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Novel Regulators in the Germline Stem Cell Niche of Drosophila Testis

Abstract

Stem cells are powerful and promising tools in regenerative medicine. Understanding how stem cells are
maintained in vivo is crucial for their clinical application. Studies on various stem cell systems have
demonstrated that the stem cell niche, or local tissue microenvironment, provides important extracellular
cues to guide stem cell behaviors. The Drosophila male germline system has emerged as an exemplary
model for studying stem cell-niche biology. The apically located hub cells function as a shared niche for
two stem cell populations: germline stem cells (GSCs) and cyst stem cells (CySCs). A dominant model in
the field describes hub cells as the single niche for GSCs via promoting JAK-STAT signaling. However,
recent work from our lab has demonstrated that BMP signaling is the primary pathway leading to GSC
self-renewal. We have also revealed that CySCs function as a second niche to govern GSC maintenance.
In this thesis, we identify Magu as a novel regulator controlling GSC self-renewal. We show that Magu is
expressed from hub cells, and specifically required for GSC maintenance. We also show that Magu acts
as an extracellular BMP modulator through interaction with Dally-like, a heparan sulfate proteoglycan. Our
characterization of Magu further emphasizes the importance of BMP signaling in male GSC maintenance.

Zfh1 is a transcription factor expressed in CySCs. Zfh1 is required for CySC maintenance, and can also
induce ectopic GSCs non-autonomously. Thus, Zfh1 exerts an impact on two stem cell lineages, matching
with our recent notion that CySCs function as both a stem cell and a niche for GSCs. To dissect out how
Zfh1 controls stem cell self-renewal, we attempt to identify target genes of Zfh1 using two genome-wide
approaches: ChIP-Seq and a genetic modifier screen. Preliminary results show that eya and shg may be
direct targets of Zfh1, and CtBP is required for Zfh1 function. This ongoing project will further elucidate
the dual role of CySCs, and advance our understanding of the complex niche signals regulating stem
cells.
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ABSTRACT

NOVEL REGULATORS IN THE GERMLINE STEM CELL

NICHE OFDROSOPHILA TESTIS
Qi Zheng
Stephen DiNardo

Stem cells are powerful and promising tools in regenerative medicine. Understanding how
stem cells are maintained in vivo is crucial for their clinical application. Studies on various stem
cell systems have demonstrated that the stem cell niche, or local tissue microenvironment,
provides important extracellular cues to guide stem cell behaviors. The Drosophila male germline
system has emerged as an exemplary model for studying stem cell-niche biology. The apically
located hub cells function as a shared niche for two stem cell populations: germline stem cells
(GSCs) and cyst stem cells (CySCs). A dominant model in the field describes hub cells as the
single niche for GSCs via promoting JAK-STAT signaling. However, recent work from our lab has
demonstrated that BMP signaling is the primary pathway leading to GSC self-renewal. We have
also revealed that CySCs function as a second niche to govern GSC maintenance. In this thesis,
we identify Magu as a novel regulator controlling GSC self-renewal. We show that Magu is
expressed from hub cells, and specifically required for GSC maintenance. We also show that
Magu acts as an extracellular BMP modulator through interaction with Dally-like, a heparan
sulfate proteoglycan. Our characterization of Magu further emphasizes the importance of BMP
signaling in male GSC maintenance.

Zfhl is a transcription factor expressed in CySCs. Zfhl is required for CySC maintenance,
and can also induce ectopic GSCs non-autonomously. Thus, Zfhl exerts an impact on two stem
cell lineages, matching with our recent notion that CySCs function as both a stem cell and a niche
for GSCs. To dissect out how Zfhl controls stem cell self-renewal, we attempt to identify target
genes of Zfhl using two genome-wide approaches: ChlP-Seq and a genetic modifier screen.

Preliminary results show that eya and shg may be direct targets of Zfh1, and CtBP is required for
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Zfh1 function. This ongoing project will further elucidate the dual role of CySCs, and advance our

understanding of the complex niche signals regulating stem cells.
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CHAPTER 1

General Introduction
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Stem cells

Stem cells exist throughout development ashdthood. The hallmarks of stem cells
comprise both self-renewal and differentiation (Ihe characteristic of self-renewal
allows stem cells to perpetuate themselves by fpration, even after long periods of
inactivity. Their ability to produce differentiatedells makes stem cells produce
specialized progeny for the tissue, respondingtheeephysiological disturbance or tissue
damage.

Based on the differentiation potential, steglis can be categorized into three types.
The totipotent stem cell often refers to zygotejolhhas the ability to give rise to all
cells of an organism (2). The power of totipoteeis cell is enormous, as an individual
human zygote can develop into an adult with 37lRotr cells (3). A pluripotent stem
cell is an embryonic stem cell, derived from thaen cell mass of an embryo (2).
Embryonic stem cells can produce all cells of afbmm, but not extra-embryonic tissues
(2). The last type of stem cell is the adult stegih, evhich only generates the specialized
cell types for the tissue it resides in. Adult steelis are maintained throughout life, and
have been identified in many body parts, includskag, gut, brain, liver, bone marrow,
skeletal muscle, and testis (1). | will focus onulacstem cells for the rest of my
discussion.

The first difficulty in studying stem cells identifying that stem cells exist for a
tissue, and determining where they reside. Getieeage tracing has become the gold
standard of identifying stem cells (1). Cells itvang tissue are labeled with molecular
markers, and the identity of differentiated ceksgrated by cell division is characterized.
Alternatively, cells removed from a living animalealabeled in cell culture, and
transplanted into another animal to examine whetheir tissue of origin can be
reformedin vivo.

The unique power of stem cells is the po&trhat they can be harnessed to repair
damaged tissues or organs. However, a profoundéhurguch regenerative medicine is
how to maintain and grow sufficient amount of steslls in vitro efficiently. Thus,
understanding how adult stem cells are maintainetlvo can provide us important clues
to better manipulate them in cell culture.

Various models of stem cell maintenance h&een identified. Historically,
asymmetric cell division has been supposed asdiieriechanism (4). This model argues
that the division of stem cell is polarized as stess determinants are distributed to the
mother cell but not inherited by the differentigtidlaughter. A classical example of
asymmetric cell division iBrosophila neuroblast (1). A series of proteins have beeh wel
characterized to explain how the polarity is esthleld, the mitotic spindle is oriented,
and the ultimate cell fate is determined (5). Asyetma cell division has also been
observed in several mammalian systems, but its amsm and influence in stem cell
maintenance is less well understood (5, 6). Regethitt dynein-binding protein Lis1 was
implicated in regulating asymmetric division in haiwpoietic stem cells. Loss of Lisl
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causes defective spindle positioning and impairdgkritance of cell fate determinants,
accelerating cell differentiation (7).

In recent years, accumulating evidence hasodstrated that symmetric division can
play an important role in stem cell maintenancent@oy to asymmetric division,
symmetric renewal gives rise to two stem cellsDhosophila testis, using live imaging
and lineage tracing, two groups have independemported symmetric division for
germline stem cells (GSC) (8, 9). During steadyestthe rate of symmetric division is
very low, however, the frequency increases when @G&gletion is genetically induced or
a cell adhesion molecule is ectopically expresSe®). Thus, symmetric renewal is not
prevalent under physiological condition, but becerogtical when tissue homeostasis is
disturbed experimentally. In contrast to the flgti® symmetric division occurs more
frequently in mammalian systems under normal tiggugover. These systems are often
constantly cycling, including the mouse hair fd#ic intestine, and testis (10-13).
Symmetric division is usually combined with the rebtheutral drift”, which argues that
stem cell maintenance is stochastic, and whenna st is lost, its neighboring stem cell
can replenish the pool by producing two stem daergtells (4, 5, 14). The identification
of symmetric division reveals the dynamic naturetein cell maintenance, and modifies
the traditional view of invariant asymmetric renéwa

Whether tissue stem cells renew using masslymmetric or symmetric divisions,
identifying the mechanisms at work is essentiaké are to achieve the goal of better
manipulating them in cell culture. Tissue maintarearby stem cells is even more
complex. For example, the maintenance of stem dsllslso contributed by their
differentiating daughters via a process coined fteéntiation (15). The cellular
plasticity of the daughter cells allows them to dmnverted back to stem cells when
necessary. InDrosophila testes and ovaries, when the original pool of GS@Es
removed by transiently driving the differentiatitactor Bam, differentiating germ cells
can revert to GSCs (8, 16). The process of dedifteation has also been observed in
mouse testis and intestine (10, 17). A most restidly also shows that committed
epithelial cells lining mouse airway can regaimstessin vivo after airway basal stem
cells are ablated (18). The mechanism by whicledbfitiating cells can switch back into
stem cells is not clear. As more studies progtesmechanism of dedifferentiation will
be further elucidated.

Stem cell niche

Regardless of the types of division usedibgue stem cells to renew the pool, one
still has to identify mechanisms. Isolated stertsceften lose their capability of self-
renewal outside the body. This suggests that sswerounding stem cells are also
required for stem cell maintenance. Studies frormyrgystems have demonstrated that
the stem cell niche, or the local tissue microeminent, provides important extracellular
cues to guide stem cell behavior. There are twackigpes of niche: the stromal niche
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and the epithelial niche (1). Stromal niche cossist specialized cells. A canonical
example of stromal niche is the post-mitotic disigalcell for germline stem cells (GSCs)
in C. elegans (19). Removal of distal tip cell by laser microgery causes all GSCs to
differentiate (20). In contrast to niches composédedicated cells, an epithelial niche
often lacks a dedicated set of support cells. Ratthe niche is formed by basement
membrane, which is composed of extracellular malosated at the basal side of
epithelial tissue. For example, in tBeosophila ovary, the basement membrane directly
contacts somatic follicle stem cells, and contrstism cell behavior through integrin-
mediated interaction
(21, 22). Due to complicated anatomical structtine,composition of mammalian stem
cell niche often appears exceedingly complex andrpletely defined, even though the
gross niche location is known (1). Take the bestesstood hematopoietic stem cell
(HSC) niche as an example. After more than tensye&rexperimentation, a model of
two distinct niches has been proposed: the endosiehe houses quiescent HSCs,
whereas the perivascular niche supports active H¥Gsvious studies have defined
multiple niche components including sinusoidal ehdbal cells, sympathetic nerve
fibers, and cells of the osteoblastic lineage (BR&cent work identifies two new players:
perivascular mesenchymal stem cells and macrophagesh are important to regulate
the mobilization of HSCs between the two nicheg.(23

Niche cells often secrete cytokines, and legustem cells through signaling
pathways (1). The focus of my thesis is how thedensic signals control stem cell
behaviors. Thus, later in this chapter, | will diss various signals using tBeosophila
testis as a model. It is also interesting to poirtthat stem cells and their niche are often
anchored to each other by adhesion moleculesDribsophila ovary, E-cadherin is
required for niche occupancy of the germline stezth (GSC), and GSCs expressing
more E-cadherin can outcompete wildtype stem ¢@Hs 25). Stem cell anchorage is
crucial not only under physiological condition, batso during the trafficking of
transplanted stem cells to the niche. For exaniptes been demonstrated that integrin is
required for transplanted hematopoietic stem @all$ spermatogonial stem cells to home
to the niche (26-29).

The stem cell system ifbrosophila testis
TheDrosophila testis has emerged as a valuable model to studlf stm cells

(Fig.1). The existence and location of stem cellshe system have long been proposed
since 1970s, based on electron microscopy studnes saructural organization of
spermatogenesis (30). However, the definitive idemtf stem cells was not established
until lineage tracing approach was applied. Usindg’/FRT-mediated recombination,
Gonczy and DiNardo labeled individual somatic omglene cell with LacZ expression at
the apex of the tubular testis. They demonstrdtatithe LacZ+ cell can not only remain
in the presumptive stem cell location, but alsodpiee progeny present in all stages of
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spermatogenesis (31). Thus, there exist two stéhpapulations in the testis: germline

stem cells (GSCs), and accompanying cyst stem @SCs). The two types of stem

cells are radially arranged around the hub, a sharehe composed of post-mitotic

somatic cells. Upon asymmetric division (32), GS&herates two daughter cells, one
remains attached to the hub, and the other undemjfferentiation as a gonialblast (GB).
GB divides mitotically four rounds with incompletgtokinesis, giving rise to a cyst of

16 interconnected spermatogonia. Terminal diffeation is initiated in spermatogonia

to produce spermatocytes, which then enter meimsigenerate 64 spermatids (33).
Asymmetric division also occurs in CySCs (34), a® alaughter cell stays associated
with the hub and GSCs, whereas the other diffesagias a somatic cyst cell. A pair of
differentiating cyst cells continues to embracedist of spermatogoina. While encysted
gonial cells undergo cell division, cyst cells dut divide any longer, they rather increase
in size in order to accommodate the tremendous throiwgermline cells.

TheDrosophila testis has several unique advantages for studsten cells. First,
stem cell behavior can be investigated at a singleresolution, since individual cells
can be identified and genetically manipulated. Iontcast, stem cell markers in
mammalian systems are more ambiguous, and usualyidentify a subpopulation of
stem cells (1). Second, while the initial estabfigint of the stem cell niche is largely
unknown for most vertebrate tissues, major advarese been made recently to
elucidate the specification of hub cells as well associated stem cells (35, 36).
Understanding how a niche is first formed can prmoew strategies of tissue
engineering in regenerative medicine. Lastly, tleensingly simple fly testis share
similarities with mammalian systems. The generahstell architecture and steps of
spermatogenesis are parallel between fly and m{Rise38). The recent finding that
CySCs serve as an additional niche for GSCs, demabasthe complex but elegant
regulation in the system, similar to discoveriesriause bone marrow and bulge of the
hair follicle (39).

Signaling pathways function inDrosophila testis stem cell-niche system

As stated before, the niche provides crueddlinsic signals to control stem cell
behavior. The neatly defined testis system andrtagire genetic manipulation methods
in Drosophila have allowed the clear identification of cellsheit sending or receiving
signals. The overarching goal of my thesis is tegtigate how GSCs are maintained by
signals emanated from the two distinct niche systaime hub and CySCs. Therefore,
below | will describe several signaling pathwaysntified in the field. Recent advances
have uncovered the complexity in the testis, esfigdhe importance of BMP signal and
the niche function of CySCs (40-43). However, we atill at the beginning in
deciphering cross-regulation among different cgfles and relationship of different
signaling pathways to each other.

e The JAK-STAT pathway
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Two seminal papers identified the JAK-STATtlpeay as a key for stem cell
maintenance in the fly testis (44, 45). The sedrdigand Upd is expressed selectively
from hub cells. The binding of Upd to its recepBmmeless on adjacent cells activates
JAK and phosphorylates STAT (Fig.2A). The subseti@mslocation of STAT to the
nucleus activates target gene expression. Theregent of JAK-STAT for stem cell
self-renewal was demonstrated by generating STATtanmtuclones using mitotic
recombination. STAT null GSCs lose stemness, aakléhe hub to differentiate (44, 45).
Direct target genes of STAT have not been repoBed.effectors downstream of JAK-
STAT have been identified in CySCs, and one of themZfhl, a zinc finger
homeodomain transcription factor (to be discussetiore detail below) (42). Cells with
sustained JAK-STAT activation also have high amstained expression of Zfhl (42).

JAK-STAT was thought to be required for tledf-senewal of both GSCs and CySCs .
This conclusion came from the fact that testes BITIAT depletion in all cells lose both
stem cell populations (44, 45). However, recentdthas further dissected out the
distinct roles of JAK-STAT on CySCs and GSCs. WISPAT activity was restored
specifically in the cyst lineage sfat mutant testes, functional GSCs were retained even
though they were depleted for STAT (40). Therefalf@K-STAT is not intrinsically
required for GSC self-renewal. The rescued gerrts @xdhibited all the hallmarks of
wildtype GSCs, except that they lost contact wiltke thub (40). Under wildetype
conditions, E-Cadherin was enriched along the h&&@terface; however, E-Cadherin
was delocalized in STAT-depleted GSCs prior torthess from the hub (40). Thus, the
primary role for the JAK-STAT pathway in germ cetiggulates GSC anchorage to the
hub.

In contrast to the germ line, CySCs do remdK-STAT activation for self-renewal.
CySCs mutated fostat are lost rapidly from the hub (42). JAK-STAT siging is also
sufficient to promote CySC fate, as sustained JAK'S activity in the cyst lineage
causes ectopic CySCs (42, 46). Therefore, JAK-SThalys different roles in the two
stem cell populations: adhesion for GSCs, andrsekéwal for CySCs. It is thought that
Zfh1l is one downstream target of JAK-STAT, as Zflah phenocopy all the functions of
JAK-STAT in CySCs (42). However, whether Zfh1l iseditly activated by STAT is not
clear. The activation of JAK-STAT in CySCs is alfoe tuned via SOC36E, an
antagonist of the signaling. When SOC36E is supges CySCs outcompete
neighboring GSCs through stronger integrin-mediaieding to the hub (47). It has been
shown recently that the active transcription of SS36E in CySCs is maintained by a
histone demethylase dUTX (48).

JAK-STAT signaling also plays a role in déeliéntiation. By growing a temperature
sensitive allele otat under the restrictive temperature, Brawley anduvist created a
condition in which no stem cells existed (49). Hoes after shifting these stem cell-
depleted testes to the permissive temperature lbov & TAT restoration, stem cells
reappeared adjacent to the hub (49). It has beewrskhat the restored stem cells are
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derived from dedifferentiated spermatogoina (49)héugh it is not understood how the
differentiating cells find their way back to thekut is likely that with restored STAT
activity, the capacity for adhesion to the niche rsestablished among these
dedifferentiating gonial cells. Note that the studydedifferentiation has been restricted
so far to the effects on germline cells for techhi®asons. Thus, we know little about
how somatic cells (that are encysting the germiigiés) dedifferentiate into new CySCs.

e The BMP pathway

The evolutionarily conserved BMP pathwayhe second pathway identified in the
field. The BMP ligandsdpp and gbb are produced by hub cells and CySCs, and the
pathway is activated in GSCs (50-52) (Fig.2B). Lo§BMP pathway components in
GSCs causes premature differentiation (50-52). dinect targets of BMP pathway in
GSCs are unknown, but Bam, a differentiation fagagshown to be suppressed by BMP
activation (50-52). As a consequence of this regpoes Bam only becomes expressed in
daughter cells of GSCs, and Bam function is necgseahese cells for their continued
differentiation through the gonial amplificatiortanspermatocyte development.

For a long time, the importance of BMP wasrelgarded compared to JAK-STAT.
However, recent study has shown that BMP is thegmy pathway controlling GSC self-
renewal (40). As mentioned before, STAT-depletedC&8an be retained if JAK-STAT
signaling is activated normally in the cyst lineagwever, the cell non-autonomous
effect of the cyst lineage JAK-STAT activation cahbe achieved if BMP activity was
blocked by misexpressing extracellular BMP antagionf40). Thus, BMP acts
downstream of JAK-STAT to guide GSC maintenance.

e The Hedgehog pathway

Hedgehog signaling is another major develagaigathway, and it is also active in
the testis. Similar to BMP, the requirement of Hehlgg is lineage-specific. Two labs
have independently shown that the hub-generateahdigHh is necessary for CySC
maintenance, as cells mutant for pathway transoludéil to self-renew (46, 53) (Fig.2C).
Ectopic Hh expression leads to a moderate increAseySC number, but the extra
CySCs are confined to the testis tip, and the iffeation in cyst lineage appears normal
(46, 53). Therefore, sustained Hh promotes CySdf@ration, but not unlimited renewal
(as STAT activation would). The relationship betwéth and JAK-STAT in CySCs has
also been investigated. Cells that cannot transéuitter Hh or JAK-STAT can still
activate the other pathway normally (46), thus Hd dAK-STAT act independently for
CySC self-renewal, with the STAT pathway playingare robust role.

e The EGFR pathway

Studies on EGFR signaling have demonstratesksealk between the two stem cell
populations. The ligand Spitz is expressed fromgdenline cells, and as a consequence

7
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the EGFR pathway is activated in the cyst linedge56) (Fig.2D). In testes depleted for
EGFR receptor function or mutated for Spitz, there more GSCs present (54-56). By
staining GSCs with markers for either M- or S-phasotsis, Parrogt al. discovered
that GSCs were dividing more rapidly #itz mutants (57). For example, when flies
were fed with food containing DNA analogue BrdU,tabk a shorter time fospitz
mutants to have all GSCs labeled by BrdU (57). TiRasrotet al.concluded that GSCs
in spitz mutants divided faster, causing the increased @&@8@ber. This observation is
specific to EGFR, as pertubation of other pathw@yss not result in increased division
frequency (57). EGFR actiavtion normally occurghe encysting cyst cells. Thus, the
inreased proliferation among GSCs was due to sangetimissing from the mutant
somatic cells. The factor(s) has not been idewtifteut it might be that direct contact
from somatic cells is necessary for normal deveataote The enclosure of germ cells by
somatic cells also appears abnormal when the EGERwmay is defective in somatic
cells. Depending on the mutant conditinon, the geefis either lack associated cyst cells
or are surrounded by multiple somatic cells (55, 58

Additonally, the requirement for EGFR acttioa in somatic cells further extends to
transit amplifying spermatognial cells, as thesksamntinue to proliferate rather than
undergo differentiation in EGFR mutant testes (b}-5

e Questions that are going to be addressed in thisdkis

Taking what we have learned about niche $igrier GSC maintenance, two
important questions need to be addressed. Oneoist &MP signaling. It is clear that
BMP is the primary pathway for GSC self-renewal Wwa do not know how the signal is
regulated extracullularly. To address this questiooharacterized the role of a novel
BMP modulator named Magu in the system. The otlhesging issue in the field is how
CySCs, the second niche for GSCs, control GSC hehawork from several labs
including ours has identified four transcriptiorctiars (STAT, Zfhl, Chinmo, and Ken)
that are expressed in CySCs and control GSC gsdfaral non-autonomously.
Understanding effectors downstream of these trgstgum factors can be breakthroughs
in elucidating the molecular mechanism of CySC fiomc However, no target genes of
any of these transcription factors have been redoifherefore, | attempted to identify
targets of Zfh1.

www.manaraa.com



The Drosophila testis niche

hub= shared niche cells

GSC= Germline Stem Cell

CySC= Cyst Stem Cell= Somatic Stem Cell
Gb= Gonialblast, the daughter of GSC
initiating differentiation

Cyst Cell= the daughter of CySC initiating
differentiation

" Terminal Differentiation
Meiosis

Figure 1. The stem cell system Drosophila testis.
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CySC CySC

Figure 2. Signaling pathways function iDrosophila testis stem celtiche systel. (A)
JAK-STAT (B) BMP (C) Hedgehog (D) EGFR. See text forails.
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CHAPTER 2

magu is required for germline stem cell self-renewal
through BMP signaling in the Drosophila testis*

*Portions of this chapter were published as: Qi heYiwen Wang, Eric Vargas,
Stephen DiNardomagu is required for germline stem cell self-renewaiotigh BMP
signaling in theDrosophila testis. Developmental Biology, 2011. 357 (1): @2-20.
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Summary
Understanding how stem cells are maintaindtieir microenvironment (the niche) is

vital for their application in regenerative medieirStudies oDrosophila male germline
stem cells (GSCs) have served as a paradigm ie+sigm cell biology. It is known that
the BMP and JAK-STAT pathways are necessary forntlagntenance of GSCs in the
testis (44, 45, 50-52). However, our recent workrgjly suggests that BMP signaling is
the primary pathway leading to GSC self-renewa).(H&re we show thahagu controls
GSC maintenance by modulating the BMP pathway. Wend that magu was
specifically expressed from hub cells, and accutedlat the testis tip. Testes franagu
mutants exhibited a reduced number of GSCs, yehtaiaed a normal population of
somatic stem cells and hub cells. Additionally, BMBthway activity was reduced,
whereas JAK-STAT activation was retained in mutastes. Finally, GSC loss caused by
the magu mutation could be suppressed by overactivating BMP pathway in the
germline. Preliminary data suggests that Magu magutate BMP signaling through
interaction with Dlp, a heparan sulfate proteogihyca

Introduction

Adult stem cells contribute a steady sourt@ew cells to maintain many tissues,
including skin, blood, intestine and the germlidekey hallmark of these cells is their
ability to generate new stem cells as well as dbfitating progeny. Maintaining a
balance between self-renewal and differentiaticdheseby crucial for tissue homeostasis.
Studies on diverse stem cell systems have demtettiiaat the stem cell niche, or the
local tissue microenvironment, provides importaxtracellular cues for controlling this
balance (59). Understanding the modulation of thmses and the signaling pathways
they act upon is central focus of current research.

