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Fig. 3. Ttk69 is required for the balance between FCs and FCMs. (A-L) Immunostaining against 8-Gal driven by rP298-lacZ enhancer trap (gray, green) and the

mesodermal marker B3-tubulin (magenta). At stage 11 (A-H) and 13 (I,L), B-Gal is strongly derepressed in {t

2-50 mutant embryos (B,F,J) compared with wild type

(WT) (AE,I). High magnification of three segments (stage 13) shows a drastic increase in cells marked by p-Gal in ttk mutants (J) compared with WT (l). Arrows
point to mesodermal cells and arrowheads to non-mesodermal cells (D,H,L). (M) In k°%°° heterozygous (WT) and homozygous (tk®?-*°) embryos, cells
expressing B-Gal and p3-tubulin in somatic mesoderm were quantified in four segments (A3-A6) at multiple focal planes. Per genotype, 52 segments in 13
different embryos were analyzed. P-values for significance were calculated using exact Wilcoxon rank sum test. (N-Q) Immunostaining against phosphorylated
histone H3, marking mitotic cells (gray, green) combined with in situ hybridization against Mef2, marking mesodermal cells (magenta). At stage 11, no differences
between WT (N,P) and ttk°%°° homozygous mutant (O,Q) embryos were detected. (R-U) Fluorescent in situ hybridization against sns or Imd (green) in

WT (R,T) and ttk mutant (S,U) embryos. Expression of both genes is reduced in the absence of {tk69 (arrows). High magnification images of three to four
segments per embryo are shown. (V,W) Normalized log,, ChIP-chip signal (IP/mock) of Ttk69 binding (purple) and ChIP-Seq of mesoderm-specific profiles of
chromatin marks H3K27 acetylation (red) and H3K4 monomethylation (green) (Bonn et al., 2012) in the duf (V) and Imd (W) loci. Mesodermal CRMs from

Zinzen et al. (2009) indicated in orange. RPGC, reads per genomic coverage.

organization (Fig. 2M,N). Within the somatic musculature, #k69
overexpression led to very few correctly specified and differentiated
muscle fibers. Instead, the cells remained mononucleated and
formed ‘mini-muscles’ that lack clear identity (compare Fig. 21
with 2J). The SM defects seem to arise from a cell-autonomous role
of Ttk69 within the mesoderm, as expression of #k69 only in
the mesoderm in a #k”>? loss-of-function mutant background
(Fig. 2Q) can partially rescue defects in muscle morphology
(Fig. 20,P). The incomplete rescue is likely to be due to the gross
differences in the spatiotemporal expression of the Gal4 driver
compared with the endogenous k69 gene. The observed ‘mini-
muscles’ phenotype, induced from the ectopic expression of this
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transcriptional repressor, is very similar to the phenotype of /md
(Duan et al., 2001; Furlong et al., 2001; Ruiz-Gomez et al., 2002)
and Mef2 (Bour et al., 1995) loss-of-function mutants, two factors
that act primarily as transcriptional activators.

These severe muscle phenotypes might be partially attributed to a
role of Ttk69 in the regulation of fwist expression, high levels of
which are essential for normal SM development (Baylies and Bate,
1996). With ectopic Ttk69 expression we observed a severe
reduction in the levels of twist transcripts (supplementary material
Fig. S3A-F), and, conversely, in ttk loss-of-function embryos the
number of Twist-expressing nuclei was elevated (supplementary
material Fig. S3G-I). Given that Ttk69 binds to two regions in the
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twist locus (supplementary material Fig. S3J), these results suggest
that Ttk69 might directly repress Twist expression during these
stages of muscle development.

Taken together, these results indicate that the timing and transient
nature of Ttk69 expression in FCMs are crucial for normal somatic
muscle development. Given the rather unusual myoblast fusion
phenotype in 7tk mutants and its enriched expression in FCMs, we
next examined whether Ttk69 is actively required during myoblast
fusion, or whether the muscle phenotypes are due to its earlier role
in myoblast cell fate specification.

