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ABSTRACT

Background: Notch signaling plays a fundamental role both in metazoan cell fate determination and in the estab-
lishment of distinct developmental cell lineages. In a yeast two-hybrid screen, we identified Chip as a binding
partner of Notch. Thus, we investigated the functional significance of Notch and Chip interactions.

Methods: Co-immunoprecipitation and GST pull-down experiments confirmed the physical interaction between
Notch and Chip. Immunostaining revealed that Chip and Notch-intracellular domain (Notch-ICD) co-localized in
cell nuclei. Loss-of-function and gain-of-function analyses of Chip were carried out using FLP/FRT and GAL4-UAS
systems, respectively. Immunostaining and real-time PCR were performed to analyze the role of Chip on Notch-
induced cell proliferation.

Results: Here, we report transcriptional cofactor Chip as a novel binding partner of Notch. Chip and Notch also
showed strong genetic interactions, and Chip mutant clones in the dorsal compartment induced ectopic wing
margins by ectopic expression of Notch and its targets, Wg and Cut. Our analyses revealed that stoichiometry
of Notch and Chip is critical at the dorso-ventral (DV) boundary for wing margin formation. In addition, overex-
pression of Chip can rescue Notch-induced cell proliferation in larval imaginal discs.

Conclusions: Our results indicate that Notch function in the DV boundary area is presumably dependent on
Notch-Chip heterodimer formation. In addition, overexpression of Chip can rescue Notch-induced cell prolifera-
tion, presumably through titration of overexpressed Notch-ICD by excess Chip molecules.

General Significance: The present study reveals that Chip is a novel interacting partner of Notch and it plays a

major role in Notch-induced DV margin formation and cell proliferation.

© 2015 Published by Elsevier B.V.

1. Introduction

Notch signaling is an evolutionarily conserved pathway that operates
to influence an astonishing array of cell fate decisions in different
developmental contexts. Being pleiotropic in nature, the Notch function
affects differentiation, proliferation, apoptotic events, and self-renewal
processes of different tissues [1-5]. The Notch mutant was isolated al-
most a century ago as a dominant X-linked mutation that exhibits a
notched wing margin phenotype in Drosophila melanogaster; hence,
the name Notch was given for this gene [6,7]. The loss of Notch function
in Drosophila embryo leads to a massive overproduction of neurons at
the expense of the epidermis and generates the ‘Neurogenic’ pheno-
type. The central element of the pathway is the Notch receptor, which
displays exceptional sensitivity to gene dosage. Notch was first cloned
in Drosophila, and molecular characterization revealed that the Notch
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gene encodes a transmembrane surface receptor [8]. The Notch recep-
tor is synthesized as a single 300 kDa polypeptide precursor, which is
cleaved by furin-like convertase in the trans-Golgi compartment to
form an N-terminal extracellular subunit and a C-terminal transmem-
brane intracellular subunit [9]. This heterodimeric receptor is then
transferred to the cell membrane and it interacts with ligands of the
DSL family (Delta and Serrate/Jagged in Drosophila and mammals and
LAG-2 in C. elegans). Binding of ligands to extracellular domain leads
to proteolytic cleavages by metalloproteases and y-secretase, and this in
turn results in the release of Notch intracellular domain [10-13]. The
Notch intracellular domain (Notch-ICD) binds to Importin-a3 and is
translocated to the nucleus using the canonical Importin-o3/Importin-3
transport pathway [14]. The Notch-ICD directly participates in a tran-
scriptional complex involving CSL transcription factor (mammalian
CBF1/Drosophila suppressor of hairless/C. elegans LAG-1) and transcrip-
tional co-activators like Mastermind (Mam), leading to activation of
Notch target genes such as the enhancer of split [E(spl)] complex genes,
which encodes bHLH transcription factors that in turn repress Achaete-
Scute complex (As-C) proneural genes [15-17]. The deployment of
Notch signaling pathway in numerous cellular contexts to influence var-
ied aspects of development is possible due to its multiple levels of regula-
tion by which appropriate signaling outputs in a variety of cellular
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contexts are generated [3,4,18,19]. Several recent genome-wide studies
in D. melanogaster have revealed a vast network of genes that can affect
Notch signaling activity and its integration and cross-talk with other
signaling pathways (reviewed in ref. [4]).

