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ABSTRACT Notch signaling is an evolutionary conserved process that influences cell fate determination, cell proliferation, and cell
death in a context-dependent manner. Notch signaling is fine-tuned at multiple levels and misregulation of Notch has been implicated
in a variety of human diseases. We have characterized maheshvara (mahe), a novel gene in Drosophila melanogaster that encodes a
putative DEAD box protein that is highly conserved across taxa and belongs to the largest group of RNA helicase. A dynamic pattern of
mahe expression along with the maternal accumulation of its transcripts is seen during early stages of embryogenesis. In addition, a
strong expression is also seen in the developing nervous system. Ectopic expression of mahe in a wide range of tissues during
development results in a variety of defects, many of which resemble a typical Notch loss-of-function phenotype. We illustrate that
ectopic expression of mahe in the wing imaginal discs leads to loss of Notch targets, Cut and Wingless. Interestingly, Notch protein
levels are also lowered, whereas no obvious change is seen in the levels of Notch transcripts. In addition, mahe overexpression can
significantly rescue ectopic Notch-mediated proliferation of eye tissue. Further, we illustrate that mahe genetically interacts with Notch
and its cytoplasmic regulator deltex in trans-heterozygous combination. Coexpression of Deltex and Mahe at the dorso-ventral
boundary results in a wing-nicking phenotype and a more pronounced loss of Notch target Cut. Taken together we report identifi-

cation of a novel evolutionary conserved RNA helicase mahe, which plays a vital role in regulation of Notch signaling.
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OTCH signaling is an evolutionary conserved process

that mediates cell-cell communication, which ulti-
mately regulates cell fate (Artavanis-Tsakonas et al. 1999).
Notch signaling is critical for many developmental processes
and aberrant notch signaling has been related to many hu-
man diseases including cancer (Gridley 2003). Notch encodes
a trans-membrane receptor that comprises an extracellular
domain (NECD) and an intracellular domain (NICD). Notch
is expressed at the cell surface as a heterodimeric receptor
that is a result of furin-dependent cleavage (S1) occurring in
the trans-Golgi network. At the cell surface it physically in-
teracts with the ligands that are expressed in the apposing
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cells. This interaction with the ligand facilitates a series of
proteolytic cleavages, ultimately resulting in the release of
NICD. Released NICD translocates into the nucleus, where
it interacts with a DNA binding protein CSL (mammalian
CBF1/Drosophila Suppressor of Hairless/C. elegans Lag-1)
and activates downstream gene expression, by relieving the
repressor complex that silences Notch target genes (Artavanis-
Tsakonas et al. 1983; Logeat et al. 1998; Struhl and Greenwald
1999; Brou et al. 2000; Kopan 2002; Lieber et al. 2002). Fine-
tuning of Notch signaling is mediated by a vast number of
Notch regulators or modifiers. Although Notch signaling has
been extensively studied, identification of additional modifiers
and regulators will help us to better understand the intricate
regulation of this fundamental signaling pathway (Hall et al.
2004; Saj et al. 2010).

The RNA-binding protein of the DEAD box family consti-
tutes the largest group of RNA helicases with signature motif
DEAD (amino acid code for Asp, Glu, Ala, and Asp). They are
known to unwind RNA in an ATP-dependent manner and can
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modulate RNA-RNA as well as RNA-protein interactions,
which may influence the expression, localization, and stabil-
ity of the target RNAs (Linder et al. 1989; Liu et al. 2008).
Previously a number of DEAD box helicases were identified
and their role as post-transcriptional gene regulators has
been highlighted in different studies. A vast number of these
helicases have been reported to participate in RNA metabo-
lism (Hirling et al. 1989; Bond et al. 2001; Rocak and Linder
2004; Sengoku et al. 2004).

In this study we have characterized maheshvara (mahe), a
novel gene in Drosophila that encodes a putative DEAD box
RNA helicase and was isolated from a P-element screen for
genes affecting life span in Drosophila (M. Mutsuddi, unpub-
lished results).

Amino acid sequence comparison of Mahe protein indicates
the presence of highly conserved motifs with similarity to
DEAD box helicase human DDXS5, yeast DBP2, and fly Rm62.
DBP2 and Rm62 have been previously reported as yeast and
Drosophila orthologs of DDX5 (Caretti et al. 2007) .

We report that mahe, which was originally designated as
CG10777 in FlyBase, shows a dynamic pattern of expression. It
is expressed maternally and exhibits strong neuronal expres-
sion during embryogenesis and larval development. Ectopic
expression of mahe results in a wide range of phenotypes. In-
terestingly, ectopic expression of mahe in the salivary gland
and eye-antennal disc leads to massive reduction in size of
these tissues. This prompted us to name CG10777 as maheshvara
(mahe), after a powerful Hindu deity, who is worshiped as the
destroyer and restorer of the world.

Overexpression of mahe also leads to loss of bristles in
the scutellum and notching of the wing margins, all of
which resemble a Notch loss-of-function phenotype. Ec-
topic expression of mahe at the dorsal/ventral boundary
(D/V) of wing discs resulted in downregulation of Notch
targets Cut and Wingless as well as depletion of Notch pro-
tein but not its transcripts. In addition, maheshvara showed
strong genetic interaction with both mutant alleles of both
Notch and deltex (dx). Thus, our report indicates the in-
volvement of an RNA-binding protein Mahe in regulation
of Notch signaling.

Materials and Methods

Sequence comparison, phylogeny tree building, and
model structure generation

A cartoon illustrating the conserved motifs in Mahe was generated
using DOG 2.0 software. Sequence alignment was done using
the Clustal omega program and a phylogenetic tree was built
using the Clustal X program. ExPASy Swiss model 2.0 was used
for homology-based generation of structure and chimera software
was used to label the motifs at a specific position. For alignment
and generating the phylogenetic tree, sequences used were
human DDX5 (GenBank accession no. NP_004387.1), mouse
DDX5 (GenBank accession no. NP_031866.2), zebra fish DDX5
(GenBank accession no. NP_001296454.1), worm DDX17
(GenBank accession no. NP_001041134.1), yeast DBP2
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(GenBank accessionno. NP_014287.3), flyRm62 (GenBank
accession no. NP_001246939.1), and fly Mahe (CG10777;
GenBank accession no. NP_572424.1).

Drosophila stocks and genetic crosses

Fly stocks were maintained at 25° *+ 1° on standard food unless
otherwise stated. The following fly stocks were used in the
present study: w!’?8 was used in control crosses; N°#°, a null
mutant of Notch; dx’°?, a null mutant of deltex; UAS-Mam,
UAS-Flag Dx, UAS-NICD, and UAS-Dx;C96 GAL4 (kindly pro-
vided by Spyros Artavanis-Tsakonas, Harvard Medical School,
Department of Cell Biology, Boston, MA); P {XP} d08059
(mahed08059) and EP1347 (mahefP?347) lines were used to study
the loss-of-function effect of mahe [P {XP} d08059 (mahed08059)
has an XP element inserted in the first intron upstream of the
coding region of mahe and EP1347 (mahef?347) has an EP ele-
ment inserted in the first exon upstream of the coding region of
mabhe]; patched-GAL4: UAS-GFP (kindly provided by Florenci
Serras, Institute of Biomedicine, University of Barcelona);
Act5C-GAL4, eyeless-GAL4, apterous-GAL4, UAS-DIAPI,
sgs-GAL4, patched-GAL4, and EP1347 were procured from
Bloomington Stock Center; and P {XP} d08059 was from
Exelixis Stock Center.

UAS-HA Mahe transgenic flies generation

To obtain full-length HA-tagged Mahe, the coding sequence of
Mahe was amplified from full-length complementary DNA
(cDNA) (GenBank accessionno. AY060404.1) and was cloned
in pUAST vector.

