATRR plasmid. The
original plasmid, plasmid with S1 nuclease digestion, plasmid with T7
endonuclease digestion, and plasmid with restriction enzyme digestion
that cuts the plasmid only once were subjected to agarose gel electro-
pharesis in this order. Lenes I-4, psPATRR11; lanes 5-8, pAPATRR11;
lanes 9-12, TA cloning vector. The arrows indicate the position of the
linear form of psPATRR11 {(a), pAPATRRI1L (&), and TA cloning vector
(c}. 81, 81 nuclease; T7, TT endonuclease; RE, restriction enzyme.

ization {data not shown). Nuclease P1, which can react at
physiological pH, produced similar results (data not shown). To
exclude the possibility that $1 nuoclease cleaves single-stranded
DNA of the psPATRRI1 only because of the AT-rich nature of
the palindrome, we used T7 endonuclease, which can cut the
four-way junction of the eruciform structure. When incubated
at room temperature, a considerable amount of the ps-
PATRR11 was digested by T7 endonuclease into a linear form
(Fig. 2, lane 3). In contrast, the endonuclease did not cut either
pAPATRR11 or the TA cloning vector (Fig. 2, lanes 7 and 11).

Two-dimensional Gel Electrophoresis—To confirm cruciform
extrusion of the psPATRR11 further, we performed two-dimen-
sional gel electrophoresis. The first dimension, run in the ab-
sence of intercalative ligands, resolves the topoisomers on the
basis of torsion in the backbone. Since structural transitions
due to unwinding torsion are reversed in the presence of chlo-
roquine, a second dimension run in the presence of this ligand
resolves the topoisomers on the basis of linking differences.

Examination of psPATRR11 prepared by the standard alka-
line lysis method reveals two non-continuous downward-
sloping curves on the gel, suggestive of an abrupt structural
transition (Fig. 34). Next, we treated psPATRR11 with topoi-
somerase I in the presence of various amounts of ethidium
bromide so as to prepare plasmids with broader topoiscmer
distribution, After topoisomerase 1 treatment, psPATRRI11
yields an additional curve above the original two (Fig. 3B). This
additional curve corresponds to more relaxed topeisomers gen-
erated by topoisomerase I treatment. In the first dimension,
the electrophoretic mobilities of eruciform-containing topoiso-
mers are retarded in comparison with the same topoisomers
without the cruciform, whereas these two forms migrate iden-
tically in the second dimension. This is the result of the elim-
ination of cruciform structures in the presence of chloroquine,
which acts to reduce torsional stress. Since a greater degree of
negative supercoiling is known to accelerate cruciform extru-
sion (17, 18), the two minor curves on this gel are likely to
originate from cruciform DNA.
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Fic. 3. Two-dimensional gel electrophoresis of the PATRR
plasmid. A, psPATRR11 prepared by the alkaline lysis methed. B,
psPATRR11 treated with topoisomerase I in the presence of various
amouats of ethidium bromide. C, topoisomerase [-treated psPATRR11
digested with T7 endonuclease. D, topoisomerase [-treated psPATRR11
digested with S1 nuclease. Two downward-sloping curves originating
from cruciform extrusion are observed at the lower right side on both
the A and the B gels, but neither are observed in the C nor in the D gel.
Spots at the upper left side on the gels originate from open circular
nicked plasmids, whereas spots near the center of the gels are from
nuclease-cleaved linear plasmids.

We digested topoisomerase I-treated psPATRR11 with S1
nuclease or T7 endonuclease prior to the two-dimensional gel
electrophoresis. As expected, the two minor curves virtually
disappeared as a result of nuclease digestion, whereas the
other curve remained unchanged (Fig. 3, C and D). Large spots
indicative of open circles and linear DNA appeared instead.
These results demonstrate that two minor ares originate from
cruciform DNA and that, combined with the data derived from
undigested psPATRR11, the majority of psPATRR11, when
isolated by the alkaline lysis method, forms a cruciform
extrusion.

Mg2* ig known to stabilize a cruciform structure (21, 22). We
repeated the two-dimensional gel electrophoresis experiments
in Mg? " -containing buffer for the first dimension. The results
were similar to those scen for standard TBE buffer (data not
shown).

Mapping of Nuclease Cleavage Sites in the PATRR—The
presence of two curves on the two-dimensional gel indicates
that the psPATRR11 adopts two types of cruciform conforma-
tions. To lecalize the subregion of the PATRR responsible for
cruciform extrusion, we mapped nuclease cleavage sites using
restriction enzyme digestion (Fig. 4, A and B). Both T7 endo-
nuclease and S1 nuclease yielded several fragments that were
shorter than that of the PATRR-containing fragment, whereas
the intensity of the original fragment was reduced by treat-
ment with the nucleases. The pattern of cleavage provides
additional support toward confirming cruciform extrusion of
the PATRR region of the plasmid.

To further map the cleavage sites, we performed sequence
analysis of each nuclease-cleaved fragment. Four EcoRI-T7
endonuclease fragments were sequenced, and we localized the
cleavage sites at two positions (Fig. 4C). Thus, we conclude that
psPATRR11 forms large and small cruciform extrusions as was
predicted from the two-dimensional gel analysis. The small
cruciform extrusion originates from the 36-bp region at the
center of the PATRR. Further, the PATRR has a relatively

Cruciform DNA at Chromosomal Translocation Breakpoint

GC-rich region at both ends (1, 5). Thus, the large cruciform
originates from the region that excludes this GC-rich region.
The cleavage sites of S1 nuclease were rather complicated. One
of the cleavage sites colocalized with the precise center of the
PATRR, the putative tip of the c¢ruciform structure (Fig. 4C).
The rest of the cleavage sites of S1 nuclease were mapped at
the mismatch regions between the proximal and distal arms of
the PATRR. These results suggest intrastrand annealing
within the PATRR, which is also consistent with cruciform
formation.

Temperature-sensitive  Structural Transition of the
PATRR—To determine whether the PATRR plasmid adopts
cruciform conformation in E. coli, we have prepared the plas-
mid by a Triton lysis method (non-denaturing method) since
denaturation of the PATRR can induce artifactual cruciform
formation. Unlike plasmids isolated by the alkaline lysis
method, psPATRR11 did not yield a characteristic ladder in
standard agarose gel electrophoresis (Fig. 54, lane 1}. This
suggests that the psPATRR11 does not form a cruciform in E.
coli.

