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A genome-wide RNA interference screen in
Drosophila melanogaster cells for new components

of the Hh signaling pathway

Kent Nybakken!, Steven A Vokes?, Ting-Yi Lin?, Andrew P McMahon? & Norbert Perrimon!>

Members of the Hedgehog (Hh) family of signaling proteins are powerful regulators of developmental processes in many
organisms and have been implicated in many human disease states. Here we report the results of a genome-wide RNA
interference screen in Drosophila melanogaster cells for new components of the Hh signaling pathway. The screen identified
hundreds of potential new regulators of Hh signaling, including many large protein complexes with pleiotropic effects, such as
the coat protein complex |1 (COPI) complex, the ribosome and the proteasome. We identified the multimeric protein phosphatase
2A (PP2A) and two new kinases, the D. melanogaster orthologs of the vertebrate PITSLRE and cyclin-dependent kinase-9 (CDK9)
kinases, as Hh regulators. We also identified a large group of constitutive and alternative splicing factors, two nucleoporins
involved in mRNA export and several RNA-regulatory proteins as potent regulators of Hh signal transduction, indicating that
splicing regulation and mRNA transport have a previously unrecognized role in Hh signaling. Finally, we showed that several

of these genes have conserved roles in mammalian Hh signaling.

The Hh signaling pathway is atypical in that its mode of action seems
to be unique at almost every step'. Hh proteins undergo a complex
maturation process involving an autocatalytic cleavage and the cova-
lent addition of both a cholesterol and a palmitic acid moiety. Hh
binds to its receptor, the multiple-pass transmembrane protein
Patched (Ptc), which relays the signal to a large intracellular complex

hreonine kinase Fused (Fu) and the zinc-finger protein Cubitus

la. consisting of the kinesin-like protein Costal2 (Cos2), the serine-

=¥ interruptus (Ci)!~>. This intracellular complex binds both micro-

tubules and intracellular vesicles containing the seven-pass trans-
membrane protein Smoothened (Smo), an essential positive
regulator of Hh signaling!=. In the absence of Hh stimulation, Ptc
exerts a repressive effect on the complex and on Smo, preventing
activation of both elements. Binding of Hh to Ptc relieves this
repression, allowing the complex to become hyperphosphorylated
and allowing Smo to activate downstream components of the path-
way. The complex interplay between these factors ultimately results in
precise regulation of Ci. In the absence of Hh, Ci is processed into an
N-terminal fragment that seems to repress the transcription of Hh
target genes. Efficient processing of Ci requires the cAMP-dependent
protein kinase-1 (PKA-Cl1), casein kinase Io. (CKIa) and Shaggy
(GSK-3pB) kinases in addition to Supernumerary limbs (Slimb), a
component of a multimeric ubiquitin ligase. Hh stimulation inhibits
this processing to generate full-length Ci and also activates this full-

length Ci. The full-length, activated form of Ci can then act as a
transcriptional activator, increasing the transcription of Hh target
genes such as ptc!=>,

RNA interference (RNAi) is a technique that uses double-stranded
RNA (dsRNA) or small interfering RNA (siRNA) to potently and
specifically degrade the mRNA, and ultimately diminish the protein,
encoded by a gene of interest*. Large RNAi libraries, including many
genome-wide libraries, have been established and used to screen whole
animals (in the case of Caenorhabditis elegans) and cell lines (from
vertebrates and D. melanogaster) for genes affecting particular path-
ways or processes””. To obtain a complete picture of the genes
required for Hh signaling, we carried out a genome-wide RNAi screen
for new components of the Hh pathway using D. melanogaster cells
and a dsRNA library previously developed in our laboratory®. We
identified a broad range of new genes involved in Hh signaling. In
accordance with previous results, we found that ribosomal genes and
members of the COPI complex are strong regulators of Hh signaling’.
We also found a large number of new candidate Hh regulators,
including PP2A, two new kinases, lipid synthesis proteins, protea-
somal components and components of ubiquitin-ligase complexes.
We also identified a set of splicing genes, many of which are involved
in alternative splicing, as potent regulators of Hh signaling. Finally,
we showed that some of these genes have conserved roles in vertebrate
Hh signaling.
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RESULTS

Genome-wide RNAI screen for Hh signaling factors

Because our dsRNA library is divided into 384-well tissue-culture
plates, we needed a robust Hh signaling assay that could be used in

e, this format. To that end, we developed a transfection-based dual-

@uciferase assay using a previously described Hh reporter in which a

=" portion of the ptc promoter, called ptcA136, drives expression of

firefly luciferase!® (Fig. 1a). The assay was verified before screening by
testing the effects of dsRNAs targeted against known components of
the Hh pathway on the normalized luciferase signal. None of the test
dsRNAs, including known negative regulators, caused any substantial
increase in basal reporter activity, with the previously noted exception
of cos dsRNA, which roughly doubled basal reporter activity’
(Fig. 1b). The lack of any ectopic increase in reporter activity when
known negative regulators were knocked down convinced us that a
genome-wide screen for dsRNAs that increase basal reporter activity
was not worthwhile in the context of our assay. But RNAi directed
against most of the known members of the Hh pathway in the
presence of Hh stimulation had the expected effect of either
reducing or increasing reporter activity, indicating that our assay
should be able to identify regulators of Hh signaling in a genome-
wide assay (Fig. 1b).

