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ABSTRACT The Xlim-1 gene is activated in the late
blastula stage of Xenopus embryogenesis in the mesoderm, and
its RNA product becomes concentrated in the Spemann
organizer at early gastrula stage. A major regulator of early
expression of Xlim-1 is activin or an activin-like signal. We
report experiments aiming to identify the activin response
element in the Xlim-1 gene. The 5’ flanking region of the gene
contains a constitutive promoter that is not activin responsive,
whereas sequences in the first intron mediate repression of
basal promoter activity and stimulation by activin. An intron-
derived fragment of 212 nt is the smallest element that could
mediate activin responsiveness. Nodal and act-Vgl, factors
with signaling properties similar to activin, also stimulated
Xlim-1 reporter constructs, whereas BMP-4 did not stimulate
or repress the constructs. The mechanism of activin regulation
of Xlim-1 and the sequence of the response element are distinct
from activin response elements of other genes studied so far.

Dorsoventral polarity in the embryo of Xenopus laevis is preset
by cytoplasmic rotation before first cleavage (1), leading to the
formation of a dorsalizing center named the Nieuwkoop center
(1-4). Signaling through the Wnt pathway, at least its down-
stream component $3-catenin, is critical in Nieuwkoop center
function (5-7). In addition to the dorsalizing role of Wnt/B-
catenin, certain factors in the transforming growth factor 3
(TGF-B) superfamily, including Vgl, activin, and nodal, me-
diate dorsal mesoderm-inducing signals (reviewed in refs. 3, 4,
8, and 9). The molecular consequences of these signals include
activation of multiple genes in temporally and spatially regu-
lated fashion, generating complex relationships between do-
mains of expression of different regulatory genes by the
gastrula stage. The embryonic body plan emerges as a result of
interactions among the gastrula dorsalizing center, the Spe-
mann organizer, and opposing influences present in ventro-
lateral regions of the embryo (10-17).

A hierarchy of gene activation appears to control gene
expression and patterning of the Xenopus embryo. The early
dorsally expressed homeobox gene siamois (18) is induced by
the Wnt signaling pathway, but not by dorsal mesoderm-
inducing factors of the TGF- family (19-21). The slightly later
organizer-specific gene goosecoid is activated both by Wnt-like
and activin-like signals (22, 23), whereas the more broadly
expressed genes Mix.I or Mix.2 (24) are controlled directly by
an activin-like signal mediated by XMAD2/Smad2 (25). The
Xlim-1 gene belongs to a group of dorsal genes that are
activated slightly later by an activin-like signal (26). Xlim-1 is
expressed in chordal and prechordal mesoderm (27), has a role
in dorsalization of mesoderm and the induction and patterning
of the neural plate (28, 29), and its mouse ortholog, Lim-1 or
Lhx-1, is essential for the formation of the head (30). Part of
the role of Xlim-1 during gastrulation could be mediated by
activation of the signaling molecule chordin whose expression
is not directly stimulated by activin (29-32). In addition to
homeobox genes, the activin-like signal stimulates the expres-
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sion of the forkhead gene XFD-1/XFKH-1 /pintallavis during
gastrulation (33-35).

The mechanism of transcriptional activation of regionally
restricted genes in early development is of interest because it
will help explain how pattern emerges during embryogenesis.
The distinct nature of the Wnt and activin-like signals is seen
in the gsc promoter where separate sequence elements in the
5’ upstream region mediate Wnt and activin responses (23). A
distinct activin response element (ARE) has been identified in
the in the 5’ upstream region of the Mix.2 promoter (36) whose
activation is mediated by XMAD2 in combination with the
forkhead class factor FAST-1 (25). The AREs of the XFD-1'
(37) and HNFla genes (38) also reside in the respective 5’
upstream regions. A remarkable feature of these AREs is the
fact that they share very little sequence similarity (see ref. 37).

In this paper we describe the sequences required for activin
responsiveness of the Xlim-1 gene. Not only did we fail to
detect substantial similarity between the previously reported
ARE:s and the relevant element in Xlim-1, but in addition the
control element is located in the first intron rather than in the
5’ upstream region.