PCR amplification of the coding region of mahe was carried
out using HA-tagged forward primer 5'-CGCAGGGTACC
CAACATGTACCCATACGATGTTCCAGATTACGCTATGTTCGC
TGGAGCATATGCACCC-3'and reverse primer 5’'-GCGAGTC
TAGATCACTACTCGATGGCCTGGCC-3'. The amplicon was
digested with Kpnl and Xbal, purified, and ligated in pUAST
vector. Positive transformants were used for generating trans-
genic flies.

RNA extraction and semiquantitative RT-PCR

Total RNA was extracted from brain, eye-antennal discs,
salivary glands, wing discs, fat body, and leg discs dissected
from wandering third instar larvae, using the RNA extraction
kit (Ambion). The extracted RNA was subjected to RNAase-
free DNasel treatment for 30 min at 37° to remove genomic
DNA contamination. First-strand cDNA was synthesized us-
ing 2 pg of RNA as template, using 200 units of M-MulV
reverse transcriptase (New England Biolabs, Beverly,
MA) and 80 pmol of random primer (New England
Biolabs).

Semiquantitative RT-PCR was performed with a mahe spe-
cific exon—exon junction primer. rps17 was used as an inter-
nal control:

mahe forward primer: 5'-TTCGTGCGTTGGCCCTTGTTATTG-3'
mahe reverse primer: 5'-GCTGGGCATCGAACGAGCAAG-3’
rps17 forward primer: 5'-AAGCGCATCTGCGAGGAG-3’
rps17 reverse primer: 5'-CCTCCTCCTGCAACTTGATG-3'.
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Real-time PCR

The level of Notch expression was monitored using real-time,
quantitative PCR. Reverse transcription was performed with a
c¢DNA synthesis kit (Applied Biosystems, Foster City, CA),
using aliquots of total RNA extracted. Real-time PCR reactions
were performed using the ABI 7500 sequence detection sys-
tem (Applied Biosystems) with SYBR Green PCR Master Mix
(Thermo Scientific). The experiments were carried out in
duplicate for each data set. The relative quantification in gene
expression was determined using the 2722Ct method
(Schmittgen and Livak 2008). The fold changes in gene ex-
pression were normalized to an internal control gene. rps17
was used as an internal control to normalize all data.
Primers used for the study are as follows:

Notch forward primer: 5'-AGCGAAATGGAGTCGGTCCCG-3’
Notch reverse primer: 5'-GATGGCGAGCCCAAGTAGGCA-3'.

Embryo collection

Embryos were collected on a 2% agar plate supplemented
with 0.2% propionic acid and yeast paste. Embryos were
washed with distilled water, dechorionated, and fixed for
1 hr in 1:1 heptane and 4% paraformaldehyde solution.
Embryos were then devitellinized by replacing heptane
with methanol followed by vigorous shaking. Devitellinized
embryos were stored in methanol at —20°. Embryonic
stages were identified as described in Campus-Ortega and
Hartenstein (1985).

RNA-RNA in situ hybridization

To detect the pattern of transcript expression during em-
bryogenesis, RNA in situ hybridization of mahe transcript
was performed using a digoxygenin-labeled antisense
mahe RNA probe. For RNA probe preparation, a 190-bp
sequence of mahe was PCR amplified with mahe specific
primers:

mahe forward primer: 5'-CGCAGAAGCTTGGACAACAATACGC
TAACGCGC-3'

mahe reverse primer: 5-GCGAGGAATTCGCAACTGTCGGG
GTGTGTGTG-3'.

The PCR amplicon was double digested with HindIII and
EcoRI followed by purification and ligation with HindIII- and
EcoRI-digested pGEM-3Z vector. Positive clones were se-
lected for large-scale plasmid extraction and generation of
probe. The digoxygenin-labeled probe was synthesized using
linearized pGEM-3Z-mahe construct following the manufac-
turer’s instructions (Roche). RNA-RNA in situ hybridization
was carried out in embryos as described in Mutsuddi et al.
(2004) and color detection was done with Sigma (St. Louis)
FAST NBT/BCIP. Embryos were mounted in 1,4,diazabicyclo
[2,2,2] octane (DABCO) and visualized in bright field under a
Nikon (Garden City, NY) Eclipse 80i. Images were captured
under suitable magnification and were processed with Adobe
Photoshop 7.0.

Antibody generation and Western blotting

GST-Mahe fusion protein was used for generating the anti-
body. For synthesizing GST-Mahe fusion protein, the
N-terminal region of Mahe was PCR amplified using forward
primer 5'-CGCAGGAATTCATGTTCGCTGGAGCATATG-3’ with
EcoRI and reverse primer 5'-GCGAGGCGGCCGCTTACAGTG
TATTCGGATGAATG-3' with Notl restriction sites. The PCR
amplicon as well as pGEX-4T-1 (Amersham, Piscataway,
NJ) plasmid was double digested with EcoRI and Notl, puri-
fied, ligated, and transformed into Escherichia coli BL21(GE
Healthcare) cells for expression of GST-Mahe fusion protein.
Protein expression was induced with 1 mM IPTG, purified on
a glutathione sepharose column (GE Healthcare) per manu-
facturer’s instructions, and then used for raising polyclonal
antibody in rabbit. Specificity of antibody was checked by
performing Western blotting of protein extracted from
wild-type as well as HA-tagged Mahe that was overexpressed
in transformants. HA-Mahe expression was driven with a sal-
ivary gland-specific GAL4 driver (sgs-GAL4) and the protein
sample was prepared from the salivary gland of third instar
larvae. Cells were lysed in RIPA buffer (Cell Signaling) and
were subjected to 10% SDS-PAGE followed by Western blot-
ting. The blot was incubated with rabbit anti-Mahe (1:2000)
or rabbit anti-HA antibody (1:1000; Sigma) or mouse anti-
a-tubulin (1:1000; Sigma). Alkaline phosphatase (AP)-
conjugated goat anti-rabbit, goat anti-mouse secondary anti-
body (Amersham; 1:2000) and color were developed with
Sigma FAST NBT/BCIP. Three independent experiments
showed similar results.

Immunocytochemistry and confocal microscopy

Immunostaining was performed in various tissues dissected
from wandering third instar larvae. Larvae were dissected in
cold PBS (pH 7.4) and immunostaining was done as described
previously (Mukherjee et al. 2005). Staining with 4’,6-
diamidino-2-phenylindole dihydrochloride (DAPI) (1pg/wl)
was done to mark the nuclei. Tissues were mounted in
DABCO. Images were examined with a Zeiss (Thornwood,
NY) LSM 510 Meta laser scanning confocal microscope and
processed with Adobe Photoshop?7. Primary antibodies used
were rabbit anti-Mahe, 1:200; mouse anti-Notch, 1:300
[C17.9C6; Developmental Studies Hybridoma Bank (DSHB)];
mouse anti-Cut, 1:100 (2B10; DSHB); mouse anti-Wg, 1:100
(4D4; DSHB); mouse anti-HA, 1:100 (Sigma); rabbit anti-HA,
1:100 (Sigma); and rabbit anti-Flag, 1:1000 (Sigma).
Secondary antibodies used were goat anti-mouse antibody
alexafluor-555 and goat anti-rabbit antibody alexafluor-555
(Molecular Probes, Eugene, OR) at a dilution of 1:200 and
goat anti-rabbit antibodies conjugated with FITC at 1:100
dilution (Jackson ImmunoResearch Laboratories, West
Grove, PA).

To monitor the levels of NECD, a detergent-free stain-
ing was performed using mouse anti-Notch extracellular
domain-specific antibody (C458.2H, at 1:100 dilution;
Developmental Studies Hybridoma Bank) with a similar
protocol.
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Data availability

Data available upon request.

