






Fig. 5 Apontic functions as a feedback inhibitor of STAT in the testes CySCs. a-c Testes stained with antibodies recognizing STAT (magenta) and Tj (white,
somatic cells including the hub: blue outline) and counterstained with DAPI (blue, nuclei). Arrowheads indicate CySCs (first tier of Tj+ cells around the hub).
Insets display STAT expression alone. a Control testis shows wild-type STAT expression: most detectable STAT is found in the GSCs around the hub (arrows),
but it decreases in gonialblasts and CySCs (arrowheads). b More STAT is detectable when apt is reduced in somatic cells via c587-Gal4. c STAT expression is
reduced in the CySCs when apt is over-expressed via c587-Gal4. d Nuclear STAT (nSTAT) levels were quantified in CySCs and normalized to DAPI intensity. Tj
staining was utilized to outline nuclei of CySCs for measurement (see Methods). c587-Gal4; aptRNAi and c587-Gal4;; UAS-apt were normalized to the RNAi-alone
control to obtain a relative expression level. Somatic reduction of apt significantly increases nSTAT levels in CySCs, while heightened levels of apt significantly
reduces nSTAT in CySCs. e-h Optical sections projected into 2D of testes stained with Zfh-1 (magenta), Eya (white), and NCad (white) antibodies. Insets display
Zfh-1 expression. Hub, indicated by NCad expression, is outlined in blue. A single copy mutation in Stat92E (g) or reduction of Stat92E via c587-Gal4 (h) in testes
with reduced apt in CySCs and early cyst cells suppresses the expansion of the Zfh-1+ population observed when apt alone is reduced (f) and is similar to the
control (e). i Quantification of the Zfh-1+ population of indicated genotypes. Genetic reduction of Stat92E function (globally or in CySCs and early cyst cells)
when apt is reduced via c587-Gal4 results in a wild-type quantity of Zfh-1+ cells. j Proportion of Zfh-1+ cells that did not co-express the differentiation marker
Eya in testes from the genotypes in (i). One copy of a Stat92Emutation in an apt deficient background restores the Zfh-1+/Eya- percentage to wild type. For all
images scale bar = 20μm. Two-tailed t-tests were utilized to assess significance in (d) and (i), while a two-tailed Fisher’s exact test was used in (j), where *p<0.05,
**p<0.01, ***p<0.005, ****p<0.0001, and n.s. denotes not significant. All statistics were performed between the experimental genotype and aptRNAi/+ (d, j)
or c587>mGFP (i) controls unless otherwise indicated by a black bar. “n” indicates number of testes scored
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Apt functions in a STAT-regulatory genetic circuit to
promote cyst cell development
Apt activates expression of STAT inhibitors during
oogenesis [41, 47, 48]. To determine if Apt has similar tar-
gets in testes, we examined Suppressor of cytokine signal-
ing at 36E (Socs36E) – a conserved post-transcriptional
regulator of STAT [77, 82]. Socs36E inhibits STAT activity
in CySCs and regulates their adhesion to the hub [31, 83];
however, loss of Socs36E does not increase the Zfh-1+
population (Fig. 6a, c and [31]). Using the hypomorphic
allele Socs36EEY06665 and the strong loss of function allele
Socs36E178 [47], we looked for a genetic interaction
between Socs36E and apt. Socs36E, apt double homozy-
gous mutants displayed an expanded Zfh-1+ population
very similar to loss of apt alone (Fig. 6c). Interestingly,
reduction of apt in a Socs36E deficient background
(Socs36EEY06665, apt167/Socs36E178, +) partially phenocop-
ied the Zfh-1+ cell number expansion observed in testes
from apt homozygous mutant males (Fig. 6b (compare
with Fig. 3c), c, and [31]). These results are consistent with
the idea that Apt functions through Socs36E in CySCs.
Apt promotes expression of the STAT-targeting micro-

RNA miR-279 in ovaries [48]. To test if this regulator
also acts in CySCs, we utilized a miR-279 sponge, which
binds and decreases the endogenous microRNA [48, 84].
Expressing the miR-279 sponge in CySCs and early cyst
cells via c587-Gal4 led to a significant increase in the
total number of Zfh-1+ cells (Fig. 6d-f ). To determine if
miR-279 function depends on or overlaps with Apt in
testes, we generated apt-/+; miR-279-/+ double hetero-
zygous flies [56]. Testes from these flies had significantly
more Zfh-1+ cells relative to a single copy reduction of
miR-279 or apt alone (Fig. 6g). Combined, these data
suggest that somatic STAT activity is finely tuned via a
genetic regulatory circuit that is conserved in distinct
processes during male and female gametogenesis.

