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Abstract

The stem cell niche normally prevents aberrant stem cell behaviors that lead to cancer formation.
Recent studies suggest that some cancers are derived from endogenous populations of adult
stem cells that have somehow escaped from normal control by the niche. However, the molecular
mechanisms by which the niche retains stem cells locally and tightly controls their divisions are
poorly understood. Here, we demonstrate that the presence of heparan sulfate (HS), a class glygo-
saminoglycan chains, in the Drosophila germline stem cell niche prevents tumor formation in the
testis. Loss of HS in the niche, called the hub, led to gross changes in the morphology of testes as
well as the formation of both somatic and germline tumors. This loss of hub HS resulted in ectopic
signaling events in the Jak/Stat pathway outside the niche. This ectopic Jak/Stat signaling dis-
rupted normal somatic cell differentiation, leading to the formation of tumors. Our finding indi-
cates a novel non-autonomous role for niche HS in ensuring the integrity of the niche and

preventing tumor formation.
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Introduction

Stem cells typically reside in a specialized microenvironment termed
“niche” which provides stem cells with signals necessary for their
maintenance (Scadden 2006). Precise control of stem cell proliferation
and the retention of stem cells to the niche are important to prevent
cancer formation (Clarke and Fuller 2006). Recent studies have sug-
gested that endogenous populations of adult stem cells can sometimes
escape from normal control of the niche and become so-called cancer
stem cells (CSCs) (Houghton et al. 2004; Clarke and Fuller 2006).
Disrupted niche control could predispose a stem cell to such CSC
transformation (Bhowmick et al. 2004; Radisky and Bissell 2004). It
has been suggested that germ cell tumors can be caused by such mal-
function of the germline stem cell niche (Gilbert et al. 2011). In the
mammalian testis, the main niche component for spermatogonial
stem cells (SSCs) is thought to be the somatic Sertoli cells (Hai et al.
2014). Sertoli cells enwrap the SSCs and undifferentiated spermatogonia

and provide the GDNF signal, which is most critical for SSC renewal
(Meng et al. 2000). Thus, it has been proposed that misregulation of
this niche signaling can lead to testicular germ cell tumors, the most
common malignancy in young men (Gilbert et al. 2011; Krausz and
Looijenga 2008; Krentz et al. 2009). However, the mechanism by
which dysregulation of stem cell niche signaling causes tumor formation
remains to be elucidated.

The germline stem cell (GSC) niche in the Drosophila testis offers
an excellent model to study the molecular mechanisms of stem cell
maintenance and differentiation. Similar to the SSCs in mammals,
which are supported by Sertoli cells, the Drosophila GSCs are
encysted and supported by the somatic cyst stem cells (CySCs). The
GSCs and CySCs are anchored to a group of somatic cells called the
hub. The hub and CySC cells serve as the GSC niche in Drosophila
(Zoller and Schulz 2012), similar to the Leydig and Sertoli cells in
mammals (Oatley and Brinster 2012). In addition, many molecular
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as well as physiological aspects of GSC maintenance and differenti-
ation are conserved from flies to mammals. For instance, common
signaling pathways, including BMP/TGF-f, Jak/Stat and EGFR sig-
naling, play critical roles in stem cell maintenance in both systems
(Kanatsu-Shinohara et al. 2005; Kawase et al. 2004; Leatherman
and Dinardo 2010; Meng et al. 2000; Oatley et al. 2009; Shivdasani
and Ingham 2003; Singh et al. 2016).

One important component of the stem cell niche is a special type
of carbohydrate-modified proteins, heparan sulfate proteoglycans
(HSPGs). HSPGs are involved in a variety of biological processes such
as growth factor signaling, cell adhesion and enzymatic catalysis.
These molecules serve as co-receptors for growth factor signaling,
regulating the distribution and reception of secreted signaling factors,
such as BMPs, Wnts, Hedgehog and FGFs, on the cell surface
(Kirkpatrick and Selleck 2007; Nakato and Li 2016). Recent studies
have indicated critical roles for HSPGs in the stem cell niche (Guo and
Wang 2009; Hayashi et al. 2009; Pennetier et al. 2012; Takemura
and Nakato 2017). In fact, many stem cell niche factors are known to
be HS-dependent. We previously showed that HSPGs are required in
niche cells to non-cell autonomously regulate GSC maintenance in the
Drosophila ovary (Dejima et al. 2011; Hayashi et al. 2009). We also
demonstrated that in the testis GSC niche, HS in the hub affects GSC
numbers through control of GSC division orientation (Levings et al.
2016). In the current study, we demonstrate that loss of HS in the hub
disrupts normal growth factor signaling in differentiating somatic and
germline cells, leading to a stem cell tumor phenotype. Our finding
indicates a novel non-autonomous role for niche HS in ensuring the
integrity of the niche and preventing tumor formation.

