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ABSTRACT

The role of thédrosophila melanogaster gene glial cells missing (gcm) is that of a
binary switch in both the central nervous systemMd${and the peripheral nervous system (PNS)
in specification of the glial fate for multipoteptecursor cells. However, Gecm is also essential
for maturation of hematocytes and tendon cellsf¢rido and Jones, 2002; Jones, et al., 1995;
Hosoya et al., 1995; Soustell et al., 2004). Wreed outcomes ajcm expression imply the
interaction of co-factors capable of giving then@gprotein different “meanings” in different
developmental contexts. The Gcm tanggpb is expressed exclusively in glial cells and its
protein is essential for differentiation and migratof glia (Yausa et al., 2003; Lee and Jones,
2005). Defining the transcriptional role of Repm ¢e of significance in understanding glial
specific gene expression. Systematic analysisexfepo cis-regulatory DNA indicate that a 98
base-pair region recapitulates endogeneps expression with only a single Gem binding site
(Lee and Jones, 2005; Johnson et al. , 2011)s 9hbp Epi Repressor fragment was used as
“bait” in a Double Interaction yeast screen to iifgncollaborating factors of Gem. Fusion
proteins recovered in the screen inclgdm, groucho, and three proteins annotated to trichogen
cell phenotypes that may function in macrochaeteldpment. Three confirmed positives may
be related to chromatin remodeling: the co-remmegoucho, Rm62, and histone4R. CG6770

and Groucho, were selected for further study arbeedin vivo interactions witlgcm.
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INTRODUCTION

Theglial cells missing (gcm) gene has been described as a genetic switcle in th
development of th®rosophila central nervous system. Its transient expressionrols
initiation of glial cell determination in multipaté progenitor cells derived from neuroectoderm
(Hosoya et al., 1995; Jones et al., 1995; Vinceat.e1996). Ectopic expression of Gecm
protein results in transformation of presumptivenoas into glial cells whereggem mutant
embryos lack lateral glia (Hosoya et al., 1995;e30et al., 1995; Vincent et al., 1996). The
midline glia originate from the mesectoderm andraregcm-dependent. However, lateral glia
are derived from the neurogenic ectoderm and lagpergpheral ectoderm, amggm is required
for their cell-fate determination (Bossing et 4B96; Goodman and Doe, 1993; Jan and Jan,
1993; Schmid et al., 1999). Lateral glia enshéathongitudinal axons, surround the nerve cell
bodies within the cortex, surround the ventraveeasord, and give rise to the peripheral glia
that ensheath the axons of motor and sensory nfreesand Jones, 2005). The glial cells are
important in establishing the cellular specificasand connectivity essential for development of

a functional central nervous system (Jones, 2001).

In the peripheral nervous system (PN&nis expressed in the cells of gliogenic sensory
organs (Van De Bor et al, 2002). Nongliogenic sensogans contain two neurons and no glia.
As in the process of delamination of neural premuceglls of the CNS, in the PNS the expression

of proneural genes results in neural competengeaups of cells called proneural clusters.



Proteins of the Notch pathway regulate cell commation within the proneural clusters by
lateral inhibition so that only one of the cellxbmes a sensory organ precursor (SOP) (Doe and
Goodman, 1985; Cubas, et al., 1991; Heitzler antpSon, 1991; Brand et al, 1993; Skeath and
Carroll, 1993; Jan and Jan, 1998). The pronayaaés of the Achaete-Scute Complex (AS-C)
are co-activated by site-specific gene productshilmal to enhancer sequences located several
kilobases away, and their regulation has been deresl the basis of the bristle pattern of the
notum (Campuzano et al., 1985; Ruiz-Gomez and Malldl987; Romani et al. 1989;

Rodriguez et al., 1990; Cubas et al., 1991; GonlerfBeta et al., 1995)achaete andscute (ac
andsc) expression in individual proneural clusters comfeeural competence and, in
combinatorial control with the products of severtiler genes, is thought to create a “prepattern”
of regulator domains. Howevgrannier encodes a GATA transcription factor with two isohs
that regulate expression wingless and achaete-scute during development of the imaginal disc
(Calleja et al., 2002; Fromental-Ramain et alQ&@Meitzler et al., 1996; Modolell and
Campuzano, 1998). Pannier is a direct proneutalador ofac/sc; Pannier binds to the
dorsocentral enhancers located 4 kb upstreasws ahd 30kb upstream e€. Heterodimers of

Ac and Sc with the protein Daughterless also sasvpositive regulators of AS-C transcription
while heterodimers of Ac and Sc with Extramacrothaee negative regulators of AS-C
expression. Recent results suggest that a “mosaianscription factors” function not only in
prepatterning of the notum, but in regulation dfestfeatures such as muscle attachment and

pigmentation (Calleja et al., 2002).

The sensory organ precursor (SOP) of each praheluster undergoes an asymmetric
mitotic division to produce cells plla and plib, iwh then divide asymmetrically again to

produce four daughter cells: the trichogen, toremaeuron and thecogen cells. The trichogen



cell gives rise to the shaft of the mechanorecegmarthe tormogen produces the socket from
which it extends. In gliogenic sensory organs,rtéeron and thecogen develop the neuron and
its glial sheath (Furman and Bukharina, 201dgm expression is required for differentiation of
the glial cells (Jones, B. W., 2001; Van De Boalet2002). The asymmetric mitotic divisions
of SOP cells are influenced by asymmetry of disttitm of the Numb and Neutralized proteins
as well as by products of those genes involvedlarjzation of the cell in two separate phases,
and by genes such pisis that establish specific orientation of the mitapmindle (Furman and
Bukharina, 2011). Additionally a group of seleag@nes (includingramtrack, prospero, and

cut) regulate further specialization of the cells tesg from these divisions (Furman and
Bukharina, 2011). Essentially the daughter e®tis from asymmetric cell division being
different from each other and from the parent SO©®eir ability to further differentiate and give
rise to the sensory organs of the peripheral nerggatem oDrosophila known as
macrochaetae, or bristles (Furman and Bukharinkl ;2Renaud et al., 2002; Van De Bor et al.,
2002). The number of the macrochaetae and plosition on the thorax is so rigidly
determined that they are used as a means of atassih of Drosophila species.Drosophila
melanogaster has eleven (11) pairs of macrochaetae (FurmarBakdarina, 2002). Temporal
misexpression ajcm induces proneural gene expression and resultgi@rsumerary bristles on
the notum and scutellum of adult flies (Van De Bbal., 2002). The supernumerary bristles are
associated with the mutatidtolythryx (Pyx), which induces early expressiongein resulting in
AS-C expression (Van De Bor et al., 2002). Oxpression ofjcm by means of an expression
vector has also been observed to produce the superary bristle phenotype (Jones, B. W.,
unpublished data). Althougitm regulates development of lateral glial cellPirosophila

embryogenesis and is required for developmenteftial cells of the PNS, this transcription



factor is also expressed in the type of larval heytes called plasmatocytes and is required for
their maturation into phagocytic macrophages. @caxpressed in tendon cells, and is required
for their development (Alfonso and Jones, 2002g3pet al., 1995; Hosoya et al., 1995; Soustell
et al., 2004). Gem and its homolog Gem2 have Iskemwn to function redundantly in
differentiation of plasmatocytes (Alfonso and Jqr&02). In the postembryonic CNBm s
expressed in both glial cells and one neuronaldineells of the optic lobe lamina (Soustelle and
Giangrande, 2007). The early and transient esggwa ofgcm in its role in glial differentiation
and its expression in other cell lines with diff@rdevelopmental objectives indicate that there

must be cofactors that interact with it in bringigout such context dependent outcomes.