ttk mutants show a dramatic expansion of FC-like cells at the
expense of FCMs

Each muscle fiber in Drosophila embryos is generated from a single FC
that fuses to multiple FCMs, giving rise to a multinucleated myotube
[reviewed by Rochlin et al. (2010)]. Duf, a transmembrane Ig-domain
protein, together with its paralog roughest (Strunkelnberg et al., 2001),
is expressed exclusively in FCs within the somatic mesoderm (Ruiz-
Gomez et al., 2000); the duf enhancer trap line rP298-lacZ is therefore
commonly used to track all FCs (Nose et al., 1998). To investigate
whether the specification of FCs is affected in #k mutant embryos, we
placed rP298-lacZ into the kP>’ mutant background. In these #k
mutant embryos, the number of B-Galactosidase (B-Gal)-positive
cells during stage 11 (before the onset of fusion), and during stage 13
(after the onset of fusion), is substantially higher compared with
heterozygous embryos (Fig. 3A-L). Many cells outside of the
mesoderm also express B-Gal (Fig. 3D,H,L), although this non-
mesodermal expansion does not occur for the endogenous duf gene
(data not shown).

To quantitatively assess the effect of loss of #k69 function on
FC numbers, we manually counted cells positive for both B-Gal
and the muscle-specific marker f3-tubulin in 13 different r¢kP>->0
heterozygous and homozygous embryos at stage 12 (Fig. 3M).
Whereas the number of cells between four segments (A3-A6)
within a single embryo did not vary substantially, 7k mutant embryos
had significantly more B-Gal-33-tubulin-positive myoblasts than
wild-type embryos (mean 38.4 compared with 23.3; P<107'3,
exact Wilcoxon rank sum test). The exact developmental identity
of these ectopic mesodermal rP298-lacZ-positive cells is
ambiguous, as the expression of FC identity proteins, such as
Kriippel (Kr) (supplementary material Fig. S4A-D) or Even-
skipped (data not shown), appears largely unaffected at stage 12.
We therefore refer to these rP298-lacZ—f33-tubulin-expressing
cells as ‘FC-like’, as they do not seem to activate a full
specification program to convert them into FCs, but yet they
have lost their potential to differentiate into FCMs. Upon myoblast
fusion in wild-type embryos, FCMs have the capacity to acquire
the identity and therefore the expression of FC-specific genes. The
expanded expression of Kr and other FC identity genes at stage 15,
when myoblast fusion is almost complete, is thereby a general
indicator that FCMs are now part of a multinucleate syncytium. In
ttk mutant embryos this expansion in Kr-positive cells does not
occur (supplementary material Fig. S4E-I), indicating that these
FC-like cells have a reduced capacity to undergo myoblast fusion,
presumably due to their mixed identity.

Ttk69 is known to regulate both cell proliferation and cell cycle in
multiple developmental contexts (Badenhorst, 2001; Jordan et al.,
2006). However, the increased number of rP298-lacZ-positive
myoblasts in ##k mutant embryos is not due to an aberrant cell cycle,
as seen by immunostaining with a Histone H3 phospho-serine
10-specific antibody (Fig. 3N-Q), a commonly used mitosis marker
(Hendzel et al., 1997).

Given that FCs and FCMs come from a common progenitor pool,
we reasoned that the ectopic FC-like cells in #k mutant embryos
might be produced at the expense of FCMs. To examine the number
of FCMs, we used in situ hybridization against two FCM-specific
genes: Imd (Duan et al., 2001; Furlong et al., 2001; Ruiz-Gomez
etal., 2002) and its direct target gene, sns (Ruiz-Gomez et al., 2002;
Cunha et al., 2010). Both genes are expressed in fewer mesodermal
cells in 7tk mutant embryos than in wild-type embryos during stages
11-13 (Fig. 3R-U).

Taken together, these results indicate that, in the absence of
Ttk69, FC-like cells are specified at the expense of FCMs. Given
that Ttk69 is a well-established transcriptional repressor, this
suggests that it is involved in the specification of FCM cell fate by
counteracting or repressing an FC-specific developmental program
within FCMs.

Ttk69 and Lmd occupy largely distinct regions throughout
the genome

To understand the molecular mechanism by which Ttk69 regulates
FCM cell fate, we used chromatin immunoprecipitation (ChIP) to
identify potential direct target genes of Ttk69. Two independent
antibodies specific for the Ttk69 isoform were used to isolate Ttk69-
occupied regions from embryos at 6-8 h after fertilization (stages
10 and 11), a time window spanning mesodermal subdivision and
SM specification. The bound fragments were hybridized to high-
density whole-genome Drosophila tiling arrays and analyzed as
previously described (Zinzen et al., 2009).