The Drosophila male germline system has emerged as an exempladelnfor
studying the biology of adult stem cells (60). €dhat comprise the niche have been
conclusively identified, as have several niche aigithat serve to maintain the stem cell
pool (44-46, 50-53). The apical tip of the tessiccupied by a group of tightly packed,
terminally differentiated somatic cells, called haddls (30). Radially arranged around the
hub are two intermingled sets of stem cells. Ona population of germline stem cells
(GSCs), and the other is a population of somatinstells, called cyst stem cells
(CySCs)

Generally, each GSC division is oriented (3Q)ch that one daughter remains
adjacent to the hub and to CySCs, thereby retastem cell character, while the other is
pushed away, and will initiate differentiation ag@nialblast (Gb). After four rounds of
mitosis, the Gb generates a cyst of sixteen spegoata, which then undergo
differentiation into spermatocytes. The divisioneaich CySC is also oriented (34), such
that one daughter cell remains attached to the &b, likely retains stem cell identity,
while the other daughter, displaced away from thb, tbecomes a differentiating cyst
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cell. The cyst cell daughters withdraw from thel cgtle, and they continue to provide
regulatory input to the encysted differentiatingngecells throughout spermatogenesis
(61, 62).

Both hub cells and CySCs serve as a nich&8€s (40, 42). It has been shown that
BMP ligands are expressed from these two typescbircells, and that they activate the
BMP pathway in GSCs (50, 52). One output of pathaetywation is repression tbg of
marbles (bam) in GSCs, which would otherwise drive differentat (50-52). Loss of
BMP receptors or signal transducers in the GSCsesawe-repression dfam and
precocious differentiation (50-52). Recently, Mitkeal. develops a fluorescent reporter
for the activation of BMP type | receptor Thickve(i63). Using this tool, they have
demonstrated that BMP signals from the hub areifsgedty received at the hub-GSC
interface, where adherens junctions locate (63).

The second signaling pathway active in tkenstell niche is the JAK-STAT pathway.
Unlike BMPs, Unpaired (Upd), the JAK-STAT ligand, anly expressed from hub cells
(44, 45). Upd activates the pathway not only in GS6lit also in CySCs (40, 42, 44, 45).
JAK-STAT activation appears important for adhesafrboth GSCs and CySCs to the
hub, but is only crucial for self-renewal of theSIys (40, 42).

Although BMP signaling is required for GSC imianance, research has heavily
focused on JAK-STAT in stem cell self-renewal otlez last several years. Part of the
reason may be because induction of ectopic GSCéeathieved by overactivating the
JAK-STAT pathway, but not the BMP pathway (44, 86;52). However, recent work
from our lab demonstrates that the expansion of $5S@ot directly due to activation of
JAK-STAT in GSCs, but rather due to JAK-STAT actisa in CySCs, and the
consequent enhanced expression of BMP ligands fLg®Cs (40). Therefore, it now
appears that BMP is the primary pathway leadingG®C self-renewal, and it is
imperative to dissect out the mechanism by whichPBdgnaling maintains GSCs.

In a previous microarray experiment perforrbgur lab,CG2264 was identified as
a gene exhibiting transcriptional enrichment incakar the testis tip (64). Subsequently,
Li and Tower reported that global ectopic exprassod CG2264, which they named
magu, led to an increased life span in both sexes andaease in the fecundity of older
females (65). Vuilleumier et al. have also idertitCG2264, naming itpentagone (pent),
and demonstrated, through loss- and gain-of-funcéixperiments, that it was required
for the proper graded activation of the BMP pathwhying wing patterning (66).
Interestingly, the Xenopus homologue of CG2264 basn shown to block BMP
signaling during early dorso-ventral patterningeofbryos (67).

Here, we will usenagu as the name fo€G2264. We report thamagu is expressed
from hub cells, and functions as a BMP modulatat thpecifically affects the GSC
population. Our work emphasizes the importance dfPBsignaling in male GSC
maintenance.
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Results
magu is expressed from hub cells

Using in situ hybridization, we visualized goamRNA in the hub cells (Fig.1A). In
our handsjn situ hybridization in testes did not have the resolutamd reproducibility
usually afforded in other tissues. We always ob=gsignals among small cells clustered
at tip (Fig.1A, arrowheads), and we concluded thase were hub cells. Due to the
technical limitations, we could not rule out thespibility thatmagu is expressed in some
somatic cells near the hub (in some CySCs). Howewer have not observed any
evidence of expression in large-profile cells sunding the hub. Thus, we are confident
that magu is not expressed in germline cells. Interestingly, situ hybridization
sometimes suggested thadgu was expressed only from some hub cells, or todrigh
degree from some hub cells (Fig.1A, arrowheads).

To more definitively identify which cells esgssmagu, we made use of a LacZ
reporter line ofmagu (66). This reporter utilizes a 2 kilobase fragmérat recapitulates
magu expression in the developing wing disc (66). la thstis, we observed thabagu
expression was restricted to hub cells as showrldable-labeling with E-Cadherin
(Fig.1B). Interestingly, the reporter was not exgel in all hub cells. It remains possible
that some other regulatory regionnadgu drives expression in the remaining hub cells.
However, since some of oun situ preparations also suggested non-homogenous
expression from hub cells, perhapagu is under temporal or spatial control, and under
repression by BMP signaling (66). Indeed, mutattdnMad/Medea/Schnurri binding
sites within the reporter fragment led to exprassia most hub cells (Fig.1C).
Collectively, our data suggest strongly thaagu is expressed from hub cells, but
potentially not from all hub cells equally.

magu encodes a putative matricellular protein, whicklesined as a secreted protein
that could regulate cell-matrix interactions. Tedstigate the localization of Magu, we
raised antibodies against an N-terminal portionM#gu (Yiwen Wang). Sera from
immunized rabbits showed specific immuno-reactivaty western blots to bacterially
expressed, His-tagged Magu protein (Yiwen Wang dat shown). After preabsorption
using wildtype testes (see Materials and Methods),observed an enriched pattern of
puncta in the hub region (Fig.1D, D’). Magu accuatedl along the interfaces among hub
cells (Fig.1D upper inset), similar to Fasclll. &ddition, it was present along the
interface between hub cells and stem cells (FigdMzer inset, arrowheads). Since this
serum was effective only sporadically, we also esgd the accumulation of Magu by
using a second antibody, raised against a C-teinpeptide (66). This antiserum
reproducibly exhibited an extended distributiorMagu relative to the hub, with strongly
staining puncta appearing among stem cells and daeighters (Fig.1E, and insets; E’,
bracket). In addition, there was a more subtlechnnent in a ring along the hub cell-
stem cell interface (Fig.1E lower inset and E’oarmead), reminiscent of that obtained
with the N-terminal antisera. These patterns wetticed significantly in testes bearing
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mutations inmagu (Fig.1F, F’). Since Magu is predicted to be arsesd protein, we
attempted to visualize Magu under conditions whitre antibody could only detect
extracellular proteins (see Materials and Methodsjng the C-terminal antiserum (but
not the N-terminal antiserum) a strong punctuagmadi was observed only in optical
sections above the hub (Fig. 1G), and this pattksappeared in thenagu mutant
(Fig.1H). We do not know if the differences in acadation pattern comparing the two
antisera reflect differing distributions or availées of their respective epitopes.
Nevertheless, these data are consistent with thdehwherebymagu is transcribed in
hub cells, and its encoded protein secreted anghadates in the vicinity of neighboring
cells.
Generating magu mutants

In order to investigate the function afagu, we identified mutations among
transposon insertion lines and generated null nansty manipulating those lines (see
Materials and Methods). Two insertions, KG02847bGjKand d00269, were
homozygous viable and exhibited no detectable pypro These insertions were
mapped upstream of exon 3 ofagu (Fig.2A). However, flies homozygous for the
insertion e00439, or heteroallelic combinationse00439 and f02256 were viable and
exhibited both a wing vein defect (Fig3.B, C) antestis phenotype. These PiggyBac
insertions each mapped near the 3’ end of exondgB2F To obtain potentially stronger
mutant alleles, we generated deletions encompassimg or all of the genomic region
containingmagu (Yiwen Wang). Deletion mutant | lacked exon 3, g¥hcontained the
magu translational start codon (Fig.2). More extensieéetions were generated from the
KG insertion. Individual deletions removed the wolagu region downstream of KG,
and extended from 15 to 374 kilobases downstreamagti (Fig.2). By comparing the
strength of both the wing vein and testis phenatypee established that e00439 and
deletion | behave as null allelesrofgu, while f02256 is a strong loss-of-function allele.

Below | will first characterize the testisguotype, and then touch on the wing vein
defect in the later part of the Results section.

Magu is required for maintenance of GSCs

Compared with wildtypemagu mutant testes appeared thinner, containing fewer
germ cells (data not shown). Sinceagu was expressed from hub cells, we tested
whether a GSC defect might account for this phgratyVe scored GSCs by counting
individual small-size germ cells attached to theb.hun one mutant condition,
magu®®®*magu™©??* the median GSC number per testis was only 3, @gsethe sibling
control carried a median of 9 GSCs (Fig.4A, B; Eab). Moreovermagu mutant testes
displayed germ cells with branched fusomes nexth® hub (Fig.4D arrowhead),
indicating they were differentiated and no londgpena fide stem cells. We found a
similarly dramatic reduction in the median numbérGSCs for othemmagu mutant

combinations (Table 1). We also noticed that tivess variation in phenotypic strength.
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For a given allele, or allele combination, some anttestes were devoid of all GSCs,
while others retained some GSCs. As a measuraspivie also calculated the percentage
of testes with GSCs for each genotype. That fractiepended on the genotype and
growth condition used in a particular experimerdile 1).

We took two approaches to confirm that théeckein GSC maintenance indeed
resulted from mutation ahagu. First, the transposon insertion, e00439, was béimed
to establish a revertant line (Yiwen Wang). We fduhat GSCs were substantially
restored in flies carrying this revertant chromosoplaced over the 02256 mutant
(Table 1). While there remained a slight differenocethe median number of GSCs
retained in the revertants compared to controlsieakrtant testes now retained GSCs.
Second, we attempted to rescue the GSC defect dtgrireg magu expression in the
mutant background. To accomplish this, we usedtlecell driverupd-Gal4 to express
magu containing either an N-terminal (V5) (66) or C-temad (Myc) epitope tag. To
promote continued and robust expression using #ié4-GAS system, young adults were
aged at 2% for either 3 days or 12 days before analysis.séted both median GSC
number, and the fraction of testes maintaining G&£&g both measures, we obtained
statistically significant, but incomplete rescuen@dng mutant siblings from these crosses,
it was common that more than half of the testesasned no GSCs. When either N-
terminal V5- or C-terminal Myc-taggadagu was expressed in the mutants, the fraction
of testes with GSCs increased to more than 50% santktimes approached or equaled
100% (Table 1) Restoration of \fBagu also increased the median number of GSCs for
both younger and older flies (Fig.4E; Table 1). Bagtoration ofmagu-Myc only led to
an increase in median GSC number for older fliesb(@ 1). This was the case using
several different UASragu-Myc or GFP transgenic insertion lines (data nabva).
Thus, the slightly different behavior of N-terminadrsus C-terminal rescuing construct
might be due to a difference in inherent activityttee proteins produced. We observed a
similar difference in rescuing ability for the wirvgin defect oimagu mutants(Fig.3D,

E). In spite of the difference in transgene effemtiess, collectively, the data demonstrate
that Magu is required for normal GSC number inatalt testis.

The loss of GSCs was also observednagu mutant gonads from the 3rd instar
larvae (Table 1). But the phenotype in gonads washnless severe than in adult testes,
because the median GSC number per mutant gonadmwels higher, and all mutant
gonads still retained some GSCs (Table 1). Thigesigd that Magu plays a dominant
role in adult GSC maintenance. To test this hypgitheve conducted a so-called cohort
experiment, in which GSC numbers were countedmagu mutants at different
developmental stages. Animals dissected at asdtdage were siblings of those processed
earlier. We hoped to minimize any phenotype vataty conducting the experiment in
this controlled way. We found that GSC number wasnal in £ instar larvae gonads of
magu mutants, but progressively reduced fhiBstar larvae gonads and testes (Table 2).
This demonstrated that Magu does not affect GS&bksthment, even though it was
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expressed in embryonic gonads (data not showa)sdt confirmed that Magu functions
during larva development, and it is possible thatiore severe phenotype observed in
mutant testes is an accumulation effect due toimoots loss of Magu since an earlier
stage.

To further dissect out from which larva stdgagu starts to play a role in GSC
maintenance, we designed an experiment called Isinifa experiment. We wanted to
compare the rescue extent nmagu mutants, for which ectopic Magu expression was
turned on at different time points during larvagelepment. We hypothesized that if the
function of Magu begins right after GSC specifioati then mutant cohorts with Magu
activation started earlier would have a higher G&@nber compared to those started
later. To achieve thisnagu mutants were initially grown at 25°C. One cohamtining
1% and 29 instar larvae (early shift), and another cohothvd® instar larvae and early
pupae (late shift), were moved to 29°C to allow thaximum expression of ectopic
Magu by Gal4-UAS system. Eclosed young adult flkese further aged at 29°C for 3
more days before analysis. It turned out that gezue efficiency was not statistically
different in the two cohorts (Table 3). This suggdsthat Magu may not function until
the late stage of larval development. However,eheas a caveat for this conclusion.
Since the GSC number in sibling control testes ass lower than normal (Table 3), we
suspected that the presence of the transgpd&sal4 could result in GSC reduction at
29°C for unknown reason (we also noticed thismagu RNAI experiments, data not
shown). This may add a complexity to the larvatséperiment, as the longer animals
with upd-Gal4 were aged at 29°C, the more likely their GSC nusmb@uld get reduced.

Magu does not affect CySC or hub cell number

In the normal testis, GSC self-renewal degeod CySCs and hub cells (40, 42).
Thus the loss of GSCs that we observednagu mutant testes could be a secondary
effect attributed to either CySCs or hub cells.dBtermine whether there are any defects
among CySCs in themagu mutants, we analyzed the number of CySCs by stifon
Zfhl, an essential CySC marker (42). In contrasth® GSCs, significant numbers of
Zfhl-expressing cells were still present in theanu{Fig.5B; Table 4). These cells were
arranged more compactly around the hub, presumaddpuse they now occupied the
space vacated by the loss of GSCs (Fig.5A, B). nkestigate whether CySCs in the
mutants function properly, we marked cycling cé{sS phase labeling using Edu. The
ratio of Edu and Zfh1 double positive cell numbeZthl single positive cell number in
the mutants was indistinguishable from that indiiding controls (Fig.5C, D arrowhead;
Table 4), indicating that the mutant CySCs cycleperly. To further confirm the
undifferentiated state of CySCs in mutant testes, examined Eya expression as a
marker for cyst cell differentiation (Fig.6). Theall-sized cyst cells close to hub did not
express Eya (Fig.6B, B’). We occasionally noted edaya positive cyst cells near the
hub in magu mutants (Fig.6C arrowhead, C’). But these cellsewenuch larger,
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suggesting they were late-stage cyst cells, adseocwgith spermatocytes, that had failed
to be pushed away from the hub due to the reduastliption of germ cells. Thus, taken
together with their expression of Zfh1l and cellloyg behavior, we conclude that these
cells werebona fide CySCs.

To test whether Magu affects the maintenaoicéhe hub, we counted hub cell
numbers using the cell biological hub marker Fas(#ig.5E, F). We foundmagu
mutants contained a similar number of hub cells gamed to sibling controls (Table 4).
To determine whether these hub cells were capdbfanationing properly, we asked
whether they expressed a key niche sigmad, Indeed,upd was expressed normally in
magu mutant testes, and there was no difference imtimeber ofupd positive hub cells
comparing mutants and sibling controls (Fig.5G,Tible 4). Thus we conclude that the
loss of GSCs immagu mutants is not secondary to depletion or defecatitbfer of the
essential niche cell types, the CySCs or hub cells.

What pathways might Magu use to control GSC mainteance?

At the time of this work, the major signalimgtwork in the establishment and
maintenance of GSCs involved the JAK-STAT pathw&y, @5, 68). As shown in Fig.4H,
magu mutants did not affect the expression of Upd, v k&K/STAT-activating ligand
expressed from hub cells. To test whetimagu mutants affect activation of the STAT
pathway, we analyzed the accumulation of STAT pmotén control testes, STAT
accumulated among the first tier of cells surrongdhe hub (Fig.7A). This represented
STAT accumulation in both nearby germ cells and awrcells (the GSCs and CySCs).
In magu mutants, which have a normal complement of CyS@s @ccasionally have
some remaining GSCs, STAT accumulated in cellsosmding the hub in a similar
pattern to wildtype (Fig.7B). Therefore Magu doed appear to affect STAT pathway
activation.

Once we ruled out involvement in JAK-STAT rejing, we sought clues for Magu
function by further analyzing its role during wipgtterning.

Magu also affects the specification of the"5longitudinal wing vein L5

The wing vein defect imagu mutants was predominantly a failure in the pattgrn
of L5, the 5th longitudinal wing vein (Fig.3B, Crrawhead). Since so much is known
about the patterning of wing veins, we thought slte the function of Magu in testes
might come from also investigating its role in veigvelopment.

The development ddrosophila wing veins starts on wing imaginal discs during
larval stages. The primordial longitudinal veinsl(to L5) are already specified and
identifiable on the "8 instar larval wing blade (Fig.8A, copied from Hig. Blair 2007).
To investigate whethanagu is expressed during wing vein specification, weqrened
anin situ hybridization experiment. The expressionnagu was mainly visualized in
peripheral cells on wing blade, including regionmsuad L5 (Fig.8B, arrow)magu

18

www.manaraa.com



expression also appeared in the notum region ofvihg disc (Fig.8B, arrowhead). To
further test whether Magu affects the specificatwin L5, we examined the vein
patterning ormagu mutant wing discs. Delta is a marker for threegitudinal veins L3

to L5, whereas DSRF marks all intervein cells. Bitling control wing discs, L5 was
scorable in all 9 samples by Delta staining (Fig.8@ow), and 7 out of 11 samples by
DSRF (Fig.8D, arrow). In contrast, we observed ttfatcould only be unambiguously
identified in about 3 out of 2@nagu mutant discs by either Delta or DSRF staining
(Fig.8D, F, arrow). Therefore, we concluded thaigMaffected the specification of L5.

It has been shown that the BMP signaling wathis required for L5 specification.
Interestingly, the mutant phenotype of the BMP rigigbb resembles that seen rnagu
mutants (69-71). Thus we hypothesized that Mago affects BMP signals in the wing.
The most straight-forward way to test this hypothegs to examine BMP activation on
magu mutant discs. However, we had difficulty achievimigh enough signal-to-noise
pMad staining on wildtype discs initially. Theredowe decided to test the expression of
Abrupt, a L5 organizer that functions downstreamBMP activation (72). In sibling
control testes, the staining of Abrupt nicely mardes (Fig.8G, arrow), in a pattern
sharply complementary to that of DSRF (data nowsto However, inmagu mutant
discs, the staining of Abrupt was less clear (Fg.&rrow), showing an overlap with
DSRF (data not shown). This result supported tlea ithat Magu might affect BMP
pathway in L5 patterning.

We were interested to know whether Magu pkaysle on the BMP signal-sending or
receiving side. To investigate this, we induoesalu mutant clones in heterozygous wing
discs. The idea was that if Magu functions on tigmad-receiving side and acts only
locally, a defect in L5 region would be observedewtlthe mutant clones cover the
responding cells. While we could successfully gateemagu mutant clones, we could
not detect L5 defect by either DSRF or Abrupt stejn(data not shown). This is
consistent with the fact that Magu is predictedbt a secreted protein. Surrounding
wildtype cells would supply Magu to the mutants.

We aborted our further analysis of wing paiteg with publication of the
Vuilleumier et al. paper in which the role of Magu in wing vein pating was
characterized nicely. They showed that Magu is s&sny for proper transport of the
BMP ligands; without Magu, BMPs cannot properly aleahe disk region for L5
specification (see Discussion).

Magu affects GSC maintenance through the BMP signalg pathway

Our preliminary data on wing vein patternswgggested that Magu may be involved
in BMP signaling. In fact, the BMP pathway has bebkown to that is required for GSC
maintenance is BMP (40, 50-52). To test whether WMadfects this pathway, we
examined the activation of Mad, a transducer of Baitfhaling. In several tissues, the
accumulation of phosphorylated Mad (pMad) can leslwss a read-out of BMP pathway
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activation. We never observed pMad staining amagrgngeells surrounding the hub in
magu mutant testes (Fig.7D). However, we could not amhe that BMP pathway
activation was compromised because we found iicdiff to observe pMad staining
consistently in the GSCs of control and wildtypstés. In our hands, only occasionally
would control testes present with pMad accumulatonong the tier of germ cells
surrounding the hub (Fig.7C). In contrast to tim&bnsistency in testes, gonads frofh 3
instar larvae reproducibly showed pMad staining)(At). In gonads frormagu mutants,
we never observed pMad accumulation in germ callsoanding the hub (Fig.7F),
suggesting strongly that BMP pathway activation w@aspromised inmagu mutants. In
passing, we noted two characteristics of pMad actation in control larval gonads.
First, in some gonads, not all the GSCs were pas(tiata not shown). Second, we often
observed pMad accumulation in the second tier gezlts (Fig.7E, arrowheads), likely
gonialblast progeny of the GSCs. This suggestssomcal, more broad BMP pathway
activation than previously reported.

To confirm the apparent diminution of BMPreagjng inmagu mutants, we examined
a presumed target of BMP activation, thean gene, whose expression is repressed in
BMP-signaled cells. We usedoam promoter-GFP transgenbafm-GFP) (73) as a read-
out for pMad activity. Consistent with a defecBMP activation inmagu mutantspam-
GFP was enriched in some germ cells attached tbabe(Fig.7H, arrowhead), while it
was expressed only in amplifying gonial cells inntrol testes (Fig.7G). This data
supports the hypothesis that Magu affects BMP siigga

To further demonstrate the involvement of Mag BMP signaling pathway, we
conducted a genetic interaction experiment to wdstther transheterozygotes magu
andgbb would have a reduced number of GSC. Gbb is a Bigéhd in Drosophila. It
has been shown that Gbb plays an essential rolmdte GSC maintenance in testes, and
gbb' is a null allele ofybb. As shown in Table 5, the reduction in GSCs waseoked in
younger flies ofnagu™?%/+; gbb%/+, as well as older flies ahagu®™®%/+; gbb/+.

If magu was indeed required for proper BMP activation @rng cells, constitutive
activation of the BMP pathway in the germline coblgpass the requirement foagu.
To accomplish this, we expressed an activated firBMP type | receptor Thickvein
(TkvA) using the germ cell drivenanos-Gal4:VP16. Indeed, this raised the fraction of
testes with GSCs from 63% to 100% (Table 1). TheliameGSC number also doubled
compared to that observed in mutants (Fig.7J; Tapldhus intrinsic activation of the
BMP pathway in germ cells can bypass the needégu. This result is consistent with a
simple model that GSCs are lost because BMP aittivas compromised irmagu
mutants.

magu encodes a secreted protein, expressed selectivety hub cells, and
accumulating among cells nearby. Our data sugdlkatsMagu is necessary for proper
BMP activation within adjacent germ cells. BMPaligls appear to be produced by both
hub cells and CySCs, but not by germ cells (50, $8)test whethemagu must be co-
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expressed with BMP ligands for its proper functiore attempted to rescue the GSC
defect using the germ cell driveanos-Gal4:VP16. Indeed, we observed a statistically
significant increase in median GSC number in susstes (Fig.4F; Table 1). This
suggests thamnagu does not need to be co-expressed with BMP ligamdse effective,
and likely acts in the extracellular environment.