The RNAI screen was done in duplicate to identify genes that either
reduce or increase Hh reporter activity in D. melanogaster clone 8 cells.
Analysis of the Z scores of replicate plates showed that the assay was
highly reproducible, with most points falling along a diagonal through
the origin (Fig. 2a). Wells were scored as hits if the average of the
Z scores from the two replicates was less than —2.0 or greater than

Figure 1 Assay design and validation of the primary screen for new
components of Hh signaling. (a) Outline of screen design and schematic
representation of constructs used in the primary screen. Relevant portions of
the vectors shown are shown in inset. Left boxes are promoter fragments and
right boxes are coding regions; parent vectors are indicated at the upper
right of each construct. (b) Verification of Hh assay in 384-well plate format.
Clone 8 cells were assayed using the ptcA136-GL2 reporter and either
Act5C-Hh—expressing vector (Hh) or empty Act5C vector (Act). Normalized
luciferase values were averaged from 4 wells in a 384-well plate. The
dsRNA used to treat the cells is indicated. smo and ¢/ dsRNAs eliminated
most reporter activity and resulted in a sixfold difference in normalized
signal between cells treated with GFP dsRNA and cells treated with smo or
ci dsRNAs. Treatment with dsRNA against the fu coding region reduced
reporter signal by ~75%, whereas dsRNAs against the 5" untranslated
region (UTR) of fu reduced signal by 50%. Error bars in this figure and all
subsequent figures indicate two standard deviations.

+3.0 (scoring rationale is given in Supplementary Methods online);
most wells fell within these thresholds (Fig. 2b). Of the ~21,000
dsRNAs screened, we identified 509 hits using these criteria; 449
reduced reporter activity, suggesting that they function as positive
regulators of Hh signaling, and 60 increased reporter activity, suggest-
ing that they act as negative regulators (Supplementary Tables 1 and 2
online). Notably, we identified nine of the previously known compo-
nents of the Hh signaling pathway: smo, ci, cos, fu, Pka-CI and
combgap were identified as positive regulators of Hh signaling, whereas
Su(fu), slimb and ptc were identified as negative regulators (Supple-
mentary Tables 1 and 2). Our assay did not identify sgg, rasp, dip,
disp or Cklo as hits. Because most known Hh signaling genes were
identified in our screen, we concluded that our assay can identify
legitimate Hh signaling factors.

The screen identified many components of known macromolecular
complexes and functional groups defined by the FlyBase annotations
of the targeted genes. The distribution of all the positive and negative
hits to assignable complexes or functional groups is shown in
Figure 2c,d. Most of the components of several large protein com-
plexes were identified as positive regulators of Hh signaling (Fig. 2c).
Many other genes belonging to a variety of functional groups were also
identified in the screen, and many have orthologs in other phyla. The
human, mouse, yeast and nematode orthologs of our hits are listed in
Supplementary Table 3 online. We discuss some of these functional
groups in more detail below.

Secondary assays

To confirm our initial results and ascertain how the identified genes
function in Hh signaling, we produced 96-well secondary screening
plates containing dsRNAs from 255 of the hits identified in the
primary screen (Supplementary Methods). We then used these plates
to carry out a series of secondary assays designed to identify genuine
Hh regulators and to begin to determine where each regulator acts on
the pathway.

The first series of assays was designed to control for the effects of the
reporter and expression constructs (Supplementary Fig. 1 online and
Supplementary Methods). Because the original experimental firefly
and control Renilla reporters contained introns, we suspected that
many of the RNA regulatory and splicing genes identified as hits may
have been affecting the splicing or RNA stability of the reporter
mRNAs and not directly affecting Hh signaling. To test this possibility,
we assayed the secondary plates using an experimental reporter
lacking the intron and found that 80% of the dsRNAs tested passed
this assay (Supplementary Table 4 online). Next, we reversed the
control and experimental promoters, using the ptcA136 experimental
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Figure 2 Primary screen results. (a) Correlation of replicate Z scores for the first five primary screening plates. The data in a and b were filtered to remove
values greater than +10.0, which correspond to the artificially high normalized values found in some edge wells. (b) Scatter plot of all averaged Z scores
from the primary screen. Red lines indicate —2.0 and +3.0 averaged Z score thresholds. Each screening plate contained four control wells, one of which
contained smo dsRNA. These smo control wells formed the majority of the data points with Z scores near —5.0. (c) Functional classification of the 449 genes
with Zscores less than —2.0 when reduced by RNAI in the Hh signaling assay. These genes are likely to function as positive regulators of Hh signaling.

Numbers of genes in each category are indicated. (d) Functional classification of the 60 genes with Z scores greater than +3.0 when reduced by RNAi in the

@Hh signaling assay. These genes are likely to function as negative regulators of Hh signaling.

promoter to drive Renilla luciferase and the RNA polymerase III
(PolIII) control promoter to drive firefly luciferase. If a dsSRNA scored
solely because of its differential effects on one luciferase mRNA versus
another, that score would be greatly reduced or reverse sign in this
assay. Almost 60% of the hits passed this assay (Supplementary
Table 4). Many splicing factors passed both of these assays, indicating
that they are legitimate Hh signaling factors. We then carried out a
secondary assay to control for changes that might have been caused by
differences in the regulation of the PolIIl promoter fragment driving
our control Renilla construct and the actin promoter construct driving
the full-length Hh. When Hh was driven by the PollIl promoter, 65%
of the dsRNAs rescored as hits (Supplementary Table 4). Overall, 90
positive and 6 negative regulators passed all three secondary screens
and a retest of the primary screen, confirming the robustness of our
assays and the large number of new genes that might regulate Hh
signaling. Finally, we tested how our candidate genes affected basal
transcription from the ptcA136 reporter to determine whether any of
them could induce reporter activity to a level similar to that seen with
Hh stimulation. Although the percentage changes in basal reporter
activity caused by application of a particular dsSRNA were often similar

to those seen in the Hh-stimulated state, none of the dsRNAs activated
the reporter to a normalized level near the stimulated state (compar-
ing the plate means and percent changes in the presence or absence of
Hh; Supplementary Table 4).