Results

Loss of heparan sulfate in hub results in tumorous
testes
In our previous study, to determine the role of HS in the male GSC
niche, we examined the effect of RNAi knockdown of sulfateless
(sfl) specifically in the hub of adult testes using upd-Gal4 with tub-
Gal80” (referred to as hub sfl RNAi, experimental design shown in
Supplementary Figure 1) (Levings et al. 2016). sfl encodes the only
Drosophila HS N-deacetylase/N-sulfotransferase, which catalyzes
the first step of the HS modification process. Since this step is critical
for subsequent modification steps, removal of sfl renders HS bio-
logically inactive (Lin and Perrimon 1999). We showed that hub sfl
RNAI led to an increase in the number of GSCs maintained at the
niche due to a defect in centrosome anchoring in GSCs, which is
critical for their proper asymmetric division. Thus, loss of hub HS
increases the rate of symmetric GSC divisions (Levings et al. 2016).
In addition to this effect of hub sfl RNAi on the asymmetric div-
ision of GSCs, we found that a fraction of testes (approximately
10%) showed abnormalities in gross morphology, such as a
widened and blunted apical tip (Figure 1A and B, Table I) (Fuller
1993). Of these abnormal hub sfl RNAI testes, a few developed a
more severe “tumorous” phenotype (approximately 5% of all hub
sfl RNAI testes; Figure 1C). Furthermore, hub sfl RNAi testes
showed abnormalities in the distinct, progressive organization of
spermatogenic cells. In wild-type, more undifferentiated cell types
are found closer to the niche and differentiated cells are found dis-
tally from the hub, as viewed by phase contrast microscopy
(Figure 1A’ and A”). Conversely, in the tumorous hub sfl RNAi sam-
ples, a chaotic intermixing of germline cells from various stages of
spermatogenesis was observed (Figure 1B’ and B”). In control testes

Fig. 1. Loss of hub HS results in tumorous testes and disrupts organization
of spermatogenic cells. Phase contrast images of testes from wild-type (A-
A"), upd® > sh-sfl (B-C), upd" control (D) and upd® > sh-ttv (E). A'-A” and
B’-B” are high magnification views of A and B, respectively, showing organ-
ization of spermatogenic cells. To illustrate the progressive stages of differ-
entiation as cells transit the testis, a few clearly identified examples of
germline cell clusters at different stages of spermatogenesis are highlighted
by outline color in A” and B”: yellow, hub; green, GSCs; blue, gonialblasts;
orange, spermatogonia; pink, primary spermatocytes; red, elongating sper-
matids. The cells in wild-type advance through each stage of spermatogen-
esis in a successive, linear fashion from the testis tip distally. In upd® > sh-
sfl testes, however, at least a portion of cells do not follow this normal, linear
organization of differentiating cells. Severe “tumorous” phenotypes are seen
in hub sfl RNAIi (B and C) and hub ttv RNAI (E) testes. Yellow asterisks indi-
cate hub location. Bars: 100 pm.

(upd-Gal4; tub-GalS0”/{CaryP}attP2), we observed no change in
overall morphology and cell-type organization (Figure 1D), and no
tumorous testes (Table I).

To confirm that the hub sfl RNAi phenotype is due to loss of HS
activity, we tested the effect of knockdown of another HS biosyn-
thetic enzyme, tout velu (ttv). tiv encodes an HS co-polymerase
(Bellaiche et al. 1998) and HS is not biochemically detectable in ttv
homozygous mutant larvae (Toyoda et al. 2000). We found that hub-
specific knockdown of #v showed phenotypes indistinguishable from
hub sfl RNAI (Figure 1E), consistent with the idea that these pheno-
types indeed result from compromised HS biosynthesis in the hub.

We next examined the effects of HS loss in different cell types of tes-
tes. We used nanos-Gal4 and ¢587-Gal4 to abrogate sfl in GSCs/germ-
line cells and the somatic CySCs/cyst cells (CCs), respectively. None of
these genotypes caused tumorous phenotypes or abnormal morphology
(Supplementary Figure 2A and B). Thus, loss of HS specifically in the
hub can cause widespread changes in both morphology and cell-type
organization, which are associated with a germline tumor phenotype.

Hub sfl RNAI testes exhibit disrupted differentiation

of germline cells

The observed disruption of cell-type organization in hub sfl RNAi
suggested a defect in differentiation of GSCs/gonialblasts (GBs).
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Table I. Ectopic stem cell frequency

Genotype N  Noectopic Ectopic  Ectopic  Any ectopic
SC CySC GSC SC

upd® control 71 71 0 0 0

upd” > sh-sfl 88 79 5(%) 8 (*%) 9 (**)

Quantification of the number of testes containing: 1) no ectopic stem cells,
2) ectopic CySCs, 3) ectopic GSCs, 4) ectopic GSCs and/or ectopic CySCs.
*P < 0.05; **P < 0.01. N: number of testes assayed.

Therefore, we tracked the differentiation status of these germline cell
populations in hub sfl RNAI testes. Anti-Vasa (Vas) antibody stain-
ing in control testes showed concentrated signals in undifferentiated
spermatogonia/GSCs (Figure 2A) (Bunt and Hime 2004; Kiger et al.
2000). Further distally, the Vas signal intensity gradually diminishes
as the cells grow in size and mature through spermatogenesis. On
the other hand, hub sfl RNAI testes showed several clusters of highly
Vas-stained germline cells, which resembled undifferentiated sperm-
atogonia/GSCs, quite distal to the germinal proliferation center
(Figure 2B) (White-Cooper 2010). In addition, these cells showed
the concentrated DNA staining characteristic of early germline cells
(Figure 2C and D) (White-Cooper 2004). Thus, cells with several
attributes indicating GSC/GB identity are found in abnormal loca-
tions distant from the hub (Table I).