Magu may interact with DIp in testes

Vuilleumieret al. also suggested that Magu interacts directly Viadily, a HSPG
(heparan sulfate proteoglycan) (66). Interestingdglly and its homologue Dally-like
(Dlp) are also important for male GSC maintenantg {5). Furthermore, it had been
reported that DIp was specifically expressed in bells, consistent with a major role for
GSC maintenance ((75), Fig.9E, E’). | undertooleaxgtve effort to verify the expression
pattern of Dlp. | never observed selective accutraniaof DIp among hub cells. For
example, DIp appeared at low levels among all c#llthe tip of the testes (Fig.9A, B),
and not restricted to hub cells (Fig.9A’, B’; whité even stained fruit fly testes from
different genetic backgrounds, including the onedus the Hayastet al. paper (Oregon
R, Fig.9B, B’). We communicated these (negativejembations to the authors, and they,
too, cannot confirm their published description.

While expression enrichment was not obsertheprevious authors’ genetic analysis
still stood. Sincedlp and dally were required for GSC maintenance, we took two
approaches to test the possible interaction of Magd HSPG in testes. The first
involved genetic interaction experiments betwewgu anddally, dip or two other genes
needed for HSPG biosynthesis. However, we did msewe any difference in GSC
numbers between heterozygouagu mutants and transheterozygotesnau and HSPG
mutants (Table 6).

The other attempt was to resecogu mutants by overexpressing Dlp. When ectopic
Dlp was expressed in germ cells usmanos-Gal4 UAS-dIp-GFP, the fraction of testes
retaining GSCs amongiagu mutants was indeed increased (Table 7). Howewer, t
expression pattern of ectopic DIp appeared differancontrol and mutant. DIp-GFP
accumulation as visualized by GFP staining wasched only at the hub cell-GSC
interface in sibling control testes (Fig.10A’, ampo In contrast, DIp protein appeared
more diffused inmagu mutant testes, in a punctate distribution, andro&urrounding
GSCs (Fig.10B’, arrow). This suggested that thation of Dlp is Magu-dependent.

Since Magu was expressed from hub cellsytivér confirm the diffused location of
Dlp in magu mutant, we overexpresseth-GFP from hub cells usingph-Gal4. Because
Magu was an extracellular protein, we also chosexamine extracellular DIp proteins
by staining non-permeabilized testes. In siblingtod testes, Dlp was mainly enriched
along hub-GSC interfaces (Fig.11A’, arrow).ragu mutant testes, the accumulation of
Dlp was not restricted to the hub-GSC interface, ddso0 accumulated among hub cells
(Fig.11B’, arrow). Interestingly, in some mutansttes, the extracellular Dlp staining
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extended beyond hub cells, and appeared to emls@oatic cells next to the hub
(Fig.11C, arrow). Since there was no extracelliMiagu protein present in thautants
(Fig.1H), these results suggest that extracellMagu may be functional in the testis,
regulating the localization of secreted Dlp.

Magu may not interact with Perlecan, Type IV Collagen, and Integrin

Because Magu was predicted to be a matrleellprotein, we wanted to know
whether Magu could interact with other extracellutetrix (ECM) proteins. To visualize
the ECM, we stained testes using antibodies agaitistr Perlecan or Type IV Collagen,
two major components of basal lamina. We obsertad both proteins accumulated
under the sheath of testes (Fig.12A, C). Occadigntiey also exhibited as a hazy
staining or two layers at the tip of testes (Fi\1Z, arrow). This was expected, as EM
micrographs have shown that the hub is anchorégettip through a convoluted layer of
basal lamina (Hardy, 1979). In masagu mutant testes, we did not observe a defect of
basal lamina (data not shown). But sometimes, #re@an staining appeared thicker in
mutants. In the most severe case, the sheathtestesemed delaminated, and the ECM
arced further into the testes (Fig.12B, arrow). W& not think this phenotype was a
primary defect inmagu mutants. The protruding ECM could be layers of ceisand
pigment cells from the sheath of testes. Theserdayeere usually as prominent in
wildtype testes, as they were tightly pressed tcheather with basal lamina by the
plentiful cells inside testes. Sinoeagu mutants had fewer germ cells, the testes might
not be stretched as much, thus the different laydrsthe sheath became more
distinguishable. To further test the possible mtéon of Magu and ECM proteins, we
co-stained extracellular Magu and Type IV Collagenwildtype testes, but did not
observe an overlap (Fig.12D). Thus we concludetiMau does not interact with basal
lamina proteins.

Another possible role of an ECM protein isttht regulates signal transduction
pathways through interactions with cell-surfaceepors like Integrin. To test this
possibility for Magu, we examined the location f#S-Integrin in sibling control and
magu mutant testes. The staining appeared in somati& ioeboth genotypes (Fig. 12E,
E’). Since Magu specifically affects GSC mainterggnae concluded it unlikely that
Magu acts through Integrin.
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Figure 1. magu is expressed from hub cells. The genotype for WA¥1i118, for magu/+

is magu®®®°")CyOKrGFP, and for mutant isnagu®®®""magu®®™" Hub (E-Cadherin

in B and C, Fasclll in other panels, white); gerell (Vasa, green). (A)n situ
hybridization revealingnagu RNA in hub cells. RNA was enriched toward the jgortof
hub cells that faces the stem cell tier (arrowhed@sand C) The lacZ expression (LacZ,
red) in flies transgenic famagu reporter line frgll-lacZ (66) revealed the expressof
magu in a few hub cells (B), whereas expression dribgra mutated version of frgll-
lacZ (frgllIAS-lacZ) (66) was expanded into almost all hub c@lls This suggests that
BMP pathway is active in these cells. The expressispermatogonia far away from the
testis tip in C was spurious. (D and Diagu protein exhibited an accumulation in the
hub region, as visualized by anti-Magu-N-term (I @i, red). The expression was not
only in the interface between hub cells (D uppeeth but also presented along the hub
cell-germ cell interface (D lower inset, arrowheadg-F’) Using another antibody (anti-
Magu-C-term, (66)), Magu accumulated in a broadenain around the hub (E upper
inset, and E’ red inside the bracket). The expogssippeared to be a circle along the
interface of hub cell and germ cells (E lower iremed E’, arrowheads). The accumulation
was highly reduced in magu mutant testes (F, anekdFinside the bracket). The signal
also presented in late stage spermatogonia anateNstin both sibling control angagu
mutant testes (data not shown). Thus it must betdugoss-reaction with non-Magu
epitopes. (G and HJhe extracellular Magu, visualized by applying afiagu-C-term
(66) prior to fixation, exhibited an enriched puatetpattern in areas near the hub (G, red).
This dotted staining disappeared in thegu mutant (H).
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ATG Uenes downstream
Bt I-Il—l-l-l-l-l&\ot e

\\

deletion T \\

KG deletion line

Figure 2. magu gene structure and mutants. The mapnafu is shown in blue with
exons denoted by rectangles, and genes downstreamago are represented in green.
Positions of transposable elements used to creslégiah mutants are denoted by red
triangles. The deleted sequences are indicatedashed lines. Deletion | lacks the
sequence between the PiggyBac insertions d00269022%6, which contains exon 3
and the translational start codon. Extent of detetiin KG deletion line begins from
KG02847b to at least 15 kilobases downstreamagju.
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Figure 3. magu mutants also exhibit wing phenotypes. The genotfgzemutant is
magu®®®**magu’??°®. (A-C) Compared wittw1118 (A, arrow and arrowhead), tiaagu
mutants exhibited a truncated' %ongitudinal vein (B and C, arrowhead), and lo$s o
posterior crossvein (B). The wing size was alsaiced inmagu mutants (C). (D and E)
The wing vein defects were restored when Magu w&specally expressed in the dorsal
domain of wing discs. The genotypes wenagu®®***Imagu™?**ap-Gal4;UAS-Magu-
Myc(D), and magu®®®**Imagu***ap-Gal4;UAS-V5-Magu (E). Notice overexpressing
V5-Magu also caused some gain-of-function phenatyfme instance the excess veins (E,
arrowheads), indicating this transgene is strotiggn UAS-Magu-MyC.
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Vasa
magu/+ FascllI|magu

\Y:
magu/~+

. 1 "‘-

magu, . - Vasa magi, 4 wavasa
upd>magl-t Fasclll|nanos=magiu - % Fasclll

Figure 4. GSCs are lost immagu mutants. The genotype fonagu/+ is magu®®®**or

magu®??%9 CyOkr-Gal4UAS-GFP, and for mutant isnagu®***magu™?2°¢. Hub (FascllI
or asterisk, white); germ cells (Vasa, green); mgo@-Spectrin, red). (A and B) A
control testis tip exhibited five GSCs attachetht hub (A, arrowheads), while the tip of
a magu mutant testis carried one remaining GSC (B, aread). (C and D) The dotted
fusome, unique to GSCs, was present in an indivigean cell adjacent to the hub in a
magu/+ testis (C, arrowhead), whereas branched fusomebawacter of differentiated
cells, were located in a cyst of germ cells digectintacted to the hub innaagu mutant
(D, arrowhead). (E and F) Overexpression of Mageitiner hub cells (E) or germline (F)
resulted in ectopic GSCs next to the hub in theamtst
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Table 1.magu affects GSC maintenance

% of

Condition Genotypé! l(\s/lgtéli IQR®  Min-Max® P value Testes P value’
w/GSCs
0-3 days, 2% magu® 7 /cy0’ 8(19° 8-10 6-13 100
(unless noted) magu®® /magul® 3(21) 2-4 0-7 <0.01 76 NA "
magu[e] or [dell] /CyO 7 (10) 7-7.8 6-9 100
magu’® /magul®®"! 0(10) 0-15 0-6 <0.01 30 NA
magul“© el or i /cyo 10 (10) 9.3-11 8-12 100
magu®® % /magul™ 25(10) 0-4 0-5 <0.01 60 NA
magul®® /CyO" 9(13) 7-10 6-13 100
magul®®" / magul®e 6(10) 5.3-7.8 4-9 <0.01 100 NA
magul*REVIe 1 /cyo 9 (8) 8-9 5-10 100
magu®REV /magul” 7(10) 6-8 4-9 <0.05 100 NA
aged at 2%C  upd-Gal4; magu™ /magu” ;
for 3dayd  MKRS 0(23) 0-35 0-6 43
upd-Gal4; magu® /magul” ;
UAS-V/5-magu 4(21) 3-5 1-7 <0.01 100 <0.01
upd-Gal4; magu® /magul” ;
MKRS 0@27) 0-3 0-6 44
upd-Gal4; magu® /magul” ;
UAS-magu-Myc 3(25) 0-4 0-8 >0.1 64 <0.01
aged at 2 upd-Gal4; magu'® /magu” ;
for 12 dayd  MKRS 0(12) 0-03 0-3 25
upd-Gal4; magu® /magul” ;
UAS-V/5-magu 4(12) 28-4 2-5 <0.01 100 <0.05
upd-Gal4; magu® /magul” ;
MKRS 0(11) 0-0 0-0 0
upd-Gal4; magu® /magul” ;
UAS-magu-Myc 3(17) 2-4 0-5 <0.01 94 NA
0-5 days, 28 magu'® /magu” ; MKRS 3(18) 2-4 0-6 83
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magu'® /magul” ; nanos-

Gal4/UAS-magu-Myc 4(15) 3-5 2-7 <0.05 100 >0.05

magu’® /magu” ; MKRS 2(13) 0-4 0-5 62

magu'® /magu’” ; nanos-

Gal4/UAS-magu-GFP 4(17) 3-4 2-6 <0.05 100 <0.01
0-3 days, 2% magu'® /magu!” ; MKRS 25(16) 0-4 0-6 63

magu'® /magul” ; nanos-
Gal4/UAStkvA 5 (25) 3-6 1-8 <0.01 100 <0.01

@Alleles used: [e]=[e00439]; [f]=[f02256]; [eREV]+¥dvertant of e]; [del l]=[deletionl]; [KG del]=[KGleletion].
®interquartile range = Quartile 3 - Quartile 1 ([1]), Q[3] = the 7' percentile, Q[1] = the Z5percentile.
“Minimum - Maximum, representing the spread of G$@hhers observed

dCalculated by Mann-Whitney test.

Calculated by Chi-square test.

f CyOkr-Gal4UAS-GFP

9 Number of testes scored in parentheses

" Not Applicable

' GSC number scored in gonads frofhiBstar larvae.

I Animals (0-3 days of age) raised af@%were shifted to 2& for 3 or 12 days.
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Table 2. Cohort Experiment

IQR P Min - Max® P value®

Condition Genotypé' Median GSC #
1™instar larvae magu®/ CyOGFP 7 (11) 6-9 5-9
magu®®/ magu®® 7 (17) 6-8 5-9 >0.05
3%instar larvae magul®!/ CyOGFP  12.5 (6) 11.3-13 10-13
magu®®/ magu®® 6 (12) 5-7 5-8 <0.01
0-6 days adult flies magu®"/ CyOGFP 11 (15) 10-115 9-12
magu®®/ magu®® 0 (17) 0-0 0-8 <0.01

2Allele used: [del l]=[deletionl].
®interquartile range = Quartile 3 - Quartile 1 (R[1]), Q[3] = the 7¥ percentile, Q[1] = the 25

percentile.
“Minimum - Maximum, representing the spread of G$@bers observed

dCalculated by Mann-Whitney test.
® Number of testes scored in parentheses
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Table 3. Larva Shift Experiment

Condition G Median IQR®  Min-Max® Pvalu¢ P value®
enotypée GSC #

early shiff upd-Gal4; magu™® /magul”; MKRS 27" 15-25 0-5
upd-Gal4; magu® /magu’; UASV5-magu 4 (12) 2.3-5 2-6 <0.05
upd-Gal4; magu®® ° 1/cy0; MKRS 4(8) 0-4 0-5
upd-Gal4; magu®® ' /CyO; UASV5-magu 5.5 (10) 5-7 4-8 <0.01

late shiff upd-Gal4; magu®® /magu”; MKRS 1(5) 1-2 0-2
upd-Gald: magu® /magu”; UASV5-magu 3.5 (10) 3-6  2-6 <0.01 0.46
upd-Gal4; magu®® ° 1/CyO; MKRS 409 3-4 2-5
upd-Gal4; magu® " /CyO; UASV5-magu 5 (9) 5-6 2-8 <0.05

@Alleles used: [e]=[e00439]; [f]=[f02256].

®interquartile range = Quartile 3 - Quartile 1 (R[1]), Q[3] = the 7' percentile, Q[1] = the Z5percentile.

“Minimum - Maximum, representing the spread of G$®hhers observed

dCalculated by Mann-Whitney test.

®Calculated for early and late shift rescue samples.

" Number of testes scored in parentheses

915 and 2%instar larvae (early shift) or 3rd instar larvael @arly pupae (late shift) raised al@3vere moved to 29°C until
eclosion. Adult flies (0-3 days of age) continuedvgn at 29C for 3 days.
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FasclIT|magu/+ FasclIl|magu/+ upd>GFP

FasclII|magu Fasclll|"agu Fascllljmagu

Figure 5. CySCs and hub cells are maintainedniagu mutants. The genotype for
magu/+ is magu®®*® or magu®?**YCyOkr-GaldUAS-GFP, and for mutant is
magu®®®**magu™?2*¢. Hub (Fasclll, white); CySCs (Zfh1, red); cyclieglls (Edu in B
and F, green); DNA (Hoechest, blue). (A and B) hiaenber of CySCs imagu/+ (A)
and mutant (B) testes was similar. (C andviapu mutant CySCs (D, arrowhead) divided
normally asmagu/+ (C, arrowhead). (E and F) Visualized by Fascld &NA stainings,
the number of hub cells appeared similamagu/+ (E) and mutant (F) testes. (G and H)
Using another markeupd>GFP, green), the hub cell numbemmagu/+ (G) and mutant
(H) was also similar.
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Table 4. magu does not affect CySCs or hub cells

Genotyp€ P value
magu®/magu’”  Sibling Control  (Student’s T-Test)
Average CySC numb& 21.7+1.0 (16§ 21.9+1.0 (14) >0.5
S-phase index for CySC€s 0.2 +0.03 (10) 0.2 + 0.01 (10) >0.5
Average hub cell numbér 9.6 + 0.4 (20) 9.9+0.5(17) >0.5
Average hub cell numbér 7.8 + 0.5 (19) 8.0 £ 0.5 (20) >0.5

2 Alleles used: [e]=[e00439]; [f]=[f02256]; Siblingpatrol=magu!® ' /CyOkr-
Gal4dUAS-GFP

® CySC number was scored in 0-4 day adults &£25

“Number of testes scored in parentheses

9The fraction of EdU+ Zfh1+ cells to total Zfh1+ tselin 1-4 day adults at 25 degree.
®Hub cell number was scored using Fasclll and DNa#ngtg, in 0-3 day adults at
25°C.

"Hub cell number was scored using Upd-Gal4 UAS-GiF@PRINA staining, in 0-3 day
adults grown at & and aged at 2@ for 3 days.
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E-Cadherin E-Cadherin
Traffic jam

E-Cadherin E-Cadherin
Traffic jam

magu

E-Cadherin E-Cadherin
Traffic jam

Figure 6. The CySCs iimagu mutants are not differentiated. The genotypeviagu/+ is
magu®®®™"CyOKrGFP, and for mutant isnagu®®®™"magu®®™" Hub (Fasclll, white);
somatic cells (Traffic jam, green); and differetath cyst cells (Eya, green). (A-B’)
Similar to magu/+ (A’ arrowheads), the differentiated cyst cells mmutant testes
presented far away from the hub (B’, arrowhead)e $bmatic cells close to the hub,
including CySCs, were not differentiated (A andgBgen). Notice the differentiated cells
had a larger size than undifferentiated somatidscdlC and C’) The larger-sized
differentiated cells occasionally appreared nexthtd cells inmagu mutants (C’,
arrowhead)
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mggu/+ bam-GFP|magu ¥ bam-GEP

Vasa ¢
magu,
Fasclll| nanos>tkvA
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Figure 7. BMP signaling is impaired
in magu mutants. The genotype for
magu/+ is magu®®™®"} CyOKrGFP

in A and E, magu®®*° or
magu?**YCyOKrGFP in C, and
magu®***ham-GFP/CyOKrGFP in
G. Correspondingly, the genotype for
mutant iSmgudeletionymagudeletionl in

B and F,magu®®**magu™?**¢ in D,
and magu®®***bam-GFP/magu™?2%°
in H. Hub (Fasclll or E-Cadherin,
white); germ cells (Vasa, green). (A
and B) The activation of JAK-STAT
signaling (Stat, red) remained
unchanged in mutant testes (B)
compared tanagu/+ (A). (C-F) The
activation of BMP pathway (pMad,
red) was reduced imagu mutant
GSCs (D and F) as compared to
magu/+ (C and E). C and D were
adult testes, and E and F were
gonads from 3rd instar larvae. Notice
the BMP signal was not restricted to
GSCs, but also appeared in
gonialblasts (C and E, arrowheads).
(G and H) The tip of anagu/+ testis
exhibited high bam expression in
spermatogonia away from the hub
(G), whereas atagu mutant testis tip
showedbam expression in the germ
cell adjacent to the hub (H,
arrowhead). (I and J) GSCs were
restored irmagu mutants when BMP
signaling was overactivated in the
germline (J).
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Figure 8. magu affects L5 specification. (A) Positions of prima@dlongitudinal veins
(L2-L5) in late 3 instar wing disc. The boundary between anterigrd posterior (P)
compartments and that between dorsal (D) and JPgMyaompartments are shown as a
blue and a dotted red line, respectively (copieanfi=ig.1A in ref (76)). In following
panels, anterior is up, dorsal is left. (B)situ hybridization in wildtype % instar wing
disc revealingmagu RNA mainly in periphery cells on wing blade (arjowlhe
expression ofmagu also appeared in the notum region of wing disco(@nead). (C)
magu/+. Anti-Delta revealed L3-L5 (arrows) on the wingté. The staining for L4 was
often much weaker than L3 and L5. (®3gu®***Imagu®®™" |n mutants, only L3 was
visible by anti-Delta (arrow). The fact that L4 wast detectable on this particular wing
disc was likely due to the variability of anti-Deelto mark L4. (E-H) Only the posterior
compartment is shown. (Eyagu/+. Anti-DSRF marked intervein cells. L4 and L5 were
revealed as gaps between interveins (arrows)mégc®***Imagu®®™" The region of
interveins appeared narrower and disorganized tamtst L4 could be determined based
on anti-DSRF staining, but the periphery positidrL6 made it harder to be identified
unambiguously (arrows). (G)nagu/+. Antibody against Abrupt, a L5 organizer
downstream of BMP activation, revealed L5 on thielisg control wing discs. (H)
magu®®®**Imagu®®°"! Anti-Abrupt staining was present in the presungti5 region,
but the signal appeared weak, and the pattern wass discrete compared toagu
heterozygotes.
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Table 5. The genetic interaction betweemagu mutant alleles andgbb*

Condition Median IQR® Min- P value®
Genotype’ GSC # Max ©
0-3days, magu®/Svi6a or gbb/CyO 7 (10)° -9
25°C magu’ / gbb? 6 (10) -7 >0.05
magul /SM6a or gbb/CyO 7 (10) -8
magu® / gbb® 5.5 (8) -6 <0.01
13-16 days, magu'® /SM6a or gbb’/CyO 8 (15) -10
25°C' magu®® / gbb® 4 (16) -9 <0.01
magul /SM6a or gbb/CyO 4 (18) -10
magu'” / gbb' 4 (19) 2-7  >0.05

4Alleles used: [e]=[e00439]; [f]=[f02256].
® interquartile range = Quartile 3 - Quartile 1 (R[B[1]), Q[3] = the 7#
percentile, Q[1] = the 25percentile.
¢Minimum - Maximum, representing the spread of G$@hhers observed
dCalculated by Mann-Whitney test.
® Number of testes scored in parentheses
" Animals (0-3 days of age) raised af@5vere aged at 26 for 13 days.
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wlll8 Oregon R

hub cells

Qi Hayashi et al. 2009

Figure 9. DIp is expressed ubiquitously in testis. (A andWB)ng two different wildtype
fly lines (w1118, A; Oregon R, B), the expressidnDidp (red) appeared among many
cells at the testis tip, and was never restrictethé hub (A', B', white). (E) In contrast,
Dlp (green) was reported previously to specificaltgumulate at hub cells in the Oregon
R background (E', red; copied from Fig.4E in r&5)}7
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Table 6. The genetic interaction betweemagu mutant allele and HSPG

Condition Median IQRP® Min - P value®

Genotype’ GSC # Max ¢
0-3days, magu®’; T™M6b,Hu, To 8(5)°¢ 7-9 6-9
25°C magul®®; dally*®dip"*®®  9(5) 9-10 9-11 >0.05
12-15 days, magu®"; TM6b,Hu,Tb  5(5) 3-6 3-6
25°C' magu®®: dally!®dipit®1  5(5) 5.5 4-9  >0.05
magu®®; TM6b, Hu, Tb 5.5 (14) 4.3-6.8 3-9
magul®®'l; d|plAt7 7(18) 5-8 4-11 >0.05
magu®’; TM6b, Hu, Tb  5(9) 4-5 4-8
magul®®'l; sf|[%4 709 6-7 4-9  0.042
magu®®l/CcyO 7(9 6-8 3-11
magul®®"/tty{% 6(10) 53-7 4-8  >0.05

2Allele used: [del 1]=[deletionl].

® interquartile range = Quartile 3 - Quartile 1 (R[B[1]), Q[3] = the 7#
percentile, Q[1] = the 25percentile.

¢Minimum - Maximum, representing the spread of G$@hbhers observed
dCalculated by Mann-Whitney test.

® Number of testes scored in parentheses

" Animals (0-3 days of age) raised af@5vere aged at 26 for 12 days.
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Table 7. Ectopic expression of DIp can rescusagu mutant.

% of

Condition Genotypé E;/Igccjzla; IQR® m:xc P value® Testes P Value®
W/GSCs

0-3days, UASdIp-GFP or fM7; magu® /magu”; MKRS 0(19) 0-0 0-6 21

25°C UAS-dIp-GFP; magu® /magu™; nanos-Gal4 2(21) 0-4 0-9  0.06 57 <0.01

12-15 days, UAS-dlp-GFP or fM7; magu® /magu”; MKRS 0(15) 0-0.5 0-5 27

25°CY UAS-dIp-GFP; magu® /magul’; nanos-Gal4 2(17) 0-3 0-4  0.15 59 <0.01

4Alleles used: [e]=[e00439]; [f]=[f02256].