Three of the genes that have been identifiedr@ets of Gecm are the transcription
factorsreversed polarity (repo), tramtrack isoform 69 (ttk69)) andpointed p1 (pntpl) (Lee and
Jones, 2005).gcm expression promotes glial differentiation throuigteraction of Repo and
Pointed, and, via expressiontodmtrack, neuronal characteristics are simultaneously reptess
(Lee and Jones, 2005; Yausa et al., 2003; Geisaln, 4997). Essentially, the three act
cooperatively to regulate expression of glial-spiegienes irDrosophila by two different
pathways (Geisen et al., 1997). The simultaneoppregsion of neuronal differentiation and
induction of gliogenesis occurs despite differeniogse origin of progenitor cells of the CNS
that generate glia and the sensory organ precus$tine PNS that produce neurons and glia
(Jones et al, 2004). The homeodomain protein Repdeen shown to be essential for
promoting glial differentiation; it has also bedrwn to act in cooperation with TTK69 to
suppress neuronal development (Yausa et al., 200@)e protein Loco is required for
morphogenesis of glial cells, and Repo and Poiategynergistically to regulate expression of

loco (Yausa et a] 2003)



Becauseepo is expressed exclusively in all lateral glial sedhd its protein is essential
for appropriate differentiation and migration ofegldefining its transcriptional role can be of
significance in understanding glial specific gerpression.repo is not expressed in either
hemocytes or tendon cells although both are Gentiyp@ssuggesting that other collaborating
factors are important in regulatingpo expression. The cis-regulatory regiorrgfo contains
multiple Gem binding sites (Figure 1). The systamanalysis of these regulatory DNA
elements has identified a 98 base pair (bp) epiderepressor element (Epi Repressor)
sufficient for driving glial expression oflacZ reporter while simultaneously repressing

epidermal expression (Lee and Jones, 2004; Johetsan 2012).
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Figure 1. Diagram of cis-regulatory DNA adpo. The proposed location of the 98 bp epidermalaggor element
is within the region of cis-regulatory elementstupsm of theepo gene. Gem binding sites are designated by
orange ovals; three DNA regions conferring spe@fpression activities are represented by barsibttle map.
Restriction enzyme sites: Sa, Sall; Sc, ScalXbgl; E, EcoRlI; B., BamHI; S., Spel. The repressagment
contains one Gem binding site and is capable afpigalation of the repo expression pattern Drasophila line
carrying alacZ reporter construct. Adapted from Johnson, R., 8lydg and Jones, B. 2011. Reproduced by
permission of the authors.



In an effort to identify molecules that servecasfactors with Gem in regulating
expression ofepo, a Double Interaction Yeast Screen (Yu et al.,.9)9¢as performed using the
98 bp Epi Repressor sequence as “bait”. Beceapeeis not expressed in Gecm-positive
hemocytes or tendon cells, collaborating factotggavith Gem in this context afford an

opportunity to study Gem control of its target gene

The Double Interaction Screen is an adaptatica arfe-hybrid yeast screen for
identifying protein-DNA interactions. Tandem refseaf the target/bait DNA were cloned into a
pAbAI vector which was then integrated into thestegenome upstream of a reporter gene by
homologous recombination (Clontech 2009). TAugeobasidin A resistance reporter gene
(AbAI) carried by th@AbAi vector confers the ability to grow in the preseatthe antibiotic
Aureobasidin A. ADrosophila cDNA library of Gal4T7 plasmids was constructedha yeast
reporter strain (Y1HGoldbAi) by homologous recombination. Proteins exprefsed the
Drosophila library are expressed as fusions to the yeast &aldation domain. (Gal4AD prey
proteins). When a fusion protein binds to the the¢quence its Gal4 activation domain drives
expression of th&bAi reporter gene ( Clontech, 2009), conferring thiétalo grow on the

selective media containing Aureobasidin A.

A yeast expression vector carrying goen gene was then introduced by transformation
into the Y1HGoIldADbAI yeast reporter strain, adding a second dimensitimetgcreen. Proteins
interacting with Gecm as co-factors or binding partnshould also be identified by their
interaction in the reporter system (Figure 4) all aethose transcriptional regulators capable of
binding to the “bait” DNA individually (Yu et al1999). This Double Interaction Screen which
included thegcm expression vector pGADB¢m was performed simultaneously with a classic

yeast one-hybrid screen (Figure 5).



2. EXPERIMENTAL PROCEDURES

2.1 Yeast Plasmid Construction

The Matchmaker Gold One Hybrid Yeast kit (Clontecit., 2009) was used for the
modified one-hybrid screen. Materials providedude (A) the plasmid pABAi for insertion of
the bait construct and its integration into thesyegenome; (B) the p53AbAi plasmid for
constructing the positive control; (C) the pGADT@dedmbinase plasmid for generating the
library of prey plasmids; and (D) the p53 plasmidiair serves as a positive control during

transformation.

The two copies of the 98 base pair fragmemiepb cis-regulatory DNA referred to as the
epidermal repressor (cgaatcctctccctcggctgcagiagiccagacccacataattggcacat
tggctaatgcaaaatactgtctgattattcacacgcaacgag) wateesized as an oligonucleotide by
Integrated DNA Technologies, Inc. and inserted piasPeR between Notl and BamHL1 sites in
the multiple cloning sites.  For the bait in beuble Interaction Screen, a set of four tandem
repeats was constructed by excising two copies filasmid pCasPeR- 98X2 (containing two
tandem copies of the 98 bp fragment). The ré&in@nzyme Notl was used to linearize the
CasPeR 98 X 2 plasmid. Klenow was used to blunbtrerhanging ends of that restriction, then
Xhol was used to restrict the other end of the 9&&gment. The same pCasPer-98X2 plasmid
was restricted with BamHI, the overhanging endstad with Klenow, and PCI extracted. The
linearized plasmid was then restricted with Xhotteate compatible ends for directional

cloning and again was PCI extracted. With direclarioning the two-copy fragment was



inserted into the prepared vector using 40ng veaot@00ng insert in a reaction with T4 DNA
ligase. The new construct carrying four copiethef98 bp fragment was transformed iBto
coli DH5 alpha (Invitrogen, Inc.) and the presenceheffour copies was confirmed by gel
analysis. CasPer-98X4 DNA was isolated and the timolem copies were harvested. The
fragment containing four tandem copies of the 98bgregulatory DNA was excised from
CasPer using EcoR1, blunted with Klenow, extrabigg@henol chloroform isopropyl alcohol
(PCI), and restricted a second time with Xhol. PpAdAI vector was also digested with ECoR1,
treated with Klenow, and digested with Xhol. Tha&giment containing four tandem copies of
the Epi Repressor “bait” was transformed into pAbAhe pBaitAbAi plasmid was digested
with Bbsl to linearize it and transformed into Y1HI@ yeast. Introduction gfAbAi into the
yeast genome repaired the transposon-induced timnup the yeastura 3-52 gene by
homologous recombination with the wild typea-3 gene carried in theAbAi plasmid the so
that yeast cells transformed with pAbAi-bait halie tapacity to synthesize uracil. The
transformation was plated on synthetic dropout meeificient for uracil (SD-ura) to select for
the transforme@AbAi-98X4 yeast line. Colony transformation was verifiesing the PCR
Insert Check Kit (Clontech, Inc., 2009) and corietgégration into the yeast genome was

confirmed.

Thep53AbAiI plasmid was linearized with BstB1 and transfornméd Y1H Gold. This
plasmid provides a positive control “bait” sequefmeinteraction with the p53 plasmid as well
as compatible ends in the Ura-3 gene for homologetsmbination with the Y1H Gold genome
so that the bait-carrying DNA enables the conira to synthesize uracil. The Y1HGold yeast
was transformed withp53AbAi to produce a positive control line, MatchmagB8AbAi, and

was plated on SD-Ura to select for yeast colonaesymg the positive control “bait”.



