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The Drosophila Sex-lethal (Sxl) gene 
encodes a female-specific RNA bind-

ing protein that in somatic cells globally 
regulates all aspects of female-specific 
development and behavior. Sxl also has 
a critical, but less well understood, role 
in female germ cells. Germ cells with-
out Sxl protein can adopt a stem cell fate 
when housed in a normal ovary, but fail 
to successfully execute the self-renewal 
differentiation fate switch. The failure 
to differentiate is accompanied by the 
inappropriate expression of a set of male 
specific markers, continued proliferation, 
and formation of a tumor. The findings 
in Chau et al., (2012) identify the germ-
line stem cell maintenance factor nanos 
as one of its target genes, and suggest 
that Sxl enables the switch from germ-
line stem cell to committed daughter cell 
by posttranscriptional downregulation of 
nanos expression. These studies provide 
the basis for a new model in which Sxl 
directly couples sexual identity with the 
self-renewal differentiation decision and 
raises several interesting questions about 
the genesis of the tumor phenotype.

Introduction

In Drosophila adults, continuous sperm 
and egg production depends on a stable 
population of stem cells that have the 
capacity to give rise to both self-renewing 
and differentiating daughter cells.1,2 In 
both sexes, several germline stem cells 
(GSCs) reside within a specialized micro-
environment located at the anterior end of 
the gonad. GSCs are prevented from dif-
ferentiating because they receive strong 
differentiation-inhibiting signals from 
their somatic neighbors. The signaling 
activity, however, is highly restricted. 
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Thus, when the GSC divides, only the 
daughter cell that remains anchored to the 
anterior end continues to self-renew. The 
daughter cell that moves away no longer 
receives, or responds to, the inhibiting sig-
nals and initiates the differentiation pro-
gram. Defects in this process have drastic 
consequences. An excess of differentiation 
leads to stem cell depletion and premature 
sterility. Failure to enter the differentia-
tion pathway leads to an accumulation of 
proliferating cells and tumor formation.

Not surprisingly, there are sex-specific 
differences in the way males and females 
regulate the self-renewal decision.1,2 
Moreover, the sexual identity of the germ 
cells must match the sex of their somatic 
neighbors for gametogenesis to occur.3 
The mechanism by which somatic cells 
acquire and maintain their sexual iden-
tity is different than the mechanism used 
by germ cells.3-5 In somatic cells, the 
choice to be male or female is made early 
in embryogenesis when X-chromosome 
number is relayed through regulatory pro-
teins to activate Sex-lethal (Sxl) exclusively 
in XX animals.6,7 Expression of the Sxl 
RNA binding protein then serves as an 
irreversible genetic switch because expres-
sion is maintained by a positive feedback 
splicing mechanism.8,9 In contrast to the 
early cell autonomous decision made 
by somatic cells, the sexual identity of 
embryonic germ cells initially reflects the 
sex of the surrounding somatic gonadal 
cells.10-12 Somatic control over germline 
sexual behavior, however, does not per-
sist after embryogenesis, indicating that 
sex is then maintained by a cell intrinsic 
mechanism.13

A number of studies have fingered Sxl 
as a critical player in maintaining germ 
cell sexual identity because loss of Sxl 
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nanos mRNA had not been identified. We 
found that this rapid downregulation pat-
tern is limited to female germ cells and is 
under Sxl control. Moreover, we were able 
to demonstrate that regulation is direct; 
nanos mRNA is bound by the female-spe-
cific Sxl RNA binding protein in ovarian 
extracts and nanos silencing is dependent 
on Sxl binding sites located in the nanos 
3' UTR. These studies therefore point to a 
post-transcriptional mechanism by which 
Sxl promotes differentiation through 
repression of nanos translation.

Incorporating Sexual Identity into 
the Self-Renewal/Differentiation 

Regulatory Network

Our studies now add Sxl to the network 
that controls the GSC to CB cell fate 
switch. In this integrated model, GSCs are 
prevented from prematurely differentiating 
because they receive a strong Bmp signal 

(CB), includes significant accumulation 
of the differentiation promoting protein 
Bag-of-marbles (Bam) accompanied by 
rapid downregulation of a number of self-
renewal factors, including Nanos (Fig. 1). 
In the absence of Sxl protein, mutant germ 
cells can adopt a GSC fate, but instead of 
subsequently entering the differentiation 
pathway, the majority of mutant germ 
cells are blocked at a stage that is interme-
diate between a GSC and CB cell—a cell 
that co-expresses Bam protein and a set of 
GSC-specific markers, including Nanos 
protein.18,19