Apt limits the GSC population at the hub interface
While the hub is a key organizer of the niche, CySCs also
function as a GSC niche component [23, 24, 85–87]. Since
loss of apt function results in an expanded Zfh-1+ popula-
tion, we examined whether the GSCs were affected. Using
an antibody for Vasa to label germ cells [65], we assessed
the GSC population when apt was reduced in the soma by
RNAi, focusing near the niche. For this, we defined a GSC
as a Vasa-positive single cell directly interacting with
the hub. Despite an increase in Zfh-1+ cells, we
found no change in the number of GSCs at the hub
interface when apt was reduced in CySCs and early
cyst cells (c587 > aptRNAi) relative to the GFP control
(9.6+/-2.0 GSCs on average, versus 9.8+/-2.8, respect-
ively: p > 0.05).
In contrast, examination of the GSC population in tes-

tes of males homozygous for the aptKG05830 allele or

bearing two different apt alleles (aptKG05830/apttdf-PΔ4)
[41, 53] revealed a significant increase in the number of
GSCs, relative to control testes (an average of 13.2+/-2.3
GSCs per testis in aptKG05830 homozygotes, 12.1+/-1.8 in
aptKG05830/apttdf-PΔ4 heteroallelic mutants, and 9.0+/-2.5
in Canton S: p < 0.0001 for either mutant genotype com-
pared to Canton S, and Additional file 5: Figure S5A-C).
These data suggest Apt may function in the GSCs.
STAT regulates E-cad in the germline [24]. Consistent

with Apt functioning as a STAT-regulator in the stem
cell populations, we found altered expression of E-cad in
the cell populations directly surrounding the hub in
aptKG05830 homozygous males, relative to wild-type con-
trols (compare Additional file 5: Figure S5E with D).
Specifically, we detected E-cad all around the cells, not
just at the hub interface, suggesting it was more highly
expressed, or mislocalized, or both. Co-staining with an
antibody targeting Vasa verified that GSCs were among
the cells with heightened E-cad accumulation.
Since allelic and tissue-specific reduction of apt both re-

sulted in an expanded Zfh-1+ population (Fig. 3a and e),
we set out to determine why we observed distinct GSC
phenotypes. Assessment of aptKG05830 homozygotes by
antibody staining revealed that Apt protein is mildly re-
duced in CySCs but is expressed below detectable levels in
GSCs (Additional file 5: Figure S5F-H). Collectively, these
data support the possibility that significant loss of apt in
the GSCs, relative to CySCs, alters GSC adhesion to the
hub resulting in their accumulation. Thus, these data may
suggest Apt is required in both stem cell types, and that the
levels of apt expression must be fine-tuned between each
population to establish a balance at the hub interface.

Discussion
Here, we show that the transcriptional regulator Apt is
required for maintaining a wild-type number of stem
cells in the testis apex. Within CySCs, this function is
dependent on Apt’s inhibition of STAT activity, which
promotes stem cell differentiation cell-autonomously.
We found that a high level of conservation exists in a
STAT-feedback genetic regulatory network that limits
this stem cell population as well as cell invasion in ovar-
ian follicle cells [41, 47, 48]. Despite obvious distinctions
between these processes, each requires a correct number
of different cell types to be allocated to the tissue.
Pathways essential for each process, such as JAK/
STAT, are often aberrantly activated in pathogenesis,
such as cancer development, and thus require intense
regulation [12, 36, 88].

A conserved genetic regulatory circuit is essential for
stem cell differentiation
Apt is expressed in the adult testes somatic population
(hub, CySCs, and cyst cells) and GSCs and gonialblasts.
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We verified that apt is expressed downstream of STAT
in the CySCs. However, mature cyst cells do not have
detectable STAT activation, which suggests that, like in
the egg chamber, apt is regulated in STAT-dependent
and independent manners [41, 42]. While Apt is
expressed in all anterior follicle cells of the egg chamber,
STAT signaling in the anterior epithelium is more re-
stricted [41, 45–47]. Eya, which is expressed in a similar
pattern as Apt in follicle cells, is required to activate apt
expression broadly [41, 42]. In wild-type somatic cells of

the testes, STAT activity and Eya expression have com-
plementary patterns – Eya is not expressed until cyst cell
maturation, when STAT is turned off [15, 80]. Thus, in
CySCs and early cyst cells Apt is regulated by STAT,
then akin to the ovary, Eya may maintain Apt expression
in the mature cyst cells.
We found that in the Drosophila testis Apt is a key-

stone in a STAT genetic regulatory network, acting as a
feedback inhibitor in somatic stem cells (Fig. 7). Of the
three previously described STAT downstream targets in