Next, we incubated the psPATRR11 at various temperatures
for 1 h prior to agarose gel electrophoresis. Mobility retardation
of the supercoiled plasmid was observed as a characteristic
ladder in samples incubated at temperatures between 16 and
37 °C (Fig. 5A). This band shift must be the result of a transi-
tion from non-cruciform to a eruciform conformation. Unexpect-
edly, mobility retardation was most prominent in the plasmid
incubated at room temperature. The ladder appeared as soon
as 1 min after the start of incubation at room temperature, and
the fraction of upward shifted bands expanded with increasing
duration of incubation (Fig. 58). Since the band pattern of the
sample after 1 h of incubation was similar to that prepared by
the alkaline lysis method, incubation at room temperature for
1 h appeared to be sufficient for a large fraction of the plasmid
to form the cruciform extrusion. The sample incubated for 1 h
at room temperature was subjected to two-dimensional gel
analysis, producing similar results to that prepared by the
alkaline lysis method (data not shown),

EMSA—We performed EMSA using the anti-cruciform anti-
body 2D3, which recognizes cruciform DNA (24). To reduce the
size of the PATRR fragments, we subcloned BamHI/Hincll
fragments into a plasmid vector (Fig. 1B). The sizes of the
subfragments from psPATRR11 and pAPATRR11 are 375 and
162 bp, respectively. Plasmid DNA samples prepared by the
Triton lysis method were used for EMSA. Without any prein-
cubation of the plasmid, the addition of the 2D3 antibody did
not result in a band shift for the subfragments from ps-
PATRRI11 {Fig. 6, lanes 9 and 10) or from pAPATRR11 {(data
not shown). However, when the plasmids were incubated at
room temperature for 7 days prior to the reaction to maximize
the fraction adopting cruciform conformation, subfragments
from psPATRR11 demonstrated a robust band shift in an an-
tibody concentration-dependent manner (Fig. 6, Ianes 1-3). The
subfragment from pAPATRRI11 did not show a band shift even
after incubation at room temperature for 7 days (Fig. 6, lanes
4-6). Since retardation of psPATRR11 was not observed with
control monoclonal antibodies (Fig. 6, lanes 7 and 8), this band
shift indicates that the 2D3 antibody bound specifically to the
PATRR plasmid incubated at room temperature.

AFM Study—We used atomic force microscopy to examine
the tertiary structure of the PATRR plasmid and to directly
visualize the cruciform extrusion (27). We examined ps-
PATRR11 prepared by the Triton lysis method. Initial exami-
nation revealed no overt cruciform extrusion (Fig. 74). How-
ever, after incubation of the DNA samples at room temperature
for 7 days, 37 of 45 plasmids analyzed (82.2%) showed cruci-
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Fic. 4. Mapping of nuclease cleavage sites in the PATRR. A, mapping by digestion with restriction enzyme. 51, 81 nuclease; T7, T7
endonuclease; RE, restriction enzyme. B, restriction map of the PATRR-flanking region. C, mapping by sequencing. The entire PATRR is shown
as u putative hairpin structure predicted by mfold seftware (mfold.burnet.edu.au/dna_form). The arrows indicate cleavage sites with T7
endonuclease, whereas the arrowheads indicate those with S1 nuclease. the relatively GC-rich region is indicated by a bracket.

form extrusions (Fig. 7, B and C). The mean length of extru-
sions was 23.2 + 4.3 nm., Since the size of the PATRR is 204 bp,
the predicted size for the cruciform arm is 34.68 nm. When the
GC.-rich region at both ends of the PATRR (31 bp each) was
excluded, the predicted size of the cruciform arm is 24.14 nm,
which nearly corresponds to the observed size. Two types of
extrusions are expected; those with extended or those with
acute geometry of the cruciform arms. However, all of the
observed cruciforms had acute geometry (X-type), with a mean
cruciform arm angle of 89.3 + 35.2°. The small cruciform, the
size of which was predicted to be 6.12 nm from its nucleotide
size (18 bp), was too small to be identified by AFM.

To localize the cruciform extrusion of the psPATRR11 within
the PATRR region, we separated the insert including the

PATRR (1 kb) from the plasmid vector (4 kb). psPATRR11 was
cross-linked with psoralen and UV prior to EcoRI digestion.
Cruciform extrusion was observed at the center of the 1-kb
fragment but not in the 4-kb fragment (Fig. 7D), demonstrating
that the PATRR formed a cruciform extrusion.

DISCUSSION

In this study, we have demonstrated that the 1123 PATRR
located at the t(11;22) breakpoint region can form a cruciform
structure in vitro. Most individuals carry a 445-bp PATRR with
an AT content of 93%. The homology between the proximal and
distal arms is 98%, comprising a nearly complete palindromic
structure (5). Previously, we identified a short pelymorphic
allele of the PATRR among a group of individuals. The total
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f16. 5. Temperature-sensitive structural transition of the
PATRR. A, temperature-dependent gel mobility shift of the PATRR
plasmid. psPATRR11 prepared by the Triton lysis methed was incu-
bated at various temperatures shown on the top. A, psPATRR11 pre-
pared by the alkaline lysis method. M, molecular size markers. B, a
time course of incubation at room temperature. psPATRR11 was incu-
bated at room temperature for periods indicated on the top.

size of the short PATRR is 204 bp, with an AT content of 88%.
The homology between the proximal and distal arms is 88%,
with a 34-bp asymmetric center. Sinee it is difficult to clone
DNA containing the complete palindrome, the plasmid we used
for structural analysis contained this shorter version of the
1123 PATRR. QOur results clearly demonstrate that the short
11q23 PATRR forms a cruciform configuration at physioclogical
conditions. Although there is no direct evidence that the short
PATRR is involved in genesis of the translocation, one excep-
tional t{11;22) case appears to have originated from a short
PATRR (5). Thus, it scems likely that the short PATRR be-
haves similarly to the long PATRR. It is reasonable to predict
that the long 445-bp PATRR, as well as other PATRRs involved
in chromosomal translecations, may also form cruciform struc-
tures that induce genomic instability,

It has been suggested that palindromic DNA capable of form-
ing unstable cruciform structures induces both homologous and
illegitimate recombination, leading to translocations. The data
presented here support this proposed mechanism. Although
the mechanism of PATRR-mediated double-strand break in-
duction remains unknown, it is possible that the cruciform
structure blocks progression of the replication fork, generating
free ends that must be repaired (28, 29). Alternatively, a con-
formation-specific endonuclease may cleave at the center of the
PATRR. However, no key enzyme to catalyze this cleavage has
been identified. Cruciform structures that comprise a four-way
junction resemble Helliday junctions, which may be a target for

Cruciform DNA at Chromosomal Translocation Breakpoint

2 3 4 5

mmm

kL

¢4 ¢t 05 ¢ 1
contref - - - - - - 1 O - -

{uglul)

FiG. 6. Gel electrophoresis mobility shift assay of the PATRR
fragment. psPATRR11 (lanes 1-3) or pAPATRRI11 (lanes 4-6) pre-
pared by the Triton lysis method was incubated at room temperature
for 7 days and then reacted with anti-cruciform antibody, 2D3. For
psPATRR11, ancther monoclenal antibody was used as a control (lares
7-8). psPATRR11 without incubation at room temperature was also
reacted with 2D3 {fanes 9-10). The concentration of 2D3 antibody is
indicated at the bottor. The arrow indicates the shifted band.

Al Bf &

Fic. 7. AFM image of the PATRR plasmid. A, an AFM image of
psPATRR11 prepared by the Triton lysis method, B, an AFM image of
the psPATRR11 after incubation at room temperature. C, another im-
age of psPATRR11 at a higher magnification. D, an AFM image of
psPATRR11 after DNA cross-linking followed by restriction digestion.
The arrows indicate the cruciform extrusion. Longer fragments without
cruciform structure may originate from the cloning vector. The scale bar
is indicated in pm,

Holliday junction resolvase. Such a break might be repaired
by non-homologous end joining, for there are symmetrical bx;
1deletionsba at the center of the PATRR, and there is no
homology between the sequences of the translocation break-
point partners (16).