® interquartile range = Quartile 3 - Quartile 1 (R[R[1]), Q[3] = the 74 percentile, Q[1] = the Z5percentile.
“Minimum - Maximum, representing the spread of G$@bers observed

dCalculated by Mann-Whitney test.

Calculated by Chi-square test.

" Number of testes scored in parentheses

9 Animals (0-3 days of age) raised af@%were aged at 26 for 12 days.
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Faseclll

mag “ :
nanos=dip-GFP

Figure 10. Magu controls the localization of ectopic Dlp expresgederm cells. UAS-
dip-GFP was driven selectively in germ cells bgnos-Gal4. (A) magu/+; nanos>dlp-
GFP. In sibling control testes, anti-GFP (green) rdseaectopic Dlp proteins
accumulated along the interface between hub dedisqlll, white) and GSCs (Vasa, red)
(A, arrow). (B) magu®®*Imagu’®® nanos>dip-GFP. In magu mutants, DIp (green)
was not restricted to the hub-GSC interface; rathexhibited a punctate staining in and
surrounding GSCs (B', arrow).
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magu/+, \ y magu, magu,
hh>dip-GFP hh>dip-GFP hh>dip-GFP

Figure 11. Ectopc Dlp expressed from hub cellshh-Gal4) exhibits abnorm:
localization in magu mutant. The extracellular Dlp was visualized byirstey nor-
permeablized testes. (/magu/+; hh>dlp-GFP. Anti-GFP (red) revealed that DIp w
enriched on the outer layer ofe hub (E€Cadherin, white), along the interface betw
hub cells and GSCs (A", arrow). (fmagu®®®**Imagu®®®™" hh>dlp-GFP. In mutant
testes, extracellular DIp exhibited a punctatenstgi along the hi-GSC interface. Th
accumulation of DIp was also observed inside theb h(B', arrow). (C
magu®®®*Imagu®®®°™ hh>dip-GFP. In some mutant testes, the shape of DIp exion
region appeared polygonal, rather than roundedthkehub. The membra-bound Dlp
extended beyond hub cells expressir-Cadherin (white), and embraced somatic ¢
next to the hub (arrow).
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TypelV Collagen- pel
Fasclll [JCFPtrapline FasclIl

TypclV Collagen-
GFPtrapline

Figure 12. Magu may not interact with several ECM-associatedgins. (A) WT. Anti-
Perlecan (red) revealed basal lamina under thetsloéadestis. A hazy staining was also
observed near the hub (Fasclll, white), suggestiingeCM enrichment in that region
(arrow). (B) magu®®™" magu®™" perlecan appeared normal in most mutant testes
(data not shown). But in some mutants, the Perlataiming exhibited multiple layers
along the testis sheath. Occasionally, basal lam@nealed by anti-Perlecan arced further
into the testis (arrow). We did not think this waaprimary defect in mutants (see text for
details). (C) TypelV Collagen-GFP trap line. Simikm Perlecan staining, anti-GFP
(green) revealed basal lamina under the testisttsh&ao layers of Collagen near the
hub (arrow) also suggested an accumulation of dasaha. (D) TypelV Collagen-GFP
trap line. Location of extracellular Magu (red) cidt overlap with Collagen (GFP) in
wildtype condition. (E)magu/+. Integrin (red) was expressed ubiquitously inisetsp, in
somatic cells (Vasa negative) and along the tekgsith.
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Discussion

Here, by following up on a previous microgragpproach that identified transcripts
enriched at the testis tip, we show thaigu plays an important role in GSC maintenance.
We also provide strong evidence that it does sebygulating BMP activation in germ
cells.magu encodes a secreted protein of the SPARC/BM-4Gjastin family, shown
to ensure the proper activity gradient for the BM#brphogen, Dpp, across the
developing wing epithelium (66). More recently, tgmups further showed that Magu
functions as an important mediator of scaling Digmaling activity with wing disc size
(77, 78). The role we have characterized for Maguhie testis niche exhibits some
similarities as well as differences to that propbke the wing.

Magu serves as a BMP modulator to maintain GSCs iadult testes

It has been shown that the BMP pathway ivatetd and required in GSCs, whereas
the JAK-STAT pathway is activated and required ahbGSCs and CySCs (40, 42, 44,
45, 47, 50-52). Our data shows timaggu is required for maintenance of GSCs, but not
CySCs, and that BMP activation was impaired in geefis adjacent to the hub magu
mutants. We also found that forcing activation bé tBMP pathway in germ cells
substantively rescued thagu phenotype. Thus, we conclude that the primary able
magu in the testis niche is to modulate BMP signaling thereby maintain GSCs.

Superficially, our results suggest that Magarks in a manner similar to that
described in the wing epithelium, where Magu féatés the transport of BMP ligands to
establish the proper signaling gradient. Howevemur view, the role of Magu in BMP
signaling is tissue-dependent: it serves as aitioit for ligand distribution in the wing,
but a signaling co-receptor in the testis. Our ent® is elaborated upon next.

The most obvious difference between testid aing is that to control wing
patterning, BMP signaling is graded and must becotiffe over a long range. Thus, Dpp
is expressed from a stripe of cells in the centehe wing disc, while the region where
BMP activation is modulated by Magu is located l&erally, many tens of cells away
from the ligand source (66). In striking contrast this situation, BMP ligands are
produced in hub cells and CySCs of testes, whiehdaectly adjacent to GSCs, where
pathway activation is required (50, 52). In thetisgsthere is no documented graded
requirement, and, if anything, it is likely thattipaay activation must be restricted to
cells near the niche to ensure that few cells takstem cell character. Therefore, while
Magu is thought to assist the movement of Dpp @vkmg range in the wing (66), there
is no need for long-range transport for GSC magnter in the testis. This distinction
between the two systems suggests that key mecicanigterences remain to be
uncovered for how Magu affects BMP signaling.

One way that Magu supports robust signalargifom the BMP ligand source in the
wing is thatmagu gene expression is engaged by a feedback circoitder to be used as
a positive modulator of signaling. Thusjagu expression is repressed in areas of
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relatively high signaling, and that repressionekerved in regions of low signaling. Its
action in the low signaling region is to promotgrsiling even though these areas are far
from the ligand source (66). In fact, expressimggu ectopically in the area of high
signaling serves to dampen signaling there, whilenhances signal at a distance,
presumably by promoting movement or stabilizatibthe ligand. In the testis niche, we
do have some evidence for feedback regulation. ¥ded that a reporter construct of
Magu, containing pMad/Medea/Schnurri complex bigdsaites (66) is expressed in hub
cells, as one would expect. However, when thesditgrsites are mutated, the reporter is
expressed more robustly, and in more hub cellss $hggests that feedback exists in the
testis system also. However, in contrast to thegwine have no evidence that this
negative feedback regulation is necessary in thistaiche, as overexpressionrdgu

did not result in fewer GSCs (data not shown).

One other potential difference between thagwand testis niche is that the BMP
ligands acted on by Magu might differ in the twostgyns. Vuilleumieret al. have
addressed the function of Magu with respect to Ctpp, principal BMP ligand used
globally for wing patterning. However, the major BMigand for male GSC maintenance
appears to be the related molecule, Gbb (50, 52)s Tifference could have
consequences for the mechanism by which Magu inflee BMP signaling comparing
the two systems. For example, although Dpp doesntetact directly with Magu (66),
the potential remains that Magu might bind to Gbb&SC maintenance. In this regard,
it is worth noting thagbb is expressed throughout the wing (69), and thatpromising
gbb function does generate a wing vein phenotype ammmagu mutants (70, 71). Thus,
in the wing, even though the focus has been on PpMaps there is an effect also on
Gbb signaling that has yet to be characterized.sTHurther investigation of the
modulation of BMP signaling by Magu in both the giand testis niche should be
revealing.

How might Magu modulate BMP signaling in the testisniche?

The fact that overexpressing a constitutivaatyive form of BMP type | receptor in
the germline can rescue the GSC phenotype sugestslagu acts upstream of receptor
binding. This is in agreement with its proposecerol the wing and also preliminary
analysis in zebrafish (66). There are a number efmbrane-associated and secreted
factors that Magu might influence to modulate BMghaling.

In the wing, Magu interacts directly with Bal a HSPG (heparan sulfate
proteoglycan) (66). Interestingly, Dally and itsnmmlogue Dally-like (DIp) are also
important for male GSC maintenance (74, 75). Whike have not observed genetic
interactions betweemagu anddally, dip or other genes needed for HSPG biosynthesis,
some preliminary data indicate that overexpresdipgn the germ cells can increase the
fraction of testes retaining GSCs amaomggu mutants. Preliminary data also showed that
ectopically expressindlp from germ cells led to an enrichment of Dlp aldhg hub-
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GSC interface, and that this enrichment was Magqeddent. This suggests a
hypothesized model of how Magu regulates BMP atitma Studies from other tissues
have demonstrated that Dlp acts as a BMP co-recépteecruite ligands and facilitate
ligand-receptor binding (79). Thus, Magu may com@a DIp to the hub-GSC interface,
and thereby activate the BMP signaling robustlshim specific region (Fig.13A). Without
the presence of Magu, DIp proteins are not enrichleshg the hub-GSC interface.
Consequently, fewer BMP ligands can be recruited, BMP activation is diminished
(Fig.13B). Although this simple model is consistaith our data, it is worth noticing
that Dlp is expressed ubiquitously in testes, toeeg further experiments are needed to
examine the role of endogenous DIp with respedlégu. In addition, the location of
another HSPG, Dally, is also reported to be huleiipethus we can verify the specific
expression pattern of Dally, and further test itdenaction with Magu in GSC
maintenance (74, 75)

Given that Magu is secreted from hub cets lacalization could have suggested a
more specific hypothesis for its action in the itestiche. Howevermagu protein
localization among cells of the niche appears cemphAn antibody we raised against an
N-terminal portion of Magu exhibits punctate signastricted among hub cells, and at
the hub-GSC interface, but this serum was effeabivkly sporadically. A second serum
directed against a C-terminal peptide (66) robustthibits the same punctate pattern
among hub cells, but also reveals a slightly ex@endistribution among stem cells and
their daughter cells near the hub. Additionallys terum revealed strong punctate signal
likely among the extracellular matrix (ECM) neae thub. It is not possible at this time to
distinguish whether the pool of Magu associatechvCM or the more generally
distributed pool is active for GSC maintenance.

However, considering the close proximity afbhcells to GSCs, it is simplest to
envision that Magu acts along the hub cell-germéiteen cell interface. In fact, the BMP
signals from the hub are received at the hub-G$&face, as visualized by a fluorescent
reporter of BMP type | receptor Thickvein (63).i#t possible that Magu facilitates
interactions between BMPs and their receptors viarméation of ternary
ligand/Magu/receptor complex. Such a ternary compleas been shown for
Crossveinless 2 (Cv2), an extracellular BMP modulahgaged for crossvein patterning
in the wing (80). Although Cv2 and Magu do not etesimilar proteins, perhaps some
lessons can be learned from the role of Cv2. Trogem can also bind to Dally, and the
Cv2-HSPG interaction is important for normal BMRrealing in crossvein patterning
(80). Magu and its vertebrate orthologues SMOCId2ehtwo Thyroglobulin type-1
repeats. It has been shown that proteins with segeats can inhibit extracellular
proteases (81). Thus, although Cv2 appears to haweffect on the function of Tolkin,
the protease promoting BMP signaling in crossveittgoning (80), it is reasonable to
speculate that Magu may function as a proteasditohito protect BMP ligands from
being degraded by other extracellular proteases.
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Alternatively, the enrichment we observed agnthe ECM is interesting. Thus, we
explored possible roles and interactions extralzlloatrix components may have with
Magu. First, among the family of proteins to whidlagu belongs, SPARC interacts with
type IV Collagen, a component of basement membr@®), and SMOC1/2 are
associated with basement membrane (83, 84). Initeybs Viking (Vkg), the type IV
collagen inDrosophila, is involved in female GSC maintenance. Howeitsrole is to
restrict BMP signaling in the germarium (85), ardstwould be opposite to the
phenotype expected for a Magu interactor in théstesche. In addition, we did not
observe a defect of type IV collagen nmgu mutants, or co-localization of type IV
collagen and extracellular Magu in wildtype test8gcond, we tested another ECM
component, Perlecan, but this also appeared tomadate normally inmagu mutant
testes. Finally, since SMOC2 depends on intergtonanodulate the attachment of
epidermal cells and for angiogenesis (86, 87), Wso anvestigated the possible
interaction of Magu and integrins in testes. But i@ not observe a defect gPS-
Integrin inmagu mutants.

Speculation about other roles Magu may play in addltestes

The extended staining pattern at the tegtiag visualized by antibodies against C-
terminal Magu is interesting. BMP ligands are espesl by hub cells and CySCs, and
pPMAD accumulation can often be detected in the sédier germ cells, even though
these cells are not GSCs. Perhaps Magu is assiatiBYIP signaling at these extended
distances, playing a role more similar to that ingvas a ligand transporter. While we
have no direct data that Magu plays such a rolgnentestis, a mild extension of BMP
activation could act in dedifferentiation. For exae, it may confer a stronger tendency
for dedifferentiation on daughter germ cells néwr lhub. In fact, it has been shown that
early rather than late stage spermatogonia are hhketg to restore the GSC population
(49).

Finally, punctate Magu staining can be obsérin regions of testes far away from
the hub, as shown by both antibodies against M#¢el.do not know whether these
signals are real, but it is worth noting that BMgnaling plays a role in later stage cyst
cells where this pathway must be activated (62)s fossible that Magu may facilitate
the distribution of BMP ligands from the hub regi@own to the area where
spermatogoina are located. To demonstrate this thgpis, live imaging of ligand
transportation using epitope tagged Dpp/Gbb anduveag needed.

Does Magu play a role in GSCs in larval gonads?

It has been shown that JAK-STAT pathway igumeed for both GSC and CySC
establishment durindprosophila embryogenesis (68, 88). Male GSCs are established
during the embryo-larval transition (68). Althougb experiments have been reported to
directly test the requirement of BMP in GSC esshiohent, a consistent pMad staining
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in early germ cells is not detectable until 4hre@farva hatching (89). We have found
that GSC number is normal iff instar larva gonads mutant faegu. Thus we conclude
Magu does not affect GSC establishment. Therefbiikely that BMP pathway is not
involved in GSC establishment.

Nevertheless, once GSCs are established, Mtgts to act in their maintenance.
This conclusion is based on the observation tfianstar larva gonads mutant foagu
have a significantly lower number of GSCs compatedsibling controls. We have
noticed that there is normally an increase in GS@irer from I to 3¢ instar. This
observation is supported when comparing data re@dsy two other groups (68, 89).
However, Magu mutants do not show such an increthses, BMP signaling must be
necessary for this increase.

Evidence for dynamic BMP signaling inDrosophila male GSCs during development
The requirement of BMP signaling for GSC nbamance has been well established.
In adult testes, GSC clones mutant for componenBMP signal transduction are not
maintained, but instead differentiate (50-52). Tbisggests strongly that the BMP
pathway is active in adult GSCs. However, in casitito earlier reports (50), we have
difficulty detecting BMP activation in wildtype tes using either pMAD or reporter
gene assays. While this might imply that the lefdBMP pathway activity is below the
threshold of our detection, positive pMAD stainican be always nicely observed iff 3
instar larva gonads. Furthermore, a recent papen the Fuller lab fully supports our
observation (89). Charg al. go on to show that the response to BMP signahn@$Cs
is downregulated during development as demonstiatgsMAD anddad-LacZ stainings.
This downregulation is mediated by Smurf, an uliguprotein ligase for MAD
degradation. Ismurf mutant adult testes, high levels of pMAD afail-LacZ expression
are observed in GSCs and early germ cells. Smad abntrols GSC numbers. In
wildtype situation, the average GSC number in gessesignificantly lower in adult
compared to pupa. However, this difference is abelil insmurf mutants. These data are
consistent with the observation in our cohort expent that GSC number in%linstar
larva gonads is slightly higher than that in adedtes (Table 2). Taken together, the data
suggest strongly that there is indeed a tempoallation of BMP signaling in GSCs
during testis development.

Is BMP signaling activated in hub cells of adult tetes?

It has not been reported before that BMPvation occurs in hub cells. However,
Magu is a target gene of BMP pathway (66), andxmessed in hub cells. In addition,
antibody staining against Medea and expression ai-lhcZ also suggest BMP
activation in hub cells. Therefore, we think BMRymaling is activated in hub cells.
Considering the heterogeneous pattern naedgu and dad reporter lines (Fig.1B;
Addendum Fig.1B, B’), we also conclude that thevation of BMP pathway in hub
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cells is spatially regulated. We do not know th@amiance of BMP activation at the hub,
besides stimulatingnagu expression. It is intriguing to think that the nemiform
activation may indicate functional heterogeneityoagn hub cells. Further evidence
would be needed to test this speculation. But,ittéa may be supported by the fact that
hub cells derive from two groups of somatic gonaécprsors during embryonic
development: one from parasegment 10, and the btirarparasegment 11.
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Figure 13. A hypothesized model of how Magu regulates BMP atitm. (A) In
wildtype testis, Magu concentrates Dlp to the -GSC interface. The enriched C
proteins recruitBMP ligands to the surface of BMP receptors, ther&dzilitate the
activation of BMP signalir. (B) In magu mutant testisDIp proteins ardiffused around

the GSC membransurface, thus BMP ligands are not concentratedgalbe hu-GSC
interface,and BMP activation is diminishe
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Material and methods
Fly strains

Fly lines used weremagufrgll-LacZ, magufrgliAS-LacZ, and UAS-V5nagu
(George Pyrowolakis, University of Freiburg, Geriylamanos-Gal4:VP16 (Erica Selva,
University of Delaware, USA)upd-Gal4 (Erika Matunis, John Hopkins University,
USA), upd-Gal4 UAS-GFP (Erika Bach, New York University, UpAam-GFP (Dennis
McKearin, UT Southwestern, USA), UARvA (Kristi Wharton, Brown University,
USA). All stocks related to HSPG came from Xinhua, [Cincinnati Children's Hospital
Medical Center. The following transposable insertilmes were from the Exelixis
Collection at Harvard Medical Schoolmagu®®®® (FBti0053977), magu®®®+®
(FBti0046433), andnagu™??*® (FBti0050490). All other stocks includingagu©024™
(FBti0023111) were provided by the Bloomington &tQ@enter or generated in this study.
Flies were grown at 25°C unless noted.

Generation of magu mutants

A precise excision afagu was isolated as described to generate a revertant,
while deletion | was made using FRT/FLP-mediatetiritdy element insertion starting
with the PiggyBac insertionsiagu®®?®°and magu™?%*® (90). The resulting lines were
verified by PCR. Some of the same mutant allele®welependently made and reported
previously (66). To obtain mutants with potentialgrger deletions, the P-element
transposon KG02847b was remobilized, and new kaxégbiting a wing vein phenotype
over the magu®®®** allele were selected out. Inverse PCR was useitlentify the
endpoints of the resulting deletions. The deletioagin in the KG element, and extend to
genomic coordinate 5966K for line 76 (reported able 1), 5987K for line 123, 6325K
for line 166, 5988K for line 862 (Flybase, releaséore Feb. 2010).

00439

Generation of an anti-Magu antibody

A 6xHis epitope tag (Qiagen pQE vector) wasetl N-terminally to residues 36-213
of Magu. The resulting protein was purified fromudde whole bacterial extracts, using
Ni-NTA beads (Qiagen), and injected into rabbitheTcrude sera were preabsorbed
1:5000 against fixeev1118 testes at 4°C for 24 hrs. Titration of this antipaevealed
that the preabsorbed 1:5000 dilution gave the $igatl-to-noise ratio.

Plasmids

magu sequence was amplified via PCR from BDGP cDNA L8&0 and cloned
using Gateway recombination methods (Invitrogenio irither a pUAST-Myc or
PUAST-GFP destination vector (developed by Terentiegphy, DGRC). Transgenic
flies were produced using standard germline transtion techniques.

In situ hybridization
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In situ hybridization on testes and wing imaginal discghgisdigoxigenin-labeled
antisense RNA probes was performed as previousigrited (64).

Immunostaining

Immunostaining for gonads, adult testes, wimd) imaginal discs was performed as
previously described except 1xPBS was substitubedBluffer B (40). The following
antibodies were used: mouse anti-lacZ (1:10,000mBga), rat anti-E-Cadherin (1:20,
DSHB), rabbit anti-Magu (1:5000), rabbit anti-Magi:15,000, George Pyrowolakis,
University of Freiburg, Germany), goat anti-Vasa(D, Santa Cruz), mouse anti-Fasclll
(1:50, DSHB), rabbit anti=Spectrin (1:200, DSHB), rabbit anti-Zfh1 (1:5,00Ruth
Lehmann, New York University, USA), chick anti-GKR:1000, Molecular Probes),
rabbit anti-Stat(1:5000, Erika Bach, New York University, USA), nssuanti-pMad
(2:21000, Carl-Henrik Heldin, Ludwig Institute fora@cer Research, Sweden), mouse
anti-Eya (1:20, DSHB), guinea pig anti-Traffic jgfin10,000, Dorothea Godt, University
of Toronto, Canada), mouse anti-Dlp (1:50, DSHByus®e anti-Delta (1:3000), mouse
anti-DSRF (1:200), and rabbit anti-Abrupt (1:1008)tempts to visualize pMad in adult
testes using anti-pMad generally failed. In one eexpent, several testes exhibited
clearly positive signals. The example in Fig 5@ dsn this experiment.

For extracellular staining, testes were dits® in cold Ringer’s solution, and
incubated for 2 to 3 hrs in cold Ringer’s soluticontaining 2% normal donkey serum
and 1:15,000 rabbit anti-Magu (developed by Ge&rgr®wolakis), and washed for 3x20
min in cold Ringer’'s solution, followed by the stlmd fixation and immunostaining
protocol.

Imaging and imaging analysis

Images were captured with a Zeiss AxioplaegRipped with an apotome. Z-series
were analyzed by the AxioVision 4.6 software, exdb@at projection images for Magu
(standard staining)a-Spectrin, and pMad (for testes) were created bsgkd (NIH)
software. Various cell types were counted by stepphrough optical sections. Excel
(Microsoft) was used for statistical analysis. G&@nber inmagu mutants did not fall
into a normal distribution, thus the Mann-Whitnegttwas used to calculate P-value on
the VassarStats web site (http://faculty.vassafleduy/VVassarStats.html).

Mounting fly wings
Wings from adult flies were dissected in ny&hlicilate (Sigma, C1705) and
mounted in 2:1 Canada Balsam (Sigma, M-6752): nisdhgilate.

S phase labeling
S phase labeling of testes was performedesqusly described (40).
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CHAPTER 3

Identifying target genes of the transcription fact
Zfhl in CySCs of theDrosophila testis
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Summary
Stem cells are often situated in a speciaf@environment called niche. Niche cells

regulate stem cell behavior through local signaisDrosophila testes, two stem cell
populations, GSCs and CySCs share a common nidleel the hub. Recent work from
our lab has demonstrated that CySCs also funcsam @iche for GSCs (40). We further
showed that the transcription repressor Zfh1l gavéna double role of CySCs (42). Zfhl
is required for CySCs self-renewal, and also sigfficto induce excess CySCs and GSCs
(42). How Zfhl plays its role is ill-defined. Thhere we attempt to identify target genes
of Zfh1l using complementary approaches. ChIP-gP&Rlts show that Zfh1 is enriched
near the cyst cell differentiation gene encodedyay and the epithelial component E-
Cadherin encoded bghg. The complementary genetic approach suggests Affet
requires co-repressor CtBP to generate ectopic ctdm

Introduction

Niches regulate the behavior of many tisqueedic stem cells (1). The
microenvironment formed by niche cells provides ami@nt extrinsic cues to guide the
self-renewal of stem cells. Studiesfosophila male germline stem cells have served as
a paradigm in niche-stem cell biology. In the frilyt testes, a group of tightly packed
somatic cells, called hub cells, are located ataghieal tip. Two intermingled stem cell
populations, germline stem cells (GSCs) and cysistells (CySCs), are organized
around the hub. It has been known for more thanyears that JAK-STAT signals
emanating from the hub are necessary and sufficeerthe self-renewal of both GSCs
and CySCs (44, 45). Stem cells mutant for a JAK-BBAnal transducer will lose their
stemness and differentiate, leaving the hub (44, When the ligand of JAK-STAT
pathway is overexpressed in testes, excess GSCEy®@s are induced, resulting in a
stem cell tumor phenotype (Fig.1B) (40, 44, 45)erEfore, the hub functions as a well-
established niche to control stem cell behaviasugh JAK-STAT signaling.