We identified 2037 high-confidence Ttk69-bound regions
[putative cis-regulatory modules (CRMs)] (supplementary material
Table S1). Although there are no known direct Ttk69 targets at these
stages, the expression of ten genes responds to Ttk69 in the embryonic
nervous system or trachea at stages 10 and 11. Eight of these genes
have high-confidence Ttk69-bound regions in their vicinity (Fig. 4A;
supplementary material Fig. S5), with a ninth gene, mmy, being just
below our stringent cut-off, suggesting that these genes are directly
regulated by Ttk69. An additional 13 genes are repressed by Ttk69 at
developmental stages outside of the time window assayed. Significant
Ttk69 binding was observed at all 13 loci (supplementary material
Fig. S5), suggesting that Ttk69 might act as a constitutive repressor
of'the expression of these genes. De novo motif analysis within 100 bp
of Ttk69-bound peaks revealed a significant enrichment in the Ttk69
motif, as expected, and, interestingly, also in a bHLH motif
that matches the preferred motif of Nautilus (supplementary
material Fig. S6), a muscle-specific TF (Balagopalan et al., 2001,
Weietal.,2007). This finding, taken together with the high percentage
(91%: 21/23) of recovered genes known to be genetically regulated by
Ttk69, underscores the sensitivity of the data and provides a global
view of Ttk69 regulatory input.

Ttk69 binds to multiple regions in the introns and upstream of duf’
(Fig. 3V) at the approximate site of the »P298 P-element insertion
(Ruiz-Gomez et al., 2000). By contrast, there was no detectable
binding in the /md locus (Fig. 3W), suggesting that this essential
FCM-specific gene is not directly regulated by Ttk69. Both results
reinforce our hypothesis that the decreased number of FCMs in tk
mutants is due to their partial conversion to FC-like fates through
the derepression of a subset of FC genes.

As this model points to a role of Ttk69 in FCM specification, we
examined the genome-wide occupancy of the FCM-specific TF Lmd.
Genome-wide ChIP analysis performed under identical conditions
identified 1455 high-confidence Lmd-bound regions (supplementary
material Table S2). These include the known Lmd-regulated
enhancer within the Mef2 locus (Duan et al., 2001) (Fig. 4B), as
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Binding of Ttk69 and Lmd to known sites

Overlap of Ttk69 and Lmd CRMs
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Fig. 4. Genome-wide Ttk69 and Lmd binding
activity. (A,B) Binding profiles [normalized log,
ChlIP signal (IP/mock)] of Ttk69 (A, purple) and
Lmd (B, green) in loci of their known target
genes stg and Mef2, respectively. Mesodermal
CRMs in orange and experimentally validated
binding sites in red. (C) Venn diagram showing
overlap of regions bound by Ttk69 (purple),
Lmd (green) or five key mesodermal TFs
(orange). (D) Locus of a representative
mesodermal gene, noc, with Ttk69 (purple)
and Lmd (green) ChlP signal (log, IP/mock)
and mesodermal CRMs (orange) upstream of
its TSS. (E) BDGP database survey of
expression of genes associated with 233
Ttk69-Lmd co-bound CRMs. Orange indicates
genes with at least one Ttk69-Lmd co-bound
CRM in their proximity and gray designates all
genes annotated by BDGP. The gene numbers
are indicated. (F,G) Ttk69 (purple) binds to the
FC-specific gene trbl (F) and Lmd (green)
occupies multiple CRMs in the locus of gol, an
FCM-specific gene (G). (H) Global analysis of
Ttk69 and Lmd binding preferences within

1.5 kb of TSS of differentially expressed genes.
Dark purple and green represent genes with at
least one CRM overlapping a mesodermal
CRM,; light colors indicate genes where CRMs
do not overlap mesodermal CRMs. P-values
calculated using Fisher’s exact test.
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well as high-confidence peaks within seven of ten previously
characterized regions that respond to Lmd in vivo and/or in vitro, with
an eighth gene, CG5080, being just below our stringent cut-off
(Cunha et al., 2010) (supplementary material Fig. S7).