In this report, we have demonstrated that cruciform extru-
sion is temperature-sensitive. Interestingly, cruciform forma-
tion is most efficient at room temperature, consistent with
previous observations by Panyutin et al. (19). We have often
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observed strand separation of the PATRR fragment even at
37 °C.2 The temperature-induced drop in cruciform formation
might be attributed to the competition for superhelix energy
release, taking place between cruciform and open regions
within the premelting range. We previously reported that only
meiotic cells undergo this translocation (7). This prompted the
hypothesis that PATRR-mediated translocations may repre-
sent errors in meiotic recombination and that the double-
strand break catalytic enzyme involved in meictic recombina-
tion might recognize a specific DNA conformation. Male
meiosis might be permissive to such temperature-sensitive cru-
ciform extrusion, and we have previously identified frequent de
novo (11;22)s in male meiosis. Unfortunately, a similar oppor-
tunity does not exist to examine female meiotic cells. We have
analyzed only one case of a de novo t(11;22), and it indicated an
origin in the paternal germ line.? Thus, it is not unreasonable
to imagine that PATRR-mediated translocations might occur
only in male meiotic cells generated at a lower body
temperature.

In vivo cruciform extrusion is still controversial. No report
has directly demonstrated in vivo cruciform structures in pal-
indromic DNA. Although previous studies addressed cruciform
DNA in E. coli, others have argued against the phenomenon
(18, 26, 30). Based on the fact that PATRR, plasmids prepared
by the non-denaturing method do not demonstrate cruciform
extrusion, the favored PATRR cruciform conformation is likely
to be inhibited in E. c¢oli. Cruciform extrusion is known to
require sufficient negative superhelicity. The natural negative
superhelicity of a plasmid in E. coli may not afford it the
opportunity to adopt a cruciform configuration. Since the rep-
lication of a plasmid may be too rapid for a transition to a
cruciform arrangement to take place, this may be the reason
why the observation of cruciform configurations is rare in bac-
teria. In mammals, the doubling time is sufficiently long to
permit palindromic DNA to generate cruciform extrusion con-
figurations. Thus, although a cruciform configuration is gener-
ally thought to be energetically unfavorable, our results indi-
cate that the PATRR prefers to adopt a cruciform configuration
even at physiological conditions. Further, recent studies have
demonstrated that mammalian chromatin remodeling factors
induce negative superhelical torsion of DNA, leading to cruci-
form extrusion of palindromic DNA (31). This suggests that
palindromic DNA may adopt a cruciform conformation within
the chromatin scaffold. The conformational status of genomic
DNA affects many cellular functions through the regulation of
DNA replication or transcription (23, 32). Thus, the elucidation
of an in vivo eruciform structure may lead to a further under-
standing of the regulation of such cellular functions.

2B. S. Emanuel and H. Kurahashi, unpublished data.
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Recent evidence supports a role for GATA transerip-
tion factors as important signal intermediates in differ-
entiated endothelial cells. The goal of this study was to
identify proteins that interact with endothelial-derived
GATA transcription factors. Using yeast two-hybrid
screening, we identified hematopoietically expressed
homeobox (Hex) as a GATA-binding partner in endothe-
lial eells. The physical association between Hex and
GATA was confirmed with immunoprécipitation in cul-
tured cells. Hex overexpression resulted in decreased
fik-1/EDR expression, both at the level of the promoter
and the endogenous gene, and attenuated vascular en-
dothelial growth factor-mediated tube formation in pri-
mary endothelial cell cultures. In electrophoretic mobil-
ity shift assays, Hex inhibited the binding of GATA-2 to
the flk-1/KDR 5'-untranslated region GATA motif. Fi-
nally, in RNase protection assays, transforming growth
factor g1, which has been previously shown to decrease
flk-1 expression by interfering with GATA binding ac-
tivity, was shown to increase Hex expression in endo-
thelial cells. Taken together, the present study provides
evidence for a novel association between Hex and GATA
and suggests that transforming growth factor g-medi-
ated repression of fTk-I/KDR and vascular endothelial
growth factor signaling involves the inducible forma-
tion of inhibitory Hex-GATA complexes.

The endothelium displays remarkable diversity in health
and disease. Endothelial cell phenotypes are modulated in
space and time by mechanisms that invelve the highly coordi-
nated cormnbinatorial action of transcriptional modules {1}, The
GATA family of transcription factors consists of six members
(GATA-1 to -6). Of the various GATA factors, GATA-2, -3, and
-6 are expressed in vascular endothelial cells (2). Initially,
these transacting factors were believed to play a singular role
in the differentiation of endothelial ¢ells during development
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{3-5). However, more recently, studies have provided evidence
that GATA factors also function as “immediate early genes,”
coupling changes within the extracellular environment to
changes in downstream target gene expression (6, 7). In addi-
tion to binding directly to their consensus motif (A/T)YGATA(A/
G), GATA factors have been shown to participate in a wide
array of protein-protein interactions with Zinc finger type tran-
scription factors, including SP1, EKLF, RBTN2, ER, and GATA
itself (8—13); homeobox transcription factors such as HNF-1q,
Nkx-2.5, Pit-1, and TTF-1{14-17); Ets family PU.1 (18); MADS
box pratein SRF (19); RUNT domain protein AML1 (20); AP1
(21); NF-ATc {6); and Smad3 (22). During cell differentiation,
GATA factors may be associated with cofactors, such as basal
transcription factors, FOG-1, FOG-2, CBP/p300, and histone
deacetylase-3 (23-29). Taken together, these data suggest that
GATA. transcription factors are involved in highly complex
regulatory pathways and that the dissection of these networks
may provide valuable insight into the transcriptional control of
endothelial phenctypes.

To that end, the goal of the present study was to identify
pariner proteins that interact with GATA factors in endothelial
cells. Using a yeast two-hybrid system, we describe a physical
interaction between GATA family of transcription factors and
the homeobox protein Hex. The interaction between Hex-GATA -
is associated with reduced GATA binding activity and tran-
scriptional activity, decreased expression of the GATA-2 target
gene, fIk-1/KDR, and secondary attenuation of VEGF-mediat-
ed?! signaling. Finally, we present data supporting the notion
that TGF-8 exerts its anti-angiogenesis effect by a Hex-GATA-
fik-1/KDR-dependent mechanism.

EXPERIMENTAL PROCEDURES

Cell Culture~Human umbilical vein endothelial cells (HUVEC) (Clo-
netics, La Jolla, CA) were cultured in EGM-2 MV medium {Clonetics).
Human embryonic kidney (HEK)-293 cells {ATCC CRL-1573) and
CO0S-7 cells (ATCC CRL-1651) were cultured in Dulbecco’s modified
Eagle’s medium supplemented with 10% heat-inactivated fetal bovine
serum. HUVEC were used within the first eight passages.

Plasmids—The construction of the f1k-1/KDR-luc, flk-1/KDER (GATA
mut), and flk-1/KDR (SP1 mut) plasmids were previously described
(30). Human GATA-2 expression plasmid (pMT,-GATA2) was a kind

! The abbreviations used are: VEGF, vascular endothelial growth
factor; TGF, transforming growth factor; HUVEC, human umbilical
vein endothelial cell(s); HEK, human embryonic kidney, GBD, Gald
DNA-binding domain; GAD, Gal4 activation demain; UTR, untrans-
lated region; EGFP, enhanced green fluorescence protein; IRES, in-
ternal ribosome entry sites; GAPDH, glyceraldehyde-3-phosphate
dehydrogenase.

