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ABSTRACT

Adult stem cells reside in microenvironments called niches, where they are regulated by both
extrinsic cues such as signaling from neighboring cells and intrinsic factors such as chromatin
structure. Here we report that in the Drosophila testis niche, an H3K27me3-specific histone
demethylase encoded by ubiquitously transcribed tetratricopeptiderepeat gene on the X
chromosome (dUTX) maintains active transcription of Suppressor of cytokine signaling 36E
(Socs36F) gene by removing the repressive H3K27me3 modification near its transcription start
site. Socs36F encodes an inhibitor of the Janus kinase signal transducer and activator of
transcription (JAK-STAT) signaling pathway. While much is known about the niche-to-stem cell
signaling, such as the JAK-STAT signaling critical for stem cell identity and activity, our results
reveal that stem cells send feedback to niche cells to maintain the proper gene expression and
architecture of the niche. We found that dUTX acts in cyst stem cells to maintain hub cell
identity through activating Socs36F transcription and preventing hyperactivation of the JAK-
STAT signaling. dUTX also acts in germline stem cells to maintain hub structure through
regulating DE-Cadherin levels. In addition to the role of dUTX in the testis niche we report that
in the Drosophila testis, an H3K4me3-specific histone demethylase encoded by little imaginal
discs (lid) maintains germline stem cell self-renewal and prevents premature differentiation. Lid
is required cell-autonomously in germ cells for proper expression of the Stat92E transcription
factor, the downstream effector of JAK-STAT signaling pathway. Our findings support a germ
cell autonomous role for the JAK-STAT pathway in maintaining germline stem cells and place
Lid as an upstream regulator of this pathway. Our findings provide new insights into the
biological functions of histone demethylases in vivo and shed light on the interaction between

epigenetic mechanisms and signaling pathways in regulating stem cell activities.



In addition to our studies in the testis niche we report a role for dUTX in spermatocyte
maturation. Our findings suggest that dUTX cooperates with the testis-specific homologs of
TBP-associated factor (tTAFs) to sequester repressive factors to the nucleolar regions of
spermatocytes and allow the transcription of terminal differentiation genes.

The readers of this thesis are: Dr. Allan Spradling, Dr. Xin Chen, Dr. Mark Van Doren, and Dr.
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Chapter 1

Introduction to transcriptional regulation during Drosophila spermatogenesis and

epigenetic regulation in adult stem cells and cancers



This chapter is based on previously published review articles (Lim et al., 2012; Tarayrah and

Chen, 2013).

Overview of Drosophila spermatogenesis

Drosophila testis is a long tubular structure, which contains a stem cell niche at the apical
tip and a linear distribution of germ cells with more differentiated ones toward the basal end of
the tube. A cluster of post-meiotic cells, termed the hub, anchors both germline stem cells
(GSCs) and cyst stem cells (CySCs) in the testis niche. The GSCs divide asymmetrically to self-
renew and produce gonialblasts (GBs), which are displaced from the niche to start the cellular
differentiation program. Each GB undergoes four rounds of mitosis as transit-amplifying
spermatogonial cells, which remain interconnected by incomplete cytokinesis. These sixteen
spermatogonia then undergo a meiotic S phase before switching to an elongated G2 phase as
spermatocytes. A robust transcription program is turned on in spermatocytes to actively express

genes required for meiotic division and terminal differentiation.

Along with GSC division, the CySCs, two of which encapsulate each GSC, also divide
asymmetrically (Cheng et al., 2011). While the daughter cell of one CySC retains its stem cell
identity, the other becomes a cyst cell, which never divides again. These two cyst cells continue
to enclose the synchronously dividing and differentiating germ cells to form a distinct cyst until
the individualization stage, when the spermatids are separated and released into the seminal

vesicle as mature sperm.

Because of the physical association between cyst cells and germ cells, these two cell

types act cooperatively throughout spermatogenesis. Here we will review transcriptional



regulation of Drosophila spermatogenesis in a step-wise manner and in the context of the

intimate soma-germline interaction.

Transcriptional regulation in the stem cell niche

Adult stem cells normally reside in a microenvironment called niche. The Drosophila
male GSC niche is one of the best characterized niches. In this niche, GSCs associate with two
types of somatic cells: hub cells located at the tip of the testis and CySCs. The niche provides a
polarized extrinsic environment where GSCs are maintained through cell-cell adhesion and
niche-to-GSC signaling (Losick et al., 2011). Consequently, at the cellular level, GSCs undergo
stereotypical asymmetric cell division (Yamashita, 2010; Yamashita et al., 2005) and at the
molecular level, GSCs probably maintain a unique chromatin structure and gene expression
profile (de Cuevas and Matunis, 2011; Eun et al., 2010). Because both signaling pathways and
epigenetic mechanisms change the transcriptional profile of cells, we will discuss both of them
here. Although highly anticipated, a direct link between these two mechanisms has not been

reported in the male GSC niche.

Two major signaling pathways play important roles in the male GSC niche: Bone
Morphogenetic Protein (BMP) pathway and JAnus Kinase-Signal Transducer and Activator of
Transcription (JAK-STAT) pathway. In both pathways, ligands [Glass Bottom Boat (Gbb) and
decapentaplegic (Dpp) for BMP; Unpaired (Upd) for JAK-STAT] emanating from the niche act
upon their corresponding receptors at stem cells [Saxophone (Sax), Thick veins (Tkv) and Punt
for BMP; Domeless for JAK-STAT] in order to promote phosphorylation and translocation of
their downstream transcription factors [Mothers against Dpp (Mad) for BMP; Stat92E for JAK-

STAT]. Activated transcription factors subsequently initiate a cascade of gene expression.
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However, the direct target genes of both pMad and pStat92E are yet to be identified. It has been
shown that GSCs unable to respond to the BMP pathway have ectopic transcription of a
differentiation gene called bag of marbles (bam) and undergo premature differentiation (Kawase
et al., 2004; Shivdasani and Ingham, 2003). Therefore, it is possible that normal BMP activity
represses bam transcription in male GSCs, a phenomenon similar to what has been shown in
female GSCs (Chen and McKearin, 2003a). Recent studies demonstrate that the major role of
JAK-STAT in GSCs is to increase GSC-hub adhesion (Leatherman and Dinardo, 2010),
suggesting that cell-cell adhesion molecules, such as Drosophila E-cadherin homolog (DE-
cadherin, DE-cad), are potential downstream targets of Stat92E. In order to search for Stat
targets at a genome-wide level, microarray analysis was performed to identify genes whose
expression dramatically changes in response to hyperactivated Stat (Terry et al., 2006).
Interestingly, validation of the Stat-responsive genes revealed that most of them are expressed in
CySCs instead of GSCs, suggesting that active Stat signaling in somatic cells is predominant and
required for maintaining GSCs. Consistent with this finding, ectopic expression of the Stat92E
target gene Zinc-finger homeodomain protein 1 (Zfh-1) or Chronologically inappropriate
morphogenesis (Chinmo) in cyst cells is sufficient for GSC self-renewal outside of the niche
(Flaherty et al.; Leatherman and Dinardo, 2008). Zfh-1 is a transcription factor that guides GSC
self-renewal probably by activating BMP signaling in CySCs (Leatherman and Dinardo;
Leatherman and Dinardo, 2008), providing crosstalk between the BMP and JAK-STAT
pathways. Another particularly interesting Stat target gene in somatic cells is Suppressor of
cytokine signaling 36E (Socs36E), which encodes an antagonist of the JAK-STAT pathway and
acts to maintain the balance between CySCs and GSCs in the niche (Issigonis et al., 2009).

Because the microarray analysis was performed using the entire tissue (i.e., testes), it does not
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provide a cell type- specific transcriptional profile. Furthermore, because some of the identified
target genes are transcription factors themselves, many of the genes with changed expression
may not be their direct target genes. Further studies using purified cells in combination with
chromatin immunoprecipitation (ChIP) using specific antibodies against pMad or pStat92E will

reveal BMP and JAK-STAT direct target genes in the testis niche.

In addition to signaling pathways, epigenetic mechanisms also play important roles in
regulating GSC activity (Eun et al., 2010). Epigenetic regulation changes chromatin structure
and gene expression without changing DNA sequences. Two major classes of chromatin
regulators have been identified for their functional roles in the male GSC niche: ATP-dependent
chromatin remodelers and histone modifying enzymes. For example, the Nucleosome
Remodeling Factor complex (NURF) has been shown to positively regulate JAK-STAT
signaling required for both GSC and CySC maintenance (Cherry and Matunis, 2010). Because
chromatin remodelers act in both transcriptional activation and repression, it is possible that
NUREF either promotes transcription of JAK-STAT activators or represses transcription of JAK-
STAT inhibitors. A deubiquitinating enzyme of mono-ubiquitinated H2B encoded by scrawny
(scny) serves as an example of the histone modifying enzyme. Since Scny normally functions in
gene silencing, it was postulated to maintain GSCs by repressing the transcription of
differentiation genes (Buszczak et al., 2009). Both NURF (Ables and Drummond-Barbosa, 2010;
Xi and Xie, 2005) and Scny (Buszczak et al., 2009) also regulate female GSC function. By
contrast, a novel chromatin factor encoded by no child left behind (nclb) specifically regulates
male, but not female, GSC maintenance (Casper et al., 2011). Nclb is enriched at the chromatin
region with active transcription, and Stat92E has decreased expression or accumulation in nclb

mutant GSCs (Casper et al., 2011). Therefore, it seems that chromatin regulators may act with
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signaling pathways to determine GSC fate in the niche. However, no direct connection between
them has been reported, partly because of the difficulty in precisely mapping their direct target
genes in different cell types from the niche. Finally, RNA-binding proteins such as Musashi
(Msi) (Siddall et al., 2006), Held-out-wings (HOW) (Monk et al., 2010) and IGF-II messenger
RNA binding protein (Imp) (Toledano et al., 2012) are all required for GSC maintenance,

suggesting an important role of post-transcriptional regulation in the testis niche.

Transcriptional regulation in the transit-amplifying cells

When a GSC divides, two daughter cells take a distinct fate. One is retained as a self-
renewed GSC, and another is displaced away from the niche to initiate a new gene expression
program. Mitotically dividing GBs and spermatogonial cells contribute to a transit-amplifying

stage between GSCs and meiotic germ cells.

The bam gene encodes a differentiation factor that is detected in 4- to 16-cell
spermatogonia with a peak level in 8-cell spermatogonia (Gonczy et al., 1997) but not in GSCs
(Insco et al., 2009; Schulz et al., 2004). Ectopic expression of Bam in GSCs causes premature
differentiation or cell death of GSCs (Schulz et al., 2004; Sheng et al., 2009). The HOW RNA-
binding protein (Monk et al., 2010) and a microRNA, miR-7, have both been implicated to bind
to bam mRNA and downregulate bam expression (Pek et al., 2009) post-transcriptionally.
Another RNA binding protein, Maelstrom (Mael), is required in spermatogonia to repress miR-7
and upregulate bam expression so that GB can enter the normal transit-amplifying stage and

divide as spermatogonia (Pek et al., 2009). Subsequently, the Bam protein accumulates to a



threshold level, which is required for spermatogonia to become spermatocytes (Insco et al.,
2009). Therefore, in bam mutant males, this threshold is never reached and whole testes are filled
with continuously dividing spermatogonial cells (Gonczy et al., 1997; McKearin and Spradling,
1990). Although expression of bam can be regulated at both transcriptional and post-
transcriptional levels, the exact mechanism that Bam utilizes to regulate transit-amplifying cell
differentiation is not clear. Studies in female germ cells suggest that Bam and another
differentiation factor, Benign gonial cell neoplasm (Bgcn), form a protein complex to promote
expression of differentiation genes in transit-amplifying cells (Li et al., 2009a). Because Bgen is
predicted to be a RNA-binding protein, further characterization of proteins and RNAs with

which the Bam-Bgcn complex interacts will illuminate their functions in transit-amplifying cells.

In spermatogenesis, the switch from mitosis to meiosis is critical. Too early transition to
meiosis may lead to decreased fertility, while failure in this transition may lead to germline
tumor. The Epidermal growth factor (Egf) signaling pathway plays an important role in the
regulation of this switch. The Egfr (Egf receptor) ligand Spitz is processed by Stet, a
transmembrane protease, in germ cells (Schulz et al., 2002). Activated Spitz then acts on Egfr
expressed in somatic cells (Kiger et al., 2000). Egf signaling acts through the guanine nucleotide
exchange factor (GEF) Vav to activate Rac-type small GTPases, which are antagonized by the
Rho-type small GTPases (Sarkar et al., 2007). Egfr signaling acts in cyst cells to restrict GSC
self-renewal and spermatogonial proliferation, while promoting GSC-to-GB and spermatogonia-
to-spermatocyte transitions (Kiger et al., 2000). Recent studies also demonstrate that Egfr
signaling decreases GSC division frequency in adult but not larval testes, suggesting a dynamic
mode of Egfr regulation (Parrott et al., 2012). In addition, mutations in a serine/threonine kinase

signal transducer encoded by raf result in a phenotype similar to the Egfr mutant, suggesting that
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the receptor tyrosine kinase (RTK) pathway is in general required in cyst cells for proper transit-
amplification (Tran et al., 2000). The direct target genes for the Egfr/Raf pathway have not been
identified; however, because compromised Egf signaling leads to defects of germline-soma
interaction and overproliferation of spermatogonial cells, it is possible that the target genes
regulate proper encapsulation of germ cells by cyst cells (Sarkar et al., 2007; Schulz et al., 2002).
Furthermore, a recent study reported that a nuclear envelope component, Nucleoporin98-86,
regulates proper GSC-to-GB and spermatogonia-to-spermatocyte transitions and that its function
is upstream of the BMP, JAK-STAT and Egfr signaling pathways (Parrott et al., 2011). These
results highlight the importance of nuclear structure in regulating cellular differentiation during

spermatogenesis.

Both chromatin remodeling factors and histone modifying enzymes have abundant
transcripts in bam mutant testes, which are enriched with transit-amplifying cells (Gan et al.,
2010a). Studies using ChIP-seq (ChIP followed by high-throughput sequencing) revealed that
terminal differentiation genes that are turned on in spermatocytes have either the repressive
H3K27me3 alone or no mark (active H3K4me3 or repressive H3K27me3) in bam testes.
Furthermore, these genes are not associated with paused RNA polymerase II (Pol II) (Gan et al.,
2010b). This particular chromatin landscape is different from the bivalent chromatin structure
(Bernstein et al., 2006) and paused Pol II at many differentiation gene promoters (Guenther et
al., 2007) reported in embryonic stem cells (Buszczak and Spradling, 2006) and may help to
prevent ectopic transcription of the terminal differentiation genes in transit-amplifying cells. On
the other hand, this chromatin structure suggests that the terminal differentiation genes are
subject to dramatic changes at their chromatin region to achieve robust transcription in

spermatocytes. A recent study reported that Plant Homeodomain Finger 7 (PHF7) encodes an
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epigenetic reader that is specifically expressed in GSCs and transit-amplifying cells. The PHF7
recognizes the active H3K4me2 histone modification and is required for GSC maintenance and
proper spermatogonial differentiation (Yang et al., 2012). It will be interesting to investigate

whether PHF7-target genes are H3K4me2/3-monovalent genes in GSCs and transit-amplifying

cells.

It has recently been found that spermatogonia can dedifferentiate to reoccupy the niche
and become GSC-like cells (Brawley and Matunis, 2004; Cheng et al., 2008; Sheng et al., 2009;
Wallenfang et al., 2006; Wong and Jones, 2012). Although dedifferentiated spermatogonia have
cellular features that are distinct from bona fide GSCs (Cheng et al., 2008), it is less clear
whether they have different transcriptional profile and chromatin structure. Nevertheless, the
dedifferentiated spermatogonia can undergo asymmetric cell division like GSCs (Cheng et al.,
2008), suggesting that they may properly respond to niche-emanating signaling, possibly based
on a permissive chromatin landscape and plastic transcriptional profile. By contrast,
spermatocytes are unable to dedifferentiate to become GSCs (Sheng et al., 2009), suggesting that

germ cells commit to an irreversible differentiation pathway at the spermatocyte stage.

Transcriptional regulation in meiotic spermatocytes

The transition from spermatogonia to spermatocytes is accompanied by a series of
transcriptional, epigenetic and morphological changes. After transit-amplification, germ cells
undergo the last S phase followed by an extended G2 phase as spermatocyte stage.
Spermatocytes grow 25 times in volume and turn on a robust transcription program to activate

genes required for spermatocyte maturation, as well as genes needed for meiotic divisions and
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terminal differentiation (White-Cooper et al., 1998). Most genes required for meiotic divisions,
as well as terminal differentiation, are under translational repression until a later time when their
encoded proteins are functional.

The G2/M transition in meiosis I requires Cyclin B, Boule (a RNA-binding protein) and
Twine (Cdc25 homolog), all transcribed in spermatocytes (Alphey et al., 1992; Courtot et al.,
1992; White-Cooper et al., 1998). Boule translocates from the nucleus to the cytoplasm to trigger
the G2/M transition in meiosis I by allowing translation of twine (Maines and Wasserman, 1999).
At this time point, Cyclin B protein also escapes from translational repression and accumulates
in the cytoplasm of spermatocytes (White-Cooper et al., 1998). In both boule and twine mutant
testes, spermatid differentiation occurs independent of meiotic cell cycle progression, suggesting
that these two processes can be uncoupled (Alphey et al., 1992; Eberhart et al., 1996). However,
the discovery of two classes of genes expressed in early spermatocytes reveals a high degree of
coordination between meiotic divisions and spermatid differentiation (Lin et al., 1996).
Mutations in any of these genes arrest meiosis and block spermatid differentiation, leading to
testes filled up with immature spermatocytes. These genes are named “meiotic arrest” genes,
which are classified into “aly-class” and “can-class” based on morphological differences in the
chromosomal structure of the mutant spermatocytes (Lin et al., 1996; White-Cooper et al., 1998)
and distinct target genes they regulate (Ayyar et al., 2003; Beall et al., 2007; Chen et al., 2011a;
Chen et al., 2011b; Hiller et al., 2004; Hiller et al., 2001; Jiang et al., 2007; Jiang and White-
Cooper, 2003; Lin et al., 1996; Perezgasga et al., 2004; White-Cooper et al., 2000). For example,
transcription of meiotic cell cycle genes such as Cyclin B, boule and twine rely on “aly-class” but
not “can-class” genes (White-Cooper et al., 1998). However, Boule protein accumulation

requires the “can-class” genes (Chen et al., 2005). Because “meiotic arrest” genes regulate
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transcription or translation of meiotic cell cycle genes, they set up the crosstalk in which meiotic
cell cycle progression awaits expression of terminal differentiation genes (Lin et al., 1996;
White-Cooper et al., 1998).

The five known aly-class genes are always early (aly), cookie monster (comr),
matotopetli (topi), tombola (tomb), and achintya+vismay (achi+vis). All of the aly-class genes,
except for achi/vis, are expressed exclusively in primary spermatocytes (Ayyar et al., 2003; Jiang
et al., 2007; Jiang and White-Cooper, 2003; Perezgasga et al., 2004; Wang and Mann, 2003;
White-Cooper, 2009). Four of the five aly-class proteins have putative DNA binding domains:
Comr contains a winged helix, Topi contains multiple Zn-finger motifs, Tomb has a CXC
domain and Achi/Vis, products from gene duplication, has homeodomains. Thus, it is thought
that these proteins regulate transcription of target genes by directly binding to DNA sequences,
although their direct target genes have not been identified. Immuno-affinity purification studies
have revealed that Aly and Tomb proteins are copurified with Mip40 (Myb interacting protein,
40kDa) to form the testis meiotic arrest complex tMAC, which also contains Topi, Comr and
CAF1 (Beall et al., 2007). A second form of tMAC contains Aly, Comr and Achi/Vis (Wang and
Mann, 2003). While the mode of action of tMAC is not fully elucidated, it is thought to have an
active, rather than repressive, transcriptional role. Expression of Achi/Vis fused with a strong
transactivation domain, VP16, rescued the achi+vis mutant phenotype, while the fusion of
Achi/Vis with a repression domain, EnR, failed to rescue (Wang et al., 2008). Consistent with
these findings, all tMAC subunits have been found to co-localize with euchromatin in primary
spermatocytes (Jiang et al., 2007; Jiang and White-Cooper, 2003; Wang and Mann, 2003; White-

Cooper et al., 2000).
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The can-class genes encode testis-specific homologues of the ubiquitously expressed
subunits of the general transcription factor II D (TFyD). TFyD is one of the general transcription
factors that constitute the RNA Pol II preinitiation complex composed of TATA-binding protein
(TBP) and 13-14 TBP-associated factors (TAFs) (Cler et al., 2009; Matangkasombut et al., 2004;
Tora, 2002). TF;D coordinates the interaction between RNA Pol II and gene promoter regions.
The characterized can-class genes include: cannonball (can, TAF5L), meiosis I arrest (mia,
TAF6L), no hitter (nht, TAF4L), ryan express (ryve, TAF12L) and spermatocyte arrest (sa,
TAFSL). Among these five TAF homologs, four (Mia, Nht, Rye and Sa) share a similar structural
domain called histone folding motifs for protein-protein interaction, and Can is a WD40-repeat-
containing protein (Hiller et al., 2001). Indeed, Nht and Rye form a heterodimer in vitro (Hiller
et al., 2004). These testis-specific TAFs (tTAFs) are thought to form a testis-specific complex
required for the transcriptional activation of terminal differentiation genes (Hiller et al., 2004;
Hiller et al., 2001). Such predicted functions of tTAFs suggest that they localize at euchromatin
in spermatocyte nuclei. However, while some tTAFs associate with chromosomes in
spermatocytes, most tTAF protein is localized to a subcompartment within the nucleolus (Chen
et al., 2005; Metcalf and Wassarman, 2007). Interestingly, Polycomb (Pc) and other components
of the Polycomb Repressive Complex 1 (PRC1) are localized to the same nucleolar
subcompartment as tTAFs in spermatocytes. Furthermore, localization of PRC1 components to
the spermatocyte nucleolus is coincident with tTAF expression and dependent on wild-type tTAF
function (Chen et al., 2005). These results suggest that tTAFs act as derepressors by sequestering
PRCI1 to spermatocyte nucleolus to counteract Polycomb Group protein (PcG)-induced
repression. However, removing PcG activity is not sufficient to turn on terminal differentiation

genes in the absence of tTAFs (Chen et al., 2011b), suggesting that the chromatin-associated
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tTAFs are required for activating terminal differentiation genes. ChIP and microarray analysis
identified several tTAF direct target genes, such as Mst87F, fuzzy onion (fzo) and don juan (dj)
(Chen et al., 2005; Chen et al., 2011b) Further ChIP analysis at Mst87F, fzo and dj promoter
regions showed that levels of the repressive H3K27me3 mark and poised unphosphorylated Pol
IT are high, while levels of the active H3K4me3 mark are low in can and aly mutant testes (Chen
et al., 2011a). These data suggest that tTAFs and tMAC might recruit the Trithorax group
complex (TrxG) to methylate H3K4 at promoters of terminal differentiation genes (Chen et al.,
2005).

