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Initially, at the blastoderm stage, twi extends to the poles of the
embryo and, therefore, overlaps with the CVM primordium. As
shown in Fig. 7C, HLH54F mRNA was still expressed in the
absence of wi function, albeit at reduced levels (see Fig. 7A).
Furthermore, HLH54F expression was still observed in the
migrating CVM in the twi mutant embryos (Fig. 7D; compare with
Fig. 7B). These results indicate that HLH54F expression is not
directly dependent on twi and confirm that the CVM does not
require twi for ingression and initial migration [although the trunk
mesoderm is required for proper pathfinding (Kusch and Reuter,
1999)]. HLH54F 1is also expressed in specific somatic muscle
progenitors (where we have not detected any phenotype to date)
(Fig. 7B) (Georgias et al., 1997). As expected, this expression was

Fig. 7. Regulation of early HLH54F expression. HLH54F mRNA
staining of late blastoderm stage Drosophila embryos (A,C,E,G,I,K,M,P)
and in stage 11 embryos (B,D,FH,J,LN,Q,S,R) of wild type and mutants
as indicated. (A,B) Wild-type HLH54F expression. (C,D) Slightly reduced
HLH54F expression and mis-migrating CVM cells at stage 11 in twi
mutants. (E,F) Complete absence of HLH54F expression in sna mutants.
(G,H) Posterior expansion of HLH54F expression at blastoderm stage
and increased CVM at stage 11 in hkb mutants. (I,J) Almost complete
absence of HLH54F expression at blastoderm and absence of HLH54F-
expressing CVM at stage 11 in t// mutants. (K-N) Reduced HLH54F
expression domains in byn and fkh mutant blastoderm embryos and
reduced HLH54F-labeled CVM at stage 11. (O) Schematic of the
expression domains of the tested genes at late blastoderm stage. (P)
Early gastrulation stage fkh byn double mutant showing only low,
residual levels of HLH54F expression (arrowhead). (Q) Stage 11 tkh byn
double mutant with very few HLH54F-expressing cells (arrowhead). (R)
Early stage 12 wild-type embryo co-stained for HLH54F mRNA (green)
and Zfh1 protein (red) in the migrating CVM. (S) Stage 12 zfh1-
deficient embryo stained as in R. HLH54F is expressed in CVM cells, but
cell migration is disrupted.

missing in twi mutants (Fig. 7D). In contrast to fwi mutants, in the
absence of sna there was no HLH54F mRNA expression in the
CVM primordium at any time (Fig. 7E,F).

In hkb mutants, HLH54F expression was expanded towards the
posterior (Fig. 7G), leading to an increased number of CVM cells
as they started to migrate (Fig. 7H; compare with Fig. 7B). These
data are in agreement with the known repressive activity of kb on
posterior sna expression and the involvement of sna in the
activation of HLH54F expression, as shown above (see Fig. 70 for
hkb and sna expression domains).

tailless (tll) is expressed in the posterior ~18% of the embryo
(Fig. 70) and is required for various structures derived from this
expression domain, including the anal pads, hindgut, Malpighian
tubules and the CVM (Pignoni et al., 1990; Kusch and Reuter,
1999; Lengyel and Iwaki, 2002). Accordingly, in #/*'? (a strong
hypomorph), only trace amounts of HLH54F mRNA expression
were observed at blastoderm stage, and during elongated germ
band stages caudal mesodermal HLH54F expression was lost
completely (Fig. 7LJ). ¢l has been shown to act upstream of byn
and fkh. byn encodes a T-box transcription factor that is expressed
in a posterior stripe and is required for development of the hindgut,
anal pads and Malpighian tubules (Fig. 70) (Kispert et al., 1994;
Singer et al., 1996). This domain of hyn expression is established
through activation by #// and repression by hkb at the posterior pole,
which confines byn expression to within ~7.5-15% egg length
(Pignoni et al., 1990; Singer et al., 1996). fkh encodes a winged
helix transcription factor that is expressed in a slightly smaller,
more posterior domain than #// (0 to ~15% egg length) that will
form the future PMG and hindgut (Weigel et al., 1989). byn and fkh
mutants showed a similar reduction in size of the domain of
HLH54F expression during blastoderm and elongated germ band
stages (Fig. 7K-N). In double mutants for byn and fkh, the
reduction of HLH54F was much more severe than with the single
mutants, indicating that these two genes synergize in activating
HLHS54F (Fig. 7P,Q).

