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Expression of the somatostatin gene in endocrine pan-
creatic cells is controlled by several regulatory cis-ele-
ments located in the promoter region. Among these, the
adjacent UE-A and TSE; elements, located from —113 to
—85 relative to the transcription initiation site, function
in combination and act as a pancreas-specific mini-en-
hancer. The TSE; element is recognized by the pancre-
atic homeodomain factor PDX1. In the present study, we
show that the UE-A element binds a heterodimeric com-
plex composed of a Pbx factor and the Prepl protein,
both belonging to the atypical three-amino acid loop
extension homeodomain family. Recombinant Pbx1 and
Prepl proteins bind cooperatively to the UE-A site,
whereas neither protein can bind this site alone. Tran-
sient transfection experiments reveal that both Pbx1
and Prepl are required to generate a strong transcrip-
tional activation from the UE-A element when this ele-
ment is inserted close to the TATA box. In contrast, in
the context of the intact somatostatin promoter or mini-
enhancer, Pbx1 and Prepl alone have no effect, but they
produce a drastic activation when the pancreatic home-
odomain factor PDXI1 is also coexpressed. Thus, the ac-
tivity of the somatostatin mini-enhancer is mediated by
a cooperative interaction between the Pbx-Prepl het-
erodimeric complex and the pancreatic factor PDX1.

Somatostatins are peptides of 14 and 28 amino acid residues
that regulate the secretion of various hormones, including
growth hormone, thyrotropin, glucagon, and insulin (1). The
gene encoding the preprosomatostatin is strongly expressed in
the 8 endocrine cells of the pancreas and in neurons of the
hypothalamus, but its expression is also detected in other cell
types, such as the D-cells of the digestive tract, the C-cells of
the thyroid gland, and sensory neurons (1).

Previous studies have shown that transcription of the soma-
tostatin gene is controlled by several cis-elements present in its
5’ flanking sequence (see Fig. 1). A crucial activating sequence
is the CRE element located between —35 and —55 relative to
the transcription start site, which is recognized by the factor
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CREB and other related nuclear proteins (2, 3). In addition, the
activity of the somatostatin promoter in pancreatic cell lines is
stimulated by two tissue-specific elements, TSE; and TSEy,
located respectively at —85/—99 and at —280/—300 (4—6) (see
Fig. 1). These TSEs are both recognized by the pancreatic-
specific homeodomain factor PDX1 (also named STF1, IDX1,
and IPF1) (6—8), which plays an important role in pancreas
organogenesis (9). Whereas PDX1 binds the TSE; element as a
monomer, it recognizes the TSE;; element mainly as a het-
erodimer with the Pbx factors (6, 10). The Pbx proteins, includ-
ing the proto-oncogene PbxI and the closely related factors
Pbx2 and Pbx3, contain an atypical three-amino acid loop ex-
tension-class homeodomain and share extensive sequence ho-
mology with the Drosophila protein extradenticle (EXD)! (11—
13). Genetic and biochemical studies in Drosophila have shown
that EXD acts as a co-factor for the homeotic selector proteins
(HOM-C) to regulate their target genes (14-17). EXD binds
cooperatively with HOM-C proteins to DNA target sites,
thereby increasing their DNA binding specificity (18, 19). Sim-
ilarly, in mammals, the Pbx proteins interact with the Hox
factors (mammalian homologs of HOM-C factors) and modulate
their DNA binding activity (20—24). The conserved pentapep-
tide motif YPWMK present in many metazoan Hox/HOM-C
proteins is necessary for the interaction with the Pbx/EXD
factors (21-23). The pancreatic factor PDX1, which is very
similar to the Antennapedia class of homeodomain proteins,
also contains this pentapeptide motif, and this motif is abso-
lutely required for the cooperative binding of PDX1 and Pbx to
the somatostatin TSE; element (10). All of these results show
that the function of the Pbx/EXD proteins is to act as co-factors
for the Hox/HOM-C proteins but also for orphan homeodomain
proteins, such as PDX1.