In a yeast two-hybrid screen, we identified Chip/dLdb, previously
reported as a cofactor of Apterous (Ap), as a binding partner of Notch.
The LIM homeodomain (LIM-HD) transcription factor Ap contains one
homeodomain and two LIM domains [20,21]. In the Drosophila wing,
apterous (ap) functions as a dorsal selector gene [22-24]. In order to
control DV patterning and the growth of Drosophila wing, Ap needs
the activity of its cofactor Chip/dLdb, which is a Drosophila ortholog of
the vertebrate LDB/NL1/CLIM-2 proteins [25-27]. Chip has a self-
interacting dimerization domain (DD) and a LIM-interaction domain
(LID) that binds to the LIM domains of Ap and other proteins [28]. Com-
plex formation between Ap, Chip, and DNA stabilizes Ap protein in vivo
[29]. Chip is expressed throughout development and is present in the
nuclei of cells in embryo, larval brain, imaginal discs, fat body, and sali-
vary glands [25,26]. Although the nuclear protein Chip is expressed in
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both dorsal and ventral cells of the wing imaginal disc, somatic clonal
analysis revealed that it has no role in ventral cells [25]. Both loss as
well as excess of Chip function in the dorsal compartment of the wing
discs causes the same phenotype as ap loss-of-function phenotype
such as generation of ectopic wing margins and wing outgrowths with-
out affecting normal accumulation of Ap protein [25]. Moreover, the
Chip gain-of-function phenotype can be rescued by ap overexpression
[25,27]. The correct amount of Chip is a prerequisite for normal function
of Ap in DV compartmentalization in the wing. It has been shown fur-
ther that overexpression of Chip-ADD mutant construct causes ap
lack-of-function phenotypes similar to those caused by overexpression
of wild-type Chip, and these phenotypes can be rescued by simulta-
neous overexpression of ap. Actually, Chip-ADD overexpression pheno-
types are caused by titration of Ap because these phenotypes can be
rescued by adding extra Ap. On the contrary, phenotypes caused by
overexpression of Chip-ALID cannot be rescued by simultaneous over-
expression of ap because this mutant interferes with the formation of
functional tetramer. Based on these evidences, the model that the Ap
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Fig. 1. Interaction between the Chip and Notch proteins. (A) Schematic representation of the domain organization of Chip. Different domains of Chip are marked at the bottom, while the
boundary residues are marked on the top. Dimerization domain (DD); nuclear localization signal (NLS); LIM interaction domain (LID) (see refs. [27,28]). Based on yeast two-hybrid anal-
ysis, a region of Chip (amino acids 209-426) that was sufficient for binding to Notch is shown below the full-length protein. (B) Co-immunoprecipitation of HA-Chip and Notch-ICD: HA-
Chip and Notch-ICD proteins were co-expressed in larval salivary glands and immunoprecipitated with anti-HA agarose. Immunoprecipitated proteins were analyzed by Western blotting
with anti-Notch (C17.9C6) antibodies (upper panel). Lower panel shows the level of Notch protein in the lysates. (C) GST pull-down assay was performed with lysate of salivary glands in
which Notch-ICD was overexpressed using sgs-GAL4 driver and purified recombinant GST-Chip full-length (amino acids 1-577), Chip-DD (amino acids 208-435), Chip-LID (amino acids
436-577), and other controls as indicated. GST pulled-down proteins were analyzed by Western blotting with anti-Notch (C17.9C6) antibodies. Note that GST-Chip full-length and GST-
Chip-DD pulled down Notch-ICD. (D-K) Co-localization of HA-Chip and Notch-ICD in salivary glands: UAS-HA-Chip and UAS-Notch-ICD were expressed under the control of the sgs-GAL4
driver. Images presented in figures H-K are high-magnification images of a single cell from salivary glands as shown in figures D-G. Images in G and K are merges of those in D-F and H-],
respectively. Co-expression of HA-Chip and Notch-ICD shows their co-localization in cell nuclei (arrowheads). Scale bars, 100 um (D-G), 10 pm (H-K).
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and Chip form a functional complex, which is a tetramer formed by two
Ap molecules bridged by two Chip molecules, was established [25,27,28,
30]. Chip has also been reported for regulating axon guidance [31],
posteclosion behavior [32], and establishing the boundary of the eye
field [33] in Drosophila.

In the early wing primordium, Ap induces expression of Fringe and
Notch ligand Serrate (Ser) in dorsal cells and another Notch ligand
Delta (DI) in the ventral cells [34-36]. Ser in dorsal cells and DI in ven-
tral cells activate Notch symmetrically in cells on either side of the DV
compartment boundary [34,37-39]. The glycosyltransferase Fringe
modifies Notch in dorsal cells that makes Notch more sensitive to DI
and less sensitive to Ser [40-42]. Activation of Notch results in Wingless
(Wg) expression in cells along the DV boundary. Subsequently, in the
third instar larval wing disc, Ap induces expression of Beadex/dLMO,
which negatively regulates Ap activity [29,43,44]. Beadex/dLMO en-
codes a LIM-only type protein containing two LIM domains. It has
been found that dLMO binds to Chip more efficiently and competes
with Ap for binding to Chip, thereby inactivating Ap [28,30,43]. At this
stage, when Ap is inactivated, Notch signaling in the DV boundary
remains maintained by the establishment of a positive feedback loop
between Wg-expressing cells along the DV boundary and Ser and DI-
expressing cells in adjacent dorsal and ventral cells, respectively. Ser
and DI continue to activate Notch and, as a result, Wg and Cut expres-
sions remain maintained along the DV boundary.

Using molecular and genetic analyses, we found that the correct
amount of Chip and Notch is critical at the DV boundary for wing
margin formation and that Notch function in DV boundary formation
is mediated by the Notch-Chip heterodimer. In addition, we have
also detected that excess Chip rescues Notch-induced proliferation
effects.

2. Materials and methods
2.1. Yeast two-hybrid

A 642 bp Drosophila Notch cDNA (accession number M11664) frag-
ment, which encodes amino acids 1896-2109, was amplified by poly-
merase chain reaction (PCR) and cloned in-frame with the sequence
encoding the LexA DNA-binding domain of bait vector. This construct
was used as bait to screen oligo (dT)-primed D. melanogaster 0-24 h
embryo cDNA libraries cloned in pGAD prey vectors containing GAL4
activation domains. A yeast two-hybrid screen was performed as de-
scribed previously [19]. His + colonies were selected on media lacking
tryptophan, leucine, and histidine. All positive pGAD plasmids from
His + colonies were isolated and sequenced to identify interactors.

2.2. Immunoprecipitation, GST pull-down, and immunoblotting

For immunoprecipitation, Notch-ICD and HA-Chip proteins were
expressed in larval salivary glands under the control of sgs-GAL4 driver.
Salivary glands were lysed in lysis buffer containing 25 mM Tris, pH 8.0,
27.5 mM NaCl, 20 mM K(Cl, 25 mM sucrose, 10 mM EDTA, 10 mM EGTA,
1 mM DTT, 10% glycerol, 0.5% Tergitol solution, 1 mM PMSF, and com-
plete protease inhibitor (Roche), lysates were cleared by centrifugation
at 12,000 rpm for 20 min and incubated with anti-HA affinity beads

(Sigma) for 3 h. After washing with lysis buffer thrice, protein com-
plexes were eluted with SDS sample buffer, separated on SDS protein
gels, transferred onto PVDF membrane (Bio-Rad), and finally, probed
with monoclonal mouse anti-Notch (C17.9C6) antibody at 1:3000 and
mouse anti-HA antibody at 1:1000 dilution (Sigma).