Although the mode of interaction between tMAC components (aly-class) and tTAFs
(can-class) is not fully understood, it was reported that the function of aly is required for both
TAF8L’s binding to target gene promoters and the proper nucleolar localization of several tTAFs
as well as Pc in primary spermatocytes, suggesting that tMAC acts upstream of tTAFs (Chen et
al., 2011a). This is consistent with transcriptional profiling assays using Northern blot, in situ
hybridization, and microarray analysis (Chen et al., 2011b; Hiller et al., 2001; White-Cooper et
al., 1998). In addition, while Mip40 is co-immunoprecipitated with tMAC components, loss of
mip40 results in spermatocytes with condensed chromosomes, a phenotype similar to mutants of
can-class genes (Beall et al., 2007), suggesting that Mip40 might mediate the interaction between

tMAC and tTAFs.

Transcriptional regulation in post-meiotic cells
After germ cells exit the extended G2 phase, they undergo two meiotic divisions followed
by spermatid differentiation. One of the major epigenetic events in post-meiotic germ cells is the

displacement of histones by the transition nuclear proteins (Tnps) followed by protamines (Prms)
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(Rathke et al., 2007). The replacement of histones with protamines allows for DNA condensation
and packaging in the sperm nuclei. To prepare for this replacement, histones undergo a series of
post-translational modifications that open up the chromatin, including hyperacetylation of H3/H4
tails (Awe and Renkawitz-Pohl, 2010; Rathke et al., 2007), mono-ubiquitylation of H2A (Rathke
et al., 2007), and phosphorylation of H4S1 (Krishnamoorthy et al., 2006).

The replacement of histones with protamines causes chromatin condensation, which is
thought to block transcription in spermatids (Steger, 2001). In addition, autoradiography studies
of nucleic acid synthesis demonstrated a lack of transcription in post-meiotic cells (Gould-
Somero M., 1974; Oliveri G, 1965). Thus, it had been thought that spermatid differentiation
genes are all transcribed in spermatocytes and under translational repression. For example, dj is
transcribed in primary spermatocytes but remains translationally repressed until in elongated
spermatids, where the Dj protein is required for sperm tail formation. However, 24 genes showed
active transcription in Drosophila spermatids using a sensitive single-cyst quantitative RT-PCR
method (Barreau et al., 2008). These results demonstrate that after global transcription is shut off
in late spermatocytes, transcription can be reactivated at a set of genes during mid-elongation
stage of spermatids, prior to the histone-to-protamine change. For example, scotti is one of the
post-meiotically transcribed genes, which is required for normal actin cone progression during
spermatid individualization. Consistent with its function, scotti mutant males are sterile (Barreau
et al., 2008).

Active transcription in spermatids has been described in mammals (Reynard et al., 2007;
Schultz et al., 2003). The new discovery of actively transcribed genes in Drosophila spermatids
provides a striking similarity between fly and mammalian spermatogenesis. However, while

genes transcribed in spermatids almost always encode components of the mature sperm in

14



mammals, most genes transcribed in Drosophila spermatids (22 of the 24) do not encode sperm
proteins (Barreau et al., 2008). Further investigation of these genes is warranted to better

understand their functions during spermatogenesis.

Conclusion and perspectives

In conclusion, Drosophila spermatogenesis has provided a great model system to study
transcriptional regulation of the cellular differentiation pathway in an endogenous stem cell
linage. Recently, new technologies, including high-throughput mRNA sequencing (RNA-seq)
and ChIP-seq, have greatly improved our understanding of transcriptional regulation. In the
future, combination of highly sensitive genomic techniques with purified cell types at distinct
stages will reveal transcriptional profiles with much higher spatiotemporal resolution.
Furthermore, ongoing efforts from several labs to identify direct target genes downstream of key
signaling pathways will also illuminate regulatory networks that control transcriptional profile

changes during spermatogenesis.

Epigenetic regulation in adult stem cells and cancer

Adult stem cells are defined as cells that have two central properties: self-renewal and
differentiation. Many types of adult stem cells have the remarkable ability to undergo
asymmetric mitotic divisions that produce two distinct daughter cells. Alternatively, they
undergo symmetric divisions in a stochastic manner to produce more stem cells and
differentiating cells. One daughter maintains the stem cell properties, while the other

differentiates to replenish specialized cell types. The ability of adult stem cell derivatives to
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divide and differentiate to replace damaged tissues provides the body with an internal repair
system.

Previous studies on adult stem cells have focused on understanding how extrinsic
signaling pathways regulate proper stem cell functions. In addition, recent evidence shows that
intrinsic factors, such as chromatin structure of stem cells, play important roles in regulating
stem cell identity and activity. Epigenetic mechanisms alter the chromatin state of genes without
altering their primary DNA sequences. Three major epigenetic mechanisms are known to
cooperate in stem cells: nucleosome repositioning driven by chromatin remodeling factors, DNA
methylation, and post-translational modifications of histones, including methylation,
phosphorylation, acetylation, ubiquitination, and sumoylation (Kouzarides, 2007). Together,
these mechanisms may establish a distinct epigenetic state that leads to a unique gene expression
pattern in stem cells (Cedar and Bergman, 2009). Perturbations of these epigenetic mechanisms
may lead to premature differentiation or continuous self-renewal/proliferation of stem cells, a
hallmark of cancer.

The relationship between carcinogenesis and changes in specific gene expression or
genome stability has been well documented (Adjei, 2001; Boveri, 2008; Duesberg et al., 2004;
Hanahan and Weinberg, 2000). Two major epigenetic mechanisms, DNA methylation and post-
translational modifications of histones, have been shown to contribute to the initiation and
progression of cancers (Blair et al., 2011; Chi et al., 2010; Esteller, 2008; Jones and Baylin,
2007; Rodriguez-Paredes and Esteller, 2011). Accumulation of aberrant genetic mutations or
abnormal epigenetic profiles could lead to tumor initiation in adult stem cell lineages (Alison et
al., 2011; Barker et al., 2009; Leedham et al., 2005). For example, using the lineage-tracing

method, studies in mice have shown that aged intestinal stem cells (ISCs) accumulate cancer-
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causing mutations (Barker et al., 2009; Zhu et al., 2009). However, while most studies
characterize epigenetic alterations in cancers using cancer cell lines or the entire tumor, cells
within a tumor display a wide degree of heterogeneity, and not all of them have the ability to
initiate and sustain a tumor (Shipitsin and Polyak, 2008; Wang and Dick, 2005). Recently, it has
been proposed that a small population of cancer cells, termed cancer stem cells (CSCs), is
distinct from other tumor cells and has the capacity to drive tumor initiation and growth. By
definition, CSCs are a subset of tumor cells that have the capacity to self-renew, the potential to
develop into any other cells in the tumor, and the proliferative ability to drive continued tumor
expansion (Jordan et al., 2006). In the past decade, CSCs were found to exist in a wide range of
solid tumors (Al-Hajj et al., 2003; Bonnet and Dick, 1997; Eramo et al., 2008; O'Brien et al.,
2007; Prince et al., 2007; Singh et al., 2004). CSCs are currently being targeted in cancer
treatments; however, they are relatively resistant to a variety of chemo- and radiotherapy (Li et
al., 2008). Therefore, a better understanding of the biology of CSCs, including epigenetic
alterations that affect their function, is essential for developing effective cancer therapies. On the
other hand, the existence of CSCs raises the concern that conclusions based on studies using
entire tumors might not apply to CSCs.

In this review, we will start by discussing the most recent discoveries in epigenetic
regulation of normal adult stem cell lineages in multiple stem cell systems and across several
different model organisms. We will then take up the question of epigenetic regulation in cancers,

focusing on recent data on CSCs and making comparisons with adult stem cells.

17



Epigenetic regulation in germline stem cells (GSCs)

Germ cells are a unique cell type because they are able to generate an entire organism
upon fertilization (Cinalli et al., 2008). Because germ cells are responsible for initiating the next
generations, it is crucial that they retain accurate genetic and epigenetic information and properly
transmit such information across generations (Eun et al., 2010). In many organisms, GSCs
initiate a tightly controlled cellular differentiation process called gametogenesis to produce
gametes. Like other adult stem cells, GSCs are capable of both self-renewal and differentiation.
In addition to extensive knowledge about the role of extrinsic signaling pathways in maintaining
GSCs (Morrison and Spradling, 2008), recent studies have shown that epigenetic mechanisms
control the decision of GSC self-renewal versus differentiation (Buszczak and Spradling, 2006;
Li and Zhao, 2008).

Histone modifications play an essential role in intrinsically regulating GSC identity and
activity. Recent studies have identified a cohort of enzymes called “epigenetic writers” and
“epigenetic erasers” that generate or remove a particular histone modification (Sarmento et al.,
2004; Seligson et al., 2005). These enzymes are shown to be important for stem cell activities.

299

For example, members of the ASH-2 complex in C. elegans act as “epigenetic writers’” to
generate the active trimethylation of histone H3 lysine 4 (H3K4me3). Deficiencies in members
of the ASH-2 complex, such as WDR-5 and H3K4 methyltransferase (HMT) SET-2, lead to
misregulation of a subset of genes required for worm longevity (Greer et al., 2010). Presence of
an intact germline was necessary for lifespan regulation by members of the ASH-2 complex,
suggesting that the “epigenetic landscape” of germ cells regulates somatic cell fitness.

Additionally, mutations in wdr-5, whose function is required for ASH-2 complex stability and

activity, lead to decreased GSCs and improper gametogenesis, suggesting another role for H3K4
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methylation in maintaining GSC identity and proper differentiation (Li and Kelly, 2011) (Fig. 1-
3A).

HMTs are also required for gametogenesis in Drosophila melanogaster. The Drosophila
male and female GSC lineages are both paradigmatic systems to study adult stem cells in their
physiological environment, or niche (Eliazer et al., 2011; Gan et al., 2010a; Lee et al., 2010;
Tarayrah et al., 2013; Wang et al., 2011b; Yang et al., 2012). In females, 2-3 GSCs reside in the
germarium located at the tip of each ovariole (Xie and Spradling, 2000), and each ovary contains
about 16 ovarioles. Within the female GSC niche, GSCs directly associate with somatic cells
(i.e., cap cells, terminal filaments, and escort cells, Fig. 1-3B). GSCs mutant for eggless (egg), a
HMT that generates the repressive H3K9me3 modification, display both maintenance and
differentiation defects (Wang et al., 2011b). Removal of egg function from germ cells using
FLP-mediated FRT recombination leads to GSC maintenance defects in the niche, suggesting
that Egg is required intrinsically for GSC self-renewal. Loss of egg in GSCs leads to decreased
expression of bone morphogenetic protein (BMP) pathway components, which are necessary and
sufficient for GSC self-renewal. Consistent with the results observed using loss-of-function
alleles, knockdown of egg using an RNAI transgene leads to GSC loss (Wang et al., 2011b).
However, using another RNAI1 transgene leads to enlarged germaria due to the accumulation of
GSC-like cells, suggesting an intrinsic role for egg in regulating GSC differentiation (Rangan et
al., 2011; Wang et al., 2011b). It is rare for a single gene to be required for both GSC
maintenance and differentiation. The contradictory results could stem from one or both of the
RNAI1 transgenes used having off targets. Interestingly, loss of egg in escort cells in the female
GSC niche leads to germaria accumulating GSC-like cells, indicating that Egg is also required

non-cell-autonomously for proper differentiation of GSCs. Most of the GSC-like cells away from
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the niche still express high levels of BMP pathway components, suggesting that Egg acts in
escort cells to prevent ectopic BMP signaling and allow proper GSC differentiation. It is
remarkable that Egg regulates both GSC self-renewal and differentiation by having an opposite
effect on the same signaling pathway in a cell type-specific manner (Wang et al., 2011b).

Another H3K9 methyltransferase in Drosophila, dG9a, is required for the formation of
functional spectrosome, an organelle required for asymmetric divisions of female GSCs. As a
result of spectrosomal dysfunction, germaria mutant for dG9%a accumulate disorganized germline
cysts that fail to specify the oocyte for oogenesis (Lee et al., 2010).

“Epigenetic erasers” reverse particular histone modifications, which have been shown to
regulate adult stem cell maintenance (Eliazer et al., 2011; Tarayrah et al., 2013). For example,
histone demethylases remove methyl groups from methylated lysine residues of histones (Klose
et al., 2006). The lysine-specific demethylase 1 (Lsd1), which demethylates histone 3 on both
lysine 4 and lysine 9 (H3K4/K9), was shown to function in the ovary to prevent GSC tumor
formation and maintain proper egg chamber development (Eliazer et al., 2011).

In Drosophila testis, a group of 8-12 GSCs reside in a niche comprised of two types of
somatic cells: hub cell and cyst stem cells (CySCs) (Fig. 1-3C). GSCs undergo asymmetric cell
divisions to ensure the balance between self-renewal and differentiation (Inaba and Yamashita,
2012). Recent studies from our group reveal a very interesting phenomenon. Specifically, during
GSC asymmetric divisions, preexisting histone 3 (H3) is preferentially retained in the GSC,
while newly synthesized H3 is enriched in the other daughter cell called a gonialblast (GB)
committed for differentiation. We further demonstrate that both asymmetric H3 segregation
during GSC mitosis and post-mitotic rapid turnover of preexisting H3 in GB contribute to this

asymmetric H3 distribution. Such asymmetric inheritance of H3 could be a mechanism for the
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ability of GSC to maintain its unique gene expression profile, as well as allowing GB to reset its
chromatin structure for differentiation (Tran et al., 2013; Tran et al., 2012). Interestingly, such an
asymmetric H3 distribution pattern is abolished in testicular tumor in which GSCs are
overproliferative (Tran et al., 2012), suggesting that this asymmetric H3 inheritance is related to
different cell fates from asymmetric cell divisions. It will be interesting to investigate whether
other stem cells use similar mechanisms for a reliable epigenetic inheritance.

Recently, several proteins that generate, recognize, or remove specific histone
modifications have been reported to play essential roles in male GSC maintenance. For example,
an “epigenetic reader” encoded by the PHD finger protein 7 (PHF7) gene recognizes and
associates with the active H3K4me2 mark. PHF7 is highly expressed in early germ cells and is
required for GSC maintenance and spermatogonial differentiation (Yang et al., 2012). An
“epigenetic eraser”, Drosophila Ubiquitously transcribed tetratricopeptide repeat gene on the X
chromosome (dUTX), is the sole enzyme that demethylates the repressive H3K27me3
mark(Smith et al., 2008). Our group found that dUTX regulates testis niche architecture by
targeting the Janus kinase signal transducer and activator of transcription (JAK-STAT) signaling
pathway, a major pathway required for GSC maintenance (Tarayrah et al., 2013). We further
showed that dUTX maintains active transcription of an inhibitor of the JAK-STAT pathway
encoded by Suppressor of cytokine signaling at 36E (Socs36E) gene. Specifically, dUTX
removes the repressive H3K27me3 mark near the transcription start site (TSS) of Socs36F gene.
In addition to its role in maintaining niche architecture, dUTX also functions intrinsically in male
GSCs to maintain their adhesion to hub cells by regulating the transcription of DE-Cadherin
(Tarayrah et al., 2013). Interestingly, mammalian UTX, also known as KDM6A, has been shown

to regulate reprogramming: Ufx mutant somatic cells cannot be induced to the ground state of
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pluripotency (Mansour et al., 2012). In addition, mutations in the human homolog of UTX cause
an increase in H3K27me3 levels and lead to human cancers (van Haaften et al., 2009). These
observations suggest that UTX H3K27me3 demethylase maintains stem cell properties in
multiple stem cell systems in different species.

Apart from histone modifying enzymes, dynamic regulation by chromatin remodeling
factors is also required to maintain GSC activity and identity. Chromatin remodeling enzymes
use ATP hydrolysis to alter histone-DNA contacts (Becker and Horz, 2002). In Drosophila, nine
ATP-dependent remodelers have been classified into four families based on their structural
similarities: (1) imitation switch (ISWI) family members which all have a SANT domain, (2)
SWI2/SNF2-related proteins which share a bromodomain, (3) CHD family members which all
have a chromodomain, and (4) Rad16 family members which possess a ring finger(Bouazoune
and Brehm, 2006). Interestingly, ISWI maintains GSCs in both males and females, suggesting a
common epigenetic mechanism in both sexes (Cherry and Matunis, 2010; Xi and Xie, 2005).
ISWI and Nurf301 are two of the four subunits that form the nucleosome remodeling factor
(NURF) complex. In male flies, mutations in either iswi or nurf301 lead to decreased GSCs
(Cherry and Matunis, 2010). In females mutant for either iswi or a second ATP-dependent
remodeling factor known as Domino (DOM), GSCs are lost as a result of premature
differentiation (Xi and Xie, 2005). In both sexes, the premature differentiation of GSCs is caused
by precocious expression of the bag of marbles (bam) gene, which is necessary and sufficient for
GSC differentiation.

The role of chromatin remodeling factors in maintaining GSC activity is also evident in
mammals. In mice, Sertoli cells maintain physical contact with germ cells throughout

gametogenesis (Fig. 1-3D). They direct formation of the stem cell niche by coordinating the
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functions of other support cell populations (Oatley et al., 2011). SIN3A, a nuclear corepressor
that associates with histone deacetylase-1 (HDAC1), is highly expressed in Sertoli cells. HDACs
remove acetyl groups from specific lysine residues on histone tails, and their activity is often
associated with transcriptional repression. Testes from mice lacking Sin3a exhibit a wide range
of defects from loss of GSCs and proliferative spermatogonia to failure of spermatid
differentiation. GSC markers, such as Oct4 and Lin28, are downregulated in Sin3a mutant testes
(Gallagher et al., 2013; Payne et al., 2010) , suggesting that the chromatin structure of Sertoli
cells is essential for maintaining active transcription of key regulators for GSC maintenance

(Gallagher et al., 2013; Payne et al., 2010), probably through signaling pathways.

Epigenetic regulation in intestinal stem cells (ISCs)

The Drosophila midgut is the primary organ for food digestion and nutrient absorption.
Therefore, its maintenance is essential for organismal growth and survival. The midgut in
Drosophila comprises an epithelial monolayer that is surrounded by two layers of visceral
muscle. Unlike GSCs, ISCs could not be easily identified based on their anatomic locations
within the tissue. However, the lineage-tracing technique was utilized to successfully determine
that ISCs reside at the basal side, adjacent to the basement membrane of midgut (Micchelli and
Perrimon, 2006; Ohlstein and Spradling, 2006). ISCs are multipotent in that they divide
asymmetrically to self-renew and give rise to progenitor cells called enteroblasts (EBs).
Activated Notch is sufficient for ISCs to differentiate to EBs, while activated Wnt signaling
leads to ectopic ISC self-renewal (Lin et al., 2008; Ohlstein and Spradling, 2007). EBs further
differentiate into two cell types: absorptive enterocytes (ECs) and enteroendocrine cells (ees)

(Micchelli and Perrimon, 2006; Ohlstein and Spradling, 2006) (Fig. 1-4). While many studies on
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ISCs have focused on signaling pathways, such as Notch and Wnt signaling pathways (Wang
and Hou, 2010), recent studies have uncovered important roles of epigenetic mechanisms in
maintaining ISC identity and activity.

Several histone-modifying enzymes have been implicated in maintaining ISCs. One
example is the Scrawny (Scny) enzyme that deubiquitinates mono-ubiquitinated H2B and
functions in gene silencing. Adult flies mutant for scny rapidly lose ISCs due to inappropriate
activation of the Notch pathway, which leads to ISC differentiation. Furthermore, scny mutant
flies have decreased GSCs in testes and ovaries, as well as ISCs, suggesting that a single histone-
modifying enzyme is required in multiple stem cell systems (Buszczak et al., 2009).
Interestingly, cells mutant for scny have elevated ub-H2B and H3K4me3 signals, which probably
leads to more open chromatin and active transcription of Notch target genes (Buszczak et al.,
2009). Consistent with the requirement of ub-H2B for cellular differentiation, in female GSC
lineage, ub-H2B signal is undetectable in GSCs, but detectable in the cystoblasts (CBs), the
immediate daughter cells of GSCs committed for differentiation (Karpiuk et al., 2012). Recently,
a histone acetyltransferase (HAT) encoded by the Atac2 gene has been shown to regulate the
activity of ISCs (Ma et al., 2013). HATSs transfer acetyl groups to specific lysine residues on
histone tails, a modification that is mostly associated with active transcription. Atac2 is a
component of the Ada-Two-A-containing (ATAC) complex, which acetylates K16 on H4
(Suganuma et al., 2008; Suganuma et al., 2010). Loss of Atac2 leads to increased ISCs, whereas
overexpression of Atac2 promotes ISC differentiation (Ma et al., 2013). The molecular
mechanism by which Atac2 regulates ISC differentiation remains unknown, but one possibility is
that Atac2 activates Notch target genes by generating the H4K 16ac mark at their promoter

regions.
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In addition to histone-modifying enzymes, dynamic regulation of ISC activities is
achieved by DNA modifications. DNA methylation at cytosines is usually associated with
repressive gene expression (reviewed in (Cedar and Bergman, 2009)). Mammalian methyl-CpG-
binding protein-2 (MeCP2) recognizes methylated DNA and associates with SIN3A and HDACI
histone-modifying enzymes, acting as a bridging factor between DNA methylation and histone
modifications (Nan et al., 1998). Unlike mammals, DNA methylation is only detectable in the
early stages of Drosophila embryos (Lyko et al., 2000). Interestingly, expression of human
MeCP2 (hMeCP2) in Drosophila ECs in midgut alters the cytological distribution of
heterochromatin protein-1 (HP-1), as determined by immunofluorescence, and stimulates ISC
proliferation. These observations suggest that hiMeCP2 misregulates genes important for ISC

maintenance (Lee et al., 2011).

