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Abstract

Background 
Maintenance of the Drosophila male germline stem cells (GSCs) requires activation of 
the Janus Kinase/Signal Transducer and Activators of Transcription (JAK/STAT) 
pathway by niche signals.  The precise role of JAK/STAT signaling in GSC 
maintenance, however, remains incompletely understood.  

Results
Here, we show that, GSC maintenance requires both canonical and non-canonical 
JAK/STAT signaling, in which unphosphorylated STAT (uSTAT) maintains 
heterochromatin stability by binding to Heterochromatin Protein 1 (HP1).  We found 
that GSC-specific overexpressing STAT, or even the transcriptionally inactive mutant 
STAT, increases GSC number and partially rescues the GSC-loss mutant phenotype 
due to reduced JAK activity.  Furthermore, we found that both HP1 and STAT are 
transcriptional targets of the canonical JAK/STAT pathway in GSCs, and that GSCs 
exhibit higher heterochromatin content.  

Conclusion
These results suggest that persistent JAK/STAT activation by niche signals leads to 
the accumulation of HP1 and uSTAT in GSCs, which promote heterochromatin 
formation important for maintaining GSC identity.  Thus, the maintenance of 
Drosophila GSCs requires both canonical and noncanonical STAT functions within 
GSCs for heterochromatin regulation.

Introduction
The male reproductive system in Drosophila provides an excellent model for 
understanding the fundamental mechanisms underlying stem cell regulation and the 
interaction between stem cells and their niches 1; 2; 3; 4; 5.  Drosophila male germline 
stem cells reside at the apex of the testis, next to a group of post-mitotic somatic cells 
called hub cells, which comprise a key component of the male GSC niche.  Hub cells 
produce the cytokine-like ligand Unpaired (Upd), which activates the JAK/STAT 
pathway in the GSCs and somatic cyst stem cells (CySC), instructing their self-renewal.  
The GSCs are connected to the hub cells via adherens junctions.  A GSC divides 
asymmetrically to produce two daughter cells, one of which retains contact with the 
hub and maintains stem cell identity, while the other is displaced from the hub and 
begins to differentiate as a gonialblast.  Gonialblasts go through four synchronous 
mitotic divisions as spermatogonia, resulting in 16 spermatocytes, which enter meiosis 
and give rise to mature sperms.  Early studies have shown that without JAK/STAT 
signaling, GSCs differentiate but do not self-renew, while ectopic JAK/STAT signaling 
greatly expands the stem cell population 6; 7. 

The JAK/STAT pathway is conserved from invertebrates to mammals and is 
involved in various developmental processes and human diseases, including almost 
all types of leukemia and lymphoma 8; 9, mouse embryonic stem cell self-renewal 10, 
and multiple somatic stem cells maintenance and immune response in Drosophila 5; 11; 

12; 13; 14; 15.  In Drosophila, the JAK/STAT pathway was found to control male germ-line 
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stem cell (GSC) self-renewal 6; 7.  The JAK/STAT pathway ligand Upd is expressed in 
the GSC niche, and overexpression of Upd greatly increases GSC number 6; 7.  Flies 
mutant for hopscotch (hop; encoding JAK), lose all early-stage germ line cells in testes 
and are male sterile, and GSCs that have lost stat92E are unable to self-renewal 7. 

Despite the early findings that the JAK/STAT signaling pathway is activated in 
GSCs and is required for GSC maintenance, the precise role of JAK/STAT signaling 
in GSCs remains controversial and unclear.  Later studies have shown that JAK/STAT 
activation is required not in GSCs, but rather in the adjacent somatic CySCs, which in 
turn maintains GSCs, and that STAT activation in GSCs functions to merely ensure 
their adhesion to the hub 14; 16.  Importantly, these authors show that despite losing 
contact with the niche, STAT-depleted GSCs are retained as stem cells by adjacent 
CySCs 14; 16.  However, other studies have shown that CySCs are dispensable for GSC 
maintenance 17, and that JAK/STAT activation in GSCs is required for their 
maintenance 18; 19 possibly through regulating cytokinesis 20.  Moreover, it has been 
shown that STAT is required in GSCs for male sex identity through Phf7 21, for 
adhesion to the niche through E-Cadherin 16, for GSC survival 22, and for F-actin 
regulation in GSCs 23.  Transcriptional targets of STAT crucial for stem cell 
maintenance have been sought and studied, but their precise molecular roles in GSC 
maintenance remain incompletely understood 4; 21; 24.  

We have previously identified a non-canonical JAK/STAT pathway, in which a 
portion of unphosphorylated STAT (uSTAT) is localized in the nucleus in association 
with heterochromatin protein 1(HP1), and the heterochromatin-associated uSTAT is 
essential for maintaining HP1 localization and heterochromatin stability 25; 26.  
Furthermore, we and other groups have previously shown that several 
heterochromatin components, HP1 and the H3K9 methyltransferases Su(var)3-9 and 
dSETDB1, or other heterochromatin regulators are required for Drosophila GSC 
maintenance 27; 28; 29; 30; 31; 32; 33; 34.  Whether non-canonical JAK/STAT signaling plays a 
role in regulating heterochromatin formation and maintaining GSCs has not been 
studied.