For GST pull-down, DNA fragments coding for full-length Chip
(amino acids 1-577), N-terminal Chip-DD (amino acids 208-435), and
C-terminal Chip-LID (amino acids 436-577) were cloned into pGEX-
4T-1 vector (Amersham). The following forward and reverse primers
were used for PCR amplification of different fragments of Chip (GenBank
accession number AY058561):

Full-length Chip—5'CGCAGGAATTCATGAATCGTAGGGGTTTG3’ and
5'GCGAGGCGGCCGCCTATTGCGATACAATGG3,

N-terminal Chip-DD—5'CGCAGGAATTCCGGCACAATTCCTACTTTAGC
3’ and 5'GCGAGGCGGCCGCGGGCGGAGCCACCATGC3,

and C-terminal Chip-LID—5'CGCAGGAATTCGGCAAGAAGGATCCGC3’
and 5'GCGAGGCGGCCGCCTATTGCGATACAATGG3' primers.

Intact reading frames for all constructs were verified by DNA se-
quence analysis. GST and GST fusion proteins were expressed in E. coli
BL21 cells at 37 °C with 2 mM isopropyl-1-thio-3-p-galactopyranoside
(IPTG) induction. Bacteria were lysed in a solution of Cell Lytic™ express
tablet (Sigma) with complete protease inhibitor (Roche). Glutathione
Sepharose (GE Healthcare Bio-Sciences) beads were washed in cold
phosphate-buffered saline (PBS) three times for 30 min each; a 50%
slurry was made in PBS.

The intracellular domain of Notch was overexpressed in salivary
glands by salivary gland-specific GAL4 driver (sgs-GAL4), and the third
instar larval salivary glands were dissected and washed in PBS, then
lysed in lysis buffer (50 mM Tris pH 8.0, 0.1% TritonX-100, 10% Glycerol,
200 pg/ml lysozyme, and 1 mM PMSF) for 3 h at 4 °C. The supernatant
was collected after centrifugation for 20 min at 12,000 rpm.

Glutathione sepharose beads alone or incubated with GST fusion
proteins mixed with salivary gland lysate and rotated for 3 h at 4 °C
followed by washing with PBST (1x PBS, 1% Triton-X-100) thrice,
15 min each. Beads were boiled in 2x Laemmli buffer for 5 min,
and the samples were loaded in 12% denaturing gel with Spectra Multi-
color Broad Range Protein Ladder used as a marker (Fermentas).
Proteins were separated on non-reducing SDS-PAGE (without [3-
mercaptoethanol) and transferred onto PVDF membrane (Bio-Rad).
Blot was probed with mouse anti-Notch C17.9C6 in 1:3000 dilution
(Developmental Studies Hybridoma Bank) and secondary antibody
goat anti-mouse IgG-AP conjugate in 1:2000 dilution (Molecular
Probes) in blocking solution (4% skimmed milk in TBST—50 mM Tris,
pH 7.5, 150 mM NaCl, 0.1% Tween-20). Then, after washing in TBST
thrice, color was detected by Sigma FAST™ BCIP/NBT (Sigma).

2.3. Drosophila genetics

All fly stocks were maintained on standard cornmeal/yeast/molas-
ses/agar medium at 25 °C. The Chi®°/CyO and Chip®3°/Cy0 stocks
were obtained from Bloomington Drosophila Stock Center (Blooming-
ton, IN). UAS-ChipADD and UAS-ChipALID stocks were obtained from
Donald J. van Meyel. We used the following alleles of Notch pathway
components for genetic interaction studies: N°49, Nd-3, NAx-16172 p°F

Fig. 2. Genetic interactions of Chip mutants with Notch pathway components. (A-G’) Representative wings from individuals with indicated genotypes are shown. Wings from wild-type
individuals (A) and Chip heterozygotes (B and C) showed normal wing phenotype. Wings from N°#? heterozygotes (D) showed the wing nicking phenotype, which was enhanced in
transheterozygous combination with Chip alleles (E and F). Wings from females heterozygous for N"*-> showed normal wing phenotype (G), whereas in transheterozygous combinations
with Chip alleles, it displayed a wing margin nicking phenotype (H and I). Gain-of-function N allele N**-16772 (]) displayed shortened longitudinal vein L5, which in transheterozygous com-
bination with different alleles of Chip showed shortening of both L4 and L5 along with occasional wing nicking phenotype (K and L). Heterozygotes of Notch ligand Delta (DI°F) displayed
wing vein thickening phenotype (M), whereas in transheterozygous combinations with Chip alleles, it showed stronger wing vein thickening as well as wing nicking phenotype (N and O).
Wing notching phenotype of Ser®®-C (P) was severely enhanced in transheterozygous combinations with different alleles of Chip (Q and R). Hemizygotes of dx alleles, dx and dx“"V showed
vein thickening in the distal region and sporadic wing nicking (S and V), which were enhanced by reducing the dose of Chip (T and U, W and X). Dominant-negative Mastermind, MamH,
and MamN in heterozygous condition displayed wing notching phenotype (Y and B"), which was enhanced in transheterozygous combinations with Chip (Z and A", C and D"). Gain-of-

function mutant allele of suppressor of hairless, Su(H)™

showed significant wing nicking phenotype (F" and G°). Scale bar, 250 um.