This somewhat simple model, where one niclgnas is key, has modified
extensively by recent work from our lab (40). Weirid that CySCs are also part of the
niche: they act together with hub cells to renewC&S-urthermore, we also significantly
clarified the role of JAK-STAT pathway in the furar of this niche. Surprisingly, when
JAK-STAT signaling is only activated in the CySG3SCs are still maintained even
though they are not transducing a STAT signal (4dMerefore, STAT cannot be
necessary for GSC renewal. Interestingly, the dgpleted GSCs are no longer adherent
to the hub (40). Thus, JAK-STAT signaling is notjuged for GSC self-renewal, but
rather regulates GSC adhesion to hub cells (Figcbpied from Fig.4E in ref (40)).
Under these conditions the CySCs govern the reneikasSCs, and thus, CySCs
constitute part of the germline niche. The novdiarothat hub cell and CySC function
cooperatively to serve as a GSC niche may not kh@isung, as hub cells and CySCs are
derived from a common pool of somatic gonadal pems (SGPs) during
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gonadogenesis. Interestingly, the niche architecand signaling in male gonads has
been shown to be similar to our observation in tadestes (88). Further evidence
supporting CySC'’s role as part of the niche comesmfdedifferentiation studies on
spermatogonia, daughter cells of GSCs that haveadyr taken on the fate of
differentiation. Brawley and Matunis have shownttli&SCs can be regenerated by
coaxing spermatogonia to convert back into GSC3. (B8ey find that the regenerated
GSCs are often accompanied by CySCs. Their dataradgcate that when CySCs or cyst
cells are not present, spermatogoina are not ablentergo dedifferentiation. Thus,
CySCs may be required to guide the dedifferentiatiogonial cells into GSCs.

The fact that CySCs were not only a stem peatiulation, but also comprised part of
the niche has led me to focus on these specia. ¢albm a prior microarray study in the
lab, a number of genes were identified whose espmesvas enriched in stem or niche
cells (64). Among these was the zinc finger homewalo protein Zfhl. We discovered
that Zfhl was highly expressed in CySCs, but dogueged in hub cells and also
downregulated in differentiating cyst cells (42urfhermore, CySCs mutant for Zfh1 left
the hub and started to differentiate (42). Thersf@fhl is specifically required for CySC
maintenance. More interestingly, when Zfhl is sasthin otherwise differentiating cyst
cells, we observe a stem cell tumor phenotype amtd ectopic JAK-STAT activation
(42). Using various stem cell markers, we have detmated that the excess somatic
cells and germ cells induced in Zfh1l overexpressestes ardona fide stem cells (42).
Thus, Zfhl1 is not only intrinsically sufficient fa@CySC self-renewal, but also regulates
GSC self-renewal non-autonomously. The impact ¢flZbn two cell lineages matches
with our notion that CySCs function as both a stethand a niche for GSCs.

How does Zfhl regulate stem cell behavior? ek zthl is a presumptive target
gene of JAK-STAT. We have shown that the functiérzthl is downstream of JAK-
STAT activation, as ectopic STAT proteins are natuanulated in Zfhl overexpression
testes (42). Another signal that is required folG38aintenance is BMP. We have found
that when BMP signals are impaired, the effect @ilZto cause excess GSCs is
dampened (40). Thus, we previously proposed a modehich activation of JAK-STAT
in CySCs induces Zfh1, which in turn induces theregsion of BMP ligands required
for GSC self-renewal (Fig.1A). However, if BMP iset key GSC renewal signal
downstream of Zfh1l activation, then constitutivéivation of the BMP pathway in the
germline would cause excess GSCs. But this reakomaipectation is not observed in
testes with ectopic BMP activation in the germl{f€y.1C) (50-52). We have also tried
to co-activate both JAK-STAT and BMP in the germalimbut this attempt also fails to
recruit extra GSCs (Fig.1D). Thus, there must eastinidentified GSC renewal signal(s)
that is controlled by target genes of Zfh1 in the&SCs.

Zfhl is a transcription factor with pleiotioproles during embryogenesis (91-98).
The protein contains zinc finger clusters at bdtd N- and C-terminals. It also has a
polyQ region, a homeodomain, and a CtBP (C-terrvdrading protein) binding motif.
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Data fromin vitro experiments have shown that the zinc fingers dflZ¢an bind to
EBox sites in the regulatory region of a gene (9 has also been shown that Zfhl
functions as a transcriptional repressor with geuitment of its co-repressor CtBP (99).
We have found out that Zfhl with a mutation in CtBiRding motif fails to generate
extra stem cells (42). Thus, we think Zfhl alscsad a transcriptional repressor in the
testis.

Here, to further dissect out how Zfh1 corgrsiem cell self-renewal, we are trying to
identify target genes of Zfh1l using two genome-wagproaches: ChIP-Seq and genetic
modifier screen. ChIP-gPCR results show #yatandshg may be direct targets of Zfh1.
We also further demonstrate the requirement of GtBRZfh1 function, as lowering the
gene dose of CtBP reduces the stem cell tumor pyy@mogenerated by Zfhl
overexpression.

Results

To identify target genes of Zfhl, we haveetakwo approaches. One is ChlP-Seq,
which combines chromatin immunoprecipitation wiigththroughput DNA sequencing.
The other is a genetic modifier screen. ChIP-Sémwal us to identify potential direct
targets of Zfh1l. The gene list generated by Chl§+8é be long, requiring much effort
in prioritization to select out a small set of &g for follow-up analysis. Thus, the
genetic modifier screen serves as a complementatitad to narrow down our focus.
The screen approach identifies genes functionitigeein parallel with or downstream of
Zfh1l. It is an unbiased genome-wide method, bueddimg on the dosage sensitivity of a
particular gene, it may not fish out all the poiaintargets of Zfh1l. Therefore, we think
genes identified from both approaches have a highance to be a real Zfh1 target. The
project is currently underway. Below | will elabteahow we have carried out each
approach, how far along we are, and what will logiired to finish each approach.

ChIP-Seq for Zfhl

The general procedure of ChIP-Seq is showikig?2. First, cells of interest are
enriched, and chromatin and protein are cross<inkeing formaldehyde. Second,
chromatin isolated from cell lysates are fragmentég sonication. Third,
immunoprecipitation (IP) is performed on chromatiragments using antibody-
conjugated beads. Forth, pulled down chromatingimotomplexes are isolated, and the
IP’ed chromatin is eluted by reversing the crosg&iig. Finally, purified DNA fragments
are assembled into a library and sequenced.

For the ChIP-Seq approach to be successfal,need to have three essential
components in place.
1. Can weisolate enough chromatin from testes for ChlP?
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There are only 28h1 expressing cells (CySCs) per testis. In orderaehsufficient
numbers of this cell type from which to isolate arnhatin, we decided to significantly
boost the number of cells express#figl using the Gal4-UAS system.

2. Do we have a Chl P-grade antibody for Zfh1?

There were various antibodies against Zfhiegted by different labs (96, 98, 100).
It was unknown whether they were suitable for Ch#fternatively, we could use
commercially available ChlP-grade antibodies agaamsepitope tag. In this latter case,
we needed to construct an epitope tagged UAS-Zfh1.

3. Can we carry out ChlP in our lab?

In order to assess the success of ChIP, wieletkto perform gPCR experiments on
ChilP’ed chromatin before sequencing. We also choseerform ChIP-gPCR on a
histone mark as a positive control (trimethyl, hesi27 on Histone H3; H3K27me3). We
used IgG as a negative control. No known targeitstexk for Zfh1 in the testis so far, thus
we selected putative positive control genes basedw genetic data and a gene list
generated from Zfh1l ChIP on wildtype embryos (setaits later).

Our tests for these three essential compsnan¢ obviously interrelated. The
reliability of satisfying the requirement for onemends on how reliably the other two
components function. However, for the sake of gfatiwill summarize results for each
component separately.

Can we isolate enough chromatin from testes for CIf?

There are two ways to significantly increséise number ofzfhl expressing cells in
the testes. The first relies on the fact il expression is regulated by activation of the
JAK-STAT pathway in CySCs. Thus inducing the JAKAST pathway in the cyst
lineage would then activate the downstream geid. The second way involves
overexpressingfhl directly using a cyst lineage Gal4 and UAS-Zfhb Matter which
method is used, the key will be to obtain robustidpction of excesgfhl expressing
CySCs. This proved trickier than we had hoped.

Since the potential exists that directly egsing artificially high levels of Zfh1l might
lead to some aberrant binding and increase the-faisitive rate, we initially tried
activating the JAK-STAT pathway. To do this, we egsed either the ligand (Upd), or
an activated form of the kinase, JAK However, we could not generate testes having
consistent induction of Zfhl, nor having a robustns cell tumor phenotype (see
Addendum). We therefore had to turn to direct expression of Zfh1 in the cyst lineage.
Even though in the past this approach uncoverednabar of key principles about Zfhl
and CySCs (42), the approach was not robust enfaughy purpose, as too many testes
did not exhibit a strong enough phenotype (see Addm).

We did not know exactly why the penetrancesteim cell tumor phenotype using
UAS-Zfhl was low. One reason could be that the geaoinsertion site for this
particular transgene site did not allow high enoegpression. To obtain flies with a
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more consistent phenotype, we generated our own-EfAS transgenic lines. We also
chose to epitope tag the protein. This would beefeial since we could then use
commercially available ChiP-grade anti-epitopedagbodies if necessary.

e Generating epitope-tagged UAS-Zfhl

In order to generate epitope-tagged UAS-Zfh4 first needed to know which Zfhl
isoforms were normally expressed in testes. Wherbegan with this approach, two
isoforms of Zfhl had been reported Dmosophila embryos (Flybase, Fig.3). Zfh1-PB
was a longer isoform than Zfh1-PA, and contained wtdditional zinc fingers and a
polyQ region at the N-terminus (Fig.3). To test fioe presence of transcripts encoding
the two isoforms in testes, we performed 5 RLM-RA(RNA Ligase Mediated Rapid
Ampilification of cDNA Ends) and RT-PCR (Reverseamscription PCR) experiments
using isolated RNAs. We found evidence for Zfh1-&&l an alternative form of Zfh1-
RA in wildtype testes (Fig.3). The variant of ZfRIA had a different first exon, but the
same functional domains as Zfh1-PA. Thus, both Zélbforms were present in testes.

As stated above, an advantage of tagged UA%-¥as to use anti-epitope tag
antibodies for ChIP. But one caveat here was tiaepitope tag may interfere with the
function of Zfh1l protein. Thus to investigate whatllagging at the N- or C-terminal was
the best, we made constructs with the tag at eghér We also chose HA and Myc as the
tags, because ChIP-grade antibodies are availajdensa these two epitopes. Using
Gateway Cloning, we successfully generated tagga&-gfh1-RB plasmids. For the
short isoform, we used UAS-Zfh1-RA-1xFlag-1xHA, @nstruct from BDGP (Berkeley
Drosophila Genome Project). However, since transgéies with Zfh1-RA-1xFlag-
1xHA expression did not cause stem cell tumor ptyg®oin testes (see Addendum),
below | will focus on the tagged UAS-Zfh1-RB lines.

e N-terminally 3xHA-tagged UAS-Zfh1l-RB gives rise to stem cell tumor
phenotype at 100% penetrance and with high expressty

We successfully generated several transgeres with epitope-tagged UAS-Zfh1-
RB. To investigate whether the transgene could Xygessed welliin vivo, we first
induced the ectopic proteins in epithelial cellsenmfibryos using Patch-Gal4, a driver
expressed in a pattern of stripes. We observed gtigpic pattern using antibodies
against either the epitope tag or Zfhl (Fig.4B, ®/,C’). We also noticed that embryos
with tagged Zfh1-RB did not survive to larval stagénese embryos appeared to be
disorganized (Fig.4A, B, C), and many cells withtopic Zfhl expression exhibited
bright DNA staining, suggesting the death of celtlata not shown). Since the
mammalian homologue of Zfhl activates an epithdébbamesenchymal transition, we
thought ectopic expression of Zfh1 in epitheliuiscenay change cell fate, thus causing
the patterning defect.
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To test whether the tagged Zfh1l could cates €ell tumor phenotype in testes, we
overexpressed the transgene in cyst lineage. Thentewf phenotype varied among
different transgenic lines (see Addendum Fig.3)t Bone N-terminally 3xHA tagged
UAS-Zfh1-RB line gave rise to ectopic CySCs and GS€100% penetrance and with
high expressivity (Fig.5B). Different from siblingpntrols, these overexpression testes
appeared to be bigger and fatter under light maape (data not shown). This may be
due to a plethora of extra cells filling the ovgression testes. Ectopthl expression
cells could be identified throughout the testesgisintibodies against either Zfhl or HA
(Fig.5B’, D). These extra Zfh1+ cells were functbiCySCs, as excess GSCs marked by
dotted fusomes were also induced in the overexjoressstes (Fig.5B”). Thus, we chose
to use this N-terminally 3xHA tagged UAS-Zfh1-RBdifor the ChIP experiment.

Do we have a ChlP-grade antibody for Zfh1?

Now we had an N-terminally 3xHA tagged UASZ{RB line suitable for ChIP, we
could apply the commercial ChiP-grade antibody rgfaHA for our experiment. In
addition, we tested the various antibodies direagginst Zfh1l. Since anti-HA and anti-
Zfhl recognized different epitopes, we thought tapging ChIP results obtained from
these different antibodies would be more likelydtiect real Zfh1l targets. However, we
could not get ChIP to work using anti-Zfhl antitexli(data not shown). Therefore,
below | will discuss the anti-HA antibody.

e The commercially available anti-HA antibody can IPtagged Zfhl protein, but
we do not know for sure whether it works for ChlP

We took a systematic strategy to assess whétle ChIP could be successful using
anti-HA. We first detected ectopic Zfh1l proteinswhole cell lysates using an antibody
against HA raised in rat. We observed a dominanidbaith the size similar to that
predicted for Zfh1-PB in protein lysates isolatedni overexpression testes (Fig.6A,
arrow). This finding allowed us to track the taggedtein during each step of the ChIP
protocol. To investigate whether we can IP the ¢ag@fhl, we carried out the IP
experiment by following the ChIP protocol and ussngommercial ChiP-grade anti-HA
antibody developed in rabbit. We analyzed resuttsnfeach step of the procedure by
Western Blot. We could detect tagged Zfh1 in thpegdnental and not control samples
(Fig.6B, arrow). Most importantly, we reproducildgw enriched Zfh1 proteins in IP’ed
sample (Fig.6C). This demonstrated that the radititHA can pull down tagged Zfh1.

One difference in the IP protocol above, #mat which would be used in the true
ChIP experiment is that testes used above werd&remted with formaldehyde to cross-
link chromatin and protein. We did perform a simikxperiment using cross-linked
chromatin. In this case, instead of a sharp baedbserved smears after Western Blot in
the size range of Zfhl both before and after IPta(deot shown). We believe it is
reasonable to assume that this is due to the @rdssg. Alternatively, it could reflect
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some other problems with the procedure, and shbealdollowed up in the future if
necessary.

Can we carry out ChlIP in our lab?
e Predicting target genes of Zfhl

For ChIP-gPCR, we selected three genes agiymitargets of Zfhleya, mys, and
shg. The rationale for choosing each gene is statemhbe

The geneya is expressed in differentiating cyst cells, but @gSCs. Previous work
in our lab showed that expressionegé in CySCs is repressed by Zfhl, as CySCs mutant
for Zfthl started to expressya and differentiated directly rather than remainasgCySCs
(42). We hypothesized thatya might be directly regulated by Zfhl through cis-
regulatory regions. To identify potential bindinggions of Zfhl, we examined the
expression pattern of two lacZ reporter linesdga (Figure 7) (101). The expression of
Cl-LacZ recapitulated the Eya testis pattern, atththexpression in later, differentiating
cyst cells (Fig.7A). In contrast, the A3-LacZ refgorexhibited precocious expression,
now in CySCs in addition to later differentiatingst cells (Fig.7B). These two regions
might contain Zfh1l binding sites. In particularns Zfhl was predicted to act as a
repressor, it might bind better to C1, which retapted the endogenous Eya pattern,
compared to A3, which exhibited precocious expossn CySCs (where Zfhl was
expressed).

Another putative target that we selected mgs which encodefPS-integrin. It has
been shown that integrin accumulated at the hub&Ciyferface, and that integrin was
necessary for the attachment of CySCs (47). Tiwssneeded to be expressed in CySCs,
however, its expression had to be maintained a&aively low level at this interface;
otherwise, CySCs would outcompete GSCs for positidhe niche (47). Low levehys
expression was achieved by repression due to JAKISSignaling in CySCs (47).
Because Zfhl was predicted to be a transcriptiomalessor downstream of JAK-STAT
activation, we hypothesized that Zfh1l controllegs expression, and thus, selectegs
as a potential positive control in our ChIP. A setoeason for the selection ks was
that the White lab had generated a gene list frdhil ZZhIP-chip using chromatin
prepared from wildtype embryos (100). While theadabm that experiment was not
confirmed yet (see Discussiomys was present on their list.

A third possible target of Zfh1 shg, the Drosophila homologue of E-Cadherin. We
chose this gene because ZEB1, the mammalian hoom®loyZfhl, represses Cadherin
directly. This seems also true in fruit fly tesdisvelopment. During gonadogenesis, Zfhl
is initially expressed in all somatic gonad preouss(SGPSs) (88). A subset of SGPs will
then lose Zfhl expression as they adopt hub c&| &nd these cells exhibt increased E-
Cadherin expression (88, 102). Some of the remgiSi@GPs retain high Zfh1l expression
and adopt CySC fate, and these cells exhibit ket low level of E-Cadherin
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expression (88, 102). This reciprocal expressidiepaof Zfhl and E-Cadherin is also
observed in adult testes (Fig.7C). To further tds notion that Zfhl repressed E-
Cadherin, we expressed Zfhl ectopically in the balls of adult testes. This greatly
diminished the enrichment of E-Cadherin in hubscéllindsey Wingert, Fig.7D). Thus
we concluded that Shg can be (genetically) suppdeby Zfhl. It was worth noting that
shg also appeared on the embryo list made by the Wé4hite

Once we selected putative target genes, wewead down the genomic region for
which gPCR primers will be designed. Feyn, we already knew the sequence of A3 and
C1, but the length of each fragment was more tHdn %o further pinpoint the sub-
region, we searched for Ebox sites in the two fragis. It has been shown that the zinc
fingers of Zfhl bind to the consensus Ebox sequef@Z&CCTG in vitro (91). We
identified multiple Ebox sites in A3 and C1 fragremsing the software DNASTAR
(Fig.8). Formys andshg, we initially scanned the binding region from #gmbryo ChiP-
chip data, but found no Ebox site in either (dedaie mys-772 and shg-346 in Fig.8).
Thus we further searched regions downstream, adifted Ebox sites around the start
codon of each gene (Fig.8). Thus, we designed gp@Rers flanking each EBox site,
with the size of PCR fragment close to 100bp (Fig.8

e ChIP on H3K27me3 can be reproducibly carried out

It is widely agreed that transcription fac€@mnIP is tough to achieve successfully, as
the abundance of a particular transcription fagter cell is relatively low, and while
antibodies might work well for Western Blot or immalocalization, their behavior in the
ChIP approach is usually uncertain. Thus to make that ChIP can be done effectively
in our hands, we decided to also perform ChIP ast-panslational histone marks, which
comprise abundant epitopes, and for which ChiPe@atibodies exist. Because Zfhl
was predicted to be a transcription repressor,hgaght it would be useful if we chose
H3K27me3, a repressive histone mark. If we werecessful, the ChIP-gPCR results
might then be compared for HA-Zfh1l and H3K27me3rese might exhibit a positive
correlation.

We have carried out multiple trials for th8Kk27me3 ChIP-gPCR. It was clear that
the histone mark ChIP was working, although witmeovariation among trials (Fig.9A).
We reproducibly observed higher binding enrichmamtall eya sites, compared toys
andshg. The enrichment atya by H3K27me3 matched with our previous predictias,
Eya should be repressed in Zfh1l expressing cetlsieder, the potential situation fehng
might be more complex. While we showed E-Cadhexpression in hub cells was
suppressed by ectopic Zfhl protein, it is knowrt t&adherin can still accumulate in
Zfhl overexpression testes (42). Thus, we must etswsider the possibility thahg
would actually not be repressedziml expressing cells. The relative depletionshg
sites observed from H3K27me3 ChIP-gPCR was potigntansistent with the fact that
E-Cadherin was present in Zfh1 overexpressiongeste
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e 1gG ChIP-gPCR results demonstrate low background

As a negative control, IgG ChIP-gPCR was a@aoied out multiple times. Signals
for IgG ChIP-gPCR were significantly lower thanttfar H3K27me3 and HA-Zfh1l ChIP
(Fig.9A, B, C), suggesting low background in oupesments. Similar to the results for
H3K27me3, we also observed variation in the abeolatnount of target DNA
precipitated comparing different trials. Howewsrtthin each trial, the results for all the
primer sets were very similar (Fig.9B). This mattiveith our expectation, as anti-IgG
should pull down chromatin non-specifically.

e ChIP on testes with tagged Zfh1

The HA-Zfhl ChIP-gPCR results were trickyimterpret. We felt confident to say
that Zfh1l bound teya andshg (Fig.9C, D). The binding also appeared more coesis
on theeyaA3 sites compared teyaCl, even though the genetics might have suggested
stronger association with C1 compred to A3.

There are two ways to analyze ChIP-gPCR data. @Gni iexpress the data by
calculating “% of Input”, which compares results fohlP’ed chromatin with the Input
(un-ChlP’ed). The other is to express the data foyd“change”, which calculates the
signal of HA-Zfhl ChIP relative to negative contr@gG) ChIP. We applied both
methods to analyze our HA-Zfhl ChIP data (Fig.9G, @ the ChIP is performed
successfully, an expected gPCR signal for a trgstsmm factor is in the range of 0.05-0.3%
of Input, and 5-fold change (PGFI ChiP-Seq Workghdjpus we took 0.05% of Input,
or a 5-fold change as a measure of significancenwh&@mining the plotted data. For
primers ofeyaA3-5 andshg-346-1, we reproducibly observed an enriched signavery
trial no matter which analysis method was used.sTiva conclude that the binding on
these two sites is real. For other primers applieele was often variation among trials.
But in general, the binding ayaA3 sites tended to be more consistent th@atC1 sites,
which was opposite to what we expected (see DigmissWe took into account that
signal differences observed in ChIP-gPCR might be tb biological variation within
each batch of testes processed. But, if one focusdise data within one trial, there were
consistent results using different primer pairgespnting the same gene fragement. For
example, eyaA3-4 and eyaA3-5 were two differentmer pairs targeting Ebox2 of
eyaA3. The results for using these two primers wegtprsimilar within each trial. This
suggested strongly to us that each individual erpertt was of good quality.

e The anti-HA antibody used in HA-Zfh1 ChIP experimerts is specific

To investigate the specificity of the antigoabainst HA, we also performed ChiP-
gPCR on Nanos>Upd testes, samples with the sameopipe as Zfhl overexpression
testes but lacking any HA epitope. We expectecet relatively reduced qPCR signals
on these negative control testes. Given the sigaahtion in ChIP-qPCR experiments,
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we compared results of experiments that were peddrat a similar time. For anti-HA
ChIP, signals on the negative control Nanos>Uptesewere often 4 times lower than
those on the positive control EyaA3>3xHA-Zfh1l (Big). For ChIP controls in these
experiments, anti-H3K27Me3 and anti-lgG ChIP, sigran Nanos>Upd samples were
on the same order, and followed the same trendj@a8E3xHA-Zfh1 (Fig.9F, G). Thus,

we concluded the rabbit anti-HA used in ChIP expents is specific.