MATERIALS AND METHODS

Genomic clones for Xlim-1 were isolated by screening a
genomic library (39) with a ¢cDNA probe (26). Reporter
constructs were generated by inserting genomic fragments into
the luciferase vector pGL2-basic (Promega). The exonuclease
IIT method (40) was used to generate deletions. To modify
intron sequences, the intron was cut at the unique BamHI site
and resected with ExollII to different extent. A construct from
which much of intron I was removed (nt 878-2,284) was
modified by insertion of the following polylinker (intron in
lower case, added nucleotides are in uppercase letters; see
Figs. 1 and 3): aggaccATGTCCATGGGACGTCAGTTG-
GATCCAGGCCTAAGCTTAGTCATGCATGCGGCCGC-
AGATCCCGCCTTAACTGgctaga. The luciferase construct
containing the resected intron I and polylinker is named
Ex-2A3, or A3 (see Fig. 1). Portions of the intron generated by
PCR were reintroduced into A3 at the Swul site in the
polylinker.

A luciferase construct containing the basal thymidine kinase
(TK) promoter (41) was modified by insertion of Xlim-1 intron
sequences upstream of the promoter.

Transcriptional activity was assayed after injection of 50 pg
plasmid DNA into the animal region of two-cell embryos.
Animal explants were dissected at stage 8.5-9.5 (42) and
cultured to equivalent stage 11 (about 4 hr) with or without 200
pM activin A, and luciferase activity was assayed in triplicate.

Abbreviations: AR, activin receptor; ARE, activin response element;

BR, BMP receptor; TGF-B, transforming growth factor B; TK, thy-

midine kinase.

Data deposition: The sequence reported in this paper has been

deposited in the GenBank database (accession no. AF013242).

*To whom reprint requests should be addressed at: Building 6B, Room
413, National Institutes of Health, Bethesda MD 20892. e-mail:
idawid@nih.gov.
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RESULTS

Activin Response in Xlim-1 Is Controlled by a Site in the
First Intron. As a start in unraveling the mechanism of
regulation of Xlim-1 expression we focused on its response to
activin in early embryogenesis. In animal explants, the Xlim-1
gene is not expressed but can be turned on by activin inde-
pendent of protein synthesis (26). To analyze this activation,
we injected Xlim-1-luciferase fusions into two-cell embryos,
cultured animal explants with and without activin, and assayed
for luciferase activity. Reporter constructs with upstream
regions fused to luciferase in frame in the first exon were active
but not stimulated by activin (Figs. 1 and 2 A and B),
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irrespective of the length of the flanking region up to 5 kb. We
have not analyzed the upstream region in detail, but a con-
struct starting at position —109 still supported reporter activ-
ity, whereas deletion of all flanking sequences and fusion at
position +477 resulted in an inactive construct. The sequence
of the 5’ flanking region (Fig. 3) does not contain a TATA box.

To test for a possible ARE in an intron we generated a
construct of Xlim-1 containing all four introns, fused in-frame
to luciferase just upstream of the stop codon; construct B was
weakly active in the absence of activin and strongly stimulated
by it (Figs. 1 and 24). Experiments with different batches of
embryos are not directly comparable in quantitative terms (see
also ref. 23); therefore we summarize the behavior of con-
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FiG. 1.

Activin responsiveness of Xlim-1-luciferase fusion constructs. The top line depicts the organization of the Xlim-1 gene. Lines represent

noncoding regions, boxes are protein coding (filled) or untranslated (open) regions; introns III and IV are not to scale, their approximate size in
kb is indicated. Constructs are symbolized below and identified both by a descriptive term (e.g., Ex-1 means fusion in exon 1) and a letter identifier.
The Ex-2A3 (A3 for short) construct was used as a vector in which to test different regions of intron I that is shown expanded in the lower part
of the figure. The numbers correspond to nucleotide positions in the Xlim-1 sequence (Fig. 3). The constructs labeled A3+1, etc., were derived
from A3 by the addition of the intron sequence indicated; thus, A3+1 contains 300 nt, from 1,837 to 2,137, inserted into the polylinker between
positions 887 and 2,285; see also Materials and Methods and text. The activin response of the various constructs is summarized as follows: negative
constructs had responses very close to unity; construct A3+3 gave a low response (1.3- to 4-fold) and is therefore listed as +/—; the response in
constructs labeled + varied with embryo batch, but was never lower than 4 and usually much higher (see Fig. 2). N is the number of experiments;
in the cases identified as 12, additional deletions with close-by endpoints were tested, confirming the results.
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F1G.2. Activin response of Xlim-I-luciferase fusion constructs. Constructs identified in Fig. 1 were injected into the embryo, and animal explants
were cultured in control medium or in the presence of 200 pM activin and assayed for luciferase.