Using Drosophila melanogaster 8-12 hour mRNA (provided by B. Jones) as the
template molecules, cDNAs with SMART end sequenoa® produced by PCR following the
protocol of Clontech, Inc. Briefly, for synthesiscDNA from the mRNAMoloney Murine
Leukemia Virus reverse transcriptase (MMLVRT) arglyatem with a switching mechanism at
the 5’end of RNA transcripts (SMART technology) wesed (Clontech, Inc., 2009). In a
reaction with CDSIII/6 random primers, the mRNAréby, MMLYV reverse transcriptase, and
10mM deoxynucleotide triphosphate (ANTP) mix, single strand cDNAs wgeaerated with a
CCC sequence added by the transcriptase to thed3feeach transcript. The reaction was
treated withRNaseH to remove the mRNA. The single stranded cDNAs witiform end
sequences were then amplified by PCR using Adwggn? PCR Kit (Clontech, Inc., 2009) and
the double stranded cDNA products of the reactierewpurified by ChromaSpin-400 column
(Clontech, Inc., 2009). The ends of the doubiansted cDNA fragments were then consistent
and homologous to the cloning sites in the pGADEtdnbinase vector. When the library of
double-stranded cDNAs were co-transformed intoctimapetent cells of the yeast line pAbAi-
98X4 along with the pGADT7-Recombinase vector,dB&lA library fragments were
homologously recombined into the linearized veatesulting in a library of pGADT7

expression vectors.
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Figure 2. Yeast screen plasmids. Plasmid vefbtoiigisertion of bait fragment into yeast genome(A)

- P53ADbAI for positive control (B); and PGADT7-Recoiméise for construction of Drosophila cDNA plasmid
Clontech, Inc2009

" library (C).

The cDNA for theDrosophila genegcm was excised from 8uggeml plasmid DNA
(Jones et al., 1995) by restriction with Xbal, treant with Klenow to blunt the overhanging
ends, PCI extraction, and a second restrictioh ®@lal. The insert was harvested by gel
extraction. Five ug of p414GPD DNA was restrictégth Xhol and treated with the Klenow

fragment to blunt the overhanging ends. PCI extvaavas followed by a second restriction with

Clal. The linearized plasmid was dephosphorylatgd CIP and PCI extracted. The fragment
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containinggcmwas directionally cloned into yeastpression vector p414GPD (Figur). After
the ligation reaction the plasmid DNA was transfedintoE. coli and plated oilluria-bertani
media with ampicillin (LB amp) Insertion and proper orientation of the gene eadirmed by
restriction analysis and by sequenciMacrogen USA). The p414GP@em expression vectc
was then transformed into the Y1HMatchmaker Golaksyédine (Y1H Gold)carrying the 98X«
“pbait” construct in its genome. Y1Gold is auxotrophic for tryptophan. The p414C-gcm
plasmid confers the ability to synthesize tryptaphso that the yeast line was plated on syntl
dropout media deficient for uracind tryptophan to maintain selective pressure oh b
plasmid and the bait insert in the genomic DNAtanSard molecular biology methods w

used for all procedures (Maniatis et al. 19

N

\APE i p=XN0 1

7 sail

I Cial
§ Hina 111

Pk

SIC

CENO/ARSHS
nd41Xnrom

Figure 3. Yeast expressionator p414GPD (Mumberg, D. et al. 19¢Gene 156, 119-122)

*|t was determined by sequencing that the restricites Pstl, ECORI and ECORV are in reverse dxlére
published image.

2.2 Yeast Screen

Saccharomyces cerevisiae Y1H Gold was grown on media made from yeast ext
peptone, dextrose, and agar and supplemented @ithl df a 0.2% adenine hemisulfate solut
per liter of medium. For the yeast screens cheiyidafined synthetic dropo (SD) media were

made by addition of specific amino acids to a & base without amino acids. 250ng

11



Aureobasidin A was added to the media for the sizradter a titration procedure to establish the
minimum concentration necessary for suppressig@ra#th of the yeast containing the “bait”.
The appropriate amino acids were added for seledtiohe particular yeast line. 10X dropout

supplements were made for SD-Uracil, SD-leucind, @D-tryptophan as shown in Table 1.

Nutrient 10X Concentration

L-Adenine hemisulfate 200 mg/L
L-Arginine HCI 200 mg/L
L-Histidine HCI monohydrate 200 mg/L
L-isoleucine 300 mg/L
L-Leucine 1000 mg/L
L-Lysine HCI 300 mg/L
L-Methionine 200 mg/L
L-Phenylalanine 500 mg/L
L-Threonine 2000 mg/L
L-Tryptophan 200 mg/L
L-Tyrosine 300 mg/L
L-Uracil 200 mg/L
L-Valine 1500 mg/L

Table I. 10X dropout media. For selective mediacil was omitted for culture of pAbAi-98X4 yeast
(“bait”) and positive control line p53AbAi. Leucingas omitted for SD-leucine for the yeast screen.
Both leucine and tryptophan were omitted to makelL8D-Trp for the Double Interaction Yeast
Screen.

12



All Synthetic Dropout media were adjusted to a g3.8 and supplemented with sterile
glucose to 2%. YPD agar and Synthetic Dropout pgdes were made by the addition of 20g

agar/L of media.

The gene foAureobasidin A resistance (AUR1-C) is the reporter on the bait vector,
pAbAi. The minimal inhibitory concentration ofufeobasidin A was determined for the bait
strain by selecting healthy colonies from freshigvgn plates of the pBait-AbAi yeast line and
re-suspending them in sterile 0.9% saline. Theeomation of cells was adjusted to an optical
density of 0.002 at 600nm (Qg§), yielding a cell density of approximately 20€€lls/ul. One
hundred microliters of this suspension was thetegdlan Synthetic Dropout media deficient for
Uracil (SD-Ura) with varying concentrations of thetibiotic. The series of SD-Ura media
included SD-Ura; SD-Ura + 100 ng/ml Aureobasidin @D-Ura + 150ng/ml Aureobasidin A;
SD-Ura + 200 ng/ml Aureobasidin A; and SD-Ura + @&nl Aureobasidin A. 150ng/ml
Aureobasidin A was adequate to suppress growtheopBait-AbAi strain when the cells were
diluted to 2000/ul. However, for screening thedily of cONAs the Aureobasidin A
concentration was increased to 250ng/ml so thakweaitives and background interactions
from the presence of the plasmid expresgitrg in the Double Interaction portion of the screen

were adequately suppressed.

YPD liquid media was used for growing fresh Ydéld colonies to log-phase (@8
between 0.4 and 0.6) to make competent cells fatlsvale transformation reactions of the
pADbAI bait plasmid and the p53AbAi positive contpdhsmid into the yeast and integration of
those constructs into the yeast genome. One MP&f was inoculated with a large colony of
Y1Hgold from fresh plates of growth. The cells @véispersed by vortexing and the inoculum

was transferred into 50 ml of YPD for incubatiorB8&tC for 16-18 hours with shaking at 250

13



rpm. 30 ml of the stationary phase culture wasstierred to 300 ml of YPD and incubated at
30°C for 3 hours with shaking or until the OD600 reeatid.4-0.6. Cells were centrifuged at
1000 x g for 5 minutes, washed in sterile distileater and re-suspended in 1.5 ml of sterile 1X

lithium acetate (LiAc). The competent cells weeddhon ice.

For the transformation reactions, 0.1 ug of plasBINA and 0.1 mg of carrier DNA
were combined in a 1.5 ml tube. 0.1 ml of yeastgetent cells was added to each tube and
mixed by vortexing. 0.6ml of sterile polyethylengapl (PEG)/lithium acetate (LiAc) solution
was added and the mixture was vortexed. The wamsttion mixture was incubated for 30
minutes at 3C with shaking. 70 ul of dimethyl sulfoxide (DMS@yas added and the reaction
was mixed by inversion. The transformation mixtwaes then heat shocked for 15 minutes at
42°C after which the cells were placed on ice for Autés. The treated cells were centrifuged at
14,000 rpm for 5 seconds, the supernatant remavedhe cells re-suspended in sterile 1X TE.
100 ul of the transformed were plated on SD-ura plgdes. Dilutions of 1:10, 1:100, and
1:1000 of the transformation were made and platesetective media for evaluation of

transformation efficiency.

For transformation of the cDNA library plasmidentpetent yeast cells were prepared of
both the pAbAi-98X4 yeast line and the pAbAI-98X#DB-gcm yeast line. For each, fresh
colonies were vortexed into 5ml of sterile SD ldjomedia and then used to inoculate 300 ml of
the appropriate SD dropout media. For the pAbA®&Ke SD-ura liquid media was used to
grow the culture. For the Double Interaction Saore&D-ura-trp liquid media was used for
incubation of the pAbAi-98X4/GPIgem yeast line. Competent cells were harvested when t
cultures reached Qf of 0.4-0.6. Growth rate of the pAbAi-98X4/GRj2m yeast was up to

three hours slower than the yeast growing in SDentg. However, co-transformation of the
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p414 GPDgcm plasmid along with the library of plasmids redutesshsformation efficiency by
an order of magnitude, so the Y1Hgold yeast limb&ang both the 98X4 bait and the GPD-
gcm expression vector was maintained and transforrapdrately with the cDNA library
plasmids. Competent cells of both yeast linesewashed and re-suspended in lithium acetate

(1X LiAc).