Epigenetic regulation in hair follicle stem cells

In mammals, the stem cells within the hair follicle niche (HF-SCs) are required to sustain
hair regeneration and pigmentation in a cyclical manner. HF-SCs refer to both epithelial hair
follicle stem cells and melanocyte (i.e., pigment) stem cells, both of which reside at the base of
the noncycling hair follicle in the bulge area (Fig. 1-5). Two hallmarks of HF-SCs are their
extended state of dormancy and slow cycling, properties which predispose these cells to
accumulate genetic mutations and epigenetic aberrations that lead to tumor formation (Morris,
2000). Remarkably, the proliferation and differentiation cycle of melanocytes is synchronized to
the cycle of hair follicle cells in order to regenerate pigmented hair (Slominski and Paus, 1993).
Hair follicles periodically undergo hair growth (anagen) followed by destruction (catagen) and

rest (telogen), during which both stem cell populations remain quiescent for weeks in adulthood.
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Several signaling pathways, including Wnt, BMP/TGF-3 and mitogen-activated
phosphokinase (MAPK) pathways, have been reported to play essential roles in activating both
stem cell populations coordinately (Greco et al., 2009; Nishimura et al., 2010; Rabbani et al.,
2011) in order to start a new cycle of hair follicle generation. Recent reports have uncovered key
roles of specific histone-modifying enzymes in regulating the balance between quiescence and
activation of HF-SCs. For example, Polycomb group (PcG) proteins, which are comprised of
Polycomb repressive complex 1 (PRC1) and PRC2, have been shown to maintain the cyclical
nature of hair follicle regeneration. Using chromatin immunoprecipitation, followed by ChIP-
seq, a high-throughput sequencing technique, chromatin changes upon transition from HF-SCs to
transit-amplifying progenies (HF-TA) have been characterized. In HF-SCs, PcG represses hair
follicle differentiation by generating the repressive H3K27me3 mark at TSSs of key
differentiation genes, which are repressed in HF-SCs, but expressed in HF-TAs. Reciprocally,
genes required for HF-SC maintenance acquire high levels of H3K27me3 in HF-TA cells, which
was found to be necessary for proper HF-TA differentiation (Lien et al., 2011). Because PRC2
components Enhancer of Zeste homolog 1 (Ezhl) and Ezh2 encode H3K27me3
methyltransferases in mice, Ez41/2 double knockout HF-SCs have reduced H3K27me3 levels
and decreased proliferation. Real-time PCR (RT-PCR) and immunofluorescence analyses in
mutant HF-SCs revealed increased transcription of the Ink4b/Ink4a/Arf gene locus, which
encodes cell cycle inhibitors p16, p15 and p19 (Ezhkova et al., 2011). Increased expression of
cell cycle inhibitors may lead to HF-SC proliferation defects.

Another recent study reported the role of Jarid2 in maintaining HF-SCs. Jarid2 is a
member of the Jumon;jiC (JmjC) domain-containing family of proteins. Using ChIP, followed by

quantitative PCR (qPCR) in Jarid2 conditional knockout (cKO) neonatal keratinocytes,
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H3K27me3 was demonstrated to have reduced levels at PRC2 target genes, suggesting that
Jarid2 recruits PRC2 to their targets. These data are consistent with the function of Jarid2 in
embryonic stem cells (ESCs) (Li et al., 2010a; Pasini et al., 2010). Although Jarid2 has been
found to be dispensable for HF-SC establishment and maintenance, in Jarid2 cKO mice, loss of
Jarid?2 leads to increased expression of p16, which results in reduced proliferation and delayed

hair follicle cycling of HF-SCs (Mejetta et al., 2011).

Abnormal epigenetic regulation in cancers

Self-renewal and proliferative abilities are essential for maintaining stem cell number and
preventing tissue dystrophy. However, several mechanisms are required to tightly regulate stem
cell self-renewal and proliferation in order to prevent uncontrolled cell expansion and tumor
generation. The cancer stem cell (CSC) model proposes that a subpopulation of tumor cells self-
renew and give rise to more differentiated cells that form the tumor (Al-Hajj et al., 2003; Bonnet
and Dick, 1997; Eramo et al., 2008; Morrison et al., 2002; O'Brien et al., 2007; Prince et al.,
2007; Singh et al., 2004). CSCs are highly proliferative and responsible for sustained tumor
growth, as well as new tumor formation upon metastasis (Malanchi et al., 2012). Therefore,
understanding the cellular and molecular characteristics of CSCs may have many implications
for developing therapeutic strategies against cancers.

Several epigenetic mechanisms have been implicated in maintaining the identity and
activity of CSCs. For example, global DNA hypomethylation has been shown to be a hallmark of
many benign and invasive tumors (Feinberg and Vogelstein, 1983; Gama-Sosa et al., 1983;
Goelz et al., 1985). S100A44, a metastasis-associated gene, has been found to be hypomethylated

in colon cancer (Nakamura and Takenaga, 1998), and hypomethylation at the oncogene R-RAS

27



region is associated with gastric cancer (Nishigaki et al., 2005). DNA demethylation is a recently
identified phenomenon with the discovery of the ten-eleven-translocation (TET) family genes.
Members of the Tet family of proteins (Tet1/2/3) are dioxygenases that convert cytosine-5-
methylation (5mC) to 5-hydroxymethyl-cytosine (ShmC) (Ito et al., 2010; Tahiliani et al., 2009),
the removal of which contributes to the DNA demethylation process (Wu and Zhang, 2010).
Interestingly, levels of ShmC are substantially reduced in a number of human cancers, including
breast, liver, lung and pancreatic cancers, which was found to be associated with dramatically
reduced expression of all three TET genes (Yang et al., 2013). It is very likely that abnormal
epigenetic regulation at TET genes’ loci leads to their reduced expression. Significant loss of
ShmC is also a feature of human melanomas, and, interestingly, introduction of active TET?2
suppresses melanoma growth (Lian et al., 2012).

On the other hand, genetic mutations in 7ET genes have been found in other cancers,
including leukemia and lymphoma (Huang et al., 2013b; Lian et al., 2012; Makishima et al.,
2011; Pui et al., 2003), suggesting an essential role of DNA demethylation in carcinogenesis.
Specifically, TET2 has been shown to act as a critical tumor suppressor and is frequently mutated
in leukemia and myeloid cancers (Ko et al., 2010; Mardis et al., 2009). TET has also been
shown to be a tumor suppressor in various cancers, including prostate and breast cancers (Hsu et
al., 2012; Sun et al., 2013). Interestingly, while TET genes are frequently downregulated in
tumors, a recent study reported that TET/ is upregulated in MLL-rearranged leukemia which is
accompanied by a global increase in ShmC levels, suggesting a role for TET] as an oncogene
instead of a tumor suppressor (Huang et al., 2013a). Such an observation highlights the
importance of tissue context in understanding a gene’s function since 7ET/ can act as a tumor

suppressor in solid tumors, but as an oncogene in leukemogenesis. Furthermore, while both Tetl
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and Tet2 have similar catalytic activities, they play opposing pathological roles in
leukemogenesis, probably due to different target genes.
On the other hand, increased DNA methylation has been detected at promoters of tumor
suppressor genes, such as p/6 in melanoma (Gonzalez-Zulueta et al., 1995), RBI in
retinoblastoma (Sakai et al., 1991), and RUNX3 in human brain tumors (Avci et al., 2013).
Hypermethylation was also detected at the promoter region of Caspase 8 associated protein 2
(CASP8AP2) gene in acute lymphoblastic leukemia (Li et al., 2013). DNA methylation is
generated by DNA methyltransferase 1 (DNMT1) and maintained by DNMT3A and DNMT3B
in humans (Bestor and Ingram, 1983; Chedin, 2011; Chen et al., 2007). DNA methylation has
been shown to regulate CSC activity and tumor growth. For example, cKO of Dnmt! in mice
with leukemia blocks further development of pre-existing leukemia. Furthermore, halving the
level of Dnmt1 in wild-type mice leads to impaired leukemia stem cell self-renewal and survival,
probably from hypomethylation and derepression of a number of tumor suppressor genes.
Interestingly, using ChIP with H3K27me3 antibodies, the authors found that EZH2-controlled
target genes are also derepressed in Dnmtl haploinsufficient mice. These data suggest that the
PcG complexes might cooperate with DNA methylation to regulate leukemia stem cell activity
and tumor growth (Trowbridge et al., 2012).

Consistent with the role of PcG in deterring tumor development, upregulation of EZH2
leads to aggressive progression of both breast and prostate cancers (Kleer et al., 2003;
Varambally et al., 2002). A recent study reported that a high level of EZH2 expression leads to
expansion of breast CSCs. Upregulation of EZH2 may lead to repression of the RADS51 gene,
which is known for DNA double-strand break repair. Failure in DNA repair results in increased

genome instability and tumor progression (Chang et al., 2011). Furthermore, pharmacological
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inhibition of PRC2 components, including EZH2, reduces expression of CSC markers and
decreases tumor formation and growth in multiple types of cancers (Bao et al., 2012; Crea et al.,
2011; Rizzo et al., 2011). Furthermore, knockdown of the oncogene BMI1 reduces expression of
glioma stem cell genes and inhibits glioblastoma formation in vivo (Chatoo et al., 2009). BMII is
a component of Polycomb repressive complex 1 (PRC1), which inhibits expression of tumor
suppressor proteins p/6 and pl4. Glioblastoma multiforme (GBM) is one the most common and
lethal types of adult brain tumors (Stupp et al., 2009). Conditions such as hypoxia enhance the
expression of glioma stem cell genes. Both hypoxia-inducible factor-1a (HIF1a) and HIF2a are
preferentially expressed in glioma stem cells and are required for their maintenance (Heddleston
et al., 2009; Li et al., 2009b; Seidel et al., 2010). Interestingly, knockdown of mixed-lineage
leukemia 1 (MLL1), an H3K4me3 methyltransferase, inhibits expression of HIF2a and reduces
glioma stem cell self-renewal and growth (Heddleston et al., 2012). These data suggest that
epigenetic regulation of CSCs directly controls cancer initiation and growth. Histone
demethylases have also been reported to regulate tumor formation and survival. For example,
LSD1, which suppresses gene expression by converting dimethylated H3K4 to monomethylated
and unmethylated H3K4, was shown to be highly expressed in pluripotent tumors. Pluripotent
tumor cells express pluripotent stem cell markers, such as Oct4 and Sox2, and have the ability to
differentiate into many cell types (Cheng et al., 2007; Jones et al., 2004a; Jones et al., 2004b;
Strickland et al., 1980). Knockdown of Lsd ! leads to growth inhibition of pluripotent tumor

cells, such as in teratocarcinoma, embryonic carcinoma and seminoma (Wang et al., 2011a).
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Conclusions and perspectives

In this review, we discussed recent advances in our understanding of epigenetic
mechanisms in normal adult stem cell lineages and in tumorigenesis. Several epigenetic
mechanisms have been shown to play important roles, including DNA methylation, covalent
histone modifications, and chromatin remodeling. Further studies are needed to understand how
different epigenetic mechanisms coordinate to ensure normal cellular differentiation in adult
stem cell lineages and to prevent cancers. To better understand cancers, researchers are now
focusing on the relationship between CSCs and normal stem cells. While both stem cell types
have the ability to self-renew and differentiate, adult stem cells require niche cells to maintain
their “stemness”, whereas no niche has been identified for any type of CSCs. Additionally, while
DNA methylation plays essential roles in tumorigenesis and CSC regulation, little is known
about how DNA methylation regulates adult stem cells (Lyko et al., 2000). Multiple epigenetic
factors are now considered targets for therapeutic strategies against cancer, and more studies are

needed to elucidate the roles of epigenetic factors in tumor metastasis.
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Figure 1-1. Summary of transcriptional regulation in stem cell niche and mitotic germ cells.
Hub cells are in green, GSC and transit-amplifying cells are in pink, CySC and cyst cells are in
blue. Solid lines denote direct regulation, dashed lines denote indirect regulation or lack of

evidence for direct regulation. See text for detailed discussion.

scotti

Ac
H3

mj@u N

Juiﬁwﬁp j@p L

wt

nucleolus

tTAF/ or tMAC/

Spermatocytes Spermatid

Figure 1-2. Summary of transcriptional regulation in meiotic and post-meiotic germ cells.
A schematic diagram outlines potential chromatin state in spermatocytes mutant for tMAC or
tTAF (left, analyzed with can or aly mutant testes) compared to mature wild-type (wt)

spermatocytes (middle, analyzed with wt testes). K27: H3K27me3, K4:H3K4me3. Adapted from
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Chen et. al.(Chen et al., 2011b) On the right a schematic diagram outlines potential chromatin
state in spermatids prior to the histone-to-protamine transition. The scotti gene is transcribed in

round spermatids. Ac: acetylation, P: phosphorylation, Ub: ubiquitylation.
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Figure 1-3. Illustrations of the GSC niches in C. elegans, male and female Drosophila and

mouse. (A) C. elegans GSC niche. Illustration shows the distal tip cell which acts as a niche to
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maintain GSCs. Dark red GSCs are within the influence of the niche and are maintained as
GSCs. The lighter GSCs are outside the influence of the niche which causes them to
differentiate. (A’) Summary of epigenetic factors that regulate the C. elegans GSC niche. (B)
Drosophila female GSC niche. Illustration shows tip of the germarium with GSCs (dark pink,
average 2-3) in the niche comprised of terminal filaments and cap cells (dark green). Escort cells
are shown in light green. GSC progenies are shown in light pink. (B”) Summary of epigenetic
factors that regulate the Drosophila female GSC niche. (C) Drosophila male GSC niche.
[lustration shows tip of the testis with GSCs (dark blue, average 9-12; only 2 are shown here) in
the niche comprised of hub cells and CySCs (dark green). Cyst cells are shown in light green.
GSC progenies are shown in light blue. Round orange structures represent spectrosomes, and
branched orange structures represent fusomes. (C”) Summary of epigenetic factors that regulate
the Drosophila male GSC niche. (D) Mouse GSC niche. Illustration shows Sertoli cells which
function as a niche to maintain GSCs. Myeloid cells and the basal membrane function as support
cells to the niche. GSCs (dark red) differentiate to form spermatogonia (light red) which further
differentiate to spermatocytes (pink). (D) Summary of epigenetic factors that regulate the mouse

GSC niche.
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Figure 1-4. Illustration of the ISC niche in Drosophila. (A) Drosophila ISC lineage.
[lustration shows an ISC (red) located at the basement membrane. Another daughter cell of ISC
is an EB cell (blue), which further differentiates to EC (green) and ee (purple). (A”) Summary of

epigenetic factors that regulate the Drosophila ISC niche.
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Figure 1-5. Illustration of the mammalian HF-SC niche. (A) Mammalian hair follicle and part
of epidermis. Hair follicle stem cells or bulge stem cells reside in the bulge. (A’) Summary of

epigenetic factors that regulate the HF-SC niche.
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Chapter 2

Histone demethylase dUTX antagonizes JAK-STAT signaling to maintain proper gene

expression and architecture of the Drosophila testis niche
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This chapter is based on a previously published article (Tarayrah et al., 2013).

INTRODUCTION

Extrinsic signals in the stem cell niche are important to maintain appropriate interaction
between stem cells and their niches (Morrison and Spradling, 2008). In addition, epigenetic
regulation that changes chromatin structure without altering the associated DNA sequence acts
intrinsically to regulate proper gene expression in stem cells (Clapier and Cairns, 2009). Both
mechanisms are essential for regulating stem cell identity and activity (Cherry and Matunis,

2010; Eliazer et al., 2011). However, the crosstalk between them is not fully understood.

The Drosophila male germline stem cell (GSC) lineage is a paradigmatic system to
investigate the molecular mechanisms that govern adult stem cell activity in their physiological
environment (Kiger et al., 2001; Tulina and Matunis, 2001; Yamashita et al., 2003; Yamashita et
al., 2007). Drosophila male GSCs reside in a microenvironment composed of two types of
somatic cells: post-mitotic hub cells located at the tip of the testis and cyst stem cells (CySCs),
two of which encapsulate each GSC (Fig. 2-1A). Hub cells and CySCs contribute to the niche of
GSCs by providing critical signals to preserve GSC identity and activity (Kiger et al., 2001;
Leatherman and Dinardo, 2008; Leatherman and Dinardo, 2010; Tulina and Matunis, 2001;
Yamashita et al., 2003; Yamashita et al., 2007). Janus kinase signal transducer and activator of
transcription (JAK-STAT) and bone morphogenetic protein (BMP) signaling pathways are the
two major pathways that maintain the activity of both GSCs and CySCs. The JAK-STAT
pathway is activated by the cytokine Unpaired (Upd) secreted from the hub cells, which initiates
the downstream cascade to activate the Stat92E transcription factor in both GSCs and CySCs

[reviewed in (de Cuevas and Matunis, 2011)]. Activation of Stat92E in CySCs initiates BMP
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signaling required for GSC self-renewal, while activation of Stat92E in GSCs enhances their
adhesion to the hub cells (Leatherman and Dinardo, 2008; Leatherman and Dinardo, 2010). On
the other hand, Suppressor of cytokine signaling 36E (Socs36E) is expressed in both hub cells
and CySCs, which attenuates JAK-STAT signaling (Terry et al., 2006) to maintain an
appropriate balance between CySCs and GSCs in the testis niche (Issigonis et al., 2009).

In addition to signaling pathways, epigenetic mechanisms can profoundly influence
critical decisions of stem cell maintenance versus differentiation. DNA wraps around four core
histones (H3, H4, H2A and H2B) to form nucleosomes, the repeating basic units of chromatin. In
Drosophila, there are two major epigenetic regulators: chromatin remodeling factors that use
ATP hydrolysis to drive histone repositioning and histone modifying enzymes that covalently
modify histones (Becker and Horz, 2002). Both mechanisms have been shown to act intrinsically
to maintain GSCs in the testis niche (Buszczak et al., 2009; Cherry and Matunis, 2010).

Among the histone modifying enzymes, histone demethylases have been identified to act
as “epigenetic erasers” that remove methyl-groups from methylated Lysine residues of histones
(Klose et al., 2006). Among the 14 demethylases in Drosophila (Klose et al., 2006; Metzger et
al., 2005; Shi et al., 2004), the Drosophila ubiquitously transcribed tetratricopeptiderepeat gene
on the X chromosome (dUTX) encodes the sole demethylase that specifically removes the
repressive trimethylation on lysine 27 of histone H3 (H3K27me3) (Smith et al., 2008).
H3K27me3 is generated by a member of the Polycomb Group (PcG) family of proteins and has
been shown to associate with silent regions of chromatin (Cao et al., 2002; Muller et al., 2002).
Increased H3K27me3 levels have been reported to cause certain human cancers (Bracken et al.,
2003; Kleer et al., 2003; Kondo et al., 2008; Varambally et al., 2002). Consistently, mutations

that inactivate UTX, the mammalian homolog of dUTX, cause an increase of H3K27me3 and
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lead to occurrence of human cancers (van Haaften et al., 2009). In Drosophila, dUTX has been
reported to act as a suppressor of Notch- and Retinoblastoma-dependent tumors (Herz et al.,
2010). Mammalian species have multiple H3K27me3-specific demethylases. Therefore, studying
functions of dUTX in Drosophila greatly reduces the complications that might result from gene
redundancy. The UTX protein is evolutionarily conserved and contains several tetratricopeptide
repeats (TRP), as well as the catalytic Jumonji C (JmjC) domain (Klose et al., 2006). dUTX has
been shown to physically associate with RNA Polymerase II (Pol II) in vivo, suggesting its
involvement in transcriptional activation (Smith et al., 2008). To date, much of the knowledge
about the epigenetic regulation of histone demethylases comes from biochemical studies in vitro
or in cell culture, while their in vivo functions are not well understood. Therefore, to better

understand the biological roles of dUTX, we examine its role in the Drosophila testis niche.