structs in Fig. 1 and illustrate individual experiments in Fig. 2.
Resection of the construct from the 3’ end showed that the
relevant sequences were located in intron I; construct C, fused
in exon 2, was at least as responsive to activin as construct B
(Fig. 1). Activin responsiveness did not depend on a long 5’
flanking region, as seen by gradual resection (data not shown);
construct D, containing 350 nt of 5’ flanking region, was fully
responsive to activin (Figs. 1 and 2B). From these experiments
we conclude that the Xlim-1 gene carries a constitutive pro-
moter in its proximal 5’ flanking region and an activin-
sensitive silencer in its first intron.

Deletion Analysis of the ARE in Intron I. Fig. 3 presents the
sequence of a portion of the Xlim-1 gene, including intron I,
which is just under 2 kb in length. To localize the ARE we
generated deletions with exonuclease starting from the BamHI
site at position 1,598. The most informative of several deletions
tested are shown in Fig. 1. Construct Ex-2A1 (nt 1,373-1,932
deleted) was unresponsive, whereas Ex-2A2 (1,412-1,777) did
respond to activin; this and additional deletions indicated that
sequences downstream of about position 1,800 are required for
the activin response. To test for ARE function, a vector was
generated from construct D by replacing the central 1.4 kb of
intron I by a polylinker, preserving the ends of the intron to
allow splicing (construct Ex-2A3; Fig. 1; see Materials and
Methods). The A3 construct is activin unresponsive, like con-
struct A (Figs. 1 and 2C). Different regions of the intron were
then generated by PCR and inserted into the polylinker within
intron I (Fig. 1). Insertion of a region of 300 nt, positions
1,837-2,137, into the A3 construct (A3+1) resulted in strong
activin responsiveness (Fig. 2C). A fragment of 212 nt internal
to the 300-nt fragment (construct A3+2) also supported an
activin response, but generally with a lower stimulation ratio
due to higher unstimulated activity (Fig. 2C). Both the 300-
and 212-nt fragments were inserted into A3 in reverse orien-
tation; these constructs were as responsive to activin as those
with the original orientation (data not shown). Further dele-
tion beyond the boundaries of the 212-nt fragment greatly
reduced or abolished the response (Fig. 1). The Xlim-1 intron
ARE as defined by these experiments is rather long compared
with transcriptional control elements reported in other sys-
tems. We attempted to check for possible substructure in the
element by deleting sequences in the middle of the 212-nt
fragment; such deletions abolished the ARE function. Thus,
the 212-nt fragment is the shortest we could identify as a
functional ARE.

Transfer of the ARE to a Heterologous Promoter. A lucif-
erase gene driven by a basic TK promoter was highly active in
the embryo, and its expression was stimulated about 2-fold by
activin (Fig. 4); the basis of this modest stimulation is not
understood. Insertion of the 300- or 212-nt fragment from
Xlim-1 intron I on the 5’ side of the TK promoter yielded
constructs that were less active than the basic TK reporter but
responded more strongly to activin (Fig. 4). Thus, the ARE in
intron I behaved similarly in this heterologous context as in the

Xlim-1 gene itself: it led to an inhibition of basal activity which
was largely relieved by activin. Whereas control by the ARE
appeared less tight in the TK promoter context, these results
support the view that the activin-mediated effects are tran-
scriptional.

The sequence in the 300- and 212-nt intron I fragments was
compared with that of AREs previously reported in other
genes. No meaningful regions of similarity were found in the
ARE:s of Mix.2 (36), goosecoid (23), HNFla (38), or XFD-1'
(37), all of which are located in the 5’ flanking regions of their
respective genes.