The zinc-finger homeodomain-encoding gene zfh! is expressed
preferentially in the CVM (and hematopoietic mesoderm) during
early mesoderm development (Fig. 7R) (Lai et al., 1991; Broihier et
al., 1998). In embryos lacking zfhl, HLH54F was expressed
normally, but the migration of the CVM cells was aberrant (Fig. 7S).
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Fig. 8. Regulatory interactions during caudal visceral mesoderm
development. There is high-level expression of zfh1 in presumptive
caudal visceral mesoderm. Although shown separately, the
developmental outputs downstream of HLH54F are intimately
connected. Black arrows, gene regulation; white arrows, developmental
regulation. cvm, caudal visceral mesoderm; Ivm, longitudinal visceral
muscle.

Altogether, these data show that HLH54F expression is
positively regulated by ventrally active sna (which itself is
excluded from the posterior ~7.5% of the embryo by hkb) as well
as by the synergistic action of the terminal genes byn and fkh.

DISCUSSION

HLHS54F is a key regulator in the CVM, a population of cells in
which the bHLH gene fwi appears to have only minor functions.
Although twi is initially co-expressed with HLH54F in these cells,
it makes only a small contribution to activating HLH54F
expression, and the expression of both bHLH genes rapidly
becomes mutually exclusive. Instead of twi, the activation of
HLHS54F in the CVM primarily involves the combined activities of
mesodermal sna and the terminal genes fkh and byn (Fig. 8). As
sna is generally thought to act as a ventral repressor of non-
mesodermal genes in early mesoderm development, it will be
interesting to determine whether the positive requirement for sna
in the activation of HLH54F expression is direct, which would be
unique to date. Alternatively, HLH54F might be activated by high
levels of nuclear Dorsal and repressed by lateral genes that are
repressed by sna ventrally. Along the anteroposterior axis, the
posterior border of HLH54F expression is apparently defined by
the posterior expression border of sna, which is delineated by the
repressive action from ikb. We propose that the anterior border of
HLH54F is determined by near-maximal threshold levels of #//, the
expression of which declines steeply in the area anterior to the
HLH54F domain (Pisarev et al., 2009). However, #// acts largely
indirectly, through the combined activities of its downstream genes
byn and fkh, in activating HLH54F (Fig. 8). The low residual levels
of HLH54F mRNA in fkh byn double mutants suggest the
involvement of direct inputs from additional posterior activities,
possibly #// or maternal forso. From the data shown herein and
elsewhere (Hemavathy et al., 1997; Kusch and Reuter, 1999), it
appears that high-level expression of zfh#/ in the CVM largely
depends on ¢/l and sna, whereas HLH54F and zfh1 do not depend
on one another.

Notably, neither twi nor HLH54F is required individually for the
internalization of the CVM cells during gastrulation (Kusch and
Reuter, 1999) (this report), although we cannot exclude a redundant
function. We have shown that the posterior portion of the

mesoderm, which includes the CVM and portions of the
presumptive HVM, bends around during gastrulation to form a
second, internal mesodermal layer. It is conceivable that this
movement is a passive process brought about by the invagination
of the PMG rudiment. However, for subsequent migrations of
CVM cells from these positions, the activity of HLH54F, but not
twi, is crucial. In addition, byn, zfh1 and fkh are required for normal
migration after stage 10 (Kusch and Reuter, 1999) (this report).
Whereas their respective functions are likely to be cell-
autonomous, the observed requirement of swi for normal
pathfinding of CVM cells is likely to be due to the absence of the
migration substrate normally formed from the trunk mesoderm.