RESULTS
dUTX prevents overpopulation of Zfh-1-expressing cells around the hub

The dUTX gene encodes a histone demethylase that has been shown to remove
H3K27me3 in somatic cells (Smith et al., 2008). To study the effect of dUTX loss on the level of
H3K27me3 in testis, we used a strong loss-of-function allele of dUTX (dUTX") (Herz et al.,
2010). The JUTX'/Df hemizygous flies (referred to hereinafter as dUTX) are adult lethal, but
survive up to the early pupal stage. Because of adult lethality of the dUTX flies, analysis of
H3K27me3 levels in adult testes required the FLP/ FRT recombination system (Xu and Rubin,
1993). A dUTX-specific antibody raised against the N-terminal 153 residues (Smith et al., 2008)
was absent in dUTX’ germline clones (Fig. 2-2A,A”), suggesting that JUTX’ is a strong loss-of-

function allele. Consistent with the H3K27me3-specific demethylase activity (Herz et al., 2010),
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dUTX homozygous germline clones showed an increase of the H3K27me3 signal using an
H3K27me3-specific antibody (Chen et al., 2011b) when compared to the neighboring
heterozygous germ cells (Fig. 2-2B,B”), demonstrating that dUTX acts as an H3K27me3
demethylase in germ cells. Using the mosaic analysis with a repressible cell marker (MARCM)
system, we generated dUTX mutant cyst cell clones that are positively labeled by GFP (Lee and
Luo, 1999), which showed increased H3K27me3 signal compared to a neighboring heterozygous
cyst cell (Fig. 2-2C-C””). These data demonstrate that dUTX also acts as an H3K27me3
demethylase in cyst cells in testis.

To determine the function(s) of dUTX in the male GSC niche, we analyzed testes isolated
from the 3™ instar larvae of dUTX mutant males. Using antibodies against Armadillo (Arm) to
label hub cells and the zinc finger homeodomain-1 protein (Zth-1) to label CySCs and early cyst
cells (Leatherman and Dinardo, 2008), we detected niche architectural defects in dUTX testes. In
wild-type (wt) testes, Zth-1-expressing CySCs surround GSCs and extend thin protrusions
toward the hub, while their nuclei remain one-cell diameter away from the hub (Fig. 2-1B,B”).
However, 48% of dUTX testes had 3 or more Zth-1-expressing cells with their nuclei directly
contacting the hub (Fig.2-1C,C’, arrows; Fig. 2-1D: compare the first and second columns).
These Zth-1-expressing cells whose nuclei contact hub cells directly stained positively for
Traffic Jam (TJ), a transcription factor expressed in early cyst cell nuclei (Li et al., 2003),
suggesting that they retain their identity as early cyst cells (data not shown). Overpopulation of
Zth-1-expressing cells was not, however, accompanied by an increase in the overall number of
Zth-1-expressing cells surrounding the hub [30.6+6.6 in wt testes (n=27) versus 31£9.5 in dUTX

testes (n=30), P >0.05]. These results suggest that loss of dUTX does not affect Zfh-1-expressing
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cell number but their behavior, which causes the Zth-1-expressing cells to overpopulate around
the hub area.
dUTX acts in CySCs and early cyst cells to prevent overpopulation of Zfh-1-expressing
cells around the hub

To determine in which cell type dUTX is required to prevent overpopulation of Zth-1-
expressing cells around the hub, different cell type-specific Gal4 drivers were used in
combination with a UAS-dUTX shmiRNA (small hairpin microRNAs) (Ni et al., 2011) to
knockdown dUTX in a cell type-specific manner. Knockdown of dUTX exclusively in germ cells
using nanos (nos)-Gal4 (Van Doren et al., 1998) (Fig. 2-3A,A”), or in hub cells using upd-Gal4
(Boyle et al., 2007) (Fig. 2-3B,B”), did not lead to overpopulation of Zfh-1-expressing cells
around the hub. By contrast, knockdown of dUTX using cyst cell driver ¢587-Gal4 (Manseau et
al., 1997) led to a 45% increase of testes with overpopulated Zth-1-expressing cells around the
hub (Fig. 2-4A,A’, arrows; and 2-4D: compare the third and fourth columns). Zth-1-expressing
cells also became overpopulated around the hub in 30% of ¢587-Gal4 control males, which is
probably due to Gal4 expression in cyst cells because a similar phenotype was observed in 35%
testes carrying another cyst cell-specific eya-Gal4 driver (Leatherman and Dinardo, 2008). To
confirm that the upd-Gal4 driving dUTX shmiRNA did reduce dUTX levels in hub cells, we
stained testes from upd>shmiRNA males with the H3K27me3 antibody. As a control, the
c587>shmiRNA testes were stained with the same anti-H3K27me3. The H3K27me3 signal in
hub cells from upd>shmiRNA testes was higher than that in neighboring germ cells which had
normal levels of dUTX (Fig. 2-3C,C”). By contrast, the H3K27me3 signal in hub cells from
c587>shmiRNA testis was similar to that in the neighboring germ cells; because in this genotype

both hub cells and germ cells have normal dUTX levels (Fig. 2-3D,D’). These results
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demonstrate that normal function of dUTX is required in CySCs and/or early cyst cells, but not
in hub cells, to prevent overpopulation of Zth-1-expressing cells around the hub.
Function of dUTX in CySCs and early cyst cells depends on its demethylase activity

dUTX was reported to demethylate H3K27me3 via its catalytic JmjC domain (Smith et
al., 2008). To determine whether the demethylase activity of dUTX is required for its function in
CySCs and early cyst cells, dUTX”™ was driven by the ¢587-Gal4 driver at the dUTX mutant
background. As a control, wild-type dUTX was expressed using the same driver. Overpopulation
of Zth-1-expressing cells in dUTX testes was rescued significantly by the wild-type dUTX
transgene (Fig. 2-4B,B’ and 2-4D: compare the fifth and sixth columns), but not by the JUTX""¢
transgene (Fig. 2-4C,C’ and 2-4D: compare the fifth and seventh column). However, neither
transgene completely rescued overpopulation of Zfh-1-expressing cells around the hub. This
could be due to insufficient expression level or inappropriate expression timing using cDNA
transgenes. In summary, these data demonstrate that the demethylase activity of dUTX is

required for maintaining proper niche architecture.

dUTX demethylates H3K27me3 at Socs36E gene genomic locus for its active transcription
Because the overpopulation of Zfh-1-expressing cells around the hub in dUTX testes
resembled the reported loss-of-function phenotype of the Socs36E gene (Issigonis et al., 2009),
we used quantitative reverse-transcription PCR (qQRT-PCR) to measure the Socs36E transcript
level in dUTX testes. Since Socs36F is expressed specifically in hub cells and CySCs (Terry et
al., 2006), we used a constitutively expressed somatic gene Fringe as an internal control. Indeed,

we found that the Socs36F transcript level in dUTX testes decreased to ~65% of the level in the
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wt control (Fig. 2-5A). However, using the entire testes may underestimate the change of
Socs36F transcript level.

Previously, chromatin immunoprecipitation followed by high-throughput sequencing
(ChIP-seq) data revealed that both the active histone modification H3K4me3 and RNA
Polymerase II (Pol II) are enriched near the transcription start site (TSS) of the Socs36F gene
(Gan et al., 2010b) (Fig. 2-6A). By contrast, the repressive histone modification H3K27me3 was
depleted at the same region around the TSS of Socs36E gene (Gan et al., 2010b) (Fig. 2-6A).
Because dUTX is an H3K27me3-specific demethylase (Fig. 2-2B-C”’), we next examined
whether dUTX is required to remove H3K27me3 from the Socs36E TSS region, using anti-
H3K27me3 ChIP followed by qPCR analysis. To generate high-resolution ChIP data, a 2kb
genomic region around the Socs36E TSS was divided into 400-bp intervals and tested for
H3K27me3 binding using a series of primer sets (p1-p5 in Fig. 2-5B and Fig. 2-6A). Control
experiments were performed using two primer sets around the TSS of the control gene Fringe
(p7-p8 in Fig. 2-6B), as well as a primer set within the Socs36E gene body (p6 in Fig. 2-6A).
Consistent with a decreased transcription of Socs36F in dUTX testes (Fig. 2-5A), there was a ~4-
fold enrichment of the repressive H3K27me3 at the p2 region in the dUTX testes compared to the
wt control (Fig. 2-5B). The H3K27me3 binding profile at the Socs36F locus was consistent with
the published ChIP-seq results (Gan et al., 2010b), which showed a peak enrichment of
H3K27me3 at ~200-400bp downstream of the TSSs of target genes. By contrast, none of the
control regions showed any difference of H3K27me3 binding between dUTX and wt testes (Fig.
2-6A,B: see numbers underneath control regions p6-p8). Furthermore, recently published ChIP-
chip data using anti-dUTX antibody showed enrichment of dUTX around the Socs36E TSS

region (Fig. 2-6C) (Tie et al., 2012). Taken together, these results demonstrate that dUTX
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directly regulates Socs36F transcription by removing the repressive H3K27me3 histone
modification near its TSS region.

We next examined whether overexpression of Socs36E independent of its genomic
context is sufficient to rescue the niche architectural defects in dUTX testes. To achieve this, a
UAS-Socs36E-cDNA transgene (Callus and Mathey-Prevot, 2002) was driven by either the upd-
Gal4 or the ¢587-Gal4 driver. While upd> Socs36E failed to suppress the dUTX phenotype (Fig.
2-5C, arrows point to Zfh-1-positive cells around the hub), c587> Socs36F reduced
overpopulation of Zth-1-expressing cells around the hub in 93% of dUTX testes (Fig. 2-5D),
further suggesting that Socs36F is the critical target gene of dUTX in CySCs. In summary,
dUTX acts in CySCs and/or early cyst cells to directly regulate the chromatin state of Socs36E

gene locus.

dUTX activates Socs36E transcription to control JAK-STAT signaling activity in the testis

niche

Because Socs36F acts as a negative regulator of the JAK-STAT pathway (Terry et al.,
2006), we next assessed the JAK-STAT signaling activity in the presence and absence of dUTX.
In wt testes, Stat92E is enriched in GSCs and some of their immediate daughter cells called
gonialblasts (GBs), but rapidly declines in further differentiated cells. Stat92E is also present in
CySCs but is absent in hub cells (Leatherman and Dinardo, 2008) (Fig. 2-7A,A’). By contrast,
Stat92E was ectopically turned on in dUTX testes (Fig. 2-7B,B’), including hub cells and further
differentiated somatic cells. Using a 2 xStat-GFP reporter, which reflects Stat92E activity in
CySCs (Bach et al., 2007), we found that the GFP reporter was ectopically turned on in further

differentiated cyst cells in dUTX mutant testes (Fig. 2-8B,B”), but not in the heterozygous
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control (Fig. 2-8A,A”). Using qRT-PCR, we detected a ~1.5-fold increase of the Stat92F
transcript in dUTX testes compared to that in the wt control (Fig. 2-7C). However, because we
used whole testes for this analysis, the change in Stat92E transcript levels might be an
underestimation. Furthermore, knockdown of dUTX using the cyst cell driver ¢587-Gal4 (Fig. 2-
7E,E’), but not the germ cell driver nos-Gal4 (Fig. 2-8C,C’ versus 2-8D,D’) nor the hub cell
driver upd-Gal4 (Fig. 2-8E,E’ versus 2-8F,F’), led to ectopic Stat92E in further differentiated
cells, similar to the phenotype observed in dUTX mutant testes. In addition, removing one copy
of Stat92F using a strong loss-of-function Stat92F allele (Hou et al., 1996) suppressed
overpopulation of Zth-1-expressing cells around the hub in 90% of dUTX testes (Fig. 2-7F,F”),
suggesting that hyperactivation of the JAK-STAT signaling is the causal reason for the niche
architectural defects in dUTX testes. Together, dUTX acts in CySCs and early cyst cells to

prevent ectopic JAK-STAT signaling activity.

dUTX acts in CySCs to maintain proper gene expression in hub cells

Our results also revealed dynamic communication among different cell types within the
testis niche, where CySCs can send feedback to hub cells to maintain proper gene expression.
We found that Zth-1, a target gene of the Stat92E transcription factor (Leatherman and Dinardo,
2008; Terry et al., 2006), was ectopically expressed in hub cells in 92% of JUTX testes (Fig. 2-
1C,C’; Fig. 2-4E: compare the first and second columns). However, the total number of hub
cells did not change in dUTX testes [13+2.3 hub cells for dUTX 3" instar testes (n=15) versus
13.6+2.0 hub cells for wt 3" instar testes (n=18), P >0.05]. In addition, no hub cells undergo cell

death in dUTX testes as determined by immunostaining with anti-Caspase 3, an apoptotic marker
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(n=30) and none undergo mitosis as determined by immunostaining with anti-phospho-histone 3
(H3S10P, n=96), suggesting that hub cells maintain their number but turn on Zth-1 expression
ectopically. Because both hub cells and cyst cells in adult testes originate from the same group of
somatic gonadal precursors (SGPs) in embryonic testes (Le Bras and Van Doren, 2006), one
possibility for ectopic Zth-1 expression in hub cells from adult testes is that Zth-1 becomes
misexpressed in hub precursor cells in dUTX embryonic testes. In order to test this possibility,
we induced dUTX’ mutant mitotic clones in adult testes and found it is sufficient to cause Zfh-1
misexpression in hub cells (Fig. 2-9). These results suggest that ectopic Zth-1 expression in hub
cells is due to loss of dUTX in CySCs and/or GSCs, the two cell types capable of forming mitotic
clones next to the hub cells. Furthermore, we found that knockdown of dUTX in CySCs and/or
early cyst cells using c587-Gal4 (Fig. 2-4A,A’ and 2-4E: compare the third and fourth columns)
is sufficient to turn on Zth-1 expression ectopically in hub cells. By contrast, neither nos-Gal4
(Fig. 2-3A,A’) nor upd-Gal4 (Fig. 2-3B,B’) driving dUTX shmiRNA resulted in a similar
phenotype. Together, these data demonstrate that loss of dUTX in CySCs leads to ectopic Zth-1

expression in hub cells.

In addition, we found that the catalytic domain of dUTX is required to prevent ectopic
Zth-1 expression in hub cells because expression of the wild-type dUTX transgene rescued this
phenotype (Fig. 2-4B,B’ and 2-4E: compare the fifth and sixth columns). We also observed
partial rescue upon expression of the dUTX”"* transgene (Fig. 2-4C,C’ and 2-4E: compare the
fifth and seventh columns), suggesting a demethylase-independent role of dUTX in regulating
proper gene expression in hub cells. Finally, restoring Socs36F expression in CySCs and early
cyst cells (Fig. 2-5D) or removing one copy of Stat92F (Fig. 2-7F,F’) reduced ectopic Zth-1

expression in hub cells of dUTX testes from 92% to 43-45%. Together, these data demonstrate
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that dUTX acts as a histone demethylase in CySCs to prevent ectopic Zth-1 expression in hub

cells by maintaining proper JAK-STAT signaling activity.

dUTX maintains hub architecture by regulating DE-Cadherin levels in GSCs

We found that dUTX also acts in germ cells to maintain proper hub size. While dUTX
directly regulates Socs36F transcription, unlike Socs36F testes (Issigonis et al., 2009), dUTX
testes do not have decreased GSC number [12.8+3.0 for dUTX 3™ instar testes (n=98) versus
12.6+3.0 for wt 3" instar testes (#=80), P >0.05]. This was due to a significant increase of hub
area (Fig. 2-10A-C) in dUTX testes, which accommodated overpopulated Zfh-1-expressing cells
around the hub without affecting GSC number. As mentioned previously, the increase in hub
area in dUTX testes could not be attributed to an increase of hub cell number. However, we did
observe an increase of individual hub cell size in dUTX testes compared to wt control (Fig. 2-
10D). In addition, knockdown of dUTX using the germ cell driver nos-Gal4, but not the cyst cell
driver ¢587-Gal4 nor the hub cell driver upd-Gal4, led to increased hub area (Fig. 2-10E).

In wt testes, GSCs are attached to the hub via DE-Cadherin-mediated adherens junctions
(Jenkins et al., 2003; Yamashita et al., 2003), resulting in a rosette-like structure (Fig. 2-10A,A”).
The GSC-hub interface in wt testes averaged 4.3um (Fig. 2-11C, first column). By contrast, the
GSC-hub interface in dUTX testes was disrupted (Fig. 2-10B,B’, arrows). GSCs appeared to
intrude into the hub area, leading to an increase of the GSC-hub interface to an average of 5.9um
(Fig. 2-11C, second column). We next examined whether this defect in JUTX mutant niche is
due to mis-regulation of DE-Cadherin. Using qRT-PCR we detected a ~2-fold increase of the

DE-Cadherin transcript level in dUTX testes compared to that in the wt control (Fig. 2-11D).
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Additionally, we found that expression of a dominant-negative form of DE-Cadherin (UAS-DE-
Cad™®) (Inaba et al., 2010) in germ cells suppressed the JUTX hub size defect (Fig. 2-11A,A°,
and 2-11E) and resulted in a decrease of the GSC-hub interface (Fig. 2-11C, third column). By
contrast, overexpression of the wild-type DE-Cadherin (UAS-DE-Cad”™™") (Inaba et al., 2010) in
germ cells enhanced the dUTXX hub size defect (Fig. 2-11B,B’, and 2-11E) and led to an increase
of the GSC-hub interface (Fig 2-11B, arrows and 2-11C, fourth column). As a control, when
both forms of DE-Cadherin were expressed in germ cells at the wt background, no obvious
defect was detected (Fig. 2-11C,E). Although DE-Cadherin is one target gene of dUTX, it is
unlikely the only target of dUTX in germ cells. Therefore, although mutations in dUTX lead to
up-regulated DE-Cadherin transcript levels, overexpression of DE-Cadherin itself in germ cells
is not sufficient to recapitulate the dUTX loss-of-function phenotype. In summary, our data
demonstrate that dUTX acts in germ cells to maintain proper GSC-hub interface and hub size by

regulating DE-Cadherin transcription.

DISCUSSION

In this study, we identify a new epigenetic mechanism that negatively regulates the JAK-
STAT signaling pathway in the Drosophila testis niche (Fig. 2-11F): the H3K27me3-specific
demethylase dUTX acts in CySCs to remove the repressive H3K27me3 histone modification
near the TSS of Socs36E to allow its active transcription. Socs36E acts upstream to suppress
Stat92E activity and to restrict CySCs from overpopulating the testis niche. In addition, dUTX
acts in CySCs to prevent hyperactivation of Stat92E in hub cells, which otherwise ectopically
turn on Zth-1 expression. When we ectopically drove Zfh-1 cDNA in hub cells using the upd-

Gal4 driver, no obvious defect could be identified. Therefore the biological consequence of
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ectopic Zth-1 expression in hub cells is currently unclear. However, ectopic Zfh-1 expression in
hub cells and overpopulation of Zth-1-expressing cells around the hub are two connected
phenomena because both phenotypes are caused by loss of dUTX in CySCs.

dUTX also acts in GSCs to regulate DE-Cadherin levels to maintain proper GSC-hub
interaction and normal morphology of the hub. It has been reported that differential expression of
different cadherins causes cells with similar cadherin types and levels to aggregate (Friedlander
et al., 1989; Steinberg and Takeichi, 1994). In wt testes, hub cells express higher levels of DE-
Cadherin and therefore tightly associate with each other (Le Bras and Van Doren, 2006). Loss of
dUTX in germ cells leads to higher levels of DE-Cadherin in GSCs, which probably allows them
to intermingle with hub cells and causes disrupted hub architecture. It has been demonstrated that
the major role of JAK-STAT in GSCs is for GSC-hub adhesion (Leatherman and Dinardo,
2010), suggesting that expression and/or activity of cell-cell adhesion molecules, such as DE-
Cadherin, depend on JAK-STAT signaling. Therefore the abnormal DE-Cadherin activity in
GSCs in dUTX testis could also result from mis-regulated JAK-STAT signaling in the testis

niche.

dUTX is a new negative epigenetic regulator of the JAK-STAT signaling pathway

The JAK-STAT signaling pathway plays critical roles in stem cell maintenance in many
different stem cell types across a wide range of species. Here our studies identify the histone
demethylase dUTX as a new upstream regulator of the JAK-STAT pathway, which directly
controls the transcription of Socs36FE. In addition to acting as an antagonist of JAK-STAT

signaling, Socs36F has been reported to be a direct target gene of the Stat92E transcription factor
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(Terry et al., 2006). Therefore, increased Stat92E would upregulate Socs36E expression, but this
was not observed in JUTX mutant testes. Instead, our data revealed that Socs36F expression
decreased while Stat92F expression increased in dUTX testes, consistent with the hypothesis that

Socs36E is a direct target gene of dUTX and acts upstream of Stat92F.

On the other hand, sustained activity of the JAK-STAT pathway in cyst cells has been
reported to activate BMP signaling, which leads to GSC self-renewal outside the niche and gives
rise to a tumor-like phenotype in testis (Leatherman and Dinardo, 2010). To examine the BMP
pathway activity, we performed immunostaining experiments using antibodies against
phosphoSMAD (pSMAD), a downstream target of BMP signaling. However, we did not detect
any obvious difference of the pSMAD signal in the dUTX testes compared to the wt control (data
not shown). Neither did we detect germline tumor in dUTX testes. We speculate that the
germline tumor upon activation of the JAK-STAT pathway is secondary to the overproliferation

of Zfth-1-expressing cells, which was not observed in dUTX testes.

dUTX coordinates crosstalk among different cell types within the testis niche

Our study also provides an example of the multidimensional cell-cell communication
within a stem cell niche. Many studies of stem cell niche have focused on understanding niche-
to-stem cell signaling in controlling stem cell identity and activity. For example, in Drosophila
female GSC niche, Upd secreted from terminal filaments activates the JAK-STAT pathway in
cap cells and escort cells, which subsequently produce BMP pathway ligand decapentaplegic
(DPP) to activate BMP signaling and to prevent transcription of the differentiation factor bag-of-

marbles (bam) in GSCs (Lopez-Onieva et al., 2008). In Drosophila intestinal stem cell (ISC)
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niche, the visceral muscle cells underlying intestine secrete Wingless to activate the Wnt
signaling and Upd to activate JAK-STAT signaling in ISCs, which are required for maintaining
ISC identity and activity (Beebe et al., 2010; Jiang et al., 2009; Lin et al., 2008; Lin et al., 2010;
Xuetal., 2011).