For library scale transformations of the yeast petant cells, 20 ul of SMART-amplified
cDNA, 6 ul of Smal linearized pGADT7-Recombinasasmid DNA, 20 ul denatured Carrier
DNA were combined in a pre-chilled 15 ml. tube.0&0 of competent cells and 2.5 ul of
PEG/LiAc were added. The mixture was incubateditominutes at 30 degrees C. 160 ul
DMSO was added and the mixture was incubated dedgees C for 20 minutes with mixing
every 10 minutes. The simultaneous co-transfoonatactions were centrifuged at 700 g for
five minutes and the supernatant removed. Celtge weesuspended in 3 ml of YPD Plus and
incubated 90 minutes. The cells were centrifugfeel supernatant discarded and a 0.9% NacCl

suspension was made for plating of the cells.

The transformation reactions were prepared iliciate. Competent cells of the pAbAi-
98X4 yeast line and the pAbAi 98X4/GRjam line were added to separate large scale
transformation mixtures. For the positive conteogmall scale transformation mixture
containing the p53 plasmid DNA and denatured caDA was prepared, and the p53AbAI
competent cells were added to it. This transfoiwnamnixture was plated on SD-leu+100 ng/ml
Aureobasidin A because the control is only capablgrowth up to 100 ng of Aureobasidin A.
The pAbAI98X4 yeast library transformation wastpthon100 mm plates of SD-leucine agar.
The pAbAiI98X4/GPDgcm yeast transformation was plated on100 mm plat&Doafeucine-

tryptophan agar. The entire transformation reacvas plated for both screens. All plates were
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incubated at .  Fifty of the largest colonies from each sorevere chosen for re-streaking
after 5 days of incubation. The colonies from f&bAiI98X4/GPDgcm Double Interaction
transformation were labeled A1-A50 and the colofies the pAbAiI98X4 transformation were

labeled Blthrough B50.

Colonies 1-50 from the yeast screen and the dant#eaction screen were re-streaked
onto fresh SD agar two times or more in an effoddgregate the plasmid producing the
interaction with the bait sequence, since yeastapable of harboring more than one plasmid.
The extra generations of growth were used to prerusts of any plasmids not necessary for the
Aureobasidin A resistance. Colony PCR of the itss@rthe colonies that survived repeated
transfers onto selective media made it possibiddntify colonies that contained more than one
plasmid and to select representative plasmidsuidhér analysis. The plasmid inserts were
analyzed by restriction with Haelll and/or Hindélihd compared on electrophoresis gels. By
sequencing of the selected inserts (Advantage PE&tIKit, Clontech, Inc.; Macrogen USA),

colonies were chosen for rescue of the pGADT?7 tippdasmids.

For plasmid rescue, yeast cells from a 10mm soufdiresh growth were suspended in a
solution with lyticase (5 units/ul) and incubatehaglass beads at 37 degrees C. 10ul of 20%
SDS was added to the yeast mixture and it was x@atéor one minute to disrupt the cell walls.
The supernatant was extracted with PCI and the BMdé precipitated with 10 M ammonium
acetate and 100% ethanol. The pellet was resusdend®0ul of distilled deionized . The
DNA was transformed int&. coli HB101 competent cells and plated on M9 media aundgeae
with proline, leucine and thiamine. The plasmidMiNas isolated from thE. coli HB101 cells

and re-transformed into competent yeast pAbAi98Kd/or pAbAiI98X4/GPDgcm with plating
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on the appropriate synthetic dropout media to conthe positive interaction of the fusion

protein produced by each rescued, purified plassiia the 98 base pair bait fragment.

2.3 Bioinformatics

Databases at the National Center for Biotechnolafgyrmation (N.C.B.1) National
Institute of Health were accessed for analysi©iefsequenced pGADT7 plasmid inserts. All
sequencing was by Macrogen USA. The text filesegfuenced inserts were submitted for
BLAST searches with thBrosophila genome and identified by those alignments. THeSRq
program at NCBI and the Interpro database wetesaed for information concerning the

protein domains of the genes recovered.

2.4. Drosophila melanogaster stocks

Drosophila line y* w?®?3; P{EPgy2}CG6770%%%* (CG67705""%**) from Bloomington
Drosophila Stock Center (stock number 14827) was used ttyshe CG6770 yeast screen

isolate. This line contains a P element insenvithin the reading frame of CG6770 and is
either a null or a hypomorph for the encoded protdihe line was crossed with) gcm™/CyO;
(gem™™), agemnull ; ry*® P{PZ}repo®™"%2/TM3; ry™ Sbt Sert (repo®%), a repo null line;
P{XP}CG6770""* (CG6770 ®"**), a second line with a P element insertioC®6770;

w;Ki %3 a line with transposase for excising the P eleénme@G6770; gro“'®/TM3, D!, a
groucho line balanced by TM3; and witfw, a wild type. Drosophila wild type lines Canton S

andyw were used to image the wild type eye and thorax.
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Thegroucho deletion linegro“*®*/TM3 Sb* from Bloomington Stock Center (stock
number 2124) was used to study the yeast screep@GAsolate A7F which contains an insert
of ~700bp of thdrosophila groucho gene. The line was crossed withgem™*/CyO; ry>®
(gen™h), agem null; Df(2L)200Cy0O, which is null for botlgem andgem2; ry>®

P{PZ}repo®™"%/TM3, ry™ ' Ser (repo®’®?), arepo null line;

vt WP P{EPgy2} CG67705" % the CG6770 null line; and withyw, a wild type line of

Drosophila melanogaster .

Theglass Multimer Reporter targets expression of the gdriaterest in théDrosophila
compound eye in all cells in and posterior to trephogenic furrow ( Mishra-Gorur, K. et al.,
2002). GMR-gcmflies were generated by cloning tpan cDNA into theglass Multimer
Reporter GMR) P element vector and introducing the construct iheDrosophila germline
using standard techniques (Jones, B. W., unpuldigh&). The lineftz™° ry e/ TM3,S
P[w*GMR-gcm], was crossed witBG6770 F%%* (vt wP'e%: p{EPgy2} CG67705%% to
achieve misexpression of them gene localized to the eye in 666770 null background. The
Drosophila line carrying the same construtt?{(*° ry e TM3,S P[w* GMR-gcm]) was also
crossed with thgroucho deletion line gro“*/TM3, Sb' to evaluategcm misexpression in the
eye in a background deficientgnoucho. The Drosophila eye is made up of ommatidia, each of
which has eight receptor cells in addition to radd cones in a highly ordered arrangement.
Expression of gene products that produce cellhdeainterfere with developmental pathways
by their interactions create disorder among cdlth® ommatidia and result in an easily
recognizable rough eye phenotype. The Canton &twileDrosophila line was crossed with

ftZ™° ry e/ TM3, SOP[w+ GMR-gcn] flies as a negative control for the system.
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2.5 Immunohistochemistry

With the exception progeny of the genetic cros€®67705"®* with w;Ki PP4%3
embryos were collected from each of the genetissa®s described above, and horseradish
peroxidase (HRP) immunohistochemistry protocolsensarried out as described in Patel, 1994,
for detection of proteins in the embryos. Anti-Begmd BP102 primary antibodies were
prepared at a 1:300 dilution. Rabbit gitalactosidase (anfiGal) antibodies were prepared at
a 1:10,000 dilution. HRP-conjugated secondarybadies HRP anti- mouse and HRP anti-

rabbit (Jackson Immunoresearch) were prepared 808 dilution.
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3. RESULTS

3.1. Double Interaction Yeast Screen

A modification of yeast one and two hybrid scigem Yeast Double Interaction Screen
utilized as “bait” four copies of the previouslyarhcterized 98 base pair cis-regulatory element
of the geneaepo called the “Epi Repressor” (Figure 1) (Johnsonl.e2812). This 98 base pair
element was chosen because it exhibits two praseriThe Epi Repressor has been shown to be
sufficient for inhibiting epidermal expressionrepo in alacZ reporter. The fragment also is
sufficient to drive reporter expression in the fatglia via a single Gecm binding site (Johnson et
al, 2012). The design of the yeast screen makssilge identification of DNA bindingrans-
regulators ofepo gene expression as well as cofactors that interiletthe Gem protein and
influence gene expression either by that interactione or by cooperative DNA binding
(Figure 4). Four tandem copies of the 98 basefiment were transformed into the
Matchmaker Gold yeast line in a plasmid (pBait-Apéarrying the wild type genidra 3.
Homologous recombination of the plasmid with th& BadUra 3 gene into the yeast

chromosome made the yeast capable of growth onr&l deficient media.