Results

mahe encodes a putative DEAD box helicase that is
conserved across taxa

We have identified a novel DEAD box helicase mahe, which is
predicted to comprise five exons and codes for a transcript
that is ~8.365 kb in size (accession no. NM-132196.3). It is
located on the 7C3-7C4 region of the X chromosome (www.
flybase.org). It encodes a putative RNA-binding protein that
belongs to the highly conserved DEAD box helicase family, is
945 amino acids long (Figure 1, A and B), and is predicted to
have a molecular weight of 110 kDa (http://web.expasy.
org). Comparison of the deduced amino acid sequence of
Mahe with ortholog prediction from the DRSC Integrative
Ortholog Prediction Tool (DIOPT) shows that its ortholog is
present in Homo sapiens, Mus musculus, Caenorhabditis ele-
gans, Danio rerio, and Saccharomyces cerevisiae (Figure 1, C
and D). Pairwise alignment of the Mahe amino acid sequence
shows 54% and 53% identity with H. sapiens and S. cerevisiae,
respectively (Figure 1C).

The putative Mahe protein contains a highly conserved
signature motif DEAD, which is the hallmark of the DEAD box
RNA helicase family. Swiss model 2.0 was used for prediction
of different motifs across two domains (based on crystal
structure of PRP5, which shows the highest alignment score
with Mahe). Twelve highly conserved motifs constitute the
two domains D1 and D2, which cooperate to perform the
unwinding of target nucleic acids. D1 includes motifs Q, I, Ia,
Ib, Ic, II (DEAD), and III, whereas motifs IV, IVa, V, Va, and VI
make up the D2 domain (Figure 1B). Amino acid sequence com-
parison of DDX5 (human), DBP2 (yeast) and Mahe (fly) revealed
a significant degree of similarity, indicating that all the mem-
bers might have a conserved role to play in gene regulation.

Aphylogenetic tree was generated to show the homology of
Mahe within the species (Figure 1D). On the basis of the
conserved domain, Mahe was found to be evolutionarily
close to DDX5 (human, mouse, and zebra fish homologs),
worm DDX17, yeast DBP2, and fly Rm62, thus revealing that
it might have an important role to play across taxa.

Dynamic pattern of mahe expression
during development

To examine the tissue-specific expression of mahe during de-
velopment, total RNA was extracted from a wide variety of
third instar larval tissue. Semiquantitative RT-PCR was per-
formed using exon-exon junction primers specific to mahe
and rps17 was used as an internal control. mahe transcripts
were present in all the larval tissues examined including the
brain, eye-antennal disc, salivary gland, wing disc, fat body,
and leg disc (Supporting Information, Figure S1).
Whole-mount in situ hybridization was also carried out to
detect the spatial pattern of expression of mahe during em-
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bryogenesis. Maternal deposit of mahe transcripts was ob-
served during the early stages of embryogenesis in stages
1-3 (Figure 2A). A robust signal was seen in the neuroblasts
from stage 11 embryos (Figure 2C) that are known to be the
progenitor cells of the Drosophila nervous system, which
eventually gives rise to neuronal and glial cells. A weak ex-
pression of mahe was also observed in the abdominal seg-
ments and the developing central nervous system (CNS) in
stage 16 embryos (Figure 2E).

Polyclonal antibody was raised against Mahe protein (for
details see Materials and Methods) and, as expected, a 110-kDa
band was detected by Western blotting (Figure S2). This
antibody was further used to examine the pattern of expres-
sion of mahe during development. Similar to that of the tran-
script expression, maternal accumulation as well as a strong
localization of the protein was seen in the developing neuro-
blasts and the CNS (compare Figure 2, A, C, and E with Figure
2, B, D, and F).

Immunostaining with anti-Mahe in larval discs revealed
strong Mahe localization in the optic lobes and the ventral
nerve cord of the third instar larvae (Figure 2, G-L). In addi-
tion, Mahe protein was expressed at a higher level in a spe-
cific set of neurons in the ventral nerve cord (Figure 2, J-L).
Homogenous expression of Mahe was observed in the wing
discs (Figure 2, M-0O), along with a strong expression in the
photoreceptors of the eye-antennal discs (Figure 2, P-R). A
weak, but detectable protein expression was observed in the
salivary gland nucleus and cytoplasm (Figure 2, S-X). Taken
together, a dynamic pattern of expression of mahe transcripts
as well as protein was observed during development. The
strong neuronal expression of mahe suggests its possible role
during Drosophila neurogenesis.

Ectopic expression of mahe leads to phenotypes
resembling that of Notch loss-of-function

To gain insight into the precise function of mahe, the full-
length coding sequence was subcloned along with an HA
tag into pUAST vector. This construct included the DEAD
and helicase domains of mahe. Overexpression of this puta-
tive RNA helicase using a variety of GAL4 drivers resulted in a
wide range of phenotypes, such as lethality, notching of
wings, and reduction in size of eye and salivary gland (Figure
3). The effects were dosage sensitive and increasing the copy
number of the transgene led to worsening of the phenotype
(data not shown). A variety of GAL4 driver lines were used to
overexpress mahe and this resulted in a wide range of phe-
notypes (Table 1). Overexpression of mahe driven by Act5C-
GAL4 and engrailed-GAL4 resulted in lethality at the second
instar larval stage (Table 1). eyeless-GAL4 is known to be
active in the eye and antennae anlagen by stage 11 of em-
bryogenesis, which is followed by restricted expression only
in the eye region of eye-antennal discs (Halder et al. 1998).
Ectopic expression of mahe in eyeless-GAL4-driven cells
resulted in a massive reduction in adult eye size in both male
and female flies (100%, n = 234; Figure 3, A-F). The larval
eye-antennal discs were also significantly smaller than those


http://www.flybase.org
http://www.flybase.org
http://web.expasy.org
http://web.expasy.org
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.115.181214/-/DC1/genetics.115.181214-1.pdf
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.115.181214/-/DC1/genetics.115.181214-6.pdf
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.115.181214/-/DC1/genetics.115.181214-4.pdf

A N-terminal C-terminal

945aa

7 RRSKE ITVRGHNCPKPVLNFYEANF‘PANVMDVIARQNFTEPTAIQLF\QGWPVALSGLDMVGVAQTGSGKT SYLLPAIVHE INHQP FLERGDGP ICLVL 103 Human DDX§
7 RRSKE ITVREHNCPKBVLNFYEAN FPANVMDV IARQNETERTA IQAQCGWP VALSE LDM VG VAQ TESCGKTLS YLLPA IVE INHQP FLERGDEP ICLVL 103 Mouse DDX5
9 RRSKE ITVKGRDGPKP IVKFHEANFPKYVMDV ITKQNW TDRPTP IQAQGWP VALSGKDM VG IAQ TGSGKTLS YLLPA IVH INHQOP FLEHGDGP ICLVL 105 Zebra fish DDX5
26 RKENEMT ISGHD IPKP ITTEDEAGFPDYVLNE VKAEGFDKPTGIQDCQGWPMALSGRDM VG JIAATGSGKTILS YCLPG IVH INAQP LLAPGDGP IVLVL 122 Yeast DBP2
195 REEQE ITVRG -QVPNP IQDESEVHLPD YVMKE IRRQGYKARTA IQL?\QG'N'P IAMSGSN FVG IAKTGSGKTILGY ILPA IVH INNQOP LORGDGP IALVL 290 Fly Rmé62
43 VSANQVTLEGRGVPRPVFEENEAP LPGQ IHELLYG tKFQKPTV/IOS ISWP IAMSGRD I IS IAKTGSGKTLAFMLPALVH ITKQAHRQREGEGPAVLVL 128 Worm DDX17
150 RRELE ITVSEGNE LEHEVVSFEESS LPAHV IEEMKRQGFTKRTATOSQGWER TALSCGRD LVG JAQTGSCGKTLAYMLPATVHIGNQPP I IRGEGR IALVE 246 Fly Mahe

la Ib Ic 1l

104 A‘PTRBLHQ VOO VAAREYCRACR - -LKSTC IYGGAPKGPQ TRDLERGVE IC TATPGR L FLECGKTNLRRTTY
104 APTRELACOVOQ VAAEYCRACR - -LKSTC I¥YGGAPKGPQ IRDLERG VE IC IATPGRL IDFLECGKTNLRR TTY
106 AﬁPTRE LAQQVOQ VAAEYGKASR - - IKSTC I Gi\PQGPQ IRDLERGVE IC IATPGRL IDFLEACKTNLRRCTY RMLDMGFEPQ IRK IVDQ 200  Zebra fish DDX5
123 APTRELAVQ IQTECSKFGHSSR - - IRNPEVYGGVPKSQQ IRDLUSRGSE IV IATPGRL IDM LE IGKTNLKR VTY MLDMG FEPQ IRK IVDQ 217 Yeast DBP2
291 ARTRELAQOQ IOQ VATEFGSSSY - -VRNTCVFEG:}%PKGGQMRDLQRGCE IV IATPGRL FLSAGSTNLKRCTY RMLDMG FEPQ IRK IVS5Q 385 Fly Rmé62

