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he evolutionarily conserved Hedgehog (Hh) signal-

ing pathway is transduced by the Cubitus interrup-

tus (Ci)/Gli family of transcription factors that exist
in two distinct repressor (Ci*/Gli®) and activator (Ci*/Gli)
forms. Aberrant activation of Hh signaling is associated with
various human cancers, but the mechanism through which
Ci?/GIi? properly represses target gene expression is
poorly understood. Here, we used Drosophila melano-
gaster and zebrafish models to define a repressor func-
tion of Atrophin (Atro) in Hh signaling. Atro directly bound

Introduction

Hedgehog (Hh) is a secreted morphogen received by Patched
(Ptc)-iHog coreceptors to relieve an inhibitory effect of Ptc on
Smoothened (Smo). Activated Smo transduces a signal to the
transcription factor Cubitus interruptus (Ci), which enters the
nucleus and regulates the expression of target genes (Hooper
and Scott, 2005; Chen et al., 2007; Jiang and Hui, 2008; Ingham
et al., 2011). Transcriptional activity of Ci is finely regulated
by a Hh gradient. In the absence of Hh, full-length Ci (Cil55)
is phosphorylated and partially degraded to generate the Ci
truncated form (Ci75), which primarily functions as a repressor
(Ci®; Aza-Blanc et al., 1997; Méthot and Basler, 1999). In the
presence of Hh, Hh signaling stimulates the formation of the
Ci active form (Ci*), which binds to the specific promoter re-
gion of target genes and recruits coactivator dCBP (also known as
nej; Akimaru et al., 1997) to activate downstream gene expres-
sion. Despite the fact that Ci® and Ci* transduce opposing signals,
how a graded signal is achieved at the chromatin level remains
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to Ci through its C terminus. The N terminus of Atro inter-
acted with a histone deacetylase, Rpd3, to recruit it to a
Ci-binding site at the decapentaplegic (dpp) locus and
reduce dpp transcription through histone acetylation reg-
ulation. The repressor function of Atro in Hh signaling was
dependent on Ci. Furthermore, Rerea, a homologue of Atro
in zebrafish, repressed the expression of Hh-responsive
genes. We propose that the Atro-Rpd3 complex plays a
conserved role to function as a Ci® corepressor.

unknown, especially through potential cofactors of Ci¥. From a
yeast two-hybrid screen for Ci interacting proteins, we identified
Atrophin (Atro) as a potential Ci regulator.

Atro (also known as Grunge) was first reported as a tran-
scriptional corepressor in Drosophila melanogaster (Erkner et al.,
2002; Zhang et al., 2002). It is involved in multiple developmental
processes such as controlling planar polarity by interacting with
Fat (Fanto et al., 2003), negative regulation of EGF receptor
signaling (Charroux et al., 2006), and acting as corepressor of Tail-
less (Wang et al., 2006; Haecker et al., 2007). Atro is evolutionarily
conserved with its homologous counterparts—arginine-glutamic
acid dipeptide repeats a (Rerea) in zebrafish and atrophinl and
arginine-glutamic acid dipeptide repeats in human.

Here, we demonstrated that in D. melanogaster Atro acts
as a corepressor of Ci® to inhibit Hh target gene decapenta-
plegic (dpp) expression. Atro binds to Ci and recruits histone
deacetylase Rpd3 to form a trimetric complex, which modifies the
acetylation of histone H3 around the transcriptional start region
of dpp, to achieve the final step of Ci repression. Furthermore,
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Figure 1. AtroC binds to the CiN. (A) Yeast two-hybrid assay between Atro_A46 fragment and indicated Ci fragments. (B and B’) Western blots of immuno-
precipitates (top two panels) or lysates (bottom) from S2 cells expressing the indicated proteins. (C) Schematic representation of domains and motifs in Atro
and Ci proteins and their fragments used in subsequent colP assay. (D-F) Western blots of immunoprecipitates (top two panels) or lysates (bottom) from
S2 cells expressing the indicated proteins. (G) GST pull-down between Myctagged AtroC and GST or GST-agged Ci fragments. (H-J") S2 cells expressing
the indicated proteins were immunostained with HA (red), Myc (green) antibodies, and DAPI (blue) to visualize nuclei. In all blots, asterisks indicate the

target proteins and arrowheads indicate IgG.

the zebrafish Atro homologue, Rerea, down-regulates different
Hh-responsive genes. Together, our findings show a conserved
role of Atro as a Ci® corepressor in Hh signaling and reveal the
mechanism of the Atro complex in Ci repression.