Bound regions identified in both Ttk69 and Lmd experiments
significantly overlap with the 8008 CRMs identified in our previous
ChIP studies bound by five mesoderm-specific TFs (Zinzen et al.,
2009) (referred to as mesodermal CRMs): 64% (1303/2037) for
Ttk69 and 72% (1042/1455) for Lmd (Fig. 4C; supplementary
material Table S3). Over 90% of these regions have mesodermal
activity when tested in vivo (Zinzen et al., 2009), which implies that
a substantial portion of Ttk69 and Lmd binding occurs within
mesodermal enhancers. Comparing the occupancy of each TF with
each other revealed that the majority of Ttk69-bound regions (89%:
1804/2037) and Lmd-bound regions (83%: 1222/1455) do not
overlap (Fig. 4C; supplementary material Table S3), indicating
that the bulk of their regulatory input occurs through different
cis-regulatory modules, targeting largely different sets of genes as
discussed below.
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Interestingly, there are 233 CRMs that are bound by both factors
(Fig. 4C) and, although the overlap is small, it is highly significant
compared with randomly reshuffled genomic regions (P<107329;
Fig. 4C). To examine the expression of the associated genes, we
assigned each CRM to the nearest transcriptional start site (TSS) and
surveyed the Berkeley Drosophila Genome Project (BDGP) in situ
hybridization database (Tomancak et al., 2007) (Fig. 4D,E;
supplementary material Table S4). Of the 214 unique genes, the
expression of 123 genes is annotated, of which 30 genes (24%) are
expressed ubiquitously. Of the 93 genes with tissue-specific
embryonic expression, 56 (46% of 123 genes) are expressed in
mesoderm or its derivatives during at least one stage of embryonic
development. This represents a significant enrichment (P<5.6x10710,
two-sided Fisher’s exact test) over the expected number of
mesodermal genes in the entire set of BDGP annotated genes
(1414/6835 genes), whereas the number of genes expressed outside of
the mesoderm is significantly depleted (21% compared with 32%,
P<0.009, two-sided Fisher’s exact test). These data indicate that these
two TFs are not co-binding to random regions, but rather on a selected


http://dev.biologists.org/lookup/suppl/doi:10.1242/dev.101956/-/DC1
http://dev.biologists.org/lookup/suppl/doi:10.1242/dev.101956/-/DC1
http://dev.biologists.org/lookup/suppl/doi:10.1242/dev.101956/-/DC1
http://dev.biologists.org/lookup/suppl/doi:10.1242/dev.101956/-/DC1
http://dev.biologists.org/lookup/suppl/doi:10.1242/dev.101956/-/DC1

RESEARCH ARTICLE

Development (2014) 141, 2633-2643 doi:10.1242/dev.101956

number of regulatory elements in the vicinity of a subset of
mesodermal or muscle genes, and suggest that Ttk69 might have an
additional role in controlling mesodermal gene expression within or
outside of the mesoderm.

Ttk69 binds to enhancers of FC-specific genes, whereas Lmd
targets FCM-specific genes

As described above, the vast majority (over 80%) of regions bound
by Ttk69 or Lmd do not overlap, despite the binding profiles of each
factor having almost 50% overlap with mesodermal CRMs
(Fig. 4C). As Ttk69 is a well-established repressor and Lmd acts
predominantly as an activator (Cunha et al., 2010), we reasoned that
they regulate distinct sets of target genes within FCMs. We therefore
examined genes in the vicinity of Ttk69-only or Lmd-only CRMs
for their expression in either FCs or FCMs. We used data from in
situ hybridization experiments that classified the expression of
about 300 genes as FC specific, FCM specific or both (Estrada et al.,
2006). We then searched within +1500 bp of the TSS of each gene
for Ttk69-only or Lmd-only CRMs (supplementary material
Table SS5). For example, a region overlapping two mesodermal
CRMs upstream of tribbles (trbl), an FC-specific gene, is highly
bound by Ttk69 (Fig. 4F), whereas there is no significant Lmd
binding. Conversely, there is no significant Ttk69 binding near the
FCM-specific gene goliath (gol) (Cunha et al., 2010), yet Lmd
binds upstream of the TSS as well as in an intronic region (Fig. 4G).
Globally, almost 33% (53 out of 161) of known FC-specific genes
contain Ttk69 bound CRMs with no Lmd-bound regions in their
vicinity, compared with only ~4% of FCM-specific genes or ~9%
of genes expressed in both FCs and FCMs (Fig. 4H). The vast
majority of these Ttk69 binding events (87%: 46 out of 53) are
within regions occupied by mesodermal TFs, suggesting that these
are active mesodermal enhancers. By contrast, Lmd has a highly
significant binding preference for loci of FCM-specific genes; 51%
of known FCM-specific genes have an Lmd bound CRM and
no Ttk69 binding in their vicinity compared with only 9% of
FC-specific genes (Fig. 4H; supplementary material Table S5).