To understand whether non-canonical JAK/STAT signaling is required for GSC 
maintenance, we altered the levels of STAT and JAK/STAT signaling specifically in 
GSCs by genetic means and assessed the effects on GSCs.  We found that GSC-
specific changes in STAT levels significantly affect GSC number and that not only wild-
type STAT, but the transcriptionally inactive STAT92EY704F can also rescue, to a 
certain extent, the GSC loss phenotype associated with a hop loss of function allele, 
hop25.  We have previously shown that unphosphorylatable mutant STAT can function 
in the non-canonical JAK/STAT pathway to promote heterochromatin formation 26; 35.  
In addition, we found that canonical STAT signaling in GSCs induces STAT and HP1 
expression.  These results suggest that both canonical and non-canonical JAK/STAT 
signaling is required for GSC maintenance, possibly by promoting heterochromatin 
formation in GSCs.

Results
Altering JAK/STAT levels in the germline affects GSC numbers
To investigate the role of JAK/STAT signaling in GSCs for their maintenance, we 
overexpressed or knocked down Hop or STAT92E in the germline using the germline–
specific nanos-Gal4, as has been previously done 29.  Drosophila male GSCs are 
Vasa-positive cells surrounding the hub and are marked by dotted fusomes 6; 7, which 
can be observed in most, but not all, of the GSCs (Fig. 1A).  We have previously 
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estimated the number of GSCs using esg-GFP (Fig. 1A), an enhancer trap line in 
which GFP is inserted in the gene escargot (esg), which encodes a transcription factor 
important for germline stem cell function 36 and is expressed in many types of adult 
stem cells 37; 38; 39.  As previously shown, esg-GFP is expressed in GSCs and 
gonialblasts, but not in CySCs.  In wild-type males carrying one copy of esg-GFP, 
26.82.6 GFP+ cells on average are found in the testis tip region 29.  Although esg-
GFP is also expressed is hub cells, they are morphologically distinct from GSCs and 
can be easily excluded in counting.  A previous report suggests that esg-GFP is 
expressed in CySCs 40.  However, we have previously shown that esg-GFP is not 
detectable in CySCs, and GSCs are clearly distinguishable (see Fig. S3 in 29).  The 
number of GFP+ germ cells in esg-GFP male testis correlates well with the known 6 
to 12 GSCs plus their immediate progeny (gonialblasts) present in wild-type 
Drosophila testis.  Thus, esg-GFP can be used as a convenient marker for 
visualization and quantification of GSCs without immunostaining, which is 
advantageous to the esg-lacZ enhancer trap line previously used to mark GSCs and 
gonialblasts 41.  We counted both esg-GFP+ cells and GSCs, Vasa+ cells with round 
fusome.

We found that overexpressing Hop or STAT92E in the germ line resulted in a 
significant increase in the number of GSCs, whereas knocking down Stat92E in the 
germ line caused a dramatic decrease of GSC number (Fig. 1B-F).  In Stat92E 
knockdown, branched fusomes (the marker of cyst cells) were observed at the GSC 
location, a defect consistent with the loss of GSCs (Fig. 1D, arrow).  Moreover, loss of 
Stat92E may lead to premature differentiation of GSCs, as indicated by premature 
expression of bag of marbles (bam), a GSC differentiation marker 42; 43 (Fig. 1G; Table 
1).  As shown with a bam-GFP reporter 14, bam is normally expressed in a band three 
cell diameters away from the hub 42, which consists of differentiated cysts with 4-16 
spermatogonia, but not in GSCs or gonioblasts.  We have previously shown that loss 
of heterochromatin components also leads to premature bam expression 29.  These 
results indicate that STAT level in GSCs might be critical for maintaining proper GSC 
population.  This is consistent with previous studies 6; 7; 20, but in contrast to other 
studies showing that STAT activation in GSCs is not essential for their identity or 
maintenance 14; 16.

Unphosphorylated STAT or non-canonical JAK/STAT signaling is involved in 
GSC maintenance
It has been previously demonstrated that activation of canonical JAK/STAT pathway 
is required for GSC maintenance 6; 7; 20, presumably due to its transcriptional activation 
of target genes in GSCs 5; 21; 44.  On the other hand, in a non-canonical mode of 
JAK/STAT signaling, the transcriptionally inactive uSTAT is required for directly 
maintaining heterochromatin stability 25; 26.  Moreover, we and others have shown that 
heterochromatin components including HP1 and Su(var)3-9 are required for GSC 
maintenance 27; 28; 29; 30; 31; 32; 33.  We thus decided to investigate whether non-canonical 
JAK/STAT signaling is required for GSC maintenance by regulating heterochromatin.

One way to distinguish canonical from non-canonical JAK/STAT function is to 
examine the effects of unphosphorylatable mutant STAT (uSTAT).  In the canonical 
pathway, expressing uSTAT has the same effect as loss of STAT, because uSTAT is 
not able to activate STAT transcriptional targets, and may even act in a dominant 
negative fashion, interfering with transcription activities of pSTAT 45. In the non-
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canonical mode of JAK/STAT signaling, however, mSTAT positively promotes 
heterochromatin formation, having the opposite effect to loss of STAT.  Thus, the 
effects of uSTAT can be used to determine whether canonical or non-canonical STAT 
function is involved.