To identify new factors involved in Ci regulation, we performed
a yeast two-hybrid screen using the N terminus (1-440 aa)
of Ci (CiN) as bait and D. melanogaster embryonic cDNA
library as prey. As a result, a positive clone termed A46 was
identified as the C-terminal fragment (1727-1986 aa) of Atro.
Further validation experiments showed that A46 interacted
with different N-terminal fragments of Ci (Fig. 1 A). The in-
teraction between Atro and Ci was then verified by coimmuno-
precipitation (colP) of overexpressed full-length Ci and Atro in
S2 cells (Fig. 1, B and B’). A specific interaction was revealed
between the C terminus of Atro (AtroC) and CiN using colP in
S2 cells (Fig. 1, C-F). A Ci® mimic form, Ci76 (Aza-Blanc et al.,

1997), interacted with AtroC in S2 cells (Fig. 1 F), indicating a
possible role of Atro as a regulator of Ci®. We identified that
the region around 76-367 aa of CiN is essential to mediate the
direct binding with AtroC by a GST pull-down assay (Fig. 1 G).
When expressed alone, Atro localized in the nucleus (Fig. 1,
H and H'), whereas Ci mainly localized in the cytoplasm (Fig. 1,
I and I'). However, a portion of Ci translocated into the nu-
cleus and colocalized with Atro when they were coexpressed
(Fig. 1, J-J"). Collectively, interaction and colocalization be-
tween Atro and Ci suggests a potential role of Atro in regulating
Ci function.

In the absence of Hh signaling, Ci® represses dpp expression
in the anterior compartment away from the anterior/pos
terior (A/P) compartment boundary (Fig. 2, A and B; Méthot
and Basler, 1999; Miiller and Basler, 2000). Hh signal-
ing stimulates the formation of Ci* to turn on different
target genes around the A/P compartment boundary, includ-
ing dpp, ptc, and engrailed (en), which are induced by low,
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Figure 2. Atrois a repressor of Hh signaling pathway in D. melanogaster. (A) A cartoon of the wing discs from third-instar larva. The dashed line indicates
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indicated genetic conditions.

medium, and high levels of Hh signaling, respectively (Fig. 2,
A and B; Jiang and Hui, 2008). We first used dpp-lacZ stain-
ing to reveal dpp expression. Compared with control discs
(Fig. 2 C), overexpression of Atro by MSI1096-Dicer2 Gal4
down-regulated the level of dpp-lacZ (Fig. 2 D [arrow] and
Fig. S1, A-A"). Knockdown of Atro (verified in Fig. S1,
B and C) resulted in a notable increase of dpp-lacZ staining,
which was expanded to the anterior compartment (Fig. 2 E,
arrows). We confirmed these observations by inducing ran-
dom clones. In the Atro overexpression clones marked by a
GFP signal, dpp-lacZ staining was remarkably attenuated
(Fig. 2, F and F'). Instead, ectopic expression of dpp-lacZ
was observed in Afro® (Erkner et al., 2002) mutant clones,
which were identified by the absence of a GFP signal (Fig. 2,
G and G’). We further examined the expression of prc, a
downstream gene of Hh signaling activated by Ci* (Hepker
et al., 1997), by ptc-lacZ. However, neither overexpression nor
knockdown of Afro appeared to affect the staining of ptc-lacZ
(Fig. S1, E-G). Moreover, knockdown of Ci blocked Ci*-
induced dpp-lacZ expression in the A/P compartment boundary
and induced ectopic Ci®-repressed dpp-lacZ expression in the
anterior compartment. Overexpressed Atro did not repress ecto
pic dpp-lacZ expression in the absence of Ci (Fig. 2, H-J"). Col-
lectively, these findings indicate that Atro specifically represses
Hh signaling in a Ci-dependent manner in D. melanogaster.

