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SUMMARY
Adult and embryonic stem cells exhibit fluctuating gene expression; however, the biological significance of stem cell heterogeneity is not

well understood. We show that, in Drosophila, female germline stem cells (GSCs) exhibit heterogeneous expression of a GSC differenti-

ation-promoting factor Regena (Rga). The Drosophila homolog of human SON, dsn, is required to maintain GSC heterogeneity by

suppressing sustained high levels of Rga. Reducing the expression of Rga in dsn mutants restores GSC heterogeneity and self-renewal.

Thus, GSC heterogeneity is linked to GSC homeostasis.
INTRODUCTION

In vertebrates and invertebrates, stem cells have been

shown to exhibit heterogeneous gene expression, which

may be important to regulate self-renewal and differentia-

tion into distinct lineages (Chang et al., 2008; Graf and

Stadtfeld, 2008; Imayoshi et al., 2013; Kobayashi et al.,

2009; MacArthur et al., 2012; Ohlstein and Spradling,

2007). Drosophila female germline stem cell (GSC) niche

represents a simple and tractable in vivo model with two

to three GSCs that can be identified unambiguously by

their location next to the cap cells and the presence of

spherical spectrosomes (Figure 1A). Although extensively

used as a stem cell model, heterogeneity in gene expression

has never been reported in Drosophila female GSCs (Leh-

mann, 2012; Losick et al., 2011). Here, we report that the

expression of a differentiation-promoting factor Regena

(Rga) is heterogeneous between GSCs in the Drosophila

ovaries. Dsn (human homolog of SON) represses rga tran-

scription and promotes GSC heterogeneity, which is

important for GSC homeostasis.
RESULTS

Drosophila Female GSCs Exhibit Heterogeneous Rga

Expression

Rga (NOT2 in the CCR4-NOT deadenylase complex) was

reported to promote GSC differentiation, where high and

low levels of Rga promote and inhibit GSC differentiation

respectively (Wong et al., 2017). The expression of rga is

being regulated by a negative feedback loop via the sisR-1

noncoding RNA (Figure 1B) (Osman et al., 2016; Pek,

2018; Pek et al., 2015). sisR-1 belongs to a class of stable

intronic sequence RNAs that frequently regulate gene

expression via feedback loops (Pek, 2018; Pek and Oka-

mura, 2015). As previous efforts to visualize rga transcripts
Stem
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by in situ hybridization were unsuccessful (Wong et al.,

2017), we began our study by examining the expression

pattern of Rga protein in GSCs using a specific antibody

against Rga (Temme et al., 2004; Wong et al., 2017). Unlike

Vasa (a germline marker) that was expressed at similar

levels between adjacent GSCs, Rga expression was highly

heterogeneous (Figures 1C and 1D). Within the same

niche, one GSC (GSC #1) expresses a higher level of Rga

compared with an adjacent GSC (GSC #2), while the

expression of Vasa was similar (Figures 1C and 1D). We

characterized the extent of heterogeneity by measuring

the levels of Rga in adjacent GSCs and calculated the ratio

(see Experimental Procedures). GSCs ranged from homoge-

neous (ratio of 1) to highly heterogeneous (ratio of �4.5)

(Figure 1E). A ratio of 1.5 was sufficient to be scored as het-

erogeneous under visual inspection. Using this criterion,

we observed that the expression of Rga was heterogeneous

between adjacent GSCs in�65% of the germaria examined

(Figure 1F).

Heterogeneity appears to be specific to Rga as the expres-

sion of another component of the deadenylase complex

CCR4 did not exhibit heterogeneity between GSCs (Fig-

ure S1A). To further investigate if heterogeneity correlates

with the cell cycle, we examined the different stages of

cell division using fusome morphology as a marker (Fig-

ure 1G) (de Cuevas and Spradling, 1998). Consistent with

our earlier analysis,�40% of the germaria exhibited homo-

geneous Rga expression (Figure S1B). Approximately 30%

of the GSCs were at G1/S phase, while the remaining

�70% were at G2 phase, which is similar to what were re-

ported in previous studies (Figure S1C) (Hsu et al., 2008;