To study the effect of uSTAT on GSCs, we expressed STAT92EY704F, which 
cannot be phosphorylated by JAK and is transcriptionally inactive 46.  After expressing 
STAT92EY704F using the germline-specific nos-Gal4 47, we found that both esg-GFP+ 
and GSCs in the adult testes were significantly increased, although these testes 
exhibited a pointed shape (Fig. 1E, F).  This observation suggests that non-canonical 
JAK/STAT signaling, which promotes heterochromatin formation, might be required 
for maintaining GSCs. 

Overexpression of unphosphorylatable STAT partially restores GSC to JAK 
loss-of-function mutants
To further investigate the role of non-canonical JAK/STAT signaling in GSC formation 
and/or maintenance, we expressed the unphosphorylatable mutant STAT92EY704F in 
hop25 hemizygous males and tested to what extent uSTAT can rescue or support GSC 
development/maintenance.  It has been shown that hop25 hemizygous male 
survivors/escapers are completely sterile, with no GSCs 6; 7 or esg-GFP+ cells or any 
small cells with condensed nuclei that are characteristic of GSCs 29, which normally 
exhibit intense fluorescence after DAPI staining 7; 41.  However, we have previously 
found that testes of hop25 hemizygous male escapers contain large Vasa-positive germ 
cells, albeit with lower Vasa levels (Fig. 2A) 29, in contrast to a previous report that 
hop25 hemizygous testes had no germ cells 7.  This discrepancy might be due to an 
accumulation of unknown genetic modifications in the hop25 stock over the years.  We 
have previously shown that over-expressing HP1 increases the number of GSCs and 
rescues the GSC loss phenotype and infertility associated with hop25 hemizygous 
males 29.

We used the nanos-Gal4 driver to express wild-type Hop, STAT92E, and 
STAT92EY704F, respectively, in hop25 hemizygous testes, and observed different 
degrees of rescue of GSC formation.  We found small Vasa-positive cells that 
contained dotted fusome and were brightly stained with DAPI in the testes, resembling 
GSCs (Fig. 2A-D; Table 2).  Furthermore, the large Vasa-positive germ cells in hop25 
hemizygous testes expressing Hop, STAT92E, and STAT92EY704F, respectively, 
contained branched fusomes, indicative of spermatogonia that have differentiated 
from GSCs (Fig. 2A-D).  Consistent with this interpretation, numerous thick bundles 
of differentiated spermatids were also observed (Fig. 2A-D, left panels).  These results 
indicate that expressing the transcriptionally inactive STAT92EY704F mutant can 
partially rescue the GSC loss phenotype due to lack of JAK/STAT signaling, 
suggesting that the requirement of JAK/STAT in GSC formation is mediated, at least 
in part, by the non-canonical mode of JAK/STAT, in which uSTAT promote 
heterochromatin formation.

Unphosphorylated STAT promotes heterochromatin formation in male germline
As has been previously shown, uSTAT or unphosphorylatable mutant STAT (e.g., 
STAT92EY704F or STAT5AY694F) can directly associate with HP1 to stabilize 
heterochromatin 26; 35.  The finding that over-expressing STAT92EY704F in germline can 
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increase GSC numbers raises the possibility that the non-canonical mode of 
JAK/STAT signaling might operate in Drosophila male GSC maintenance by regulating 
heterochromatin. To determine whether noncanonical JAK/STAT signaling indeed 
promotes heterochromatin formation in Drosophila male testes, we expressed 
STAT92EY704F from an inducible transgene in marked random cells.  By quantification, 
the mean HP1 immunofluorescence intensity in random GFP+ cells was 68.1±9.2 
(n=10), while their next neighbors had a mean of 41.7±4.5 (n=10), which is significantly 
lower (p=4.08x10-6, Student’s t-Test).  Thus, compared with neighboring cells, cells 
expressing STAT92EY704F in either GSCs or spermatogonia resulted in higher levels 
of HP1 foci (Fig. 2E), indicative of higher levels of heterochromatin. Thus, as 
previously shown for non-canonical JAK/STAT signaling 26, uSTAT promotes 
heterochromatin formation in Drosophila male reproductive tissues as well, including 
GSCs. 

Drosophila male germline stem cells contain high levels of heterochromatin
Cells located in the apex region of the Drosophila male testis (including GSCs and the 
somatic hub cells and CySCs) exhibit characteristic features.  First, as has been 
previously reported 7; 41, GSCs and their immediate daughter cells, gonialblasts (GBs), 
as well as Hub cells and CySCs contain highly condensed DNA, which is brightly 
stained with the DNA dye DAPI (Fig. 3B, D).  Highly condensed DNA is characteristic 
of heterochromatin, which was originally defined as regions of the nucleus densely 
stained with DNA dye 48; 49; 50.  Second, consistent with the presence of highly 
condensed DNA, the nuclei of these cells are much more compact and smaller in size 
compared with the differentiating spermatogonia (Fig. 3C).  Third, GSCs exhibit 
distinct gene expression profiles.  For instance, certain common housekeeping genes, 
such as the ubiquitin promoter, are repressed, whereas a few stem cell or germline-
specific genes, such as Vasa and escargot (esg), are expressed at higher levels 24; 36; 

51 (Fig. 3C, D).  Thus, GSCs (and GBs) are small Vasa-positive cells that are brightly 
stained with DAPI.  These features are consistent with the idea that GSCs have unique 
epigenetic properties and high levels of heterochromatin, which might play a role in 
the repression of differentiation genes and in the maintenance of the GSC cell fate.