RULDMGFEPQIRKIVDD 198  Human DDXS5
RMLDMGFEPQ IRK IVDQ 198 Mouse DDX§

139 LPTRELACQVOE VS ID FCHS LG - -LKM FCLFGGASKGPQARDLERG VD IVVATPGRLLDIFLDNG TTNMKKCS i RMLDMG FEPQ IKK I IGQ 233 Worm DDX17
247 A‘PTRE LAQQ IQS VVRDY¥GH LCKPE IRHTC IFGGSSKVPQARDLDRGVEV I IATPGR L FLENRNTENLORCTY RMLDMGFEPQ IRK I IEQ 343 Fly Mahe

199 IRPDROTLMWSATW PKEVRQLAEDFLKDY IH IN IGALELSANHN ILQ IVDVCHD VEKDEKE IR LMEE IMSEKE - - - - - NKTIVEVETKRRCDELTRK 290 Human DDXS
199 IRPDROTLMWSATW PKEVRQLAEDFLKDY IH IN IGALELSANHN ILQ IVDVCHD VEKDEKL IR LMEE IMSEKE - - - - - NKT/IVEVE TKRRCDELTRK 290 Mouse DDX5
201 IRPDROT LMW SATWPKEVRQLAEDFLKE Y IQ INVGALQOLS ANHN ILQ IVD VCNDGEKEDKL IRLLEE IMSEKE - - - - - NKT/IIFVETKRRCDDLTRR 292 Zebra fish DDX5
218 IRPDROQ|ITLMWSATWPKEVKQLAADYLNDP IQ VO VGS LELSASHN ITQ IVEVVSD FEKRDRINK YLE TASQDNE - - - - - YKTL IFAS TKRMCDD ITKY 309 Yeast DBP2
386 IRPDRQTLMWSATWPKEVKQLAEDFLGNY IQ IN IGS LELSANHN IRQVVDVCDE FSKEEKLK TLLSD IYDTSESP - - -GK IIIFVETKRRVDNLVRF 479  Fly Rm62
234 IRPDROQTLMFSATWPKEVR ALASDFQKDAAFLNVGS LELAANHN ITQVVD ILEEHAKQ AKLME LLNH IMNQKE - - - - - CKTIIFVETKRKADELTRA 325 Worm DDX17
344 [IREDRQV VMW SATWPKEVO ALAGDFLND Y IQ /IN IGSMN LS ANHN IRQ IVE IC TE IEKPORLVCLLNE ISP IKNSGNNGNK IIVEVE K IK VED 1LQ 1440  Fly Mahe
~ Iva V.  Va vi
291 MRRDGW P AMG|IHGDKS Q0 ERDW VLNE FKHGKAP IL IATD VASRG LD|VED VK F¥ IN YD YPNSSEDY IHR IGRTARS TKTGTAYTFETPNN IKQVSDL 1387 Human DDX5
291 MRRDEW P AMG|IHGDKSQQERDW VLNE FKHGKAP IL IATD VASRGLD|VED VK FV IN YD YPNSSEDY¥ IHR IGRTARS TKTETAYTFETPNN IKQVSDLI387 Mouse DDX5
293 MRRDGW P AMG|IHGDKN QO ERDW VLNE FK YGKAP IL TATD VASRG LD|VED VK FV INFD YPNNSEDY IHR IGRTARSOKTGTAYTFFTPNNMKQAHDLV 389  Zebra fish DDXS
310 LREDGW PALA{THGDKD QR ERDW VLOEFRNGRSP IM VATD VAARG ID|VKG IN YV INYDMPGN IED¥VHR IGRTGRIAGATETA ISFFTEONKGLGAKLI406 Yeast DBP2
480 IRS FGVRCGA|IHGDKSQSERD FVLREFRSGKSN|/ILVATDVAARGLD[VDG IK YV INFD YPONSEDY IHR IGRTGRISN TKGTS FAFFTKNNAKQAKALV 576  Fly Rmé62
326 MRRDEW P TLC|{IHGDKNQGERDW VLOE FKAGK TP IM LATD VAARGLDVDD IK FV IN YD YPNNSEDY¥VHR IGRTGRSDKKGTAYTFETH TNASKAKDLL 422  Worm DDX17
441 IRAEGYNATS|IHGDK TQNERD S VLKDERNGKSN|[IL IATDVASRG LDVED LQ YV IN YD YBN S SENY¥VHR IGRTGRICOQ LETAYTEETPDNAKQAREL 1537 Fly Mahe
D Human DDX5
Mouse DDX5
— b Zebra fish DDX5
. Fly Rmé62

Yeast DBP2

Worm DDX17

Fly Mahe

Figure 1 mahe encodes a putative DEAD box RNA helicase that is highly conserved across the taxa. (A) Schematic representation of the predicted Mahe
protein depicting the conserved domains along with the signature motif DEAD (motif Il) that is a hallmark of this family of proteins. (B) A homology-
based 3D model of Mahe was built with a Swiss model program (ExPASy) and the motifs were labeled using chimeras. The model shows the presence of
two domains, D1 and D2, connected through a linker. Motifs Q, |, la, GG (Ib), Ic, I, and Il represent D1 and motifs IV, IVa, V, Va, Vb, and VI constitute
D2. From earlier reports it is known that D1 is essential for ATP binding and D2 is needed for substrate binding while D1 and D2 cooperate together to
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of the controls (n = 20; Figure 3, D-F). ptc-GAL4-driven expres-
sion of ectopic mahe in salivary gland also resulted in an enor-
mous decrease in the size of the salivary gland with 100%
penetrance (n = 10; Figure 3, G-L). In addition, the salivary
gland nuclei from mahe overexpressed larvae (Figure 3, G-I)
were much smaller than those of the controls (Figure 3, J-L);
these nuclei were even smaller than the surrounding fat body
nuclei, which served as an internal control since ptc-GAL4 does
not drive HA-mahe in fat body nucleus. The total DNA content of
the salivary gland nuclei was examined by staining with DAPI
followed by quantification using the ZEN12 software package.
Threefold reduction in DAPI staining was observed in the poly-
tene nuclei with ectopically expressed mahe (Figure 3M).

The effect of ectopic mahe expression in the developing
wing imaginal discs was also examined. mahe expression at
the anterior/posterior (A/P) boundary of the larval wing discs
and scutellar region by the ptc-GAL4 driver led to notching of
the wing margin (Figure 3, N-Q) along with reduced distance
between the L3 and L4 veins (compare Figure 3N and 3P) as
well as loss of sensory bristles in the scutellum (Figure 3U).
These results suggest that an optimal level of Mahe is needed
for proper development and differentiation in Drosophila and
ectopic mahe expression phenocopies Notch loss-of-function.