The zinc-finger protein Ci is a key downstream regulator of Hh
signaling. Therefore, we sought to order the screen hits relative to ci to
ascertain their epistatic relationships with ci. To do this, we examined
reporter activity when a construct expressing full-length (activating)
Ci instead of a construct expressing Hh was used to transfect clone 8
cells. Ci expression stimulated ptcA136 reporter activity to a level
approximately half of that induced by Hh expression (Supplementary
Fig. 1). We considered ci to be epistatic to candidate genes if the
difference between their Hh and Ci scores was greater than 40
percentage points. Consistent with our previous understanding of
Hh signaling, ci was epistatic to fu and cos using these criteria. When
all the secondary screening plates were screened with ¢i and hits with
substantially lowered cell viability were discarded, we found 27 hits
whose scores were changed by 40 percentage points or greater when Ci
was compared with Hh (Table 1 and Supplementary Table 4). A
pattern emerged from this comparison: RNAi against cos substantially
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Table 1 Epistasis of ci with candidate Hh regulators

Difference
Locus tag Gene Hh score Ci score (Hh - Ci)
CG1708 cos -73 61 -134
CG7109 mts -62 42 -105
CG3412 slimb 36 127 -91
CG1135 CG1135 76 153 =77
CG18041 CG18041 45 121 -76
CG6292 CycT =77 -7 -70
CG6551 fu -73 -8 -65
CG1874 CG1874 -25 38 -63
CG9282 RpL24 -70 -8 -62
CGl1561 Smo -94 -34 -60
CG2184 Mic2 -b5 -4 -52
CG3193 crn -72 -22 -50
CG17489 RpL5 -65 -16 -50
CG14813 6COP -67 -17 -50
CG1475 RpL13A -83 =37 -47
CG6699 p'COP -73 -29 -44
CG1821 RpL31 -78 -35 -44
CG6625 Snap -52 -8 -44
CG10198 Nup98 -59 -16 -43
CG5179 Cdk9 -63 -20 -43
CG7961 aCOP -65 -23 -42
CG1528 yCOP -57 -16 -41
CGbH931 CG5931 -64 -23 -41
CG7757 CG7757 -48 -8 -40
CG7923 Fad2 -48 -8 -40
CG32955 CG32955 -58 -19 -40

Candidate Hh signaling factors identified in the screen to which ci is epistatic. ci
epistasis was determined as a difference of 40 percentage points or greater between the
Hh and Ci reporter scores. Gray shading indicates genes that had a Hh/Ci profile similar
to that of cos, in that they shifted from reducing the reporter score in the Hh assay to
increasing it in the Ci assay. Bold type indicates ribosomal genes. Genes were discarded
if they reduced the control Renilla values to less than 75% of the plate average or if
they were not rescored as hits in the Hh secondary assay.

=te» decreased reporter activity when Hh was expressed but increased

@)
@reporter activity when Ci was expressed in clone 8 cells. We therefore

=" examined our list for genes with substantial shifts in reporter activity

and found that the genes microtubule star (mts) and CG1874 also
changed from reducing to increasing reporter activity when Ci was
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used as the stimulus instead of Hh. These genes may have a role in Hh
signaling similar to that of cos.

Large protein complexes involved in Hh signaling

It has been difficult to identify all the components of Hh signaling
using genetic screens and biochemical methods. One reason for this
may be that the missing components are pleiotropic genes. We
therefore expected that our screen might identify genes or groups of
genes with multiple functions. Indeed, our screen identified several
groups of genes that affect many aspects of cellular metabolism but
also seem to have roles in Hh signaling.

Foremost among these were the genes encoding ribosomal proteins.
Of the 93 cytoplasmic ribosomal subunits, we identified 74 that reduce
Hh signaling when targeted by RNAi (Supplementary Table 1). This
is unlikely to have been caused by a sharp reduction in the cells’
translational ability, as reduction of ribosomal proteins by RNAi
results in less than a twofold reduction in protein translation in
D. melanogaster S2 cells®. Furthermore, a screen for genes affecting
Wingless signaling done with the same control reporter and in the
same cell type (clone 8) identified no ribosomal genes!!. This apparent
requirement for ribosomal components in Hh signaling could reflect a
consistent need for a short-lived Hh signaling component(s). A
reduction in overall translation efficiency through loss of individual
ribosomal components would greatly reduce this factor’s abundance
in the cell relative to other Hh components and so impair Hh
signaling. As the ribosome can interact with alternative splicing and
translation factors to influence the generation of alternative protein
isoforms, the ribosome may also interact with these factors to generate
new protein isoforms required for Hh signaling!>!3. In any case, our
data indicate that the Hh signaling pathway is relatively more sensitive
to ribosomal perturbation than the Wnt signaling pathway.