Given that Hh signaling is highly conserved from invertebrates
to vertebrates (Jiang and Hui, 2008; Ingham et al., 2011), we
wanted to determine whether Atro plays a conserved role in
Hh signaling repression. Therefore, we checked the expression
levels of several Hh-responsive genes in zebrafish embryos,
including forkhead4 (fkd4; Tay et al., 2005; Tyurina et al.,
2005), hedgehog interacting protein (hhip; Ochi et al., 2006),
patched?2 (ptch2; Concordet et al., 1996), NK2 homeobox 1b
(nkx2.1b; Rohr et al., 2001), forkhead box A2 (foxa2; Tyurina
et al., 2005), and GLI-Kruppel family member 1 (glil; Karlstrom
et al., 2003), 24 h postfertilization (hpf) by in situ hybridiza-
tion and/or real-time PCR. Expression levels of Hh target
genes were down-regulated in zebrafish embryos treated with
cyclopamine (Wolff et al., 2003; Fig. 3, B, F, J, and M-O; and
Fig. S1, H-J), which antagonized the Hh effector Smo (Chen
et al., 2002), whereas knockdown of ptch2 by Morpholino (MO)
up-regulated the expression of Hh target genes (Fig. 3, C, G, K,
M-O; and Fig. S1, H-J). Compared with control morphants
(Fig. 3, A, E, I, and M-O; and Fig. S1, H-J), Hh target gene ex-
pression was notably up-regulated in rerea morphants (Fig. 3 D,
H, L, and M-O; and Fig. S1, H-J), which is the homologue of Atro
in zebrafish. Most notably, Hh target gene expression was up-
regulated in a rerea MO dosage-dependent manner (Fig. 3 P).

Atrophin-Rpd3 represses Hh signaling
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We further examined ptch2 expression in bud stage (10 hpf)
embryos (Fig. 3, Q-T). The expression of pfch2 was diminished
in cyclopamine-treated embryos, whereas rerea morphants
exhibited an elevated expression of ptch2. In a previous study,
Wolff et al. (2003) showed that Hh signaling specifies cell fate
in the zebrafish myotome in a dosage-dependent manner. Thus,
we explored the impact of rerea MO-induced up-regulation of
Hh signaling activity in muscle cells. Immunostaining revealed
a high expression of Engrailed (Eng) in muscle pioneers (Fig. 3,
U and U’). Cyclopamine treatment diminished Eng staining
(Fig. 3, V and V). In contrast, the number of Eng-positive cells
increased in rerea morphants (Fig. 3, X and X'), similarly as
observed in ptch2 morphants (Fig. 3, W and W'). Collectively,
these data indicate that Rerea plays an evolutionarily conserved
role in Hh signaling repression in zebrafish.

ptch2 MO

rerea MO

A previous study suggested that Atro family proteins associate
with histone deacetylase 1 and 2 to function as nuclear recep-
tor corepressors (Wang et al., 2006). We further investigated
whether the D. melanogaster homologue of histone deacety-
lase 1 and 2 (Wang et al., 2008), Rpd3, was involved in Atro-
mediated repression of Hh signaling. Results from a coIP exper-
iment showed that Rpd3 preferentially bound to the N terminus
of Atro (Fig. S2, A and B) rather than AtroC, which is respon-
sible for the Ci interaction (Fig. 1 E). To investigate whether
Atro—Ci and Atro—Rpd3 exist in two different complexes or
whether they form a trimeric complex, we performed a two-step
immunoprecipitation experiment. As shown in Fig. 4 A, T7-Rpd3
was found in both Flag-Ci and Myc-Atro immunoprecipitates,
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indicating that Atro, Rpd3, and Ci are able to form a larger
complex. Results from a reporter assay in S2 cells demonstrated
the cooperation between Rpd3 and Atro in Hh signaling repres-
sion (Fig. 4 B). An increased amount of Atro down-regulated
Hh reporter activity gradually, which was further decreased by
coexpression with Rpd3 (Fig. 4 B).

In accordance with the Atro-overexpressing phenotype
(Fig. 2, D-F), overexpression of Rpd3 down-regulated the
dpp-lacZ staining in vivo (Fig. 4, compare D [arrows] with C).
Overexpressed Rpd3 failed to repress dpp expression when
Ci was knocked down (Fig. S2, C—F"), indicating a similar
requirement of Ci for the repressor role of Rpd3 in Hh sig-
naling. We performed additional experiments to test whether
Atro and Rpd3 cooperation is essential for Hh signaling re-
pression. Knockdown of Rpd3 (verified in Fig. S2, G-G")
up-regulated dpp-lacZ staining (Fig. 4, compare E [arrows]
with C), whereas coexpression with Atro failed to repress
dpp expression (Fig. 4 F, arrows). A clonal assay with AG4-
GFP further verified this phenotype. Coexpression of Rpd3
RNAi and Myc-Atro failed to block dpp-lacZ staining (Fig. 4,
G-G"), whereas Myc-Atro expressed alone remarkably re-
duced the dpp-lacZ signal (Fig. 2, F and F’). We next in-
vestigated the requirement of Atro in Rpd3-mediated Hh
signaling repression. In a mosaic analysis with a repressible
cell marker assay (Lee and Luo, 1999), Atro™ mutant clones