Morris and Spradling, 2011). Interestingly, when we exam-

ined the GSCs that were heterogeneous (either high or low

Rga), most (>70%) of them were at G2 phase (Figure 1H);

however, this was not the case for GSCs expressing homo-

geneous levels of Rga (Figure 1H). Furthermore, neigh-

boring GSCs both at G2 were more heterogeneous, while
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Figure 1. Drosophila Female GSCs Exhibit Heterogeneous Rga Expression
(A) Drawing of a germarium showing the different cell types. TF, terminal filament; CC, cap cells; GSC, germline stem cell; CB, cytoblast; EC,
escort cell.
(B) The rga-sisR-1 feedback loop. Transcription of rga pre-mRNA produces both sisR-1 (from the intron) and rgamRNA that is translated into
Rga protein. sisR-1 represses rga transcription.
(C) Confocal images of a wild-type germarium stained for Rga (green) and Vasa (red). GSC #1 expresses higher level of Rga than GSC #2.
Inset: magnification of GSCs #1 and #2. Scale bar: 10 mm.
(D) Chart showing the relative intensities of Rga and Vasa in GSCs #1 and #2 in (C).
(E) Chart showing the ratio of Rga intensities between GSCs in individual germaria.
(F) Chart showing the percentage of germaria with and without heterogeneous expression of Rga as depicted in (E) where cutoff was set at
1.5. n = 20 germaria.
(G) Diagram showing the scoring of cell cycle stages (G1/S and G2) according to fusome morphology.
(H) Chart showing percentages of GSCs with high, low, or homogeneous levels of Rga at G1/S or G2 stages. N = 37–50. *p < 0.05, two-tailed
Z test. ns, p > 0.05.

(legend continued on next page)
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those at G1/S were homogeneous (Figures 1I–1K and S1D).

Therefore, our data suggest that the heterogeneity of Rga

correlates with the cell cycle, with GSCs in G2 being the

most heterogeneous.

dsn Represses rga Expression and Maintains Rga

Heterogeneity in GSCs

In a screen for nuclear double-stranded RNA binding

proteins that regulate sisR-1, we previously identified

CG8273 as a candidate gene (Wong et al., 2017). CG8273

(called dSon or dsn hereafter) is highly expressed in the

ovaries (Figure S2). dsn is the homolog of human SON,

which is involved in transcriptional repression and splicing

(Kim et al., 2016a; Lu et al., 2014; Sun et al., 2001). SONhad

been shown to regulate self-renewal in human embryonic

stem cells and mutations in SON are associated with

abnormal brain development and leukemia (Kim et al.,

2016a, 2016b; Lu et al., 2013; Tokita et al., 2016).

To examine the function of dsn, we used a strain contain-

ing a transposon insertion at the 50UTR of dsn, which

dramatically reduced the expression of dsn mRNA (Figures

2A and 2B). In dsn homozygousmutant ovaries, the steady-

state level of sisR-1was upregulated (Figure 2C). Since SON

had been shown to be a transcriptional repressor and

splicing enhancer, we asked if dsn regulates rga pre-mRNA

(sisR-1 precursor) expression and/or splicing. Consistent

with a role in repressing rga transcription, rga pre-mRNA

levels were also upregulated �2.5-fold in dsn mutant

ovaries compared with controls (Figure 2D). In dsnmutant

ovaries, splicing of rga pre-mRNAwas normal, as shown by

RT-PCR using primers flanking the intron, and the levels of

rgamRNA also increased in a similar magnitude of �3-fold

as rga pre-mRNA (Figures 2E and 2F). Taken together, we

conclude that dsn primarily represses the transcription of

rga pre-mRNA.

While we observed an increase in rgamRNA levels in dsn

mutant ovaries, we did not detect an obvious change in

Rga protein expression by western blotting (Figure 2G),

suggesting additional feedback mechanism(s) that regu-

late Rga translation and/or protein stability during late

oogenesis. Nevertheless, at the cellular level, we observed

that, in �85% of dsn mutant ovarioles, GSCs exhibited

sustained high levels of Rga expression leading to a loss

of heterogeneity in Rga staining (Figures 2H–2K). Adjacent

GSCs (#1 and #2) now expressed similar levels of Rga, a

pattern similar to that of Vasa (Figures 2H–2J). This led

to a drop in the percentage of germaria with GSCs having

heterogeneous Rga expression from �65% in controls to
(I) Chart showing percentages of germaria with GSC pairs having hetero
cell cycle stages (G1/S-G1/S, G1/S-G2, or G2-G2). N = 25–37. *p < 0
(J and K) Confocal images depicting (J) two GSCs having heterogeneo
expression at G1/S.
�15% in dsn mutants (Figure 2K, p = 0.00124, two-tail

Z test). We conclude that dsn is required to maintain

GSC heterogeneity by repressing the expression of rga

pre-mRNA (Figure 2L). We suggest that, in dsn mutants,

rga is upregulated leading to a higher level and perdurance

of Rga protein in the GSCs, and hence loss of

heterogeneity.

dsnMaintains GSCHeterogeneity and Self-Renewal by

Repressing rga

The tuning of Rga had been previously found to regulate

GSC self-renewal (Wong et al., 2017; Yan et al., 2014).