Responsiveness to Other Inducing Factors. While activin
is found in the embryo (43), its role in development is not
fully understood, even though recent work strongly supports
such a role (44). Other TGF-B superfamily members such as
Vg1 and nodal have similar signaling properties as activin
and are likely involved in dorsal mesoderm induction (45—
48). The TGF-B superfamily member BMP-4 acts as a
ventralizing factor which can antagonize dorsal influences in
mesodermal patterning and neuralization (10, 11, 16, 17).
We tested the effect of these factors on the Xlim-1 luciferase
reporter D by RNA injection.

Injection of BMP-4 RNA did not stimulate reporter
activity and did not inhibit the activin response in animal
explants (Fig. 54). This is different from the results obtained
with constructs from the XFD-1' gene, where BMP-4 abol-
ished the activin response (37). The truncated form of the
BMP receptor (ABR) acts as a dominant-negative form in
the embryo, leading to duplication of dorsal structures by
inhibiting BMP-mediated ventralization (49, 50). Whereas
ABR might thus be expected to activate a dorsal marker gene
like Xlim-1, it did not stimulate reporter expression (Fig.
5A4); ABR also failed to inhibit activin stimulation of the
reporter. In contrast, a truncated type II activin receptor,
AAR (or AXAR; refs. 51 and 52) completely blocked
stimulation of the Xlim-1 reporter by activin (Fig. 54).

Nodal, known to be required for mesoderm formation in the
mouse (53, 54) and able to function in a heterologous system
(55), stimulated the activity of the Xlim-I reporter; this
stimulation was blocked by AAR (Fig. 5B). Likewise, Act-Vgl,
a processing enhanced form of Vgl (46), stimulated reporter
activity and was sensitive to inhibition by AAR (Fig. 5B).