To confirm that GSCs indeed contain high levels of heterochromatin, we stained 
testes for the heterochromatin marker histone H3 methylated at Lys9 (H3K9me3).  At 
high magnification, GSCs exhibited many DAPI-dense foci in the nuclei (Fig. 3D), and 
these foci coincided with higher levels of H3K9me3 (Fig. 3E), consistent with them 
being heterochromatin.  In contrast, the differentiated gonioblasts and spermatogonia 
(located farther away from the hub), exhibited a reduced number of DAPI dense foci 
and lower levels of H3K9me3 signal (Fig. 3D, E).  

Furthermore, we examined the testes with transmission electron microscopy 
(TEM), which has been used to define heterochromatin as electron-dense regions in 
the nucleus.  Indeed, we found that GSCs exhibited more prominent electron-dense 
regions, i.e., heterochromatin, when compared with the differentiated spermatogonia 
(SG) (Fig. 3F-H), such that the former had a significantly higher heterochromatin to 
nucleus ratio (Fig. 3I).  These observations support the idea that GSCs have higher 
heterochromatin content than the differentiated SGs.
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HP1 and STAT92E are among transcriptional targets of canonical JAK/STAT 
signaling in the male germline
We have previously shown that, in somatic tissues, JAK overactivation leads to 
reduced heterochromatin levels due to phosphorylating STAT and consequently 
reducing uSTAT levels 26; 52.  In GSCs, however, we have found that JAK activation 
increases GSC number (Fig. 1), consistent with other group’s previous findings 7; 41.  
These observations seem contradictory to the idea that heterochromatin is required 
for GSC maintenance.  One possible explanation for this paradox is that JAK activation 
in GSCs, in contrast to somatic tissues, leads to increased heterochromatin.  This 
could be accomplished if JAK activation in GSCs induces production of HP1 and STAT, 
both of which promote heterochromatin formation.  STAT activation indeed induces its 
own expression by autoregulation 12; 25; 53; 54.  Previous studies have shown that STAT 
is indeed highly enriched in GSCs 34; 39; 55.

To test the possibility that canonical JAK/STAT signaling in GSC induces HP1 
and STAT92E expression, we examined transcript levels of HP1 and Stat92E in testes 
with different levels of JAK/STAT signaling.  Indeed, we detected significantly higher 
transcription levels of both HP1 and Stat92E in testes overexpressing JAK, which 
leads to activation of JAK/STAT signaling (Fig. 4A).  Conversely, when STAT92E was 
knockdown in the germline by over-expressing a Stat92E RNAi transgene using the 
nanos-Gal4 driver, HP1 mRNA level was significantly reduced (Fig. 4A).  Interestingly, 
although STAT92EY704F was able to partially rescue GSCs (see Fig. 1E), it was unable 
to induce expression of two of the canonical STAT targets, Ptp and HP1 (Fig. 4B), 
suggesting that STAT92EY704F lacks transcriptional activity.  The results were 
confirmed with traditional qPCR (Fig. 4C).  Together, these results indicate that both 
HP1 and Stat92E are transcriptional targets of canonical JAK/STAT signaling in 
Drosophila male germline.

To confirm that expressing STAT92EY704F led to an increase in heterochromatin, 
especially on differentiation genes, we carried out chromatin immunoprecipitation 
(ChIP) on testis tips expressing the indicated transgenes and using anti-H3K9me3 vs 
control antibodies.  We found that expressing HP1 or STAT92EY704F greatly increased 
H3K9me3 abundance on bam promoter, whereas their knockdown by RNAi decreased 
H3K9me3 levels in bam promoter (Fig. 4D).  These results are consistent with a 
potential role of heterochromatin in repressing the expression of the differentiation 
gene bam in GSCs.  

Discussion
We have investigated the role of noncanonical functions of STAT in Drosophila male 
GSC maintenance using genetic and immunobiological means.  Our results suggest 
that both canonical and noncanonical JAK/STAT pathways may play important roles 
in maintaining GSC numbers of adult male flies.  We speculate that regulated 
heterochromatin dynamics might be an important factor contributing to GSC 
maintenance by epigenetic mechanisms.

Although studies have shown that JAK/STAT activation is required only in the 
adjacent somatic CySCs and not in GSCs for maintaining their identity 14; 16,  other 
studies have shown that CySCs are dispensable for GSC maintenance 17, and that 
JAK/STAT activation in GSCs is required for their maintenance by regulating various 
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aspects of GSC biology, including asymmetric cell division 19, cytokinesis 20, male sex 
identity through Phf7 21, survival 22, and F-actin regulation 23.  We have shown here 
that STAT functions in regulating heterochromatin in GSCs for their maintenance.  We 
suggest that STAT in GSCs regulates multiple processes including epigenetic status, 
sex identity, asymmetric division, and survival, which all contribute to maintaining the 
identity of GSCs.