, showed normal wing phenotype in heterozygous condition (E), which in transheterozygous combinations with Chip alleles



806 N. Sachan et al. / Biochimica et Biophysica Acta 1850 (2015) 802-812

Ser®-¢. MamH, MamN, Su(H)™, ec dx, and dx*Y. To generate somatic
clones using the FLP/FRT system, FRT42B Chip®>->/CyO stock was con-
structed from Chi®*/Cy0 and FRT42B stocks by appropriate genetic
crosses. To generate somatic clones in wing imaginal discs, females of
y w hsFLP; Ubi-GFP FRT42B were crossed to male FRT42B Chip®>>/CyO
flies. Heat shock was given at 37 °C for 45 min at 24 h after egg laying
(AEL), and the third instar larvae were analyzed for mutant clones. For
generating the P[UAS-HA-Chip], a full-length Chip cDNA with a HA tag
at the amino-terminus was cloned in the pUAST vector. This construct
was introduced into w''’® embryos by germline transformation
following the standard procedures. Multiple independent insertions
were obtained. The UAS constructs were expressed under the control
of sgs-GAL4, en-GAL4, ptc-GAL4, C96-GAL4, and ap-GAL4 drivers. To co-
express different domains of Chip along with Notch-ICD, w; UAS-HA-
Chip/Cy0O; UAS-Notch-ICD/TM6B, w; UAS-Notch-ICD/CyO; UAS-ChipADD/
TM6B, and w; UAS-Notch-ICD/CyO; UAS-ChipALID/TM6B stocks were
generated by appropriate genetic crosses.

2.4. Immunocytochemistry and confocal microscopy

Drosophila third instar larval imaginal discs and salivary glands were
dissected in cold PBS. Immunostaining of these tissues was performed
as described previously [19]. Primary antibodies (rabbit anti-HA at
1:100 dilution (Sigma), mouse anti-Notch (C17.9C6) at 1:300 dilution,
mouse anti-Wg (4D4), rat anti-Elav at 1:200, mouse anti-Cut (2B10)
at 1:100 (Developmental Studies Hybridoma Bank), and rabbit anti-
PH3 at 1:500 (Millipore)) and secondary antibodies (sheep anti-
mouse antibodies conjugated to Cy3 at a 1:200 dilution (Sigma), goat
anti-rat antibodies conjugated to FITC at a 1:200 dilution (Sigma), goat
anti-rabbit antibodies Alexa Flour 555 at a 1:200 dilution (Invitrogen),
and goat anti-rabbit antibodies conjugated to FITC at a 1:200 dilution
(Jackson ImmunoResearch Laboratories, West Grove, PA)) were used
for immunostaining. After washing secondary antibodies, DAPI (4’, 6-
diamidino-2-phenylindole dihydrochloride) was used to detect the nu-
cleus and washed twice in PBS for 10 min each. Then, larval tissues were
mounted in FluoroGuard Antifade Reagent (Bio-Rad), and the images
were captured with a Zeiss LSM510 Meta laser confocal microscope.

2.5. Quantitative RT-PCR

Quantitative real-time PCR was carried out as per the manufacturer's
protocol (Applied Biosystem). A total of 20 pl of the reaction volume
included 10 pl 2 x SYBR green, 0.25 pl each forward and reverse primer,
and 1 pl cDNA, and PCR was performed using ABI 7500 instrument. Re-
action conditions were as follows: an initial incubation at 50 °C for 2 min
followed by denaturation for 10 min at 95 °C and 40 cycles at 95 °C for
15 s and 60 °C for 1 min. Data were normalized to rps17 before calculat-
ing the fold change. Changes in gene expression were calculated using
the 27 24T method.

2.6. Cell counting

Eye-antennal discs, where UAS-Notch-ICD and both UAS-HA-Chip/CyO
and UAS-Notch-ICD were overexpressed by ey-GAL4 and ey-GAL4/+ discs,
were dissected from the third instar larvae in Grace's Insect Media. To
determine the number of cells in each disc of different genotypes, a
single-cell suspension of eye-antennal discs was prepared in 1 mg/ml
collagenase (Sigma). Cells were counted using Neubauer hemocytometer
under a light microscope.

3. Results
3.1. Notch physically interacts with Chip

In an effort to identify novel components involved in Notch signaling
pathway, a yeast two-hybrid screen was performed using the portion of

intracellular domain of Notch receptor as bait, and we identified Dro-
sophila Chip as an interacting partner of Notch. The yeast two-hybrid
screen of 6 x 10° cDNAs from a Drosophila 0-24 h embryonic library
was carried out using Ankyrin repeat region of Notch-ICD (amino
acids 1896-2109) as bait. Five positive clones (His*) were isolated
and found to encode overlapping Chip cDNAs. Sequence analysis of
these clones revealed that the dimerization domain of Chip (amino
acids 209-426) is necessary and sufficient for binding Notch-ICD
(Fig. 1A). This particular domain of Chip was earlier shown to interact
with the dimerization domain of another molecule of Chip, and the re-
sultant Chip dimer is required to bridge two Ap molecules to form a
functional tetrameric complex for Ap-mediated gene transcription |25,
27,28,30].

Co-immunoprecipitation experiments confirmed the interaction
between Notch and Chip. Notch protein was immunoprecipitated with
HA-Chip protein from larval salivary glands when both Notch-ICD and
HA-Chip were co-expressed (Fig. 1B). Furthermore, GST pull-down ex-
periments using purified GST-Chip confirmed the interaction between
Notch and Chip. Deletion analysis of Chip protein showed that N-
terminal Chip-DD is required for binding to Notch-ICD (Fig. 1C). To
extend the analysis of the interaction between Chip and Notch, we
further investigated the subcellular localization of these proteins
when UAS-HA-Chip and UAS-Notch-ICD were co-expressed in larval
salivary glands using sgs-GAL4 driver. Immunocytochemical analysis
revealed that Chip and Notch-ICD indeed co-localized in cell nuclei
(Fig. 1D-K).