Full expression of the somatostatin gene in pancreatic cells
results from the synergistic actions of the different cis-ele-
ments present in the promoter. Indeed, previous reports have
shown that the activity of the TSE; element is dependent of the
immediately adjacent sequence UE-A (located from —100 to
—113; see Fig. 1) (4). The bipartite element UE-A/TSE; acts as
a pancreatic 5-cell-specific mini-enhancer. The UE-A site, al-
though devoid of intrinsic activation capacity, is required for
optimal mini-enhancer activity (4). The bipartite UE-A/TSE;
element acts also in synergy with the nearby CRE sequence to
generate high somatostatin expression levels in pancreatic
cells (4, 5). The protein binding the TSE; element was identi-
fied as a monomer of the pancreatic factor PDX1 (6, 7). How-
ever, characterization of the cellular factor(s) recognizing the
UE-A element has not been reported to date (25).

In the present study, we have identified the factors binding

1 The abbreviations used are: EXD, extradenticle; EMSA, electro-
phoretic mobility shift assay.
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the UE-A element. This sequence recognizes a heterodimeric
complex containing a Pbx factor and the Prepl/pKnox protein
(36, 40) (referred to here as Prepl). Although these two factors
cannot bind separately the UE-A element, they bind strongly
when added together. Furthermore, transfection experiments
show that full activation of the intact somatostatin promoter is
only obtained when the three transcription factors PDX1, Pbx1,
and Prepl are coexpressed. Thus, we have been able to recon-
stitute the strong pancreatic-specific enhancer complex of the
somatostatin gene by using the two ubiquitous factors Pbx1
and Prepl and the pancreatic homeodomain factor PDX1.

EXPERIMENTAL PROCEDURES

Electrophoretic Mobility Shift Assay (EMSA)—EMSAs were carried
out exactly as described previously (26). Briefly, 2 ug of nuclear extract
prepared as described by Shreiber et al. (27) or 1 ul of in vitro translated
protein was incubated with 0.1 ng of a double-stranded oligonucleotide
(*?P-labeled using Klenow polymerase) in presence of 1 ug of poly(dI-
dC). In supershift experiments, the nuclear cell extracts were preincu-
bated with 1 ul of antiserum for 15 min at room temperature before
adding the probe. In competition experiments, the cold oligonucleotides
were mixed with the probe before addition of the nuclear extract.
Competitions with the Hoxa5 peptide (QPQIYPWMRKLH) were carried
out by preincubating the peptide with the protein extract for 15 min and
subsequent addition to the DNA probe. The sequences of the oligonu-
cleotides (Eurogentec, Liege, Belgium) are GATCTTCTTTGATT-
GATTTTGC for the UE-A element, GATCTTCTTTCCTTCCTTTTGC
for UE-Amut, GATCTCAGTAATTAATCATGCAGATC for TSE;.

Plamid Construction and Expression of Proteins—The ¢cDNAs coding
for Meis1 (28) (generous gift of Dr. Neal Copeland) and Pbx1la tagged
with the Flag epitope (29) (generous gift of Dr. C. Murre) were inserted
in the pcDNAS3 eukaryotic expression vector. The Prepl ¢cDNA was
amplified by PCR from human placental ¢cDNA using the primers
GGCTCGAGATGATGGCTACACAGACAT and GCGTCTAGACCTGC-
CCCTACTGCAGGG, and cloned in the pCS2 expression vector that
contains the bacteriophage SP6 and eukaryotic CMV promoters. The
Pbx1la, Flag-Pbx1a, Meis1, and Prepl proteins were produced in vitro
using the Promega TNT transcription-translation system, according to
the protocol of the manufacturer. PDX1 protein was expressed in Esch-
erichia coli using the pGEX3X vector as described previously (26).