Previous studies have suggested that epigenetic regulation, including 
heterochromatin dynamics, is important for stem cell maintenance or self-renewal.  In 
mammalian systems, constitutive DNA methylation has been shown to be essential 
for hematopoietic stem cell (HSC) self-renewal 56; chromatin modification by Polycomb 
group proteins (PcGs) is required for maintaining embryonic and adult stem cells via 
gene repression and delayed differentiation 34; 57.  Consistent with the idea that 
heterochromatin dynamics is important for stem cell maintenance, studies have shown 
that when mammalian embryonic stem cells are induced to differentiate in vitro, the 
pattern of H3K9me3 and HP1 localization go through dynamic changes at each step 
of differentiation 58.  In planarians, an HP1 protein is induced upon injury and functions 
specifically to promote the regenerative proliferation of adult stem cells 59.  In 
Drosophila, we and other groups have previously shown that heterochromatin 
components such as HP1 and Su(var)3-9 are important for maintaining GSCs 27; 28; 29; 

30; 31; 60; 61.  However, the potential role for heterochromatin formation in suppressing 
developmental genes, especially in the context of stem cell maintenance, has not been 
investigated.

Stem cells are capable of long-term maintenance of an undifferentiated state 
yet poised for differentiation, and this is accomplished through unique epigenetic 
modifications and gene expression profiles 2; 3; 62.  Epigenetic repression of 
developmental or differentiation genes is a salient feature of stem cells 63; 64.  
H3K9me3-dependent heterochromatin thus could serve as a barrier to cell fate 
changes, preventing differentiation of stem cells.  Indeed, the stem cell marker Esg 
and the differentiation marker of Bam seem to be mutually exclusive in expression in 
the testis tip.  Loss of STAT by RNAi results in a decrease in the number of Esg-GFP+ 
cells, with a concomitant increase of or ectopic Bam-GFP+ cells near or next to the 
hub (Fig. 1G, arrowheads), suggesting premature differentiation of GSCs.

Multiple reasons might contribute to the GSC loss due to decreased 
heterochromatin levels.  First, other than the well-known function associated with gene 
silencing, key heterochromatin components are involved in general cell survival 
functions, such as the maintenance of genomic integrity 65; 66; 67; 68.  Thus, the reduction 
of GSC numbers when HP1 is eliminated may be attributable to cell death caused by 
genome instability.  A second possible explanation for the GSC population decrease 
could be, GSCs with low heterochromatin levels encounter difficulties going through 
normal cell-cycle progression, thus are unable to proliferate properly.  

It has been shown that activation of canonical JAK/STAT signaling is essential 
for maintaining GSCs 6; 7; 14; 16.  However, we have also shown that JAK activation in 
somatic cells reduces heterochromatin due to the noncanonical mode of STAT 
function 26; 52.  This finding appears paradoxical to the observation that GSCs contain 
higher levels of heterochromatin, which we suggest is important for their maintenance.  
We suggest the following to explain the differences between somatic cells and GSCs 
regarding JAK/STAT activation and heterochromatin changes.  In somatic tissues, 
JAK/STAT activation (e.g., in response to immune challenges) is often transient, which 
causes a spike in pSTAT levels and concomitantly a drop in uSTAT levels, leading to 
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heterochromatin disruption, as proposed in the non-canonical STAT model.  However, 
when the ligand Upd is present for a long duration, as in the GSC niche, cells 
eventually accumulate and sustain higher levels of uSTAT due to canonical JAK/STAT 
signaling, in which STAT itself is a transcription target.  This may explain that GSCs 
can have higher heterochromatin levels even with all other parameters of JAK/STAT 
signaling unchanged.

Alternatively, there might be different expression levels of JAK/STAT signaling 
regulatory components in GSCs vs somatic cells, resulting in different responses to 
ligand stimulation.  For instance, it has been shown that the negative regulator 
Suppressor of Cytokine Signaling 36E (Socs36E) is required only in CySCs but not in 
GSCs, whereas only GSCs (but not CySCs) accumulate high levels STAT 55.  
Differential expression of STAT inhibitors/target genes could contribute the observed 
accumulation of uSTAT in GSCs.  Further research will clarify the differences between 
somatic and stem cells regarding JAK/STAT activation and heterochromatin content.