The data in Fig. 5 indicate that the Xlim-1 reporter D is
stimulated by dorsal mesoderm inducers of the TGF-f super-
family and does not respond to the ventralizing factor BMP-4.
We have also tested Xwnt-8 and the dominant-negative form
of GSK-3B (38-KM), both known to be strong dorsalizing
factors (7, 56), and basic fibroblast growth factor, a general
mesoderm inducing factor (9, 57), for stimulation of the Xlim-1
reporter; none of these factors activated the reporter (data not
shown), consistent with the fact that these agents fail to induce
the resident Xlim-1 gene in animal explants. The situation is
different with retinoic acid, which does induce Xlim-I in
explants and in the whole embryo (26, 27), but failed to induce
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ctget
gtccataaaaatacgccgagatatttcecttaccagttgtetcatcagttt -301
gggagctggaggcaagctgeccacttatcatacttgagatattattatee
tgatccacctctccaataaacattcaatatcttagaaaataaaaaacgaa -201
aatgtgccattacctacagctcgtgeccaatggttecctttcactatteac
tacaatgttctttegettctatceccagectgecggggtgettaatggttt -101
accagggactgcgaggcgctgattggccgtggcagcccgtgacgtaacgg
cgttgtgcataaggcttgctcctctgctgttgagaacatgcagtccaggc -1
GCGACAGTTCGGATGGGAAGAGCAAGTGAGTGGAGCARACCTGTAGGATC
GCCAGCTCCAGTGCCAACTACTCAACAACCTTCACAGCAGCCAAGGGATC 100
GCACTCTGCATTGGCACTGTATATGTGCAAGGGGCATTCCTTCATATATG
GACTTTGCTCAGCTGCTAGTGGGATTTGGACAATACAGCCAGGGCCAGAA 200
GTTGTTGATGGACTAGGGGACTTCCTTGGTGACATAAAGTGAGAACGGGC
AAAGGAACCACCCCCGGATACCAAAAGGAGAAAGAAGGAAAATAATCTGC 300
CACCCAAAGCAGCGACCCGAGTTGTGCTTGCGAGGAGCCTGTCCGTAGCA
CTGGACGTGATGTCGGGCAATCGAAATCCCATTGGCTTGTAATATATCTC 400
TAGGTAAATAGATGCACTTTCAGCAGCGACTGCGCTACCTCAACTGATCG
GCCCTCACATCTCTGTCCTCTCCTACCTCCTGCTACCCTGGCTTGGGGAT 500
CTCCATCAGCTCCGTCTTCTTGTCTTTCTAGACCACAGTGTCTGCCTTCT
ATTCTCCTAATCCGCCCATTCCTCTAAAATCCCAAATAACCAAAGGCAAT 600
GGTTCACTGTGCTGGATGCGAAAGGCCCATTCTGGACCGTTTCTTGTTGA
ATGTGCTGGACAGGGCTTGGCATGTGAAATGCGTGCAGTGCTGTGAGTGT 700
AAGTGCAACCTGACCGAGAAATGCTTCTCCAGGGAGGGCAAGCTCTACTG
TAAAAACGACTTCTTCAGgtgagtgcttcagecagggecacaacatgeca 800
gggtctgggcacaggtacacaaagtcatttaatacattcattcaatttaa
cctaccctaaatataacagctctgggatagcaggacccaaattaggcagt 900
gttagccccattcaataaatggtattaccattgctactaatgtatgcttc
agtggatatatttaatacaatataaaagctaaacagacgcataggtgtac 1000
aaataaatgaacgcacaaaagtatgtgtgtqtgtgtgtatagttggaacc
tgtataactatatatatatatatatatatacatacagtagttatttaata 1100
tacaacgcatttcatttgaaagcagattatcctattgecttacaaatattt
attttcttacacactatttcacaacaatatggattgcatgttacttcaag 1200
cagacacacacactgccgaaacgtttaattatgagggctacaaatccctg
taatgtgcctgaagtctectgccaggectgaacgectgaatattttagtg 1300
atgacaaagtggcgataaagagtccttggagatgggatggeegatcattt
ttgcagcagatgcacaaggcaatgtatttattaggccacttcttteccat 1400
ccaaataccctgctaattatagggtcteccatgtatttetgaggeggtet
ttttggaggtcaagcgacgggttaaaatgataatttgatggatgaaagcg 1500
gcgttttttgcttagataaagagctgatctgtttttatcccttcaaatgg
acgtggccttgggaaatcataatgtgecattcattatctgggaatatggg 1600
atccctcaatctcatcatattcggaagcgtttatgagctaaaaagagaaa
tacgcataaatgtatactacaaaccccggtaatacgectcatttcctaca 1700
ctgctttgactgtttctgggecectggaaagcaccagggtaactccattttt
gtggctggactagagtaaaagcactcaccagettttagttaaatacacaa 1800
acaaatatataaatatttgttaggcacaaacacgtgtatttgtctggcat
ctggcgtgcaacegtttgtgtattctggaagttatttggataggaagega 1900
cactttgaaattaacctgcaagtgaatcattgcttggcctggctggtctg
ctccgagtaggcaatgtttgtgeattttagtaaatgagtgataactggat 2000
ttgaatgggacgcttctttgaggtggaaaccgcagacagactagaatcaa
catccccattgtacacacaggcatcegecggtaaatataacagcaageat 2100
catcctctctggggccccacacgaccccaaaattattattttttttgtct
agaaaaaacattacaatatttattttattagcttgtccegtaagcaaaat 2200
cattgtacacaatgagctgactttcgtctgtcggagcagatttatgcagg
cggaaagggatgggtaccagacacagggcagggtgctagagatgectata 2300
ataaaaattcatgttattatttgtttaccattcatatatattactgttca
tatatagatatggggaaatatacacattttagtttagtatgtctactcag 2400
acatgtcttttttttattgttattataatagagaccacaaactctgcagc
gttgcgaagcaaggttttgtatacagagattcagcaagagatgtagccag 2500
cgtagaaaagttcttacaatgaaaagctataggataacagatcttgaaaa
aaaacaacatgataaaattaatctgtgcataaaaattattatatactatt 2600
ccccctaagtagaaatgctcgcctggtggttgaactgggggtgctgtgga
tgcagtgctgaacttaccagtgactctetectetatetttetetetgecag 2700
GCGCTTTGGTACCAAGTGTGCGGGCTGTGCCCAGGGGATCTCCCCCAGTG
ACCTAGTCAGGAGGGCAAGGAGCAAAGTGTTCCACTTGAACTGTTTCACC 2800
TGCATGATGTGTAACAAACAGCTCTCCACTGGAGAGGAACTTTATATAAT
CGATGAGAACAAGTTCG