showed increased dpp-lacZ staining (Fig. 4, I-1"), which was
not repressed by coexpression with Rpd3 in clones (Fig. 4,
J-J"). Collectively, these results suggest that Atro and Rpd3
cooperate to repress Hh signaling.

The dpp locus consists of a regulatory region >25 kb down-
stream of 3" UTR (St Johnston et al., 1990), in which a 100-bp
Ci binding site was mapped ~22 kb away from a 3" UTR
(Miiller and Basler, 2000; Fig. 5 A). Because we demonstrated
that the Atro-Rpd3 complex acts together with Ci® to repress dpp
expression, Atro is likely recruited to the Ci binding site around
the dpp locus. To test this possibility, we performed chromatin
immunoprecipitation (ChIP) assays in wing disc—derived Cl.8
cells using an Atro antibody and control IgG. Our ChIP as-
says revealed that the Atro antibody, but not the control IgG,
specifically precipitated chromatin fragments harboring the re-
gions a, b, and c. Among these, the highest ChIP signal was
located in region b covering the Ci binding site (Fig. 5 B,
Hh—). Moreover, the intensity of the ChIP signal from the Atro
group decreased in CL.8 cells treated with Hh (Fig. 5 B, Hh+).
Hence, Hh signaling activity regulates the association of Atro on

Atrophin-Rpd3 represses Hh signaling

579



580

667 bp 820 bp
— |

b
-
— fo—
dpp 3 UTR ey ciBS "y
22 kb
B 10 -
16.0 1
Oa
14.0 A Bb
g 120 A me
o
Lo
= 2100 A
5 £
S5
S5 80
33
£ 60 A
o
4.0 A
20 1
0o | I [
Control IgG Atro Control IgG Atro
L ] L ]
Hh- Hh+

Figure 5. Atro-Rpd3 complex associates with a Ci-binding site at the
dpp locus in the absence of Hh signaling. (A) Schematic diagram of dpp
locus and regions amplified with corresponding PCR primers to detect ChIP
products. (B) ChIP for Atro around Ci binding site in dpp locus in CI.8
cells with/without Hh treatment. Data of ChIP signals were normalized to
1/10 of input and showed as the fold change to the first group (mean =
SD; n=3).

the Ci regulatory region of the dpp locus. These data are consis-
tent with our previous demonstration showing that Atro functions
in the absence of Hh signaling as a corepressor of Ci.

The increased histone H3 acetylation
correlates well with loss of Atro-Rpd3
complex and Hh activation

Rpd3 is a histone deacetylase that deacetylates acetylated his-
tone H3 to turn off gene transcription (Foglietti et al., 2006).
Thus, we speculated that Rpd3 links the repressor function of
the Atro-Rpd3 complex to histone H3 deacetylation, whereas
Hh activation relieves the association of Atro—Rpd3 with the
corresponding dpp locus and thus increases histone H3 acetyla-
tion to turn on dpp transcription. We then performed ChIP
assays to assess the alteration of histone H3 acetylation at the
dpp transcription start site upon Hh activation. Among the
reported lysine sites (K9, K11, K18, K23, and K27; Shahbazian
and Grunstein, 2007) on the N terminus of histone H3, Hh
activation increased the ChIP signal of H3K23 acetylation
(H3K23Ac) and H3K27 acetylation (H3K27Ac) approximately
three- and sevenfold, respectively (Fig. S3, A and B). Because
the level of H3K27Ac exhibited a distinct increment upon Hh
activation, we chose this site for in vivo verification. Both knock
down of Rpd3 (Fig. S3, C and D) and knockout of Afro (Fig. S3,
E and E’) in wing discs increased the H3K27Ac level. To fur-
ther investigate the correlation between histone acetylation
and Hh activation, we used trichostatin A (TSA; Yoshida et al.,
1995), which inhibits a wide range of histone deacetylases. TSA
treatment accumulated H3K27Ac and up-regulated Hh re-
porter in S2 cells (Fig. S3, F-G") and dpp-lacZ staining in wing
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discs (Fig. S3, H-I"). When flies were fed 40 uM TSA from
the fertilized egg stage, the fused phenotype of ¢765-Smo”**!?
(Fig. S3 K, arrow shows the fusion of veins L3 and L4) was
partially rescued (compare arrows in Fig. S3, K and M), suggest-
ing that Hh activity increased upon TSA treatment. Furthermore,
zebrafish embryos cultured at different TSA concentrations
showed a graded up-regulation of Hh-responsive genes (Fig. S3 N)
and H3K27Ac levels (Fig. S3, O and O’). Collectively, these
data suggest an evolutionarily conserved association between
histone acetylation, Atro—-Rpd3 complex, and Hh signaling
activity. In addition to Atro—Rpd3, other proteins may modify
histone H3 or other histones in Hh activation, which involves
both derepression of Ci® and activation of Ci*.