In the studies reported in Chau et al., 
(2012)19 we provide key insight into the 
cellular mechanism by which Sxl medi-
ates the GSC/CB cell fate switch; namely, 
we now identify nanos as a Sxl target 
gene. While previous studies showed that 
Nanos downregulation in CB cells is regu-
lated at the level of translation,20 the RNA 
binding proteins controlling the fate of the 

function in XX germ cells leads to germ 
cell tumors that inappropriately express 
testis-enriched markers.14-18 Here we dis-
cuss our recent analysis of Sxl function 
in the germline,19 which supports a new 
model linking the self-renewal/differen-
tiation decision with the maintenance of 
sexual identity and raises some interesting 
questions about the genesis of germ cell 
tumors.

Connecting Sexual Identity  
to the Self-Renewal/Differentiation 

Decsion

We recently uncovered an unexpected 
role for Sxl in the lineage progression 
from stem cell to committed daugh-
ter cell through our detailed analysis of 
the tumorous phenotype.18 In the adult 
ovary, cell fate switching from a self-
renewing GSC to a differentiation-com-
petent daughter cell, called a cystoblast 

Figure 1. Drawing of the ovarian niche with one GSC cell. The daughter CB lies just outside of the niche. The ovary is composed of about 20 ovarioles 
each of which contains an linear array of germ cells at progressive stages of development. The somatic niche, the microenvironment that maintains 
GSC fate by a BMP signaling cascade is located at the tip of each ovariole. (A) In wild type the GSC to CB cell fate switch occurs as one of the daughter 
cells moves out of this microenvironment permitting the initiation of the differentiation program that includes significant accumulation of the Bam 
protein and rapid downregulation of a set of GSC specific markers including Nanos protein. Note that Nanos and Bam proteins are expressed in non-
overlapping domains. In contrast, Sxl protein (not shown) is expressed in both Nanos- and Bam-expressing cells. (B) Germ cells that lack Sxl protein fail 
to exit the stem cell stage, continue to proliferate, and form a tumor. GSC markers, including Nanos protein, are co-expressed with Bam in the majority 
of the tumor cells, except for the presumptive GSCs located at the tip of the ovariole.
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cell tumors resulting from the lack of 
Sxl inappropriately express a number of 
testis-enriched markers.18 Control of this 
male gene expression network, however, 
does not require nanos, as double mutant 
germ cells continue to express these male 
markers (unpublished). Remarkably, bam 
ovarian tumors express the same set of tes-
tis-enriched markers.18 We, therefore, pro-
pose that Sxl and bam co-regulate at least 
two independent pathways, one of which 
leads to downregulation of nanos transla-
tion and the other that silences this male-
specific gene expression network (Fig. 2).

It will be interesting, therefore, to 
determine whether the sexually inappro-
priate gene expression network unleashed 
by the loss of sexual identity is what drives 
tumorigenesis. In this regard, we find it 
intriguing that chronologically inappropri-
ate morphogenesis (chinmo) is ectopically 
expressed in ovarian tumors (unpub-
lished). In the adult, chinmo expression is 
normally limited to the testis, with expres-
sion in both the germline and somatic 
cells.36-38 Moreover, chinmo is positively 
and cell-autonomously regulated at the 
transcription level by the Janus kinase-
Signal transducer and activator of tran-
scription (Jak/Stat) signaling pathway.38 
Although Jak/Stat signaling is used reit-
eratively in the somatic cells of both the 
ovary and the testis, activation in the 
germline is strictly male-specific.38-43 
Female GSCs do not activate the Jak/
Stat signaling pathway. Thus, our finding 
that tumor cells express chinmo suggests 
that the normally male-specific Jak/Stat 
pathway is inappropriately activated. How 
might the absence of Sxl protein lead to 

expected to weaken the mutant cells resis-
tance to external sources of Bmp signaling. 
While this prediction has not been rigor-
ously tested, it is consistent with the obser-
vation that in the absence of Sxl protein 
a minority of mutant germ cells inappro-
priately respond to Bmp signaling.18 The 
majority of the mutant germ cells, however, 
appear to be refractory to Bmp signaling 
and exhibit robust bam expression. Thus, 
in the absence of Sxl the other mechanisms 
responsible for dampening the response to 
Bmp signaling continue to function.