More studies now reveal the multi-directionality of signaling within stem cell niche. For
example, in Drosophila female GSC niche, GSCs activate epidermal growth factor receptor
(EGFR) signaling in the neighboring somatic cells, which subsequently represses expression of a
glypican Dally required for stabilization and mobilization of the BMP pathway ligand DPP.
Through this communication between GSCs and surrounding somatic cells, only GSCs maintain
high BMP signaling (Liu et al., 2010). Here our studies establish another example for the
multidimensional cell-cell communications within the testis stem cell niche where CySCs and

GSCs have distinct roles in regulating hub cell identity and morphology.

Distinct biological functions of histone demethylases

Our data identified new roles of a histone demethylase in regulating an endogenous stem
cell niche architecture and proper gene expression. Previous studies have reported in vivo
functions of histone demethylases in several model organisms. For example, mammalian UTX
has been shown to associate with the H3K4me3 histone methyltransferase MLL2 (Issaeva et al.,
2007), suggesting its potential antagonistic role to the PcG proteins. The PcG proteins play a
critical role in HOX gene silencing in both Drosophila and mammals (Beuchle et al., 2001;
Ringrose and Paro, 2007; Schuettengruber et al., 2007; Schwartz and Pirrotta, 2007).
Consistently, mammalian UTX has been reported to directly bind and activate the HOXBI gene

locus (Agger et al., 2007). In addition to antagonizing PcG function, H3K27me3 demethylases
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play critical roles during development. For example, in zebrafish, inactivating UTX homolog
using morpholino oligonucleotides leads to defects in posterior development (Lan et al., 2007).
And in C. elegans, the dUTX homolog is required for embryonic and postembryonic
development (Vandamme et al., 2012), including gonad development (Agger et al., 2007).
Furthermore, loss of UTX function in embryonic stem cells led to defects in mesoderm
differentiation (Wang et al., 2012). And somatic cells derived from UTX loss-of-function human
or mouse tissue fail to return to the ground state of pluripotency (Mansour et al., 2012). These
reports demonstrate that UTX is not only required for proper cellular differentiation but also for
successful reprogramming. However, despite multiple reports on the in vivo roles of H3K27me3-
specific demethylases, little is known about their functions in any endogenous adult stem cell
system.

While mammals have multiple H3K27me3-demethylases, Drosophila dUTX is the sole
H3K27me3-specific demethylase. This unique feature, plus the well-characterized Drosophila
adult stem cell systems, makes interpretations of the endogenous functions of histone
demethylases in Drosophila unambiguous. Because mammalian UTX has been reported as a
tumor suppressor (van Haaften et al., 2009), understanding the endogenous functions of dUTX in
an adult stem cell system may facilitate using histone demethylases for cancer treatment.

In summary, our results demonstrate that stem cells send feedback to the niche cells to
maintain their proper gene expression and morphology. Furthermore, this feedback is regulated
through JAK-STAT signaling pathway whose activity is controlled by a chromatin factor,

providing an example of crosstalk between these two regulatory pathways.
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MATERIALS AND METHODS

Fly Stocks

Flies were raised on standard yeast/molasses medium at 25°C. The following stocks were used:
dUTX' FRT404 (from A. Shilatifard), w'''S; Df(2L) BSC144 (Bloomington Stock Center, BL-
9504), UAS-dUTX shmiRNA (TRiP.HMS00575 from Bloomington Stock Center), upd-Gal4
(from D. Harrison), nanos-Gal4 (from M. Van Doren), ¢587-Gal4 (from A. Spradling), y,w, Ubi-
GFP, Ubi-GFP, FRT40A (Bloomington Stock Center, BL-5189), hs-Filp122 (Bloomington Stock
Center), Arm-LacZ, FRT40A4 (Bloomington Stock Center, BL-7371), UAS-dUTX and UAS-
dUTX™C were obtained from A. Shilatifard, refer to Materials and Methods in (Herz et al.,
2010), UAS-Socs36E-45 (from B. Callus), Stat92E’%* (from N. Perrimon), UAS-DE-Cad*“**
and UAS-DE-Cad”™™ (from Y. Yamashita), and hs-FLP, UAS-GFP.nls, tub-Gal4/FM7; tub-

Gal80 FRT40A/CyO (from E. Bach).

Clonal Induction

dUTX' clones that are negative with the GFP or LacZ marker were generated using the FLP/FRT
recombination system. The flies used had the following genotypes: hs-FLP122; Arm-LacZ,
FRT404/ dUTX' FRT40A or hs-FLP122; Ubi-GFP, Ubi-GFP, FRT404/ dUTX'FRT40A. The
clones were induced by heat shocking pupae on days 8 and 9 for 2 hours at 37°C. After the
second heat shock, flies were placed at 25°C and dissected and stained three days after clone
induction. Mosaic Analysis with a Repressible Cell Marker (MARCM) clones were generated
using flies with the following genotype: hs-FLP, UAS-GFP.nls, tub-Gal4/+; tub-Gal80 FRT40A/

dUTX' FRT40A. The clones were induced by heat shocking pupae on days 8 and 9 for 2 hours at
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37°C. After the second heat shock flies were placed at 25°C and dissected and stained one day

after clone induction.

Immunofluorescence Staining

Immunofluorescence staining was performed following the procedure previously described in
(Cheng et al., 2008). The primary antibodies used were: rabbit anti-Zth1 (1:5000; from Ruth
Lehmann, Skirball Institute of Biomolecular Medicine, NY, USA); mouse anti-Armadillo
[1:100; developed by Eric Wieschaus and obtained from Developmental Studies Hybridoma
Bank (DSHB)]; rat anti-Vasa (1:100; developed by Allan Spradling and Dianne Williams and
obtained from DSHB); rabbit anti-dUTX (1:2000; from Ali Shilatifard, Stowers Institute for
Medical Research, Kansas City, MO, USA); rabbit anti-trimethyl-Histon H3 (Lys27) (1:200;
Millipore, Cat# 07-449); chicken anti-GFP (1:1000; Abcam, Cat# 13970); rabbit anti-Stat92E
(1:800; from Denise Montell, Johns Hopkins School of Medicine, Baltimore, MD, USA); guinea
pig anti-Traffic Jam (1:3000; from Mark Van Doren, Johns Hopkins University, Baltimore,
MD); rabbit anti-phospho-Histone H3 (Ser10) (1:2000; Millipore, Cat# 06-570); and rabbit anti-

Caspase 3 (1:100; BD Biosciences, Cat # 610322).

Isolation of Total RNA and Quantitative Reverse Transcription Polymerase Chain
Reaction (QRT-PCR)

Total RNA was isolated from wt and dUTX 3™ instar larval testes using TRIzol reagent
(Invitrogen, Cat# 15596-018) according to the manufacturer's instructions. Yield and quality of
RNA were determined with a NanoDrop spectrometer (NanoDrop Technology, San Diego, CA).

Reverse transcription was done using RevertAid First Strand cDNA Synthesis Kit (Fermentas,
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Cat# K1621). Transcript levels were measured using SYBR Green PCR Master Mix (Fermentas,
Cat# K0221) and normalized to Fringe. Sequences of primers used for qRT-PCR were as
follows: CAGGATACGTTCCAGGACCAGG (Fringe-forward),
TGGGCGGGCAGAAGCTGAAGTAG (Fringe-reverse), CTCACCTATTGGAATGCAGCT
(Socs36E-forward), CGAAAAGCTCGATTGGCC (Socs36E-reverse),
AAGGTGAGTGATTTGCTGTGCTGC (Stat92E-forward),
CAACAAGCGAGCATGAGAATGCCA (Stat92E-reverse),
GCGAATTGTCGCTGGCAATAACCT (DE-Cadherin-forward),
TGGACGGCACCTCAGCCAATAATA (DE-Cadherin-reverse),
CATGCTGCCCACCGGATTCAAGAAG (RpL32-forward), and

CTCGTTCTCTTGAGAACGCAGGCGA (RpL32-reverse).

Chromatin Immunoprecipitation (ChIP)

ChIP was performed following the procedure previously described in (Gan et al., 2010b). For
each biological replicate we dissected 200 pairs of dUTX testes and 200 pairs of wt testes.
Sequences of primers used for gPCR were as follows: TGTGGAACTCATTGTGCCGTAG (pl-
forward), GGAAACTTTCAAGAAGTTCTCATGGAGG (pl-reverse),
TCGTTCCGTTTCTCCAGTGTGACT (p2-forward), TGTGCGACCACTTAGCCGAGTTAT
(p2-reverse), TTATGCAAACAGCGAGCGGTTCAG (p3-forward),
AGTAACGAGCACACCGAAACCA (p3-reverse), CATCATCACACAAGCGCACACACA
(p4-forward), ACAGATACACAAGCGGACTCACAC (p4-reverse),
GTGTGCTAATCCAATGATTCAAACTTCCA (p5S-forward),

CGCTCGAAAGTAACTTCGCGGTAA (pS-reverse), TATTCACGGGCTGTCGTTCGGTTT
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(p6-forward), ATGGGCAGATTGTGAATGTGACGC (p6-reverse),
GATATCCGTAGGCGCTCTGGTAGA (p7-forward), GCGAATCCTGCAAGCCATGATGTT
(p7-reverse), AATAACTGTCAACACAGCGGCTCG (p8-forward),

ACACTTTCTTATCCAACTCCCTATCA (p8-reverse).

Statistical analysis

Statistical significance was calculated using two-tailed Student’s z-test or Fisher’s test. P-values

are denoted on figures or in figure legends. Error bars represent standard deviation (s.d.).
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FIGURES

Figure 2-1. dUTX prevents Zfh-1-expressing cells from overpopulating the niche and
represses Zfh-1 expression in the hub cells. (A) A schematic cartoon of the testis niche. (B-
C’) Immunostaining using antibodies against Armadillo (blue), Vasa (green) and Zfh-1 (red) in
(B-B’) wt and (C-C’) dUTX testes. Arrows point to overpopulated Zth-1-expressing cells whose

nuclei directly contact the hub (C”). Hub area outlined with white dotted line. Scale bar: 10pum.
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Figure 2-2. dUTX acts as an H3K27me3-specific demethylase in germ cells and cyst cells.
(A-A”) wt testis with dUTX clones generated by conventional FLP/FRT system and
immunostained with antibodies against LacZ (green) and dUTX (red). An outlined dUTX" " clone
negative for LacZ signal is absent for dUTX staining. (B-B”) wt (dUTX" : ’) testis with dUTX o
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clones generated by conventional FLP/FRT system and immunostained with antibodies against
GFP (green) and H3K27me3 (red). dUTX” clone negative for GFP signal (outlined by white
dotted line) has increased H3K27me3 signal. Scale bar: 20pm. (C-C”’) wt (dUTX") testis with
dUTX"" clones generated by MARCM system and immunostained with antibodies against TJ
(blue), GFP (green), and H3K27me3 (red). dUTX”~ GFP-positive cyst cell (outlined by white
dotted line) has increased H3K27me3 signal compared to neighboring heterozygous cyst cell

(outlined by yellow dotted line). Scale bar: 10pm. Hub labeled by asterisks.
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Figure 2-3. dUTX is not required in germ cells or hub cells to prevent overpopulation of
Zth-1-expressing cells around the hub area or ectopic Zfh-1 expression in hub cells. (A-B’)
Immunostaining using antibodies against Armadillo (blue), Vasa (green) and Zfh-1 (red) in testes
with the following genotype: (A) nos-Gal4 control, (A’) nos-Gal4; UAS-dUTX shmiRNA, (B)
upd-Gal4 control, (B”) upd-Gal4; UAS-dUTX shmiRNA. (C-D’) Immunostaining using
antibodies against H3K27me3 (red) on testes with the following genotype: (C-C’) upd-Gal4;
UAS-dUTX shmiRNA, (D-D’) ¢587-Gal4; UAS-dUTX shmiRNA. Hub area outlined with white

dotted line. Scale bar: 10um.
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Figure 2-4. dUTX acts as a histone demethylase in CySCs and/or early cyst cells to repress
overpopulated Zfh-1-expressing cells around the hub and ectopic Zfh-1 expression in hub
cells. (A-C’) Immunostaining using antibodies against Armadillo (blue), Vasa (green) and Zth-1
(red); hub area outlined with white dotted line. (A) c587-Gal4. (A’) c587-Gal4; UAS-dUTX
shmiRNA; arrows point to overpopulated Zth-1-expressing cells whose nuclei directly contact the
hub. (B-B’) ¢587-Gal4; UAS-dUTX and (C-C’) ¢587-Gal4; UAS-dUTX™, both at dUTX
background. (D) Percentage of testes with overpopulated Zfh-1-expressing cells around the hub.
(E) Percentage of testes with ectopic Zth-1 expression in hub cells. Scale bar: 10pum. P-value

calculated using Fisher’s test.
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Figure 2-5. dUTX removes the repressive H3K27me3 histone modification at the Socs36F
genomic locus and allows active transcription of Socs36E. (A) Socs36E mRNA measured by
qRT-PCR in three independent biological replicates, normalized by Fringe. (B) Anti-H3K27me3
ChIPed DNA analyzed by qPCR, normalized to Input (Input%) and then compared between
dUTX testes and wt controls, based on three independent biological replicates. (C-D)
Immunostaining using antibodies against Armadillo (blue), Vasa (green) and Zfh-1 (red); hub
area outlined with white dotted line. (C) upd-Gal4; UAS-Socs36E-cDNA transgene at dUTX

background; arrows point to overpopulated Zth-1-expressing cells whose nuclei directly contact
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the hub. (D) c¢587-Gal4; UAS-Socs36E-cDNA transgene at dUTX background. Scale bar: 10pm.

P-value calculated using Student’s ¢-test. Error bars represent standard deviation (s.d.).
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Figure 2-6. Genome browser screenshots show chromatin state of Socs36E and Fringe
genomic loci. (A-B) ChIP-seq using antibodies against H3K27me3 (red), H3K4me3 (green) and
RNA Pol II (blue) (Gan et al., 2010b) at (A) Socs36F and (B) Fringe genomic region. A 2kb-
region around TSS for each gene is outlined by brown solid lined box. The five amplicons (p1-
pS) used in ChIP-qPCR experiments were labeled in (A), which span across the TSS of Socs36E.
The p6 amplicon is located inside the Socs36F gene body. The p7 and p8 amplicons are near the
TSS of Fringe. Numbers underneath p6-p8 denoted anti-H3K27me3 ChIPed DNA in dUTX
testes normalized by Input followed by comparison with wt testes, based on three independent
biological replicates. (C) ChIP-chip using anti-dUTX showed enrichment of dUTX near the TSS

of Socs36F gene (Tie et al., 2012), pl-p5 and p6 are labeled.
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Figure 2-7. dUTX is required in CySCs and early cyst cells to prevent hyperactivation of
the JAK-STAT signaling pathway. (A-B’) Immunostaining using antibodies against Armadillo
(green) and Stat92E (red). Hub area outlined with white dotted line. Stem cell zone outlined with
yellow dotted line. (A-A’) wt testis. Arrow points to a GB positive with anti-Stat92E staining.
(B-B’) dUTXtestis. (C) Stat92E mRNA measured by qRT-PCR in five independent biological
replicates, normalized by Fringe. (D-E’) Immunostaining using anti-Arm (green) and anti-
Stat92E (red) in (D-D’) ¢587-Gal4 control and (E-E’) ¢587-Gal4; UAS-dUTX shmiRNA testes.

(F-F’) Inmunostaining using anti-Arm (green) and anti-Zfh-1 (red) in dUTX”"; Stat92E"" testes.
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Scale bar: 10um. P-value calculated using Student’s #-test. Error bars represent standard

deviation (s.d.).
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Figure 2-8. dUTX is required in cyst cells, but not in germ cells or hub cells, to maintain
proper Stat92E expression in the niche. (A-B’) Immunostaining using antibodies against
Armadillo (blue), Vasa (red) and GFP (green) in testes with the following genotype: (A-A’)
dUTX/+; 2xStat92E-GFP control, (B-B’) dUTX""; 2xStat92E-GFP. (C-F’) Immunostaining
using antibodies against Armadillo (green) and Stat92E (red) in testes with the following

genotype: (C-C’) nos-Gal4 control, (D-D’) nos-Gal4; UAS-dUTX shmiRNA, (E-E’) upd-Gal4



control, (F-F’) upd-Gal4; UAS-dUTX shmiRNA. Hub area outlined with white dotted line. Scale

bar: 10um.

Figure 2-9. Zfh-1 is ectopically expressed in hub cells from testes with dU TX' clones. (A-
A’”) Immunostaining using antibodies against GFP (green), Armadillo (blue) and Zth-1 (red) in

a dUTX’ clone-containing testis.
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Figure 2-10. dUTX acts in germ cells to maintain proper hub size. (A-B’) Inmunostaining
using antibodies against Armadillo (blue) and Vasa (green); hub area outlined with white dotted
line. (A-A’) wt testis. (B-B’) dUTX testis displays enlarged hub. (C) Quantification of average
hub area: 94+18.65um” in wt testes; 181+55.5um” in dUTX testes. (D) Quantification of average
area of individual hub cells: 8.5+1.1pm” in wt testes; 12.7+2.2um” in JUTX testes. (E)
Quantification of average hub area in testes from the following genotyped males: nos-Gal4
control (96+20.35 um?), nos-Gal4; UAS-dUTX shmiRNA (170+41.7 pm?, P <0.01), upd-Gal4
control (100+21.4 um?), upd-Gal4; UAS-dUTX shmiRNA (99+20.3 um?, P >0.05), ¢587-Gal4

control (109+7.7 um?), ¢587-Gal4; UAS-dUTX shmiRNA (121+31.4 pm?, P >0.05).
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Figure 2-11. dUTX controls hub size through regulating DE-Cadherin levels in GSCs and a
model. (A-B’) Immunostaining using antibodies against Armadillo (blue) and Vasa (green), hub
area outlined with white dotted line. (A-A’) dUTX; nos>DE-Cad"“®" testis. (B-B’) dUTX;
nos>DE-Cad”*"™" (C) Quantification of the average GSC-hub interface in testes from the
following genotyped males: wt (4.3£0.4 um), dUTX (5.9£0.9 um), dUTX; nos>DE-Cad®**
(4.94£0.5 pm), dUTX; nos>DE-Cad”™™" (6.5+0.8 pm), dUTX/+; nos>DE-Cad***" control

(4.6£0.3 pm), dUTX/+; nos>DE-Cad”™™" control (4.5+0.4 pm). (D) DE-Cadherin mRNA
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measured by qRT-PCR in three independent biological replicates, normalized by RpL32. (E)
Quantification of percentage of testes with average hub area of 60-200 pm?, 200-300 pm? or
>300 umz, from the following males: 1- wt, 2- dUTX mutant, 3- dUTX; nos>DE-Cad® CR4h, 4-
dUTX; nos>DE-Cad”™™, 5- dUTX/+; nos>DE-Cad”*" control, 6- dUTX/+; nos>DE-Cad”*"™*
control. (F) A schematic diagram outlines functions of dUTX in testis niche, see details in

Discussion.
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Chapter 3

Histone demethylase Lid maintains germline stem cell through regulating JAK-STAT

signaling pathway activity
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This chapter is based on an article that has been recently submitted to Development.
INTRODUCTION

Extrinsic signals from cells comprising the stem cell niche are essential in maintaining
stem cell activity (Morrison and Spradling, 2008). In addition, epigenetic regulation that changes
stem cell chromatin structure without altering DNA sequences acts as an important intrinsic
mechanism to maintain stem cells (Eun et al., 2010). Although both mechanisms are important
to regulate stem cell activities, our understanding of the crosstalk between the two events is
limited to a few examples (Cherry and Matunis, 2010; Eliazer et al., 2011; Tarayrah et al., 2013).

Drosophila spermatogenesis is a paradigmatic system to investigate the molecular
mechanisms responsible for the maintenance of adult stem cell activities in their physiological
environment (Kiger et al., 2001; Tulina and Matunis, 2001; Yamashita et al., 2003; Yamashita et
al., 2007). The Drosophila male germline stem cell (GSC) niche is one of the best characterized
niches in which GSCs associate with two types of somatic cells: hub cells located at the tip of the
testis, and cyst stem cells (CySCs) two of which surround each GSC (Fig. 3-1A). Hub cells and
CySCs contribute to a niche that provides the critical signaling necessary to preserve GSC
identity and activity (Kiger et al., 2001; Leatherman and Dinardo, 2008; Leatherman and
Dinardo, 2010; Tulina and Matunis, 2001). Janus kinase signal transducer and activator of
transcription (JAK-STAT) and bone morphogenetic protein (BMP) signaling pathways are the
two major pathways involved in the maintenance of the male GSC niche. Activation of the JAK-
STAT pathway is initiated by the secretion of the cytokine Unpaired (Upd) from the hub cells.
Upd binds the receptor Domeless activating Hopscotch (Hop), the JAK kinase homolog in
Drosophila, and Stat92E, the STAT homolog, in both GSCs and CySCs [reviewed in (Hou et al.,

2002)]. The intrinsic activation of Stat92E in CySCs activates BMP signaling and is thought to
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be sufficient to cause continuous GSC self-renewal while Stat92E in the GSCs has been reported
to only regulate their adhesion to the niche (Leatherman and Dinardo, 2008; Leatherman and
Dinardo, 2010).