It was observed that overexpression of mahe interferes
with proper bristle formation in the scutellum, and a similar
phenotype was also observed with Notch loss-of-function at
the time of asymmetric division of the sensor organ precursor
(SOP) cells (Hartenstein and Posakony 1990). Initially we
thought that this bald phenotype may be because of apopto-
sis. However, anti-apoptotic protein DIAP1 could not sup-
press the mahe phenotype (compare Figure 3U and 3W),
indicating that apoptosis was not the underlying cause of
the balding phenotype. In the future, we need to dissect
out the exact mechanism of the bald phenotype resulting
from ectopic mahe expression to better understand the un-
derlying molecular cause associated with this phenotype.

mahe genetically interacts with Notch and deltex alleles

Since ectopic expression of mahe leads to phenotypes resem-
bling those of Notch loss-of-function, such as notching of
wing margin and loss of scutellar bristles, we examined the
genetic interaction of mahe with mutant alleles of genes in-
volved in Notch signaling.

deltex encodes a cytoplasmic protein that is known to reg-
ulate Notch signaling both positively and negatively (Matsuno
et al. 1995; Mukherjee et al. 2005). mahe overexpression was
thus carried out in trans-heterozygous combination with N°#9,
a null allele of Notch, and dx’>?, a loss-of-function allele of
deltex. In heterozygous combination with N°#9, a mahe re-
duced eye phenotype was significantly enhanced with 100%

penetrance (n = 12; compare Figure 4D and 4E), while dx!>2
marginally suppressed the reduced eye phenotype in 32% of
the eyes examined (n = 29; Figure 4F). Further, the mutant
alleles in combination with the eyeless-GAL4 driver had no
effect on the eye size, clearly demonstrating that the genetic
interactions of these alleles were with mahe and not with the
GAL4 driver line (Figure 4, B and C). The effect of mahe over-
expression on the Notch gain-of-function phenotype was also
examined. Overexpression of mahe alone resulted in a massive
reduction in the size of eye-antennal discs, which was com-
pletely penetrant (n = 20), while as reported earlier, expres-
sion of NICD alone resulted in highly proliferated eye tissue
(Figure S4, B and C). Coexpression of Mahe along with NICD
partially rescued the Notch-mediated proliferation in 6 of 20
eye antennal discs examined (Figure S4, D and H). Expression
of Mahe alone with C96-GAL4 had no visible effect on the
development of wing margin (Figure 4H), while expression
of Dx alone with the C96-GAL4 driver resulted in mild irregu-
larities of bristles at the wing margin (Figure 4I). However,
coexpression of Mahe and Dx driven by C96-GAL4 resulted in
nicking at the wing margin in 31% of the wings (n = 113)
indicating downregulation of Notch function (Figure 4J). Ad-
ditionally, genetic interaction of mahe was also checked with a
nuclear protein Mam, which is a component of the coactivator
complex of Notch signaling. Overexpression of a dominant-
negative form of Mam at the wing margin resulted in severe
serration of the wing margin (Figure S4I) and coexpression of
mahe resulted in moderate enhancement of Mam-associated
serration as well as a notching phenotype that was completely
penetrant (n = 14; Figure S4J). It was important to examine
genetic interaction of mahe loss-of-function/hypomorphic al-
leles in trans-heterozygous combination with Notch alleles as
well as mutant alleles of genes functioning in Notch pathway.

We used two independent hypomorphic alleles of mahe,
mahe08059 and mahefP?347 since mahe transcript levels were
significantly lowered in these alleles (Figure S3A). Flies hetero-
zygous for mahe@8959 and mahet??347 have normal adult wings
(Figure S3, D and F). Flies heterozygous for N°#9 (Notch loss-of-
function allele) have a low penetrant wing Notching phenotype
(n = 28, 32%) (Figure S3B). A trans-heterozygous combination
of N>#9 with either mahed%8%59 or mahe®1347 resulted in en-
hancement of the wing notching phenotype (n = 16, 50% and
n = 23, 65%, respectively) (Figure S3, E and G).

Ectopic expression of mahe leads to loss of Cut
and Wingless

Notch signaling has been extensively studied in wing margin
formation as well in SOP development. Proper expression of
wingless (downstream target of Notch) requires active Notch
signaling at the wing margin (Matsuno et al. 1995;

unwind the RNA duplex. (C) Clustal Omega alignment illustrates that Mahe is conserved across taxa and shares significant similarity with human, mouse,
and zebra fish DDX5; yeast DBP2; worm DDX17; and Rm62 in fly. The 12 highly conserved motifs characteristics of DEAD box helicases are boxed and
the signature motif DEAD for the DEAD box family is highlighted in magenta. (D) A phylogeny tree was generated using Clustal X, which is based on the
evolutionary distance, and the horizontal lines indicate the evolutionary relationship among various species.
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Figure 2 Dynamic expression of mahe during Drosophila development. (A) RNA in situ hybridization shows maternal deposition of mahe transcript with
strong localization in early-stage embryos. (C and E) Strong expression of mahe was also observed in the neuroblasts of stage 11 embryos (arrow) and in
the central nervous system of late-stage embryos. (B, D, and F) Anti-Mahe was used to examine the pattern of expression of Mahe and DAPI was used to
mark the nucleus. The embryonic expression of Mahe protein paralleled its transcript expression pattern (compare A, C, and E with B, D, and F). (G-X)
Mahe expression was also observed in imaginal tissue of third instar larvae. A specific subset of neurons in the ventral nerve cord shows increased Mahe
levels (arrow, G-1). This expression was confined to the cytoplasm of the neuronal cell body and was absent from the nucleus (arrow, J-L). Homogenous
Mahe expression was found in the wing disc (M-0O) along with expression in the ommatidia of the eye-antennal disc (arrow, P-R). A weak expression of
Mahe was seen in the salivary gland nucleus as well as the cytoplasm (S-X), indicating tissue-specific subcellular localization of this protein. NB,

neuroblast. Bars: G-I and M-U, 100 wm; J-L and V=X, 20 pm.

Mukherjee et al. 2005). Similarly cut, another downstream
target of Notch, requires active Notch signaling for its expres-
sion at the D/V boundary of the wing imaginal disc. Ectopic
expression of mahe driven by ptc-GAL4 led to notching of the
adult wing margin (Figure 3, P and Q). Since this phenotype
was reminiscent of Notch loss-of-function, we monitored the
expression of Cut and Wingless at the D/V boundary of the

wing imaginal discs. In wild-type discs, Cut and Wingless are
expressed in a few rows of cells at the D/V boundary (Figure
5,A, B, 1, and J). Full-length HA-tagged Mahe overexpression
at the A/P boundary of wing imaginal disc with ptc-GAL4
(marked with GFP) led to a complete loss of Cut and partial
loss of Wingless at the D/V boundary (Figure 5, G and O) of
the wing imaginal discs. The A/P boundary of the wing
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Figure 3 Ectopic expression of mahe results in development defects reminiscent of Notch loss-of-function. (A—C) Ectopic expression of mahe driven by
ey-GAL4 induces a small eye phenotype in both female (B) and male (C) flies with 100% penetrance (n = 234). (D-F) Examination of the developing eye
tissue of the eye-antennal disc (n = 20) (GFP fluorescence region marked with a dotted line) with ectopically expressed mahe shows significant reduction
in size of tissues in both females (E) and males (F) (compare D to E and F). (G-L) ptc-GAL4-driven expression of mahe in salivary gland results in a
dramatic reduction in size of salivary gland nuclei when compared to those of controls and the surrounding fat body nucleus with complete penetrance
(n = 10). (M) The DAPI content of 10 salivary glands for both ptc-GAL4 >UAS-HA mahe and controls was quantified. DAPI content was found to be
about three times less in mahe overexpressed salivary gland nuclei than in those of the controls. Values in M represent =SE, P < 0.005. (N and O)
Control adult wing displaying normal wing margin and longitudinal veins L1-L5. (P and Q) ptc-GAL4 >UAS-HA mahe wing shows notching at the wing
margin (arrow) and reduced distance between L3 and L4 veins (black line), which is similar to that of loss of Notch signaling. (O and Q) Magnified inset
of wild-type and ptc-GAL4>UAS-HA mahe wing shows that notching is confined to only the patched domain. (R) Quantification of flies with notching
at the wing margin in ptc-GAL4 >UAS-HA mahe shows that >30% of flies have a notched wing margin (n = 223) while no notched wing is observed in
control flies (n = 521). n indicates the total number of flies counted for each genotype and error bars represent standard deviation with P-value
<0.0005. (S) Mean distance between L3 and L4 was calculated and it is observed that the distance between veins L3 and L4 is significantly reduced in
ptc-GAL4 >UAS-HA-mahe. A total of 30 wings in three independent crosses were counted for both genotypes. Error bar represents =SE and P-value
<0.001. (T-W) Wild-type adult scutellum displays a regular arrangement and defined number of macrochaetae (asterisks, T) with externally observable
socket and hair, while ptc-GAL4-driven mahe results in loss of hair as well as socket (asterisks, U). (V) Overexpression of an anti-apoptotic protein DIAP1
does not alter the bristle morphology. However, coexpression of DIAP1 (asterisk, W) and Mahe does not modify the balding phenotype induced by
Mahe misexpression. n = total number of progeny. Bars: D-G and J, 100 wm; H, |, K, and L, 10 wm. SG, salivary gland; FB, fat body.