Fig. 6 Apontic inhibits STAT function via a conserved genetic circuit in testes. a-b, d-e 2-D projections of optical sections of testes stained with
antibodies directed against Zfh-1 (magenta), Eya (white), and N-Cad (white, to label hub, outlined in blue). Insets show Zfh-1 expression alone.
a A testis from a Socs36E mutant male contains a wild-type number and organization of Zfh-1+ cells. b A single copy reduction of apt function
(via null allele apt167) in a Socs36EEY06665/Socs36E178 mutant male significantly expands the Zfh-1+ population in the testis. c Zfh-1+ cell quantification
in the specified genotypes shows a genetic interaction between apt and Socs36E. d Testis from a male bearing the UAS-miR-279sponge (miR-279sp)
with no Gal4 driver displays a wild-type number and arrangement of Zfh-1+ cells. e The Zfh-1+ population is expanded when the miR-279sponge is
expressed via c587-Gal4. f Total Zfh-1+ cell number increases when miR-279sponge is expressed. g Quantification of Zfh-1+ cells in the specified
genotypes reveals a genetic interaction between apt and miR-279. For all images the scale bar = 20 μm. For graphs, two-tailed t-tests were used
to assess significance where n.s. denotes not significant, *p<0.05, ***p<0.005, ****p<0.0001. Significance was measured between the experimental
genotype(s) and apt167/+ (c, g) or c587>GFP (f) unless otherwise indicated by a bar. “n” indicates number of testes scored
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CySCs – zfh-1, chinmo, and Socs36E – two prevent
CySC differentiation [21, 23], while Socs36E affects
CySC adhesion, but not fate [31]. Our data suggest apt
is distinct in that it permits the transition from CySC-
to-mature cyst cell. While self-renewal of stem cell
populations is essential, the ability to differentiate is also
critical for tissue repair and regeneration [1, 2, 8]. For
differentiation to occur in CySCs, STAT signaling must be
shut down in the daughter dividing away from the hub
[19, 23]. Loss of apt in CySCs delays this transition,
reflected in a significant expansion of the Zfh-1+ (and Eya
(-)) population that maintains the potential to undergo cell
division away from the hub. While clonal mutant analysis
using a null allele of apt in the CySCs might help clarify
Apt’s distinct roles, we have been unsuccessful in obtaining
males of the necessary genotype for this experiment, des-
pite multiple attempts. Nevertheless, the results from viable
mutants as well as temperature-regulated knockdown in
overlapping expression domains consistently and strongly
suggest Apt is a feedback inhibitor of the JAK/STAT path-
way that is required for CySC maturation.
STAT regulates CySC adhesion to the hub [31]. It is,

therefore, conceivable to think that the expansion of the
Zfh-1+ population in apt mutants is partially due to in-
creased adhesion of the CySCs and early cyst cells to the
niche area. This would enable these cells to continue to
receive the self-renewal cues. Furthermore, the amount
of CySC division did not appear altered between control
and loss of apt testes, which suggests that Apt does not
work through Cyclin E regulation in this tissue [81].
Instead, we discovered a significant increase in nuclear
STAT levels in CySCs with reduced apt. Thus, Apt is
required in CySCs to attenuate STAT, which allows effi-
cient and correct spatiotemporal somatic cell maturation
in adults.

Loss of the STAT feedback inhibitor Socs36E increases
STAT activity without affecting CySC numbers [31].
However, when we removed a single copy of apt in a
Socs36E mutant background, the Zfh-1+ population sig-
nificantly increased. Although Apt can activate Socs36E
expression [47], the inability of Socs36E reduction to
alter the number of CySCs led us to hypothesize Apt
may inhibit STAT through another regulator, as well. A
genetic interaction between apt and the Stat92E target-
ing miR-279 [48] supports this idea. Unlike loss of
Socs36E, reduction of miR-279 in the CySC and early
cyst cell populations significantly expanded the Zfh-1+
population. While we cannot rule out any direct regu-
lation of STAT by Apt, our data strongly suggest a
conserved genetic circuit attenuates STAT activity in
CySCs, which is required to allocate an appropriate
balance of cells that will self-renew and differentiate
(Fig. 7 and [47, 48]).
Similarly when apt was lost in the germline, we ob-

served a significant accumulation of GSCs at the hub
interface. STAT has been shown to promote the expres-
sion of E-cad in GSCs [24], and integrin expression in
CySCs [31–33], in both cases facilitating interaction with
the hub. Loss of Apt in the germline resulted in height-
ened E-cad expression in the GSCs. These data support
a model in which Apt negatively regulates STAT activity
in the GSCs and that the loss of apt may increase the
adhesiveness of GSCs to the hub. The mild reduction of
Apt expression in the CySCs in these experiments may
suggest that the relative levels of apt between the two
stem cell populations mediates a balance between the
stem cell populations - possibly through adhesion mol-
ecule expression, since adherence to the hub is im-
portant for maintaining stem-ness in both cell types.
Collectively, our data suggest apt is essential in both