In addition to STAT and other regulators of this pathway, we have found that 
HP1 is also a transcriptional target of canonical JAK/STAT signaling in GSCs.  Our 
results are consistent with the hypothesis that GSCs require both canonical and 
noncanonical JAK/STAT signaling, with both uSTAT and HP1 being among 
transcriptional targets of the canonical pathway.  This may explain why STAT92EY704F 
is less able than STAT92EWT in rescuing hop25 mutants, in which HP1 might be below 
a threshold level due to reduced canonical JAK/STAT signaling.  The reduced, but not 
completely absent, JAK activity in hop25 mutants might be compensated for by STATWT.  
HP1 is central for heterochromatin formation, which might be an important epigenetic 
mechanism in regulating GSCs, consistent with a higher heterochromatin content and 
DNA compaction of GSCs.  We have previously shown that increasing HP1 can rescue 
the GSC loss phenotype of hop25 mutants 29, implying the importance of 
heterochromatin in GSCs.  The precise mechanisms of heterochromatin regulation in 
GSCs are currently under investigation.
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Materials and Methods
Fly stocks and Genetics. The following fly stocks were from the Bloomington 
Drosophila Stock Center (Bloomington, IN). hop25, Su(var)20505, Su(var)20504, 
Su(var)3-92, nanos-Gal4, and hsp70-flp; Act5C>y+>Gal4 UAS-GFP/CyO, and FRT82B, 
ubq-GFP .  RNAi lines including UAS-HP1 RNAi, and UAS-Su(var)3-9 RNAi were from 
Vienna Drosophila RNAi Center (VDRC; Vienna, Austria).  Fly stocks of esg-GFP 
(YB0232; L. Cooley), bam-GFP (S. DiNardo), UAS-Stat92E (M. Zeidler; S. Hou), UAS-
Stat92EY704F (M. Zeidler), and UAS-Hop (N. Perrimon) were generous gifts.  All 
crosses were carried out at 25oC on standard cornmeal/agar medium unless otherwise 
specified.  

To clonally express a transgene randomly using the “Flp-out” method 69, hsp70-
flp; Actin>y+>Gal4 UAS-GFP flies were crossed to flies carrying UAS-transgene, and 
the F1 progeny were heat-shocked for 1 h at 37oC and examined at indicated times 
after clone induction.

Quantification of Esg-GFP+ cells and GSCs. Nos-Gal4; esg-GFP virgin females 
were crossed to males carrying indicated UAS-transgenes.  F1 male testes were 
dissected, immunostained (with anti-Vasa and anti-FasIII, anti--spectrin), and were 
imaged as a serial Z-sections using a Leica confocal microscope.  Esg-GFP+ cells 
(including GSCs, GBs, and hub cells) in different optical sections were counted.  Hub 
cells were recognizable by morphology and were excluded.  GSCs were recognized 
as Vasa+ cells with round fusome, 

Immunofluorescence and Western blotting. The following primary antibodies were 
used. Mouse monoclonal anti-HP1 (C1A9; 1:50), anti-FasIII (7G10; 1:200; for hub 
cells), anti--spectrin (3A9; 1:10; for fusome) were from Developmental Hybridoma 
Bank (University of Iowa).  Rabbit antibodies against histone H3 (1:1000; Cat.No. 05-
952), H3K4me3 (1:500; Cat.No.07-030), and H3K9me3 (1:250; Cat.No.07-422) were 
from Upstate Biotechnology/Fisher.  These antibodies and rabbit anti-Vasa (1:1000; 
generous gifts from Ruth Lehmann) were used as primary antibodies and fluorescent 
(Molecular Probes) or HRP conjugated secondary antibodies were used in whole-
mount immunostaining or Western blotting, respectively.  Tissues were fixed in 4% 
paraformaldehyde and 0.3% Triton-X.  Stained tissues were photographed with a 
Leica confocal microscope or a Zeiss epifluorescence microscope.  Images were 
cropped and minimally processed with Adobe Photoshop. 

Quantitative Real-Time PCR.  Testes were dissected from individual 2-day old males 
of appropriate genotypes carrying esg-GFP under a stereo microscope and stored in 
ice-cold Schneider medium supplemented with 10% FBS.  Dissected testes were 
severed into tip and body regions using dissecting forceps and a scalpel.  The tip 
region was approx. 0.2 mm in length, twice the width of the testis tubule.  200 testis 
tips were used for total RNA isolation.  Total RNA was isolated from sorted cells using 
trizol (Invitrogen) according to the manufacturer’s instructions.  The first strand 
complementary DNA (cDNA) was generated from 1 pair of testis-equivalent of purified 
total RNA using Superscript III reverse transcriptase (Invitrogen) and oligo(dT)12-18.  
The cDNA was used as template for qPCR analysis using SYBR green based 
detection on a BioRad iCycler.  Reactions were carried out in triplicate, and melting 
curves were examined to ensure single products.  Results were quantified using the 
“delta-delta Ct” method to normalize to rp49 transcript levels and to control genotypes.  
Data shown are averages and standard deviations from at least three independent 
experiments.  The following primer pairs were used.
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rp49: TCCTACCAGCTTCAAGATGAC, CACGTTGTGCACCAGGAACT
Su(var)205: GCAAGCAAGCGAAAGTCCGAAGAA, 
AGGCGCTCTTCGTAGAAGTGGATT
Ptp61F: TAACCGATCTCGAAACGCAGCAGA, 
ATTGAGCGAAAGTATACCGCCGGA
Stat92E: TGCCCGATCGGTCCTTTACATTCT, 
TTGAGTAGAACTCACCGAAGGCGA