DAPI mean Intensity
Value (+S.E)

imaginal disc was marked with GFP in both the controls and  anti-HA antibody and reductions in both Cut and Wingless in
ptc-GAL4-driven HA Mahe wing imaginal discs. Loss of Cut  the mahe expression domain were seen (Figure S5).

and Wingless was confined to GFP-marked cells, clearly re-
vealing that loss of Cut and Wingless was specific to the cells
in which mahe was overexpressed. Ectopically expressed  Since ectopic Mahe lowered the downstream targets of Notch
HA-tagged Mahe was also checked by immunostaining with  signaling like Cut and Wingless, we examined whether Notch

Ectopic expression of mahe leads to reduction in Notch
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Table 1 Lethality and development defects induced by ectopic expression of mahe with a variety of GAL4 drivers

Genotype Viability Lethality Adult phenotype
w;en-GAL4;UAS-HA mahe Lethal 8% embryonic lethality, 78% lethality at first instar, Lethal
and 14% lethality at second instar (n = 364)
W,ACt5C-GAL4,UAS-HA mahe Lethal 40% lethality at embryonic level and 60% lethality Lethal
at second instar stage (n = 688)
w;patched-GAL4,UAS-HA mahe Viable ND Viable with notched wing margin,
reduced salivary gland size
w;eyGAL4:UAS-GFP;UAS-HA mahe Viable ND Viable with smaller eye size and
reduced salivary gland size
w;ap-GAL4;UAS-HA mahe Viable ND Viable with blistered and notched wing

ND, not determined; n, total number of embryos counted.

levelswere also altered in these cells. The native Notch protein
was detected with anti-Notch antibody raised against NICD,
while ptc-GAL4-driven ectopic mahe-expressing cells were
marked with GFP (Figure 6, A-H). Interestingly the GFP-
marked cells with ectopically expressed Mahe exhibited
significant reduction in endogenous Notch levels when com-
pared to the control neighboring cells that were devoid of
ectopic Mahe (Figure 6, D, F, and H). To check whether this
reduction accounts for the depletion of full-length Notch pro-
tein, similar experiments were performed using antibody
raised against NECD (Figure 6, I-P). However, no obvious
change in NECD levels was observed upon ectopic expression
of mahe (Figure 6, L, N, and P), suggesting that mahe over-
expression does not affect full-length Notch receptor. Simi-
larly, Notch transcript levels in cells with ectopic mahe also
remained unaltered (Figure 6Q). However, the levels of
Notch transcripts could not be examined in the wing discs
since ptc-GAL4 drives expression in only a few rows of cells at
the A/P boundary so instead we used eye-antennal disc ex-
tract for RNA isolation and monitored Notch transcript levels
by real-time PCR with Notch-specific primers.

Coexpression of Mahe and Dx modulates
Notch signaling

Since ectopic Mahe along with Dx results in a wing-nicking
phenotype, we further went on to check the status of Notch
signaling (monitored with Cut expression) in which both Dx
and Mahe were coexpressed at the A/P boundary of wing
discs. As mentioned earlier, overexpression of Mahe alone
with ptc-GAL4 resulted in loss of Cut expression at the inter-
section of the A/P and D/V boundaries (Figure 7, D-F), while
overexpression of Dx alone resulted in ectopic activation of
Cut at the A/P boundary (Figure 7, G-I). Intriguingly, in
combination with both overexpression of mahe and that of
Dx, the loss of Cut was more pronounced at the intersection
of the A/P and D/V boundaries (Figure 7, J-L). This clearly
demonstrated that mahe in combination with Dx modulates
Notch signaling.

Discussion

Notch signaling is an evolutionary conserved pathway re-
quired by a cell to communicate with its neighboring cells

and regulates cell proliferation, cell differentiation, and cell
death in metazoans (Artavanis-Tsakonas et al. 1983, 1999;
Kopan 2002). The level of Notch signaling is an extremely
important factor as its perturbation results in many develop-
mental defects (Gridley 2003). Hence, fine-tuning of Notch
signaling is vital, from its synthesis to its degradation (Artavanis-
Tsakonas et al. 1995; Lai 2004) . Genome-wide studies have
revealed a complex network of genetic circuits involved in
context-dependent regulation of Notch signaling. There are
multiple modifiers and regulators of the Notch signaling
pathway, depending on the tissue type and developmental
context, and more recently the involvement of RNA-binding
proteins in regulation of Notch signaling has been appreci-
ated (Hall et al. 2004; Saj et al. 2010; Jung et al. 2013).

We report characterization of a novel gene from the DEAD
box family of RNA-binding protein, maheshvara (mahe), and
have investigated its role in regulation of Notch signaling.
Mahe belongs to the DEAD box family of protein as it harbors
conserved motifs along with the signature motif DEAD. The
pattern of expression of mahe was examined by in situ hy-
bridization and immunostaining. Maternally accumulated
mahe transcripts as well as protein are present in 0- to 2-hr
embryos, followed by a strong expression in the embryonic
neuroblast and larval CNS. In larval CNS, Mahe protein is
accumulated in the cytoplasm of specific subsets of neurons.
Overall, a strong neuronal enrichment of transcripts and pro-
tein was observed during embryonic development. Interest-
ingly, overexpression of full-length protein with actin-GAL4
resulted in larval lethality, indicating that an optimum level
of mahe is needed for cell survival. Ectopic expression of
mahe also resulted in a wide variety of developmental de-
fects, many of which were reminiscent of Notch loss-of-
function. Notch signaling is involved in a wide variety of de-
velopmental processes and initially it was identified as a neu-
rogenic gene, since loss-of-function alleles of Notch resulted
in excess neurons (Artavanis-Tsakonas et al. 1995; Lai 2004).
The enrichment of mahe transcripts and protein in the de-
veloping nervous system along with the loss of macrochaetae
on the scutellum, which was associated with change in mahe
levels, indicates that it may modulate the Notch-mediated
cell fate specification. However, in the future we need to
use markers for neuroblasts and study the role of mahe in
neuronal cell specification.
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Figure 4 mahe genetically interacts with members of the Notch signaling
pathway. (A) Adult eye with normal morphology. (B and C) N>479 and
dx’>2 alone have no effect on eye size. (D) Overexpression of mahe with
ey-GAL4 results in marked reduction in eye size in 100% of adults exam-
ined (n = 532). (E) Single copy of N>#'%, a null allele of Notch in combi-
nation with overexpressed mahe, results in a massive reduction in eye size
in 100% of adult eyes examined (n = 12). (F) mahe overexpression in
combination with dx’>2 (a null allele of deltex) results in mild rescue of eye
size in 32% of adult eyes examined (n = 29). (G) Adult wing with C96-
GAL4 driver alone shows normal morphology. (H) Expression of mahe
with C96-GAL4 does not affect wing morphology. (I) Overexpression of
Dx alone with C96-GAL4 results in mild irregularities of bristle pattern (n =
80). (J) Coexpression of Dx and Mahe results in wing nicking at the
margin in 31% of wings examined (n = 113) (arrow). Bars in G-J,
100 pm.