Activation of Gli proteins is related to the formation of
various cancers (Hui and Angers, 2011), suggesting a critical
role of Gli repression. In this study, we demonstrated how
Ci/Gli family proteins repress target gene expression. An Atro
C-terminal fragment was identified in a yeast two-hybrid
screening with the N-terminal region of Ci as bait. Several
assays verified their interaction both in S2 cells and in vitro.
Atro repressed dpp expression in D. melanogaster and down-
regulated Hh-responsive genes in zebrafish. Furthermore, our
findings illustrate that Atro associates with Rpd3 to deacetylate
histone during Hh target gene expression repression. Studies in
mammalian systems suggested that a Ski corepressor complex
regulates both full-length Gli3 and Gli3 repressor (Dai et al.,
2002); testing how the Atro-Rpd3 and Ski complexes coordi
nate with each other in repressing Hh signaling or whether these
two corepressors function at different developmental stages or
in different tissues would be interesting.

Materials and methods

Fly mutants and transgenes

Atro% (a gift from S. Kerridge, Université de la Méditerranée, Aix-
en-Provence, France; Erkner et al., 2002) is a null allele. MS1096 Gal4
drives fransgenes expression in the wing pouch, with a higher level in the
dorsal half compared with the ventral half. UAS-Dicer2 was used to
increase RNAI efficiency (Flybase). act>CD2>Gal4 UAS-GFP (AG4-GFP)
induces random Gal4 expression by heat shock-induced “jump out” of
CD2, so that Gal4-expressing clones were marked as CD2 minus and
GFP positive region (Flybase). C765-Smo™*'2 is a dominant-negative form
of Smo induced by a wing Gal4, C765-Gal4. It is a widely used tool to
screen for genes that might affect Hh signaling activity (Jia et al., 2004).
dpp-lacZ and pic-lacZ have been described previously (Zhao et al., 2007;
Zhang et al., 2013b). Ci RNAi (#2125R-1; Zhang et al., 2013a), Rpd3
RNAIi (#46930 and #30599), and UAS-Rpd3-V5 (#3224 1) were obtained
from the National Institute of Genetics, Vienna Drosophila RNAi Center,
and Bloomington Drosophila Stock Center, respectively. We obtained full-
length hs-Atro plasmid (Zhang et al., 2002) from T. Xu (Yale University,
New Haven, CT). pUAST vector contains upstream activating sequence to
induce gene expression by Gal4, P-element to make transgenic fly, “mini-
white” marker to identify transgene by red eye, and “ampicillin-resistant”
element for plasmid amplification. To construct UAS-AtroRNA (two constructs
named R3 and R4), cDNA fragments with the coding sequence for Atro
nucleotide 259-509 (R3) or 4902-5101 (R4) were cloned into pUAST
with the corresponding genomic DNA fragment inserted into a reverse
orientation, respectively. To construct UAS-Myc-Atro, full-length Atro was
cloned into pUAST-Myc vector. All transgenic flies were generated by stan-
dard P-element-mediated transformation. Multiple independent transgenic
lines were tested for activity. To achieve a better knockdown efficiency
of Atro RNAI, lines R3 and R4 were recombined for all the experiment.
Genotypes for generating clones are as follows: y hsflp/yw or Y; dpp-lacZ;
UAS-GFP FRT2A/Atro35 FRT2A and y hsflp tub-Gal4 UAS-GFP/yw or Y;
UAS-Rpd3-V5/dpp-lacZ Gal80 FRT2A/Atro35 FRT2A.
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Immunostaining of imaginal discs

