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Fig. 11. Hox-1.8 expression in day-12.5 embryos exposed
to RA on day 8 + 5 hours. A-D show sagittal sections
(original magnification 25x) of day-12.5 embryos exposed
to a high dose of RA (100 mg/kg a\\-trans RA) on day 8 +
5 hours. Note the proper development up to the lumbar
level, and the abrupt truncation leaving the posterior part
of the embryo in complete disorganization. A shows a
bright-field and B a dark-field view of a near midsagittal
section. Twenty one prevertebrae are properly formed, a
few intestinal loops are discernable in the posterior part.
Tongue (t), heart (h), aorta (ao), liver (li), allantoic stalk
(al), intestine (in), spina bifida (sb, arrow indicates anterior
boundary) and prevertebrae (numbered) are marked. A
weak Hox-1.8 signal is present on very posterior cells, in
particular of the bulging out neural tube, prevertebrae do
not express Hox-1.8. C shows a bright-field and D a dark-
field view of parasagittal sections. Note strong expression
of Hox-1.8 on the hindlimb, the posterior neural tube,
some intestinal loops and posterior mesenchyme. Ribs (r)
are numbered in (C). E-H show parasagittal sections
(200x) of a day-12.5 wild-type embryo (E,F) and an
embryo exposed to an effectively low dose (see text) of
RA (450 mg/kg Yi-cis RA) (G,H). The typical Hox-1.8
expression of wild-type embryos (weak on no. 20, strong
on no. 21 and following ones, H. Haack, personal
communication; E,F) is shifted posteriorly by one segment
in the exposed embryo. The last prevertebra generating a
rib (r) is marked by an arrow, spinal ganglia by (sg), the
neural tube by (nt), and prevertebrae are numbered.

et al., 1991) or vertebral reprogramming induced by
retinoic acid (Kessel and Gruss, 1991). Such analyses
were recently combined in a model suggesting a
molecular coding of axial positions by Hox codes
(Kessel and Gruss, 1991, see also Fig. 12).

Application of the rules established by Lewis for
homeotic genes of Drosophila (Lewis, 1978) on the
murine Hox genes would imply that anterior transform-
ations result from negative or loss-of-function events,
which in their extreme form may be represented in the
observed truncations. The analysis of Hox genes from
the third and the fourth paralog group in day-8 embryos
has indeed shown that they are not expressed in the
posterior part of the RA-exposed embryos, which later
is truncated. Analysis of older embryos (day 12.5)
showed a posterior shift of the Hox-1.8 expression
domain by one prevertebral segment after exposure to
13-cis RA correlating with the generation of a rib on
prevertebra no. 21. No Hox-1.8 expression in the
normal domains posterior of prevertebra no. 19, but
small domains at the end of these truncated embryos
were observed after a\l-trans RA exposure. This
expression pattern correlated with the agenesis of
posterior structures. These observations suggest that
the onset of expression was de novo repressed in the
presence of RA either allowing a delayed activation or
inhibiting activation completely, dependent on the RA
concentration and the length of exposure. Less likely,
but not formally excluded, is the possibility that already
activated Hox genes were downregulated.

The presented data have indicated a correlation
between the formation of specific structures and the
expression of Hox genes relevant for a specific axial

level. They reinforce the previous argument (Kessel
and Gruss, 1991) that transformations induced by RA
during gastrulation are homeotic changes of regional
identities, correlating with the expression of murine
homeotic genes, the Hox genes.