We next asked if Ttk69-bound and Lmd-bound CRMs have
differential activity, using chromatin state as a readout of enhancer
activity. We used mesoderm-specific ChIP-Seq profiles of
H3K4mel [marking both active and inactive CRMs (Bonn et al.,
2012)], H3K27ac [ predictive of active CRMs (Bonn et al., 2012)]
and H3K27me3 [indicating a Polycomb repressed state (Bonn et al.,
2012)] at 6-8 h of embryogenesis, the same time window as
the Ttk69 and Lmd ChIP experiments. We note that although the
chromatin data are mesoderm specific, FCMs represent a relatively
small population of cells within the mesoderm. We focused on
CRMs and TSSs in the vicinity of FC and FCM genes for Ttk69
and Lmd, respectively. H3K4mel has a similar distribution at
Ttk69 and Lmd CRMs, as expected for a chromatin mark
constitutively associated with regulatory elements (supplementary
material Fig. S8A). By contrast, H3K27ac is differentially enriched
at Lmd CRMs and their associated TSSs, compared with Ttk69;
this is consistent with their role in transcriptional activation or
repression, respectively, as observed globally (supplementary
material Fig. S8A,B) and shown for the /md (Fig. 3W) and duf
(Fig. 3V) loci. The repressive mark H3K27me3 is largely absent
from both groups of elements, indicating that the Polycomb system
does not play a role in Ttk69-mediated repression.

Thus, Ttk69 and Limd display distinct binding profiles at CRMs
with different chromatin states in the vicinity of genes differentially
expressed in the two populations of fusing myoblasts. Ttk69 is mainly
bound to inactive enhancers associated with genes exclusively

expressed in FCs. As Ttk69 is a transcriptional repressor, and as the
expression of an FC-specific reporter rP298-lacZ is derepressed in
FCMs in t#tk mutants (Fig. 3), these results suggest that Ttk69
contributes to FCM cell fate by directly repressing a substantial part of
an FC-transcriptional program in FCMs. Conversely, Lmd binding is
preferentially associated with enhancers in an active state, which are
located in the vicinity of genes expressed in FCMs.

Ttk69 represses enhancer activity during mesoderm
development

To confirm that Ttk69 is essential to repress enhancers within FCMs,
we examined the activity of two Ttk69-bound regions within the
Jumeau (jumu) and CG4238 loci (Fig. 5). jumu has a dynamic
expression in the ectoderm and nervous system, where itis essential for
neuroblast identity (Cheah et al., 2000), and in the somatic mesoderm,
where it has been reported to have FC-specific expression (Estrada
etal., 2006). In situ hybridization shows weak jumu expression in the
somatic mesoderm in duf-positive cells prior to myoblast fusion
(supplementary material Fig. S9A), although it is difficult to say
whether this expression is FC-specific given its rather weak and
transient nature. The Ttk69-bound region was linked to a lacZ reporter
gene, stably integrated into the Drosophila genome, and its activity
was assayed in transgenic embryos by monitoring reporter gene
expression. In wild-type embryos, the jumu-lacZ CRM is transiently
active in the mesoderm at stage 6 (supplementary material Fig. S9),
becomes highly expressed in the neuroectoderm, caudal visceral
mesoderm (cVM) and tracheal placodes at stage 11 (Fig. 5C,C’), and
continues to be active in discrete neuroectodermal cells and central
nervous system (CNS) at later stages (Fig. SE-G). With the exception
of ¢cVM, this enhancer is not active in the mesoderm and its derivatives
after stage 6 (Fig. 5; supplementary material Fig. S9). In #k mutants,
however, the jumu-lacZ CRM showed a striking derepression in
the somatic mesoderm, starting at stage 11 (compare Fig. 5C,C’ with
5D,DY) and increased at stage 14 (compare Fig. SE,E’ with 5F,F').
The CRM is also derepressed in the visceral muscle (compare Fig. 5G,
G’ with 5H,H'), and in other tissues where Ttk69 is expressed
(supplementary material Fig. S9).