The size distribution of sequencing libraries prepeed from ChlP’ed chromatin has
an aberration

We have prepared libraries for the sequengag of the project. We could
reproducibly make libraries from Input (un-ChiP’edhromatin. As assayed by
BioAnalyzer, the size distribution of such librarieas enriched for a single peak in the
200-300bp region (Fig.10A), which was perfect fegeencing. However, for libraries
prepared from ChlIP’ed chromatin, we often obsertved peaks on the BioA graph
(Fig.10B). The lower-sized peak was similar to wivas observed in Input libraries, with
the correct size and concentration for sequendihg.second peak, representing a higher
molecular size, should not be present, and it nmagrfere with the sequencing. To
address this problem, we discussed potential solsitivith experts in the Functional
Genomics Core. There were two possibilities for nlagure of the DNA comprising the
additional upper peak. The first was that it repnés a pool of larger DNA fragments in
the ChlP’s samples. The ChIP protocol involves rsitee sonication to reduce chromatin
size. Perhaps the size distribution of our inithfomatin was too broad, and we had
larger than desirable DNA size among the ChIP’admatin. We therefore size-selected
the already generated libraries. This method got af the additional upper peak
(Fig.10C), but at the same time also unavoidaldiyced the concentration of the sample
below the minimum requirement for sequencing.

A second possibility was that the upper peakresented DNA concatamers
assembled from multiple smaller (and appropriaie@dschromatin fragments. This can
occur as one outcome of a PCR step during libregparation, where a low PCR primer
concentration may cause the formation of concatsn@ne way to bring concatemers
back to individual chromatin was to re-do the P@R tivo cycles with freshly added
primers. We also tried this alternative troubleatitay method. But the upper peak did
not disappear in the subsequent BioA analysis (aattahown).

We have prepared enough samples using thietfouble-shooting method, and are
waiting in the queue to have our samples sequenced.

Genetic modifier Screen for Zfhl
A modifier screen is a powerful genetic agato to identify suppressors and

enhancers of the phenotype caused by sustainedexipression. Ideally, such a screen
would involve reducing the gene dose for some fanexessaryor Zfhl to act, or to
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antagonize Zfh1l function. Thus, to conduct a successful medi§creen, a sensitized

background is preferred, where the extent of phgrots likely to be manipulated by the

dosage of genes. The testes used for ChIP-Seqgaiytly had an extreme phenotype, as
extra CySCs and GSCs filled the entire testis. Suphenotype would not be ideal for a
modifier screen, since a potential suppressor bamecer may not be able to influence it.
Thus we conducted a time course experiment to Nrsudne progression of the stem cell

tumor phenotype caused by sustained Zfhl expres¥im hoped to identify a stage

when the testes had a moderate phenotype. | &tk stur findings, and our screen plans
below.

The stem cell tumor phenotype develops progressiyefrom the tip of testes

In order to obtain the full blown stem celhtor phenotype, crosses for generating
flies with ectopic Zfh1l expression were set up &iClto avoid the lethality caused by
Zfhl overexpression during development. The sugpasof Gal4-UAS system was
achieved by the expression of a temperature semstlele of Gal80 (Gal80ts), which
repressed the Gal4 function at the permissive teamype (18C). Young flies that
eclosed from the crosses were shifted t&C2f inactivate Gal80ts function, and allow
the expression of Gal4-UAS (and, thus Zfh1). 12sdaffer aging at 2€, bright DNA
staining, a marker for actively dividing cells, wesbserved throughout the entire testis,
and the testes were enriched with extra CySCs &sGFig.11E).

In the time course experiment, we examinedptesence of bright DNA staining in
testes aged for various times afQqFig.11A). At 3 days after induction of Zfh1 binig
DNA was still generally restricted to the testip, tisimilar to samples prior to the
temperature shift (Fig.11B, C); but at 6 days diZZexpression, the bright DNA region
had expanded to the middle of the testis tube 1ED). We quantified the area of bright
DNA staining using ImageJ (see Materials and Meshods shown in Fig.11F, the
fraction of testis filled with bright DNA increasetieadily as testes were aged &C2fbr
longer periods of time. We noted some variatiothef phenotypic strength among testes
grown under the same conditions and aged for three gzeriod. However, this variation
did not obscure the general trend (Fig.11G). Thus, concluded that phenotypic
progression depended on how long ectopic 3xHA-Ziad been expressed.

Design and current progress of the screen

The results from the time course experimeggssted that testes aged at%r 6
days were a better background in which to concheimodifier screen. We hypothesized
that by analyzing the fraction of testis filled witoright DNA, we could identify
modifiers in either direction. For example, a s\ggsor or enhancer could either shrink or
expand the region with bright DNA staining in 6-d@gtes, making those 6-day testes
appear more like 3-day or 12-day samples, resmdygtiiNote that a phenotypic
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“suppressor” in this genetic experiment (where we r@ducing gene dose) would
encode gositive factor acting along with Zfh1.

To test this basis of our screen, we firstied out a pilot, using mutant alleles for
genes predicted to play a role downstream of (ocahaboration with) Zfhl. Our
previous results showed that Zfhl was a transongti repressor in testes, and ectopic
Zfhl in cyst lineage initiated BMP ligand expressio guide GSC renewal. Thus genes
chosen for the pilot screen included CtBP (a knoastepressor of Zfhl), Punt (a BMP
receptor), and Med (a BMP transducer), Dally DIpI@ co-receptors). Results showed
that with only one copy oEtBP, testes aged at 20 for 6 days had a reduced fraction of
bright DNA (Fig.12). This was consistent with wive¢ expected, since CtBP was also
required for CySC maintenance and Zfh1 function.(¥2e did not observe a change of
phenotype when the dose of components of BMP pathves reduced (Fig.12).

To conduct the modifier screen, we decidedige deficiency lines from Exelixis
library. Each line has molecularly defined end-p®irand collectively, the lines cover
about 50% of genes on the 3rd chromosome (103)s,Tihany positives were identified,
we should be able to easily test each of the atewbtgenes contained within the
deficiency in order to identify the relevant geWé#e have screened 26 lines so far.
Df(3L)Exel6101 may be a potential hit (data not whp but further experiments are
needed to verify its candidacy.
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Figure 1. The selfrenewal of GSCis governedoy CySCs via BMP pathway and ott
unknown signaling. (A) A model proposed based @npievious work in our lab (copit
from Fig.4E in ref (40) JAK-STAT is important for GSC anchorage the hub, while
BMP signals emanatinfjom CySCs control GSC s¢renewal. The expression of BN
ligands in CySCs iggenetically)induced by Zfh1l, a transcription factor downstreair
JAK-STAT activation. (B) When the JA-STAT ligand Upd is ectopically ovided (in
this case, from germlineells), testis exhibits many extra GSCs with dotted fusda-

Spectrin, white, arro)y as well as CySCs (Zfh1, red). (C) Ectopic BMRB\ation in the
germline using a constitutively activated form ofg€ | receptor Tk** does not result i

extra stem cells, athe majority of germ cells exhibit branched fuscs (a-Spectrin,
green, arrow) (D) Ectopic activation of both BMP and J-STAT in the germline als
does not give rise to a stem cell tumor phen¢, as germ cells exhibit branched fuson
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Figure 2. The general procedure of CI-Seq. First, cells of interest are enriched,
chromatin and protein are cr-linked using formaldehyde. Second, chromatin isal
from cell lysates are fragmentecy sonication. Third, immunoprecipitation (IP)
performed on chromatin fragments using antil-conjugated beads. Forth, pulled do
chromatinprotein complexes are isolated, and the IP’ed chtonis eluted by reversir
the crosdinking. Finally, purifed DNA fragments are assembled into a library
sequencedrhis figure is modifiedfrom Fig.1A in ref (104).
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Zfhl Protein Isoforms

. ) CtBP
zinc finger apa homeodomain T
- bmdmng
motif’

Zfhl Transcript Isoforms

» an D rn1Re
D— - 2rhRA

- variant of zfA1-RA

Figure 3. Isoforms of Zfh1 protein and transcript. There tave Zfh1 isoforms each has
an Nterminal zinc finger cluster, a homeodomain, a CtiRding motif, and a -

terminal zinc finger cluster. Zfl-PB is longer than ZfhRA, with two additional zin:
fingers and a polyQ regictowards the N-terminus. Iarosophila embrycs, zZth1-RB and
Zth1-RA are transcripts corresponding to the two protsoforms respectively. lthe

testis,zZfh1-RB and an alternative form zZth1-RA were detected.
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Ptc>3HA-Stat

Pte>3HA-ZFhl

PtesZthl-3HA

Figure 4. Tagged UASZfh1-RB can be expressed properly in embryos. (A) Atpas
control line with Nterminally 3xHA tagged UA-STAT was driven by Pat-Gal4,
resulting in ectopic HA expression (red, A’) in atfern of stripes. Notice endogenc
Zfhl (green) was not predominantly expressed in Hégion. (B, C) When driven k
Patch-Gal4, either N{B) or C- terminally (C) 3xHA tagged UA-Zfh1l-RB lines
exhibited ectopic HA expression (red, B’, C’). Amadies against Zfh1 could also det
the ectopic protein (green), as Zfhl staining noxerlapped with HA (yellow). Th
patterning of embryosverepxressing Zfhl appeared misorganized, the nsucdller
size of HA+ cells in C’ indicated that these c&lisre undergoing apoptosi
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Figure 5. The Nterminally 3xHA tagged UA-Zfh1-RB gives rise to ectopic GSCs a
CySCs at 100% penetrance and with high expressiAlyThe control testis with a cy
lineage Gal4 expression (eys-Gal4) only had CySCs (Zfh1l+ cells, A’) aione tier of
GSCs neathe hub (Fasclll, A”)with most germ cells (Vasa+, Agxhibiting branche:
fusomes ¢-Spectrin, A', arrows) (B) When overexpressed in the cyst lineag-
terminally 3xHA tagged UA-Zfh1-RB caused ectopic CySCs (Zfh1l+ cells, B’) ¢
GSCs (Vasa+ cells witotteda-Spectrin staining, B’, B”, arroyghroughout the testi
The stem cell tumor phenotype was present in atetescored (n=24). (C, D) Ecto)
HA expression was detected in the entire testib vatjged Zfh1l expression (D), but 1
in Gal4 onlycontrol testis (C). Images of A and B were takeingiglOx lens, whereas
and D were snapshots under 1
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A WB: Rat anti-HA

R, , Figure 6. Rabbit antiHA can immunoprecipitate (IF
STAT A tagged Zfh1PB from testis lysates. (A) Using
antibody against HA developed in rat, a domir
band with the size similar to that predicted fohl-
PB was detected in whole cell lysates isolated 1
Zfh1l overexpression testes (arrow). A specific b
also gpeared for testis sample overexpressing ta
STAT (arrowhead), a positive control for t
experiment. No band was detected in lysates isb
from w1118 embryos. (B) IP was performr
following the ChIP protocol (the flow chart). Zfl
overexpression téss were used, but they were
treated with formaldehyde to cr«
s link  chromatin  anc
protein Using a
commercial Chl-grade
anti-HA antibody raisec
in rabbit, the tagge
Zfhl could be pued-
down (lane 7). Thi
tagged proteins coul
also be trcked during
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Figure 7. eya andshg (E-Cadherin) may be putative targets of Zfhl. (A, Ba@l-LacZ
and eyaA3tacZ were reporter lines of two regulatory fragnseoteya. The expression
of eyaCl-LacZwas restricted tddifferentiating cyst cells (A, red, bracket), bugtnn
CySCs where Zfhl wasxpressed (A, green). In contrast, ey-LacZ was present in tt
entire cyst lineage, including Zfh1l+ cells (B, grpand diffeentiating cyst cells (E
drawn white curved line). (C)-Cadherin (white) was enriched in hub cells, wheftel.
expression (red) was lofarrows) (D) When ectopic Zfh1l was expressed in the had)(
the expression of Eadherin (white) was reduced
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from studies performed by Boniet al. (101), and shg-346 and my32 were identifie
from a Zfhl ChiPehip experiment usingwildtype embryos (100. Sequences
downstream of sh@46 and my-772 were from Flybase. The presence of Ebox
(CACCTG) to which Zfhl binds was identified usindNBSTAR. Predicted mplicons

(red) derived frongPCR priners designed that flankesthch EBox site, with the size
PCR fragment close to 100kt
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Figure 9. ChIP-gPCR result§A) The H3K27me3 Chl-gPCR reproducibly showed higher binding enrichmantall eya
sites, compared to mys and shg. (B) Signals in @iB--gPCR was much lower than either H3K27me3 or-Zfhl ChIP
(notice the different scales of theaxis). (C, D) Analyis of HA-Zfh1l ChIPgPCR using two approaches: % of Input (C),
fold change (D). The minimum point of the-axis was set to either 0.05 (C) or 5 (D), an aaskputoff threshold thought
represent successful ChtfrCR (PGFI Chl-Seq Workshop). Signanrichment was reproducibly observed for primer
eyaA3-5 and shg-346- In general, the binding on eyaA3 sites tendeddomore consistent than eyaCl sites-G)
Comparison of ChIRHPCR results using either tagged Zfhl overexprassstes (blue, r, and green bars) or JASTAT
overexpression testis (black bar). For-HA ChIP, signals on Nanos>Upd testes were oftamdd lower than those on Zfl
overexpression testes (E). For ai8K27Me3 and an-lgG ChlP, signals on Nanos>Upd samples werd¢he same order,

and followed the same trend as EyaA3>3>-Zfhl (F, G).
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Figure 10.The size distribution of sequencing libraries pregdrom ChlP’ed chromati
has an aberration. (A) Libraries prepared from tr{(po-ChlP’ed) chronatin exhibited ai
enrichment in the 20800bp region. This pattern of size distribution weesfect for
sequencing. (B) Libraries generated from-Zfh1l ChlP’ed chromatin had two peaks
the BioA graph, with a second peak representingylaeh moleculasize. (C) After siz-
selection, the additional upper peak disappeanegidthe concentration of the sample v
also unavoidably reduced (data not shos
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Figure 11. The stem cell tumor phenotype caused by Zfhl oymession develog
progressively from the testis tip. (A) The schemdgsign of the time course experime
(B-D) The bright DNA region (green) was expanded gadlghfrom the tip of the testi
(bracket, drawn white curved lines), as tagged pct@fhl (red) was sustain. (E)
Statistical measurement of the fraction of teshisd with bright DNA at each time poir
(F) A scatter plot of the measured bright DNA fractfor each testis in the time coul
experiment.

79

www.manaraa.com



)
~
g
1
<
T3
+

,w
(1] )
|

L)
p—
2

Il
LN

' e
\ AL
[
b
7

-

=
[

o

()

Z
o |
—_—
L
T

—

e
fo)

ction of testis filled with bright DNA (%

Wz
I— | I

[

9]

WV

Fra

Figure 12. Resultsof Zfhl pilot screen.Genes showrhere are: CtBP (a known -
repressor of Zfhl), Punt (a BMP receptor), and N@dBMP transducer), Dally DI
(BMP coreceptors). Genotypes are: 3x-Zfhl/eyaA3-Gal4; #ubulin-Gal80ts (Ctrl),
and 3xHAZfhl/eyaAi-Gal4; mutant allele of selectedgene/tubuli-Gal80ts
(Experimental).
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Discussion

The transcription factor Zfh1 is an importatgém cell regulator iDrosophila testes
(42). Here we attempt to identify target genes dflZusing two complementary
approaches, ChlP-Seq and a genetic modifier schd&n.generated an N-terminally
3xHA tagged UAS-Zfh1-RB line, which proves to beagpropriate reagent for carrying
out ChIP wusing anti-HA antibodies. Results from opreliminary ChIP-gPCR
experiments showed that Zfh1l was enriched at segsenom the regulatory region near
shg and eya. We also found that the ability of Zfhl to causetam cell tumor was
reduced under conditions where the co-repressoP @iBs impaired. These preliminary
results demonstrate the feasibility of the two peledent approaches.

How are excess stem cells induced in Zfh1l overexjgson testes?

The stem cell tumor phenotype resulting fréfinl overexpression is dramatic. The
development of ectopic stem cells (CySCs and GS@g)lves dedifferentiation, a
process in which differentiated cells revert to nstecells. Understanding how
dedifferentiation occursin vivo will aid in elucidating the mechanism of tissue
regeneration. In our experiments, ectopically poeduZfhl protein was restricted to the
cyst lineage. However, Zfhl overexpression alstuénfced the neighboring germline
lineage, as excess GSCs were induced. This nom@utuus effect of Zfhl demonstrates
that one type of stem cell can serve as a nicheduoing factors to control the
maintenance of another stem cell population. Shglgignals that guide the behavior of
the second stem cell lineage will further aid onderstanding in stem cell-niche biology.

For these reasons it is intriguing to consid®w the phenotype in Zfhl
overexpression testes is developed simply by méatipg the expression of a single
gene. Albeit oversimplified, it is reasonable tcssdict the question into three sub-
guestions: 1) which cell stage generatesdtrovo stem cells? 2) how dde novo stem
cells proliferate to create the stem cell tumor?aByl, what is the non-autonomous
mechanism that induces GSCs? We do not have defimhswers to these questions.
But observations made in the time course experime¢ have given us some clues.
Below | will discuss the three sub-questions repely, and present some speculation.

We think thede novo cyst stem cells are generated by de-differentatiom early-
stage cyst cells. The Gald driver used to expredd £ctopically will drive Zfhl
expression in all cyst cells, even late-stage cgdis normally associated with meiotic
germ cells. In fact, epitope-tagged Zfhl was vesitiiroughout the entire testes, even
after only 3 days of Zfhl expression. However, bhght DNA signal, a marker for
actively dividing cells, was initially restrictea tthe apical tip of the testis, where the
endogenous proliferation center is located. OnkgraZfhl was expressed for longer
periods, did the region of bright DNA gradually ex further down the testis. We
conclude that not all somatic cells ectopically regging Zfhl are converted into stem
cells. This, in turn, suggests that cells at défgrdevelopmental stages of a lineage have
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differential potential to change back to stem celbviously here, cells closer to the
endogenous pool of stem cells have stronger pateotibecome stem cells. Because all
cyst cells, the differentiating progeny of CySCayd exited from cell cycle, the fact that
they re-initiate division suggests that they haagained some stemness properties. These
potential candidates are also cells that are atatier stage of differentiation; for
example, they have exited the cell cycle only vegently. This observation is consistent
with previous findings in the field. It has beemosim that early rather than late stage
germ cells (spermatogonia) can dedifferentiategcome GSCs (49). Thus, in a similar
manner, among cyst cells now expressing Zfhl thly etage cells may be easier to
convert back to CySCs.

As for the second sub-question, it is reaBEnéo think that the generation of the
stem cell tumor is caused mainly by continuousifan@tion ofde novo stem cells. The
newly formed stem cells as described above aretaathg dividing. Normally, in the
testis system, the division of stem cell is oft@yrametric, as one daughter retains
stemness, whereas the other starts to differer(B&)e However, in Zfhl overexpression
testes, since the CySC determinator is expresst#giantire lineage, the fate of a newly
produced daughter cell should also be stem cetl,tha progeny of this daughter cell
retain the stemness too. Thus, their continuedidiniin this manner can account for the
tumor.

It is worth mentioning that we occasionallyserved a small patch of cells exhbiting
brightly staining DNA in the middle of the testespatially disconnected from the
proliferating cells at the testis tip (data notwh® This suggests that occasionally late
stage cyst cells can be converted back to CySGhape if Zfhl expression has been
maintained for long enough. In the future, this goloitity should be examined more
closely to determine whether late-stage dedifféménh might contribute to tumor
formation.

For the third sub-question, recall that théuiction of new GSCs relies on the
successful generation of new CySCs. Thus, it isaeable to think that early cyst cells
which are more prone to become CySCs play a roleotx nearby spermatogonia to
dedifferentiate into new GSCs. We found that geeftsavith dotted fusomes, a marker
for GSCs, were not observed in excess in testess3ays after Zfh1 induction (data not
shown). Therefore, we think the dedifferentiatingrrg cells do not adopt GSC fate
immediately. Rather, germ cells may first regaia pinoperty of division, producing more
cells similar to them. As Zfh1l expression remaiightin the neighboring somatic cells
(now becoming CySCs), the actively dividing gernliscéhen gradually becomieona
fide GSCs. How this two-step (or even multi-step) cosiom correlates with changes
happening as cyst cells convert into true CySGmknown.

Can Zfh1 be a transcriptional activator?
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The HA-Zfhl ChIP-qPCR result shows that Zfifdpeared enriched neshng, the
gene encoding thBrosophila homologue of E-Cadherin. Since Zfhl is predictethe a
transcriptional repressor, this binding suggests t-Cadherin is suppressed in Zfhl
overexpression testes. However, in Zfhl-overexprgstestes, Judy Leatherman found
that E-Cadherin actually accumulated in Zfh1+ céllsis is not consistent with the idea
that Zfhl is repressing E-Cadherin expression. dditeon, H3K27me3, a repressive
histone mark, also appears relatively depleteshgiregulatory region. Thus how do we
explain the conflicting findings? One possible exltion is that Zfh1 is generally acting
as a repressor in testes, but its binding segris not functional because other nuclear
partners that would be required for effective repi@n are not recruited to tiseg site.
Therefore the expression fg is not suppressed in spite of the binding of Z#sdother
possibility is that Zfh1l may actually function asranscriptional activator at some target
genes, such ashg. One argument against this may be that E-Cadhieisappressed by
ectopic Zfh1l in hub cells. However, the presencetbér DNA-binding proteins as well
as transcription co-factors around the regulategian ofshg may be quite different in
hub cells and CySCs, thus the effect of Zfhlslpin these two different cell types may
be different. It has been shown that many tranBoripfactors can work as both
repressors and activators depending on promoter catldlar context, as well as
availability of other proteins (105). Thus it is gsible that Zfhl may serve as a
transcriptional activator fahg in CySCs.

The possibility that Zfhl may be a transcopél activator can also help to explain
the perplexing results fayaA3 andeyaCl. The expression @/aA3-LacZ is present in
both CySCs and cyst cells, wheregaC1-LacZ is only expressed in cyst cells. Since
Zfhl was originally thought to be a transcriptiomapressor, we hypothesized Zfh1l,
normally enriched in CySCs, would bind more effeelty to C1 than A3, accounting for
C1 repression in CySCs. Therefore we expectedGhawould exhibit a higher relative
enrichment than A3 in the Zfhl ChIP. However, dmment of HA-Zfh1l to A3 appeared
to be more consistent than to C1. The confoundasglts can be explained if Zfh1l can
also act as a transcription activator. Zfh1l camthi@d to A3, and activate its expression
in CySCs. The reciprocal expression pattern of @d Zfhl may be explained as a
coincidence, only indicating the possible bindilNgvertheless, previous genetic data
show that Eya is suppressed in Zfh1+ cells, andomry H3K27me3 ChlIP-qPCR support
this idea. We think this can be explained by thet finat there exist multipleya
regulatory elements (101). Thus the regulationegd expression may be complex,
involving other elements and proteins, and is mctted solely by A3 and Zfh1.

Another argument against the notion that Zfidy be a transcriptional activator is
that reduced expression of CtBP, the co-represbaifid, dampens stem cell tumor
phenotype. This observation can be explained bypessibilities. One is that CtBP may
also instead function as a co-activator in Zfh1itscén Drosophila, in vitro andin vivo
experiments have demonstrated that monomers of @tliPate some Wingless targets,
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whereas dimers repress the expression of othersgdi¥®). Thus CtBP can be a co-
activator depending on its oligomeric state. THeeopossibility is that Zfh1 can serve as
both an activator and a repressor in CySCs, depgrath which gene it regulates, that is,
on context of its binding sites, or of other regoitg factors involved. Recently, strong
data from Eileen Furlong’s lab has shown thadil, a well-established transcriptional
repressor durinddrosophila embryogenesis can also function as an activatootioer
target genes in the same type of cells (107). Tihis possible that Zfhl may also play a
dual role in CySCs.

Are there better approaches to identify direct targets of Zfh1?