3.2. Chip interacts genetically with Notch pathway components

To address the functional implications of the physical interaction
between the Chip and Notch proteins, we tested whether mutations in
Chip and Notch pathway components display genetic interactions in
transheterozygous combinations. We used two independent loss-of-
function Chip alleles: Chip®>> and Chip®®>° [26]. Chip®>* is a null muta-
tion, which is basically a small deletion that shifts the reading frame,
while Chip®?3° [Df(2R)Chip®*3°] is a deficiency line that deletes Chip
[26,45]. Flies, heterozygous for either Chip®> or Chip¥*>°, have normal
wings (see ref. [26]; Fig. 2A-C). Female flies heterozygous for Notch
null allele, N°#°, have a weakly-penetrant wing-nicking phenotype
(Fig. 2D) and a transheterozygous combination of N°* and one of the
two Chip null alleles resulted in enhancement of wing nicking pheno-
type, indicating further reduction of the Notch function (Fig. 2E and
F). Female flies heterozygous for Notch hypomorphic allele, N"*3, do
not display any wing-nicking phenotype (Fig. 2G), whereas they display
wing margin defects (Fig. 2H and I) in transheterozygous combinations
with Chip alleles. Gain-of-function Notch allele, the Abruptex mutation
(NA*-16172) ‘which displays a shortened longitudinal vein V (L5), also ex-
hibited occasional wing nicking phenotype as well as L4 and L5 wing-
vein shortening in transheterozygous combination with Chip mutations
(Fig. 2]-L). The Notch ligand Delta (DI°T) heterozygotes display only
wing vein thickening phenotype; however, removing one copy of Chip
resulted in wing vein thickening as well as moderate wing notching in
the posterior side (Fig. 2M-0). The wing notching phenotype of the
dominant negative mutation of Serrate (Ser®®¢) was also severely en-
hanced by reducing the dose of Chip (Fig. 2P-R). Flies hemizygous for
dx, a cytoplasmic modulator of Notch activity, display distal wing vein
thickening with occasional wing notching (Fig. 2S) and this phenotype
was strongly enhanced by removing one copy of Chip (Fig. 2T and U).
Another dx allele, dx*V, also showed similar phenotype (Fig. 2V-X).
MamN and MamH are C-terminal truncations of transcriptional co-
activator Mastermind (Mam) gene [46]. C96-GAL4-driven expression of
dominant-negative, C-terminal Mam truncations in C96-GAL4, UAS-
MamN and C96-GAL4, UAS-MamH lines (C96-MamN and C96-
MamH) display fully penetrant wing-nicking phenotype [46,47]
(Fig. 2Y and B). Reducing the dose of Chip in C96-MamN/+ or C96-
MamH/+ individuals elicited enhanced wing notching phenotype
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(Fig. 2Z and A", and C and D). The wing notching phenotype of gain-of- 3.3. Chip mutant clones in the dorsal compartment of the wing discs express
function allele of suppressor of hairless, Su(H)™, was also enhanced by Notch and its targets, Wg and Cut, for inducing ectopic wing margin
removing a copy of Chip (Fig. 2E’-G"). Our study demonstrated that

Chip and Notch pathway components show very strong genetic To further investigate the molecular implications of Chip and Notch
interactions. interaction in vivo, we examined the effects of Chip loss-of-function on

Fig. 3. Loss of Chip function in the dorsal compartment of the wing discs results in ectopic expression of Notch and its targets and induces ectopic wing margins. (A-L) Chip loss-of-function
clones in the third instar larval wing imaginal discs: Chip mutant clones in the dorsal compartment only show ectopic expression of Notch (A-C), Wg (D-F and G-I), and Cut (J-L) (arrow-
heads). Note that Chip mutant clones, which did not respect the DV boundary (G-1), displaced Wg expressing DV stripe around the clone (arrow) and showed ectopic Wg expression only
in the dorsal compartment (arrowhead). Chip mutant clones in adult wings showed wing outgrowths and ectopic wing margins (M-N) (arrowheads). Images presented in C, F, I, and L are
merged images of those presented in A and B, D and E, G and H, and J and K, respectively. Scale bars for A-I, 50 um and J-L, 5 um.
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the endogenous Notch protein and its targets, Wg and Cut. We gen-
erated Chip loss-of-function clones in larval wing imaginal discs,
using a Chip®> null mutant [26] and the FLP/FRT system [48]. The
FLP activity, which is under the control of hsp70 promoter (hs-FLP),
was used to induce somatic recombination events in wing discs,
and the Chip mutant clones were identified by the absence of GFP
expression.

Chip®>> mutant somatic clones in the ventral compartment of the
wing discs showed no ectopic expression of Notch or its targets (Wg
and Cut). In contrast, Chip mutant clones located in the dorsal compart-
ment showed ectopic expression of Notch and its targets (Wg and Cut)
(Fig. 3A-L). Chip mutant clones, which did not respect the DV boundary,
also showed ectopic Wg expression only in the dorsal compartment and
they displaced the Wg expressing stripe around the clone (Fig. 3G-I).
Chip mutant clones in the dorsal compartment of the wing disc resulted
in wing outgrowth and ectopic wing margin formation (Fig. 3M and N).
Earlier, it was shown that Chip clones generated in the ventral compart-
ment of the wing disc had no effect, whereas clones in the dorsal com-
partment of the disc were associated with wing outgrowths and ectopic
wing margins [25]. It has also been reported that cells within Chip
mutant clones in the dorsal compartment of the wing disc change
their identity and become ventral cells, while normal cells, neighboring
these mutant clones, were induced to form the ectopic wing margin
[25]. In the present study, we clearly found that the border cells of
Chip mutant clones started expressing ectopically Notch and its

downstream targets (Wg and Cut), which is responsible for making
DV boundary adjoining the mutant clones and formation of the ectopic
wing margins (Fig. 3). These results strengthened the view that both
Notch and Chip play important roles in wing margin formation.