In addition to signaling pathways, the chromatin structure of GSCs can profoundly
influence critical decisions of stem cell maintenance versus differentiation. In Drosophila,
histone modifying enzymes and chromatin remodeling factors are important chromatin regulators
(Becker and Horz, 2002). Both have been shown to act cell autonomously to maintain GSCs in
the testis niche (Buszczak et al., 2009; Cherry and Matunis, 2010; Eliazer et al., 2014). Among
the histone modifying enzymes, histone demethylases have been identified as “epigenetic
erasers” that remove methyl-groups from methylated Lysine residues of histones (Klose et al.,
2006). Specifically, the repressive trimethylation on lysine 27 of histone H3 (H3K27me3) and
the active H3K4me3 histone modifications have been the focus of many studies. While
H3K27me3 is laid down by a member of the Polycomb Group (PcG) proteins and associates
with silent gene regions (Cao et al., 2002; Czermin et al., 2002; Kuzmichev et al., 2002; Muller
et al., 2002), H3K4me3 is generated by the Trithorax Group (TrxG) family of proteins and has
been shown to associate with active regions of chromatin (Byrd and Shearn, 2003). A recent
study from our lab on the function of dUTX, a histone demethylase that targets the repressive
H3K27me3 modification, revealed that dUTX regulates JAK-STAT pathway activity in the
CySCs to maintain proper niche structure and gene expression (Tarayrah et al., 2013). Among
the 14 demethylases in Drosophila (Klose et al., 2000), little imaginal discs (lid) encodes a
demethylase that specifically removes the active H3K4me3 modification (Eissenberg et al.,
2007; Lee et al., 2007). Lid belongs to the JARID1 family of H3K4me3 demethylases (Secombe

and Eisenman, 2007). While human cells encode four JARID1 family members (JARID]a,
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JARID1b, JARIDIc, and JARID1d), Lid is the sole Drosophila homolog (Eissenberg et al.,
2007). The mammalian Lid homologue, JARID1a, was reported to play a critical role in breast
cancer metastatic progression suggesting a role for H3K4me3 demethylases in inhibition of
tumor progression and metastasis (Cao et al., 2014). Therefore, understanding the functions of
Lid in an adult stem cell system might facilitate the targeting of histone demethylases for cancer
treatment. Previous studies have shown that /id mutant adult flies have increased global
H3K4me3 levels (Eissenberg et al., 2007; Lee et al., 2007) and demonstrated a role for Lid in
dMyc-induced cell growth (Li et al., 2010b). However, the function of Lid in an endogenous
stem cell system has not yet been elucidated. Here we report that Lid is required cell
autonomously to prevent premature differentiation of male GSCs by maintaining Stat92E levels.
Our findings support a cell autonomous role for the JAK-STAT pathway in maintaining GSCs

and provide insight into the in vivo functions of a histone demethylase.

RESULTS AND DISCUSSION
Lid acts cell autonomously in the germline to maintain GSC number at the niche

lid encodes a histone demethylase that has been reported to specifically demethylate
H3K4me3 in vivo (Eissenberg et al., 2007; Lee et al., 2007). To confirm the function of Lid as a
specific H3K4me3 demethylase in the testis, we used a strong loss-of-function allele of /id
(lid""**) (Gildea et al., 2000; Li et al., 2010b). The lid'****/Df hemizygous flies (referred to
hereafter as /id) are pupal lethal with rare adult escapers. We analyzed H3K4me3 levels using
immunoblot on testes isolated from third instar larvae of /id males and compared to wild-type
(wt) third instar larval testes. Using antibodies against H3K4me3 and H3 as a control we found

that loss of /id leads to an approximately 4-fold increase in H3K4me3 levels (Fig. 3-2A-B).
78



To determine whether overexpression of Lid in the germline is sufficient to reduce the
H3K4me3 mark, we obtained a fly line carrying the UAS-/id transgene (Secombe et al., 2007).
Germline clones overexpressing the /id transgene were marked by co-expression of the GFP
marker, using the Gal4/UAS binary system as described in (Johnston et al., 1999). Indeed, we
found that overexpression of Lid causes a marked reduction in H3K4me3 levels (Fig. 3-2C-C”).
These data demonstrate that Lid can demethylate H3K4me3 in germ cells.

To determine the role of /id in the male GSC niche, we analyzed testes isolated from third
instar larvae of /id males. We detected a marked decrease of GSC number in /id testes compared
to wt testes. The decrease in GSC number was visible in immunostained images when comparing
wt testes (Fig. 3-1B) with /id testes (Fig. 3-1C, dots). When quantified, we found that wt testes
had an average of 9.7+1.6 GSCs compared to an average of 6.03+£1.4 GSCs in /id testes (p<0.01,
Fig. 3-1D). Furthermore, GSCs appeared to be detached from the hub cells in the majority of /id
testes (Fig. 3-1C, arrow). These results suggest that Lid is required to maintain GSCs at the
Drosophila testis niche.

Due to adult lethality we next analyzed the /id mutant phenotype in adult testes using the
FLP-mediated FRT recombination system (Xu and Rubin, 1993). We generated mutant clones
for lid using the strong loss-of-function allele /id*®*" (Gildea et al., 2000). We observed that the
percentage of testes with at least one /id GSC clone declined over time compared to the wt
control (Fig. 3-1E), suggesting that Lid is required cell autonomously to maintain GSCs at the
Drosophila testis niche.

To confirm this conclusion, we used different cell-type specific Gal4 drivers in
combination with a UAS-/id small hairpin microRNA (shmiRNA) (Ni et al., 2011) to knockdown

lid in a cell type-specific manner. Knockdown of /id exclusively in early stage germ cells using
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nanos (nos)-Gal4 (Van Doren et al., 1998) led to a significant decrease in GSC number (Fig. 3-
1F-G, dots; 3-1H). By contrast, knockdown of /id using the early cyst cell driver ¢587-Gal4
(Manseau et al., 1997) (Fig. 3-1H and Fig. 3-3A-B) or the hub driver upd-Gal4 (Boyle et al.,
2007) (Fig. 3-1H and Fig. 3-3C-D) did not lead to a change in GSC number. These results
demonstrate that normal function of Lid is required in early stage germ cells including GSCs, but
not in somatic gonadal cells, to prevent GSC loss at the testis niche.

We also found that Lid is required for proper hub architecture (compare hub region in
Fig. 3-1B and 3-1C). Loss of /id led to a dramatic increase in hub size compared to wt testes
(Fig. 3-4A). The increase in hub size is a secondary effect due to germline loss because it was
recapitulated by knocking down /id in germ cells but not in somatic gonadal cells (Fig. 3-4B),
consistent with previous reports (Dinardo et al., 2011; Gonczy and DiNardo, 1996; Monk et al.,

2010; Tazuke et al., 2002).

Lid is required to maintain GSC self-renewal and prevent premature differentiation

To determine the mechanism leading to GSC loss in the /id testes, we used phospho-
Histone H3 (PH3) immunostaining to assess the ability of GSCs to divide. We observed a
significant decrease in the mitotic activity of GSCs in /id testes compared to wt (Fig. 3-5A),
suggesting a decreased self-renewal ability of /id mutant GSCs.

We next examined whether the loss of GSCs is accompanied by premature
differentiation. Fusomes are branched cytoplasmic structures, comprised of membrane skeletal
proteins such as a- and B-spectrin, that connect germ cells in a cyst (Deng and Lin, 1997). When
we used antibody against a-spectrin, the fusome appears spherical (called spectrosome) in all

GSCs (Fig. 3-5B, arrow) and becomes branched in further differentiated spermatogonia of wt
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testes (n=44). By contrast, we observed spermatogonial cysts containing up to four
interconnected germ cells in direct association with the hub region (Fig. 3-5C, yellow dotted
outline) in 33% of the /id testes (n=52). This phenomenon could be due to premature
differentiation of GSCs or dedifferentiation of spermatogonial cells. It has been reported that
dedifferentiated spermatogonial cells tend to have a higher percentage of misoriented
centrosomes when they home back to the niche (Cheng et al., 2008). We labeled centrosomes
using antibody against y-tubulin, a major component of the centrosome (Yamashita et al., 2003)
and found that the percentage of GSCs with misoriented centrosomes was not significantly
different in lid (6.3%, n=59) compared to wt testes (7.1%, n=104) (p>0.05). In addition to
misoriented centrosomes, it has been reported that transiently disintegrating fusome remnants are
detectable in dedifferentiated spermatogonial cells (Brawley and Matunis, 2004; Cheng et al.,
2008). Using antibody against a-Spectrin, we did not observe any disintegrating fusome
remnants in GSCs from /id testes (n=52). Taken together, these data suggest that GSCs in /id
testes are lost due to decreased self-renewal ability and premature differentiation.

To further explore this, we stained for a germ cell differentiation marker, Bag of marbles
(Bam) (Gonczy et al., 1997), in wt and /id testes. Bam is normally expressed in four-to-16-cell
spermatogonial cells (Gonczy et al., 1997). Consistently, using a Bam-GFP reporter transgene
(Chen and McKearin, 2003b), we found that the GFP signal is only detectable in differentiating
spermatogonial cysts away from the hub in wt testes (n=20) (Fig. 3-5D-D’). By contrast, Bam-
GFP-positive cells were detected in direct association with the hub cells in 15% of the /id testes
(n=20) (Fig. 3-5E-E’, arrows in 3-5E’), further indicating that Lid is required to prevent GSCs

from undergoing premature differentiation.
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Lid acts in germ cells to maintain the proper level of the Stat92E transcription factor

The JAK-STAT pathway is one of the major pathways that maintain stem cell activity
and identity in the testis niche. Testes depleted of Stat92F display severe loss of both CySC and
GSC populations due to premature differentiation (Kiger et al., 2001; Leatherman and Dinardo,
2008; Leatherman and Dinardo, 2010; Tulina and Matunis, 2001). In wt testes, Stat92E is highly
enriched in GSCs and some of their immediate daughter cells, but rapidly declines in further
differentiated cells (Fig. 3-6A-A”). By contrast, /id testes had no detectable Stat92FE signal (Fig.
3-6B-B’), even though testes from both genotypes were immunostained together, mounted on the
same slide and imaged using the same microscope settings. In addition, we used quantitative
reverse transcription PCR (qQRT-PCR) to measure the Stat92FE mRNA levels. The constitutively
expressed RpL32 gene was used as an internal control. The Stat92F transcript level in /id testes
decreased to ~50% of the level in the wt control (Fig. 3-6C). Finally, we compared nos> lid
shmiRNA testes with the nos-Gal4 control using the similar experimental strategy as described
above. We also found a marked decrease of the Stat92E immunostaining signal at the niche in
the nos> lid shmiRNA testes (Fig. 3-6E-E’) compared to the nos-Gal4 control (Fig. 3-6D-D’). In
summary, these results demonstrate that Lid acts in germ cells to maintain proper expression of

the Stat92FE transcription factor at both transcript and protein levels.

Lid regulates Stat92E in GSCs to maintain their self-renewal and prevent their premature
differentiation

Because Lid is required for proper expression of Stat92E, we tested whether further
reducing Stat92E levels could enhance /id mutant phenotype. By removing one copy of Stat92F

using a strong loss-of-function allele (Star92E""*®) (Hou et al., 1996) at /id mutant background,
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we found a significant enhancement of the GSC loss and premature differentiation phenotypes.
In wt testes, after GSC asymmetric cell division, the differentiating daughter cell called
gonialblast (GB) undergoes four rounds of mitosis and then enters meiosis. During the elongated
G2 phase of meiosis, male germ cells grow 25 times in volume as spermatocytes. Spermatocytes
are distinguishable from spermatogonia based on their large size and distinct nuclear morphology
(White-Cooper et al., 1998). In wt testes, spermatocytes are distant from the niche and never
observed in close proximity with the hub cells (Fig, 3-7A, arrow). In /id mutant testes, although
we found differentiated spermatogonial cysts in direct contact with hub cells, we have never
observed spermatocytes in direct contact with the hub cells (Fig. 3-7B, arrow). However, in
drastic contrast, we found that spermatocytes are in direct association with the hub cells in 100%
of lid; Stat92E/+ testes (Fig. 3-7C, arrows). In these testes, the earliest stage of germ cells we
could detect is the eight-cell spermatogonial cells (Fig. 3-7C, yellow dotted outline). These
results demonstrate that both the severity and the penetrance of the /id mutant phenotype are
enhanced by loss of one copy of Stat92E, suggesting that Lid acts in synergy with Stat92E to
prevent GSC premature differentiation. On the other hand, the enhanceable phenotype of /id
mutant is consistent with the measurement of Star92F transcript level in /id mutant testes (Fig. 3-
6C), suggesting a partial loss of Stat92E phenotype in /id mutant testes. These results also
explain the reason why GSCs mutant for Stat92E using a strong loss-of-function allele
(Stat92E""*%) are lost at a more rapid rate (Tulina and Matunis, 2001) compared to /id mutant
GSCs (Fig. 3-1E).

To explore whether Stat92E acts downstream of Lid, we next examined whether
overexpression of a Stat92F cDNA is sufficient to rescue the /id mutant defects. We found that

driving a UAS-Stat92F transgene (Bach et al., 2003) using nos-Gal4 rescued both GSC loss (Fig.
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3-7D, 3-7F 3" vs. 2™ column) and premature differentiation phenotype of /id mutant testes: the
percentage of testes with spermatogonial cysts next to the hub decreased from 33% (n=52) in lid
mutant to 5% (n=40) in lid; nos>UAS-Stat testes. In addition to /id mutant testes, we tested
whether nos>UAS-Stat can rescue nos>lid shmiRNA phenotype in which Lid’s function is only
compromised in germ cells. We found that nos>UAS-Stat rescued GSC loss in /id knockdown
testes (Fig. 3-7E, 3-7F 6™ vs. 5" column). As a control for both experiments, we drove UAS-
Stat92E expression using the same nos-Gal4 at a wt background and did not observe an increase
in GSC number. This result is consistent with the previous report that increasing Stat92E level in
the germline does not lead to any ectopic phenotype (Fig. 3-7F last column) (Leatherman and
Dinardo, 2008). In summary, these results demonstrate that Stat92E acts downstream of Lid in
maintaining GSC self-renewal and preventing their premature differentiation.

Based on our data on Lid’s function, we hypothesize that Lid is required for normal
expression of Stat92E, which is required for GSC maintenance. Then loss of Stat92F in the
germline should phenocopy the /id mutant phenotype. To test this hypothesis more directly, we
compromised Stat92E expression by driving a UAS-Stat92FE shmiRNA exclusively in early germ
cells using the same nos-Gal4 driver. We found that knockdown of Stat92FE specifically in the
germline led to similar phenotype of /id mutant testes in which differentiated spermatogonial
cysts directly contact the hub cells in 48% of testes (n=33, Fig. 3-7H, arrow). By contrast, only
spectrosome-containing GSCs are located next to the hub in all nos-Gal4 control testes (n=30,
Fig. 3-7G, arrow). The premature differentiation phenotype is more penetrant in UAS-Stat92FE
shmiRNA testes (48%) compared to /id mutant testes (33%), consistent with the partial loss of

Stat92F phenotype in /id mutant testes as discussed previously. Taken together, these results
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suggest that both Lid and Stat92E are required cell autonomously in GSCs to prevent them from
undergoing premature differentiation.

A previous study has reported that Stat92E regulates adhesion of GSCs to the hub by
maintaining DE-Cadherin levels (Leatherman and Dinardo, 2010). The increased detachment of
GSCs in /id testes (Fig. 3-1C, arrow) could be due to decreased DE-Cadherin because of
decreased Stat92E (Fig. 3-6). However, in addition to rescuing GSC number, the mitotic index of
GSCs in lid; nos>UAS-Stat testes was also restored to the level in wt testes (Fig. 3-71),
suggesting a role for Stat92E in GSC self-renewal. Therefore our results support a cell-
autonomous role for Stat92E in maintaining GSC self-renewal, consistent with two earlier
publications (Kiger et al., 2001; Tulina and Matunis, 2001). The argument that germline Stat92E
is only required for GSC adhesion to the hub cells (Leatherman and Dinardo, 2010) was based
on an experimental design in which Stat92FE is expressed solely in somatic gonadal cells of
Stat92E"” mutants at a restrictive condition. Using this strategy, the authors observed that CySCs
displaced GSCs at the hub but Stat92E mutant germ cells could be maintained in 89% of the
testes eight days after inactivating Stat92F by temperature shift. However, there are two caveats
in the interpretation of these results: first, Stat92FE depletion was carried out using a Stas” allele
and it is very likely that some residual Stat92E activity in the germ cells support their
maintenance. Another evidence that Stat” is insufficient to deplete all Stat92E at restrictive
temperature was that CySCs were retained but did not differentiate in nos> Stat92E; Stat92E"
testes. Second, in Tj> Stat92E; Stat92E" testes, Stat92E activity could be up-regulated in CySCs
which led them to outcompete GSCs from the niche, consistent with the phenotypes reported for
the JAK-STAT repressor Socs36E mutant (Issigonis et al., 2009) and the Socs36E positive

regulator the JUTX mutant (Tarayrah et al., 2013).
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Since Lid is a demethylase that erases the H3K4me3 active histone modification, it is
likely that Lid acts as a transcriptional repressor (Secombe and Eisenman, 2007). Then a JAK-
STAT pathway negative regulator could be repressed by Lid which would lead to decreased
Stat92E level when Lid function is compromised. To test this, we investigated genetic
interactions between Lid and protein tyrosine phosphatase (Ptp61F), a negative regulator of the
JAK-STAT pathway (Baeg et al., 2005) . Ptp61F is a tyrosine phosphatase that targets Stat92E
and potentially Hop to inhibit their activity (Baeg et al., 2005). We found that removing one

FP3%) was sufficient to suppress the GSC

copy of Ptp61F using a loss-of function allele (Ptp61
loss phenotype in /id testes (Fig. 3-8A-B). Furthermore, when we drove UAS-Ptp61F shmiRNA
using the nos-Gal4 driver, we observed suppression of the GSC loss phenotype in nos>lid
shmiRNA testes (Fig. 3-8C-D). As a control, the UAS-Ptp61F shmiRNA driven by the nos-Gal4
did not lead to any significant change of GSC number (Fig. 3-84D), consistent with the previous
observation that overexpression of Stat92E in germline does not lead to any ectopic phenotype

(Fig.3-7F, last column). Therefore in both /id mutant and germ cell-specific /id knockdown

testes, Ptp61F acts antagonistically with Lid in maintaining GSCs.

In this study, we report an important cell autonomous function of H3K4me3-specific
histone demethylase Lid in male GSC maintenance in Drosophila, which is different from the
H3K27me3-specific histone demethylase dUTX reported to have a non-cell autonomous role by
our lab (Tarayrah et al., 2013). While both demethylases are required to regulate stem cell
activities, Lid mainly regulates GSC while dUTX regulates CySC activities at the niche.
Interestingly, both Lid and dUTX maintain the activities of their target stem cell population by

regulating the JAK-STAT pathway. However, while dUTX controls the transcription of
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Socs36E, an inhibitor of JAK-STAT in CySCs, Lid likely targets another JAK-STAT inhibitor
Ptp61F in the germline. In summary, our results emphasize the importance of studying chromatin
regulators’ functions in vivo in the context of cell-cell communication, because their activities

connect cell intrinsic mechanisms such as transcription with extrinsic signaling.

MATERIALS AND METHODS

Fly Stocks

Flies were raised on standard yeast/molasses medium at 25°C. The following stocks were used:
lid""*** (Bloomington Stock Center, BL-12367), lidk06801(Bloomington Stock Center, BL-10403),
w!lis, Df(2L) BSC184 (Bloomington Stock Center, BL-9612), lid""%*"! FRT404 (Bloomington
Stock Center, BL-111088), UAS-lid shmiRNA (Valium 10, TRiP.HM05155 from Bloomington
Stock Center, BL-28944), UAS-lid shmiRNA (Valium 22, TRiP.GL00612 from Bloomington
Stock Center, BL-36652), upd-Gal4 (from D. Harrison, University of Kentucky, Lexington, KY,
USA), nanos-Gal4 (from M. Van Doren, Johns Hopkins University, Baltimore, MD, USA),
c587- Gal4 (from A. Spradling, Carnegie Institution Department of Embryology, Baltimore,
MD, USA), y,w; Ubi-GFP, Ubi-GFP, FRT40A4 (Bloomington Stock Center, BL-5189), As-
FLP'# (Bloomington Stock Center, BL- 33216), w; FRT40A4 (Bloomington Stock Center, BL-
5756), w;; Bam-GFP (from D. McKearin, University of Texas Southwestern Medical Center,
Dallas, TX, USA), UAS-/lid (from J. Secombe, Albert Einstein College of Medicine, Bronx, NY,
USA) [refer to Materials and Methods in (Li et al., 2010b; Secombe et al., 2007)], Star92E"**
(from N. Perrimon, Harvard Medical School, Boston, MA, USA), UAS-Stat92E (from E. Bach,
New York University School of Medicine, New York, NY, USA), UAS-Stat shmiRNA (Valium

20, TRiP.HMSO00035 from Bloomington Stock Center, BL-3367), UAS- Ptp61F shmiRNA
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(Valium 20, TRiP.HMS00421 from Bloomington Stock Center, BL-32426), Pip61F">*
(Bloomington Stock Center, BL-17698), and Act5C<stop<Gal4, UAS-GFP (from J. Secombe,

Albert Einstein College of Medicine, Bronx, NY, USA).

Clonal Induction
1id"%*"" clones were generated using the FLP/FRT recombination system. The flies used had the
following genotypes: hs-FLP'?2; Ubi-GFP, Ubi-GFP, FRT404/ lid""*"' FRT404 or hs-FLP122;
Ubi-GFP, Ubi-GFP, FRT40A/ FRT40A. The clones were induced by heat shocking pupae on
days eight and nine for two hours at 37°C. After the second heat shock, flies were placed at 25°C
and dissected and stained one, three and seven days after clone induction.

Overexpression clones were generated using the FLP/FRT recombination system. The flies used
had the following genotypes. hs-FLP122; Act5C<stop<Gal4, UAS-GFP; UAS-lid. The clones
were induced by heat shocking pupae on days eight and nine for two hours at 37°C. After the

second heat shock, flies were placed at 25°C and dissected and stained three days after clone

induction.