This paper is available on fine at http://www.jhc.org
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gift from Dr. Stuart H. Orkin (Harvard Medical Schoal, Boston, MA).
Human GATA-3 and -6 and Hex cDNA fragments were amplified using
PCR from reverse-transcribed HUVEC total RNA. To generate the Hex
expression vector, Hex ¢cDNA was subclened into the pcDNA3 vector
(Invitrogen). To generate the plasmids expressing Gald DNA-binding
domain (GBD) fused with GATA-2, -3, and -6, each of the three GATA
¢DNA fragments was inserted into pGBKT7 (Clontech, Palo Alto, CA),
To construct the plasmid expressing Gal4 activation domain (GAD)
fused to Hex, the Hex ¢cDNA fragment was subcloned into pGAD424
(Clontech). To generate a FLAG-tagged Hex (pFLAG-Hex) and FLAG-
tagged GATA-2 (pFLAG-GATAZ2), Hex and GATA-2 cDNA fragments
were subeloned into pFLAG (Sigma), respectively. For construction of
pGEM-hflk, a 266-bp human fTk-1/KDR cDNA fragment was amplified
from reverse-transcribed HUVEC total RNA and subcloned into pGEM-
T-easy (Promega). Similarly, pGEM-hHex and pGEM-hGAPDH were
derived by ligating a 296-bp human Hex cDNA fragment and a 283-bp
human GAPDH fragment inte pGEM-T-easy. Orientation was con-
firmed by automated DNA sequencing.

Yeast Two-hybrid Screening and B-Galactosidase Assays—A HUVEC
¢DNA library was constructed using a two-hybrid ¢<DNA library con-
struction kit (Clontech). AH109 yeast were transfected sequentially
with the GATA-6 bait vector and ¢DNA library and then spread on
synthesized dropout medium plate in the absence of tryptophan,
leucine, and histidine. After 5 days of incubation at 30 °C, colonies
complemented by histidine autotrophy were isolated and confirmed to
be positive by B-galactosidase assay according to the manufacturer’s
instruetion (Clontech; yeast protocols handbook). The plasmids from
the positive colonies were purified, and the inserts were subsequently
sequenced. To analyze the protein-protein interaction, Y190 yeast were
co-transfected with pGAD-Hex and a plasmid in which GBD was fused
either with GATA-2, -3, and -6. Similarly, Y190 yeast were co-trans-
fected with pGBD-GATAZ2 and a plasmid containing GAD fused with
Hex. The cells were spread and incubated on the synthesized dropout
medium plate without tryptophan and leucine.

Transfection of COS-7 Cells and Immunoprecipitation Assays—
COS-7 cells were co-transfected with either pFLAG-Hex and pMT,-
GATAZ2, or pFLAG-GATA2 and pcDNA3-Hex expression plasmids us-
ing the FuGENE 6 reagent (Roche Applied Science) as instructed by the
manufacturer. Two days later, the transfected cells were freeze-thawed
three times and incubated for 30 min on ice with cell lysis buffer (0.1%
IGEPAL CA-630, 50 mu Tris-HC], 150 mn NaCl, 5 mm EDTA, 0.5 ug/ml
pepstatin A, 10 pg/ml leupeptin, 2 pg/ml aprotinin, 200 uM phenylmeth-
ylsulfonyl flueride, pH 7.5), followed by centrifugation at 20,000 x g for
5 min. The supernatant was incubated with anti-FLAG polyclonal
antibody (Sigma) overnight at 4 *C. The resulting mixture was then
mixed and incubated with protein G-Sepharose (Amersham Bio-
sciences) for 1 h at 4 °C. The immobilized beads were washed five times
with 1 ml of cell lysis buffer containing 1.5% IGEPAL CA-630. Each
sample was separated on 12% SDS-polyacrylamide gel and transferred
to & nitrocellulose membrane (Amersham Biosciences). The membrane
was incubated either with anti-FLAG M5 monoclonal antibody (Sigma),
anti-Myc monoclonal antibody (Invitrogen) or anti-GATA-2 antibody
{Santa Cruz, CA).

Alternatively, subconfluent HUVEC (2 x 107 cells) were harvested
for nuclear extracts according to the mild nitrogen cavitation method
(31) to keep intact the protein-protein associations. 1 ug of nuclear
extracts was precleaned by centrifugation with 4 pg of control IgG
(Santa Cruz). The resulting supernatant was incubated with 30 ug of
agarose-conjugated anti-GATA-2 menoclonal antibody (Santa Cruz, sc-
267 AC) or an identical amount of isotype-matched mouse control IgG
{8anta Cruz, sc-2343) overnight at 4 °C. The immobilized samples were
separated and transferred to a polyvinylidene difluoride membrane.
The membrane was then probed for Hex and GATA-2 by Western blot
analysis, using anti-Hex antibody (generated by Dr. Tamio Noguchi,
Japan} and anti-GATA-2 antibedy (Santa Cruz, sc-16044, and gener-
ated by Dr. Stuart H. Orkin, Harvard Medical School, Boston), respec-
tively. The complexes were visualized with an ECL advance Western
blotting detection kit (Amersham Biosciences),

RNA Isolation and RNase Protection Assays—HUVEC were serum-
starved in EBM-2 medium containing 0.5% fetal bovine serum. 18 h
later, HUVEC were treated with 2.5-10 ng/ml TGF-g1 (Peprotec, Rocky
Hill, NJ) for 18 h (for Hex) or 24h {for flk-1/KDR). Alternatively, HU-
VEC were infected with adenoviruses encoding the IRES-mediated
green fluorescence protein (EGFP) (Adeno-Blank) or IRES coupled to
Hex and EGFF (Adeno-Hex). Adeno-Blank and Adeno-Hex were gener-
ated with a ligation inte adenovirus cosmid vector and a co-transfection
into HEK-293 (32). Infections were carried out at a multiplicity of
infection of 20 for 24 h. HUVEC were harvested for total RNA at the
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Fic. 1. Hex interacts the GATA family proteins. A, schematic
representation of Hex. The bluck bar indicates the isolated fragment by
two-hybrid screening. B and C, the yeast strain Y190 was co-trans-
formed with HEX-pGAD and with human GATA-2, GATA-3, or GATA-6
in pGBD, The cells were plated in synthesized dropout medium lacking
tryptophan, leucine, and histidine. 3-Galactosidase assays and calcula-
tion of the activity units were performed as described under “Experi-
mental Procedures.” The values are the means = S.E. of three separate
experiments. a.a., amino acids

times indicated, using the Isogen reagent (Nippon Gene). For in vitro
transcription, fIk-1/KDR-, Hex-, and GAPDH-specific “?P-labeled ribo-
probes were synthesized from pGEM-hflk, pGEM-hHex, and pGEM-
hGAPDH, respectively. Riboprobes were synthesized using SP6 (for
flk-1KDR and GAPDR) or T7 (for Hex) RNA polymerase {Ambion,
Austin, TX) and purified with a G-50 spun column (Amersham Bio-
sciences). RNase protection assays were performed with a RPA III kit
{Ambion) according to the manufacturer’s instructions.

Transfection of HEK-293 Cells or HUVEC and Analysis of Luciferase
Activity—HEK-293 cells and HUVEC were transfected as described
previously (30). Briefly, either 2 X 107 cells/well of HEK-293 cells or 1 X
10° cells/well of HUVEC were seeded onto 12-well plates 1824 h before
transfection, 0.05 pmol of the luciferase reperter plasmid (either KDR-,
KDR (GATA mut)-, or KDR (SP1 mut)-luc), 50 ng of pRL-CMV {Pro-
mega), 0.075 pmol of the GATA expression vector and either 0.0375 or
0.075 pmol of Hex expression vector were incubated with 2 ul of Fu-
GENE 6. As a negative control, empty vector (pMT, and pcDNA3) was
transfected instead of GATA-2 and Hex expression vector, respectively.
24 h later for HEK-293 cells and 48 h later for HUVEC, the cells were
washed with phosphate-buffered saline, lysed, and assayed for lucifer-
ase activity using the dual luciferase reporter assay system (Promega)
and a Lumat LB 9507 luminometer (Berthold, Gaithershurg, MD).