Respecification
Differentiation of the prevertebral column occurs in a
craniocaudal direction. On day 10 the somites begin to
differentiate into sclerotomes and dermomyotomes.
Again progressing craniocaudally, the formation of
cartilagenous prevertebrae is achieved around day 12.
Coinciding with this second RA responsive phase of the
paraxial mesoderm is the beginning of expression of the
gamma RA receptor gene in somitic mesoderm, which
is first seen in the sclerotomes on day 10.5 (Ruberte et
al., 1990). Analysis of vertebral morphologies after RA
exposure on day 10 and 11 indicated that the transform-
ations b, c, f, g, and i, which were already observed
after RA exposure on day 7.3, can also be induced at
these later stages. The extent of the transformations c
and i, however, was less pronounced than after
exposure on day 7.3. Moreover, no progression of a
transformation on all more posterior located segments
was observed. As described in the result section, the
distribution and frequency of these transformations
indicated that each transformation can rather be seen as
a specific local event, which does not necessarily evoke
an effect in the same direction on all more posterior
segments.

In situ analysis was performed in order to find
experimental evidence for an anteriorization of Hox
codes underlying the posterior transformations induced
by RA exposures on day 10 or 11. Significantly and
reproducibly these attempts were unsuccsessful. I have
not been able to detect the postulated anterior
extensions of expression domains. One explanation
could be a qualitative switch in the expression pattern of
Hox genes, which has been shown to occur in tissue
culture cells upon exposure to RA. Differentially
spliced transcripts may possess different coding capaci-
ties and could escape the in situ analysis. Alternatively,
it is also possible that quantitative rather than qualitat-
ive differences are involved. RA might be able to
modulate the expression of Hox genes only within the
domains defined during gastrulation. In the already
strongly expressing segments, this may be without
morphological consequences. However, a weakly
expressing segment at the anterior boundary of an
expression domain, may be lifted over a threshold and
develop a more posterior identity, as seen in transform-
ations b and c. It is conceivable that this occurs either by
inducing higher Hox levels in the already expressing
cells or, alternatively, by inducing more cells to
transcribe available Hox genes. The latter mechanism
has been shown in Drosophila, where a weak trans-
formation seems to correlate with a smaller number of
reprogrammed cells, rather than a weaker transform-
ation of individual cells (Postlethwaite and Schneider-
man, 1971; Gibson et al., 1990). The analytical tool,
RNA in situ hybridization, has not allowed this point to
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Fig. 12. Hox codes of mesodermal segments and interpretation of RA-induced transformations. Expression domains are
indicated (+). Anterior boundaries of expression are marked according to published in situ analyses, where posterior
boundaries are in most cases not clearly defined. Here nine expressing segments are marked (for further discussion and
references see Kessel and Gruss, 1991). Arrows indicate the posterior (a, b, c, d, e, f, g) or anterior (h, i, k, 1)
transformations discussed in the text, Figs 4 and 9, and by Kessel and Gruss (1991). Two classes of Hox genes become
evident in this scheme: either correlating with posteriorizing (column of right-to-left arrows) or with anteriorizing effects
(column of left-to-right arrows) along the vertebral column. In the first group genes from paralog groups VI-XIII (roman
numbers) are represented, with the exception of Hox-2.5, the only member of paralog group V (*). All these genes
respond positively to RA in tissue culture cells (Boncinelli et al., 1991). The second group comprises genes from paralog
groups I-V, all with homeoboxes of the Abd-B type. Genes of this group were shown not to be activated by RA (Hox-3.2,
Erselius et al., 1990; Hox-4.4 and Hox-4.5, Simeone et al., 1991; Hox-1.8, Hox-1.9, Hox-4.5, this paper), or to be
downregulated by RA (Hox-4.5, Hox-4.6, Hox-4.7, and Hox-4.8, Simeone et al., 1991). An exception here is Hox- 4.3 (*)
belonging to paralog group VI, and being upregulated by RA in tissue culture cells (see text for discussion of positive RA
effects on posterior Hox genes). Note the first loss-of-function effect (anterior transformation h) occurs in the mid-thoracic
region posterior to the expression boundary of the last positively responding gene and anterior to the first gene not
activated by RA.
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be settled so far for the mouse embryos exposed to RA
during somite differentiation.