Overexpression of Rga in GSCs promotes differentiation,

while knockdown of Rga promotes self-renewal (Wong

et al., 2017). Since Rga was upregulated in dsn mutant

GSCs, we examined if dsn mutants displayed any GSC

maintenance defects. We found that day 2 dsn mutant fe-

males laid significantly fewer eggs compared with controls

(Figure 3A; control, �53 ± 11 eggs/female/day versus dsn

mutant, �36 ± 5 eggs/female/day; p = 0.0003, two-tailed

t test). However, the eggs hatched with similar rates as

controls (Figure S3A), consistent with an unperturbed

expression of Rga protein in the whole ovaries assayed

by western blotting (Figure 2G). At day 21, the egg laying

phenotype became more severe (Figure 3A; control, �60 ±

14 eggs/female/day versus dsn mutant, �20 ± 4 eggs/fe-

male/day; p < 0.0001, two-tailed t test), suggesting a

GSC defect. Closer examination of the GSCs revealed a sig-

nificant decrease in GSC number in dsn mutant ovaries

relative to controls (Figures 3B and 3C; control, �2.4 ±

0.7 GSCs versus dsn mutant, �1.2 ± 0.8 GSCs; p =

0.00006, two-tailed t test). The GSC phenotype worsened

with age (Figures 3B and 3C), confirming a GSC mainte-

nance defect. Analysis of dsn/Df(3R)Exel6153 showed a

similar GSC loss phenotype (Figures 3D and 3E; control,

�3.0 ± 1.0 GSCs versus dsn/Df, �1.6 ± 1.5 GSCs; p =

0.04, two-tailed t test). Knockdown of dsn in the germline

by a germline-specific driver vasa-Gal4 also led to GSC loss

(Figures 3F, 3G, and S3B; control, �2.5 ± 0.9 GSCs versus

dsn RNAi, �1.7 ± 0.9 GSCs; p = 0.02, two-tailed t test), con-

firming a role of dsn in promoting GSC self-renewal cell

autonomously.

To investigate if the GSC loss phenotype in dsn mutants

was due to sustained high levels of Rga in the GSCs, we

reduced the dosage of Rga by removing a copy of rga in

the dsn RNAi background. In dsn RNAi ovaries, 12.5% of

germaria had GSCs with Rga heterogeneity (Figures

4A–4D). When we reduced the dosage of Rga by 50% in
geneous or homogeneous levels of Rga at different combinations of
.05, two-tailed Z test. ns, p > 0.05.
us Rga expression at G2, and (K) two GSCs having homogeneous Rga
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Figure 2. dsn Represses rga Expression and Maintains Rga Heterogeneity in GSCs
(A) Gene locus showing the position of the transposon insertion GS7314 in the dsn locus at the 50UTR.
(B) qPCR showing the relative levels of dsn in y w control and dsn homozygous mutant ovaries. Actin5CmRNA was used as a loading control.
(C) A representative northern blot showing the abundance of sisR-1 in control and dsn mutant ovaries. 5S rRNA was used as a loading
control.
(D and E) Charts showing the relative abundance of rga (D) pre-mRNA and (E) mRNA in control and dsn mutant ovaries. N = 3 biological
replicates. Error bars represent SD. *p < 0.01, two-tailed t test.
(F) Gel showing RT-PCR of rga mRNA in control and dsn mutant ovaries showing correct splicing. Actin5C was used as a loading control.
(G) Western blot showing the abundance of Rga protein in control and dsn mutant ovaries. Tubulin was used as a loading control.
(H) Confocal images of a dsn mutant germarium stained for Rga (green) and Vasa (red). GSC #1 expresses similar level of Rga with GSC #2.
Inset: magnification of GSCs #1 and #2. Scale bar: 10 mm.
(I) Chart showing the relative intensities of Rga and Vasa in GSCs #1 and #2 in (H).
(J) Chart showing the ratio of Rga intensities between GSCs in individual germaria in dsn mutants.
(K) Chart showing the percentages of germaria with heterogeneous expression of Rga in GSCs in control and dsn mutant ovaries. N = 20.
*p = 0.001, two-tailed Z test.
(L) Model showing Dsn directly represses the expression of rga pre-mRNA independent of the sisR-1-mediated negative feedback loop.
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(D) Chart showing the number of GSCs in control and dsn/Df ovaries. N = 10. *p < 0.05, two-tailed t test.
(E) Confocal images showing control and dsn/Df germaria stained with alpha-spectrin (green) and Vasa (red).
(F) Chart showing the number of GSCs in control and dsn RNAi ovaries. N = 20. *p < 0.02, two-tailed t test.
(G) Confocal images showing control and dsn RNAi germaria stained with alpha-spectrin (green) and Vasa (red).
*GSCs. Error bars represent standard deviation. Scale bar: 10 mm.
the dsn RNAi ovaries, Rga heterogeneity inGSCs reverted to