F1G. 3. Sequence of the Xlim-1 gene including a portion of the 5’
flanking region through exon 1, intron I, and part of exon 2. Exon
sequences are in uppercase letters, flanking and intron sequences are
in lowercase letters. The start site of transcription was determined by
primer extension (M. Rebagliati, M.L.R., and 1.B.D., unpublished
work) and is consistent with the longest cDNA clones that were
obtained; the start of transcription is termed position +1. The
initiation codon in underlined (599-601). These sequences have been
deposited with GenBank under accession number AF013242. The
previously published Xlim-1 cDNA sequence (26) has accession num-
ber X63889.

the reporters tested including construct B. It is possible that
the retinoic acid response element for the Xlim-1 gene is
located in its 3’ flanking region, as is the case for HoxA1 (58).
Thus, the sequences located in intron I of the Xlim-1 gene
respond to activin and factors with activin-like inducing po-
tential.
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FiG. 4. The activin response can be transferred to the TK pro-
moter. A luciferase reporter containing the basic TK promoter (41)
was modified by insertion of the 300 nt (1,837-2,137) or 212 nt
(1,862-2,974) fragment from intron I, and assayed as described in
Materials and Methods and Fig. 2.

DISCUSSION

Establishment of Differential Expression Domains in the
Xenopus Embryo. The establishment of the body plan in the
Xenopus embryo involves multiple inductive events that de-
termine dorsal-ventral polarity, mesoderm induction and pat-
terning, and specification of the neural plate (1, 3, 4, 7-9, 16,
17). These interactions lead to transcriptional readouts begin-
ning at the midblastula transition, which rapidly divide the
embryo into regions of distinct gene expression. Dorsalization
through a Wnt-like pathway that involves accumulation and
nuclear translocation of B-catenin (7) leads in an apparently
direct way to the expression of the siamois gene in the
dorsovegetal region of the embryo (18). The early dorsalizing
or Nieuwkoop center, characterized by B-catenin action and
siamois expression, gives rise to the Spemann organizer at the
gastrula stage. Organizer-specific genes encoding transcrip-
tion factors or signaling molecules have been described, whose
action is believed to endow the organizer with its ability to
establish the embryonic axis (3, 4, 16, 17). Formation of the
organizer, as distinct from the Nieuwkoop center, may require
an activin-like mesoderm-inducing signal in addition to a
B-catenin-derived dorsalizing signal. One reason for this view
is the fact that the early organizer-specific gene goosecoid that
apparently is expressed slightly later than siamois, has both
Wnt and activin responsive elements in its promoter (23).

Xlim-1 may represent the next wave of organizer-specific
genes that do not respond directly to dorsalizing cues of the
B-catenin type. There are at least two reasons for such a view.
First, the initial activation of Xlim-1 is not tightly restricted to
the dorsal mesoderm but includes lateral expression (26), as is
particularly apparent in the zebrafish (55). Both in frog and
fish embryos, the expression pattern rapidly sharpens to
become organizer-specific by early gastrula. This pattern sug-
gests that the Xlim-1 gene is activated in response to broader
mesodermal cues rather than a strictly dorsal signal. The
second point is the presence of an ARE but not of a Wnt
response element in the Xlim-1 gene. The fact that our reporter
constructs do not respond to Wnt signals could be dismissed
by assuming that the relevant sequences were excluded from
the constructs, were it not for the excellent correspondence
with the results of Carnac et al. (19), who showed that
expression of siamois, a major mediator of the Wnt-like signal,
activates goosecoid and chordin but not Xlim-1 in animal
explants.

If Xlim-1 is activated in dorsal and lateral regions by an
activin-like signal, what restricts its expression to the organizer
during subsequent development? Our results provide no sup-
port for a direct inhibitory role of BMP-4, as was found in the
case of the XFD-1' gene (37). It is possible that BMP-4 affects
Xlim-1 expression through other molecules that are present in
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Response of construct D, containing the entire intron I, to different factors. The DNA construct was injected together with RNA

encoding different proteins, as indicated. In A4, animal explants were cultured in control medium or with 200 pM activin; in B all explants were
cultured in control medium. The following RNAs were injected at the levels per embryo indicated: globin (control), 400 pg (64); BMP-4, 400 pg
(65); ABR, truncated BMP receptor type I, 400 pg (49); AAR (or AXAR), truncated AR type II, 2 ng (51, 52); activin BB, 40 pg (66); nodal, 400
pg (53, 55); Act-Vgl, a chimeric construct between the pro region of activin and the mature region of Vgl, 400 pg (46).

the marginal zone, where regulation normally takes place, but
not in the animal explants which we used as test system.