The ChIP-gPCR experiment on H3K27me3 dematesrthat we can execute a ChIP
experiment successfully, at least for relativelyradant histone marks. Our results on
HA-Zfhl ChIP-gPCR, while suggestive, have been sona inconclusive. The
sequencing of libraries should provide us with maoéential positive controls, and those
can be used for further refining the experimentatpdure to successfully carry out ChiP
for Zfhl. Nevertheless, there exist two major letibns of the HA-Zfhl ChIP-gPCR
experiment, which may prevent us from obtainingcessful and comprehensive ChiP-
Seq results. First, it is intrinsically difficulo tperform ChIP on a small number of cells,
which is what we are attempting to do here. Secdimel,positive controls chosen for
ChIP-gPCR come from a gene list generated by a ZihP-chip experiment conducted
on wildtype embryos. This experiment was carried ioua large scale cis-regulatory
annotation project, so the gene list has not besifiad by those investigators using
ChIP-gPCR and anti-Zfh1l (100). In addition, thatrkvased an antibody against Zfh1,
one that we have not been able to verify as workirgur embryo ChIP (see Addendum).
For these reasons, we cannot be certain that thesgee selected are definitively
“positive controls”. Because of these caveats to curent ChIP-Seq experiment, it is
worthwhile thinking about alternative approacheglamntify direct targets of Zfh1.

A modified version of ChIP is to FACS safhl expressing CySCs and conduct
ChIP starting from a pure population of cells. he tcurrent ChIP-gPCR experiments,
testis samples are used, therefore, a lot of eatloout Zfh1l expression also go into the
ChIP. The high amount of chromatin from these ceily interfere with the specific
binding of the antibody. In contrast, the FACS roetltan produce an enriched pool of
Zthl expressing cells. This would allow the antibody Have a higher chance of
recognizing the correct epitope during ChiP. Weehgenerated flies with tagged UAS-
Zfhl and UAS-GFP. This reagent will be useful farfprming the GFP-based FACS
before ChiP.

An alternative approach to identify directgeets of Zfhl is DamID (DNA adenine
methyltransferase identification). DNA adenine nykthon is widely present in bacterial
genomes, but not in eukaryotes. When the Dam enzyifiused to a transcription factor,
and expressed in eukaryotic cells, DNA near thelibm site of the transcription factor
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will be modified by the tethered Dam (108). Theedtibn of the modification can be
achieved by Methyl PCR. A specific antibody agaitie# transcription factor is not
required in DamID, thus the method is not restddig the quality of an antibody reagent.
We have obtained the UAS construct to make Danmdfuath Zfh1, and it should not be
straight-forward for us to try this alternative apgch.

Speculation on whether the short isoform of Zfh1 ca also cause excess stem cells

In the course of our work, we discovered that Zfh1 isoforms are present in testes,
and these have different lengths. Here we showadthie long isoform can cause stem
cell tumor phenotype. Due to a complication (seeeéalum), we do not know whether
the short isoform can also generate extra sters.dgétbwever, there is indirect evidence
to suggest that it can. We have detected the esipresof both isoforms in testes
overactivated for the JAK-STAT pathway, which ané# 6f extra CySCs and GSCs (data
not shown). Furthermore, using RNA-Seq, @haal. have shown that the short and long
transcripts ofzZfhl are expressed at similar levels lam mutant testes, which are
enriched with early stage germ cells including G$139). These data demonstrate that
the short isoform is indeed present in stem celicbed testes, and suggest that it might
contribute to the phenotype. We have generated dé&8 constructs for the short
isoform. Thus we can use these newly synthesizeld to directly test the capability of
the short isoform to induce stem cells. Becauseshiwet isoform misses two additional
zinc fingers and a polyQ region at the N-terminospared to the long isoform, the
result would suggest us whether those protein sioplay a role in the Zfhl
overexpression experiment.

Material and methods
Fly strains

Fly lines used were: FRT828h1%% FRT82B zfh1>*, and UASstat-HA (Erika
Bach, New York University, USA), MARCM 82B, angd-Gal4 (Erika Matunis, John
Hopkins University, USA), UASwop“™ (Norbert Perrimon, Harvard University)anos-
Gal4:VP16 (Erica Selva, University of Delaware, USAtBPP®? (Ken Cadigan,
University of Michigan, UAS). All other stocks wepeovided by the Bloomington Stock
Center or generated in this study. Flies were grat\26°C unless noted.

For Zfhl genetic modifier screen, 215 linesnf Exelixis deficiency library were
ordered. Since multiple crosses were needed torgienthe appropriate fly stock for the
screen, we further cut down the number of defigydimes to 188 by excluding lines with
smaller deletion and nested in those with biggéstaben.

Plasmids
The construct of UAS-Zfh1l-RA-1xFlag-1xHA camieom BDGP (Berkeley
Drosophila Genome Project). To make plasmids vatigéd version of UAS-Zfh1-RB,
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we sequenced the cDNA constructs from BDGP (BeykBli®sophila Genome Project),
and identified two point mutations and a 586bp tiehein exon4. Using site-directed
mutagenesis (Agilent Technologies), we correctedgbint mutation. Using restriction
enzyme digestion and ligation, we repaired the taelewith a fragment from another
Zfhl cDNA construct. The flawles#hl-RB sequence was cloned into various pUAST
destination vectors (developed by Terence MurphyGRE) using Gateway
recombination methods (Invitrogen). Transgenicsflwere produced using standard
germline transformation techniques.

Immunostaining

Immunostaining for adult testes and embryas werformed as previously described
except 1xPBS was substituted for Buffer B (Leatternand DiNardo, 2010). The
following antibodies were used: mouse anti-lacZ1Q1000, Promega), rat anti-E-
Cadherin (1:20, DSHB), goat anti-Vasa (1:400, S&mnaz), mouse anti-Fasclll (1:50,
DSHB), rabbit ante-Spectrin (1:200, DSHB), chick anti-GFP (1:1000, I&twlar
Probes), rat anit-HA (1:200, Roche), mouse anti-Nly600, Santa Cruz). For anti-Zfh1l
staining, 1:5000 and 1:500 were usually used falltadstes and embryos, respectively.
The following antibodies have been used to visealéthl: rabbit anti-Zfhl (Ruth
Lehmann, New York University, USA), rabbit anti-Afh(Kevin White, New York
University, USA), guinea pig anti-Zfhl (James Skeatvashington University in St.
Louis).

Imaging and imaging analysis

Images were captured with a Zeiss AxioplaegRipped with an apotome. Z-series
were analyzed by the AxioVision 4.6 software. Themfification of bright DNA on
testis snapshot was conducted using ImageJ (NIHplgwing a procedure similar to
previously described (110).

Western Blot

The Western Blot was performed as previousdgcribed except that testes were
lysed using 2xSDS-PAGE sample buffer (111). Becatlse size of Zfhl-PB was
predicted to be about 145kDa, 7.5% Tris-HCI geb{Biad) was used to better visualize
the protein. Antibodies used were rat anti-HA (DQORoche), and mouse anti-actin
(1:1000, Invitrogen).

Immunoprecipitation
The IP protocol was similar to ChiIP, excdy#tt60 pairs of testes were used per IP,

and the collected testes were often not crossHitieformaldehyde.

ChiIP
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ChIP was conducted using EZ-Magna ChIP A-@fatin Immunoprecipitation Kit
(Millipore). 80 pairs of testes were used per ChiIP.

gPCR

The gPCR experiment was performed using iBnill SYBR Green QPCR Master
Mix (Agilent Technologies). Primers were designesing DNASTAR and Primer3.
Following the manufacturer’s protocol, the qPCRgiment size was determined to be
about 100bp. We tested primer pairs on Input (uiR@d) samples first, and then
checked the product size on 2% agarose gel. TheRgiaa was analyzed by Excel
(Microsoft).

Library preparation for sequencing
Sequencing libraries were prepared using N&BNDNA Library Prep Master Mix
Set for lllumina (NEB).

Cell culture
Experiments related to cell culture were genied as previously described (111).
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CHAPTER 4

Final Discussion
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Summary

TheDrosophila male germline system is an excellent model toyshidhe-stem cell
biology. Extensive work in the field has demonstdathat signals provided by the niche
play a crucial role in regulating the behavior o5Gs (44-46, 50-53). Among those
identified signals, the JAK-STAT pathway has reeeivnost attention (44, 45). A model
which involves a single niche has also been dontimathe field. The studies presented
here as well as recent work in our lab emphasieeirtiportance of another signaling
pathway, BMP, and also modify the niche-stem caltel (40). We characterize the role
of Magu as a novel BMP modulator specifically reqdi for GSC maintenance. The
function of Magu may also depend on its interactiotn heparan sulfate proteoglycans.
Previous work in the lab identified the transcoptifactor Zfhl as a key regulator for
both CySCs and GSCs (42). We have attempted tdifgl@lownstream targets of Zfhl
using two genome-wide approaches. Preliminary tesuiggest that Zfh1 can function as
either a repressor or activator to control the eggion of target genes. Together, these
findings further reveal the complexity of the seeghy simple niche system in the fruit
fly testis. Below | will discuss two interesting egtions related to the Magu project. |
will also address remaining questions and futuggegrments for the ongoing project on
Zfh1l.

How is BMP activity restricted to the stem cell nibe?

The BMP signaling pathway is conserved in bothertebrates and vertebrates.
Studies in various model organism®r@sophila, Xenopus, and Zebrafish) have
demonstrated that secreted BMP ligands are abtkfftese over a long distance across
tissues (112). This diffusion usually builds a gead of ligand concentration to guide
tissue patterning (112). Contrary to this classwelv, BMP activation in fruit fly testes
is often restricted to within one cell diametemfréhe ligand source, near where the stem
cell niche is located (50-52). In other words, BKignals function over a short range to
specifically regulate GSC self-renewal. The resbic of BMP activity is necessary in
the testes, as expanded BMP activation blocks ifferehtiation of gonial cells (50-52).
Therefore, studying how BMP activation is restricia this niche can further enhance
our understanding of how niche signals are cordoll

One possibility for signal restriction is ththway activation may be localized to the
niche-stem cell interface. Recently, Micleell. developed a fluorescent reporter for the
activation of BMP type | receptor Thickvein (63).sidg this tool, they have
demonstrated that BMP signals from the hub areifsgedty received at the hub-GSC
interface, where adherens junctions are located. @& have also found that when
overexpressed in the germline in an otherwise ypldtbackground, Dally-like (DIp), a
co-receptor for BMP ligands, is enriched at the -R8C interface. This specific
localization is disrupted imagu mutant testes, as DIp appears more diffuse artlund
entire germ cell surface. Since BMP activationngpaired inmagu mutant testes, it is
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possible that Magu functions to concentrate Dipthet hub-GSC interface, and that
concentration is necessary for proper pathway aibtiin. In the future, we can investigate
the direct interaction between Magu and Dlp byingsivhether these two proteins can be
co-immunoprecipitated from testes.

Another possibility to explain restricted aetion is that pathway activity may be also
governed by other pathways. It has been shown itipleusystems that BMP signaling
restricts stem cell activation by suppressing Wignaling (113, 114). Thus, it is
reasonable to speculate that there may be unigehsignaling at the testis niche that
antagonizes BMP activation and restricts its fuorctio the niche. We think results
coming from the Zfh1 project would reveal additibpathways important for GSC self-
renewal. We can then test whether BMP activity xpamded when any of newly
identified pathways is impaired.

Can magu be a target gene of Zfh1?

Previous work in our lab has suggested thatPBphthway is activated non-
autonomously in GSCs by sustained Zfh1 expressiohe cyst lineage (40). Since Magu
is an extracellular protein required for BMP activa in GSCs, it is possible that Magu
functions downstream of Zfh1 activation, and mayaliarget of Zfh1. Due to the limited
resolution ofin situ hybridization in fly testes, we cannot be certainethermagu is
expressed in CySCs, whez#hl is expressed. Thus, whetheagu is a direct target of
Zfhl remains unknown.

Since Zfhl is expressed in many other tisstiese might be other occasions where
Magu acts along with or downstream of Zfhl. For regke, magu is expressed
prominently in embryonic neuroblasts (data not smow his expression pattern may
overlap withzfthl, which is also expressed in neuroblasts (115).f@dher experiments
with double staining are needed to determine whdtieetwo genes are expressed in the
same neuroblasts. Since, Zfhl mutant embryos dxlaibdefect in motor neuron
projection (98), we should also investigate whethagu mutant embryos have a similar
phenotype.

How to prioritize the gene list generated by HA-Zfl1 ChIP-Seq?

The sequencing of libraries prepared fromHieZfhl ChIP experiment is currently
underway. We expect the resulting gene list willdogg, thus it is important to prioritize
the results for follow-up analysis. We will firsink the genes using the relative level of
Zfhl enrichment. We will then search for regionstaming Ebox sites, which are
known motifs that Zfh1 binds to (91). After thesesilico analysis, we will visualize the
expression pattern of selected genes in testes. dttempt can be fulfilled by situ
hybridization, or by using antibodies in those sag#dere one exists, or analyzing an
enhancer trap line for those genes that have aoe@sed with them. Because our ChiP-
gPCR experiments suggest that Zfh1l may functiogithgr a transcriptional repressor or
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activator, we will look for genes that either siiieally expressed in CySCs (where Zfhl

is expressed) or in differentiating cyst or hublcéivhere Zfhl is not expressed). The
efforts to prioritize putative Zfhl targets willsal be complemented by results coming
from the ongoing modifier screen. We think candidasuggested by both approaches
have a higher chance to be a real target.

What effectors would be Zfh1 targets?

Genome-wide approaches have been taken in statidy osophila testis. In a previous
microarray experiment, we identified genes enricinedAK-STAT overexpression testes.
Such genes included Zfhl and Magu (64). The Fudlerconducted a gain-of-function
screen by overexpressing individual genes in tmegells using a set of transgenic lines,
each capable of expressing a neighboring gene ubmdgsal4 system. Their analysis
uncovered the role of the differentiation factollechBam (51). Thus, in our lab’s and the
Fuller Lab’s work, novel genes influencing earlagds of spermatogenesis have been
identified. Thus, whole-genome approaches in tlséistecan generate new insights on
stem cell regulators. Below | will state possibieetors of Zfhl, based on its dual
function and other information.

We think there are two groups of effectors dstream of Zfh1l: one governs CySC
fate intrinsically, and the other controls how CygS4et non-autonomously as niche cells
for GSC self-renewal. For genes belong to the grsup, when their normal function is
disturbed, mutant CySCs would lose the stemnessiiffiedentiate. For the second group
of effectors, they would be specifically requirent GSC maintenance, but not in CySC
stemness. Therefore, if effectors in the first grare impaired, Zfhl overexpression
testes will not exhibit ectopic stem cells, neitgSCs nor the GSCs that rely upon them.
However, extra CySCs but not GSCs will still beunéd if genes in the second group are
mutated.

It is worth mentioning that since ectopic stemils in Zfhl overexpression testes
undergo active division, we expect some target&flol would be regulators of the cell
cycle. In addition, it has been shown that ZEB%¥ thammalian homolog of Zfh1l,
negatively regulates expression of stemness-inhgbimicroRNAs (116, 117). Thus
some effectors of Zfhl may also be microRNAs. RédgeKadajaet al. discovered that
Sox9, a newly identified transcriptional regulator hair follicle stem cells, binds to
genes encoding extracellular factors that promoteHTActivin signaling (118).
Therefore, secreted signaling factors (for instaiggnds for BMP or any unknown
pathway) may be Zfh1 effectors.

How to further investigate dedifferentiation in Zfh1 overexpression testes?
The excess stem cells induced by ectopic Z#né likely generated through

dedifferentiation. In the Discussion session of (@ba 3, | speculated on how the
dedifferentiation process could occur based onectrknowledge in the field. To
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elucidate the process definitively in the futurehe t combined approaches of
immunofluorescent staining on fixed tissue and tlapsed imaging of live testes should
be applied. According to the time course experimfentZfhl overexpression testes,
dedifferentiating cyst cells regain the capacitycell division, a property of CySCs. To
further confirm the identity of these cells, makef stem cells should be used. It has
been shown that Hedgehog signaling is require€#S8C self-renewal (46, 53). Thus we
can use Hh readouts to check pathway activati@omatic cells under division. We can
also stain testes with antibodies against Eya, &enafor differentiated cyst cells.
Findings from these experiments can tell us theustaf cyst cells when converting into
CySCs. Similarly, for the germline lineage, we darther investigate the identity of
dividing germ cells using the differentiation mariBam as well as GSC marker Escargot.
The previous time course experiment suggestedntiagrity of dedifferentiating germ
cells are nobona fide GSCs at 6 days after Zfh1 activation. Thus thetpoint we will
focus on to observe the first onsetdefnovo GSCs may be later than 6 day.

While examination on fixed testes can telimportant characters of dedifferentiating
cells, it is likely that the actual process of dimientiation can be quite dynamic, and
some key features of the process may not be ravemmg fixed samples. Thus live
imaging is a complementary approach to study theeiggion of excess stem cells. As
mentioned in Chapter 3, the morphology of diffelaed cyst cells and spermatogonia
has to be changed dramatically in order to rewestém cells, thus | think reagents that
mark cell outlines would be revealing tools forelivmaging. We can drive UAS-
membrane GFP using either cyst or germline lineGg& to visualize the real-time
behavior of cells. During dedifferentiation, celsuld rearrange so that newly generated
CySC and GSC can associate with each other. Thizeps may involve cell movement.
The motility of cells may be acquired through adiased protrusions. Therefore, it may
be also useful to visualize cell behavior usingrabased constructs.

How to test that Zfh1 is a transcriptional activata?

Results from our HA-Zfh1l ChIP-gPCR experimesuggest that Zfhl may function as
a transcriptional activator. This finding contradidhe stereotypical model of Zfh1l,
which describes it as a transcriptional repres8ad).(To further test the capability of
Zfh1 to activate transcription, several follow-uxperiments are needed.

First, to investigate how the gene expresgmfile is controlled by Zfhl, a RNA
microarray or RNA-Seq experiment should be perfatmdeal, this type of experiment
would be conducted comparing wildtype #hl depleted testes. Since Zfhl is an
essential gene, we cannot use genetic mutantsufihr an experiment. | have tried to
knock down Zfhl in adult testes by RNAI, but withareat success (see Addendum).
Therefore, the only expression profile that carob&ined effectively is from comapring
wildtype tozfhl overexpression testes. If the expression of a gepesitively regulated
by Zfhl, then its expression should be increasesndtically inzfhl overexpression
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testes compared to wildtype. If such gene alsogdungh on the ChIP-Seq list, it is likely
that its transcription is directly activated by Zfh

Second, to further confirm the direct actigatiof certain genes by Zfhl, we would
use bothn vivo andin vitro experiments. We can generatel mutant clones in testes,
and then visualize whether the expression of atipetéarget is lost in the mutant cell. It
is likely that regulatory fragments of some putattargets have been identified by other
work in the field, and certain regulatory sequentey overlap with the binding region
identified from ChlIP-Seq experiment. Thus to asgerZfhl’s control to those regions,
we can perform luciferase assay Drosophila S2 cells using reporter constructs
including such regulatory fragments. In the case thgulatory fragments do not already
exist, we can generate the necessary construct8aR amplification guided by the
region identified from the HA-Zfhl ChIP-Seq. If Zfhcontrols gene expression
positively, the activation level of the reportendiwould be higher when co-transfected
with Zfh1.

Third, to determine how Zfh1 controls tranptian activation, its binding site needs
to be verified. There are two types of DNA-bindimwptifs in Zfhl1: zinc fingers and a
homeodomain. It has been shown that zinc fingeiZflof bind to Ebox site to suppress
transcription, whereas the homeodomain may actitratescription via binding to the
sequence GCTAATTG (94, 119-125). We have identifigulitative binding sequence for
the homeodomain within theyaA3 region but not in C1 (data not shown). This seem
consistent with our conclusion that Zfh1 activates A3 fragment rather than C1. To test
the importance of the homeodomain binding site ceve@ mutate its sequence in A3 and
examine whether that alters A3-lacZ expressiorepatt

Another possibility for how Zfhl acts as arivator is that it may bind to de novo
motif. Recent study from the Eileen Furlong lab Hamonstrated thahail, a stereotypic
transcriptional repressor, can directly activatpregsion of different genes in the same
type of cells (107). They further demonstrated thatdecision of repression or activation
is encoded in the target gene sequence, as thenpeesf a novel motif that Snail binds
to is essential for potentiating gene expressi@Y)1Thus, we should also compare the
regulatory region of genes either activated oresped by Zfh1, and attempt to discover
any novel, recurring motifs in them.

Lastly, to further elucidate the mechanismrahscriptional activation governed by
Zfhl, we can try to identify nuclear partners iatdng with Zfhl. ZEB1 is the
mammalian homolog of Zfhl. It has been shown tHaBZ can bind to transcriptional
co-activators p300 and P/CAF, thereby promotingdcaption as a complex (126, 127).
Hence we can also test whether Zfh1 interacts thigse co-activators by performing Co-
IP experiments usingfhl overexpressing testes. Another way to identifytqns
associated with Zfh1l is to conduct mass spectrgnaatalysis on protein samples IP’ed
by antibodies against Zfh1l (128). Chromatin modsfiare another type of key player for
transcriptional activation (105). Although trangtion factors like Zfhl may or may not
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directly interact with chromatin-remodeling compleke two parts are mechanistically
linked (105, 128). Thus we think the mass specttpmexperiment can either identify
chromatin modifiers with a direct physical link wizfhl or proteins mediating the
connection between Zfhl and chromatin-remodelingnmex. In either case, the
experiment would further enhance our understandifighow Zfhl may act as a
transcriptional activator.
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CHAPTER 5

Magu Project Addendum
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1. Additional efforts to investigate Magu’s involvenent in BMP

We attempted to demonstrate the involveméMagu in BMP signaling pathway by
multiple approaches. Although the results of tHeowing experiments did not serve the
initial purpose, they might be informative to fueduwork in the lab, and thus are included
here.

A. the effect of activation of Sog magu mutants

Sog is an extracellular antagoniss of BMmRalg. To test whether the overexpression
of Sog in amagu mutant background would further reduce GSC numbers
overexpressed Sog usimgnos-Gal4 in magu®®*/magu™?®. There was no discernible
difference betweemagu®™**/magu™®?*; nanos-Gal 4/UAS-sog and magu®****/magu/®*
(Addendum Table 1). However, since the activatibBayg failed to cause a phenotype in
magu heterozygotes, it was unclear whether the oveesgion of Sog had been achieved

in this experiment.

B. Other read-outs of BMP activation in testes

Besides using pMad accumulation as a reaouhe BMP pathway, the activation
of two other proteins involved in BMP signaling walso tested. Medea is the protein
that forms a complex with pMad. The Mad-Medea ca@arptanslocates into the nucleus,
and regulates expression of target genes. Spestdioing of Medea was observed in
some wildtype testes (data not shown), but theraatation was in hub cells, not GSCs.
Medea also accumulated in late stage cyst cells iShexpected, as BMP signaling is
activated in those cells as previously reported. (62

Dad is a target gene of BMP activation, andeigatively regulates BMP signaling.
BMP signaling in theDrosophila wing disc is routinely monitored using Dad reporte
lines, including Dad-LacZ, and a newer tool, Dad”PR@29). Similar to Medea and
pMad, there was no reliable LacZ detection in G8Ctestes with two copies afad-
LacZ (data not shown). It was unclear whether the G&@iiag observed in'8instar
larvae gonads was specific, since the signal wes @lesent in spermatogonia (data not
shown). For Dad-RFP, the staining was blazinglghirion certain big-size sheath cells
(Appendum Fig.1A; these are pigment cells). Theciigestaining of Dad-RFP also
appeared in hub cells (Addendum Fig.1A’, arrowhea)d cyst cells (Addendum
Fig.1A’, arrow). Similar tomagufrgll-LacZ (Fig.1B, Chapter 2), the expression inbh
cells sometimes was not uniform, as only a fractérub cells had the RFP staining
(Addendum Fig.1B, B’).

Because none of these assays was sensituglemno detect BMP activation in GSCs
in wildtype adult testes, | did not proceed to tleam as a way to test BMP reduction in
magu mutants.

C. UAS-tor-Tkv UAS-tor-Punt, another BMP activatioonstruct
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Tkv and Punt are the Type | and Il receptofsBMP signaling pathway in
Drosophila. Two different transgenic lines of flies have bes®d to activate the BMP
signaling pathway. The first is an amino acid cleamgTkv, the type | receptor. All the
Nanos>TkvA testes had overproliferation cysts (Adtlen Fig.2A, arrow), an expected
phenotype of ectopic BMP activation in testes (58). The second transgenic setup
overexpresses both the type | and type Il recepti#&S-tor-Tkv UAS-tor-Punt (130).
Both constructs have been shown to cause conegéitutansducing activity in other
tissues (130, 131). However, only one-third of tNanos>tor-Tkv tor-Punt testes
exhibited the phenotype of overproliferation cystata not shown). Therefore, | chose to
rescuamagu mutants using UAS-TkVA.