normal in 56% of the germaria examined (Figures 4A–4D;

dsn RNAi, 12.5% versus dsn RNAi; rga/+, 56%; p = 0.01,

two-tail Z test). Moreover, these flies had a normal number

of GSCs compared with dsn RNAi (Figures 4E and 4F; dsn

RNAi, �1.5 ± 0.9 GSCs versus dsn RNAi; rga/+, �2.3 ± 0.9

GSCs; p = 0.01, two-tailed t test). Consistently, egg laying

was also rescued back to normal (Figure 4G; control,

�70 ± 35 eggs/female/day versus dsn RNAi, �28 ±

24 eggs/female/day versus dsn RNAi; rga/+, �117 ± 47

eggs/female/day; p < 0.0001, two-tailed t test). Taken

together, our genetic interaction analysis confirmed that

dsn regulates GSC heterogeneity and self-renewal by sup-

pressing high levels of rga in the GSCs.
DISCUSSION

We suggest that GSCs exhibit heterogeneous levels of Rga

to coordinate self-renewal and differentiation. Prolonged

overexpression of Rga triggers GSC differentiation while

low Rga expression promotes GSC self-renewal (Wong

et al., 2017). We envision that, at a given point of time,

adjacent GSCs express different levels of Rga and are

thus transiently primed toward differentiation (Figure 4H).

This allows a GSC to respond rapidly and appropriately to

changes in niche signals in response to changes in the

environment. Since both GSCs do not respond equally,

such a mechanism also creates a buffer against random

fluctuations of differentiation-promoting signals that can
Stem Cell Reports j Vol. 11 j 13–21 j July 10, 2018 17
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result in unwanted loss of GSCs. As G2 in GSCs is highly

regulated by the insulin and TOR pathways (Hsu et al.,

2008; LaFever et al., 2010), it may serve as a critical

window when signaling pathways intersect with Rga

to produce a graded response of self-renewal versus

differentiation.

Stem cell heterogeneity has been reported and character-

ized inmammalian embryonic and adult stem cells such as

the spermatogonial, hematopoietic, intestinal, and epithe-

lial stem cells (Donati andWatt, 2015; Goodell et al., 2015;

Graf and Stadtfeld, 2008; Krieger and Simons, 2015). Math-

ematical modeling had also provided support for a role of

stem cell heterogeneity in balancing self-renewal and dif-

ferentiation to achieve tissue homeostasis (Greulich and

Simons, 2016). Our study suggests that the phenomenon

of stem cell heterogeneity is also conserved in invertebrate

adult stem cells. Importantly, it provides a simple model

system to investigate the role of stem cell heterogeneity

in tissue homeostasis.