The reporter plasmids UE-A-Luc and UE-Amut-Luc each contain one
copy of the wild type and mutated UE-A element (see above for the
sequences), respectively, inserted in the BamHI site of the GH32Luc
plasmid. This GH32Luc vector contains the minimal growth hormone
promoter (from —35 to +8 relative to the transcription initiation site)
fused to the luciferase gene. The UE-A/TSE;-Luc plasmid contains one
copy of the somatostatin mini-enhancer (from —120 to —80) in the
BamHI site of the GH32Luc vector. The pSRIF-Luc plasmid contains
the somatostatin promoter sequence (from —192 to +50) directly linked
to the luciferase gene.

Cell Transfection—Transient transfection experiments were per-
formed in the colon carcinoma cells HCT116 using the calcium phos-
phate coprecipitation method. HCT116 were grown in Dulbecco’s mod-
ified Eagle’s medium supplemented with 10% of fetal calf serum in 4 cm
dishes. DNA precipitates, containing with 10 ug for reporter plasmid, 1
g of expression vector, and 1 ug of Rous sarcoma virus-B-galactosidase
plasmid, used as an internal control, were added to the cells. 24 h after
the glycerol shock, the cells were harvested, lysed, and assayed for the
luciferase and B-galactosidase activities. Luciferase activities were nor-
malized to B-galactosidase activity in each cell extract.

RESULTS

The UE-A Element Is Recognized by a Cellular Complex
Containing Members of the Pbx Factor Family—Comparison of
the nucleotide sequence of all known somatostatin promoters
shows that the UE-A element is well conserved (see Fig. 1). The
core of the UE-A element, previously identified by linker scan-
ning mutagenesis (4), contains a TGATTGATT motif corre-
sponding exactly to the consensus binding site of the Pbx1
homeodomain (30-32). This prompted us to investigate
whether the cellular factor binding the UE-A element is Pbx1
or a member of the Pbx protein family. EMSAs were performed
on the UE-A probe using nuclear extract from the somatosta-
tin-producing TUG6 cell line. Two closely migrating complexes

-300 -280 -113  -100 -85 .55 -35
TSE UE-A | TSE, CRE TATA I—»

Z
4 s N

bovine : TCTGTGATTGATTTTG

mouse TCTGTGATTGATTTTG

human : TCTCTGATTGATTTTG

rat : TCTTTGATTGATTTTG

consensus binding

site of PBX1 : TGATTGATT

FiG. 1. Sequence of the somatostatin UE-A element. The posi-
tion of the UE-A element within the somatostatin gene promoter is
shown with the other identified regulatory sequences. Below the dia-
gram presents a sequence comparison of the UE-A element from the
bovine, mouse, human, and rat somatostatin genes together with the
Pbx consensus binding site.

(Fig. 2, S and L) were observed. Both complexes were easily
displaced by adding a 100-fold molar excess of unlabeled UE-A
element but were not affected by addition of a UE-A element
mutated in the Pbx consensus motif (Fig. 2, lanes 2-6). Prein-
cubation of the nuclear extract with a polyclonal anti-Pbx an-
tiserum (recognizing all Pbx members) produced a supershifted
band and affected the formation of these two complexes,
whereas an anti-PDX1 antiserum or the preimmune serum had
no effect (Fig. 2, lanes 7-9). To confirm the presence of Pbx
factors in these two complexes, we also used another antibody
reacting specifically with the long Pbx isoforms (Pbx1la, Pbx2,
and Pbx3a) but not with the short isoforms, Pbx1b and Pbx3Db,
resulting from differential splicing of the 3'-end of the Pbx RNA
(11). This antibody blocked the formation of the slower migrat-
ing complex L only (see Fig. 2, lane 16). When the mutated
UE-A element was used as probe, no complexes could be ob-
served (Fig. 2, lanes 10-14). These results indicate that the
cellular complexes binding specifically the UE-A sequence con-
tain Pbx factors. The slower-migrating complex L contains the
long Pbx isoforms, whereas the S complex is probably due to
the short Pbx isoforms. Furthermore, as the anti-PDX1 anti-
serum had no effect, we conclude that these complexes are
completely different from the PDX1-Pbx heterodimeric complex
observed on the somatostatin TSE;; element (10).