Previous studies showed that overexpression of Dpp in germline
cells caused overproliferation of partially differentiated germline
cells (Bunt and Hime 2004; Parrott et al. 2012). Several aspects of
the hub sfl RNAi phenotype were distinct from this Dpp overexpres-
sion. First, unlike the Dpp-induced event, the undifferentiated germ-
line cells in hub sfl RNAI testes always lacked expression of Bam, a
marker of differentiation detected in spermatogonia just before their
transition to the spermatocyte stage (Figure 2F and F’) (Gonczy
et al. 1997). Second, many of these cells lacked the fusomes of dif-
ferentiating spermatogonia shown by branched Hu-li tai-shao (Hts)
staining (examples of wild-type fusomes in Figure 2G). Instead, hub
sfl RNAI testes exhibited the round Hts staining of the spectrosome
normally observed in GSCs/GBs (Figure 2H). Based on these obser-
vations, we termed these undifferentiated germline cells, found dis-
tant from the niche in hub sfl RNAi testes, “ectopic GSCs”.

Hub-specific sfl RNAI disrupts somatic cell
differentiation

In the Drosophila testis, the development of germline and somatic
cells is tightly coupled via communication between these cell popula-
tions (Sarkar et al. 2007; Singh et al. 2016; Smendziuk et al. 2015).
We therefore analyzed the differentiation status of somatic cells in
hub sfl RNAI testes by staining for Zfh-1 (a marker for undifferenti-
ated CySCs) and Eyes absent (Eya; a marker for differentiated CCs).
In control testes, CySCs are highly positive for Zfh-1 and differenti-
ating CCs lose Zfh-1 signal within a few cell diameters away from
the hub (Figure 2I) (Leatherman and Dinardo 2008). The Eya level
increases simultaneously at this distance (Figure 2I) (Leatherman
and Dinardo 2008). Hub sfl RNAI testes showed an altered distribu-
tion of these markers. Specifically, the range over which Zfh-1-
positive CySCs/CCs are found adjacent the hub was significantly
expanded (Figure 2J; Table II). In addition, populations of Zfh-1
positive, Eya-negative cells were sometimes detected very distant
(>100 pM) from the niche, suggesting the presence of ectopic CySCs
in hub sfl RNAI testes (Figure 2J).

upd* control upd®>sh-sfl

Vas Faslll

DAPI

Vas Ncad

Vas Ecad

Fig. 2. Molecular characterization of tumorous hub sfl RNAI testis. Control (A,
C, E, G and I) and hub sfl RNAi (B, D, F, H and J) were stained for Vas (A, B,
E, F, G, H, 1 and J), DAPI (C and D), Bam (E and F), Hts (G and H), Zfh-1 (I and
J) and Eya (I and J). The zone of early germline cells contains highly Vas- (A)
and DAPI- (C) positive cells (bracket). In hub sfl RNAI, additional regions also
show these features, which are indicative of an undifferentiated state (arrow-
heads in B and D). Bam is expressed in a stripe of mitotic spermatogonia 3-4
cell widths from the hub in control (bracket in E’). In hub sfl RNAi, Bam is
absent in all but a few cells (arrow in F’). Hts staining marks round spectro-
somes in GSCs (arrowheads in G and H), and dumb-bell or branched
fusomes in differentiating germline cells (arrows) in control (G). In germline
cells found distant from the niche in hub sfl RNAi, many cells have a spectro-
some (arrowheads in H). Zfh-1 marks undifferentiated CySCs (arrowheads in
I and J), while loss of Zfh-1 and increase in Eya intensity marks differentiat-
ing CCs (arrows in | and J). The hub was marked by antibodies against Faslll
(A, B, I and J), N-cad (E-F'), or E-cad (G and H). Bars: 50 pm (A-D, I and J),
10 pm (E-H).

Table Il. Zfh-1 range data

Genotype N Mean Zfh-1 range (um)
upd® control 41 52.9

upd” > sh-sfl 48 64.4 (n.s.)

upd” > sh-sfl (testes with ectopic CySC) 4 208.0 (*)

Quantification of Zfh-1 intensity and range data. The mean Zfh-1 range
was calculated using the assay described in Materials and Methods. n.s.: not
significant; *P < 0.05; N: number of testes assayed.

To quantify the range of Zfh-1-positive cells, we measured the
distance between the hub and the Zfh-1-positive cell farthest from
the hub (we term this the “Zfh-1 range”) and averaged this value
across all testes of a given genotype (Table II; see the Material and
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Fig. 3. Ectopic Jak/Stat activation in hub sfl RNAI. (A-C’) Anti-Stat antibody
staining of control (A) and hub sfl RNAi (B-C’) testes. In control, strong
nuclear Stat is detected in GSCs (yellow arrowhead) and CySCs (white
arrowhead) (A). Stat signal is rapidly lost in eCCs (arrow). In hub sfl RNAI tes-
tes, strong Stat is seen in some eCCs as well (B). Ectopic stem cells (white
rectangle) in hub sfl RNAI are found distant from the niche (yellow asterisk;
C). A magnified image of the region enclosed by the rectangle shows popula-
tion of cells with varying Jak/Stat signal, including potential ectopic GSCs
and CySCs (C’). Additional antibodies used in panels A-C’' were directed
against: Faslll, Vas and Eya. (D-F) Quantification of Jak/Stat signaling. (D) A
significantly larger proportion of hub sfl RNAi testes had more eCCs with
high-Stat signal than with low-Stat signal. It is important to note that, while
~25% of hub sfl RNAI testes contained eCCs with especially high Jak/Stat sig-
naling, not all of these necessarily trigger true ectopic stem cell renewal
events. It is possible that the Jak/Stat signal in these eCCs may need to be
exceptionally high, or that other molecular events are necessary in concert
with this amplified signal, to trigger such ectopic renewal. (E) Hub sfl RNAi

Methods section). The average Zfh-1 range in hub sfl RNAi samples
containing stem cell tumors was significantly larger than in the con-
trol (Table II, P = 0.018). However, when the average Zfh-1 range
of all hub sfl RNAi samples was compared to the control, this differ-
ence was not statistically significant due to the low penetrance of
tumor formation in this genotype (Table II). Thus, loss of HS in the
hub resulted in a stochastic expansion of the zone in which the
population of undifferentiated somatic cells reside. Together, these
results are congruous with our finding of ectopic GSCs in hub sfl
RNAI samples, indicating that populations of both ectopic germline
and somatic stem cells are found in these testes.