The Hox code
Fig. 12 summarizes the expression domains of Hox
genes in the paraxial mesoderm. The distinct combi-
nations of expressed Hox genes in distinct vertebral
segments were recently denned as Hox codes and their
functional significance in the specification of axial levels
was suggested (Kessel and Gruss 1991). Transform-
ations described in this report and the groups of
positively or negatively responding Hox genes are

indicated by arrows. The positive response of Hox
genes from the 3' paralog groups (6-13) to RA is well
documented (for review see Boncinelli et al., 1991). It
could be correlated with gain-of-function effects, i.e.
posterior transformations of vertebrae during gastru-
lation (Kessel and Gruss, 1991). The regulation of the 5'
genes from paralog groups 1, 2, 3, 4, and possibly 5 for
which negative as well as positive effects are reported is
more complex. Thus, it has been shown in tissue culture
cells (Simeone et al., 1991), and here also in vivo, that
RA can downregulate several of the posterior Hox
genes or inhibit their activation. If high concentrations
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(also equivalent to long exposure times) are applied to
the anterior margin of the chick Umb bud also negative
effects on posterior Hox genes and formation of less
digits are observed (Izpisua-Belmonte et al., 1991). The
RA exposures on days 10.5, 11 + 0 hours, and 11.5 also
induced limb deformations with reduced digit numbers
in the animals described in this report (data not shown).
These could result from downregulation of posterior
Hox genes during the specification of the Umb axes. In
contrast, administration of low RA concentrations to
the anterior chick limb bud has a positive influence on
posterior Hox genes (Izpisua-Belmonte et al., 1991;
Nohno et al., 1991). The observed activation of new
expression domains in the anterior part of the chick
Umb bud correlates with induction of mirror image
duphcations of digits (Izpisua-Belmonte et al., 1991;
Nohno et al., 1991). Furthermore, the posterior
transformations in the caudal part of the vertebral
column induced by exposure to RA on day 7.3 were
explained by anterior shifts (i.e. positive responses) of
posterior Hox gene expression domains (Kessel and
Gruss, 1991). In these experiments the transformations
in the posterior body region induced by RA occurred
more than 24 hours after exposure, when the exogenous
RA had certainly disappeared from the system. It
appears that in the case of the vertebral transformations
the cascade of gene activations proceeds aU the way
along the cluster, thus transferring a positive RA effect
on 3' genes also into the 5' region.

It was suggested earher that the estabUshment of Hox
codes during gastrulation involves two aspects (Kessel
and Gruss, 1991; Kessel, 1992): one aspect is the
successive opening of a Hox cluster, making genes
available for transcription in a 3' to 5' direction along
the cluster (see also Pfeiffer et al., 1987). This is
separable from a second aspect, namely the actual
transcription of a Hox gene. While opening and
transcription appear to coincide initiaUy, in later stages
transcription seems no longer obhgatory. If a Hox code
represents the molecular basis of axial specification, it
must not be possible to change an estabUshed code
easily. In the experiments described here I found no
evidence for a changing of Hox expression domains
induced by high doses of RA during somite differen-
tiation. The analysis of the Hox-1.1 and the Hox-3.1
genes during somite differentiation clearly indicated
that these particular Hox genes can not be induced by
exposure to RA in a segment not open for transcription.
In a completely different set of experiments a similar
conclusion was reached for neurulating Xenopus em-
bryos (Sharpe, 1991). While the timing and level of a
Hox gene could be influenced, the normaUy non-
expressing, anterior region remained negative even
after RA exposure. Although further evidence is
necessary, it seems probable that after gastrulation RA
can modulate expression of a Hox gene in those regions
only where it is open for transcription. In this case an
elevated level of a Hox transcript could involve gain-of-
function effects at the boundaries of its expression
domain, whereas downregulation would be expected to
cause loss-of-function effects. Such modulations could

be responsible for the observed respecifications of
vertebral identities. Besides RA no other agent or
procedure has been described up to now, which can
respecify segmental identities during somitogenesis.
Therefore, the findings reported here reinforce the
observations establishing a Unk between axial specifi-
cation and retinoic acid.
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