How such Rga heterogeneity is achieved is not under-

stood. Negative feedback loops have been proposed in

other systems to generate oscillatory gene expression

(Imayoshi et al., 2013; Isomura and Kageyama, 2014;

Kobayashi et al., 2009; MacArthur et al., 2012). One

possibility is that an oscillatory mode of Rga expression

is generated by the rga-sisR-1 negative feedback loop

(Pek, 2018). The other possibilities are that Rga can fluc-

tuate in a random manner or in response to some un-

known factors during G2. In future, it would be impor-

tant to understand the dynamics of Rga in GSCs. This

can be achieved by long-term live imaging and quantita-

tive analyses of the kinetics of translation and protein

degradation at the single-cell level.
EXPERIMENTAL PROCEDURES

A detailed description of all methods is included in the Supple-

mental Information.
Figure 4. Loss of GSCs in dsn RNAi Is Due to High Levels of Rga
(A) Confocal images of dsn RNAi and dsn RNAi; rga/+ germaria stained
and GSC #2. Inset: magnification of GSCs #1 and #2. Scale bar: 10 mm
(B) Chart showing the relative intensities of Rga and Vasa in GSCs #1
(C) Chart showing the ratio of Rga intensities between GSCs in indivi
(D) Chart showing the percentages of germaria with heterogeneous e
N = 16. *p = 0.009, two-tailed Z test.
(E) Chart showing the number of GSCs in dsn RNAi and dsn RNAi; rga/
(F) Confocal images showing dsn RNAi and dsn RNAi; rga/+ germaria st
10 mm.
(G) Chart showing the number of eggs laid per female per day in cont
*p < 0.001, two-tailed t test. ns, p > 0.05.
(H) Diagrammatic representation of how Rga heterogeneity can regu
Error bars represent standard deviation.
Fly Strains
y w flies were used a controls unless otherwise stated. The following

strains were used in this study: CG8273GS7314 (Kyoto #201169),

Df(3R)6153 (Bloomington #7632), CG8273 RNAi (TRiP

HMS00114 Bloomington #34805), MTD-Gal4 (Petrella et al.,

2007), and vasa-Gal4 (kind gift from Y. Yamashita). Flies were

maintained at 25�C, while the RNAi flies at 29�C. Newly eclosed

flies were fedwithwet yeast paste for 2 to 21 days before dissection.

Immunostaining
Immunostainingwas performas previously described (Pek andKai,

2011; Pek et al., 2012; Wong et al., 2017). Ovaries were fixed in a

solution containing 16% paraformaldehyde and Grace’s medium

(2:1 ratio) for 20 min. They were then rinsed and washed in PBX

(PBS containing 0.2% Triton X-100), and pre-absorbed in PBX

with 5% normal goat serum. Incubation in primary antibodies

was done at room temperature overnight. The next day, ovaries

were washed in PBX and incubated in secondary antibodies for

4 hr at room temperature. Finally, the ovaries were washed in

PBX before mounting on slides. The primary antibodies used

were rabbit anti-Rga (1:500, kind gift from E. Wahle), guinea pig

anti-Vasa (1:1,000, kind gift from T. Kai), mouse anti-alpha-spec-

trin (1:2, Developmental Studies Hybridoma Bank), and rabbit

anti-CCR4 (1:500, kind gift from E. Wahle). Specificity of Rga anti-

body was verified previously (Wong et al., 2017). Images were

taken using the Carl Zeiss LSM 5 Exciter Upright confocal micro-

scope. Signal intensities were quantified using ImageJ software.

Images were processed using Adobe Photoshop software.

Identification and Scoring of GSCs
GSCs were identified based on their location and size (Morris and

Spradling, 2011) or the presence of spectrosomes. Germaria con-

taining two GSCs clearly visible on the same confocal plane were

randomly selected and Rga intensity was measured using ImageJ

software. The ratios of Rga intensity of neighboring GSCs were

calculated using the GSC with the lower Rga level as the denomi-

nator. Therefore, GSCs that are homogeneous will have a ratio

close to 1, while those that are heterogeneous will be greater

than 1. We used a cutoff of 1.5 to determine if GSCs are heteroge-

neous or not, because a ratio of 1.5 was sufficient to determine

heterogeneity by visual inspection.
for Rga (green) and Vasa (red). Adjacent GSCs were labeled GSC #1
.
and #2 in (A).
dual germaria in dsn RNAi and dsn RNAi; rga/+ ovaries.
xpression of Rga in GSCs in dsn RNAi and dsn RNAi; rga/+ ovaries.

+ ovaries. N = 20. *p < 0.02, two-tailed t test.
ained with alpha-spectrin (green) and Vasa (red). *GSCs. Scale bar:

rol, dsn RNAi, and dsn RNAi; rga/+ females. N = 6–12 experiments.

late GSC self-renewal versus differentiation.
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