In addition to the ribosomal components, our screen identified 20
members of the 26S proteasome, all of which act as positive regulators
of Hh signaling (Supplementary Table 1). This result was somewhat
unexpected because slimb, Rocla and lin19 (also called Cull) all
increase Hh reporter activity and full-length Ci accumulation when
mutated in D. melanogaster, indicating that they act as negative
regulators of Hh signaling!4'®. The proteins encoded by slimb,
Rocla, lin19 and skpA are components of a tetrameric ubiquitin ligase,
called the Skp1/Cull/F-box (SCF) complex, that is involved in target-
ing proteins to the proteasome for degradation!’. Therefore, the
opposing effects of RNAi reduction of proteasomal components and
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Figure 3 Vesicular trafficking genes are important in Hh signaling. (a) COP and Snap dsRNAs reduce Hh signaling by 40% or more in secondary assays.
Scores were taken from the Hh (GL3) secondary assay and are presented as the average percent change from a GFP dsRNA control. dsRNAs targeting smo
were included as a control. (b) Effects of COP and Snap dsRNAs on activation of reporter by Ci. Scores were taken from Ci secondary assay. dsRNAs and
scale are the same as in a. (c) Effects of mouse Cop and Snap siRNAs on soluble Shh signaling. RNAi of mouse Copa (ortholog of «COP), in particular,
caused a greater reduction in reporter activity than even siRNA targeting mouse Smo.
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Figure 4 Identification of new kinases affecting Hh signaling. (a) Reduction
of Pitslre and Cdk9/CycT by RNAI substantially reduce Hh signaling, as
assayed by ptcA136-GL3 reporter activity. dsRNAs targeting smo and fu
were included as controls. (b) Effect of siRNAs targeting mouse Pitsire and
Cdk9 on ShhN signaling in NIH3T3 cells. Cdk9 RNAI had variable effects
on ShhN signaling but consistently increased reporter activity.

NAi reduction of one of the proteasome-targeting complexes sug-
gests that the proteasome and its targeting systems may have a more
complex interaction within the Hh pathway than previously realized.
It is possible that the SCF complex targets a positive regulator of Hh
signaling, such as Ci, for proteasomal degradation, and a negative
regulator of Hh signaling downstream of the SCF target is also
degraded by the proteasome. Thus, loss of the SCF complex would
increase Hh signaling, whereas loss of the proteasome would decrease
Hh signaling. This model suggests that there is another ubiquitin
ligase complex involved in Hh signaling, which acts on the down-
stream negative regulator. Our screen identified several new ubiquitin
and ubiquitin ligase components that could have this role, including
Ubiquitin-conjugating enzyme (UbcD6), CG11700 (a ubiquitin-like
protein), Ubiquitin-63E, Effete and CG32676 (another ubiquitin-like
protein; Supplementary Tables 1 and 4). Although slimb was identi-
fied, however, Rocla, lin19 and skpA were not identified as Hh
regulators in our screen. This may be the result of an inherent
difficulty in knocking down these genes, or the SCF complex may
act on Hh signaling by maintaining a certain threshold level of Ci
below which slimb function has little effect but above which slimb has
a more substantial effect. Indeed, loss of slimb by RNAi greatly
increased reporter activity in the Ci overexpression assays compared
with the Hh assays (Supplementary Table 4).

ARTICLES

We also identified six of the seven core subunits of the COPI
vesicular transport complex as positive regulators of Hh signaling
(Fig. 3a). COPI components seem to act upstream of Ci (Fig. 3b). To
show that the COPI components have a conserved role in Hh
signaling, we showed that the COPI components reduce reporter
activity in an assay of mouse soluble Sonic hedgehog (ShhN; Fig. 3c¢).
Notably, siRNAs directed against some COPI subunits, such as «COP
and dCOP, reduced signaling by more than 85%, making them more
potent regulators of Shh signaling than Smo in this assay (Fig. 3¢ and
Supplementary Note online).

Identification of new kinases involved in Hh signaling

In addition to the members of large functional groups, we also
identified particular genes of certain functional classes. We identified
five protein kinases, all of which reduced Hh signaling when targeted
by RNAI (Fig. 4a). Two of these, Fu and PKA-CI, had previously been
identified as Hh pathway members. The remaining three kinases, all of
which reduced basal reporter activity, were Cdk9 and Pitslre, the
D. melanogaster orthologs of the vertebrate CDK9 and PITSLRE (or
CDK11) kinases, and Tie-like receptor tyrosine kinase. The Tie-like
receptor tyrosine kinase did not pass two of the four secondary screens
and was not considered further. Cdk9 is involved in regulation of
transcription and stress responses and can phosphorylate the C-
terminal domain of RNA polymerase II'®1%. Cdk9 is associated with
an unusual cyclin, Cyclin T (CycT), in a complex called P-TEFb?’. We
also identified CycT in our screen as a strong positive regulator of Hh
signaling (Fig. 4a). Pitslre is a kinase that functions in both transcrip-
tion and splicing, in addition to a role in cell-cycle regulation?'=2,
Pitlsre physically associates with splicing components and transcrip-
tion factors, especially those involved in transcriptional elongation,
and regulates the phosphorylation of SR-family splicing factors, two of
which we identified in our screen.

To determine whether either of these two kinases has a more
universal role in Hh signaling, we tested their effects on ShhN (a
form of Shh protein containing only the secreted, N-terminal region)
signaling in mouse NIH3T3 cells (Fig. 4b). We found that Cdk9 siRNA
consistently increased reporter activity, although the variability was too
high to determine whether the changes were statistically significant.
Pitsire siRNA, however, consistently reduced Shh signaling by ~ 50%.
Therefore, Pitslre seems to have a conserved and previously unrecog-
nized role in Hh signaling in both flies and vertebrates. Whether it
affects Hh signaling through its effects on transcription or splicing, or
perhaps through a yet unrecognized role, is not yet known.