To expres®rosophila proteins in yeast, a cDNA library was made usi@¢glL8 hour
Drosophila mRNA. The cDNAs were amplified by PCR with endsnpatible for cloning into
the pGAD T7-recombinase yeast expression vedibrs vector also conferred the ability to

grow on leucine deficient media so that synthetapdut media deficient for leucine (SD-leu)
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selected for growth of yeast cells carrying theygrlasmid. When expressed in yeast the
plasmids producBrosophila proteins fused to a Gal4 Activation domain (GADANny fusion
protein produced from the plasmids and bindindgh“bait” fragment activated the AbAi

reporter, whether or not the protein is naturafiyaativatorin vivo (Figure 4).

Express GPD/gcm

Introduce cDNASGAD library

A. DNA binding factors B. Gecm interacting proteins €. Co-operative DMA binding

Figure 4. Double interaction yeast screen. Thb@8pidermal repressor fragment (black line) wased into the
Y1H Gold genomic DNA (red line). The expressiortee p4145PDgcm was transformed into the yeast line. The
plasmid PGADT7 recombinase was transformed into/édaest with a 12 hour cDNA library of tiir osophila
melanogaster genome. The activation domain of fusion protgjeserated by the PGADTY library plasmids
activated the Aureobasidin A resistance reporeténgle Abr) when bound to the 98bp “bait” fragmeYieast
genomic DNA is represented by a red bar; Abr bytevhéctangle; Gem protein by red hourglass; adtimadomain
by blue circle; cofactor and Gal4AD by yellow cyer and blue circle.

In order to express Gecm protein in yeast stralmsscDNA ofgcm was cloned into the
yeast expression vector p414GPD, and this constrasttransformed into the yeast strain

carrying four copies of the 98 bp Epi Repressoit"eagment. The p414 plasmid confers the
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ability to grow on tryptophan deficient media. Base the Epi Repressor contains a Gecm
binding site, the 98x4 “bait” has four Gecm bindsites. To insure complete background
suppression of the interaction of Gecm with the tbAureobasidin A was added to the dropout
media in a concentration of 250ng/ml; high AureatiasA concentration was needed to

suppress activation by Gem.

Yeast Screens

MM Gold 98X4 MM Gold 98X4
P414 GPD/gem expression

vector
One Hybrid Screen Double Interaction Screen

-

LEU 5D Media 250 ng/ml -Leu-Tryp SD Media
Aureobasidin 250 ng/ml Aureobasidin
ECR LIRS PCR inserts
BaEnge Sequence
Rescue pGAD/prey plasmids. Transform into £, coli Rescue pGAD/prey plasmids. Transform into £.
HB 101 to isolate. Confirm Interaction by re- coli HB101 to iselate. Confirm Interaction by
transforming into yeast MM Gold 98X4 re-transforming into yeast MM Gold 98X4
GPD/gem.

Figure 5. Concomitant yeast screens. Yeastsarsieag Y1H Gold (Clontech, 2009) for a Double tatgion

Screen was carried out simultaneously with a stechdne hybrid screen.

The plasmid library was transformed into compet@atst cells of both the yeast line
carrying only the 98X4 “bait” sequence and the yeasrying the “bait” plus th&PD/gcm
plasmid. The yeast line carrying p414GBi was plated on SD-leucine-tryptophan media

with 250ng Aureobasidin A/ml (Figure 5).
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Fifty colonies were selected for vigorous growtitthe absence of leucine and presence
of 250 ng/ml Aureobasidin A for the one-hybridesem conducted without the p414GB&n
plasmid and designated “B” along with a colonyifstraumber. Fifty colonies were also selected
for their growth in the absence of both leucine aagdtophan and in the presence of 250ng/ml
Aureobasidin A for the Double Interaction part lo¢ tyeast screen and designated “A” with a
colony number. All colonies grew within 3-5 days38 degrees C. Single colonies were re-
streaked to new SD/-leu (or SD/-leu-try) multiglaés for confirmation of the positive
phenotypes from the screen. Colony PCR and semgwere then used for identification of
the fusion protein producing the Aureobasidin Asesice. To recover the inserts for each
positive, total DNA was recovered from the yeast aansformed int&. coli HB101 cells that
were plated onto M9 minimal media containing anijpici HB101 isolates from the M9 media
transform with only one plasmid so that isolatiowl adentification of each of the pGADT7
inserts was possible. Re-transformation of thevered, purified plasmids into Y1HGold/ 98X4

yeast confirmed positive interactions.

Of the plasmids rescued, there were five contgiolDNA inserts identified by
sequencing that encoded non-nuclear proteins whathde the proteasome beta subunit and
ribosomal proteins. These are likely to be falssifoves. Also, histone 4R was recovered twice.
Six plasmids recovered and confirmed to produc&igesnteractions with the Aureobasidin A
resistance gene supported growth in 250 ng Aurediba&/ml of SD-leu or SD-leu-try. None
of the six were dependent upon co-expression of @atein. However it appeared that
groucho interacted synergistically withcm. Isolate A7 encodes a 1.2 kb cDNA of the protein
Groucho, a co-repressor previously described astarfin many developmental pathways,

including Notch, Ras, Decapentaplegic, and Epidefnawth Factor Receptor (Cinnamon et
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al., 2008; Hasson and Paroush, 2006). The rentpaidMNAS recovered include an unknown
zinc finger with a nucleic acid binding domain,garunknown nuclear genes and a nuclear

phosphoprotein of unknown function (Table 2).

Interestingly, a pGADT7 plasmid carryiggm cDNA was discovered to have been
harbored within the same yeast line with a pGADT@émid carryinggroucho cDNA. The
preliminary colony PCR had identified tigeoucho cDNA, but efforts to recover the plasmid
DNA from HB101 cells and confirm it by sequencimyealed the second plasmid in colonies
from the positive yeast line. Although yeast aaleriate the presence of more than one plasmid,
the sub-culturing of this line had occurred for mtran 12 months without loss of either
plasmid. The two purified plasmids were confirntgdelectrophoresis and sequencing, then
each was transformed (separately) back into thstyee carrying only the 98X4 bait, with the
plasmid carryingyroucho producing growth on SD-leu+250ng AbA/ml. The pGK library
plasmid carryinggcm produced small colonies on SD-leu+250ng AbA/mk gossibly to a
stronger interaction of the GAD activation domdiart that which occurred with the
p414GPDgcm plasmid product. However, when both toen andgroucho pGADT7 plasmids

were co-transformed, growth was more robust thah gvoucho alone.

Sincegroucho is not known to bind DNA, the affinity of the fusi protein for the 98 bp
epidermal repressor fragment was questioned. G#AT 7-R plasmid carryingroucho DNA
was transformed into a yeast line carrying no DNt bequence, in an attempt to demonstrate a
false positive due to yeast proteins. This yieldedyrowth. The plasmid carrying tbeoucho
fragment was then transformed into the MM Gold pesicontrol line which carries a DNA bait
fragment provided for giving a positive control cgan with the p53 control plasmid. Results

were negative (no growth). Tigeoucho plasmid was transformed into a yeast line carryjingy

24



copies of the 98 bp repressor fragment (pbj173)yeing strong growth. An effort was made
to quantitate the positive interaction of the Glouand Gcm fusion proteins by making media

containing varying concentrations of Aureobasidin A

The pGADTgcm plasmid transformed into yeast containing 98X4ais produced
growth on media containing 150ng of Aureobasidimhi/and small colonies on media
containing 200ng Aureobasidin A/ml. The pGADgrbucho isolate produced growth on SD-
leu media up to 300 ng Aureobasidin A/ml. pGADJM plus pGADT7groucho co-
transformed into yeast with 98X4 as bait producexvth on SD-leu+350ng Aureobasidin A/ml.