Our genetic data show that, after the caudal mesodermal cells
have ingressed in this manner, they do not develop any further in
the absence of HLHS54F activity and undergo apoptosis. In the
normal situation, HLH54F is needed for the activation of several
transcription factor-encoding genes at this stage, including bin, croc
and the Doc genes. Although the functions of these genes in CVM
development have not been defined, it is likely that they regulate
specific aspects of CVM development downstream of, and perhaps
in combination with, HLH54F. The data from loss-of-function and
ectopic expression analyses of HLH54F show that this gene is
essential, but not sufficient, for specification of longitudinal gut
muscle founders. Parallel inputs, albeit less pervasive, appear to
come from high-level zfh1, which like HLH54F is required for
croc/croc-lacZ expression (Kusch and Reuter, 1999). Altogether,
we propose that HLH54F is necessary for activating the vast
majority of early CVM-specific genes, with one known exception
being high-level zfhl, and that zfhl, byn and fkh in various
combinations act together with HLH54F to activate certain targets
during the specification and early migration of CVM cells.

The continuous expression of HLH54F in the CVM and
longitudinal gut muscles suggests that this gene is not only required
for specification, but is also directly involved in many other
developmental processes, including the continued migration,
myoblast fusion and differentiation of the CVM cells. Possible
downstream targets of HLH54F in the promotion of proper cell
migration include beat-Ila, which encodes an as yet
uncharacterized membrane-anchored Ig domain protein, and the
FGF receptor-encoding gene heartless (htl), which is known to be
required for normal migration (Pipes et al., 2001; Mandal et al.,
2004). In this context, it is interesting that the vertebrate orthologs
of HLH54F are expressed prominently in specific migrating
populations of mesodermal cells as well. For example, musculin is
expressed in myoblasts at the myotomal lips that migrate into the
developing limbs, and capsulin is expressed in the migrating pro-
epicardial cells (e.g. von Scheven et al., 2006). Therefore, it is
possible that parts of the regulatory circuit in the control of cell
migration have been conserved, even though they occur in different
mesodermal cell types. capsulin is also expressed prominently in
the splanchnopleura and tissues derived from it, including the
developing smooth muscles of the stomach and gut (Hidai et al.,
1998; Robb et al., 1998b; von Scheven et al., 2006). Therefore,
HLH54F and capsulin might share some functions in the terminal
differentiation of the respective gut musculatures in the different
systems. Both Capsulin and Musculin have been characterized
largely as repressors. However, their activity (and likewise that of
HLHS54F) as repressors versus activators might well be context
specific with respect to the particular enhancer, tissue or
developmental stage in question and might depend on the relative
concentrations of particular heterodimerization partners (Lu et al.,
1999; Miyagishi et al., 2000; Castanon et al., 2001).
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Based on the phenotype of byn mutants, a role of the CVM in
promoting midgut constrictions has also been proposed (Kusch and
Reuter, 1999). The phenotype of HLH54F mutants confirms this
effect, although we find that partial constrictions can frequently
occur and that the effect is variable. We infer that the physical
interactions between developing longitudinal and circular muscle
fibers are necessary to provide the full force required for the
efficient constriction of the midgut endoderm at the well-defined
signaling centers. In the fully developed midgut, scanning electron
microscopy images have revealed that the longitudinal fibers are
tightly interwoven with the web-shaped circular fibers, which may
explain the mechanical strength of this meshwork. Indeed, we find
that the mechanical stability and integrity of the midgut,
particularly in HLH54F mutant adults, are severely compromised.

In summary, HLH54F appears to sit at the top of the regulatory
hierarchy of CVM development and is likely to fulfil additional
key roles during the course of development of the CVM and the
longitudinal gut muscles. Future efforts need to be directed towards
dissecting additional downstream events that regulate the different
steps of cell migration, myoblast fusion, morphogenesis and
terminal differentiation of the longitudinal midgut musculature.
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