RNAI against Cdk9 or CycT had little effect on induction of reporter
activity by Ci overexpression, whereas RNAi against Pitslre did,
suggesting that the Cdk9-CycT complex acts upstream of Ci, whereas
Pitslre acts downstream of Ci (Table 1). As Fu and Cos are hyperphos-
phorylated in response to Hh signaling, we also examined whether
Cdk9 or Pitslre could be phosphorylating Fu or Cos. Hh stimulation
normally causes ~50% of Fu and most of Cos to migrate more slowly
on polyacrylamide gels. But neither Cdk9 nor Pitslre RNAi had an
effect on the phosphorylation of Fu or Cos isolated from Hh-
expressing cells, indicating that Cdk9 and Pitslre act in parallel to or
downstream of fu and cos (Supplementary Fig. 2 online).

Role of mRNA splicing, transport and regulation in Hh signaling
One of the more unexpected results of our screen was the large
number of splicing and RNA-regulatory proteins that modulated Hh
signaling. Almost all the genes annotated as splicing and RNA-
regulatory factors function as positive regulators of Hh signaling
(Table 2). Most of the splicing factors repeated as hits in all the
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Table 2 Splicing components, RNA-binding factors and nucleoporins affecting Hh signaling

Average scores

Potential second

Locus tag Gene Hh GL2 Hh GL3 Reverse Pollll-Hh Ci No Hh targets (#) Function
Splicing factors
CG3949 hoip -42.3 -75.7 -59.6 -71.4 19.5 113.4 0 RNA binding
CG7757 CG7757 -27.7 -47.7 -32.1 -36.8 -7.9 -30.0 0 U4/U6 snRNP
CG4602 Srp54 -35.4 -55.0 -25.5 -57.3 -26.7 -30.2 0 SR protein, splice site selection
CG2807 CG2807 -33.8 -67.9 -32.6 -51.1 -30.1 -33.1 0 U2 snRNP
CcG8877 CG8877 -30.4 -71.0 -26.0 -35.4 -37.8 -34.0 0 U5 snRNP
CG3436 CG3436 -33.8 -65.6 -34.7 -70.4 -52.3 -35.8 0 U5 snRNP
CG3193 crn -41.5 -80.3 -50.9 -77.9 -46.7 -42.7 0 Splice site selection
CG3193 crn -44.4 -71.8 -56.1 -73.7 -21.9 -45.3 1 Splice site selection
CG6015 CG6015 -43.4 -76.4 -32.2 -71.5 -57.0 -54.1 0 WD repeat splicing factor
CG6987 SF2 -44.5 -69.2 -43.0 -82.9 -56.0 0 SR protein, splice site selection
CG7269 Hel25E -45.1 -57.5 -6.4 -42.5 -27.9 -4.8 0 Helicase, splice site selection
CG3732 CG3732 -32.1 -56.6 0.2 -28.9 -45.8 -36.7 8 Zinc-finger splicing factor
CG5931 CG5931 -22.6 -64.1 -39.3 -42.3 -23.4 -19.5 0 U5 snRNP
CG16941 CG16941 -24.6 -60.1 -14.6 -42.6 -41.2 -34.9 0 U2 snRNP
CG3605 CG3605 -24.2 -67.3 -20.3 -36.1 -39.1 -36.9 0 U2 snRNP
CG6905 CG6905 -23.0 -57.6 -19.2 -39.8 -34.4 -21.3 0 Myb DNA-binding domain splicing factor
CG2925 noi -19.7 -67.9 -22.9 -44.1 -41.8 -38.1 0 U2 snRNP
CG18591 CG18591 -3.7 -47.2 -39.2 -21.8 -22.7 -14.0 0 Splicing factor
RNA factors
CG16901 sqd -35.2 -46.0 -28.8 -50.7 -15.4 -20.5 0 mRNA 3’ binding
CG8435 CG8435 -36.7 -56.9 -38.8 -42.3 -34.9 -31.7 0 mRNA binding
CG2097 CG2097 -51.3 -63.3 -25.9 -54.0 -48.6 -48.2 0 mRNA cleavage, tight junction
CG5602 CG5602 -39.5 -50.4 -16.1 -51.1 -34.0 -20.0 0 DNA ligase/mRNA capping
CG7292 Rrp6 -34.7 -51.7 -3.5 -35.5 -60.7 -37.1 0 RNA exosome complex
CG6937 CG6937 -39.9 -59.5 -19.6 -36.9 -50.0 -37.9 1 RNA binding
CG4152 1(2)35Df -40.9 -57.1 -9.4 -46.4 -63.5 -47.4 0 RNA helicase
CG6694 CG6694 -9.0 -48.3 -22.3 -34.0 -45.8 5.6 0 RNA cleavage and polyadenylation
CGl4641 CG14641 -19.8 -34.0 22.7 -3.9 -46.8 -29.1 0 RNA binding
CG4886 cyp33 15.7 -17.9 -46.6 -18.3 -17.0 2.8 0 RNA-binding protein
CG9748 bel 11.0 44.5 41.3 -3.5 17.1 3 RNA helicase
Aly -14.8 -20.7 14.8 5.4 -48.0 -15.5 0 Exon junction complex

= Nucleoporins
CG10198 Nup98 -29.9 -59.1 -31.5 -36.7 -16.3 13.8 0 mRNA export
CG10198 Nup98 -48.8 -67.1 -50.4 -42.7 -28.0 2.3 0 mRNA export
CG4453 Nup153 -36.7 -47.0 -39.8 -36.0 -42.1 -0.2 0 mRNA export
CG4453 Nup153 -41.4 -62.1 -40.9 -43.8 -44.0 -10.2 0 mRNA export