A similar mesodermal derepression was observed for CRM 527§-
lacZ (Zinzen et al., 2009), located in the intron of CG4238. This
enhancer is bound by Ttk69 at stages 10 and 11 (Fig. 5B) and has
transient, early activity in the mesoderm up until stage 10 (Zinzen
et al., 2009). After stage 11, 5278-lacZ is inactive throughout the
embryo, with the exception of cVM and two patches of activity in
the head region (Fig. 5L,I',K,K’) (Zinzen et al., 2009). In #k mutant
embryos, however, the enhancer shows a dramatic derepression
(Fig. 51,7,L,L), in both the somatic and visceral mesoderm, as well as
in the ectoderm and endoderm (compare Fig. 5L,I' with 5J,J' and SK,K’
with 5L,L"). Similarly, the CG4238 gene is derepressed in multiple
tissues, such as endoderm, salivary gland and a subset of somatic
mesoderm from stage 11 (supplementary material Fig. S10).

These results, combined with the in vivo binding data, indicate that
Ttk69 acts as a potent repressor during mesoderm development, being
required to restrict enhancer activity in cells of both the somatic and
visceral mesoderm, as well as in other embryonic tissues.

DISCUSSION

By combining genetic and genomic approaches, we have uncovered a
novel role for a well-studied transcriptional repressor, Ttk69, in
establishing FCM cell fate. Despite its very transient expression
in somatic mesoderm, Ttk69 is essential for myogenesis; in 7tk mutant
embryos a pool of FC-like cells is expanded at the expense of
FCMs. Genome-wide TF occupancy analysis provides a molecular
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Binding of Ttk69 to jumu-lacZ and CRM 5278

Fig. 5. Ttk69 is essential for restricting CRM activity across
cell and tissue types. (A,B) Ttk69 binding [normalized log,

A 3g B.. ChlIP signal (IP/mock)] within the jumu (A) and CG4238 (B) loci.
§ g Mesodermal CRMs indicated in orange and cloned regions in
ung‘-:—A—Hf:_‘ o%;. - - _‘ gray. (C-H) Double fluorescent in situ hybridization against

- i o — Jjumu-lacZ (gray, green) and Mef2 (magenta) in wild-type and
. = ik sar8 coiz & ttkP%°° mutant embryos. At stages 11 and 14 in wild-type
i it o i embryos (C,C’,E,E’,G,G’), no mesodermal activity is detected
jumu-lacZ CRM activity (with the exception of caudal VM, arrowhead). (D,F,H) In tk®2°°

wild type

stage 14

homozygous mutant embryos, expression of jumu-lacZ is
present in somatic mesoderm (arrows) at stage 11 (D,D’) and 14
(F,F’) and in VM (arrows) at stage 14 (H,H’). (I-L) In vivo activity
of CRM 5278-lacZ (gray, green) and Mef2 (magenta) in wild-
type and ttk°%°° mutant embryos. (1,I',K,K’) In wild-type
embryos, CRM 5278-lacZ is active only in the caudal VM and
head region at stage 11. (J,J’,L,L) In ttk69-deficient embryos,
5278-lacZ is active in multiple tissues, including visceral and
somatic mesoderm (arrows), ectoderm and endoderm
(arrowheads). Embryos are oriented with anterior to the left and
dorsal top. All embryos are shown in lateral views, with the
exception of G and H, which are dorsolateral.

lacZ Mef2

explanation for how this severe muscle phenotype arises: Ttk69 binds
predominantly to CRMs in the vicinity of FC-specific, but not FCM-
specific, genes, where it represses their activity. By contrast, the FCM
TF Lmd predominantly occupies CRMs in the vicinity of FCM-
specific genes. As observed in other developmental contexts, the
specification of FCMs requires more than the simple deployment of a
single gene regulatory network, but rather the simultaneous activation
and repression of two distinct transcriptional programs.