To investigate the cell type distribution of complexes S and
L, nuclear extracts were prepared from different pancreatic
and nonpancreatic cell lines and tested by EMSA (Fig. 3, lanes
1-11) Complex L was detected with extracts of all tested cell
lines, and complex S was less abundant in some cell lines, such
as COS, Jurkat, or HT29. The presence of Pbx proteins in these
complexes was confirmed in all extracts by supershift with the
Pbx antibodies (data not shown). These results are consistent
with previous reports showing the expression of Pbx factors in
all cell lines tested so far (11).

We next investigated whether a recombinant Pbx protein
could bind the UE-A element. Pbxla protein was produced in
vitro using wheat germ extract and tested in EMSA. No pro-
tein-DNA complexes could be reconstituted on the UE-A ele-
ment with Pbx1a (see Fig. 3, lane 12), whereas a heterodimeric
complex with PDX1 was formed on the TSE;; element (Fig. 3,
lane 16). Identical results were obtained using recombinant
Pbx1la produced in E. coli (data not shown), suggesting that
binding of Pbx factors to UE-A requires a co-factor present in
cell extracts. As Hox factors are known to bind cooperatively
with Pbx proteins on some target elements, various Hox pro-
teins were produced in vitro and tested in the presence of Pbx1
by EMSA; however, no heterodimeric complexes could be gen-
erated on UE-A (data not shown). Formation of Hox-Pbx com-
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performed on wild type or mutated UE-A
element (sequences depicted below the
lanes) using nuclear extract of pancreatic
TUG6 cells. 1 or 10 ng of unlabeled oligo-
nucleotides UE-A or mutated UE-A were
added as competitor, as indicated above
the lanes. PI, preimmune serum; Pbx Ab,
antibody raised against PBX1 protein and
recognizing all Pbx family members (gen-
erous gift of M. Kamps); PDX1 Ab, PDX1
antiserum; PbxL Ab, antiserum recogniz-
ing specifically the long Pbx isoforms
(Pbx1a, Pbx2, and Pbx3a) (Santa Cruz
Biotechnology)
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nsp. —» Py p—_p— " «—PDXI1-Pbxla element with nuclear extract of vari-
ous cell lines. EMSAs were performed
on UE-A probe with extracts from TUS6,
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Probe : UE-A

plexes requires the pentapeptide motif YPWMK present in
many homeodomain proteins, and previous experiments have
shown that Hox-Pbx complexes can be disrupted by adding
high concentrations of synthetic peptide containing this con-
served motif (29, 33). Thus, in order to test whether the com-
plexes S and L are Hox-Pbx type complexes, we incubated
increasing amount of this synthetic peptide with TU6 cell ex-
tract and then performed EMSA. Fig. 4 shows that the two
complexes L. and S are not substantially affected by the pen-

- PDX1 Rin, oTC cells (pancreatic endocrine
type), GH3 cells (pituitary type), STC1
cells (intestinal type), Jurkat cells (T lym-
phocyte type), HCT116, HT29 cells (colon
carcinoma type), Hela, or COS cells. Posi-
tions of complexes L and S are indicated
by the arrows. Nsp, nonspecific complex.
Pbxla, recombinant Pbxla protein pro-
duced in vitro in a wheat germ extract
(WGE) tested on the UE-A probe (lane 12)
and on TSE;; probe in absence (lane 14)
and presence (lane 15) of recombinant
PDX1 protein.

14 15 16
TSEN

tapeptide motif in contrast to the complete destabilization of
the PDX1-Pbx complex on the TSE;; element.