Putative molecular functions were obtained from the FlyBase gene annotations. Hh assays using the ptcA136-GL2- and ptcA136-GL3-derived reporters are indicated; the Pollll-Hh,
Ci and no-Hh assays all used the ptcA136-GL3 reporter. Scores for each gene in the indicated secondary assay are percent change from averaged Gfp dsRNA controls. Gray shading
indicates secondary scores lower than —25%; black shading indicates those higher than +50%. Nup98 is represented twice because two different dsRNAs directed against it were
found in the dsRNA library. Nup153 is represented twice because the same dsRNA was found in two different wells in the dsRNA library.

secondary assays (although most also reduced basal reporter activity),
and some were very strong positive regulators of Hh signaling,
reducing reporter activity by more than 75% (Fig. 5a). crooked
neck (crn) was a prominent hit in the splicing factor group, and all
the dsRNAs directed against it in our library resulted in strong
decreases in reporter activity. c¢rn was originally isolated as a gene
involved in the morphogenesis of the D. melanogaster embryo and was
subsequently shown to be a component of the splicing machinery?+-2°,
crn has been implicated in the regulation of alternative splicing of the
D. melanogaster genes Ubx and Adar*”?8, Mouse crn siRNAs reduced
ShhN signaling by 50% (Fig. 5b), indicating that the gene has a
phylogenetically conserved role in vertebrate Hh signaling.

The identification of splicing and RNA-regulatory factors as Hh
signaling components might simply suggest that splicing is required
to generate most mRNAs, including those in the Hh pathway, but
we do not believe that this is the case. Many of the splicing factors
we identified are not involved in the core splicing machinery. Of
the splicing factors we identified that are known to belong to certain
core splicing complexes, there were three components of U5, four
components of U2 and a single U4/U6 component. If splicing in
general were being affected and abrogating Hh signaling, then
we should have identified more of the essential splicing factors,
including components of the Ul and U2 AF complexes?>®,
In addition, a recent study showed that RNAi reduction of some the
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import of Ci has a key role in Hh signaling,
we would have expected to identify at least
one nuclear import factor in the screen.

Regulation of Hh signaling by PP2A
Phosphorylation is associated with the activ-
ities of at least five components of the Hh
pathway: Fu, Cos, Smo, Su(fu) and Ci¥’ 2,
Little is known about the kinases that phos-
phorylate Su(fu) and Fu, but at least two sites
in Cos are phosphorylated by Fu, and several
kinases are involved in phosphorylating Ci
and Smo, including PKA-C1, Cklao and
Sgg!#3. But no phosphatase has been impli-
cated in Hh signaling, and a previous RNAi
screen did not identify any phosphatases
involved in Hh signaling’®.

Our screen identified mts, which encodes
the D. melanogaster PP2A catalytic subunit, as
a gene that substantially reduced Hh signaling
when targeted by RNAi (Fig. 6a). PP2A is a
multimeric enzyme that consists at minimum
of the catalytic subunit, a regulatory A sub-
unit (encoded by CG33297 in D. melanoga-
ster) and a B subunit principally involved in
substrate selection (Fig. 6b)**. The B-subunit
family in D. melanogaster is represented by
the gene twins (tws), the B” family by the
genes widerborst (wdb) and PP2A-B’, and the
B” family by CG4733. We obtained and tested

GFP Smo Crn

siRNA

spliccosome’s core components (including the U2 component
CG16941, which we identified as a hit) can modulate alternative
splice site selection in D. melanogaster”. Therefore, it seems more
likely that the splicing genes we identified are involved in some
sort of regulated alternative splicing event within the Hh pathway

Ve, (Supplementary Note).

€

In the case of the RNA-regulatory proteins, three of the

=" hits passed all four secondary assays (Table 2). One of these hits

was the gene squid, which encodes an RNA transport protein
whose best-characterized role is in mRNA transport in the D.
melanogaster oocyte®32. Another hit in this category was CG2097,
the D. melanogaster ortholog of the vertebrate gene Sympk, whose
protein acts as a scaffold on which several components of the
polyadenylation machinery assemble in both the nucleus and
the cytoplasm?3.

Further evidence for the involvement of mRNA regulation in Hh
signaling came from the identification of two nucleoporins as hits.
These nucleoporins, Nup98 and Nupi53, were identified as hits that
reduced Hh signaling. Both scored in all four secondary assays
(Table 2), indicating that they are legitimate Hh signaling compo-
nents. In the absence of Hh stimulation, Nup98 and Nup153 RNAi had
no effect on basal reporter activity, implying that they are only
required when Hh signaling is activated (Supplementary Table 4).
Both Nup98 and Nupl53 have vital roles in mRNA export in
vertebrate cells, and neither appears to play any part in nuclear
import**~%%, The finding that nucleoporins involved in mRNA export
would be the only nuclear transport factors identified in our screen is
unexpected, as the current view of Hh signaling calls for full-length Ci
to be imported into the nucleus upon Hh stimulation. If nuclear

all the PP2A component dsRNAs from our
dsRNA library and generated and tested addi-
tional, distinct dsRNAs to these components (Supplementary Note
and Supplementary Methods). In addition to confirming the mts
result, we found that both the original-library dsRNA and three new,
unique dsRNAs targeting wdb all reduced Hh signaling by ~50%
(Fig. 6¢). This indicated that Wdb is likely to be the B subunit that
targets Mts to its substrate in the Hh signaling pathway. This
hypothesis is in agreement with recent findings from Xenopus laevis,
where the wdb ortholog encoding B56e has been found to regulate Hh
signaling (J. Yang, personal communication). In addition, some
PP2A-B’ amplicons cause a reduction in reporter activity averaging
~30%, indicating that they may have a partially redundant role in
targeting PP2A to its Hh pathway substrate.