Could Ttk69 act downstream of Notch signaling to regulate
FCM cell fate?

Similar to its function in the embryonic nervous system, Notch
signaling promotes FCM fate by blocking the acquisition of FC fate
in surrounding myoblasts (Bour et al., 2000). In the nervous system,
Ttk69 has been shown to repress neuronal cell fate in glial cells and
to genetically interact with Notch (Guo et al., 1996; Giesen et al.,
1997). 1t is thus possible that Ttk69 is a mechanistic link between
Notch and its responsive genes in FCMs: Notch signaling might
activate Ttk69 expression in FCMs as discussed below. Ttk69, once
expressed, then acts to repress an FC-specific transcriptional
program, while allowing the FCM program to proceed (Fig. 6).
The relationship between Notch signaling and Ttk69 activity might
be more complex, as a negative-feedback loop from Ttk69 to Notch
has been observed in follicle cells (Boyle and Berg, 2009) and, most
likely, also in tracheal cells (Rotstein et al., 2011). In agreement with
this, our ChIP data identified in vivo Ttk69 binding in the vicinity of
multiple genes encoding components of the Notch pathway (data
not shown), indicating that Ttk69 has at least the potential to
contribute to negative-feedback regulation directly. Although
speculative, the many links between Notch signaling and Ttk in
other contexts, including the fact that ectopic Notch signal is
sufficient to induce Ttk expression in the peripheral nervous system
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(Guo et al., 1996), suggest that Ttk might be responsive to Notch
signaling in FCMs as well.

Regulation of Ttk69 activity specifically in FCMs

How is Ttk69 activity regulated in FCMs? In addition to a potential
induction of Ttk69 expression in FCMs by Notch signaling
(discussed above), data presented here and in our previous study
suggest that Ttk69 is directly activated by Lmd. A number of CRMs
in the tk locus are bound by Lmd at stages 10 and 11
(supplementary material Fig. S7B), and Lmd together with Mef2
cooperatively activate one of these enhancers in Drosophila S2 cells
(Cunha et al., 2010). Ttk69 activity is most likely also restricted to
FCMs by post-translational downregulation of any low-level #k69

Fusion competent

Founder cell (FC) myoblast (FCM)

sns
Rho
g Lmd gol

DL, [ .

PhyI-—Ras

“
Q
 sauab 5=|j sauab Wo4

ar |

e [JFG genesJ b Ttk69 - | jumu
idertity |

factors it
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Fig. 6. A model of Ttk69 function in FCM specification. Based on our data,
Ttk69 acts as a repressor of FC fate, whereas Lmd activates the expression of
FCM-specific genes, potentially including ttk69 itself. Ttk69 is downstream

of Notch signaling in multiple systems, suggesting that Notch might also
positively regulate {tk69 expression in FCMs. In FCs, Ras signaling initiates
expression of FC-specific genes, such as phyllopod (phyl), a negative
regulator of Ttk69 protein levels.


http://dev.biologists.org/lookup/suppl/doi:10.1242/dev.101956/-/DC1

RESEARCH ARTICLE

Development (2014) 141, 2633-2643 doi:10.1242/dev.101956

expression in FCs: the Ttk69 protein contains stretches of PEST
sequences, a hallmark of a short half-life (Rogers et al., 1986;
Harrison and Travers, 1990), and its levels are dynamically
regulated by proteasome-mediated degradation (Li et al., 1997;
Cooper et al., 2008). This degradation requires Phyllopod (Li et al.,
1997), an E3 ligase adaptor protein, the expression of which we
previously showed to be enriched in FCs compared with FCMs
(Artero et al., 2003). In the somatic mesoderm, Ttk69 activity is
therefore most likely restricted to FCMs at both transcriptional and
post-translational levels.

Taken together, our findings indicate that the concurrent activation
and repression of an opposing cell fate is required to promote FCM
cell identity during Drosophila myogenesis. We also identified
Ttko69 as a novel myogenic TF playing a crucial role in this process.