Third-instar larvae were dissected for immunostaining of imaginal discs
with standard protocol as previously described (Zhang et al., 2013b).
In brief, samples were fixed in 4% formaldehyde in PBS buffer, washed
and incubated with primary and secondary antibody in PBTA (PBS, 0.1%
Triton X-100, and 1% BSA) buffer, and mounted in 40% glycerol. For
experiments involving comparisons between different genotypes, all samples
were stained (e.g., dilute the antibody and aliquot together to add into
different groups), processed (e.g., do the dissection at the same time),
and imaged (e.g., scan the confocal pictures at the same time) in parallel
to reduce the variables. Images of imaginal discs were acquired under a
confocal microscope (LAS SP5; Leica) using a 40x/1.25 NA oil objective
(Leica) or 63x/1.4 NA oil objective (Leica) at room temperature. Images
shown were processed in Adobe Photoshop to convert to grayscale and
to enhance visibility by adjusting brightness and contrast and pseudocol-
oring where appropriate. Primary antibodies used in this study were as
follows: mouse anti-V5 (Invitrogen), anti-H3K27Ac (EMD Millipore), rabbit
anti-Rpd3 (a gift from J.T. Kadonaga, University of California, San Diego,
La Jolla, CA), anti-B-galactosidase (Cappel), and rat anti-Ci (Developmen-
tal Studies Hybridoma Bank). Rabbit anti-Atro antibody was generated in
rabbit with 32-226 aa of Atro as antigen (ABclonal Technology).

Cell culture, transfection, immunostaining, luciferase reporter assay,
immunoprecipitation, and Western blot analysis

S2 cells were cultured at 25°C in Schneider’s Drosophila Medium
(Invitrogen) with 10% fetal bovine serum, 100 U/ml of penicillin, and
100 pg/ml of streptomycin. Cell transfection was performed using the
Calcium Phosphate Transfection kit (Specialty Media) according to the man-
ufacturer’s instructions (Zhang et al., 2011). Cell immunostaining was per-
formed as previously described (Yang et al., 2013). Cells were washed
with PBS and fixed in freshly made 4% formaldehyde in PBS buffer at room
temperature for 10 min, then washed again with PBS and treated with
PBST (PBS and 0.25% Triton X-100) for permeabilization, and blocked
with PBSA (PBS and 1% BSA) for 15 min. Cells were incubated with pri-
mary antibody diluted in PBSA for 1 h at room temperature, then washed
with PBS and incubated with secondary antibody diluted in PBSA for 30
min at room temperature, and finally mounted in 40% glycerol. Images of
cells were acquired under a confocal microscope (LAS SP5) using a
63x/1.4 NA oil objective (Leica) at room temperature. Images shown
were processed in Adobe Photoshop to convert to grayscale and to en-
hance visibility by adjusting brightness and contrast and pseudocoloring
where appropriate. Hh reporter activity was performed as previously de-
scribed (Shi et al., 2013). In brief, Hh reporter firefly expression plasmid
and constitutive Renilla expression plasmid were transfected equally in all
experimental groups. Cells were harvested 48 h after transfection and
lysed in passive lysis buffer (Promegal) for Dual-luciferase assay according
to the manufacturer’s instructions. Standard or two-step immunoprecipita-
tion and Western blot were performed according to previously described
methods (Zhang et al., 2013b). In brief, immunoprecipitation was per-
formed at 4°C. Cells were lysed in standard NP-40 buffer; clarified lysates
were first incubated with 2 pg of the indicated antibodies for 2 h and then
with 20 pl protein A/G PLUS agarose (Santa Cruz Biotechnology, Inc.) for
1 h. Beads were washed three times and boiled in SDS loading buffer. Pri-
mary antibodies used in this study were mouse anti-HA, anti-Myc, anti-Flag
(Sigma-Aldrich), anti-T7 (EMD Millipore), anti-H3K27Ac (EMD Millipore),
rabbit anti-Myc (Sigma-Aldrich), and anti-H3 (Abcam).