2. Additional comments on pMad staining

As a positive control for pMad staining, st worth noting that pMad activation in
germ cells was consistently detected in testes wittopic BMP activation in the
germline (Addendum Fig.2B). Still, we could nevetbserve consistent GSC
accumulation of pMAD in wildtype testes, nor amoB8&Cs of Magu overexpression
testes (pd>V5-magu, data not shown). The other situation where a pMad staining
on GSCs was reproducibly observed was testes witbre]J AK-STAT activation or Zfhl
overexpression in the cyst lineage (data not sholmrfoth situations, the testes were full
of ectopic GSCs and CySCs (see Chapter 3 for dgtail

Recently, Liet al. reported a protocol for better pMad stainingDirosophila wing
disc (132). Different from ours, the protocol usedce higher formaldehyde in the
fixation buffer and supplemented phosphatase itdrildor each step. We applied this
protocol on wildtype testes. We did observe pMaihgtg in GSCs in most testes scored
(data not shown). Because germ cells could notidiealized well in this particular trial,
we could not test whether the pMad staining wasgmein every GSCs. In addition,
there were many nonspecific dots on the testdsaempiad channel, and we did not know
what caused that.

3. Drifting hub phenotype due to UASdIp-GFP

When the activation allp-GFP was sustained in hub cells for a long time (12sday
29°C), we observed a hub drifting phenotype, in whicl apically located hub cells
appeared far away from the testis tip (Addendum.3&g arrow). This phenotype
occurred in all 9 control testes scorenhgu heterozygotes). However, the drifting hub
was also observed in 6 out of 10 UAR-GFP only testes, although the new position of
the hub appeared closer to the tip compared with-GAS samples (Addendum Fig.3A).
We do not know whether this phenotype was simplg tlu genetic background, or
whether UASdlp was leaky; though | could detect no specific GEiheng in Gal4 only
testes.
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Addendum Table 1. The effect of activation of Sogp magu mutants

Condition

Median IQR® Min- P value’

Genotype’ GSC # Max ®
aged at 2 magu®/ magu” ; nanos-Gal4 or UAS-sog/MKRS 3 (11 0-4 0-6
for 3 day<
magu™®/ magu” ; nanos-Gal4/UAS-sog 3(11) 15-4 0-6  >0.05
aged at 2 magu® °"/CyO; nanos-Gal4 or UASsog/MKRS 5(9) 5-5 3-8
for 13 day$

magu™® ° /CyO; nanos-Gal4/UAS-sog 6(Q) 4-6 3-10 >0.05

@Alleles used: [e]=[e00439]; [=[f02256].
® interquartile range = Quartile 3 - Quartile 1 (R{®[1]), Q[3] = the 7% percentile, Q[1] = the 5

percentile.

“Minimum - Maximum, representing the spread of GS@bers observed
dCalculated by Mann-Whitney test.

® Number of testes scored in parentheses

" Animals (0-3 days of age) raised af@5vere shifted to 2 for 3 days.

9 Animals (0-6 days of age) raised af@5vere shifted to 2@ for 13 days.
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dad-RFP (6f)

Addenudm Figure 1.dad-RFP does not exhibit expression in GSCs. (A) la mporter
line of dad (dad-RFP, 5n), the expression was present in hub ¢attewheads), cyst
cells (arrow), and big-size pigment cells on th&tisesheath. (B) In the 6f line dfad-

RFP, the expression in the hub (E-Cadherin, whifg)eared restricted to a fraction of
hub cells (B").
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Addendum Figure 2. BMP signaling can be activated properly in thengare using a
constitutively activated form of Type | receptoridkvein. (A) When UAS-Tk{® was
driven in the germline usinganos-Gal4, testes appeared to have overproliferati@iscy
with more than 16 spermatogonia (arrow). (B) Thegic activation of BMP pathway
could be detected by pMad staining (red) througtiogitestis.
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uas-dlp-GFF only

hi>dlp-GFP

hh>dlp-GFP

Addendum Figure 3. A drifting hub phenotype appears when UAB-GFP is
expressed in hub cells usihg-Gal4 for 12 days. (A) In 6 out of 10 UABp-GFP only
testes, the apically located hub cells (Fascllliteyrexhibited away from the testis tip. (B)
This phenotype had a higher penetrance in Gal4-t¢Ates, present in all 9 testes scored.
(C) The mislocalized hub in Gal4-UAS testes oft@peared very far away from the
apical tip, as visualized by anti-GFP under 5X.
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Zfhl Project Addendum
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1. Indirect activation of zZfh1 through JAK-STAT signaling pathway fails to generade
a high fraction of testes enriched with functionalCySCs (and extra GSCs)

There are two ways to activate JAK-STAT sigmalin the cyst lineage. One is to
overexpress an activated form of JAK (JAK the signal transducing kinase, using a
cyst lineage Gal4; the other is to ectopically pwal Upd, the secreted ligand, in the
germ cells using Nanos-Gal4. Either of these ambres should generate testes with
large number obona fide CySCs, intermingled with many GSC-like cells (Addam
Fig.1B) (42). A previous postdoc in the lab took first approach using EyaA3-Gal4, a
commonly used cyst lineage driver. She used thABeSITAT overactivation testes for
the ChIP experiment. Her results suggested thatowdd successfully perform Zfhl
ChIP on testes. However, | could not repeat hea ddata not shown), and, in re-
examining her raw data, discovered some erroreergPCR protocol and in analysis of
gPCR results.

In addition, | examined EyaA3>JAK testes in more detail. | found that the majority
of testes did not have functional, ectopic CySGsswggested by the lack of extra GSCs
(Addendum Fig.1A). In these testes, tifal+ cells often formed patches, with the
presence nearby of groups of spermatogonia andspematocytes (Addendum Fig.1C).
To confirm this observation, | also tried to dritBAS-JAK*® using two other cyst
lineage drivers, c587-Gal4 and Tj-Gal4. Althougle tiercentage of testis with excess
CySCs and GSCs in those two overexpression sampi@s higher than the
EyaA3>JAK* group, the stem cell tumor phenotype was far feas 100% penetrant
(Addendum Fig.1A). | also scored functional CyS@snotype in Nanos-Gal4 UAS-Upd
testes. Similar to what had been reported, onlydfahe overexpression testes had extra
GSCs (45). In summary, all these findings led usdoclude that indirectly activating
Zthl through JAK-STAT pathway did not cause functiorfall+ cells in every testis, and
this may be the reason why Zfh1l ChIP did not woHemw using such testes.

2. Direct activation of zfth1 using untagged UAS-Zfh1-RB also does not cause emgh
extra zth1+ cells

We also tried to increase the numbezfloi+ cells directly. There existed an untagged
UAS-Zfh1-RB line generated by Postigbal. The construct of this transgenic fly was
made fromzthl cDNA plasmid prepared by Fortigi al. (Flybase) (91). When compared
with information in Flybase, the originally publesthzthl cDNA sequence has deletions
in the polyQ region (opa) and another point muta(it20). It is unclear whether Postigo
et al. corrected these sequence aberrations when gewgetta¢ UAS-Zfh1-RB construct
(Flybase) (91). Nevertheless, this UAS-Zfh1l linen cupply normal Zfhl function to
rescue defects on glia cells #fihl mutant embryos (97). We also used this line
previously to demonstrate that sustained Zfhl endisst lineage caused excess CySCs
and GSCs.
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| overexpressed Zfhl using the Postigo’'s UARLZand various cyst lineage Gal4
drivers. As shown in Addendum Fig.1A, the perceetaftestis with extra CySCs and
GSCs was even lower than the JAK-STAT activatioprapch. This was similar to what
we had noticed before (Judy Leatherman, personaimamication). We do not know
whether the sequence aberrations in the untagges-ZfA1-RB decrease the ability of
Zfhl to generate excess stem cells, even thoughtahnstruct can rescuwhl mutant
phenotypes. Because of the low penetrance of taaqtipe, | did not bother to try Zfhl
ChIP on testes expressing this form of Zfh1.

3. UAS-Zfh1-RA-1xFlag-1xHA fails to cause extra sta cells in testes

When the epitope tagged short isoform of Zitds expressed in the cyst lineage
using either EyaA3-Gal4 or c587-Gal4, we did noselbe ectopic CySCs nor GSCs
(Addendum Fig.2B). The testes did not have exthd+ cells, and the presence of
branched fusomes in germ cells suggested normamgpegenesis, just as in wildtype
testes. This was in contrast to the positive comivbich was the expression of untagged
(Postigo’s) UAS-Zfhl. In this case dotted fusomesumulated at the tip of testis
(Addendum Fig.2A).

Extensive efforts were made to trouble shbis problem. We sequence verified the
entire transgene for both the plasmid from BDGP gedomic DNA isolated from
transgenic flies. To further test whether the tgem® can be expresséa vivo, we
overxpressed UAS-Zfh1-RA-1xFlag-1xHA using En-Gad4driver with a stripe pattern
on embryos. We could only observe the ectopic esgioe using anti-Zfh1l (Addendum
Fig.2C), but not using an antibody against theopgttag (either Flag or HA, data not
shown). Western Blot using anti-HA also did notett¢tthe tagged Zfh1l in protein lysates
isolated from En>Zfh1-RA-1xFlag-1xHA embryos (Addem Fig.2D). This suggested
that tagged Zfhl proteins were not generated apiptefy. Consistent with this idea,
embryos expressing Zfh1-RA-1xFlag-1xHA looked maipigically normal (rather than
disorganized, as embryos expressing Zfh1-RB, FigGhapter 3), although they did not
survive to the larval stage. We also attempteddoalize the ectopic expressionvitro,
using transfection into cultured cells. HoweverR$2Zells transfected by Ubi>Zfh1-RA-
1xFlag-1xHA failed to show HA staining (data nobgim). Together, these experiments
suggested strongly that UAS-Zfh1-RA-1xFlag-1xHA Icbnot be expressed properly,
and it would not be useful for Zfhl ChIP experinsent

We do not know why UAS-Zfh1-RA-1xFlag-1xHA it expressed well. In the
construct, there is an extra fragment between HAland 1xFlag-1xHA (Addendum
Fig.2E. This fragment contains a stop codon andsé® be spliced oun vivo, to allow
the in-frame expression of Flag and HA. We susplest the splicing may not happen
successfully. This may cause the misfolding of iyesyinthesized ectopic Zfhl protein,
or the improper translation of epitope tags.
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4. Epitope-tagged UAS-Zfh1-RB lines cause stem tumgphenotype in various
degrees

In Chapter 3, we reported that an N-termin8kHA tagged UAS-Zfh1-RB gave rise
to stem cell tumor phenotype at 100% penetrancehagid expressivity. We have also
investigated other epitope-tagged UAS-Zfh1-RB lind® found out that a C-terminally
3xHA tagged UAS-Zfh1-RB line only caused ectopic Haells, but did not generate
extra GSCs as shown by the presence of branchieer riitan dotted fusomes in germ
cells (Addendum Fig.3A). For the N-terminally 6xMyagged UAS-Zfh1l-RB line,
ectopic Myc expression was present in every testised, but only the testis tip region
exhibited a mild GSC tumor phenotype (Addendum 3By. Similarly, although the
penetrance of ectopic Myc+ cells was 100% for thiei@inally 6xMyc tagged UAS-
Zfh1-RB line, only 36% of the testes examined hadild GSC tumor phenotype at the
tip region (Addendum Fig.3C). Additionally, testesked thinner compared to the Gal4
only control testes.

The variation we observed among different éaggAS-Zfh1-RB lines was expected.
The genomic insertion sites of the transgenes Vikly quite different from each other,
and the identity and position of the tag could gisse an effect on the function of the
ectopic protein.

5. Available antibodies against Zfh1 may not be uéa for ChIP

Four labs had independently generated antisaaljainst Zfh1l. These antibodies were
mapped to a similar region of the protein (Addendtim4). One of them, made by the
Kevin White lab, was used for Zfh1l ChlP-chip ondtyjpe embryos (100), but the data
from that experiment has not been confirmed yetit $® unclear whether the available
antibodies against Zfh1l were useful for ChIP. Wdgreed immunofluorescent staining
on embryos and testes using three of the fourZthti-antibodies (we did not use the one
generated by the Lai lab). We determined that thtes® antibodies all recognized Zfh1l
proteins nicely in the two tissues by immunofluoessce (data not shown). However,
when we applied the antibodies developed by the ddliRuth Lehmann and Kevin White
for ChIP experiments on either embryo or testisgas) we did not observe a positive
result (data not shown). Therefore, we concludezsdhanti-Zfhl antibodies may not
work for ChIP of Zfh1.

It is worth pointing out that the ChIP expeemis described above all suffer from the
fact that we may not havebana fide positive control region to assay for successfuRCh
(see Chapter 3 Discussion).

6. Antibodies generated by our group do not work
When we initially started the ChIP projecty adea was to carry out the ChIP using

two different anti-Zfhl sera. By focusing on reggooommon to both sera we would
increase our chances of focusing on tmeivo targets of Zfhl, rather than spurious
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enrichments. Based on this rationale, a formerdaesin the lab generated an antibody
against a largely non-overlaping epitope as welltaas similar region as the other
available Zfhl antibodies (96). | made extensivieres to test the fidelity of the new
antibodies using immunofluorescent staining and té&fasBlot, but no positive results
could be obtained (data not shown). Therefore,ftwack to sequence the plasmids used
for generating these antibodies. Unfortunately, skguence of the epitopes was not
present in the construct.

We also attempted to generate a monoclondait against the same epitope as the
anti-Zfh1l developed by the Ruth Lehmann lab. Thiskwvas outsourced by a company
(Abmart). We received six tubes of ascites powdemfthe company. Each individual
tube sample represented antibodies from an indgpéradone. While reconstituting the
powder to obtain the original antibody-rich ascifiesd, we had trouble to get two of the
six samples (C177 and C252) dissolved well. A sumeodege student working in the
lab tested the remaining four clones by immunofigcent staining, but we did not
observe a specific staining on wildtype testest{dusui, data not shown). | also tested
the four clones on protein lysates isolated fronaA&3>3xHA-Zfh1l testes by Western
Blot. The antibody generated from B100 clone seetnedetect a high molecular band
with the size of Zfh1, but signal was low, and theras too much background signal to
be confidant of this result (data not shown). Tlosijve control (the polyclonal anti-
Zfhl generated by the Lehmann lab) exhibited a prenmt Zfhl band on the Western
Blot (data not shown). Thus, we do not think thevlgegenerated monoclonal anti-Zfh1
was useful.

7. Other negative controls for ChIP-gPCR experimenbesides IgG ChIP

When performed ChIP-gPCR, we also carefulbutiht about negative controls. As
described in the Results session, ChIP on IgG veasl as a quality control for non-
specific pull-down. We have also attempted to desiggative control primers for the
gPCR experiment. Since transcription factors uguddl not bind to exonic regions, we
thought primers targeted to that region may sesvaeagative controls for each selected
gene. However, results showed that signals foretipegesumed negative control primers
appeared indistinguiable from those targeted taleggry regions of a gene (data not
shown). We reasoned that because the size of thenakin fragments that were going to
be pulled down usually ranged from 100bp to 2klis possible that the sequence of an
exonic region may also be present in the IP’ednfragts, and thereby showed an
enrichment in qPCR analysis.

8. Zfh1 cannot be knocked down efficiently using RHi
An alternative way to identify Zfh1l targets sM® compare gene expression in testes

with zthl knock-down to wildtype testes. Genes with différ@nexpression profiles in
the two testis samples were potential targets bfiZThus we have attempted to knock
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down zfhl expression by RNAI. There existed two RNAI lines #fhl. Using various
cyst lineage Gal4 drivers, we found out that ohly line generated from VDRC (Vienna
Drosophila Rnai Center) could successfully supp#b$ expression. However, the
knock-down efficiency was low and the severity lné phenotype was variable. 80% of
the 66 testes scored looked normal, similar to ZASE-RNAI only control testes
(Addendum Fig.5A). For the remaining 20% experimém¢stes, some had a reduced
number of Zfh1+ cells at the tip (Fig.5B), whiléhets did not have Zfh1+ somatic cells
at all (Addendum Fig.5C). When testes were abatigbe Zfh1+ cells, germ cells started
to clump and occupy all the space around the hudd¢Adum Fig.5C). It seemed that
hub cells were now Zfh1 positive in these testss Was likely a consequence of the shift
to non-permissive temperature for Gal80ts, becdmse cells often accumulated more
Zfh1 when testes were grown at’@%or a long time. One other, perhaps odd, resak w
that in Zfh1l knock-down testes some germ cells afggeared to be Zfh1+ when genuine
Zfhl expressing cells were not present in the seséée did not think this was real. There
exists a low level of Zfhl signal in germ cells mormal testes; perhaps this simply
“appeared” brighter since there were no longerlaona fide Zfh1 cells. At a most severe
situation of Zfh1l knocking-down, we did not obseaugy type of cells inside the testes
(Addendum Fig.5D). We did see many bright Zfh1rstags on the testis sheath, but we
did not know whether they were real (Addendum HiJ.5

9. Experiments to test whether N-terminally 3xHA tgged UAS-Zfh1-RB can rescue
Zfh1 mutants

To investigate whether the newly generated Bxtdgged UAS-Zfhl line was
functionally normal, we tried to use it to resaftgl mutants.

We first attempted to do the rescue experinmenéstes. Since CySC clones mutant
for zthl were not maintained, and were not detectable @veéays after clone induction
(42), we decided to express tagged Zfhl in the muianes, and test whether this would
rescue clone loss 4 days after induction. The MAR@Wbsaic Analysis with a
Repressible Cell Marker) flies used for this expent failed to generate wildtype clones
(data not shown), thus we obtained another MARCdtkstfrom the Matunis lab (47).
The MARCM tool from the Matunis lab was principathye same as what we had used to
generatefhl clones before. But the Matunis stock labeled dongh a membrane GFP,
rather than a nuclear GFP. In our hands, this réiffee made it hard to assign the
ownership of the GFP, since GSCs and CySCs wed#réct contact with each other.
Nevertheless, we did test this new MARCM stock dluighly, and it could successfully
generate both wildtype arahl mutant clones (data not shown). However, we coold
definitively establish whether the UAS-HA-Zfh1 tsgene was indeed being induced in
the zZthl mutant cells by anti-HA (data not shown). We do kimow exactly why. Maybe
perdurance of Gal80 protein in the induced clonés denited the amount of Gal4, so
UAS-Zfh1 could not be activated. We are currerghting a 3 MARCM stock.
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The troubles experienced in testis rescue rexpats made us refer to other tissues.
Zfhl plays a pleiotropic role during embryonic deyenent. We determined that in
embryos mutant foefhl there was a significantly reduced number of SCG#esnétic
gonad precursors) in the gonad. For one mutartea##1%>**, the number of SGPs in
homozygous embryos was only about one quarter t#rdwygotes. We are currently
performing experiments to rescue this phenotypedtying tagged UAS-Zfh1l using
Six4-Gal4, a driver expressed in SGPs.

10. Verification of zth1 mutants

While performing the Zfhl rescue experimeng, aiscovered aberrations in azihl
mutant stocks. Thus we obtained fresh stocks flmerBach lab and Bloomington Stock
Center. To better assess the strength of tiefise mutants, we put the mutant
chromosome over a balancer chromosome with a rfluelescent maker expressed in
embryos (133). This allowed us to identify hetegmys and homozygoughl mutants
unambiguously. We discovered that residual Zfhginowas present irfh1? allele (data
not shown), similar to what had been reported leef{®8). There existed two EMS-
inducedzthl mutant alleleszth1®3**and zth1”>?°. Broihieret al. reported that anti-Zfh1
antibody did not recognize protein 2fh1%>** norZh1™%* embryos (96). However, in our
hands, whilezh1®®*** was protein null,Zh1™%® had residual Zfhl proteins in some
homozygous embryos with scattered staining patéemh less bright signal (data not
shown).

11. Zfh1l ChIP experiments on wildtype embryos

Since the White lab Zfhl ChIP embryo list whs only source for predicting Zfhl
targets (100), we initially decided to select pw&ipositive control genes from the list,
and confirm the enrichment of Zfhl to these gergiores in our own preparations of
embryo chromatin first. Then the positives from @mbryo ChIP-gPCR experiment
would be potential positive controls for our atteésfp ChlIP Zfh1 from testis chromatin.
Based on this rationale, we also performed ChlRex@nt using wildtype embryos. We
could not get the Zfhl ChIP worked out on embry&n using the same antibody the
White lab used to generate the embryo list (datd sitmwn). However, we could
successfully ChiP H3K27me3, the positive contraténot shown). We further read
through protocols from other labs, and identifiedesal steps that can be modified, for
instance, the amount and stage of embryos collgtitedconcentration of formaldehyde
used for cross-linking. We applied these modifmasi on our embryo ChIP experiments.
The signal for H3K27me3 was dramatically increasedt still, the Zfhl ChIP on
wildtype embryos seemed not working (data not shown

108

www.manaraa.com



Addendum Figure 1. Eithel indirect activation ofzthl through JAKSTAT signaling
pathway, or direct activation fhl using untagged UAS-ZfhRB, does not genera
enough functionaifhl+ cells (CySCs). (A) Stistical measurement of % of testis w
excess CySCs and GSCs in various -UAS conditions. (B) An example of JA
STAT overactivation testis with extra CySCs (Zfhiireen) and GSCs (individual Vas
cell with small size, red). (C) In some testes exgressing the constitutively activat
form of JAK (JAK'), zthi+ cells formed patches (green), surrounding groap
spermatogonia (interconnected Vasa+ cells withslzag, red)
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E structure of tagged UAS-Zfh1-RA-1xFlag-1xHA
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Addendum Figure 2. UAS-Zfh1-RA-1xFlagixHA does not cause extra stem cell:
testes, and cannot be expressed projin vivo. (A) Ectopic CySCs (Zfh1+, green) a
GSCs (Vasa+ cells with dottat-Spectrin staining, white) were accumulated in $
overexpressing an untagged form of z-RB. (B) Only endogenous CySCs and G
near the hub (Fasclll, white blot at the testis) icould be observed in Zf-RA
overexpression testis. (C) When driven by-Gal4 in embryos, the tagged U-Zfh1-
RA exhibited a pattern of stripes only detectabjeabt-Zfh1l (red), but not using &
antibody against the epitope tag (data not showm)postive control embryos, th
ectopic expression of tagged STAT protein couldsisealized by an-HA (green). (D)
Consistent to observations shown by immunofluoneisstining, tagged Zfh1 in embr
lysates could not be detected by Western Blot uaimi-HA, whereas the positive conti
protein (STAT) was visible. (E) A schematic struetwof the tagged UA-Zfh1l-RA
construct. A fragment between Z-RA and 1xFlagtxHA was supposed to be splic
outin vivo to allow proper expression of the ta
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anti-Zfthl (Lai)
anti-Zfhl (RL)
anti-Zfhl (KW)

anti-Zfhl (IS)

Addendum Figure 4.Various antibodies against Zfh1l generated by difiefabs There
existed four different antibodies against Zfhl,reatapped to a similar region of t
protein crossing the homeodomain. Antibodies gaadray the labs of Ruth Lehma
(RL), Kevin White (KW), and James Skeath (JS) caelebgnize Zfh1l proteins rely in
embryos and testes (we did not test the antibodgrgéed by Laet al.) We tried anti-
Zfhl (RL) and antiZfhl (KW) for ChIP experiment
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Addendum Figure 5.Zfh1 cannot be knocked down efficiently using RNA4) About
20 Zfhl+ cels (green) were clustered around the hub (Fasefhite) in UAS-Zfh1-
RNAI only control testes. 80% of Tj>Zfh1 RNAI testecored (n=66) exhibited a simi
phenotype. (B®) Remaining 20% Tj>Zfhl RNAI testes appeared torehaarious
phenotypes. Some hadeduced number of Zfh1+ cells at the tip (B), wiasrethers di
not have Zfh1+ somatic cells at all (C, D). Sed fexdetailed phenotype analys
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