Our finding suggests that niche HS contributes to the hub’s abil-
ity to restrict stem cell maintenance to the niche microenvironment.
Previous studies have shown that CySCs/CCs play a role in trigger-
ing the differentiation of GSCs/gonialblasts (Hudson et al. 2013;
Schulz et al. 2002). For instance, genetic ablation of CySCs and CCs
can produce ectopic GSCs (Lim and Fuller 2012). These previous
findings, together with our observations, suggest that the failure in
restricting GSC and CySC renewal to the sfl RNAi hub could be due
to a defect in CySC-to-CC differentiation.

Hub-specific sfl RNAI disrupted normal pattern

of Jak/Stat signaling in the GSC/CySC niche

To explore the molecular basis of the hub sfl RNAI testis pheno-
types, we asked if loss of HS in the hub affects niche signaling. Jak/
Stat signaling is the primary pathway necessary for CySC mainten-
ance (Leatherman and Dinardo 2010). Overexpression of Unpaired
(Upd), a ligand of the Jak/Stat pathway, in germline cells using
nanos-Gal4 produces ectopic populations of both CySCs and (non-
autonomously) GSCs (Leatherman and Dinardo 2008; Parrott et al.
2012). Although considerably less severe, the phenotype in hub sfl
RNAI testes of ectopic CySC and GSC renewal is reminiscent of this
Upd overexpression result. Furthermore, we previously demon-
strated that Upd is an HS-dependent factor, which requires HS for
normal signaling and distribution (Hayashi et al. 2012). We there-
fore monitored Jak/Stat signaling in hub sfl RNAi testes.

We first investigated whether the patterns of Jak/Stat activation
in the hub sfl RNAI testis were altered using an antibody against
Stat92E (aka Stat), a downstream target of Jak/Stat signaling in
Drosophila (Chen et al. 2014). By visual examination, the levels of
nuclear Stat in CySCs and GSCs were comparable between control
and hub sfl RNAi (CySCs, white arrowheads; GSCs, yellow arrow-
heads; Figure 3A and B, Supplementary Figure 3A). However, we
found that Stat levels in ectopic GSC and CySC populations in the
hub sfl RNAI testes were highly variable, with a handful of cells
showing significant Jak/Stat signal (Figure 3C and C’). We also
noticed a difference in CCs just entering differentiation and not yet
expressing appreciable levels of Eya, which are termed early stage
cyst cells (eCCs) (Zoller and Schulz 2012). In hub sfl RNAI testes,
eCCs tended to show elevated Stat levels compared to the control
(arrow; Figure 3B) but there was variation in Stat levels in this

eCCs have a Stat signal significantly closer to CySCs than control eCCs. (F) A
normalized Stat signal gradient was drawn using the procedure described in
Materials and Methods. Hub sfl RNAi shows a longer and shallower gradient,
indicating that the ectopic Stat signaling could be caused by additional Jak/
Stat ligand, Upd, distributed outside the niche. Numerical figures depict the
mean + SE. *P < 0.05; **P < 0.01. n: number of testes assayed. Bars: 10 pm
(A-B, C’), 100 pm (C).
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population. We therefore counted the number of eCCs with low or
high levels of Stat expression in each testis (Figure 3D; see Materials
and Methods). We found that a significantly larger percentage of
hub sfl RNAI testes had more high-Stat than low-Stat eCCs (>50%
high-Stat). In addition, a larger proportion of these testes showed at
least one eCC with Stat intensity equal to or higher than in CySCs.
These eCCs with especially high-Stat signal are likely ectopically
renewing CySCs.

To more precisely characterize Jak/Stat signaling in hub sfl RNAi
testes, we quantified the Stat signal in a variety of cell types. Since
antibody staining can vary across sample sets, we compared the rela-
tive staining intensities between different cell types within each testis.
Using this method, we were able to quantify the change in Jak/Stat
signaling between CySCs at the hub and differentiating CCs distal
to the hub, while simultaneously controlling for inter-sample vari-
ation in Stat staining. As expected, the ratio in Stat intensity between
Eya-positive, differentiating CCs and CySCs was comparable
between control and hub sfl RNAi (Supplementary Figure 3B).
However, we found a statistically significant increase in the Stat
ratio between Eya-negative eCCs and CySCs in hub sfl RNAi sam-
ples (Figure 3E).

Since HS functions to tether HS-binding ligands, loss of HS in
the ligand-expressing cells could result in altered distribution of
these ligands at the receiving cells (Matsumoto et al. 2010). In fact,
HS has been previously found to regulate SSC maintenance by chan-
ging the distribution of GDNF ligand in mice (Langsdorf et al.
2011). Although we attempted to visualize the distribution of Upd
ligand in testes, the currently available genetic tools and detection
techniques made it difficult to directly determine the ligand’s gradi-
ent patterns in this organ (data not shown). Jak/Stat “signaling gra-
dients” regulating cell fate decisions have been previously described
in other organs, such as Drosophila ovary (Hayashi et al. 2012; Xi
et al. 2003). We therefore measured the overall change in the Jak/
Stat signaling gradient from the apical tip, where the stem cell niche
resides, to a distal region of the testes. We found that the rate of
Jak/Stat signal loss as distance from the niche increases was dramat-
ically reduced in hub sfl RNAi testes (Figure 3F). In addition, hub sfl
RNAI resulted in a much higher basal level of Jak/Stat activity in
cells distant from the niche. Together with our Stat ratio experiment,
these results indicate that, despite the low penetrance of our ectopic
stem cell phenotype, there was a significant increase in the activity
of the main pathway responsible for CySC renewal (Jak/Stat) out-
side the normal zone of CySC maintenance.