Sandwich Tube Formation Assuys—400-p] aliquots of type-I collagen
ge! {Koken) containing EGM-2 MV medium (Clonetics) without basic
fibroblast growth factor were added to 24-well plates and allowed to gel
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Fic. 2. Physical interaction between GATA-2 and Hex by immunoprecipitation analysis. A, expression vector in combinations either -
pMT, (lanes 2 and 5), pMT,-GATAZ2 (lanes 1, 3, 4, 6, and 7), pFLAG {lanes 1 and 4), or pFLAG-HEX (lanes 2, 3, 5, 6, and 7) were co-transfected
into COS-7 cells. Extracted proteins from the cells were untreated (lanes 1-3) or precipitated by either anti-FLAG antibody (lanes 4-6) or
nonimmune antibody (Jane 7) and then separated by 8% SDS-PAGE. The transferred membrane was immunoblotted with anti-GATA2 (upper
panel) or FLAG (lower panel) antibody. The clesed arrowhead indicates the specific GATA-2 and FLAG-tagged Hex complex. B, expression vectors
either pFLAG (lanes 2 and 5), pFLAG-GATAZ (lanes 1, 3, 4, and 6), pMyc (lanes 1 and 4), or pMyc-HEX (lanes 2, 3, 5, and 6} were co-transfected
into COS-7 cells. Extracted proteina from the cells were untreated (lanes 1-3) or precipitated by anti-FLAG antibody (lanes 4-8) and then
separated by 8% SDS-PAGE. The transferred membrane was immunoblotted with anti-Myc (upper panel} or GATA-2 (lower panel} antibody. The
closed arrowhead indicates the specific FLAG-tagged GATA-2 and Myc-tagged Hex complex, The faster migration complex (open arrowhead)
represents nonspecific immunoreactants. The results are representative of three independent experiments. C, 80 ug of COS-7 (lanes 1 and 3) and
HUVEC (lanes 2 and 4) were separated by 10%SDS-PAGE. The transferred membrane was immuncblotted with anti-Hex antibody (left panel} and
anti-GATA-2 antibody (right panel). D, nuclear extracts from HUVEC were immunoprecipitated by either anti-GATAZ2 antibody or control mouse
IgG, then separated according to supernatant (sup., lane I) and precipitate (ppt., lanes 2 and 3). The samples were electrophoresed and

immunoblotted with anti-Hex and anti-GATA-2 antibodies. The errow indicates the specific Hex and GATA protein.

for 1 h at 37 °C. HUVEC infected with Adeno-Blank or Adeno-Hex were
seeded at 1 X 10° cells/well and incubated for 24 h in 5% CO,. The
medium was removed, and the HUVEC were covered with 400 pl of the
gel. The plate was incubated for 30 min at 37 °C. The cells were
incubated with 1 ml of EGM-2 MV media in the absence of basic
fibroblast growth factor, in the presence or absence of SU1498 (Calbio-
chem, San Diego, CA). Two days later, a branched capillary network
was visuvalized under a microscope. Images from at least three different
areas in each well were captured by a digital camera under a
microscope.

Nuclear Extracts and Electrophoretic Mobility Shift Assays—Nuclear
extracts were prepared as previously described (30, 33). Double-
stranded oligonucleotides were labeled with [a-*?P]dCTP and Klenow
fragment and purified by spun column (Amersham Biosciences). 10 ug
of HUVEC nuclear extracts were incubated with 10 fmol of **P-labeled

probe, 1 pg of pely(dI-dC), and 3 ul of 10 binding buffer (100 mM Tris
HCI, pH 7.5, 50% glycerol, 10 mM dithiothreitol, 10 my EDTA) for 20
min at the room temperature, followed by 30 min at 4 °C. The following
oligonucleotides sequences were used for probes: 5'-UTR GATA motifs,
5'-GGCAGCCTGGATATCCTCTCCTA-3'; GATA-mut motifs, 5'-GGCA-
GCCTGTTTAAGCTCTCCTA-3'; fik-1/KDR SP1 motifs, 5'-GGTGAGG-
GGCGGGGCTGGCCGC-3'; and fIk- VKDR SP1-mut motifs, 5'-GGTG-
AGGTTCGGTTCTGGTTGC-3'. To test the effect of antibodies on DNA-
protein binding, the nuclear extracts were preincubated with
menoclonal antibody to GATA-2 (we prepared from the antigen GATA-2
{amino acids 9-258)) or polyclonal antibody to p65 {Santa Cruz) for 30
min at the room temperature. DNA-protein complexes were resolved on
a 5% nondenatyring polyacrylamide gel containing 5% glycerol in 0.5%
TBE (50 mm Tris, 50 muM boric acid, and 1 mM EDTA). The loaded gel
was fixed with 10% methanol and 10% acetic acid and then imaged by
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Fic. 3. Hex suppresses GATA-2-mediated fIk-1/KDR promoter
activity. A, HEK-293 cells were transiently transfected with luciferase
reporter plasmid containing the k- I/KDR promoter fragment (—115 to
+296) (KDR-luc), either human GATAZ2 expression plasmid (pMT,-
GATA2) or vector alone (pMT,), and either human Hex expression
plasmid (pcDNA3-HEX) or vector alone {pcDNA3). After 24 h of incu-
bation, the cells were lysed and assayed for luciferase activity. *, p <
0.01 compared with the activity from co-transfection with KOR pro-
moter, pMT,-GATAZ, and pcDNA3. B, HUVEC were transiently trans-
fected as above. After 48 h of incubation, the cells were lysed and
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Fic. 4. Hex suppresses endogenous f1k-I/KDR mRNA in human
endothelial cells. A, HUVEC were infected with adenovirus express-
ing IRES-mediated EGFP (Blank) or IRES-mediated rat Hex and EGFP
{HEX) at a multiplicity of infection of 20 plaque-forming units/ceils and
then incubated for 48 h. The cell extracts were separated by 10%
SDS.PAGE and transferred to nitrocellulose membrane. The membrane
was immunoblotted with anti-HEX antibody. M.W., molecular mass. B8,
HUVEC were infected with adenovirus expressing IRES-mediated EGFP
{Blank) or expressing IRES-mediated rat Hex and EGFP (HEX) at a
multiplicity of infection of 20 plaque-forming units/cells for 48 h, at which
time the total RNA was isolated. In RNase protection assays, an
[a-**P]UTP-labeled 384-bp human fIk-I/KDR riboprobe was incubated
with no RNA {lane I), 10 ug of yeast tRNA (lane 3), 10 pg of total RNA
from control (Blank) HUVEC (lane 4), or Hex-overexpressed {Hex) HU-
VEC tlane 5). The protected fragment {266 bp) represents the human
k- 1/KDR transeript. An [a-**PIUTP-labeled GAPDH riboprobe was hy-
bridized with total RNA as an internal control.

assayed for luciferase activity. *, p < 0.002 compared with the activity
from co-transfection with KDR-lue, pMT,-GATAZ, and pcDNA3; §,p =
0.002 compared from co-transfection with KDR (SP1 mut)-luc, pMT,,
and pcDNA3; £, p = 0.08 (not significant) compared from co-transfection
with KDR (GATA mut)-lue, pMT,, and peDNA3. The expression levels
were normalized to pRL-8V40 activity and expressed as fold induction
relative to co-transfection with vector alone. The means and standard
deviations were derived from at least three separate experiments per-
formed in triplicate.
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Fic. 5. Hex reduces binding of GATA motif on the f1k-1/KDE and GATA-binding proteins. A, electrophoretic meobility shift assays were
performed with **P-labeled 5'-UTR GATA probe and 10 ug of nuclear extract from HUVEC infected with adenovirus expressing IRES-mediated
EGFP (Adeno-Blank) or adenovirus expressing IRES-mediated Hex and EGFP (Adeno-Hex). The open and closed grrows indicate specific
DNA-protein complexes. In competition assays, 10-, 100-, and 500-fold molar excesses of unlabeled self-probe and mutant 5'-UTR GATA probe
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BAS-1800 (Fyji Film, Japan). The signals were quantified with NIH
Image.