Immunofluorescence Staining

Testes were dissected in 1XPBS and fixed in 4% formaldehyde for 30 minutes. For
immunostaining, testes were incubated with primary antibodies overnight at 4 °C, followed by
washes in 1XPBST and incubation with secondary antibodies for two hours at RT. The following
primary antibodies were used: mouse anti-Armadillo [1:100; developed by Eric Wieschaus,
Princeton University, Princeton, NJ, USA, and obtained from Developmental Studies Hybridoma

Bank (DSHB)J; rat anti-Vasa (1:100; developed by Allan Spradling and Dianne Williams and

88



obtained from DSHB); rabbit anti-Vasa (1:100; Santa Cruz, sc-30210); chicken anti-GFP
(1:1000; Abcam, #13970); rabbit anti-Stat92E (1:800; from Denise Montell, Johns Hopkins
School of Medicine, Baltimore, MD, USA); rabbit anti-phospho-Histone H3 (Thr3) (1:200;
Millipore, #05-746R); mouse anti-a-spectrin (1:50; obtained from DSHB); mouse anti-y-tubulin
(1:100, Sigma, GTU-88); mouse anti-FaslII (1:50; obtained from DSHB, 7G10); rabbit
H3K4me3 (1:200; Cell Signaling, #9751S). Alexa 488, 568 and 633-conjugated Goat anti-
mouse, anti-rabbit, and anti-rat secondary antibodies were used (1:200; Molecular

Probes/Invitrogen).

Isolation of Total RNA and Quantitative Reverse Transcription Polymerase Chain
Reaction (QRT-PCR)

Total RNA was collected and isolated from wild-type (wt) and /id third instar larval testes using
TRIzol reagent (Invitrogen, #15596-018) according to the manufacturer’s instructions. The yield
and quality of the RNA was determined using a NanoDrop spectrometer (NanoDrop
Technology, San Diego, CA, USA). Reverse transcription was performed using the RevertAid
First Strand cDNA Synthesis Kit (Fermentas, #K1621). RNA Transcript levels were then
measured using SYBR Green PCR Master Mix (Fermentas, #K0221) and normalized by RpL32.
Sequences of primers used for qRT-PCR were as follows:
AAGGTGAGTGATTTGCTGTGCTGC (Stat92E-forward)
CAACAAGCGAGCATGAGAATGCCA (Stat92E-reverse)
CATGCTGCCCACCGGATTCAAGAAG (RpL32-forward)

CTCGTTCTCTTGAGAACGCAGGCGA (RpL32-reverse)
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Western Blotting

Testes were dissected in 1XPBS. Samples were homogenized in 25 pl 1XPBS containing
4XDualColor Protein Loading Buffer (Fermentas, #R1011), boiled and loaded onto a 4-20%
gradient SDS-PAGE gel (Novex, EC6065). Primary antibodies anti-H3K4me3 (1:1000; Cell

Signaling, #9751S) and anti-H3 (1:5000; Abcam, ab1791) were used.

Statistical Analysis

Statistical significance was calculated using two-tailed Student’s t-test or Fisher’s test. P-values

are indicated in figures or in figure legends. Error bars indicate s.d.
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Figure 3-1. Lid acts cell autonomously in the germline to maintain GSC number at the
niche. (A) Schematic of the Drosophila testis niche. CySCs, cyst stem cells; GSC, germline stem
cell. (B-C, F-G) Immunostaining using antibodies against Armadillo (Arm) (blue) and Vasa
(green) in wt (B), lid (C), nos-Gal4 (F), and nos-Gal4, UAS-lid shmiRNA (G) testes. Arrow
points to detached GSCs in /id (C) testes. Dots indicate GSCs which we identified as Vasa-

labelled cells in direct contact with the hub. Hub area is outlined (white dotted line). (D)
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Quantification of average GSC number: 9.7+1.6 in wt testes versus 6.03+1.4 in /id testes. (E)
Quantification of the percentage of testes with at least one GSC clone, one, three, and seven days
after clone induction by heat shock in wt and /id testes. (H) Quantification of average GSC
number in testes from males of the following genotypes: upd-Gal4 control (9.1+1.6); upd-Gal4,
UAS-lid shmiRNA (9.2+1.3); ¢587-Gal4 control (9.9+2); ¢587-Gal4; UAS-lid shmiRNA
(10.5£1.8); nos-Gal4 control (9.5+1.6); and nos-Gal4; UAS-lid shmiRNA (5.9£1.1). P-value

calculated using Student’s t-test. Error bars represent s.d. Scale bars: 10um.
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Figure 3-2. Lid acts as an H3K4me3 demethylase in the Drosophila testis. (A) Western

analysis using antibodies against H3K4m3e and H3 in wt versus /id testes. (B) Quantification of
relative H3K4me3 levels from the immunoblot in (A). (C-C”) Immunostaining using antibodies
against H3K4me3 (red) and GFP (green) in testis overexpressing lid (hs-Flp; Act5C-Gal4;UAS-
lid). Clones overexpressing the transgene are marked with GFP and outlined (white dotted line).

Scale bar: 10pum.
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Figure 3-3. Loss of /id in cyst cells or hub cells does not affect GSC number. (A-D)
Immunostaining using antibodies against Arm (blue) and Vasa (green) in ¢587-Gal4 control (A),
c587-Gal4; UAS-lid shmiRNA (B), upd-Gal4 control (C), and upd-Gal4,; UAS-lid shmiRNA (D).
Dots indicate GSCs which we identified as Vasa-labelled cells in direct contact with the hub.

Hub area is outlined (white dotted line). Scale bars: 10um. dots label GSCs

94



A Average hub area

400
p<0.01

300
Y
€200
3

0o .
wt (n=66) lid (n=97)

B Average hub area

300 p<0.01

250
e 200

£ 150 | l |
3100 ‘
0 | | | ,

upd upd>lid ¢587 c587>lid nos nos>lid
(n=15)shmiRNA (n=36) shmiRNA (n=27) shmiRNA
(n=31) (n=16) (n=66)

Figure 3-4. Lid acts in germ cells to maintain proper hub size. (A) Quantification of average
hub area in wt (113.9+28.2 um?) versus /id (231.5+84.2 pm?) testes. (B) Quantification of
average hub area in testes from males of the following genotypes: upd-Gal4 control (134+14
um?); upd-Gald; UAS-lid shmiRNA (123+17 pm?); ¢587-Gal4 control (125434 um?); ¢587-
Gald; UAS-lid shmiRNA (137+24 um?); nos-Gal4 control (120425 pm?); nos-Gal4, UAS-lid

shmiRNA (208+50 pm?). P-values calculated using Student’s r-test. Error bars represent s.d.
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Figure 3-5. Lid is required to maintain GSC self-renewal and prevent premature
differentiation. (A) Percentage of PH3 positive GSCs in wt (7.4%) versus /lid (2.7%) testes. P-

value calculated using Fisher’s test. (B-C) Immunostaining using antibodies against Vasa (red),
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Arm (green), and a-spectrin (green) in wt (B) and /id (C) testes. Arrow points to round
spectrosome in (B). 4-cell spermatogonia cyst at the hub is outlined (yellow dotted line) in (C).
Hub area is outlined (white dotted line). (D-E’) Immunostaining with antibodies against Vasa
(red), Arm (magenta), and Bam-GFP (green) in Bam-GFP (D-D’) and lid; Bam-GFP (E-E’)
testes. Arrows point to Bam-expressing GSCs in (E’). Hub area is outlined (white dotted line).

Scale bars: 10um.
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Figure 3-6. Lid acts in germ cells to maintain the proper level of the Stat92E transcription

factor. (A-B’, D-E’) Immunostaining with antibodies against Arm (blue) and Stat92E (red) in wt
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(A-A’), lid (B-B’), nos-Gal4 (D-D’), and nos-Gal4,; UAS-lid shmiRNA (E-E’) testes. Stat92E-
expressing cells are outlined (yellow dotted line) in (A-A’, D-D’). Arrow points to a Stat92E-
expressing gonialblast in (A). Hub area is outlined (white dotted line). Scale bars: 10um. (C)
Stat92E mRNA levels measured by qRT-PCR in three independent biological replicates,
normalized by RpL32. P-value calculated using Student’s #-test. Error bars represent s.d. The
Stat92E antibody may have a high detection threshold as it shows complete loss of Stat92E

immunostaining signal in /id mutant testes.
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Figure 3-7. Lid regulates Stat92E in GSCs to maintain their self-renewal and prevent their
premature differentiation. (A-E) Immunostaining using antibodies against Arm (blue) and
Vasa (green) in wt (A), lid (B), and lid; Stat92E/+ testes (C). Arrows point to spermatocytes. 8-

cell spermatogonia cyst is outlined (yellow dotted line) in (C). (D) lid, UAS-Stat92E; nos-Gal4
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with rescued GSC number. (E) nos-Gal4, UAS-lid shmiRNA/UAS-Stat92F testis with rescued
GSC number. Dots indicate GSCs which we identified as Vasa-labelled cells in direct contact
with the hub. Hub area is outlined (white dotted line). (F) Quantification of average GSC number
in testes from males of the following genotypes: wt (9.7£1.6); lid (6.03£1.4); lid, UAS-Stat92E;
nos-Gal4 (10.5£1.9); nos-Gal4 control (9.5+1.6); nos-Gal4, UAS-lid shmiRNA (5.9+1.1); nos-
Gal4; UAS-lid shmiRNA/UAS-Stat92E (10+1.1); and nos-Gal4; UAS-Stat92E (7.3+£0.9). P-values
calculated using Student’s t-test. Error bars represent s.d. (G-H) Immunostaining with antibodies
against Vasa (red), FasllII (green), and a-spectrin (green) in nos-Gal4 (G) and nos-Gal4, UAS-
Stat shmiRNA (H) testes. Arrows point to round spectrosome in (G) and branched fusome in (H).
Scale bars: 10um. (I) Percentage of PH3 positive GSCs in wt (7.4%), lid (2.7%) and lid, UAS-

Stat92E; nos-Gal4 (6.8%) testes. P-value calculated using Fisher’s test.
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Figure 3-8. Ptp61F acts antagonistically with Lid to maintain GSC number. (A, C)
Immunostaining using antibodies against Arm (blue) and Vasa (green). Dots indicate GSCs
which we identified as Vasa-labelled cells in direct contact with the hub. Hub area is outlined
(white dotted line). (A) lid; Ptp61F/+ testes with rescued GSC number. (B) Quantification of
average GSC number in testes from males of the following genotypes: wt (9.7+1.6); lid
(6.03+1.4); lid; Ptp61F/+ (9.3+2.4). (C) nos-Gal4,; UAS-lid shmiRNA/UAS-Ptp61F shmiRNA
testes with rescued GSC number. (D) Quantification of average GSC number in testes from
males of the following genotypes: nos-Gal4 control (9.5+1.6); nos-Gal4; UAS-lid shmiRNA
(5.9+1.1); nos-Gal4; UAS-lid shmiRNA/UAS-Ptp61F shmiRNA (9.7£1.6); and nos-Gal4, UAS-
Ptp61F shmiRNA (9.6£2.1). P-values calculated using Student’s #-test. Error bars represent s.d.

Scale bars: 10um.
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Chapter 4

Investigating the role of histone demethylase dUTX in Drosophila male germ cell

differentiation
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INTRODUCTION

Polycomb Group (PcG) proteins have been implicated in maintaining the proliferative
state of stem cells by silencing terminal differentiation genes (Lessard and Sauvageau, 2003;
Molofsky et al., 2003; Park et al., 2003). They consist of two distinct but interacting protein
complexes, Polycomb Repressive Complex 1 (PRC1) and PRC2 (Schwartz and Pirrotta, 2007).
Enhancer of Zeste [E(z)], a member of PRC2, is a methyltransferase that generates the
H3K27me3 repressive mark in Drosophila (Cao et al., 2002; Czermin et al., 2002; Kuzmichev et
al., 2002; Muller et al., 2002). [In mammalian systems, PcG proteins repress lineage-specific
genes and removal of PcG is required for lineage commitment during differentiation in
embryonic stem cells (ESCs) (Surface et al., 2010).] In addition, hematopoietic and neural stem
cells have been reported to lose self-renewal capacity upon loss of mammalian PcG protein Bmil
(Lessard and Sauvageau, 2003; Molofsky et al., 2003; Park et al., 2003).

Recent research has identified a cohort of specific enzymes named “epigenetic writers” or
factors called “epigenetic readers” that generate or recognize particular histone modifications
respectively, prompting studies of their biological functions during normal development and
pathogenesis (Sarmento et al., 2004; Seligson et al., 2005). Among these newly identified
enzymes, histone demethylases form a novel group with important roles in epigenetic regulation
of gene expression (Klose et al., 2006; Schneider and Shilatifard, 2006; Shi, 2007). To date,
much of the knowledge about the epigenetic regulation of histone demethylases comes from
biochemical studies in vitro or in cell culture. In addition, little is known about the
developmental program that reverses PcG repression in stem/progenitor cells, which is a
prerequisite for normal differentiation and could potentially be used to treat cancers. Recent

studies have identified the H3K27me3 demethylase whose enzymatic function directly
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antagonizes PcG (Agger et al., 2007; De Santa et al., 2007; Klose et al., 2006; Lan et al., 2007,
Xiang et al., 2007). In mammalian epidermal stem cell lineage, it has been demonstrated that the
action of an H3K27me3 histone demethylase JMJD3 in reversing PcG-mediated epigenetic
silencing is required for keratinocyte differentiation (Sen et al., 2008). Mammalian species have
multiple genes encoding H3K27me3 demethylases. In contrast, the dUTX gene (Drosophila
homolog of the mammalian UTX gene) encodes the sole fly H3K27me3 demethylase (Klose et
al., 2006), thus greatly reduces complications that might result from gene redundancy. The
dUTX protein has enzymatic activity that specifically demethylates H3K27me3 and H3K27me2,
but not H3K27mel in vitro (Smith et al., 2008). In addition, dUTX physically associates with
RNA Polymerase II (Pol II) in vivo, suggesting its involvement in transcriptional activation
(Smith et al., 2008).

Our previous work revealed another mechanism by which PcG-mediated repression is
counteracted by the developmental program: in Drosophila testis, we found that several tTAFs
allow robust transcription of differentiation genes by dissociating PRC1 components from their
promoter region, followed by relocation of PRC1 components to the nucleolus (Chen et al.,
2005). These studies highlight the importance of subnuclear localization of transcription
regulators, providing another layer to the epigenetic regulation of gene expression in eukaryotic
cells.

In this study we will investigate the cross-talk between these two mechanisms by
studying the genetic interactions and biochemical associations between dUTX and tTAFs, which
colocalize and potentially cooperate to antagonize PcG function in differentiating germ cells. In
various stem cell lineages, reversal of PcG mediated repression may be a prerequisite to robustly

turn on terminal differentiation genes (Buszczak and Spradling, 2006; Chen, 2008). Increased
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PcG activity is associated with increased occurrences of cancers in humans (Bracken et al., 2003;
Kleer et al., 2003; Varambally et al., 2002), while UTX has been reported to function as a
tumour suppressor (van Haaften et al., 2009). Understanding the molecular mechanisms that
antagonize PcG in an endogenous stem cell lineage may facilitate the design of therapeutic
reagents to induce cancer cells (e.g. leukemic cells) to differentiate rather than unceasingly
proliferate (Valk-Lingbeek et al., 2004).

In addition to the powerful in vivo adult stem cell system, we will employ state-of-the-art
technologies to test these novel hypotheses. The strategies we propose here combine our
expertise in fly molecular genetics with several innovative methods we have developed in our
lab: (1) The ChIP-seq (chromatin immunoprecipitation followed by high-throughput sequencing)
technique has been demonstrated to be a highly sensitive method for detecting binding sites of
chromatin-associated proteins at a genome-wide coverage (reviewed in (Barski and Zhao, 2009;
Schones and Zhao, 2008)). We have optimized the ChIP-seq assay using dissected testes (Gan et
al., 2010b), in order to study the endogenous chromatin status; (2) a major concern in
interpreting ChIP data is the impurity of the starting material, as found with intact tissue. We
have therefore developed a protocol to isolate pure germ cells at specific stages, which will
further enhance the resolution of our ChIP assays (Tran et. al., unpublished); (3) we have also
developed a transcriptome assay using isolated single germ cell cysts, which allows us to directly
compare transcriptional profiles of germ cells at distinct differentiation stages (Lim et. al., in
preparation). These approaches will also be useful for investigators to study other systems, such
as mammalian ESCs and adult stem cell lineages, to thoroughly understand the molecular
features of stem cells and their derivatives by obtaining high-resolution molecular snapshots of

their epigenomes and transcriptomes.
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Stem cells have the remarkable ability to undergo asymmetric mitotic divisions that
produce two distinct daughter cells. One daughter maintains the stem cell properties and
regenerative potency while the other differentiates to replenish specialized cell types. The ability
of adult stem cell derivatives to divide and differentiate to replace damaged tissues provides the
body with an internal repair system. However, the molecular mechanisms that ensure a stem cell
derivative properly differentiates are not well understood. Decoding the molecular mechanisms
governing stem cell maintenance and differentiation holds great promise for developing stem
cell-based therapies to treat diseases such as cancers and tissue dystrophy.

Drosophila male spermatogenesis has been shown to be a paradigmatic system to
investigate the mechanisms responsible for the proliferation and maintenance of germline stem
cells (GSCs) under their physiological condition (Brawley and Matunis, 2004; Kiger et al., 2001;
Tulina and Matunis, 2001; Yamashita et al., 2003; Yamashita et al., 2007). Male GSCs attach to
a cluster of somatic cells, called the hub, located at the tip of the testis. Hub cells contribute to a
stem cell niche that provides a microenvironment that is necessary to preserve GSC identity. A
male GSC divides asymmetrically to give rise to two daughter cells. One daughter cell retains
stem cell identity while the other one gives rise to a gonialblast. Gonialblasts then enter a transit
amplifying stage in which they undergo exactly four rounds of mitotic division as
spermatogonial cells. Genes required for spermatid differentiation are silenced at the
spermatogonial stage. After the fourth round of mitosis, the spermatogonia cells exit mitosis and
enter early spermatocyte stage. Early spermatocytes remain at an elongated G2 phase of meiosis
I, during which they grow 25 times in volume and mature into late spermatocytes. During this
maturation spermatocytes initiate a robust transcription program. After exiting the spermatocyte

stage germ cells undergo meiotic divisions and eventually differentiate into sperm. Defects in the
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spermatogonia-to-spermatocyte transition or in the early-to-late spermatocyte maturation may
lead to spermatogenesis defects and thus must be regulated precisely.

Epigenetic mechanisms play important roles in development by altering chromatin state
of genes without altering their primary DNA sequences. Specifically, the active H3K4me3 and
repressive H3K27me3 histone modifications have been suggested to mark developmental genes
for either activation or repression during ESCs differentiation (Bernstein et al., 2006). [While
H3K4me3 is laid down by the Trithorax group (TrxG) proteins and is associated with gene
activation (Byrd and Shearn, 2003; Maines and Wasserman, 1999), H3K27me3 is generated by
PcG proteins and has been shown to associate with gene silencing.]

Recent studies demonstrate that dUTX encodes the sole fly homolog of mammalian UTX
(Smith et al., 2008). The UTX protein is conserved from worm to human with a highly
homologous catalytic Jumonji C (JmjC) domain (Klose et al., 2006). The human UTX has been
shown to specifically demethylate H3K27me3 (Smith et al., 2008). Mutations in the
Caenorhabditis elegans homolog of UTX were shown to lead to abnormal gonad development
(Agger et al., 2007). In addition, a high resolution transcriptome assay performed in our lab
showed that the dUTX transcript is highly up-regulated in spermatocytes compared to
spermatogonia, suggesting more requirement of dUTX in spermatocytes. Moreover, mammalian
UTX associates with the H3K4me3 histone methyltransferase MLL2 (Issaeva et al., 2007), a
homolog of Drosophila TrxG, suggesting that the connection between dUTX and TrxG, through
tTAFs in my hypothesis, is conserved in mammals. I propose to study the hypothesis that tTAFs
recruit dUTX to differentiation genes promoters to actively remove H3K27me3 to reverse PcG
repression. In addition, through dUTX demethylase activity, it is required for differentiation gene

expression and spermatocyte maturation.
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In Drosophila, a PRC2 component, E(z), is a methyltransferase and is responsible for
initiating PcG-mediated gene silencing (Cao et al., 2002). PRC1, also referred to as the
maintenance complex, is involved in maintaining PcG target genes at a silent state. PRC1
component Polycomb (Pc) recognizes the H3K27me3 mark and interacts with PRC2 to repress
transcription either by making the chromatin more compact (Francis et al., 2004), or by
interfering with the transcription initiation (Dellino et al., 2004; Wang et al., 2004) or elongation
(Stock et al., 2007).

We have found that the level of H3K27me3 at several differentiation gene promoters is
significantly reduced upon the switch from spermatogonia to spermatocytes (Chen et al., 2011a).
We have also shown that PRC2 expression is high in undifferentiated cells, including GSCs,
gonialblasts and spermatogonia, but is abruptly downregulated in spermatocytes (Fig. 4-1A). At
the same time, transition to spermatocytes is accompanied by turning on the tTAFs (Fig. 4-1A).
Five tTAF genes have been characterized in Drosophila - cannonball (can, tTAFS5), meiosis I
arrest (mia, tTAF6), spermatocyte arrest (sa, tTAF8), no hitter (nht, tTAF4) and ryan express
(rye, tTAF12). In males mutant for any of these five tTAF genes, spermatid differentiation is
blocked and the testes are filled up with immature early spermatocytes (Hiller et al., 2004; Hiller
etal., 2001; Lin et al., 1996). In a previous study by Chen et. al. (Chen et al., 2005), tTAFs were
shown to co-localize with several PRC1 components in the same sub-nucleolar compartment
specifically in spermatocytes. The nucleolar localization of Pc coincides with tTAF expression
and is dependent on wild-type function of tTAF. Furthermore, ChIP analysis revealed that Sa
(tTAF8) is enriched at the promoters of several terminal differentiation genes, where it reduces
Pc binding. Also, Sa enrichment on differentiation genes was concomitant with an increase of

H3K4me3 at the promoters of these genes (Chen et al., 2005). These results suggest that tTAFs
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might sequester PRCI1 to the nucleolus and recruit or activate TrxG proteins to counteract PcG-
regulated repression and turn on terminal differentiation genes.