Yeast two-hybrid assay and GST fusion protein pull-down assay
Matchmaker GAL4 Two-Hybrid System (Takara Bio Inc.) was used fo screen
for Ci interacting protfeins and to verify the interactions according to the
manufacturer’s instructions. N-erminal 1-440 aa of Ci were used as bait
and D. melanogaster embryonic cDNA library (provided by Dahua Chen,
Institute of Zoology, Chinese Academy of Sciences, Beijing, China) was
used as prey. GST fusion proteins were produced in Escherichia coli BL21
and purified with glutathione agarose beads (GE Healthcare). GST fu-
sion protfeinloaded beads were incubated with S2 cell lysates expressing
indicated proteins in GST pull-down lysis buffer (20 mM Tris-Cl, pH 8.0,
200 mM NaCl, 1 mM EDTA, 0.5% NP-40, and PMSF) at 4°C for 1 h.
The beads were washed three times with lysis buffer, followed by Western
blot analysis.

In situ hybridization and immunostaining of zebrafish embryos

Zebrafish (Danio rerio) embryos were obtained by natural spawning of
adult AB strain zebrafish. Embryos were maintained at 28.5°C on a
14-h light/10-h dark cycle. Whole mount in situ hybridization of zebrafish

embryos was performed according to standard protocols (Thisse and
Thisse, 2008). To avoid variability of in situ hybridization to the utmost
extent, we injected the MO, collected the fish, performed the in situ, and
took the picture at the same time under the same conditions. The RNA
probe used was labeled with digoxigenin. The hhip probe encompassed
the 1,193-2,112-bp regions (start from ATG) of mRNA. Other probes
used were fkd4 (Tay et al., 2005) and ptch2 (also known as ptcl;
Concordet et al., 1996). Immunostaining of zebrafish embryos was per-
formed as previously described (Wang et al., 2013). In brief, zebrafish
embryos were fixed in formaldehyde and stored in methanol at —20°C
overnight. On the second day, embryos were washed out of methanol by
serial washes in ethanol/PBStw (PBS + 0.1% Tween-20) and blocked
in PBStwA (PBStw + 1%BSA). Embryos were incubated with primary anti-
body diluted in PBStwA at 4°C overnight and washed with PBStw, and
then incubated with secondary antibody diluted in PBStwA for 2 h at
room temperature. Images of zebrafish embryos were acquired under a
confocal microscope (LAS SP5) using a 20x/0.7 NA objective (Leica) at
room femperature. Images shown were processed in Adobe Photoshop to
convert to grayscale and to enhance visibility by adjusting brightness and
contrast and pseudocoloring where appropriate. Primary antibodies
used in this study were mouse anti-Eng (Developmental Studies Hybrid-
oma Bank).

MO knockdown

Antisense MOs (Gene Tools) were microinjected info one to four cell stage
embryos according to standard protocols. A 4-nl volume of MOs was injected
at the concentration of 0.15 mM for all experiments unless indicated. MO se-
quences used were rerea-MO (5'-TCCTTGGAGGCTGTAAACACAAATT-3';
Asai et al., 2006), smo-MO (5"-CGCTTGGAGGACATCTTGGAGACGC-3’;
Robu et al., 2007), ptch2-MO (5-CATAGTCCAAACGGGAGGCAGAAGA-
3’; Wolff et al., 2003), and standard control-MO (Gene Tools).

RNA isolation, reverse transcription, and real-time PCR

About 20 zebrafish embryos at indicated stages were lysed in TRIzol
(Invitrogen) for RNA isolation following standard protocol. 1 pg RNA was
used for reverse transcription by Maxima First Strand cDNA Synthesis kit
(Thermo Fisher Scientific). Realtime PCR was performed on ABI Fast7500
with Maxima SYBR Green qPCR Master Mix (Thermo Fisher Scientific).
2:85% method was used for relative quantification. The primer pairs used
were as follows: fkd4, 5'-GCTTCACTGAACCATTTCGCA-3’ (forward) and
5'-CTGAGCCATAATACATCTCGCTG-3' (reverse); hhip, 5'-CTTACGAGC-
CAAGTGTGAACTG-3' (forward) and 5-TGCTGTCTTTCTCACCGTCC-3’
(reverse); ptch2, 5'-TCCTCCTTATGAGTCCCAAACAG-3’ (forward) and
5".CATGAACAACCTCAACAAACTTCC3' (reverse); gapdh, 5'-CATCACAG-
CAACACAGAAGACC-3’ (forward) and 5-ACCAGTAAGCTTGCCATT-
GAG-3' (reverse); nkx2.1b, 5'-CCCACGCTTCTCTACAATCTCT-3’ (forward)
and 5-ACCCATGCCTTTACCAACATC-3' (reverse); foxa2, 5'-AATACA-
GGCATTTCTCGTGTGG-3' (forward) and 5-AGGTGTAACACTCAGG-
CTCTC-3" (reverse); glil, 5'-TTICTTGGTTTACTTGAAGGCAGAG-3’
(forward) and 5'-GCTCATTATTGATGTGATGCACC-3' (reverse).