3.4. Overexpression of Chip causes similar phenotypes as Notch
loss-of-function in DV boundary of wing disc

To examine whether overexpression of Chip influences the expres-
sion of Notch and its targets (Wg and Cut) and consequently, wing
margin formation, we overexpressed Chip in different domains of
wing discs using the GAL4/UAS system [49]. Overexpression of Chip in
the posterior compartment of the wing discs using engrailed-GAL4
(en-GAL4) driver resulted in significant reduction of Wg and Cut expres-
sion along the DV boundary exclusively in en-GAL4 expressing posterior
compartment (Fig. 4A-H). As a consequence, a massive cut of the poste-
rior wing margin was clearly visible in adult wings (Fig. 4M). When we
expressed Chip using patched-GAL4 (ptc-GAL4) driver, we noticed com-
plete loss of Cut expression in patched domain of DV margin of wing
discs (Fig. 4N-Q); consequently, a nick in the adult wing margin, exactly
in the patched domain, became visible (Fig. 4R). Interestingly, Notch ex-
pression and its distribution remained unaffected in en-GAL4-driven
Chip overexpressing cells (Fig. 41-L). These observations suggest that al-
though Notch expression is normal in the DV margin in these wing
discs, it cannot be functional in this particular region due to the presence

UAS-HA-Chip/Ptc-GAL4

Fig. 4. Overexpression of Chip causing Notch loss-of-function phenotypes without altering the expression and distribution of Notch protein. Overexpression of Chip in the posterior com-
partment of wing discs with en-GAL4 driver (A-L) and in anterior-posterior compartment boundary of wing disc with ptc-GAL4 driver (N-Q). Note that overexpression of Chip using en-
GAL4 driver showed significant reduction in Wg (A-D) and Cut (E-H) expressions (shown by arrowheads); however, expression and distribution of Notch protein (I-L) remains unaltered
in the en-GAL4 expressing posterior compartment of the disc. Adult flies, in which Chip was overexpressed using en-GAL4 driver, also showed massive notching in the posterior wing mar-
gin (M). Similarly, ptc-GAL4-driven Chip overexpression showed complete loss of Cut expression in the patched domain of DV margin of wing imaginal discs (N-Q) (arrowhead). A nick in
the adult wing margin exactly in the patched domain was clearly visible (R). Images in D, H, L, and Q are merges of those in A-C, E-G, I-K, and N-P, respectively. Scale bars for A-L and N-Q,

50 pm.
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UAS-Notch-ICD/+;
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Fig. 5. Chip overexpression significantly rescues the phenotype caused by excess Notch activity in the wing margin. UAS-Notch-ICD (A-D), UAS-Chip-FL and UAS-Notch-ICD (E-H), UAS-
Chip-ADD, and UAS-Notch-ICD (I-L), UAS-Chip-ALID and UAS-Notch-ICD (M-P) transgenes were overexpressed under the control of C96-GAL4 driver, which is expressed in cells corre-
sponding to the DV boundary of the wing imaginal discs. Endogenous Cut levels were monitored with the Cut (2B10) antibody. Expression of Notch-ICD alone resulted in massive
wing margin defects (A), and Cut expressing domain was also broadened (B-D) (arrowhead). (E-H) Coexpression of both Chip full-length and Notch-ICD resulted in significant rescue
of wing margin defects (E), and Cut expression was also almost normal in DV boundary (F-H) (arrowhead), (I-L) Coexpression of Chip-ADD and Notch-ICD did not show any rescue
of wing margin defects (I), and Cut expression was also remain broadened in DV boundary (J-L) (arrowhead), (M-P) coexpression of Chip-ALID and Notch-ICD led to significant rescue
of wing margin defects (M), and Cut expression was also almost normal in DV boundary (N-P) (arrowhead). Images presented in D, H, L, and P are merges of those in Band C, Fand G, J and

K, and N and O, respectively. Scale bars, 10 um (B-D, F-H, J-L, N-P).

of an excess amount of Chip. Thus, it is evident that the relative amounts
of Notch and Chip are critical for normal DV margin formation. Here, we
should mention that these results do not rule out the possibility of the
involvement of excess Chip on altering Ap activity and consequently
reducing the expression of Notch ligand Serrate, which resulted in loss
of Notch activity.

ap-GAL4/UAS-HA-Chip

3.5. Chip overexpression significantly rescues the phenotypes caused by
excess Notch

We noticed that overexpression of Chip can rescue the phenotype

caused by excess Notch activity in the wing margin (Fig. 5). As Notch
binds to dimerization domain of Chip, we also examined which domain

4 =

ap-GAL4/+; UAS-Notch-ICD  ap-GAL4/UAS-HA-Chip;