Another pathway known to regulate multiple steps in somatic
cell differentiation is the EGFR pathway (Hudson et al. 2013;
Sarkar et al. 2007). This pathway, functioning in a coordinated
fashion with Jak/Stat signaling, tightly regulates somatic cell fate in
the testis (Singh et al. 2016). To examine the possible involvement
of EGFR signaling in the phenotypes caused by hub sfl RNAi, we
examined genetic interactions between Egfr and hub sfl RNAi. We
found that a reduction of Egfr enhances the somatic cell differenti-
ation defect of hub sfl RNAI testes, further slowing the differenti-
ation process in CCs (Figure 4). This result supports our model that
defective somatic cell differentiation is a fundamental factor driving
hub sfl RNAi phenotypes. On the other hand, we did not detect a
difference in the rate of tumor formation by deleting one copy of
Egfr (data not shown). EGFR signaling regulates multiple steps of
somatic cell differentiation, and previous studies have indicated that
differing levels of EGFR signal may be required each of these steps
(Hudson et al. 2013). Thus, it is not surprising that EGFR disrup-
tion influences some of the phenotypes and not others.
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Fig. 4. Manipulation of somatic differentiation, using EGFR, shows genetic
interaction with hub sfl RNAi phenotypes. (A-B) Effects of a loss of one copy
of the Egfr (Egfr~) on hub sfl RNAi CC differentiation. Control (A) and upd® >
sh-sfl, (B) Egfr*~ testes samples were stained for Zfh-1 and Eya. Changes in
the distance over which CCs differentiate were determined by measuring the
Zfh-1 range, using the assay described in Materials and Methods. This range
includes CySCs (arrowheads) and Zfh-1* differentiating CCs (arrows), but not
Zfh-17, Eya™ differentiated CCs (asterisks). The Zfh-1 range length is shorter in
upd® control, Egfr”~ (bracket; A) as compared to upd® > sh-sfl, Egfr’~ (B). (C)
Categorization of Zfh-1 range described in detail in the Materials and
Methods. We found that upd® > sh-sfl, Egfr*’~ had a significantly higher pro-
portion of testes with a long Zfh-1 range length. Additional antibodies used in
panels A-C’ were directed against: Faslll, a hub cell marker; and Vas, a germ-
line cell marker. ns: not significant; *P < 0.05; ***P < 0.001. n: number of tes-
tes assayed. Bars: 10 pm.

Discussion

Although retaining a pool of actively proliferating stem cells in close
proximity to the local niche is an important physiological process in
preventing cancer, the mechanism for how this is achieved is not
well understood. Using the Drosophila male germline stem cell niche
model, our study reveals that RNAi knockdown of sfl, an essential
gene for HS biosynthesis, specifically in the hub leads to tumor
formation. Hub sfl RNAI testes also lose the stereotypically ordered,
progressive organization of spermatogenic cells that is convention-
ally observed in the testis. Instead, they produce groups of inter-
mixed cells from various stages of spermatogenesis. The same
phenotypes were reproduced by hub-specific knockdown of v,
another critical HS biosynthetic gene, confirming that these pheno-
types are caused by loss of functional HS in the hub.

How does the loss of HS in the hub modulate signal transduc-
tion in the environment around the niche? It has been shown that
HSPGs play critical roles not only in signal reception but also ligand
distribution in a tissue (Fujise et al. 2003; Hayashi et al. 2012;
Koziel et al. 2004; Ohkawara et al. 2002; Takei et al. 2004). A
recent study also suggested that the release of Sonic hedgehog from
expressing cells is controlled by HS, which affects its signaling in
receiving cells (Ortmann et al. 2015). Thus, hub HS could affect the
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level of an HS-dependent, hub-derived ligand at the niche, thereby
modulating signaling in the receiving cells. We propose that hub HS
normally limits the signal range of the ligand Upd to contacting
stem cell populations, predominantly (Figure SA). When hub HS is
lost, Upd acts in more distant locations, triggering ectopic Jak/Stat
signaling and stem cell renewal events (Figure 5B).

The phenotypes of hub sfl RNAI testes were observed at rela-
tively low frequencies: gross morphological defects and tumor form-
ation were seen in approximately 10% and 5% of all hub sfl RNAi
testes, respectively. Several lines of evidence indicate that this is not
due to the low efficiency of knockdown. The identical UAS-sh-sfl
strain has been used in previous studies by us and others in which it
induced various phenotypes at much higher penetrance in different
contexts (Levings et al. 2016; Zhang et al. 2013). When expressed
in the wing disc, it disrupts Dpp- and Wg-dependent patterning pro-
cesses at 100% penetrance, mimicking a sfl null mutation (unpub-
lished data). Thus, the morphological defects and tumor formation
in hub sfl RNAI testes are more likely to be true low penetrance
events rather than a result of low knockdown efficiency.