RESULTS

Identification of Hematopoietically Expressed Hex as a
GATA-interacting Protein by Yeast Two-hybrid Screening—The
GATA family of transcription factors has been implicated not
only in the early differentiation of endothelial cells but also in
the transduction of extracellular signals in the adult endothe-
lium. Several members of the GATA family have been identi-
fied in endothelial cells, including GATA-2, -3, and -6. Previous
studies have shown that GATA-1 and -2 interact with partner
proteins in erythroid and megakaryocyte cells (34). Our goal
was to identify the proteins that interact with GATA transerip-
tion factors in endothelial cells. To that end, we employed a
yeast two-hybrid system in which full-length human GATA-6
served as bait. From a screen of 8.6 X 10% clones, a total of 58
clones demonstrated histidine auxotroph. After elimination of
false positives, 16 clones were selected, one of which encoded a
fragment (amino acids 75-270) of Hex (Fig. 14). To confirm the
specificity of interaction between Hex and GATA-6, constructs
containing the Gald-activating domain fused with full-length
Hex (pGAD-Hex) and either the Gal4-binding domain fused
with GATA-6 (pGBD-GATAS6) or the Gald-binding domain
alone (pGBD) were co-expressed in yeast AH109. As shown in
Fig. 1B, co-expression of pGAD-Hex and pGBD-GATA6 re-
sulted in a 4.2-fold increase in f-galactosidase activity com-
pared with co-expression of pGBD and pGAD-Hex.

We next wished to determine whether Hex interacts with
human GATA-2 and -3. To that end, pGAD-Hex was co-ex-
pressed in yeast AHI09 with constructs containing the Gald-
binding domain fused either with GATA-2 or -3 (pGBD-GATA2
or GATAS3, respectively) As shown in Fig. 1C, co-expression
with human GATA-2 and -3 resulted in 5.8- and 4.7-fold induc-
tion of the 3-galactosidase activity, respectively, compared with
co-expression with Gald-binding domain alone (pGBD). Taken
together, these results suggest that Hex interacts with
GATA-2, -3, and -6.

Physical Interaction between Hex and GATA-2 in Mamma-
lian Cells—Having identified the interaction between GATA
and Hex in the yeast two-hybrid system, we wished to deter-
mine whether this interaction occurs in mammalian cells. Of
the various members of the GATA family of transcription fac-
tors, GATA-2 is expressed most abundantly in cultured endo-
thelial cells (data not shown) and is believed to play a predom-
inant role in endothelial cell biology. Therefore, we chose to
focus on the interaction between Hex and GATA-2. To that end,
COS-7 cells were transiently transfected with expression plas-
mids for human GATA-2 (pMT,-GATA2), FLAG-tagged human
GATA-2 (pFLAG-GATAZ2), FLAG- or Myc-tagged human Hex
(pFLAG-Hex or pMyc-Hex), or vector alone (pMT,, pMyc or
pFLAG) and then processed for immunoprecipitation. The
transfected cells expressed high levels of GATA-2 and Hex (Fig.
2, A and B, lanes 1-3). In co-transfections (pMT,-GATA2 and
pFLAG-Hex), GATA-2 co-precipitated with the anti-FLAG an-
tibody (Fig. 24, lane 6, closed arrowhead) but not with the
nonimmune control (Fig. 24, lane 7). In contrast, in experi-
ments in which either (pMT,-GATA2 and pFLAG) or (pMT.,
and pFLAG-tagged Hex) were transfected, GATA-2 did not
co-precipitate (Fig. 24, lanes 4 and 5). Furthermore, in co-
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transfections (pFLAG-GATAZ2 and pMyc-Hex}, Myc-tagged Hex
co-precipitated with the anti-FLAG antibedy (Fig. 2B, lane 6,
closed arrowhead). Although in experiments in which either
(pFLAG and pMyc-Hex) or (pFLAG-GATA2 and pMyc) were
transfected, Hex did not co-precipitate (Fig. 2B, lanes 4 and 5).

Next, we wished to identify the physical interaction between
endogenous GATA-2 and Hex in endothelial cells. To that end,
nuclear extracts were prepared and processed for immunoblot-
ting and co-immunoprecipitations. As shown in Fig. 2C, endog-
enous GATA-2 and Hex were detected in nuclear extracts from
HUVEC but not COS-7. Endogenous Hex was co-precipitated
with anti-GATAZ2 antibody but not with isotype-matched con-
trol IgG (Fig. 2D, lanes 2 and 3). In semi-quantitative calcula-
tions from two independent experiments, anti-GATA-2 anti-
body immunoprecipitated 75.2% of total GATA-2 in HUVEC.
Moreover, 8.29% of total cellular Hex was physically associated
with GATA-2. Collectively, these findings suggest that GATA-2
and Hex specifically interact with one another in cultured
endothelial cells,

Hex Inhibits GATA-2-mediated flk-1/KDR Promoter Activi-
ty—We next wished to study the functional relevance of the
interaction between GATA-2 and Hex. We have previously
shown that GATA-2 binds to a GATA motif in the 5'-UTR
region of the fIk-1/KDR promoter and that this effect is neces-
sary for full expression (35). To determine the effect of Hex on
GATA-2-mediated activation of fIk-I/KDR, transactivation as-
says were carried out in HEK-293 cells (nonendothelial cells)
and HUVEC (endothelial cells) co-transfected with KDR-lue
(—115 and +296 flk-1/KDR coupled to luciferase) and an ex-
pression plasmid containing either human GATA-2 (pMT,-
GATA2) or Hex (peDNA3-HEX), As a negative control, the cells
were co-transfected with vector alone (pMT, or peDNA3}. Con-
sistent with our previous findings, the basal level of flk-1/KDR
promoter activity in HEK-293 cells wag significantly transac-
tivated by 4.2-fold with overexpression of GATA-2 (Fig. 34).
GATA-2-mediated stimulation of promoter activity was com-
pletely abrogated by co-expression of Hex in a dose-dependent
manner. Moreover, overexpression of Hex did not change the
basal level of the promoter activity (Fig. 34). In HUVEC, a high
level of flk- 1/KDR promoter activity (8.7-fold higher than SV40
promoter plus enhancer construct (pGL2-control}, not shown)
occurred, and overexpression of GATA-2 resulted in 2.8-fold
transactivation of the promoter (Fig. 3B). More importantly,
overexpression of Hex resulted in huge reduction of the fiz-1/
KDR promoter activity (15.9-fold compared without expression
of GATA-2 and Hex). Co-expression of GATA-2 failed to recover
the Hex-mediated attenuation of the flk-1/KDR promoter ac-
tivity (2.3-fold induction eompared Hex expression alone) (Fig.
3B). To confirm that the Hex-mediated down-regulation of the
promoter activity was mediated by the 5'-UTR GATA motif on
the f1k-1/KDR gene, either the GATA elcment or the SP1 ele-
ment (as a control) point-mutated plasmid was transfected into
HUVEC. KDR promoter activity from SP1 point-mutated plas-
mid was down to 63.1% and markedly reduced to 3.4% by the
co-expression with Hex. In contrast, the promoter activity from
GATA point-mutated plasmid was down to 33.1%, whereas
there was no significant reduction in the presence of Hex (Fig.
3B). Previous studies have shown that Hex directly binds to a