UAS-Notch-ICD/~+

Fig. 6. Phenotypes caused by excess Notch activity in wing imaginal discs can significantly be rescued by simultaneous overexpression of Chip. Wing imaginal discs, where UAS-HA-Chip
(A), UAS-Notch-ICD (B), and both UAS-HA-Chip and UAS-Notch-ICD (C) were overexpressed by ap-GAL4, showed notably reduced size of tumorous wing disc in which both Notch-ICD and
Chip were overexpressed (C), compared to only Notch-ICD overexpressing wing disc (B). Scale bars for A, B, and C, 100 um.
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of Chip can rescue the Notch gain-of-function phenotype in wing discs.
We simultaneously overexpressed full-length Chip or Chip-ADD, or
Chip-ALID along with Notch-ICD in the presumptive wing margin
using a wing margin-specific GAL4 line, C96-GAL4. Full-length Chip
and Chip-ALID significantly rescued the wing margin defects caused by
overexpression of Notch-ICD, whereas Chip-ADD could not rescue this
phenotype (Fig. 5A, E, I, M). Similarly, we noticed that overexpression
of full-length Chip or Chip-ALID with Notch-ICD in the DV boundary
area, using C96-GAL4 driver, restored the almost normal Cut expression,
which was found to be significantly broadened in C96-GAL4 expressing
domain in the DV boundary of wing discs from individuals overexpress-
ing only Notch-ICD (Fig. 5B-D, F-H, N-P). However, Cut expression was
not reinstated when Notch-ICD and Chip-ADD were overexpressed si-
multaneously (Fig. 5]-L).

Earlier, it had been shown that overexpression of the activated form
of Notch in wing discs resulted in the hyperproliferation of the disc [50].
We have also observed that overexpression of Notch-ICD using ap-GAL4

ey-GAL4/+;
UAS-Notch-ICD/+ ey-GAL4/UAS-HA-Chip

ey-GAL4/UAS-HA-Chip;
UAS-Notch-ICD/+

Elav

5000

4000

3000

Number of Cells

1000

ey-GAL4/+;
UAS-Notch-ICD/+

ey-GAL4/UAS-HA-Chip;
UAS-Notch-ICD/+

ey-GAL4/+

driver exhibited tumorous phenotype of the wing discs (Fig. 6A and B)
and this phenotype was reduced by simultaneous overexpression of
Chip (Fig. 6C). Similarly, the eye disc, where both Notch-ICD and Chip
were co-overexpressed, showed reduced size as well as less disorga-
nized and fused ommatidia compared to only Notch-ICD overexpressing
in eye discs (Fig. 7A-0). Moreover, each eye disc, where both Notch-ICD
and Chip were co-overexpressed, contained a fewer number of cells
compared to the disc in which only Notch-ICD was overexpressed
(Fig. 7P). In order to determine the level of expression of a few Notch
target genes, such as deadpan, dMyc, string/cdc25 and tumor suppressor
gene p53 in only Notch-ICD or both Notch-ICD and Chip expressing eye
discs, quantitative real-time PCR was carried out and we found that ex-
pression levels of p53 and dMyc were upregulated, while that of deadpan
and string/cdc25 were downregulated in both Notch-ICD and Chip ex-
pressing discs compared to only Notch-ICD expressing discs (Fig. 7Q).
While examining the only Notch-ICD or both Notch-ICD and Chip
overexpressing eye discs using anti-phospho-Histone H3 (PH3)

m P53
u dMyc
u stg

Fold Change

02 u dpn

-0.4

0.6 -

-0.8

Fig. 7. Phenotypes caused by excess Notch activity can significantly be rescued by simultaneous overexpression of Chip. Eye-antennal discs in which UAS-HA-Chip (A-D), UAS-Notch-ICD
(F-I), and both UAS-HA-Chip and UAS-Notch-ICD (K-N) were overexpressed using ey-GAL4 driver showing Elav expression. Note that Elav staining of ey-GAL4-driven larval eye discs hav-
ing co-overexpression of Notch-ICD and Chip (K-N) showed reduced defects in ommatidial spacing and fusion compared to only Notch-ICD overexpressing discs (F-I). Images presented in
C, H, and M are merged images of those presented in A and B, F and G, and K and L, respectively. Images presented in D, I, and N are high-magnification images of Elav expressing cells
shown in B, G, and L, respectively. Scale bars for A-C, F-H, and K-M, 50 pm and for D, [, and N, 5 pm. (E, J, and O) Nail polish imprints of adult eyes of genotypes as in A-D, F-I, and K-
N, respectively. Note the co-expression of Notch-ICD and Chip showed a considerable rescue of the adult eyes phenotype with normal sized and less fused ommatidia (O) compared to
only Notch-ICD overexpressing eye (J). (P) Histograms show mean number of cells in one eye disc of different genotypes: ey-GAL4/+ (grey), ey-GAL4/+; UAS-Notch-ICD/+ (pink), and
ey-GAL4/UAS-HA-Chip; UAS-Notch-ICD/+ (blue). Note that eye disc, in which both Notch-ICD and Chip (blue) were co-overexpressed, contains a fewer number of cells compared to the
disc in which only Notch-ICD (pink) was overexpressed. (Q) Fold change in expression levels of the indicated genes between Notch-ICD and Chip overexpressing eye discs and only
Notch-ICD expressing eye discs using ey-GAL4 driver as determined by quantitative real-time PCR. Error bars indicate standard error of the mean of three replicates.
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antibody, we found that the number of mitotic cells expressing
phospho-Histone H3 is more in Notch-ICD overexpressing disc, and
the disc, where both Notch-ICD and Chip were overexpressed, showed
a fewer number of mitotic cells, which is comparable to wild-type
(see supplementary Fig. 1). Phalloidin staining clearly showed that F-
actin was disorganized in only Notch-ICD overexpressing eye disc,
whereas F-actin organization was comparable to wild-type in the eye
disc from both Notch-ICD and Chip overexpressing individuals (see sup-
plementary Fig. 1). These results revealed that phenotypes caused by
Notch overexpression are sensitive to the dosage of Chip.