In previous studies, Upd overexpression resulted in massive over-
proliferation of CySCs along with associated ectopic GSCs
(Leatherman and Dinardo 2008). We found that hub sfl RNAI led
to a more moderate phenotype with sporadic cells expressing ectopi-
cally high levels of Stat (Figure 3B), instead of overall and uniform
increase of signaling. This makes sense, since we did not manipulate
the overall levels of Upd ligand in testes and thus the additional lig-
and outside the niche would be minor relative to previous Upd over-
expression experiments. Interestingly, overall tissue morphology as
well as markers of germline differentiation, such as Vas, Bam and
Hts, appeared normal in the majority of hub sfl RNAI testes (hence
the low penetrance of tumor phenotype). In comparison, Jak/Stat
signaling was moderately but significantly affected across all hub sf

A

wild-type

STAT
signal

Fig. 5. Model - ectopic Jak/Stat signaling sporadically prevents CySC differ-
entiation. A diagram showing a model for the role of HS in Upd/Stat signal
distribution. (A) In wild-type, HS on the hub retains the majority of Upd lig-
and at the niche. Only CySCs (yellow) and GSCs (single blue cells) that con-
tact the hub receive sufficient Jak/Stat signaling (green) to be renewed as
stem cells. (B) When HS is lost, the Upd/Stat signaling range is expanded,
resulting in stochastic ectopic renewal of cyst cell daughters as CySCs. This
decouples the differentiation of CCs and germline cells, which leads to
ectopic populations of stem cells.

RNAI testes. Thus, it is likely that only the testes with the most
severe alteration of Jak/Stat signaling result in disruption of these
other germline markers and an eventual tumorous phenotype. It is
also possible that other molecular events may be necessary in addition
to altered Jak/Stat signaling to induce the tumorous phenotype.
Together, even if functional HS is consistently removed from the hub,
the formation of germline and somatic tumors is a stochastic event.
This is somewhat similar to cancer formation in mammals, where
individuals with certain genetic variants are more susceptible to onco-
genesis, yet not guaranteed to acquire cancer in their lifetime.

The fact that disruption of HS biosynthesis in the hub predisposes
flies to germline tumor formation recapitulates several aspects of the
niche-driven model of mammalian cancer formation previously dis-
cussed (Radisky and Bissell 2004). First, a certain signaling pathway,
with directionality from stromal/niche cells to downstream tissue cells,
is responsible for normal tissue function and suppressing tumor form-
ation. Second, a defect or mutation in the stromal/niche cells can non-
autonomously lead to tumor formation in adjacent cell populations.
Given that the cellular and molecular basis for GSC maintenance and
differentiation is well conserved between flies and mammals, it is pos-
sible that aberrant HS in the niche may be one molecular event lead-
ing to human testicular germ cell tumors. This Drosophila model, in
which HS structures are altered in the hub, can offer a useful system
to gain further insights into molecular pathways involved in human
germline tumors as well as new possible therapies for treatment.

Materials and Methods

Fly strains

Detailed information for the fly strains used is described in Flybase
(http:/flybase.bio.indiana.edu/) except where noted. The wild-type
strain used was Oregon R. Other strains used were: unpaired (upd)-
Gal4 (Halder et al. 1995); nanos (nos)-Gal4 VP16 (Van Doren et al.
1998); ¢587-Gal4 (Kai and Spradling 2003); tubulin (tub)-GalS0™
(McGuire et al. 2003); UAS-sh-sfl, a UAS short-hairpin RNAi strain
for sfl (Zhang et al. 2013); UAS-sh-ttv, a UAS short-hairpin RNAi
strain for ttv; P{CaryPJattP2, an isogenic parent strain used for tar-
geted insertion of TRiP short-hairpin constructs into the attP2 locus;
Egfr'®33 a null allele of the EGF receptor (Niisslein-Volhard et al.
1984; Raz et al. 1991).

The TARGET (Gal4-Gal80%) system was used to induce UAS-
sh-sfl expression in specific cell types of the adult testis (Kleinschmit
et al. 2013; McGuire et al. 2003). For hub cell-specific knockdown,
animals with the genotype of upd-Gal4; tub-Gal80*/UAS-sh-sfl
were raised at the Gal80" permissive temperature (18°C). Adult flies
were transferred to a new vial at 0-6 days after eclosion, the tem-
perature was shifted to the Gal80™ restrictive temperature (30°C)
and they were incubated for an additional 10 days (diagram of
experimental scheme in Supplementary Figure 1). Flies were trans-
ferred to fresh food at least once every 2 days. nos-Gal4 VP16 and
¢587-Gal4 (along with tub-Gal80) were used for germline cell- and
the CySC/CC-specific expression, respectively. The control strains
used in each of these RNAI experiments were generated by crossing
the respective Gal4 TARGET strain with the isogenic parent strain
of the TRIP lines, P{CaryP}attP2. For example, hub RNAi control
flies had the genotype upd-Gal4; tub-Gal80*/P{CaryP}attP2.

Immunofluorescence staining

Immunostaining was performed as previously described (Dejima
et al. 2013; Fujise et al. 2001; Salzmann et al. 2013). In short,
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samples were fixed for 30 min with 4% formaldehyde in PBS, per-
meabilized in 0.3% PBST (0.3% Triton X-100 in PBS) for 20 min
(10 min, twice) and washed with 0.1% PBST (10 min, twice). They
were then blocked in 5% normal goat serum in 0.1% PBST for 1h,
and incubated overnight in primary antibodies at 4°C. Samples were
again washed in 0.1% PBST (10 min, three times) and incubated
with the appropriate AlexaFluor secondary antibodies either over-
night at 4°C or for 2h at room temperature. Next, they were
washed in 0.1% PBST (10 min, four times), before being mounted in
VECTASHIELD (H-1000 or H-1200, Vector Laboratory). Images
were obtained using either a Zeiss 710 or a Nikon Eclipse E800
laser scanning confocal microscope.