The closest homolog of mahe in human, DDX5 (P68) has
been reported to be involved in RNA splicing, transport, and
stabilization as well as in microRNA biogenesis. However,
recent studies by Jung et al. (2013) show that DDX5 physi-
cally interacts with MAML1 (Mam in Drosophila), which is a
well-characterized member of the coactivator complex for
Notch target genes. To understand the mechanism of how
mahe regulates Notch signaling, we examined whether mahe
genetically interacts with Mam. However, ectopic mahe mar-
ginally enhanced the serrate wing phenotype associated with
Mam mutant, indicating that this novel RNA helicase may not
be acting in the coactivator complex like that of the human

1080 S. Surabhi et al.

counterpart, DDX5. We speculate that the mild enhancement
of the Mam wing serration phenotype by mahe may be be-
cause of an additive effect, since both the genes might be
interacting independently with Notch.

Itiswell established that classical Notch signaling is needed
for cell fate determination during SOP development. Lateral
inhibition mediated by Notch inhibits neighboring cells from
adopting SOP fate; these SOPs then divide asymmetrically,
leading to differential Notch distribution in a different pop-
ulation of cells, and ultimately affect cell fate determination.
Loss of Notch function at the time of lateral inhibition results in
the formation of supernumerary SOPs, while loss of Notch
during asymmetric division causes cells to adopt a neuronal
fate (Hartenstein and Posakony 1990). Our data do not sup-
port a reduction in Notch signaling during SOP formation,
since downregulation of Notch signaling at this point will
result in supernumerary SOP cells as a result of compromised
lateral inhibition (Hartenstein and Posakony 1990; Posakony
1994). Instead, we speculate that ectopic Mahe leads to a
reduction in Notch signaling at the time of asymmetric di-
vision with a change of cell fate from nonneuronal to super-
numerary neurons, thus resulting in loss of bristles or a bald
phenotype. However, a detailed genetic and molecular anal-
ysis is needed to show exactly how mahe interferes with
Notch-mediated SOP development. To rule out that the bald
phenotype caused by ectopic Mahe was not the result of ap-
optosis we checked whether this phenotype could be sup-
pressed by an anti-apoptotic protein, DIAP1. DIAP1
overexpression did not alter the bald phenotype, suggesting
that this phenotype might be an outcome of compromised
Notch signaling and not because of apoptosis. However, ec-
topic mahe in wing imaginal discs induces mild cell death,
which might correlate with involvement of mahe in regula-
tion of another signaling pathway (S. Surabhi and M. Mutsuddi,
unpublished data).

A remarkable decrease in nuclear size and DNA content of
the salivary gland was also seen upon ectopic expression of
mahe. A requirement of Notch signaling for endoreplication
of ovarian follicle cells has been reported and a similar type of
phenotype with reduced polyteny in salivary gland has been
correlated with Notch loss-of-function (Deng et al. 2001;
Martinez et al. 2009). Taken together these results suggest
that mahe overexpression results in phenotypes that are rem-
iniscent of loss of Notch signaling and further implicates the
role of mahe in modulating Notch signaling at various levels
during development.

One of the well-studied roles of Notch signaling is the
establishment of the D/V boundary, where Notch maintains
the expression of its targets Cut and Wg at the developing
margin (Go et al. 1998; Micchelli et al. 1997). Loss of Cut and
Wg at the D/V boundary of wing imaginal discs by ectopic
mahe further supports the role of mahe in regulation of Notch
signaling. Interestingly, we also observed significant reduc-
tion in NICD levels at the D/V boundary of wing imaginal
discs upon mahe overexpression. In addition, we also report
that depletion in NICD levels is seen while full-length Notch
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Figure 5 Effect of overexpression of mahe on Cut and Wingless expression at the dorso-ventral boundary of the wing disc. (A-P) Cut and Wingless are
the downstream targets of Notch and expressed in a narrow strip of cells at the dorso-ventral boundary of control wing discs as detected by anti-Cut
(red) and anti-Wg (red). ptc-GAL4-driven expression of UAS-HA mahe at the anterior/posterior boundary of the wing disc (marked with GFP) results in
complete loss of Cut (C, D, G, and H) and partial loss of Wingless expression (K, L, O, and P) at the dorso-ventral boundary of the wing disc (asterisks),
indicating downregulation of Notch signaling. (H and P) Loss of Cut and Wg is specifically observed within the anterior/posterior boundary where mahe

was overexpressed. Bars: A-D and I-L, 100 wm; E-H and M-P 20 pm.

levels seem to be unaltered. Since mahe encodes a putative
RNA-binding protein, we asked whether it directly regulates
Notch transcript levels; however, no change in Notch tran-
scripts was observed by modulating levels of Mahe. These
data clearly indicate that Mahe regulates the level of pro-
cessed Notch. We predict that the effect of Mahe on modu-
lating the levels of NICD may be indirect, where Mahe might
be regulating an important factor needed for maintenance of
processed Notch.

Thus, our data suggest that although Mahe is an RNA
helicase it does not alter Notch transcript levels. Since
RNA-binding proteins are known to be key players in post-
transcriptional gene regulation, it is possible that mahe regulates

the turnover of NICD by affecting a crucial component of
Notch signaling. A strong genetic interaction of Notch with
both mahe gain-of-function and loss-of-function alleles fur-
ther strengthens the involvement of mahe in regulation of
Notch signaling. Strikingly, we also observed a strong genet-
ic interaction of mahe with deltex in the wing as well as eye
tissues. Coexpression of Dx and Mahe in the wing margin
cells resulted in nicking at the wing margins that was absent
with Dx or Mahe alone, indicating that Mahe along with Dx
might negatively regulate Notch function.

Drosophila Dx is a cytoplasmic protein with a RING-H2,
two WWE domains with an E3 ubiquitin ligase activity report-
ed in mammalian homologs of Drosophila Dx (Takeyama

RNA Helicase maheshvara Regulates Notch 1081


http://flybase.org/reports/FBgn0000524.html

-+

Intensity

1 15 28 43 57 71 85 99 113 127 141 155 169 183 197

w; ptc-GAL4

Distance

ptc-GAL4> UAS-HA Mahe

UAS-GFP/+

"
’

Intensity

1 15 29 43 57 71 85 99 113127141155169183187211
Distance

0 Control

w; ptc-GAL4
UAS-GFP/+
UAS-HA mahe/+

Intensity

Distance

P ptc-GAL4> UAS-HA Mahe

Intensity

w; ptc-GAL4
UAS-GFP/+;
UAS-HA mahe/+

w; ptc-GAL4:
UAS-GFP/+; +
r o i >
1 1

Distance

o

EControl

Optc-GAL4> UAS-HA
mahe

Fold change in Notch expression

Figure 6 Notch level was reduced upon mahe overexpression. (A-F) Notch protein was detected by an antibody generated against NICD epitope (red).
(I-N) Surface Notch detected by an antibody against NECD epitope (red). (A-C) Normal distribution of Notch was seen at the anterior/posterior boundary
(marked with GFP) in a control disc. (D-F) ptc-GAL4-driven expression of UAS-HA mahe at the anterior/posterior boundary of wing imaginal disc (marked
with GFP) results in significant reduction of Notch protein in this domain (arrow) at 28°, suggesting a negative effect of Mahe on Notch levels. (G and H)
Intensity profiling for NICD staining and GFP was generated using a confocal section for control and ptc-GAL4 >UAS-HA mahe wing imaginal disc. Note
that the Notch levels were significantly reduced at the anterior/posterior boundary (marked with GFP) in ptc-GAL4 >UAS-HA mahe wing disc when
compared to that of control disc. (I-K) Normal distribution of surface Notch as detected with NECD epitope was observed in a control disc. (L-N) ptc-
GAL4-driven expression of UAS-HA mahe at the anterior/posterior boundary of wing imaginal disc (marked with GFP) did not alter Notch levels at the
cell surface. (O and P) Intensity profiling for NECD staining and GFP shows that surface Notch levels were similar for control and ptc-GAL4 >UAS-HA
mahe wing imaginal disc. Bars: A-F and I-N, 50 pm.