As the Pbx1la protein produced in vitro or in bacteria is not
able to bind UE-A, we decided to test whether it could recon-
stitute a protein-DNA complex when expressed in eukaryotic
cells. Thus, COS cells were transfected by the expression vector
pFlag-Pbx1 containing the coding sequence for Pbxla protein
tagged at its N terminus with the FLAG epitope (29). Nuclear
extract from transfected cells were tested by EMSA on the
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FiG. 4. The protein complexes bound on the UE-A element are not destabilized by the conserved Hox pentapeptide in contrast to
the PDX1-Pbx complex bound on the TSE, element. EMSAs were performed with increasing concentration of the Hox-B5 peptide
QPQIYPWMRKLH (from 1 uM to a final concentration of 1 mm), as indicated by the crescendo above the lanes. The complexes L and S formed with
UE-A probe are indicated, as well as the PDX1 and PDX1-Pbx complexes formed on TSE;; probe. The free probes are not shown in the figure.

pcDNA3 |+ | +]- |-
pFlagPBX1
Flag Ab. |-|+]| -

1
1

+
+

Fic. 5. Pbx1a protein binds the UE-A element when expressed
in eukaryotic COS cells. EMSAs were performed on UE-A probe with
extracts of COS cells transfected with (+) or without (—) the expression
vector containing the coding region of the Flag-tagged Pbxla (pFlag-
PBX1) or ¢cDNA insert (pcDNA3). 1 ul of monoclonal antiflag antibody
(Flag Ab) was added as indicated.

UE-A probe (Fig. 5). As expected, the complexes S and L were
observed with extract of transfected cells; addition of an anti-
FLAG monoclonal antibody produced a supershifted band only
in extracts of COS cells transfected with the pFlag-Pbx1 ex-
pression vector. No supershift was observed when the control
expression vector pcDNAS3 was used. These results prove that
Pbx1a protein can bind the UE-A sequence, but only when it is
expressed in eukaryotic cells. This suggests that binding of
Pbx1 to UE-A requires either a posttranslational modification
of Pbx1 or a cellular co-factor present in cell extracts.

The Prep-1 Factor Binds Cooperatively with Pbxla to the
UE-A Element—Recently, Pbx factors have been found to as-
sociated with a specific subclass of three-amino acid loop ex-
tension homeodomain proteins that lack the YPWMK motif:
the Meis/Prepl protein family. Indeed, Meis1 and the related
factor Prep-1 (also named pKnox1) stably interact in solution
with the Pbx proteins (34—37). This observation prompted us to
investigate whether one of these two factors could bind the
UE-A element together with Pbx1. Meisl and Prep-1 proteins
were translated in vitro using reticulocyte lysate and tested by
EMSA in the presence or absence of Pbx1a. Fig. 6 shows that a
very strong cooperative binding occurs using Pbx1a and Prep-1
(lane 6), whereas formation of a Pbx1-Meis1 complex was also

Fic. 6. Prepl and Pbxla cooperatively bind the somatostatin
UE-A element. Meisl, Prepl, and Pbxla were translated in vitro in
reticulocyte lysate and were tested by EMSA as indicated above each
lane using the probe UE-A. Ret. lysate, control reaction containing the
unprogrammed reticulocyte lysate. Roughly equal efficiency of protein
translation was obtained for Meisl and Prepl, as demonstrated by
[**S]methionine labeling (data not shown).

detectable, but much less efficient (lane 5). This difference was
not due to a lower amount of Meisl protein as comparable
amount of 3°S-labeled Meis1 and Prep-1 proteins were detected
on SDS-polyacrylamide gel electrophoresis (data not shown).

To determine whether Prep-1 is the co-factor in the cell
extracts binding with Pbx factors to the somatostatin UE-A
element, we used two antisera raised specifically against Prepl
(Fig. 7). Addition of these two antisera to Tu6 or HeLa cell
extracts completely abolished the formation of the two com-
plexes S and L, whereas the preimmune or the PDX1 anti-
serum had no effect (Fig. 7, lanes 2-13). Furthermore, the
cellular complex L, which was specifically blocked by the long
isoform Pbx antibody (Fig. 7, lanes 3 and 9), co-migrated with
the heteromeric complex obtained with the recombinant Prep-1
and Pbx1la proteins (lane 14). In contrast, an anti-Meis1 anti-
body did not affect the complexes S and L (data not shown). As
the Prepl antibodies do not cross-react with the recombinant
Meis1 protein (data not shown), these results clearly indicate
that Prepl is the major cellular factor binding UE-A in combi-
nation with Pbx proteins.