Heterogeneity of AREs. Activin or an activin-like signal has
a major influence on axis formation and differentiation of the
mesoderm in Xenopus. Thus it is not surprising that activin
responsiveness has been studied in several genes that are
expressed in a temporally and spatially regulated way in
Xenopus embryogenesis. The remarkable fact that has
emerged from studies so far is the lack of a consensus sequence
for the ARE (see ref. 37). The Xlim-1 ARE continues this
pattern, having no discernable sequence similarity to previ-
ously reported AREs. In fact, Xlim-1 goes even further in
establishing a distinct manner of regulation. In the previously
reported cases, Mix.2 (36), goosecoid (23), HNFla (38) and
XFD-1' (37), the ARE:s are located in the 5 flanking regions
of the respective genes and appear to function as classical
enhancers: without the ARE the promoters are quite weak,
with the ARE they show a similar low basal level that can be
stimulated by activin. Xlim-1 behaves differently in that the 5’
flanking region contains a constitutive promoter that functions
well in animal explants but is entirely unresponsive to activin.
The ARE, located in intron I, appears to act as an activin-
responsive silencer. Constructs that contain the flanking re-
gion promoter and a minimum of 212 nt from intron I are
transcriptionally inhibited compared with constructs contain-
ing only flanking region, but can be activated by the addition
of activin. Thus, the basic mechanism of activin regulation of
Xlim-1 is quite different from the mechanism of the other
genes that have been studied in this context.

How does activin or a similar factor regulate gene expression
through AREs of such divergent sequence and, in the case of
Xlim-1, divergent mechanism of regulation? The signal of
TGF-B factors is transmitted to the cell through a class of
heterodimeric serine/threonine kinase receptors that regulate
the function of downstream effectors, the Smad proteins (25,
59-63). Smad proteins are translocated to the nucleus where
they participate in DNA binding and the regulation of gene
activity. The elegant work of Chen et al. (25) has shown that
Smad2 (or XMAD?2) forms a complex with the newly discov-
ered forkhead-class protein FAST-1 to bind to and activate the
promoter of the Mix.2 gene in Xenopus embryos. This work
may provide a paradigm for activation of AREs of divergent
sequence: while the participation of Smad2 or a homolog is
likely in each case, the active complex probably includes
different partner proteins in different cases, accounting for the

multiple sequences that have been found to act as AREs. In the
case of the Xlim-I gene the situation may be somewhat
different. Our results suggest that the intron I ARE is bound
to a protein or protein complex in the absence of an activin-like
signal, leading to the suppression of the constitutive activity of
the upstream promoter. The activin signal, likely mediated by
Smad2, is able to relieve this inhibition. Whether this simply
means that the inhibitory protein or protein complex is re-
leased, or whether it is transformed into an activating complex,
is not known. In many of our experiments the activin-
stimulated activity of the intron-containing constructs C or D
was about equal to the activity of the intron-less construct A
(see Fig. 1). However, our experiments showed some quanti-
tative variations, and in several cases the activin-stimulated
activity was considerably higher than the constitutive activity
of the intron-less construct; this was especially true when
activin RNA was injected, a particularly effective way to
generate a high local concentration of the factor. These latter
experiments suggest that the intron I ARE can mediate net
stimulation of transcription beyond the relief of the inhibition
that it exerts in the absence of an activin signal.

In conclusion, an activin-like signal has a major role in
controlling the expression of the Xlim-1 gene in the organizer
region of the Xenopus gastrula embryo. This regulation is
mediated through a sequence in the first intron which acts as
a silencer in the absence of the signal. The highly variable
sequences and manner of regulation of different activin-
responsive genes in the early embryo imply that combinatorial
signals achieve the complex and highly ordered patterns of
gene regulation that characterize the gastrula embryo.
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