To determine whether PP2A acts on Cos, we examined whether
overexpression of cos and mts results in similar phenotypes. When
overexpressed in Hh-stimulated clone 8 cells, cos completely abrogated
Hh signaling, reducing it to near uninduced levels, whereas over-
expression of mts reduced Hh signaling by 40% (Fig. 6d). Thus, Mts
and Cos have different overexpression profiles and do not seem to
regulate Hh signaling in the same way. We then compared the
overexpression phenotype of mts with those of cos and 14 other hits
from the screen, including the fu, Cdk9 and Pka-CI kinases. Over-
expressing cos in uninduced cells further reduced background signal-
ing, whereas mts overexpression doubled reporter activity, although
these levels were still very low compared with the Hh-activated state
(Fig. 6d). Of the 18 other genes tested, only Pka-CI overexpression
had an effect on Hh reporter activity similar to that of mts: doubling
of reporter activity in the Hh-uninduced state and a 50% reduction of
activity in the Hh-stimulated state (Fig. 6d and data not shown). It is
therefore possible that PKA-C1 and Mts act on similar substrates.
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D. melanogaster B subunits are indicated. (c) Effects of dsRNAs targeting the catalytic, A and B subunits of PP2A on Hh signaling. dsRNA against the A

© subunit had mixed results, with one amplicon having no effect and the others reducing Hh signaling by 30-50% relative to GFP dsRNA. None of the four
twins dsRNAs has an effect on reporter activity. dsRNAs against wdb resulted in a 40-50% reduction in reporter activity. dsRNAs against PP2A-B’ give
mixed results depending on the particular dsSRNA. Amplicons from the Drosophila RNAi Screening Center are indicated by DRSC amplicon numbers. RNAi
°19 against ci and smo was included as controls. (d) Overexpression of mts and Pka-CI results in matching phenotypes. Equal amounts of each expression
‘construct were cotransfected with reporters. Overexpression of both mts and Pka-C1 in the absence of Hh stimulation resulted in small but reproducible

increases in reporter activity.

Because several studies have identified Ci as a substrate of PKA-CI,
Mts could also be acting on Ci, perhaps removing inhibitory phos-
phates in response to Hh stimulation.

DISCUSSION

In this study, we identified a wide range of new components with
potential roles in Hh signaling. Among these new components
are members of protein complexes that affect multiple cellular
processes and would be difficult to place in any one signaling pathway
using classical genetic techniques. The sensitivity of cell-based RNAi
assays, however, allows us to dissect out the roles of these genes
in particular signaling pathways in isolation from complicating
tissue-specific interactions and cell competition effects. Our screen
allowed us to group the ribosome, proteasome, COPI complex and
PP2A phosphatase as important regulators of Hh signaling, none
of which had been identified as Hh regulators in vivo. Notably,
some of the components we identified in the screen had already
been implicated in aspects of Hh signaling. For instance, the gene
encoding eRFI, a translational regulator, was identified in a screen for

modifiers of a gain-of-function smo allele, and polyhomeotic and
additional sex combs have both been shown to modify ectopic
hh expression phenotypes*>°.

Our results open many new avenues for investigation of Hh
signaling. In particular, elucidation of the Hh pathway substrates
affected by PP2A will be important in defining the role of dephos-
phorylation in Hh signaling. Finally, the paradigm of Hh signaling
would change substantially if further investigation determines
that alternative splicing and mRNA regulation do have vital roles in
Hh signaling.

METHODS

DNA constructs and cloning. The ptcA136 luciferase reporter in the pGL2
vector (ptcA136-GL2) was a gift from P. Beachy (Johns Hopkins University).
The ptcA136-GL3 reporter was generated by excising the ptcA136 promoter as
a Mlul-HindIII fragment from ptcA136-pGL2 and ligating it into the Mlul and
HindIII sites of pGL3-basic (Promega), which has no 3 intron. The pAct5C-Hh
construct was generated by PCR of full-length hh from a ¢cDNA (gift from
T. Kornberg; UCSF) with a 5" BamHI site and a 3’ stop followed by a No site.
This PCR product was then ligated into the pActin5C vector*’ and verified by
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sequencing. The Pollll-Renilla luciferase control construct was generated by
PCR amplification of a fragment (base pairs 43,224-43,389 of scaffold
AE003823) of the promoter of the D. melanogaster RNA PollIll 128 subunit
(RpIII128) with a 5" BglII and a 3" Spel site and ligation of this fragment into
the BglII and Spel sites of pRL-null (Promega). The ptcA136-Renilla construct
was made by excision of a fragment containing the ptcA136 promoter region
with Sacl and HindIII and subsequent ligation into the Sacl and HindIII sites of
a form of pRL-null with the Nsil and Pstl sites excised and ligated together. The
PolllI-luciferase construct was made by PCR of the same fragment of the PollII
promoter described above but with a 5" BgllI site and a 3" HindIII site. This
fragment was then ligated into the BglIl and HindIII sites of pGL3-basic.