Synergistic Activation of the UE-A Element by Pbx and Prepl
Factors—By transient transfection experiments, we next inves-
tigated whether Pbx and Prepl factors could stimulate the
transcriptional activity of the UE-A element. To that end, we
generated reporter plasmid in which the UE-A element was
inserted in a single copy directly upstream from a TATA box
followed by the luciferase gene. Fig. 8 shows that the activity of
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Extract :
Antibody :
FiG. 7. Prepl is the major partner of
Pbx factors for the cooperative bind-
ing of the somatostatin UE-A ele-
ment. EMSAs were performed on the L e

UE-A probe using TU6 or HeLa cell ex- S—>
tract as indicated. Various antibody were nsp.——»
preincubated with the extracts as de-

picted above each lane. PbxL Ab, anti-

serum recognizing the long isoforms of

Pbx factors. Prepl Abl and Prepl Ab2,

antisera raised specifically against Prepl

protein (generous gift of Prof. F. Blasi). In

vitro translated Prepl and Pbxla were

tested in lanes 14 and 15. nsp, nonspecific

complex.

the UE-A element was not affected by co-transfection of Pbx1a
or Prepl expression vectors when tested separately. In con-
trast, when both expression vectors were combined, a strong
synergistic stimulation was observed. This activation is medi-
ated through the binding of Pbx-Prepl heteromeric complex to
the UE-A element, as the mutation in the TGATTGATT motif
of UE-A preventing the binding of these factors completely
blocked this synergistic stimulation. Thus, the Pbx-Prepl com-
plex displays a strong transcriptional activation potential on an
isolated UE-A element.

PDX1, Pbx, and Prepl Factors Synergistically Activate the
Mini-enhancer and the Intact Promoter of the Somatostatin
Gene—Previous reports have shown that the sequence —120 to
—80 of the somatostatin promoter acts as a pancreatic-specific
mini-enhancer (25). This mini-enhancer is actually a bipartite
element composed of the UE-A domain (—113 to —100) and the
TSE; domain (-85 to —99) binding the PDX1 homeodomain
factor as a monomer (6, 7) (see Fig. 1). As both sites are
required for the enhancer function and act synergistically, we
decided to test the effect of the three factors, PDX1, Pbx1a, and
Prepl, on the somatostatin mini-enhancer. The reporter plas-
mid UE-A/TSE;-Luc, containing one copy of the mini-enhancer
(sequence from —120 to —80) directly upstream from the TATA
box-luciferase fusion construct, was transfected either alone or
with various combination of expression vectors for PDX1,
Pbx1la, or Prepl in carcinoma HCT116 cells (see Fig. 9). In
contrast to the effect on the UE-A element alone, co-transfec-
tion of both Prepl and Pbx1la vectors did not produce a strong
activation of the mini-enhancer. PDX1 alone caused a stimu-
lation that was slightly increased in the presence of Pbxla.
However, expression of all three factors (PDX1, Pbxla, and
Prepl) gave a very strong synergistic activation of the mini-
enhancer (about 230-fold).

Similarly, when the intact somatostatin promoter was tested
as a reporter (Fig. 9, plasmid pSRIF-Luc), co-transfection of
both Pbx1la and Prep1 again had no significant effect, similar to
the mini-enhancer. Also, the modest activation generated by
expression of PDX1 was strongly increased by additional ex-
pression of both Pbxla and Prepl.