et al. 2003). In Drosophila, Dx is known to regulate Notch  along with Kurtz, a nonvisual B-arrestin homolog in Drosoph-
signaling positively, as loss-of-function of deltex results in re- ila, affects Notch signaling negatively in a ligand-independent
duced Notch signaling (Matsuno et al. 1995). In mammals manner (Mukherjee et al. 2005). Further, studies have also
Deltex is known to antagonize Notch signaling (Izon et al.  identified shrub, a core component in the ESCRT-III complex,
2002; Kiaris et al. 2004). Additional studies postulate that Dx  as a modifier of Dx—Krz synergy and it has been proposed that
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Figure 7 Mahe and Dx coexpression results in more pro-
nounced loss of Cut expression at the D/V boundary. (A-
C) Wing imaginal disc with normal Cut expression at the
D/ boundary. (D-F) Overexpression of Mahe at the A/P
boundary with ptc-GAL4 results in loss of Cut expression
at the intersection of A/P and D/V boundaries. (G-I) Ex-
pression of Dx at the A/P boundary with ptc-GAL4 results
in ectopic activation of Cut. (J-L) Coexpression of Mahe
and Dx with ptc-GAL4 results in more severe loss of Cut at
the intersection of A/P and D/V boundaries. Bars: A, D, G,
and J, 100 um; B, E, H, K, and C, F, I, L, 20 pm

IUAS- Flag Dx; UAS-HA Mahe/+

shrub, Dx, and Kurtz regulate Notch trafficking and conse-
quently its degradation in the late endosomal compartment
(Hori et al. 2011). Hence two different roles in Notch regu-
lation have been ascribed to Dx, depending on the tissue type
and developmental context.

To understand the functional implication of Mahe and
Deltex interaction, both Dx and Mahe were coexpressed at
the A/P boundary of wing imaginal discs and Notch signaling
output was monitored by immunostaining for Cut. Remark-
ably, loss of Cut expression at the D/V boundary by mahe was
more pronounced in the Dx overexpressed background;
based on these results we propose that along with Dx, mahe
might play an important role in Notch regulation. In the fu-
ture it will be interesting to dissect out the precise molecular
mechanism of mahe and Dx interaction in the context of
Notch regulation.

In conclusion we have identified a novel DEAD box heli-
case, mahe, which exhibits a very dynamic pattern of expres-
sion with significant enrichment in the developing CNS. Our
studies show several lines of evidences that mahe regulates

JUAS- Flag Dx; UAS-HA Mahe/+

Notch signaling, which is known to be modulated at multiple
steps. Notch signaling is also regulated at multiple steps. Our
data explicitly present an interesting RNA helicase that reg-
ulates Notch signaling. In the future, we wish to further
strengthen our observation by generating loss-of-function al-
leles of mahe. It is important to understand the precise mech-
anism of regulation of Notch signaling since perturbation of
the Notch pathway results in inherited human diseases like
Alagille syndrome, spondylocostal dysostosis, and cerebral
autosomal dominant arteriopathy, etc. (Gridley 2003). Pre-
viously it was reported that RNA-binding proteins like Numb
and Musashi regulate Notch signaling. Musashi activates
Notch signaling by translational repression of Numb, which
is a negative regulator of Notch (Rhyu et al. 1994; Imai et al.
2001). To this existing list we have added another gene
mahe, which encodes an RNA-binding protein that is needed
for proper maintenance of Notch signaling. Although the ex-
act mechanism of this regulation is not known at this mo-
ment, in the future we wish to identify the candidate RNAs
regulated by mahe, which will aid us in elucidating the

RNA Helicase maheshvara Regulates Notch 1083



molecular mechanism of how it regulates Notch signaling as
well as other developmental processes.
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Figure S1 mahe mRNA expresses in larval imaginal discs. Semi-quantitative RT PCR using
mahe specific primer was performed to examine the expression of mahe in various larval tissues.
mahe transcripts were present in RNA extracted from larval brain, eye-antennal disc, wing disc,
fat body, salivary gland and leg discs. »ps/7 was used as internal control and No RT (in the
absence of reverse transcriptase) was done for each sample to rule out genomic DNA

contamination.
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Figure S2 Detection of ectopic HA-Mahe in the wing imaginal disc. Immunostaining and
western blotting was carried out with anti-Mahe and anti-HA antibody. (A-H) Over expressed
HA-Mahe protein was localized throughout the cytoplasm and excluded from the nucleus as
detected with anti-Mahe (Red, A and E) as well as anti-HA (Green, B and F) in wing imaginal
discs. Lower panel is magnified view of boxed area from the upper panel. Western blot with both
anti-Mahe and anti-HA detected a 110 kDa band from protein extract of sgs-GAL4 salivary gland
and sgs-GAL4 driven UAS-HA Mabhe salivary gland. Tubulin was used as loading control. Scale

bar A-D is 100 um each and E-H is 10 pum each.
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Figure S3 Genetic interaction of mahe?®%° and mahe"’3*” hypomorphic alleles of mahe with
N*#? (Notch loss-of-function) allele. (A) RNA was extracted from five days old adult flies and
real time PCR was performed with mahe specific primers to monitored mahe transcript level in P
element insertion ( P{XP} d08059 (mahe?®"°) and EP1347 (mahe®3%>%) lines, mahe transcripts
were significantly lowered in these two P element insertion lines when compared to that of
control. (B) Wing with normal morphology. (C) Heterozygous Notch allele N>*°/+ shows mild
notching at wing margin. (D) Heterozygous mahe allele (mahe?’**>°) shows normal wing
morphology. (E) Transheterozygous combination of N**and mahe?’%>° results in enhancement
in wing notching phenotype. (F) Heterozygous mahe allele (mahe®"3#7) shows normal wing
morphology. (G) Trans-heterozygous combination of N**?and mahe"'3*” also results in

enhancement in wing Notching phenotype. Scale bar B-G, 200 um each.
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Figure S4 Genetic interaction of mahe with Notch gain-of-function background. (A) Eye-
antennal disc with normal morphology. (B) ey-GAL4 driven expression of mahe results in
massive reduction in size of eye-antennal disc. (C) ey-GAL4 driven expression of activated form
of Notch (NICD) results in dramatic proliferation of eye tissue. (D) Co-expression of Mahe and
NICD with ey-GAL4 results in significant rescue of Notch mediated proliferation in eye antennal
disc. (E) Dominant negative form of Mam driven with C96-GAL4 results in nicked wing margin.
(F) In combination with over expressed mahe, this phenotype was moderately enhanced (arrow).

Scale bar A-H is 50um each and I, J is 200um each.
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Figure S5 Ectopic-HA Mahe inhibits Notch signalling. (A-D) Ectopic expression of HA

Mahe results in loss of Cut and Wg staining (arrow). (B, D) Double staining of HA, Cut (B) and
HA, Wg (D) shows that loss of Cut and Wg expression was specific to mahe over expression

domain. Scale bar A-D is 50um each.

6 Sl S. Surabhi et al.