Connecting the Loss of Sexual 
Identity to Tumorigenesis

Interestingly, a number of studies, includ-
ing our own, have observed that the failure 
to silence nanos in germ cells is not suf-
ficient to cause the tumorous phenotype 
characteristic of Sxl loss of function.19,20,26 
Even though forced expression of nanos 
can delay differentiation, resulting in an 
accumulation of extra stem-like germ 
cells, it does not interfere with gametogen-
esis.19,26 The conclusion that nanos dysreg-
ulation is not what drives tumor formation 
is supported by our double mutant studies 
which show that while nanos is necessary 
for accelerating tumor growth, the major-
ity of surviving double mutant germ cells 
continue to resemble a tumor cell.19 Thus 
other genes and pathways under Sxl con-
trol must be necessary to elicit malignant 
transformation.

What other genes and pathways are 
under Sxl control? A comprehensive 
list of Sxl target genes is not yet avail-
able. We do known, however, that germ 

from their somatic neighbors which inhib-
its bam transcription.21,22 An additional 
layer of control is provided by Nanos, and 
its partner protein Pumilio (Pum), which 
together repress the translation of differ-
entiation-promoting mRNAs, including 
brain tumor (brat).23-26 A complete GSC to 
CB cell fate switch requires several steps. 
First, when the GSC divides and moves 
away from the niche the reduced exter-
nal Bmp signaling leads to bam expres-
sion. Second, in Bam-expressing cells Sxl 
represses the translation of nanos mRNA,19 
which allows translation of differentia-
tion-promoting mRNAs, including brat. 
Third, the newly translated Brat protein 
partners with Pum to repress transla-
tion of self-renewal-promoting mRNAs, 
including the mRNA encoding the Bmp 
transducer Mad.26 Finally, negative regu-
lation of Mad by Brat, together with sev-
eral other highly redundant mechanisms, 
extinguish the ability of the newborn CB 
to respond to Bmp signaling.27-32

Sxl is expressed in both GSCs and their 
progeny, yet its role in silencing nanos 
must be limited to Bam-expressing cells. 
Thus an important question regarding Sxl 
function is how Sxl-mediated regulation 
of Nanos is restricted to Bam-expressing 
cells. We propose that Bam itself con-
fers cell type specificity. Previous stud-
ies have shown that bam is also required 
for lowering Nanos protein levels in CB 
cells.20 However, physical data showing 
that Bam directly regulates nanos is lack-
ing. Nevertheless, a Sxl/bam partnership 
is strongly supported by genetic epistasis 
experiments which show that bam func-
tion depends on Sxl activity and, more-
over, that Sxl and bam jointly control the 
entry into the differentiation pathway.18,19 
Bam is known to regulate translation in 
other contexts,33 thus the two proteins 
could function together to repress nanos 
translation. Invoking a Sxl/Bam regula-
tory complex is attractive not only because 
it explains how Sxl function is limited to 
differentiating germ cells, but also how 
bam function substantially differs between 
males and females.34,35

Our model predicts that by failing to 
silence nanos, germ cells without Sxl will 
not express the necessary differentiation-
promoting mRNAs, including brat. 
Furthermore, the failure to express brat is 

Figure 2. Model for integration of female sexual identity with the self-renewal/differentiation 
decision by a Sxl/Bam partnership. Recent studies suggest that Nanos maintains GSC cell fate by 
repressing RNAs, such as brat, required for differentiation. In CBs, Bam/Sxl inhibits nanos transla-
tion, thereby promoting differentiation. In addition, Sxl/Bam maintains female sexual identity by 
repressing a male-specific network of genes that includes chinmo, most likely through attenua-
tion of Jak/Stat signaling.
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Beyond Drosophila

Our studies focused on how Sxl jointly 
controls the exit from the stem cell state 
and the maintenance of germline sexual 
identity offers new insight into the female-
specific exit strategy used by germ cells to 
enter into the differentiation pathway. 
The challenge in coming years will be to 
understand the functional connections 
between the failure to make this cell fate 
transition, sexually inappropriate gene 
expression, and tumorigenesis.

Although the gene regulatory net-
works that control sex determination 
vary between species, the link between 
germ cell differentiation, sexual identity, 
and germ cell cancer may extend beyond 
Drosophila. In humans, germ cell tumors 
occur frequently in individuals with inter-
sex disorders.52,53 There is also increasing 
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arise from disruptions in sex-specific pro-
cesses that control differentiation.54-57 
Altogether these studies suggest that the 
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