No other yeast colonies were capable of growth ediencontaining such levels of the antibiotic.

This may be evidence of a synergistic interactietwieengcm andgroucho.

Plasmid Gene Description*
ATE CG12245 gem, binary switch in glial development
ATF CGE384 groucho; repressor essential for neurogenesis

bristle phenotype, postalar macrochaetae

Al3 CG10681 expressed in CNS; KXDL domain
A22 CG12268 unknown
A24 CG12730 Marvel domain: nuclear gene
A36 CG6769 Zn ion binding; nucleic acid binding
A4S CG10279 DEAD box; RNA helicase Rm62; Trichogen cell
phenotype at dorsocentral and scutellar macrochaetae
B12 CG6770 nuclear phosphoprotein P8;
phenotype annotated to Trichogen cell
B14 CG12730 Marvel domain; nuclear gene
B21 CG6583 nuclear; phenotype annotated to Trichogen cell
B41 CG3379 histone 4R
B44 CG6770 nuclear phosphoproteinP8; phenotype

annotated to Trichogen cell

*References: Jones et al., 1995; Fisher and Caudy, 1995; Mummery et al., 2009; Gonzales et al., 2005:
Bourbon et al., 2002; Marinho et al., 2013; Akhmanova et al., 1996; Stofanko et al., 2008.

Table 2. PGADT7R plasmids recovered, sequencetcamfirmed as positives in second

transformation into Y1HGold/98X4 yeast.
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3.2. Drosophila melanogaster In Vivo Interactions

Two of the genes recovered in the scregmgucho andCG6770, were selected for
further study in an effort to demonstrate an t&pnin vivo with eithergcm orrepo. Using
the Drosophila line groucho “*® and CG6778"°°***genetic crosses were made to alter the copy
number, or dosage, of the genes for the transonictorgcm and each of the genes of
interest. “Transcription factors that must foromplexes or that compete for DNA sites with
other such factors may be sensitive to dosagdodage alteration causes no overt phenotypic

change it can often sensitize the fly to dosagegbs at other loci,” (Greenspan, 1997).

The cross was set up betwegnucho null females gro“®/TM3, ' ) and males from
gem null gen™™ as well as between tigent™™ virgins andgroucho null males. Embryos
collected and stained with anti-Repo were obsefeeghenotypic changes. The progeny of the
cross of theroucho null female exhibited severe abnormalities sitezd is a significant
maternal contribution afroucho protein. Because this protein serves as a c@sspr in a
variety of cell fate choices and interacts in ngertesis and fundamental axis patterning
pathways, the reduction of matergabucho alone causes profound developmental disturbances
in the CNS and lethality (Turki-Judeh and Coured12). Reduction in the dosage of both Gecm
and maternal Groucho resulted in very significartyelethality and many of those embryos
surviving to Stage 12 had such severe abnormalhiesthe Repo positive cells were scattered,
disorganized, and unidentifiable as to positiothenCNS. The genetic cross of Gecm deficient
females and Groucho deficient males produced miat#evembryos but no clearly identifiable
phenotype was observed to be unique to the simadtareduction in dosage of Gecm and
Groucho proteins. Inthe Y1H Gold yeast line, pheesmid harboring the cDNA gicm and the

plasmid carrying the cDNA frorgroucho produced yeast growth at a higher level of the
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inhibitor Aureobasidin A when co-transformed thaher plasmid was capable of producing
individually. Also, the yeast line into which tpd14GPDgcm plasmid had been transformed
enabled their growth at slightly greater concerdrest of Aureobasidin A. These results
suggested the possibility of a synergistic intececbetween the proteins which may not have
been made obvious by reduction of the dosage ¢f ppatteins. A seconidh vivo study was
undertaken to pursue alteration of the copy nurnfdi@sage) of thgcm gene and thgroucho
gene in whiclgcm expression levels were increased in the eye agteddy theglass

Multimer Reporter .

Theglass Multimer Reporter GMR), an artificial construct for expressing a gene of
choice in the eye ddrosophila, was used to misexpregam. A cross between the Groucho
deficiency line and th&MR-gcm misexpression linegfo“®/TM3, ! x ftZ™° ry e/ TM3Sh
P[w+ GMR-gcm]) produced offspring with rough eyes (Figure @)wenty-five percent (25%)
of the progeny exhibited an extreme rough-eye ptyge, indicating an interactian vivo in
flies with a deficiency ofiroucho and increased expressiongafn. Overexpression ajcm alone
in theftz™° ry &/ TM3,% P[w" GMR-gcm line exhibits a mildly rough eye. Canton S fliesre
crossed with the flies of genotyfe?™ ry e/ TM3, SBP[w'GMR-gcm as a control and the mild

disorganization of their eyes was comparablieztl’ ry e/ TM3, SoP[w"GMR-gc] .

The same line of flies carrying tigkass Multimer Reporter construct for expressomn
in the eye was used to investigate the interaaifdhe protein product of CG6770 agcmin
vivo. Flies of thetz™ ry e/ TM3, Sb P[w"GMR-gcr line were crossed with

P{EPgy2} CG67705"%%?** (the CG6770 null line). The genetic crosses vgetaip both
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Figure 6. Comparison @MR-gcm eye phenotypes.

(A) Canton S wild type;
(B)ftz™° ry e/ TM3, SOP[w" GMR-gcr] ;

(C) CG677G2YTM3, SOP[w'GMR-gcm] ( progeny of genetic cross CG6¥78°2%Y x ftz™%ry
/ TM3, SOP[w" GMR-gcm]) ;

(D) gro™® / TM3, SoP[w"GMR-gcm (progeny of genetic crogso™® x ftZ™ ry e TM3,
SHP[w" GMR-ge]) .
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using the virgins from CG 6778°2°*(P{EPgy2} CG67705"°%%**) x males fromftz™ ry e/
T™,SoP[w" GMR-gcm|] and a second genetic cross was set up usingtiads from the line
ftZ™% ry o TM3,% P[w+GMR-gcm] X males fromP{EPgy2}CG67705™%%* - Both crosses
produced slightly more than 45 % (45.4% and 46.&8pectively) rough-eyed offspring close to

the expected 50%, confirming an interaction betw&em and the CG6770 proteins.

Two Drosophila melanogaster lines carrying insertion elements in CG6770 wesed to
investigate possible interactions of the producE@i6770 with Gecm and Repo. Both lines
produced individuals with extra macrochaetae omtitam and/or scutellum, but the phenotype
was weaker in the CG6793*%° line with the p[XP] element insertion upstreafithe open
reading frame of the gene at 12,045,94%oosophila chromosome 2L. Bloomington line
14827 (P{EPgy2}CG6770°%**) carries EYO294, and the site of insertion i$2045,925 on
chromosome 2L. Thirty-one per cent (31%) of thEPgy2}CG6776Y°%%**individuals
exhibited extra bristles, or macrochaetae, on ettreenotum or scutellum, and some had
multiple extra bristles ( N=500). There were agamples of individual flies with missing
bristles at the same positions on the notum oredowm in both CG6770 lines. Most frequently
the supernumerary macrochaetae were located at dith anterior or posterior dorsocentral
positions on the notum. However there were fretjagtra bristles on the scutellum and
occasional extra bristles at the anterior and piestpostalar positions of the notum. The
presence of one or more supernumerary macrochaketery position on the notum or scutellum
was considered evidence of the aberrant bristlebenmhenotype for purposes of enumeration
of individuals affected. The number of flies extiily missing bristles was not considered as a

part of the computations for phenotypic penetrangeart due to the difficulty of visualizing
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“empty” sockets and the likelihood of inaccuracysuch a count. In one vial of 60 flies such a
count was undertaken and seventeen individualdbagtiextra macrochaetae (two flies of
which were also missing one or more macrochaeta#ég 2 were missing one or more of the
macrochaetae from either the notum or scutelluiii.enumeration was performed using flies