(lanes 3 and 9, lanes 4 and 10, lanes 5 and 11, and lanes 6 and 12, respectively) were added to the reaction mixture. B, electrophoretic mobility shift
assays were performed with 10 pug of nuclear extract from HUVEC infected with adenovirus expressing IRES-mediated EGFP (Adeno-Blank) (lane
1) or adenovirus-expressing IRES-mediated Hex and EGFP (Adeno-Hex) (lanes 2-4). To test the effect of antibodies on the DNA-protein complexes,
antibody against GATA-2 (lane 3) or against p65 (lane 4) was added to the reaction mixture. C, electrophoretic mobility shift assays were performed
with **P-labeled fIk-I/KDR SP1 probe and 10 pg of nuclear extract from HUVEC infected as above. The arrows indicate specific DNA-protein
complexes. In competition assays, a 100-fold molar excess of unlabeled self-probe or mutant SP1 probe (lanes 2 and 5 and lares 3 and 6,
respectively) was added to the reaction mixture. The results are representative of two independent experiments,
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consensus element (5'-CAATTAAA-3’) in the promoter region
of its target genes, resulting in transcriptional activation (36).
A search of the 4-kb 5’-flanking region and 3-kb first intron of
the fIk-1/KDR failed to reveal such a motif. Taken together,
these results suggest that Hex represses the GATA-mediated
Jflk-I/KDR promoter activation.

Hex Suppresses flk-1/KDR mRNA Expression in Primary Hu-
man Endothelial Celis—To determine whether Hex modulates
the expression of the endogenous flk-I/KDR gene, HUVEC
were infected with adenovirus expressing either IRES-mediat-
ed-EGFP (Blank) or IRES-mediated-rat Hex and EGFP (Hex)
at a multiplicity of infection of 20, Using this approach, over
80% of the cells were infected as determined by EGFP expres-
sion. Western blot assays of infected cells demonstrated high
levels of Hex protein (Fig. 44). More importantly, overexpres-
sion of Hex in HUVEC resulted in a 85% reduction (mean of
three independent experiments) in flk-I/KDR mRNA by RNase
protection assay (Fig. 4B, compare lanes 4 and 5). These find-
ings indicate that Hex suppresses fTk-I/KDR activity not only
at the level of the promoter but also at the level of the endog-
enous gene.

Hex Inhibits Binding of GATA-2 to the flk-1/KDR 5'-UTR
GATA Motif—Based on the above findings, we hypothesized
that Hex inhibits fIk-I/KDR expression by interfering with
GATA binding to the 5-UTR. To test this hypothesis, we per-
formed electrophoretic mobility shift assays in which nuclear
extracts derived from HUVEC either expressing IRES-medi-
ated EGFP (Adeno-Blank) or IRES-mediated Hex and EGFP
(Adeno-Hex) were incubated with a radiolabeled probe span-
ning the 5'-UTR GATA motif (+98 to +122). As shown in Fig.
5 (4 and B), incubation of nuclear extract from Adeno-Blank
infected HUVEC with the *2P-labeled probe resulted in the
appearance of two specific DNA-protein complexes (closed and
open arrows). These DNA-protein complexes were inhibited by
the addition of 10-, 100-, and 500-fold molar excess unlabeled
self-competitor (Fig. 54, lanes 3-5) but not by 500-fold molar
excess GATA mutant competitor (Fig. A, lane 6). The mobility
shift pattern was identical in Hex-overexpressing cells (the
more slowly migrated complexes designated with the open ar-
rows appeared with longer exposure time). However, Hex over-
expression resulted in a significant reduction (54.2% reduction
by densitometry) in the intensity of the GATA-binding com-
plexes (Fig, 5, A, compare lanes 3-5 and 9-11, and B, compare
lanes I and 2). As previously reported, the DNA-protein com-
plexes were inhibited by preincubation with the anti-GATA-2
antibody (34). In contrast, the complex was not inhibited by
preincubation with anti-p65 antibody (Fig. 5B, lanes 3 and 4).
Compared with control HUVEC, Hex overexpression did not
significantly alter SP1 DNA binding activity (Fig, 5C). To-
gether, these results suggest that Hex-mediated down-regula-
tion of the fTk- I/KDR is associated with an inhibition of GATA-2
binding,

Hex Suppresses VEGF-mediated Tube Formation in Primary
Human Endothelial Cell Cultures—VEGF interaction with
Flk-1/KDR is a critical determinant of endothelial cell prolifer-
ation and angiogenesis {37). In the next set of experiments, we
wished to determine whether Hex inhibits the VEGF-Flk-1/
KDR signaling axis. To that end, we carried out sandwich tube
formation assays on collagen gel. In the absence of basic fibro-
blast growth factor, VEGF stimulated tube formation of HU-
VEC infected with adenovirus expressing IRES-mediated-
EGFP (Adeno-Blank), an effect that was 50.8% inhibited by the
preincubation with the Flk-1/KDR inhibitor, SU1498 (Fig. 6).
Interestingly, VEGF-mediated tube formation was signifi-
cantly (58.5%) inhibited by overexpression of Hex and pro-
foundly (77.0%) abrogated when combined with the presence of

Hex-GATA Physical Interactions and VEGF Signaling

Tube ares {mm?)

Adeno Adeno Adeno Adeno
-Blank -Hex -Blank -Hex
+* +*
SU1493 St11498
10uM 10:M

Fic. 6. Hex inhibits the Flk-1/KDR-dependent tube formation
activities in human endothelial cells. A, sandwich tube formation
moadel was performed as deseribed under “Experimental Procedures.”
IRES-mediated EGFP expressing adenovirus (Adeno-Blank) or IRES-
mediated Hex and EGFP expressing adenovirus (Adeno-Hex) were in-
fected to HUVEC, after 24 h HUVEC were seeded on the collagen gel in
the presence or absence of fIk-I tyrosine kinase inhibitor SU1498 (10
pM), Tube formations were chserved by phase contrast microscopy at
40-fold optical magnification. The results were representative of four
independent experiments. B, shown in the quantification of the tube
area. *, p < 0.03 compared with the activity from HUVEC infected with
Adeno-Blank, The means and standard deviations were calculated with
NIiH Image from four independent experiments,