The following primary antibodies were used: rabbit anti-Vas
(1:500, a gift from S. Kobayashi), chick anti-Vas (1:1000, a gift from
S. Kobayashi), mouse anti-Hu-li tai-shao (Hts) (1:5, Developmental
Studies Hybridoma Bank), mouse anti-Bam (1:30, DSHB), rabbit anti-
Zfh-1 (1:5000, a gift from R. Lehmann), rat anti-E-cadherin (E-cad;
1:40, DSHB), rat anti-N-cadherin (N-cad; 1:20, DSHB), mouse anti-
FasciclinIl (FaslII; 1:200, DSHB), mouse anti-Eya (1:30, DSHB) and
rabbit anti-Stat92E (1:5000, a gift from Y. Hayashi). Secondary anti-
bodies were from the AlexaFluor series (1:500; Molecular Probes).

Frequency scoring of ectopic stem cells

To score the rate of ectopic stem cell frequency in testes of different
genotypes (recorded in Table I), we stained testes with antibodies
that mark the hub (anti-FasIIl), germline cells (anti-Vas) and DAPIL.
Most samples were also stained with an antibody that marks CySCs
(anti-Zfh-1). To count the number of testes with ectopic stem cells,
we scanned through the full depth of samples using either a Nikon
Eclipse E800 laser scanning confocal microscope or a Zeiss
AxioSkop 2 epifluorescence microscope. The DAPI channel was first
used to grossly scan for any tumor phenotype, then the samples
were more thoroughly inspected by examining Vas and Zfh-1 stain-
ing. Samples were considered to be positive for GSC tumors when
clusters of germline cells that were small (~7 pm wide) and highly
Vas-stained were detected greater than ~100 pm from the hub (fre-
quently, these undifferentiated cells were found among more differ-
entiated germline cells such as primary spermatocytes or later
stages). Samples were considered to be positive for CySC tumors
when multiple Zfh-1 positive somatic cells were detected greater
than ~100 pm from the hub. To calculate the rate of ectopic stem
cell tumors, the number of testes with both GSC and/or CySC
tumors were tallied. We divided the total number of testes contain-
ing any of these stem cell tumors by the total number of testes exam-
ined for each genotype to obtain the stem cell tumor frequency.

Quantification of cell-specific Stat signal and gradient

To assay changes in Jak/Stat signaling in different cell types of the
testis, we stained them with antibodies against the hub (anti-FaslII),
germline (anti-Vas), differentiating cyst cells (anti-Eya), Stat92E and
DAPI as a nuclear marker. We used a confocal microscope to take
images of a single plane of each testis in which the hub, as well as
several GSCs and CySCs, were transected. We used Fiji’s ROI
Manager and Measure functions to measure the mean nuclear Stat
signal for 2-3 cells of each of the following cell types per testis
(example cells are shown in Figure 3): 1) GSCs (yellow arrowheads),
2) CySCs (white arrowheads), 3) early stage cyst cells (eCCs, white
arrows) and 4) Eya-positive cyst cells. To quantify Jak/Stat signaling
level, a line (10-pixels wide) was drawn within the nucleus (using
the DAPI channel) of each cell, and then the average signal intensity

was measured on the Stat channel. Quantification of nuclear Stat
signal has been previously established as a readout for Jak/Stat sig-
naling levels (Chen et al. 2014; Xi et al. 2003). These Stat intensity
values were recorded in Microsoft Excel, and calculations of mean
Stat intensity for each cell type, within each testis, were computed in
R. Comparisons of relative Stat intensity (such as in Figure 3E) were
calculated in R by dividing the mean Stat intensity for one cell type
by the mean Stat intensity of another cell type in a pair-wise fashion
for each testis sample, which gave us the relative Stat ratio. We used
these relative Stat ratios from each testis to compute the average Stat
ratio of each genotype and for the accompanying statistical tests.

To generate the Stat gradients shown in Figure 3F, we used Fiji
and R to analyze confocal sections of testes. In this analysis, we
used Fiji’s ROI Manager to draw seven equally spaced, radiating
lines (each 10-pixels wide) from an intersecting point in the very
center of the hub, which extended approximately 50-70 pm distally
into the testis. We excluded Stat signal within the hub by shortening
the lines to begin at the interface between GSCs and the hub. Next,
we used Fiji’s Multi-Plot function to plot distance (X)-to-intensity
(Y) profiles of the Stat signal for seven testes of each genotype (each
containing profiles for seven radiating lines). We recorded these
values in Microsoft Excel and then imported the data into R. In R,
we normalized the intensities using the following methodology.
First, we obtained the maximum Stat intensity value from each of
the seven linetraces per testis, and calculated an average-maximum
Stat intensity for each testis. We normalized the data by dividing all
the absolute Stat intensity values (for each data point of each line-
trace profile) by the average-maximum Stat value corresponding to
the testis from which the Stat intensity data was taken. This pro-
vided the normalized Stat values for all linetrace profiles. Using the
pixel distance (in pm) as the X values, and the normalized Stat inten-
sity as the Y values, we next plotted the data in R using the ggplot2
package’s “stat_smooth” function. We grouped samples according
to genotype, and used the “loess” method to average across all 49
linetrace profiles (seven linetrace profiles for seven testes of each
genotype) to draw an average normalized Stat intensity profile for
each genotype.