from colonies 7-10 days old grown at 18-20 degfees

D E F

Figure7. Supernumerary and missing macrochaetawpfe. Phenotype of P{EPGY2} CG677¢°?°* showing
comparison to bristle pattern of wild type CantoAl supernumerary macrochaetae and missing rohastae on
scutellum (B); supernumerary macrochaetae at gostwrsocentral notum (C); supernumerary macroteizaat
anterior dorsocentral and scutellum (D); missingmehaetae at posterior dorsocentral (E) and ngssin
macrochaetae at anterior dorsocentral and poswgidellum (F). Filled arrows indicate supernumefaistles;
un-filled arrows indicate missing bristles.
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The supernumerary bristle phenotype was useddioi@e potential interaction of
groucho, gcm, repo, and CG6770. Each of the lines were crossed twiginty (20)
P{EPgy2}CG6776Y°°%°* females and their progeny were evaluated forrsupeerary bristles.
yw wild type and PBJ146 flies were also crossed wiehP{EPgy2}CG6770"°°**line to serve
as controls. The offspring of each genetic crosseveounted for abnormal bristle number
and/or juxtaposition. The frequency of supernumyenaacrochaetae in the F1 progeny of the
P{EPgy2}CG6776Y°9%% x yw cross was 12%; frequency for P{EPgy2}CG67P8°* x
PBJ146 was 10%; the frequency of abnormal bristhalvers in P{EPgy2}CG67 7% x
gem™ was 1% (Figure 4). The two-tailed Student'séBflwas used to statistically evaluate
the results. The difference of the calculatedi@slexceeded the chosen threshold of 0.05, and
the null hypothesis that there is no differencé&éguency of the occurrence of the phenotype
was rejected. There is a statistically significdiffierence between the percentage of progeny of
thegem™™ x CG6776"°**cross exhibiting the supernumerary macrochaétaagiype and
the percentage of progeny of the x CG677F°°**crossexhibiting the supernumerary
macrochaetae phenotype. Imprecise excision ofémsposon of P{EPgy2}CG677(7%%%*
resulted in establishing the CG6778 line, which had a phenotype of white eyes. The

phenotype of white eyes is consistent with losthefP element.
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Figure 8. Frequency of phenotype in the progeny of CG6770799%

. Comparison of the frequency of individual flies
exhibiting supernumerary macrochaetae in CG67707°%%; frequency of supernumerary macrochaetae phenotype
in offspring of a genetic cross of CG677079%% x yw; frequency of supernumerary macrochaetae in offspring of a
genetic cross of CG67707 %% x groucho 4105, frequency of supernumerary macrochaetae phenotype in offspring of
a genetic cross of CG67707%** x PBJ146; and frequency of the supernumerary phenotype in the offspring of a

genetic cross of CG6770°°%%* x gcmAPl'
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4. DISCUSSION

The regulatory DNA upstream of tgem targetrepo provides an opportunity to search
for co- factors interacting with Gem to drive caxttdependent outcomes of expression. A
modification of the yeast one and two hybrid sceawas used to identify DNA- binding
regulators of theepo epidermal repressor and cofactors that interaitt thie Gem protein. A
simple one-hybrid screen lacking the p414CGdeDy plasmid was performed concomitantly for
purposes of comparison. The 98 bp fragment is kniowe necessary and sufficient for
repression ofacZ/ repo reporter construct expression in the epidermidandimultaneously
producing a wild typgcm pattern in the central nervous system usingrapt-and horseradish

peroxidase staining techniques.

4.1. Yeast screen isolates predicted to have nole=pression and epidermal specification

gcm cDNA and that ofyroucho, a known co-repressor, were recovered from theesam
yeast colony capable of growth on leucine deficraptlia in the presence of Aureobasidin A,
indicating that the cDNAs were carried by the plaiswof theDrosophila library.
Electrophoresis confirmed that the recovered pldsrairyinggcm was the 8 kb pGADT7
vector of the library and not the 5kb p414GPD vect@rowth of the Y1HGo0Id98X4 yeast co-

transformed with both pGADT7 containiggm and pGADT 7groucho was Aureobasidin A
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resistant at concentrations up to 350ng/ml, whsohreater than that with either single plasmid.
Although the plasmid pGADT7Broucho fusion protein produced Aureobasidin A resistance
without the presence gtm suggesting thagroucho may interact with endogenous factors, the
resistance increased when both fusion proteins siareltaneously expressed, which strongly

suggests a synergistic interaction betwgmucho andgcm in the yeast.

The 98 bp element referred to as the “epidernmkssor” is likely to have binding sites
that function in assembly of regulatory complextsvas observed that some of the largest
colonies recovered in the yeast screen containdtipheuplasmids, which is relatively
unremarkable. However, attempts to eliminate anaare of the plasmids for recovery and
sequencing resulted in complete loss of that pdarc/east strain and consequently loss of the
opportunity to identify the plasmid inserts. Yesasteen recovery line Al is an example of a
positive yeast line with an insert that exhibitedltiple peaks when sequenced. The results were
consistent with the presence of more than one pthsrsert. We hypothesize that two or more
of the fusion proteins interacted to trigger thsipwe (Aureobasidin A resistance ) and that loss
of either resulted in immediate loss of viabilitiytbe strain. The implication is that cooperative
binding of the fusion proteins is necessary, aruh sagulatory complexes have been fully

characterized fogroucho andpolycomb/trithorax.

Three of the cDNA inserts recovered and confirteeldave produced positive
interactions with thé\ureobasidin A resistance reporter gene may function in transcriptional and
post-transcriptional gene silencing. These inclgrdeicho, Rm62, andhistone 4R, each of
which has been characterizeddnosophila and may relate to regulation of gene expression an
long term repression (Boeke et al, 2011; CourelyJa, 2001; Lamiable et al., 2010; Patel et

al, 2012) . These proteins are described as pmgohromatin remodeling activity and are
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known to act in mutimeric complexes. Groucho regi@n is achieved by epigenetic
mechanisms (Courey and Jia, 2001; Patel et dl2)20he product ofrg4, agroucho ortholog,

is known to function in repression pédix 2 by recruiting an arginine methyl transferase taADN
binding sites as part of a complex that displabesinding adaptor protein PTIP, inhibitipgx
transcription. Like Repo, Pax 2 is a homeodomamtgin. The molecular mechanism by which
Grg/Tle repression gdax genes occurs is via the symmetrical dimethylatibhistone 4

arginine 3 (H4R3) (Patel et al., 2012). EvidemzBcates that the symmetric dimethylation of
H4R3 leads to the recruitment of Polycomb genes;iwis described as “a critical step towards
gene silencing” (Patel et al., 2012). Althougtstimechanism has not been described in
Drosophila, the Polycomb and Trithorax proteins are importamegulation of homeobox gene
expression in flies and also in maintenance oftigenetic status established by interactions of
maternal and zygotic factors early in fly developingchuettengruber et al., 2011).
“Heterochromatin-like structures are involved ie 8table inactivation of developmental
regulators such as the homeotic gene clustddsasophila and mammals, and the mating-type
genes in fungi,” (Grewal and Mooazed, 2003). Rp#PEnhancer of Polycomb and Trithorax,
(Lamiable et al., 2010) was also isolated in th@syscreen. Rm62 has been identified as a
binding partner of the Dorsal Switch Protein 1, @nthe first RNA helicase to be characterized
as having a role in the regulation of homeotic gglh@miable et al., 2010)Drosophila Rm62

has been shown to interact with histone modifyik\GAR)3-9 in mechanisms likely to
regulate gene expression or to re-establish rdpres§inducible genes (Boeke et al., 2011).
The PGADT7 screen plasmid encoding a fusion prdtemm theDrosophila histone 4 R gene

was recovered twice in the yeast screen, and wvitzlindismissed as a false positive. The