ChIP assay

D. melanogaster wing disc—derived Cl.8 cell was used for ChIP assay with
endogenous antibodies. Cells were fixed in freshly made 1% formalde-
hyde in PBS buffer at room temperature for 15 min, added with 2.5 M gly-
cine to a final concentration of 125 mM for 5 min incubation, and washed
with cold PBS. Cells were lysed in ChiP lysis buffer (50 mM Hepes-KOH,
pH 7.5, 140 mM NaCl, T mM EDTA, pH 8.0, 1% Triton X-100, 1% sodium
deoxycholate, 0.1% SDS, and cocktail) and sonicated into small chromatin
fragments. After centrifugation, lysates were incubated with 2 pg of the in-
dicated antibodies for 5 h (or overnight) at 4°C. Samples were combined
with 20 pl protein A/G PLUS agarose (Santa Cruz Biotechnology, Inc.) and
incubated for 5 h (or overnight) on a rotator at 4°C. Beads were washed
three times with ChIP wash buffer (0.1% SDS, 1% Triton X-100, 2 mM
EDTA, pH 8.0, 150 mM NaCl, and 20 mM TrisCl, pH 8.0} and finally
washed with ChIP final wash buffer (0.1% SDS, 1% Triton X-100, 2 mM
EDTA, pH 8.0, 500 mM NaCl, and 20 mM Tris-Cl, pH 8.0). Beads were
incubated with ChIP elution buffer (1% SDS and 100 mM NaHCO;) at
65°C for 30 min, and then added with 4 M NaCl to a final concentration
of 200 mM for further incubation at 65°C for 4 h. After this, beads were
mixed with 5 mM EDTA and 0.25 mg/ml proteinase K for incubation at
55°C for 2 h. The DNA on the beads was purified with DNA purification
kit (QIAGEN) and sent for realtime PCR assay. Antibodies used in this
study are mouse anti-H3K27Ac (EMD Millipore) and anti-H3K9Ac (Abcam)
and rabbit anti-H3K14Ac, anti-H3K18Ac, anti-H3K23Ac (provided by
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Degui Chen, Institute of Biochemistry and Cell Biology, Chinese Academy
of Sciences, Shanghai, China), anti-H3 (Abcam), and anti-Atro (generated
in this study). The primer pairs used were as follows: dpp (around the tran-
scriptional start site), 5-ACTTAAGCAACTTGCCATCGT-3" (forward) and
5-AGCAACATCAAAGCAAAGCAC-3' (reverse); dpp-a, 5-GTGTGC-
GCTGTCTTTATAAAGG-3" (forward) and 5'-TACCTACACCTAACATTCTT-
GCAG-3' (reverse); dpp-b, 5-AATCACATTTCGAGAAGAGACGAC-3’
(forward) and 5'-GGACCCGGTTGGTTAATCAG-3' (reverse); dpp-,
5'-GTCCACACCGTTCATCACCA-3" (forward) and 5'-GGCTACCCATC-
CACATCGTC-3' (reverse).

Online supplemental material

Fig. S1 shows the verification of Atro RNAi and Atro® mutant, the effect
of Atro to pfc expression in D. melanogaster, and that Rerea represses
additional Hh-responsive genes in zebrafish. Fig. S2 shows the interaction
between Atro and Rpd3, the verification of Rod3 RNAI, and the repres-
sion of Rpd3 to dpp expression, which is dependent on Ci. Fig. S3 shows
that histone acetylation correlates well with Atro—-Rpd3 and Hh signaling
activity. Online supplemental material is available at http://www.jcb

.org/cgi/content/full /jcb.201306012/DC1.
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