Fig. 7 Apt functions as a feedback inhibitor of the JAK/STAT pathway in CySCs. Apontic (Apt) is required in the CySCs as a feedback inhibitor of STAT
signaling to promote the CySC to cyst cell transition: see text for details. Apt’s genetic interactions with the STAT-targeting miR-279 and the conserved
inhibitor of STAT, Socs36E, suggest it may mediate expression of these targets, as in ovaries. GSC=Germline Stem Cell, CySC=Cyst Stem Cell
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stem cell populations of the Drosophila testes to ensure
appropriate maintenance and differentiation.

Conclusions
In summary, we postulate that Apt functions as a feed-
back inhibitor of JAK/STAT activation in the CySCs via
its regulation of Socs36E and miR-279 (Fig. 7). This gen-
etic regulatory network is essential to prevent stem cell
over-population by enabling CySC maturation. Our data
also suggest that appropriate expression levels of apt be-
tween the CySCs and GSCs are important to maintain a
balance of the stem cell populations at the hub interface.
Collectively, this work shows that Apt is an important
regulator of stem cell dynamics in the Drosophila testis.

Additional files

Additional file 1: Figure S1. Apt is expressed in the somatic population
and GSCs. Single optical section through the apex of a testis from a PTT-apt
male stained with antibodies specific for Apt (magenta), E-cadherin (green),
and GFP as a read out for Apt expression (green, PTT-Apt). DAPI (blue) labels
nuclei. A similar expression pattern for Apt is observed with an antibody
targeting Apt and the protein trap for Apt (Apt-GFP): Apt is expressed in the
hub (outlined in blue), CySCs (arrowhead), and GSCs (arrow). E-cadherin
expression is also shown with Apt-GFP. For comparison, wild-type E-cad
expression alone is shown in Additional file 5: Figure S5D. Insets show
anti-Apt or Apt-GFP staining alone. Pattern of expression is similar to that
observed in Figures 1c-d. (TIFF 874 kb)

Additional file 2: Figure S2. Reduction of apt results in an increase of
somatic cells in the testis and excessive cell migration in the ovary. A-B)
Single optical sections of testes from males of specified genotypes
stained with antibodies specific for the germline marker Vasa (magenta),
the somatic marker Tj (green), and the hub marker Fas3 (green). DAPI
(blue) labels DNA. Insets display stacks of optical sections of the Tj and
Fas3 expression projected into 2D; a similar tissue depth was used to
generate the projections for control and experimental testes. Dashed box
indicates the region of the testis that is shown in the single optical section
to the left. The hub is outlined in blue. Scale bars = 20 μm. A) In control
testes (apt167/+), wild - type arrangement and numbers of somatic cells are
observed: Tj + cells are adjacent to a germline cell. B) An expansion of the
somatic population is observed when apt is lost: arrowhead indicates an
accumulation of Tj + cells at the testis apex. C-D) Optical section images of
egg chambers stained with antibodies specific for GFP or E-cadherin (green,
labels anterior follicle cells and border cells or the whole epithelium, respect-
ively) and Eya (red, labels all anterior follicle cells, except polar cells). DNA is
visualized with DAPI. Anterior is to the left, scale bars = 50 μm. An anterior
follicle cell (AFC) driver, c306-Gal4, is expressed in the border cell population
during their specification (stage 8) through migration (stages 9-10). C) Control
stage 9 egg chamber displays normal border cell specification (invasion is
limited to the cluster: arrow) and migration. D) Stage 10 egg chamber:
c306-Gal4; aptRNAi results in excessive invasive follicle cells (arrowheads), a
phenotype that mimics the prior descriptions of apt loss of function and
shows that the aptRNAi line has on-target effects. Arrow indicates the border
cell cluster at the oocyte. (TIFF 4523 kb)