Chromatin immunoprecipitation (ChIP).  Testes were dissected in batches of 25 
from 3 day-old male flies in ice-cold S2 culture medium (Invitrogen) containing 
protease inhibitors.  Testes were fixed in PBS containing 1% formaldehyde at 25oC, 
washed three times using ice cold PBS containing protease inhibitors and pelleted 
after each wash by centrifugation for 5 minutes at 4oC.  Samples were homogenized 
in ChIP Lysis buffer using a pellet pestle in Eppendorf tubes.  Soluble chromatin was 
prepared using the protocol of the Chromatin Immunoprecipitation Assay Kit (Upstate 
Biotechnology).  Sample corresponding to 100 pairs of testes was used for anti-
H3K9me3 ChIP, while sample corresponding to 50 pairs of testes each was used for 
anti-H3K4me3 and anti-H3 ChIP respectively.  Samples were pre-cleared using 
Protein A-conjugated magnetic beads (Dynal) for thirty minutes at room temperature, 
followed by incubation with antibody coated Protein A-conjugated magnetic beads 
(Dynal) for 2 hours at room temperature.  Immune complexes were recovered by 
magnetic selection, washed and eluted using the protocol of the Chromatin 
Immunoprecipitation Assay Kit.  Target DNA abundance in ChIP eluates was assayed 
by quantitative PCR.  The primers used for amplifying the bam promoter sequence are 
as the following.  
Forward: CAATGAACCAAAGGACCGCAGCAA 
Reverse: ATGGGACTCGCGATGAACCACAAA 

Transmission Electron Microscopy (TEM).  TEM was carried out by the University 
of Rochester EM Core Facilities with standard procedures.  Briefly, testis samples 
were fixed with 2.5 % glutaraldehyde in PBS for 1 h at room temperature.  A 
secondary fixation was carried out using osmium tetroxide (OsO4), and the sample 
was dehydrated and embedded in resin.  The sample was cut into 50 nm sections 
with a microtone and was stained with uranium and scanned with a transmission 
electron microscope.
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Transgene 
expressed

Testes with 
premature bam 
expression

Number of testes 
scored

p-value

UAS-GFP RNAi 0 15 –

UAS-STAT RNAi 9 13 0.0052
Testes from nos-Gal4;bam-GFP with the indicated UAS-GFP RNAi (control) or UAS-STAT 
RNAi were examined for the presence of premature bam-GFP expression in GSCs or 
gonialblasts (as shown in Fig. 1G).  P-values are from Fisher’s exact test comparing each 
genotype with UAS-GFP (control).

Table 2. Rescue of GSC in hop25 male testis 
Transgene 
expressed

Testes with GSCs Number of testes 
scored

p-value

UAS-GFP 0 26 –

UAS-hop 15 16 2.75e-05

UAS-STAT 22 27 1.08e-5

UAS-STATY704F 10 23 0.0016
Testes from hop25/Y; nos-Gal4 with the indicated UAS transgenes were scored for the presence 
of GSCs (as shown in Fig. 2).  P-values are from Fisher’s exact test comparing each genotype 
with UAS-GFP (control).

Figure legends

Fig. 1. Effects of altering levels of JAK/STAT Signaling on Drosophila GSC 
number
(A-E) Testes from 3-day old males of indicated genotypes were stained anti-Vasa, 
mAb3A9 and anti-FasIII, as indicated, and imaged with a confocal microscope.  
Representative confocal images of testis apex are shown for esg-GFP+ cells (green), 
Vasa+ germline cells (magenta), fusome and hub cells (both red), and merged images.  
UAS-transgenes, as indicated to the right, were expressed using the nos-Gal4 driver.  
Scale bar = 20µm.  The control images (A) are the same as previously reported in 
Figure 5A in Xing and Li (2015)29 and are reused with permission, because the same 
control was used in these experiments.  

Note that compared with control (A), expressing Hop (B), STAT (C), and STATY704F 
(E) in the germline caused increased GSCs, as assessed by Vasa-positive esg-GFP 
expressing cells, and that expressing STAT RNAi caused a dramatic reduction in the 
number of esg-GFP expressing cells, reducing esg-GFP expression in GSCs, but not 
in hub cells (asterisk) (D).  Also note that the Vasa+ cells next to the hub exhibited 
branched fusome (arrow in D) and increased nuclear size.  
(F) Quantification of esg-GFP+ cells (upper) and traditional GSCs (lower) of indicated 
genotypes using a confocal microscope. n: number of testes analyzed; p: significance 
compared to control by Mann–Whitney U test.  
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(G) Testes from 3-day old males of the indicated genotypes were examined for bam-
GFP expression.  Asterisk indicates hub position.  Dashed lines indicate normal bam-
GFP expression.  Arrow heads point to ectopic (premature) bam-GFP expression in 
GSC and gonialblast.  The control images (top) are the same as previously reported 
in Figure 3A in Xing and Li (2015)29 and are reused with permission, because the same 
control was used in these experiments.

Fig. 2. Rescue of GSC loss in JAK mutants by expressing JAK/STAT transgenes 
Testes from 3-day old male survivors of indicated genotypes were stained with DAPI, 
anti-Vasa, mAb3A9 and anti-FasIII, as indicated. Scale bar = 20µm.

(A) A hop25/Y; nos-Gal4 testis showing no sperm bundles, with all Vasa-positive germ 
cells exhibiting large nuclei (arrow) and lacking intense DAPI signals.  These control 
images are the same as previously reported in Figure 4A in Xing and Li (2015)29 and 
are reused with permission, because the same control was used in these experiments.