4. Discussion
4.1. Chip is a novel interacting partner of Notch

Genetic and molecular analyses revealed that Notch signaling plays
major role in the establishment of distinct developmental cell lineages.
Its role in Drosophila wing margin formation has been evident since the
time of first identification of Notch mutant. Here, we report the physical
interaction between Notch and cofactor Chip proteins. In addition, Chip
and Notch showed strong genetic interactions. It is worth mentioning
that Notch and Chip share many common features: (i) mutations in
both Notch and Chip are haploinsufficient, (ii) Notch-ICD and Chip con-
tain nuclear localization signals and they are localized in the nucleus,
(iii) both Notch-ICD and Chip act as cofactors for transcription, and
(iv) Notch and Chip functions are highly dosage sensitive. To the best
of our knowledge, the present study demonstrated for the first time
that Notch-ICD and Chip proteins directly bind and confirm a functional
relationship between Notch and Chip, consistent with their molecular
interactions.

4.2. Correct amount of Chip is required for normal function of Notch at
the DV boundary for wing margin formation, and Notch function in DV
boundary is presumably mediated by the Notch-Chip heterodimer

Different models have been proposed to explain the establishment
of affinity difference of dorsal and ventral cells in the DV boundary
and its maintenance. One model proposes that in addition to its role in
Notch signaling, Fringe can generate an affinity difference between dor-
sal and ventral cells in DV boundary in a Notch-independent manner
[51,52]. Another model suggests that Notch activity is sufficient to
establish an affinity difference between dorsal and ventral cells in DV

Dorsal compartment

i I => Wg, Cut
Chip

Dorso-ventral boundary

Fig. 8. A model for Notch-Chip function in DV boundary of wing disc. As shown earlier,
two Ap molecules and two Chip molecules form a functional tetrameric complex in the
dorsal compartment of wing disc (see refs. [25,27,28,30]). Here, we show that in the DV
boundary, a Notch-Chip dimer may be the functional complex for executing the Notch
function through expression of downstream target genes such as Wg and Cut.

boundary [22,53]. The third model proposes that Ap controls the ex-
pression of surface proteins in dorsal and ventral cells, and these surface
proteins form complexes with activated Notch that results in dorsal or
ventral affinity state [39]. According to this model, the role of Ap is in-
structive, and Notch activity is essential but permissive [39]. Although
all these models explain whether Notch activity can generate a dorsal
or ventral affinity state on its own, there is no question about the essen-
tial role of Notch activity in the maintenance of DV boundary, resulting
in wing margin formation.

We found that overexpression of Chip in different domains of the
wing disc resulted in loss of Notch activity in DV boundary area, as
evident by significant reductions or complete loss of Wg or Cut expres-
sion without affecting the expression and distribution of Notch protein
in the DV boundary area and, consequently, the wing margin loss in
adult wing. Probably, overexpression of Chip facilitates dimerization of
Chip molecules and it limits heterodimer formation with endogenous
Notch molecules, which ultimately leads to this kind of DV boundary
defect phenotype. Moreover, overexpression of Chip in the DV
boundary can rescue the wing margin loss phenotype caused by
overexpression of activated Notch in this domain. Simultaneous co-
overexpression of Notch-ICD and Chip may result in Notch-Chip het-
erodimer formation, which presumably restores the normal DV bound-
ary area leading to normal wing margin formation. Taken together, our
findings are consistent with the hypothesis that the relative amounts of
Notch and Chip are important for DV boundary formation in the wing
disc.

A dimer of Chip bridges two Ap molecules to form an active tetra-
meric complex in vivo [27,28,30]. This complex binds with DNA through
the homeodomain of Ap to turn on the Ap target genes required for dor-
sal compartmentalization of the wing disc. In the present study, we de-
termined that Notch directly interacts with the dimerization domain of
Chip. It is intriguing to speculate that Notch function in the DV boundary
area is mediated by the Notch-Chip heterodimer. Our results showed
that only full-length Chip or Chip-ALID but not the Chip-ADD expression
were able to rescue the wing margin phenotype generated by overex-
pression of Notch-ICD. These results support the idea that Notch func-
tion in the DV boundary area is presumably dependent on Notch-Chip
heterodimer formation (Fig. 8). Our analysis neither excluded the possi-
bility that additional proteins might also take part along with this
Notch-Chip heterodimer for executing the Notch function in the DV
boundary nor did it address whether Notch and Ap compete for binding
to their common cofactor Chip in the DV boundary region.

It has previously been shown that the GATA factor Pannier binds to
Chip monomer, and Chip acts as a bridge between Achaete/Scute-
Daughterless heterodimer bound to the E boxes of Achaete promoter
and Pannier bound to the GATA sites of dorso-central (DC) enhancer
to allow enhancer-promoter interactions, resulting in the activation of
proneural genes [54,55]. A dimer of Chip binds two Ap molecules to
form an active tetrameric complex for its function; here, these data
showed that proteins such as Pannier could interact with Chip
monomer.

4.3. Chip overexpression can suppress Notch-induced cell proliferation

In addition to its combinatorial role with Notch in DV boundary
formation, overexpression of Chip can also rescue Notch-induced cell
proliferation in wing imaginal discs. The tumorous wing discs, caused
by overexpression of activated form of Notch, were found to attain sig-
nificantly reduced size when Chip was also present in excess. We found
that the expression levels of p53 and dMyc were upregulated, while that
of deadpan and string/cdc25 were downregulated in both Notch-ICD and
Chip expressing discs compared to Notch-ICD expressing discs only.
These differential expressions of cell cycle regulators may play some
role in reducing the size of the disc, where both Notch-ICD and Chip
are co-overexpressed. Although our analysis could not provide the
exact mechanism by which excess Chip can rescue the proliferative
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effects of Notch-ICD overexpression, we presume that excess Chip
would probably lead to the titration of overexpressed Notch-ICD,
inhibiting the effects of Notch signals on cell proliferation.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbagen.2014.12.026.
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