In this study, I present evidence to support the hypothesis that histone demethylase dUTX
cooperates with cell-type-specific transcriptional regulators to reverse PcG-mediated repression
to allow for proper differentiation. I propose to study this mechanism both at the molecular level
by identifying their target genes and at the cellular level by revealing how subnuclear
localization contributes to such a regulation. Results from my study will be helpful in designing

therapeutic strategies against cancers and in using stem cells for regenerative medicine.

RESULTS
dUTX acts as a PcG antagonist

To test whether dUTX antagonizes E(z) function via its demethylase activity, I performed
fluorescence immunostaining using the specific H3K27me3 antibody (specificity was shown in
(Chen et al., 2011a)) in dUTX loss- and gain-of-function conditions. To study whether dUTX
loss-of-function mutation affects H3K27me3 levels in germ cells, I obtained a null allele of
dUTX (dUTX") (Smith et al., 2008). The dUTX"/Df hemizygous flies are adult lethal and survive
up to the early pupal stage. Due to adult lethality of the JUTX’ mutant flies, comprehensive
analysis of the mutant phenotype in adulthood requires the FLP/ FRT recombination system. In
this system the FLP recombinase induces recombination between two FRT sites proximal to
centromere. Distal to the FRT sites are either a lethal mutation or a cellular marker. Therefore
recombination between the two FRT sites during mitosis can generate clones homozygous for
the mutation in an otherwise heterozygous animal. Homozygous clones can be identified by the

absence of the marker such as GFP or LacZ. Using this experimental design I have generated
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dUTX mutant germ cell clones and found that a dUTX-specific antibody raised against the N-
terminal 153 residues has greatly reduced immunostaining signal (Fig. 4-2A-A"’). The reduction
of the anti-dUTX staining in JUTX’ clones is likely due to nonsense-mediated mRNA decay and
therefore further supports that JUTX? is a null allele (Herz et al., 2010). I then stained the d urx’
mutant germline clones using anti- H3K27me3 and found a significant increase of H3K27me3
staining (in GFP-negative cells) compared to the wild-type neighboring cells (GFP-positive)
(Fig. 4-2B-B”), consistent with the activity of dUTX as an H3K27me3 demethylase (Herz et al.,
2010).

In addition to the loss-of-function studies, I tested whether overexpressing dUTX is
sufficient to erase the H3K27me3 mark. I obtained a fly line carrying a UAS-dUTX construct. I
used the Gal4/UAS binary system to overexpress dUTX in a subset of germ cells in testes. Cells
overexpressing dUTX are positively labeled with a marker such as GFP, which have a reduction
of H3K27me3 immunostaining signal (Fig. 4-3A’-A”). Furthermore, to investigate whether the
JmjC domain is required for the demethylase activity of dUTX, I obtained another line with a
UAS-dUTX"™ transgene in which the JjmC domain is inactivated. Indeed, overexpression of
dUTX"™ had no effect on H3K27me3 staining (Fig. 4-3B-B”) demonstrating that the

demethylase activity of dUTX in germ cells is dependent on the JmjC domain.

dUTX localizes to the nucleolus of spermatocytes in a manner dependent on tTAF function
To determine the pattern of dUTX localization we carried out an in situ hybridization

experiment to detect dUTX RNA in the cells of the testis. Our results showed that the dUTX

transcript is highly up-regulated in late spermatogonia/ early spermatocytes compared to the tip

of the testis, suggesting a requirement for dUTX in spermatocytes (Fig. 4-4A-B).
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To investigate the hypothesis that dUTX interacts with tTAFs to counteract PcG function,
I studied the immunostaining profiles of Sa and dUTX in wild-type testes. I found that dUTX is
localized to the nuclei in all stages of germ cells but becomes concentrated in the nucleolus only
in spermatocytes (Fig. 4-5A-A”’). In addition, dUTX is localized to the same sub-nucleolar
compartment with Sa (Fig. 4-5A-A” insets). Recruitment of dUTX to the nucleolus coincides
with the onset of Sa expression (Fig. 4-5B). The nucleolar localization of dUTX depends on
wild-type tTAF activity because dUTX is found in nucleoplasm but not in nucleolus of can
mutant spermatocytes (Fig. 4-5C-C’). Loss of nucleolar localization of dUTX in the can mutant
spermatocytes is not caused by nucleolar loss. Fibrillarin, a marker of a fibrillar sub-
compartment within the nucleolus, appears normal in can mutant spermatocytes (Fig. 4-6A-A’).
Although the nucleolar localization of dUTX is dependent on tTAF function, the nucleolar
localization of Sa is normal in the JUTX mutant spermatocytes (Fig. 4-6B-B”). These results

suggest that tTAFs function upstream of dUTX for its proper sub-nuclear localization.

dUTX loss-of-function causes germ cell differentiation defects

To examine whether mutations in dUTX cause germ cell differentiation defects and
whether dUTX mutant phenotype resembles tT4F mutant, I isolated testes from dUTX"/Df 31
instar larval males and found that they are significantly smaller than the control testes at the same
developmental stage (Fig. 4-7A-B). I also found that the size of the spermatogonial zone appears
to be unchanged in dUTX’ mutant testes; however, there is a significant decrease in the
spermatocyte zone, leading to the overall smaller testis size (Fig. 4-7A-B). Using fluorescence
immunostaining with anti-Caspase 3 antibody, I further determined that the smaller size of the

mutant testes is not due to increased apoptosis. Therefore, the decreased spermatocyte zone in
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dUTX mutant testes is likely due to failure of early spermatocytes to mature and differentiate into
late spermatocytes. Indeed when I counted the number of spermatocytes in JUTX’ mutant versus
wild-type testes, the average number of spermatocytes in the JUTX’ mutant testes (112+25) did
not differ significantly from the wild-type control (119422). Furthermore, dUTX mutant
spermatocytes are much smaller than their wild-type counterparts (Fig. 4-7C-D), consistent with
a critical role for dUTX in spermatocyte maturation. In addition to analyzing testes from the
mutant males, [ analyzed dUTX’ mutant spermatocyte clones in mosaic testes. Since the
FLP/FRT clonal induction depends on mitosis and spermatocytes are post-mitotic, all late
spermatocyte clones must come from mitotic spermatogonial clones. Interestingly I found that
while the number of early spermatocyte clones does not differ between dUTX mutant and wild-
type control, the number of late spermatocyte clones significantly decreased in the mutant (Fig.
4-7E-F), supporting a role of dUTX in the maturation of early to late spermatocytes.

To probe for a potential genetic interaction between tTAFs and dUTX, I used the
FLP/FRT system to generate dUTX mutant clones at a genetic background heterozygous for can
(tTAFS5). Our preliminary results indicate that two weeks after heat shock the number of late
spermatocyte clones is further reduced compared to dUTX late spermatocyte clones at a wt
background (data not shown), which suggests that tTAF mutation enhances dUTX mutant
phenotype. To determine if dUTX and tTAFs regulate similar target genes we used qRT-PCR to
measure the transcription level of known tTAF target genes mst87F, don juan (dj) and fuzzy
onion (fzo), which are silent in spermatogonia and first transcribed in spermatocytes. We find
that these differentiation genes were detectable in dUTX or tTAF single-mutant testis, although
at a level lower than in wt (data not shown) further supporting a genetic interaction between

dUTX and the tTAFs.

112



DISCUSSION

Based on the preliminary data, we propose a model how dUTX counteracts PcG activity
in spermatocytes: (1) In the nucleolus, dUTX and tTAF sequester PRCI1 to prevent it from
repressing differentiation genes; (2) At the chromatin level, tTAF recruits dUTX to demethylate
H3K27me3 and activate transcription of differentiation genes. We will further investigate this

model using molecular, genetic, and biochemical approaches.

Investigate potential cooperation of dUTX with tTAF in counteracting PcG activity

Previous studies showed that the tTAF proteins counteract PcG activity by (1) converting
the H3K27me3-enriched chromatin state of differentiation genes to H3K4me3-enriched, and (2)
displacing PRCI1 to the nucleoli of spermatocytes (Chen et al., 2005). I hypothesize that dUTX
associates with the tTAFs to counteract PcG activity. In order to test the potential cooperation of
dUTX with tTAFs in spermatocytes, we will first investigate genetic interactions between dUTX
and tTAF genes in more detail. I will generate the dUTX, tTAF double-mutant strain and measure
the transcript level of several differentiation genes, such as the known tTAF direct target genes,
mst87F, don juan (dj) and fuzzy onion (fzo), which are silent in spermatogonia and first
transcribed in spermatocytes. We will compare the transcriptional level of these genes in dUTX;
tTAF testis to that in the dUTX or tTAF single-mutant testis, using quantitative RT-PCR. These
differentiation genes were detectable in dUTX or tTAF single-mutant testis, although at a level
much lower than in wild-type, based on our preliminary data and previous studies (Gan et al.;
Hiller et al., 2001; White-Cooper et al., 1998). If the dUTX; tTAF double mutant reduces

differentiation gene expression to the same extent as the t74F single mutant, it will support the
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hypothesis that dUTX is recruited by tTAF to demethylate H3K27me3 at differentiation genes
for their robust transcription.

The co-localization of dUTX and Sa in spermatocytes suggests that, in addition to the
tTAFs, dUTX might be involved in sequestering PRC1 to the nucleolus to counteract PcG
repression in spermatocytes. To test whether the nucleolar localization of Pc in spermatocytes
depends on dUTX function, we are generating a strain that has the Pc-GFP transgene (Dietzel et
al., 1999) at the d UTX /Df background, we will isolate larval testes from males of this strain to
determine whether dUTX mutation affects Pc localization. Furthermore, the co-localization of
dUTX, tTAFs and PRCI to the same nucleolar compartment suggests that these proteins may
physically interact with each other. To probe for the nature of the tTAF-associated protein
complex(es) in spermatocytes, we have made transgenes encoding epitope-tagged versions of
two different tTAFs: 3HA-sa and 6myc-can (Hiller et al., 2004). Both transgenes are expressed
from their endogenous promoters and are fully functional in vivo (Chen et al., 2005). We will use
commercially available antibodies against the epitope tags (HA or MYC) to immunoprecipitate
tTAF-containing protein complexes from testes extracts, prepared using a published approach
(Beall et al., 2007). We will then probe the precipitates with available anti-dUTX and anti-PRC1
(e.g. anti-Pc, anti-Ph and anti-dRing (Chen et al., 2005; Saurin et al., 2001)) antibodies to
investigate whether the tTAFs, dUTX and PRC1 components associate with each other in vivo.

As an alternative approach to probe for physical interaction, we can utilize a highly
specific GFP antibody (Heiman et al., 2008) to pull down Pc-GFP fusion protein from testes
extracts and probe the immunoprecipitates with anti-dUTX and anti-Sa antibodies instead. We
have had experience in performing protein immunoprecipitation experiments using Drosophila

tissue (Chen et al., 2002).
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Examine whether and how loss-of-function of dUTX causes germ cell differentiation defects
Results from the transcriptome assay developed in our lab and our immunostaining data
demonstrate that both dUTX and PcG are ubiquitously expressed. However, demethylation of
differentiation genes such as mst87F, dj and fzo occurs only upon transition from spermatogonia
to spermatocytes, which suggests a dependence of this demethylation on tTAF function. If dUTX
and tTAFs cooperatively antagonize PcG activity that sets up the chromatin landscape in
undifferentiated cells, we hypothesize that the majority of dUTX and tTAF direct target genes
will be genes that are H3K27me3-enriched in spermatogonia and H3K27me3-deprived in
spermatocytes. As an initial effort, we have performed the following experiments and obtained
very promising results: (1) we developed a sensitive technique to isolate wild-type and tTAF
mutant spermatocyte cysts and profiled their transcriptomes using RNA-seq technology (Lim et
al., in preparation). Comparison of these two transcriptomes identified all genes that depend on
tTAF for robust transcription, including both tTAF-direct and indirect targets. (2) We analyzed
H3K27me3 association with individual genes in purified wild-type spermatocytes using ChIP-
seq assay (Tran V., unpublished). We then compared it with the published H3K27me3 ChIP-seq
data using spermatogonia-enriched bag-of-marbles (bam) testes (Gan et al.). We found that
approximately 400 genes that are enriched with H3K27me3 in ham testes become demethylated
in spermatocytes. Interestingly, when we compared the H3K27me3 demethylated gene with the
tTAF target genes, we found a significant overlap, including all known tTAF direct target genes,
such as mst87F, dj, and fzo (Chen et al., 2005).. These data strongly suggest that the demethylase
activity of dUTX cooperates with tTAF in turning on differentiation gene expression to ensure

proper spermatocyte maturation.
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The tTAF mutant spermatocytes have unique chromatin morphology, differentiation
marker expression pattern, as well as PRC1 localization, distinguishable from wild-type
spermatocytes (Chen et al., 2005; Hiller et al., 2004; Hiller et al., 2001; Lin et al., 1996). We will
use the dUTX' FRT40A strain to generate marked mitotic clones in adult testis. Studying the
effects of dUTX loss in this context provides me with an internal control. Using this setup We
will perform immunostaining experiments using antibodies that recognize various differentiation
markers, such as components of a testis-specific meiotic arrest complex (tMAC) (Beall et al.,
2007; White-Cooper et al., 1998), as well as meiotic cell cycle regulator Boule (Maines and
Wasserman, 1999). I will compare the data with the neighbouring wild-type spermatocytes, as
well as with spermatocytes from (74 F mutant testes.

If indeed we find that dUTX germ cells have differentiation defects at the spermatocyte
stage, as our preliminary data suggest, we will further test whether it is due to the enzymatic
activity of dUTX. We will express the dUTX"™ cDNA with a spermatocyte-specific sa
promoter (Chen X., unpublished) and investigate whether it fails to rescue such defects. As a

control, we will express wild-type dUTX with the same promoter to test whether it is sufficient to

rescue. If the rescuing result is negative using dUTX”"

“ but positive using dUTX, it will suggest
that the requirement of dUTX in germ cell differentiation is dependent on its demethylase
activity and is specific in spermatocytes.

In summary, the proposed experiments will uncover the molecular mechanisms that
actively antagonize PcG-mediated repression, which have not been studied extensively in any
other stem cell systems. Enhanced PcG activity has been associated with increased occurrence of

cancer in human (Bracken et al., 2003; Kleer et al., 2003; Varambally et al., 2002), while

mammalian UTX has been reported to function as a tumor suppressor (van Haaften et al., 2009).
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A better understanding of the in vivo function of dUTX will be very useful in targeting PcG and

using histone demethylase for cancer treatment.

MATERIALS AND METHODS

Fly Stocks

Flies were raised on standard yeast/molasses medium at 25°C. The following stocks were used:
dUTX' FRT40A (from A. Shilatifard), w'''®: Df(2L) BSC144 (Bloomington Stock Center, BL-
9504), y,w,; Ubi-GFP, Ubi-GFP, FRT40A (Bloomington Stock Center, BL-5189), hs-FIlp122
(Bloomington Stock Center), Arm-LacZ, FRT40A (Bloomington Stock Center, BL-7371), UAS-
dUTX and UAS-dUTX"™C were obtained from A. Shilatifard, refer to Materials and Methods in
(Herz et al., 2010), Act5C<stop<Gal4, UAS-GFP (from J. Secombe, Albert Einstein College of
2

Medicine, Bronx, NY, USA). The allelic combinations for t74F mutants used were: can’/can’

and sa'/sa’ as well as Sa-GFP flies (refer to (Chen et al., 2005)).

Clonal Induction

dUTX' clones were generated using the FLP/FRT recombination system. The flies used had the
following genotypes: hs-FLP122; Ubi-GFP, Ubi-GFP, FRT404/ dUTX' FRT404 or hs-FLP122;
Ubi-GFP, Ubi-GFP, FRT40A/ FRT40A4, hs-FLP122; Arm LacZ, FRT404/ dUTX' FRT40A or
hs-FLP122; Arm LacZ, FRT40A/ FRT40A. Overexpression clones were generated using the
FLP/FRT recombination system. The flies used had the following genotypes. hs-FLP122;
Act5C<stop<Gal4, UAS-GFP; UAS-dUTX or hs-FLP122; Act5C<stop<Gal4, UAS-GFP,; UAS-

dUTX™C. The clones were induced by heat shocking pupae on days 8 and 9 for 2 hrs at 37°C.
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After the second heat shock, flies were placed at 25°C and dissected and stained 3 days after

clone induction.

Immunofluorescence Staining

Immunofluorescence staining was performed following the procedure previously described in
(Cheng et al., 2008). The primary antibodies used were: mouse anti-fGal (1:5000, Promega,
Cat# Z3783); rabbit anti-dUTX (1:2000; from Ali Shilatifard, Stowers Institute for Medical
Research, Kansas City, MO, USA); rabbit anti-trimethyl-Histone H3 (Lys27) (1:200; Millipore,
Cat# 07-449); chicken anti-GFP (1:1000; Abcam, Cat# 13970); rabbit anti-Vasa (1:100; Santa
Cruz, sc-30210); mouse anti-Fibrillarin (straight, from P. Dimario and M. Pollard); guinea pig
anti-Sa (1:100); anti-E(z) (1:100); and rabbit anti-Caspase 3 (1:100; BD Biosciences, Cat #

610322).

In situ hybridization
In situ hybridization was carried out following the protocol described previously in (Schulz,
2007). The dUTX sense and antisense probes were generated from a DNA fragment

corresponding to bp 1628-2198 of the dUTX cDNA.

Isolation of Total RNA and Quantitative Reverse Transcription Polymerase Chain
Reaction (QRT-PCR)

Total RNA was isolated from wt, dUTX'/Df, and sa'/sa’ 3" instar larval testes using TRIzol
reagent (Invitrogen, Cat# 15596-018) according to the manufacturer's instructions. Yield and

quality of RNA were determined with a NanoDrop spectrometer (NanoDrop Technology, San
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Diego, CA). Reverse transcription was done using RevertAid First Strand cDNA Synthesis Kit
(Fermentas, Cat# K1621). Transcript levels were measured using SYBR Green PCR Master Mix
(Fermentas, Cat# K0221) and normalized to Rp/32. Sequences of primers used for qRT-PCR
were as follows:

CATGCTGCCCACCGGATTCAAGAAG (RpL32-forward)
CTCGTTCTCTTGAGAACGCAGGCGA (RpL32-reverse)
TCTTTATACTCAACAATCGATGG (fzo-forward)

TGTGACCATTTTGTAACTTTTGA (fzo-reverse)

ATGTCCTTGAGAACTTTAAGGAAG (dj-forward)

TTGCACTTTTTCTGCAACTTT (dj-reverse)

CACGAATATTAGATGAATACGAGG (mst87F-forward)

ATATACCTGTGCGTAACCAGATT (mst87F-reverse)
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FIGURES

Figure 4-1. Down-regulation of PRC2 [E(z)] right before onset of tTAF (Sa) expression. (A-

A”) Apical region of the wild-type testis: (A) anti-E(z) (red); (A’) Sa-GFP (green); (A”’) merge.
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Figure 4-2. dUTX is a specific H3K27me3 demethylase. (A-A”) Testis with dUTX clones.
Anti-LacZ (green), anti-dUTX (red): dUTX protein is highly reduced in dUTX mutant clones.
(B-B”) Testis with dUTX clones. Anti-nGFP (green), anti-H3K27me3 (red): dUTX mutant clones

have increased H3K27me3 staining. dUTX clones marked with white dotted line.

Figure 4-3. dUTX JmjC domain is required for H3K27me3 demethylation. Overexpression
of UAS-dUTX but not UAS-dUTX"™“ causes reduction of H3K27me3 staining. Anti-GFP
(green), anti-H3K27me3 (red). (A-A”) Testis expressing UAS-dUTX. (B-B”) Testis expressing

UAS-dUTX"™C. Overexpression clones marked with white dotted line.
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Figure 4-4. dUTX RNA is enriched in late spermatogonia and spermatocytes. (A-B) In situ
hybridization with dUTX probe. Sense probe (A) and antisense probe (B) show enrichment of

dUTX RNA in the late spermatogonia and spermatocyte regions.

Figure 4-5. dUTX localizes to the nucleolus in spermatocytes, coincident with tTAF

expression and dependent on tTAF function. (A-A”, insets) dUTX co-localizes to the same
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nucleolar compartment that contains Sa in wild-type testis. Anti-dUTX (green), anti-Sa (red).
Arrows point to two early spermatocytes shown in (B). (B) To the right of dotted line: wild-type
spermatocytes with tTAF expression, anti-dUTX (green). (C-C”) dUTX loses nucleolar

localization in can mutant testis, Sa-GFP (green), anti-dUTX (red).

Figure 4-6. Loss of can does not affect nucleolar structure. Loss of dUTX does not affect Sa
localization. (A-A’) can mutant testis stained with Dapi (A) and anti-Fibrillarin (A’) has normal
nucleolar structure. (B-B”) Testis containing dUTX clones stained with anti-Sa (green) and LacZ

(red). dUTX clones marked with white dotted line and have normally localized Sa.
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Figure 4-7. dUTX loss-of-function causes germ cell differentiation defects. (A-B) dUTX
mutant testes (B) display a significant reduction in size compared to wild-type testes (A). Dapi
(Blue), red line marks spermatogonial region recognized by a condensed Dapi signal. (C-D)
dUTX is required for early-to-late spermatocyte maturation. Most mature spermatocyte outlined
in red is smaller in dUTX testis (D) compared to wild-type (C). (E-F) Quantification of the
number of wild-type and dUTX early spermatocyte clones (E) and late spermatocyte clones (F)

per testis one, two and four weeks after clone induction.
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