The pAct5C-Mts and pAct5C-PKA-C1 overexpression constructs were
constructed by PCR amplification of a full-length fragment of each
gene containing a 5" BamHI site and a 3" Notl site. These fragments were
restriction-digested and then ligated into a subcloning vector containing three
tandem hemagglutinin (HA) epitope tags C-terminal to the cloning site. The
3HA-tagged genes were then excised using EcoRV and Xbal and ligated into the
EcoRV and Xbal sites of pActin5C. The pAct5C-Ci construct was made by PCR
amplification of the full-length open reading frame of ci with 5" BamHI and
3" Notl sites. This fragment was digested and ligated into the BamHI and
Notl sites of a modified form of pBluescript. Most of this ci PCR fragment
(3,948 bp) was then excised by digestion with Milul and BsaBI and replaced by a
Miul-BsaBI fragment taken from the original clone, and the ends were
sequenced. The ci fragment was then excised by digestion with BamHI and
Xbal and ligated into the BamHI and Xbal sites of pAct5C.

dsRNA. For D. melanogaster dsRNAs not obtained from the Drosophila RNAi
Screening Center, fragments of the genes were amplified by PCR from ¢cDNAs
or genomic DNA using T7-tailed oligonucleotides (Supplementary Methods).
PCR products obtained from the screening collection were reamplified by PCR
using T7 primers. The resulting PCR products were then transcribed using a T7
Megascript kit (Ambion) in accordance with the manufacturer’s instructions,
purified using filter plates (MANU03050; Millipore) and quantified by spectro-
photometry. Some of the dsRNAs used in Figure 1b were produced by T7 and
T3 transcription (Ambion) of full-length clones inserted into pBluescript KS*
(Stratagene), followed by annealing and plate purification. Purified, quantified
dsRNAs were stored in sealed deep-well plates at —80 °C. Transfection of
dsRNA into clone 8 cells is described in Supplementary Methods. Bathing
RNAI of S2-Hh cells was done as described”.

Insect cell culture. Clone 8 cells were maintained in Shields and Sang M3

treptomycin and 0.0125 TU ml™! insulin. Cells were split at a 1:10 dilution

la. medium with 2.0% fetal bovine serum, 2.5% fly extract, 1x penicillin/

=P 2-3 d before the assays were done. S2-Hh cells were maintained in Schneider

medium with 5.0% fetal bovine serum and 1x penicillin/streptomycin.

Primary and secondary screening. The primary and secondary screens are
described in Supplementary Methods.

Overexpression analysis. For overexpression of ci, 100 ng of pAct5C-Ci was
used in place of pAct5c-Hh. For overexpression of mts, Pka-CI and cos, 100 ng
of the respective pAct5C vectors containing the 3HA-tagged version of each
gene was mixed with a master mix containing 125 ng of ptcA136-pGL3
experimental reporter, 50 ng of the Pollll-Renilla control reporter and 50 ng
of either pAct5C-Hh or pAct5C. The mix was used to transfect clone 8 cells
using Effectene (Qiagen). The cells were incubated at 25 °C for 5 d and then
assayed for luciferase activity as described in Supplementary Methods.

Mammalian cell culture. Mouse NIH3T3 cells were seeded on gelatinized
24-well plates at 25,000 cells cm™ in standard medium with 10% calf serum
approximately 18 h before transfection. For the Shh assay, mouse NIH3T3 cells
were transfected with 300 ng of ptcA136-GL3 luciferase reporter, 100 ng of
pSV-B-galactosidase normalizing vector (Promega) and ~100 ng of the
experimental or control siRNA pool using Lipofectamine 2000 (Invitrogen).
ShhN protein (Shh2l; Biogen)*® was added to the appropriate wells at a
concentration of 200 ng ml™, and the cells were incubated in transfection
medium. After 2 d, the wells were changed to low-serum medium (0.5% calf
serum) with 200 ng ml™! ShhN and incubated for an additional 2 d.

ARTICLES

Cells were collected in trypsin-EDTA and split into two tubes. Cells in one
tube were lysed with Dual Glo luciferase buffer (Promega), and luciferase
activity was assayed 10 min later on a plate-reading luminometer. Cells in the
other tube were assayed with BetaFluor reaction buffer (Novagen) to quantify
[-galactosidase activity. Reactions were incubated at 37 °C for 3 h and
measured by fluorimeter. Luciferase values were normalized to B-galactosidase
values and expressed as a percentage of Hh stimulation.

siRNA preparation. PCR primer pairs with T7 polymerase binding sites were
designed for each specific gene (Supplementary Methods). The reactions used
¢DNA from whole mouse embryos at embryonic day 12.5 as a template. The
resulting amplicons (200400 bp) were transcribed with T7 polymerase to
generate dsRNA, treated with DNase I (Ambion) and purified on a P-30
column (Bio-Rad). Approximately 1 pg of purified dsRNA was added to 1 unit
of Dicer enzyme (Invitrogen) and incubated overnight at 37 °C. Reactions were
purified using the manufacturer’s suggested protocol with sequential purifica-
tion on a G-25 column (Amersham Biosciences) and using a Microcon YM100
filter (Millipore) to remove the remaining uncleaved dsRNA.

Mammalian ortholog selection. The sequences of all D. melanogaster genes
were compared to their mouse orthologs using Tblastn. The top scores were
compared against known information using the National Center for Biotech-
nology Information’s HomoloGene database and data from previous studies. In
cases where an ortholog could not be identified, a putative ortholog was assigned
if there was an extended region of amino acid homology greater than 45%.

Immunoblotting. Polyacrylamide gels were run in accordance with standard
protocols and transferred using a semi-dry transfer apparatus (E&K Scientific
Products). Immunoblotting was also done using standard protocols in 5% milk
block. Fu was detected using a rabbit polyclonal antiserum?®, and Cos was
detected using a mouse monoclonal antiserum (5D6)*. Infrared-conjugated
secondary antibodies were used to detect the primary antisera, and the
membranes were probed using an Odyssey machine (Li-Cor).

URL. The National Center for Biotechnology Information’s HomoloGene
database is available at http://www.ncbi.nlm.nih.gov/entrez/query.fcgizdb=
homologene.

Note: Supplementary information is available on the Nature Genetics website.
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