Additional file 3: Figure S3. Apontic limits the Zfh-1+ cell population.
Single optical sections (A, C, E) or 2D projections of stacks of optical
sections (B, D, F, G) of testes from males of indicated genotypes and
stained with antibodies specific for Zfh-1 (magenta), Eya (white), and
N-cad (white, to label the hub, outlined in blue). Insets show Zfh-1
expression alone. A-B) A control testis expressing membrane GFP (mGFP;
white) in the cyst stem cells and early cyst cells shows a wild-type
number and arrangement of Zfh-1+ cells. C) A testis with apt expression
reduced in CySCs and early cyst cells via c587-Gal4 contains an expanded
Zfh-1+ population. Despite the excess Zfh-1+ cells, GSCs remain present

at the hub interface (arrow). D) A projected image from this genotype
shows more Zfh-1+ cells at the hub and a smaller number distally.
E-F) Re-introduction of apt in an RNAi background results in a wild-type
number and organization of the Zfh-1+ cell population. G) Fewer Zfh-1+
cells are observed in a testis with above endogenous levels of apt in the
CySC and early cyst cell populations. In this genotype, Zfh-1+ cells remain
adjacent to the hub. Scale bars = 20 μm for all images. H) Expression of
aptRNAi in the soma via Tj-Gal4 significantly expands the Zfh-1+ population,
as with c587-Gal4 (see Fig. 3f). Ectopic levels of apt in the soma reduces
the number of Zfh-1+ cells. Two-tailed t-tests were utilized for significant
analysis, where *p < 0.05 and ***p < 0.005. (TIF 8293 kb)

Additional file 4: Figure S4. Somatic reduction of apt heightens STAT
expression in the CySCs. A-B) Testes stained with antibodies recognizing
STAT (magenta), Tj (white, somatic cells), and Fas3 (white, hub: blue
outline) and counterstained with DAPI (blue, nuclei). Arrowheads indicate
CySCs (first tier of Tj + cells around the hub). Scale bars = 20 μm. Insets
display STAT expression, alone. A) Control testis shows wild - type STAT
expression: most detectable STAT is found in the GSCs around the hub
(labeled arrows), but it decreases in gonialblasts and CySCs (arrowheads).
A Tj + cell distal from the hub shows undetectable levels of nSTAT
(unlabeled arrow). B) More STAT is detectable when apt is reduced in
somatic cells via Tj-Gal4. Tj + cells several cell diameters away from the
hub displayed high levels of nSTAT (asterisks). C) Nuclear STAT (nSTAT)
levels were quantified in CySCs and normalized to DAPI intensity. Tj
staining was utilized to outline nuclei of CySCs for measurement
(see Methods). Tj-Gal4;aptRNAi was normalized to the Tj-Gal4 or
aptRNAi-alone controls to obtain a relative expression level. Somatic
reduction of apt significantly increases nSTAT levels in CySCs. Two-tailed
t-tests were used to test for significance, as indicated. “n” provides the total
number of testes examined for each genotype, while the number of
individual cells analyzed is given in parentheses. (TIF 8047 kb)

Additional file 5: Figure S5. Apt limits the GSC population at the hub
interface and E-cadherin expression. A-B) Single optical sections of testes
stained with antibodies that recognize Vasa (magenta), Tj (white), and
Fas3 (white, to label the hub). The hub is outlined in blue. Scale bars =
10 μm. Testes from homozygous aptKG05830 males exhibit a significant
increase in GSCs (magenta) contacting the hub (B), relative to wild type
(A). C) Number of GSCs at the hub interface for the indicated genotypes.
D-E) Images of testes stained with antibodies specific for E-cadherin
(magenta and insets), Vasa (white), and DAPI (blue). Scale bars = 20 μm.
An increase or mislocalization of E-cadherin expression is observed in the
cells surrounding the hub, including the Vasa + GSCs (arrows) in a testis
from an aptKG05830 homozygous male (E), compared to a w1118 testis (D,
arrows), where it is barely detected outside the hub. Images were taken
under the same conditions. F-G) Single optical sections of testes stained
for Apt (magenta and insets), Tj (white), and DAPI (blue). Arrows indicate
GSCs; arrowheads show CySCs. Scale bars = 10 μm. F) aptKG05830 /+
heterozygotes show no significant reduction of Apt protein in CySCs and a
mild reduction in GSCs. G) In homozygous mutant males, Apt expression is
reduced in CySCs (first tier of Apt+/Tj + cells proximal to the hub: arrow-
heads) but is not detected in the germline (arrows, the presence of a cell is
indicated by DAPI). H) Quantification of the relative expression levels of Apt
protein in the stem cell populations adjacent to the hub for the indicated
genotypes. "n" is the number of testes examined with the number of cells
in parentheses. Statistical significance was tested via two-tailed t-tests, where
*p < 0.05, ***p < 0.005, ****p < 0.0001, and n.s. = not significant. Experimental
genotypes were tested against Canton S, unless indicated by a bar.
(TIF 14942 kb)
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