4071
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Fic. 8. Synergistic activation of the UE-A element by Pbxla
and Prepl factors. HCT116 cells were transfected by the UE-A-Luc
and UE-Amut-Luc reporter plasmids. These vectors contain the lucif-
erase gene under the control of a minimal growth hormone promoter
(=32 to +8) and one copy of the wild type UE-A sequence (for the
UE-A-Luc plasmid) or mutated UE-A sequence (for the UE-Amut-Luc
plasmid) (see Fig. 2 for the sequences). These reporter plasmids were
cotransfected with an expression vector for Pbxla and/or Prepl as
indicated. Luciferase activities were normalized to B-galactosidase ac-
tivity generated by the internal control plasmid Rous sarcoma virus-$-
galactosidase. Normalized Luc activity obtained in the cell transfected
without expression vector was arbitrarily set at 1. The data are
means * S.D. of four transfection experiments, each performed in
duplicate.

DISCUSSION

The UE-A element is a well conserved regulatory element of
the somatostatin gene and is required for the optimal function
of the promoter in pancreatic cells. Whereas the UE-A site is
part of a pancreas-specific mini-enhancer, it has no intrinsic
transactivating capacity (data not shown and Ref. 4). This
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Fic. 9. Synergistic activation of the somatostatin mini-enhancer and the intact somatostatin promoter by Prepl, Pbxla, and
PDXI1. The reporter plasmid UE-A/TSE;-Luc contains one copy of the somatostatin mini-enhancer sequence (from —120 to —80) inserted upstream
from the minimal growth hormone promoter (—32 to +8) fused to the luciferase gene. The reporter plasmid pSRIF-Luc contains the somatostatin
promoter sequence (from —195 to +52) fused to the luciferase gene. These reporter vectors were co-transfected in HCT116 cells together with the
internal control plasmid Rous sarcoma virus-B-galactosidase and the expression vectors coding for PDX1, Pbx1a, and/or Prepl factors. Normalized
luciferase activity obtained in the cells transfected without expression vector was arbitrarily set at 1. The data presented are the results of nine
transfection experiments for the UE-A/TSE;-Luc plasmid and four transfection experiments for the pSRIF-Luc plasmid.

element acts by potentiating the transcriptional activation of
the nearby TSE; element.

In the present study, we demonstrated that the UE-A site is
recognized by heterodimers composed of a Pbx family member
and the Prepl protein. The two protein-DNA complexes L and
S formed on UE-A with the cell extracts correspond to Pbx-
Prepl heterodimers containing, respectively, the long and
short isoforms of Pbx proteins. This is demonstrated by the
supershift obtained using the specific Pbx and Prepl antibodies
and the comigration of the L. complex with the in vitro trans-
lated Pbxla and Prepl proteins. In transient transfection ex-
periments, we observed that the somatostatin enhancer was
strongly stimulated by the co-expression of the three factors,
PDX1, Prepl, and Pbx1la. Similar stimulations were obtained
by replacing the Pbxla expression vector by a Pbx1b or Pbx2
expression plasmid (data not shown). Taken together, these
results indicate that somatostatin gene expression is under the
control of Pbx-Prepl heterodimers.

In addition to the somatostatin gene, the only known target
of the Prep1 factor is the urokinase plasminogen activator gene
(36). Similar to the somatostatin UE-A element, Prepl binds
the COM element of the urokinase plasminogen activator en-
hancer as a heterodimer with Pbx factors, and the COM ele-
ment is not able to activate transcription on its own. In fact,
COM seems to act by increasing the transcriptional activation
produced by the transcription factors bound to neighboring
sites (i.e. Jun, ATF, and Ets factors) (38). In the present study,
we also observed that the Pbx-Prep1 heterodimer, bound on the
UE-A element, strongly synergizes with the PDX1 factor bound
to the nearby TSE; site, producing a full activation of the
somatostatin mini-enhancer. EMSA failed to show that this
synergism is due to a cooperative binding of Pbx-Prepl het-
erodimer and PDX1 to the bipartite UE-A/TSE; element (data
not shown). However, we cannot completely rule out the possi-
bility that DNA binding cooperativity might occur within the
cell, perhaps requiring the presence of an unknown cellular
factor or eventually requiring the natural context of chromatin.