(B–C) Expressing hop (B) or Stat92E (C) in germline cells lead to nearly complete 
rescue of the morphology of hop25/Y testes, restoring the hub (circled by dashed line), 
which is surrounded by Vasa-positive germ cells with small DAPI-dense nuclei that 
resemble GSCs (arrowhead).  The arrow points to a spermatogonia with large nucleus.

(D) Expressing Stat92EY704F in germline cells partially rescued the morphology of 
hop25/Y testes.  Thick sperm bundles were seen (left).  A fraction of Vasa-positive germ 
cells contain small DAPI-dense nuclei, resembling GSCs (arrow), were observed. 
Branched fusome (yellow arrow) that associates with differentiated spermatocytes 
were also seen. 

(E) GSC (top), spermatogonia (middle), and ejaculatory duct (bottom; somatic tissue) 
expressing STAT92EY704F in random clones (GFP+; green) by “flip-out” Actin-Gal4 
were stained with anti-HP1 (red; marker for heterochromatin), or Vasa (magenta).  
Note that HP1 levels are higher in GFP+ cells (white dashed line; expressing 
STAT92EY704F) than those in flanking control cells.  Also note that the GFP+ cells in 
the germline (top, Vasa+), but not in somatic tissues (bottom), have smaller nuclear 
sizes than flanking cells.

Fig. 3. Unique chromatin content and gene expression of Drosophila GSCs 
(A) Schematic representation of stem cell differentiation in the Drosophila testis.  Hub 
cells (Red) express the ligand Upd, which activates STAT in germline stem cells 
(GSCs; green) and somatic cyst stem cells (CySCs; blue) that are in contact with the 
hub.  GSCs and CySCs differentiate to give rise to gonialblasts (GBs; light green) and 
cyst cells (CCs; light blue), which are somatic support cells.  JAK/STAT activation 
promotes GSC and CySC self-renewal by unknown mechanisms. 

(B) A wild-type Drosophila male testis stained with DAPI is shown in an 
epifluorescence (left) and a phase-contrast (right) image.  The somatic hub cells are 
located at the testis tip (marked with an asterisk).  GSCs, CySCs, and GBs are located 
in the apex, and all cells in the tip region contain highly condensed DNA that is brightly 
stained by DAPI. 
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(C) A wild-type Drosophila male testis expressing a ubiquitin-GFP transgene (left; GFP 
signals green) was stained with anti-Vasa (magenta in right panels).  Note that GSCs 
express lower levels of ubiquitin and higher levels of Vasa, and that GSCs have a 
smaller nuclear diameter compared with differentiated spermatogonia.  The two right 
panels are higher magnifications of the boxed cells labeled 1 and 2 to the left, 
representing a GSC and spermatogonia, respectively.

(D) Merged stack of confocal images of the apex region of a wild-type testis stained 
with DAPI (left; white) and anti H3K9me3 (middle; green).  Dashed white circle 
indicates hub cells, and three of the adjacent GSCs are circled with dashed yellow 
lines.  Note that there are prominent DAPI-dense foci in the GSCs that colocalized with 
high H3K9me3 signal.  Also note that H3K9me3 signal decreases in intensity in cells 
more distant from the hub.  Quantifications of H3K9me3 in GSCs vs GBs as mean 
pixel are shown (right).  Error bars are standard deviations and p-values are for 
Student’s t-test.

(E) A transmission electron microscopic image showing the apex of a wild-type testis. 
Hub cells are colored artificially with green.  Yellow box 1 contains the hub and 
surrounding GSCs.  A region of differentiated GBs and SGs is indicated by yellow box 
2.  Heterochromatin regions (including the nucleolus) are seen as electron dense foci 
in the nucleus (white arrows).  High magnifications of the box 1 and 2 region are shown.  
Cell types are labeled. Ratio of the area of electron dense region to the nuclear area 
for GSC vs SG are shown.  Quantifications of H3K9me3 in GSCs vs GBs as mean 
pixel are shown (right).  Error bars are standard deviations and p-values are for 
Student’s t-test.

Fig. 4. HP1 and Stat92E are canonical JAK/STAT pathway targets in testis tip
(A, B) Male flies expressing the indicated (UAS) transgenes driven by nos-Gal4 (GFP) 
were dissected and the testis tip regions were subjected to RT-qPCR for Stat92E, HP1, 
and Ptp61F mRNA levels. Results were normalized to rp49 mRNA. Error bars and 
stand deviations are shown. *,** indicates p<0.05, p<0.01 (Mann-Whitney test). Note 
that (A) JAK (Hop) expression increased, STAT RNAi expression decreased Stat92E 
and HP1 mRNA levels, and that (B) Stat92EY704F expression did not significantly alter 
Ptp and HP1 mRNA levels.  (C) semi-quantitative RT-PCR on agarose gel and stained 
with ethidium bromide (left), and quantification of gel band intensity (right).  (D) ChIP 
using testis tips expressing the indicated transgenes and using anti-H3K9me3 vs 
control antibodies.  H3K9me3 abundance on bam promoter is shown as relative fold-
increase compared with input (no ChIP), measured by quantitative RT-PCR.
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