Drosophila histone H4 replacement gene has arginine at the identicaliposs that of
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vertebrate H4R3 which was shown to be an esserarabf the mechanism by which Grg4/TLE
establishes repressive activity. Therefore eachethree proteins, histone 4&sion protein ,

the Groucho fusion protein, and the Rm62 fusionigang are functionally linked to Polycomb, a
well characterized repressive complex that is resiate for long- term silencing of homeotic
genes (Czermin et al., 2002). Attraction of the¢hfusion proteins individually to the 98 bp
“bait” fragment is unlikely to be coincidental anthy suggest that components of a repression
complex assemble on this site. This is in keepiitg the previously published finding that the
fragment is sufficient to repress epidermal expogssf therepo/LacZ reporter construct
(Johson, et al., 2011). Because misexpressiamad is lethal, long term repression in cells
other than glial cells is essential and epigermatchanisms are recognized as a means of gene

silencing (Courey and Jia, 2001; Lee and Jond35)20

Thein vivo interaction ofgcm with groucho described in this study iDrosophila could
suggest a role in such repressive activity at iagulatory DNA upstream of the gerepo.
The 98bp element used in the yeast screen is jusiti@n of a regulatory element, different
fragments of which confer different activities agxpression levels of tHacZ reporter construct
(Lee and Jones, 2005). Mutation of the bindingssior Gem in this DNA reduced the intensity
of the specific activities and it was concluded t8am may act synergistically with other factors
to bring about such specificity (Lee and Jones520@ne possibility is that the Gem protein
could recruit the Groucho co-repressor under gedanditions and limit the expression of its
target geneepo. Both Dorsal and Runx proteins have the capaoditer to initiate
transcription of target genes or to recruit Grouak@ co-repressor (Flores-Saaib et al., 2001).
Dorsal’s ability to both activate and repress teaipgion is dependent upon the context of the

binding sites and its interaction with the Grouginotein is via a motif that has partial homology
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to the 10 amino acid factor from Engrailed (ehlmd@Elores-Saaib et al, 2001). Itis
hypothesized that the imperfect ehl motif may pnétee recruitment of Groucho without other
co-repressors (Flores-Saaib et al, 2001). Tlasaeing could apply to thgem-groucho

interaction as well. A second possibility is tatm interacts with Groucho in a manner that
could relieve repression, allowing transcriptiorgehes necessary for patterning sensory organs
of the PNS after which RM62, Groucho, His4R3, atiter factors re-establish the chromatin

repressive structure established in the early embry

Because Rm62 is recognized as an Enhancer of®olyand Trithorax, there is a
possibility that the Epi Repressor has a role Bslgcomb response element. Polycomb
specifically competes with the Gem protein for &rgites and downregulatgem
autoregulation during gliogenesis (Popkova et@1.2). The regulatory role of Polycomb and
Trithorax on transiently expressed genes may beitapt in maintaining a balance between
repression ofepo and the expression of genes essential for patigofisensory organs of the
peripheral nervous system. Since six of the tevglenes recovered have trichogen or bristle

phenotypes, the role of the Gem protein may bewdptsd to be relief of Polycomb repression. .

A second group of fusion proteins recovered ash@nnotated to trichogen cell
phenotypes. These gene products may be relatadation togcm and other factors that are
expressed in the asymmetrical cell divisions neagder development of epidermal precursors
into the sensory organs of the peripheral nervgsiem. The products of CG10279, CG6583,
and CG6770 are nuclear, and perturbations in &éxgression are reported to result in
abnormalities in the trichogen cells, the exteprajections of the macrochaetae of the
peripheral nervous system (Buszczak and Spradlid@g; Lamiable et al., 2010; Bellen, et al.,

2004 ). Gcm misexpression gives rise to abnomearochaetae, and Groucho mutants have
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abnormal bristles above the eyes and at the postalerochaetae on the notum. Rm62 mutants
also have abnormal macrochaetae numbers at thecgottsal positions of the notum and on the
scutellum. Many genes have a role in morphogsraghe macrochaetae including those of the
Notch, Numb, Pannier, and AC-S pathways. The trgrtgan of proneural genesc andsc is
regulated by complexes that have regional enhareersepressors, with combinations of
proteins providing the positional information tla&ativate specific enhancers of these genes.
Pannier drives bristle development in the mostaloesyion of the thorax by activating the
proneural genes of tteehaete-scute complex, binding to specific enhancers for appeipr
patterning of the bristles (Ramain et al.,1993;tHer et al., 1996). Domain specific repressor
elements and co-activators are predicted to infledristle patterning (Ramain et al., 2000). In
gliogenic sensory organs, the SOP divides to predita and Plib. The Pllb cell then divides to
produce Plllb and a glial precursor (GP) ceitm is expressed in the GP cell and is required for
the differentiation of glial cells to which it giseise. The PllIb sister cell divides to produce t
neuron and its tormogen. AS-C and Notch signdlgence both the early initial designation of
the SOP ( the cell with the highest proneural leked to Notch signals) and the later
asymmetric cell divisions that give rise to therfoalls of the bristle. Notch is known to
negatively regulate expressiongam in gliogenic sensory organs, but in another canfiex
non-gliogenic lineages) Notch is inactive in thie ktell as well, where its inactivity produces a
neuron (Van De Bor and Giangrande, 2001). Theestmlependent outcomes may suggest
interaction with common co-factors that influenbe pathways.gcm s reported to initiate Ac
expression when it is temporally misexpressed, chestnating an interaction between the two
(Van De Bor et al., 2002). The Gcm tardesimtrack P69, is expressed in the same PNS

precursor cells suppressing neuronal characteyiatidgt does in the CNS, and here it is said to
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act downstream afotch (Okabe, 2001; Furman and Bukharina, 2011; LeeJanés, 2005).
Many of the same gene products that are presqatiarning and development of the sensory
bristles interact in roles reminiscent of theira®oIn the developing CNS. Since five of the
fusion proteins recovered in the double interactioreen are encoded by genes that cause
abnormal trichogen cell phenotypes, they may halesras either enhancers or repressors in
limited domains wherein combinatorial interactiongh other patterning factors result in wild
type bristle patterns. Previously described Gamractions with both Achaete-Scute and Notch
and its demonstrated interaction with CG6770 ia gtudy suggest that the phenotype of
irregular bristle number and position that residthd CG6770 deficiency may indicate a role in a

common pathway involved in bristle patterning.

The same proteins also interact in developrokather systems. In a
misexpression screen overexpression of the CG6ibt8ip was shown to reduce the number of
sessile hemocytes Drosophila larvae , reduce the total hemocyte number, arrdptishe
dorsal hemocyte compartment (Stofanko et al., 2008)s would appear to be characteristic of
a protein with repressor function over some aspebemocyte development. The disruption of
the dorsal compartment is associated with defegisateins necessary for cell structure and
adherence (Stofanko, 2008). Hematopoiesi3rmsophila occurs in two phases, one during
development of the embryo when cells of the proakpimesoderm give rise to hemocytes and
a later phase during larval development in the lygland. Pannier, a gene previously described
in bristle patterning, is required for maturatidrhematocytes (Minakhina et al., 2011). Gcm
and Gem?2 are also required for the maturation aémplatocytes and their ability to function as
macrophages in the embryo. These embryonic henwayigrate throughout the embryo

replicating themselves in the hemolymph and pensistthe adult fly (Alfonso and Jones,
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2002). The Stofanko misexpression screen (20@8itilying CG6770 as a protein which

reduces hemocyte numbers does not distinguish bativemocytes that are of embryonic origin
and those produced during larval hematopoiesisis;Tiine reduction in hemocyte numbers may
be driven by defects in gene expression in eith&oth processes. CG6770 overexpression may
influence the same pathway of hematocyte diffeagioin in which Gcm and Gemz2 are essential
for maturation and functional competence of macagals. Evidence of interaction between
Gcem and the CG6770 proteinrosophila was confirmed in this study with tigbass Multimer

Reporter construct and by the genetic crosses between Q5877*andgenm™,
4.2. Summary of recovered plasmids

In addition to the co-repressgmoucho, gcm, and CG6770, the double interaction screen
identified four candidate regulators, and a posditainscription factor. This modified screen
relied upon a well-characterized cis-acting elentleat served as a target for the Gem protein
and is capable of drivinigacZ reporter expression that recapitulates the tygattern of lateral
glial expression. Recovery of the PGADT?7 libratgsmid carrying the cDNA ajcm lends
validation to the selection method of the Doubledaction Yeast Screen. The recovered

cDNAs are currently being investigated.
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