In this study, we show for the first time that the UE-A
element can generate a transcriptional activation, but only

when Pbx and Prepl are overexpressed and if the UE-A se-
quence is inserted immediately upstream the TATA box. In-
creasing the distance between the UE-A site and the TATA box
strongly reduces (see Fig. 9, UE-A/TSE; reporter plasmid) or
completely abolishes the activation (see Fig. 9, pSRIF-Luc re-
porter). These observations suggest that the Pbx-Prepl het-
erodimers possesses an activation capacity that is highly de-
pendent on spatial organization. We can also postulate that in
the context of the somatostatin promoter, one function of PDX1
is to promote functional interactions between the basal ma-
chinery and the Pbx-Prepl heterodimer. However, further ex-
periments are required to determine the mechanism of the
transactivation mediated by the Pbx-Prepl heterodimers.

The protein Prepl shares sequence similarity with the Meis
proteins (Meis1, Meis2, Meis3, mrgl, and mrg2) not only in the
homeodomain, but also in the two N-terminal domains involved
in dimerization with Pbx factors (36, 39—41). Despite this
sequence similarity, the Pbx1-Meis1 heterodimer binds much
less efficiently to UE-A than the Pbx1-Prepl heterodimer. Fur-
thermore, we were unable to detect binding of Pbx-Meis het-
erodimers on UE-A using cell extracts, and all protein com-
plexes observed were Pbx-Prepl heterodimers. This indicates
that Pbx-Prepl and Pbx-Meis1 heterodimers could have differ-
ent DNA binding specificity and could regulate distinct target
genes. Actually, it has been shown that the Pbx1-Meis complex
preferentially recognizes the TGATTGACAG motif (34). We are
currently investigating in more detail this DNA binding
specificity.

The mechanism of action of the Pbx factors has been remark-
ably maintained through animal evolution. Indeed, both in
mammals and in Drosophila, Pbx/EXD factors interact and
cooperate with the Hox/HOM-C-like factors (reviewed in Ref.
19), and the interaction between mammalian Pbx and the
Meis/Prepl related factors also occurs in Drosophila as EXD
interacts with the homothorax protein, which seems to be the
ortholog of the murine Meis factors (42—45). Homothorax was
shown to be necessary for the nuclear localization of EXD and
for its function. Remarkably, the murine Meisl was able to
rescue the homothorax mutant phenotype (42) and to induce
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nuclear translocation of EXD. Therefore, it is probable that the
nuclear translocation of Pbx factors in mammals is controlled
by the Meis factors. Thus, it will be interesting to test whether
Prepl could have such a role. As Rieckhof et al. (42) observed
nuclear EXD without homothorax expression in some cells of
Drosophila embryo (42), it is possible that another factor, sim-
ilar to homothorax, exists in these cells. This factor could
eventually correspond to the ortholog of Prepl. A sequence
comparison of homothorax, Meis, and Prepl reveals that Meis1
is much more related to homothorax than to Prepl, suggesting
that before the divergence of vertebrates and invertebrates, an
ancestral gene duplicated and generated the Prepl and the
Meis/homothorax genes. Thus, this is consistent with the hy-
pothesis that a Prepl-like gene could exist in Drosophila.

The somatostatin promoter is a good model to study the
regulation of gene expression by the Pbx factors. This promoter
contains two distinct Pbx binding sites, the TSE;; and the UE-A
element. Pbx binds TSE;; cooperatively with the pancreatic
factor PDX1, and the formation of this heterodimer requires
the FPMWK motif of PDX1 (10). On the UE-A element, Pbx
binds as a heterodimer with the Prepl factor. This Pbx-Prepl
heterodimer functionally cooperates with the PDX1 factor
bound to the adjacent TSE; site. The somatostatin promoter is
the only regulatory sequence shown to bind the three factors
Pbx, Prepl, and PDX1 (Hox-like) with a high affinity; this gene
is thus a good model in order to investigate, at the molecular
level, the mechanisms of action of the Pbx/EXD, Meis/Prep/
homothorax and Hox-like homeodomain factors.
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