Frequency scoring of ectopic Stat signal

To determine the frequency of testes containing significantly higher
proportions of early stage cyst cells (e¢CCs) with high-Stat signal, pic-
tured in Figure 3D, we stained testes with antibodies that mark the
hub (anti-FaslII), germline cells (anti-Vas), differentiating cyst cells
(anti-Eya), Jak/Stat signal (anti-Stat92E) and DAPI. We used a con-
focal microscope to take images of each testis using the same criteria
as in the previous Stat signaling methodology, above. We then
grouped both control and hub sfl RNAi samples, randomized and
performed the following single-blind experiments (experimenter was
blind to sample genotypes). We counted the total number of eCCs
present (which were identified as DAPI*, Vas~, Eya~ cells found
greater than 2-3 cell widths, or ~14 pm, from the hub). We com-
pared the Stat levels in each eCC with the Stat levels in CySCs
(which were identified by the same staining pattern, but found just
outside GSCs and less than 14 pm from the hub). Stat levels in
CySCs were typically quite high. The eCCs were classified into one
of the following groups: 1) low-Stat, with a Stat signal approxi-
mately 50% or less than that of CySCs, 2) high-Stat, with a Stat sig-
nal between 50% and ~90% of the CySC signal and 3) “super”-
Stat, with a Stat signal approximately equal to or higher than that in
CySCs. After recording the number of each type of eCC in each
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sample in Microsoft Excel and reassociating the sample IDs with
their respective genotypes, we imported the data into R for the
remaining steps. First, we calculated the percentage of eCCs in each
testis that were either high-Stat or super-Stat ([high-Stat + super-
Stat] + [low-Stat + high-Stat + super-Stat]), and labeled this quantifi-
cation as the percent high-Stat eCCs. We then categorized each testis
into one of four categories: 1) contains 0 high-Stat eCCs, 2) contains
50% or less high-Stat eCCs, 3) contains more than 50% high-Stat
eCCs but no super-Stat eCCs or 4) contains more than 50% high-
Stat eCCs and at least one super-Stat eCC. We used R to count the
number of testes in each group, for each genotype, and generated
the graph in Figure 3D. We also used R for statistical tests on this
categorical data (described in the Statistics subsection).

Quantification and categorization of “Zfh-1 range”

We assayed the length of the Zfh-1 range in testes as a way to inves-
tigate the distance over which CySCs differentiate into CCs. To
measure these Zfh-1 range lengths, we stained testes with antibodies
that mark the hub (anti-Faslll), germline cells (anti-Vas), CySCs
(anti-Zfh-1) and differentiating cyst cells (CCs; anti-Eya). It has been
previously found that CCs undergoing differentiation can still
express appreciable levels of Zfh-1 several cell diameters from the
hub (Monahan and Starz-Gaiano 2016; Zoller and Schulz 2012). As
this Zfh-1 expression is rapidly lost during somatic differentiation,
Eya expression is upregulated. We used a confocal microscope to
scan through samples and obtained an image of each testis at a sin-
gle Z-section/plane. The section was chosen when we could visualize
both the hub and a single CC, still expressing appreciable levels of
Zth-1, found farthest from the hub. Using Fiji’s Measure function,
we quantified three values in each of these images: 1) the Zfh-1
range- i.e., the length (in pm) of a line drawn from the edge of the
hub (on the side closest to the CC) to the center of this farthest Zfh-
1 expressing somatic cell, 2) the mean Zfh-1 intensity of a line (10-
pixels wide) drawn through an average CySC (examples in Figure 4,
arrowheads) and 3) the mean Zfh-1 intensity of a line (10-pixels
wide) drawn through the CC used for the length measurement
(examples in Figure 4, arrows). These values were recorded in
Microsoft Excel and used to compute the mean Zfh-1 range length
and the mean CC-to-CySC Zfh-1 intensity ratio (which was calcu-
lated for each testis sample by dividing the Zfh-1 intensity values of
the chosen CC by the chosen CySC) for each genotype in R. The
mean Zfh-1 range values are shown in Table II, and there were no
significant differences in Zfh-1 intensity ratio values (data not
shown). The individual quantifications were used to assign testes of
each genotype to different Zfh-1 range length categories, described
in the next paragraph.

We imported the Zfh-1 range data into R, and used the control
strains (upd-Gal4; P{CaryP}attP2 / tub-Gal80* and upd-Gal4; + /
Egfr'™3%; + / tub-Gal80®) to calculate the mean Zfh-1 range and
standard deviation for the controls. We added one respective
standard deviation value to the mean Zfh-1 range for each control
genotype to calculate the “normal” Zfh-1 range for each genotype.
The average normal Zfh-1 range was between 0 and approxi-
mately 65 pm from the hub. The value of 65 pm was chosen as the
cut-off between a “normal” and “long” Zfh-1 range because,
based on the previous calculations of mean and standard devia-
tions, it was expected that the majority of control testes (approxi-
mately 84%) would have a range of this length or less. We then
used R to assign testes from each genotype to the appropriate Zfh-
1 range length category, and generated the graph in Figure 4E. We

also used R for statistical tests on this data (described in the
Statistics subsection).

Statistics

R was used for all statistical calculations. A variation of two-tailed
Student’s #-test that assumes unequal sample variance, called
Welch’s #-test, was used to calculate P-values for Figure 3E,
Supplementary Figure 3 and Table II. Chi-squared tests were used to
calculate P-values for Figures 3D, 4C, and Table 1. All experiments
included two or more biological replicates.

Supplementary data

Supplementary data are available at Glycobiology online.
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