MATERIALS AND METHODS

Fly stocks

The following Drosophila lines were used: #tk”*->? (C. Klambt, University
of Miinster, Germany); Df(3R)awd-KRB (Bloomington Stock Center,
USA); twi-Gal4, 24B-Gal4 (M. Baylies, SKI, USA); ttk!, UAS-Ttk69 and
UAS-Ttk88 (A. Travers, MRC, UK). rP298-lacZ (M. Ruiz-Goémez, CBM,
Spain), jumu-lacZ (this study) and 5278-lacZ (Zinzen et al., 2009). For the
rescue experiments, twi-Gal4, 24B-Gal4 and UAS-Ttk69 were recombined
with t£kP?°,

Generation of transgenic reporter lines

The DNA fragment covering the jumu CRM (dm3/BDGP release 5.0 chr3R:
6,178,511-6,179,367) was subcloned into a pH-Pelican vector for germline
transformation (Barolo et al., 2000). Three independent fly lines were
established and tested to exclude positional effects.

In situ hybridization and immunostaining
Fluorescent in situ hybridization and antibody staining were performed as
described previously (Furlong et al., 2001). The following ESTs were used to
generate antisense probes: LD47926 (Imd), LD47926 (twi) and GM09101
(ttk). Full-length cDNA clones of sns, Mef2 and lacZ were kind gifts from
S. Abmayr (Stowers Institute for Medical Research, Kansas City, USA),
M. Taylor (Cardiff University, Cardiff, UK) and M. Treier (Max-Delbriick-
Center for Molecular Medicine, Berlin, Germany), respectively. The probes
were detected with peroxidase-conjugated antibodies (Roche) and developed
using the TSA system (PerkinElmer). 7k mutant embryos were unambiguously
identified based on the absence of expression from the balancer chromosome.
The following primary antibodies were used at indicated dilutions:
chicken anti-B-Galactosidase 1:300 (ab9361; Abcam), mouse anti-GFP
1:300 (ab1218; Abcam), rabbit anti-B3-tubulin 1:300 (Leiss et al., 1988),
rabbit anti-Mef2 1:200 (Sandmann et al., 2006b), rabbit anti-Ttk69 1:200
(gift from F. Azorin, Institute for Research in Biomedicine, Barcelona,
Spain), mouse anti-Bin 1:50 (J.S. Jakobsen, PhD thesis, University of
Copenhagen, 2007), rabbit anti-phospho-histone H3 (Ser10) 1:200 (06-570;
Millipore), mouse anti-Futsch 1:50 (22C10; DSHB), mouse anti-Fas3 1:5
(7G10; DSHB), guinea pig anti-Kr 1:100 and guinea pig anti-Eve 1:200
(gift from H. Jackle, Max Planck Institute for Biophysical Chemistry,
Gottingen, Germany).

ChiIP-on-chip and data analysis
ChIP was carried out according to Sandmann et al. (2006a). Two polyclonal
Ttk69 antibodies [gifts from F. Azorin (Pagans et al., 2004) and A. Travers
(Lehembre et al., 2000)] and one Lmd-antibody (Cunha et al., 2010) were
used to immunoprecipitate Ttk69 or Lmd-bound fragments from 6- to 8-h-
old wild-type embryos, respectively. Three independent ChIP and mock
immunoprecipitations (IPs), using rabbit pre-immune serum, were
performed. Purified DNA fragments were PCR amplified and hybridized
to an Affymetrix GeneChip Drosophila tiling array 1.0R, as described
(Sandmann et al., 2006a).

Bioinformatics analysis was performed as described (Zinzen et al., 2009).
After data normalization, significantly enriched regions were determined

using TileMap (Ji and Wong, 2005). For each significant region, the
ChIP peak was calculated and CRMs defined as a 200 bp region centered
around the peak (Zinzen et al., 2009). All ChIP raw data are available
in  ArrayExpress [accession numbers E-MTAB-1287 (Ttk69) and
E-MTAB-1283 (Lmd)] and bed files for visualization are available at
http:/furlonglab.embl.de/data/.

De novo motif discovery

De novo motif discovery in Ttk69 regions was performed with XXmotif
(Luehr et al., 2012) using 200 bp repeat-masked regions centered on the
ChIP peak. TOMTOM (Gupta et al., 2007) was used (default parameters,
but AT/GC content was set to 0.3/0.2) to match discovered motifs to known
Drosophila PWM databases (FlyFactorSurvey, FlyRegv2, idmmpmm?2009
and dmmpmm?2009) with P-value <0.05.
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