SU1498 (Adeno-Hex + SU1498) (Fig. 6). These findings sug-
gest that Hex-mediated inhibition of 1k-1/KDR gene expression
results in a down-regulation of VEGF signaling.
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Fic. 7. TGF-B, down-regulates endogenous fTk-I/KDR and up-regulates endogenous Hex expression in human endothelial cells. A,
a confluent HUVEC were serum-starved and then incubated in the absence or presence of 2.5 or 10 ng/ml TGF-g, for 18 h, at which time total RNA
was isolated. In RNase protection assays, an [«-?*P]UTP-labeled 414-bp human Hex riboprobe was incubated with 10 pg of yeast tRNA (lane 2),
10 pg of total RNA from control HUVEC (lane 3), 2.5 ng/ml TGF-g,-treated HUVEC (lare 4), or 10 ng/ml TGF-f3,-treated HUVEC (lane 5). The
protected fragment (296 bp) represents the human Hex transcript. An [a-**P]UTP-labeled GAPDH riboprobe was hybridized with total RNA as an
internal contrel, B, shown is the quantification of RNase protection assays. Densitometry was used to calculate the ratio of Hex and GAPDH signals
(arbitrary expression level). The data represent the averages from two independent experiments. C, a confluent HUVEC were serum-starved and
then incubated in the absence or presence of 2.5 or 10 ng/ml TGF-g, for 24 h, at which time total RNA was isolated. In RNase protection assays,
an [-**P)UTP-labeled 393-bp human fIk-1/KDR riboprobe was incubated with 10 ug of yeast tRNA (lane 2), 10 ug of total RNA from control
HUVEC (lane 3), 2.5 ng/m] TGF-g,-treated HUVEC (lane 4), or 10 ng/ml TGF-f,-treated HUVEC (lane 5). The protected fragment (266 bp)
represents the human flk-I/KDR transcript. An [a-**P]JUTP-labeled GAPDH riboprobe was hybridized with total RNA as an internal control. M. W.,
molecular mass. D, shown is the quantification of RNase protection assays. Densitometry was used to calculate the ratio of lk-VKDR and GAPDH
signals (arbitrary expression level). The data represent the averages from two independent experiments.
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Hex Induces TGF-8 Expression in Primary Human Endothe-
lial Cells—Previous studies have shown that whereas tumor
necrosis factor o, VEGF, and thrombin induce flk-1/KDR ex-
pression in endothelial cells (38—40), TGF-B1 has the opposite
effect (41). In keeping with these findings, the addition of 2.5
and 10 ng/ml TGF-31 to HUVEC for 24 h resulted in 49 and
58% reduction of fIk-I/KDR mRNA, respectively (Fig. 7, A,
lanes 3-5, and B). Interestingly, incubation of HUVEC with 2.5
and 10 ng/ml TGF-31 for 18 h resulted in 2.1- and 2.4-fold
stimulation of Hex mRNA, respectively. Taken together, these
results suggest that TGF-B1 may exert its inhibitory effects
through a Hex-GATA-2-dependent pathway.

DISCUSSION

The GATA family of transcription factors has been impli-
cated not only in the early differentiation of the endothelial
cells but also in the transduction of extracellular signals. For
example, insulin-like growth factor 1, tumor neerosis factor o,
and thrombin have each been shown to induce GATA-2 activ-
ity, whereas estrogens and TGF-3 may actually inhibit GATA
binding (8, 30, 35, 42). Together, these studies suggest that
GATA transcription factors may behave like immediate early
genes, serving to couple short changes in the extracellular
environment to long term changes in downstream gene
expression,

An important clue to understanding the multifaceted role of
a transcription factor is found in its repertoire of protein-
protein interactions. Indeed, previous studies have uncovered
an array of partner proteins that interact with GATA tran-
scription factors to regulate gene transcription (8, 14-18, 20,
22, 23, 25, 27). In the present study, we have extended the list
of protein partners by demonstrating a novel interaction be-
tween GATA proteins and the homeobox protein Hex in pri-
mary human endothelial cells. Hex iz a member of the ho-
meobox transcription factors and has been shown to bind to a
consensus motif (5-CAATTAAA-3') in the promoter region of
downstream target genes, resulting in repression of gene tran-
scription (43). In addition, Hex may indirectly modulate gene
expression through protein-protein interactions. For example,
Hex has been shown to associate with ¢AMP-responsive ele-
ment-binding protein to induce the SMemb/nonmuscle myosin
heavy chain B gene in vascular smooth muscle cells (44). More-
over, Hex-Jun protein interactions have been reported to sup-
press ¢-Jun, JunB, and JunD-mediated gene activation (45).

In the present study, we have demonstrated GATA-2, -3, and
-6 that have been identified in endothelial cells were physically
interacted with Hex in cultured cells by immunoprecipitation
analysis. GATA-2, -3, and -6 have highly conserved zinc finger
domain and the region involved the usual protein-protein in-
teractions (2, 10, 13, 15, 18, 19, 20, 29, 37, 39). Further studies
will be required to determine whether these motifs are respon-
gible for mediating the binding of Hex to GATA-2, GATA-3, and
GATA-6.

In a previous study, we demonstrated that TGF-$ inhibits
fik-1/KDR expression through a mechanism that involves re-
duced binding of GATA-2 to a palindromic GATA site in the
5'-UTR (35). In keeping with the role for GATA-2 in mediating
flk-1/KDR expression, Hex overexpression resulted in reduced
binding of GATA-2 to 5'-UTR GATA motif and a dose-depend-
ent inhibition of fIk-/KDR promoter activity. It is interesting
to speculate that the specific association between Hex and
GATA-2 interferes with zinc finger domain-mediated DNA
binding activity. Adenovirally mediated overexpression of Hex
did not completely abrogate (54.2% inhibition) GATA-2 binding
activity but did result in a more profound reduction of fTk-1/
KDR mRNA and the promoter activity (Figs. 3 and 4). It has
been shown that Hex and Jun interaction inhibits Jun-medi-

Hex-GATA Physical Interactions and VEGF Signaling

ated transactivation without interfering with the Jun-DNA
binding activity (45). In addition, Hex contains the trans-
repression domain at the N terminus. These observations
suggest that Hex may exert its inhibitory effect through two
mechanisms, namely through competitive inhibition of GATA-
2-DNA to the flk-I/KDR promoter and direct repression of
transcription.

The results of the present study provide new insight into how
TGF-8 mediates its inhibitory effect on the GATA-2-flk-1/KDR
signaling axis. The observation that TGF-g treatment of endo-
thelial cells resulted in concomitant up-regulation of Hex
mRNA and down-regulation of f1k-1/KDR in endothelial cells
suggests that TGF-B signaling promotes transcriptionally in-
active or inhibitory complexes between GATA-2 and Hex. The
functional consequence of this interaction was borne out in in
vitro studies of angiogenesis, in which the overexpression of
Hex abrogated VEGF-fIk-1/KDR-dependent endothelial cell
tube formation.

The mechanism by which TGF-g1 induces Hex expression
remains to be elucidated. TGF-g1 is known to induce Smad-2
and -5 activity in endothelial cells (46}, Moreover, Smad-medi-
ated signaling has been implicated in the control of Hex ex-
pression (47), Mice that are null for Smad-2 deficiency are
embryonic lethal at E7.5 and lack detectable levels of Hex (48).
Taken together, these observations raise the possibility that
TGF-B1 signaling is coupled to Hex-GATA-mediated inhibition
of fik-/KDR through a Smad-2-dependent pathway.

Most recently, Nakagawa et al. (49) reported that Hex acts as
a negative regulator of angiogenesis. In the latter study, Hex
was shown to completely abrogate the VEGF-mediated prolif-
eration, migration, and invasion of HUVEC (49). Although our
data are consistent with those of Nakagawa et al., they are
novel in that they: 1) provide a link between a natural inhibitor
of angiogenesis (TGF-g3) and Hex and 2) reveal a mechanistic
connection between Hex, GATA-2, and fTk-1/KDER expression.
Indeed, based on these findings, we propose that Hex, as well
as GATA-2, represent new therapeutic targets for anti-angio-
genesis therapy.
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